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waterfilling solution. The waterfilling solution requires multiple full-power power
amplifiers at the transmitting device since, for some channels, it is possible that all
or nearly all the transmit power may be transifiitted 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
In accordance with one aspect of the present invention, there is provided a
method of simultaneously transmitting signals over a channel between a first device
having N plurality of antennas and a second device having M plurality of antennas,

the method comprising processing a vector s representing L signals [s; ... s.] with a
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 respbnse' ol #1E Bkdt B to the second device, D = diag(d,...dr) and |df? is the
transmit power for p =1 to L; b. the second device comprising: i. M plurality of
antennas; ii. M plurality of radio receivers each coupled to a corresponding one of the
plurality of antennas; and iii. a baseband signal processor coupled to the N plurality of
radio receivers to process signals output by the plurality of radio receivers with receive

weights and combining the resulting signals to recover the L signals [s; ... s ].
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multiplganfaiepeths forsEaH NS LBWERN n FIG 1. FIG 4 is a
bl ock di agram of an exenplary transmtter section of a
nodem form ng part of the device shown in FIG 3.
FIG 5 is a block diagramof an exenplary receiver
section of the nodem 10 FIG 6 is a graphical plot
that illustrates the relative performance of the M MO
radi o techni ques descri bed herein. DETAILED
DESCRI PTI ON OF THE DRAWNGS Referring to FIGs. 1 and
2, a system 10 is shown in which a first radio 15
comuni cation device 100 having N antennas 110(1) to
110(N) conmunicates by a wireless radio link with a
second conmmuni cati on device 200 havi ng M ant ennas
210(1) to 210(M. In the explanation that follows, the
first conmuni cation device
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transmts to the second conmunicati on devi ce, 3%1
. . anuaﬁy2007
sane analysis applies to a transm ssion fromthe

T%T%’dzbdswzﬁms
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descgided b dhe shgnnel Fespensg matie FL TEh mafrit inghe epasisie ng
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at Dheeicei 106 twill eintudianddiBly thanemitd . plurdbity of sﬁgxmts q,9] L.,
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of SIgnals {1 ... s] (at baseband) to be transmitted such that s =[s; ... s;]". The

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 H"H <2.

The device 100 has knowledge of the channel state (e.g., using traiﬁing
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 theréfore 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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of the vector x resulting from the matrix multiplication block are then coupled to a

corresponding antenna of the first communication device. For example, component

~ xpis the sum of all of the weighted elements of the vector s for antenna 1,

component X, is the sum of all of the weighted elements of the vector s for antenna
2, efe.

The {ransmit matrix A is a complex matrix comprised of transmit weights
W, fori=1to L and _] =1 to N. Each antenna weight may depend on frequency
to account for a frequency-dependent channel H. For example, for 2 multi-carxier
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 wry; is a function of sub-carrier frequency k. For a time-domain
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wo Bloopskid y of transm t antennas
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Tr (VDDHVH) El spl 2 =
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conbi ned on pcifAIs2003/023408
Tr(AAH) 'Elspl2 =

Ej spl 2= 1) 15 The opti mum sdlution to this problemis
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The waterfilling approach
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for eachPigmdi wiThaA

onme channel s,

solution to r ' all or
Ry Sk o, fop e one

emtted ?r o:r: gd@@r?ﬁghes

PTOT < P. (for i

such constraint_i hak. the power transpitted from
each antenna “lrgf&gi)s%h'éﬁmtxhésﬁuﬁ%g%e\%rﬁtransm' tted

K I t y | indHovd d
TR o 08 RIS B ot

(i.¢.aise watdfillingas ptrhmore omtee naigqrohmmelsomish highet SNR A,).
approach ch power anplifier can be signed taq.
out Bhe WelrsiihgEabPIa rem?@/%%ﬁb@?‘ﬁaecaag‘ie PO EPRlifiH «
e tdafGniffRY JERRAVR! N k$§8leqDr the @ftimhi
o %11}% h:a%gmﬁmagnt ennas cbfﬁ‘g%%]gg?ﬁﬁﬁ?%’éﬁ?ﬁ% ant _benef Fﬂf]ﬁof
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esi gned to.have | ower , maxi mum ..out put .

pafis agPey: e Rter PR gt o8t P baPa Biteq from il
of fife a8 fERhA Fith@BEmbined/RimSly TR| &= Meyer Panlor { +=arts Nagerinas

benefit of |ower on-chip power anplifjer interference
wherePdeolaértoBbreverwnstramtzng Pi 33he ReWRy forpiansit gaigape
I)aﬁ}gnstrai nt for each antenna, the probl em becones:

Xi m ze capacity C subject to 30 January 2007 WO
2004 1284 rossh/ iUEPER Y 1234 Bhstraint for each individual transmit

antenna path. One such constraint is that the power transmitted from each antenna

is less than the total power transmitted from all N antennas combined (Pmax)

‘divided by N, e.g., P; =Pyq/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} Pr./N average power, where Pray, is 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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problemto solve for dp, since it involves fi EQS?{&H 2007
woh®Rlos39f @ non-linear function using N Lagrmmgg,mg,ms

multipliers (one for each of the above N
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“3%%8- Hermitian and (with probability 1) is full- r ank,

whi ch neans that V is orthonornmal. Consequently,

(AAHu = (VDDHVH);i = (V VH;;P,,, IN=P,,, IN,

y s that equal power Pma/Nis transmtted at

S i e R i SR
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| -rank. Let vl vl denote the L envecgtors foc{

thQWSWﬁ@XH% ifor gmppsE AT h MRS the gfensputt s garppute
d
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oWhEmpﬂamhe mada, Astaaesvit, BEHHS Henmt@n\aadu (Wh pmbabmtmba/lmﬂl-

N T AT R

(v9EYipcenThayi D8 whieh Meamheréqag)pdw& vl N ﬁ&rahﬁtﬁltbé& af @ch

srepresentlngtheLS|gnaIsl_ ... SLIT to be
an‘temlsm porespanding ppwen anamiifier of devies 300aayd the totaldempraites

o %13 re the transmt 30 matrix A is-conputed with D
Po¥E 3&5‘% B'”‘Sqrt(d " Pmax/N) ' I, where the power for
each node is the same and dp = d for p =1to L.

Apzroach 1: Set d =1/z, where z = max{(V V');; }.
maxi num power from any ant enna path is
Prah bhis Z8, 0HAL BBk’ PR A1 R BLRAD e AliBonvedtrs 1B
owWN € at

rrax/ M and ™ no greater than
H Hhavmg NONZero elgenvalues LetV=[v;.. VL], and let D = sqrt(d " Pmax/N) |

where the power for each mode is the same and d, = d for p =1 to L. The power in
* antenna path iis given by (d ‘Pmax/N) (VVE). Thus, the power emitted from each
antennas) multiplies the vector s representing the L 51gnals [s1...51]" 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 - Pm;x/N) *T, where the power for
each mode is the same and dy=d forp=1to L.

Approach 1: Set d = 1/z, where z = mglx{(VV“ ),.,. } Then the maximum

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

be shown to be at least Pry,/M and no greater than Pray.
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Approach 2: Set d = 1. In this case, the tota
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pat‘ﬁE (& by Be 59@511 A}hplfﬁé?st) 4eM (RE waltPE b Botigd. ur al i ty of

antennas W Il transmt to device 100 "subject to the
sandht yplenef peprosernseing need mt batthee@m@ fQT eachef the transmit

st 3o P AR OB o e ARG LR 20 R

difBREt QRfehAd goﬁéﬂ dehétRitiSudéd €6r dadh aﬁt@m ghdhtdfilgs fitgmal s
to device 100. FIG 3 shows a block diagramof a radio

sp@@ﬁﬁman;@pnmémaﬁbe&aﬂmméeﬂwwE-ea es 100 and

200 t f
o PERE 200 R MBhARF o R ETM BpniPloHiice 0
sutijécglta@ dleagnicaypst Qﬁ;b?rlgl(') mttalnt aa:reacl( #ks M ﬁm:mpf gthnm
radi o trans elver coupl ed .t.o antena t
The gereRposAlied 200 s BPLiFH BEEEdis L@RAr 1%1,0 the
apftopate SERfibA S dsed A% t3ndRBERAAEhAN B bice 100.

FIG. 3 shows a block diagram of a radio communication device suitable for

devices 100 and 200. Device 100 comprises a modem 120, a plurality of digital-to-
analog converters (DACs) 130, a plurality of analog-to-digital converters (ADCs)
140, a MIMO radio transceiver 150 coupled to antennas 110(1) to 110(N) and a

_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; ... sp]” to be transmitted by the

 transmit matrix A, The DACs 130 are complex DACs that convert the digital

baseband modulated signals representing As to corresponding analog signals
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processor, perfornms the baseband nodul ation o i gnal
to be transrn'tted (vector s) and the basebang0§ '91 07

wo%g)ﬁ Aation of received signals. In so doi %Tfﬁsliﬁmmzsms

m 120 nultiplies the vector s representing t L

signals [si ... sL]T to be transmtted by the 35
transmit matrix A The DACS 130 are conpl ex DACs that
cou V8 itanbiR paiheid @k MRS RBS danRentAL R THeaBLS 140
representing As to correspondi ng anal og signals 30

con}fartahﬁ seceigeyanalyg sonly ap 3aseporiing oo pahs dg theg BMO

rocf Pl bor O EAR] Bl bbb AN R By tromodep

12@ Nl tﬁ@ badenaral denfodalitien proesothe niglemelo wﬂ applshappropriatee

radi o transceiver, 150 to i tal nal s. f.qor
recslaémhys @AHBHERNET %ﬁn%wﬂﬁ%m%g@ﬁw sigals [sf . fule The
MIRAS RE0 a&%émuis@tao rRELL SRR mamaqﬁm&%%rmch

apply appropriate ceive welidghts to the recel ved
comppsiag 8 traxsmmidenhH2(1) mlniaa tecsivgnbi4€i) psdociated vgth and copled go

a optyeppgn i b b Setzenenting PR gt ERN el
inchRiéé h};o@aoblﬁpuf%@ ot @ﬁovaxg4 (Th: MBEOGhdib @dnsveiver 850may be

coupled to 'a corres ing antenna by a correspondi ng
a sipgletinlegmbBl(ditouit B EYP @rrlan@rﬁpmr@ﬁe integrefeddisuits. pipexample

i f. 150
of fBEls ahfREral IO ral WM MAULAR sl bR Bl
corﬁﬁﬁﬁ!y&tsﬁghéﬁite@[ Bétent A)pp’lmahérSNoNO/&ﬁGa?iﬁS ﬁleﬂi)cmbbm 11,
S| ngI e-jnt egrat ed M MO radj.o tr%nscel ver is disclosed

whichds meerpeRdhesein by RefErepes  pat ent
f\ﬁ g Il‘ielglt%fa%ééltﬂaﬂpw %ﬁcﬁ @lﬁlﬁleﬁ%ﬁt the 'n!uﬁémqgoo B8 6s. ]413.11{1 P

I's 1ncorporated herein by
bldcleﬁmgmmseof eiihmpbs af the rmngmitisy section L A4 embreceivhesenelsm
0. nd 5, sh bl ock. di agrans of, exanpl es of
1201 2esmesiehs Of B Tadief bAD: FOAnMHr T BUar e PrLER e 20
ﬁeée&gy d{ﬁsﬁ&?ﬁhhi{)ﬂx}éd (@FDM)%pﬁH@iﬁﬁhlaﬁnerEW, riatrix

Iti-carrier, e.g., orthogonal frequency d|V|S|on

mtmphcamre&%the W@R@Cﬂé% phavgis porformed drdepengdentiy pp egch

L]
Ot BB b Vi B3R S i
cha@bls M Weth @ﬁéﬁeﬁemrme # othe trankagitie sreemremA sﬁﬂhe oiddem
fading channels, Wth reference to Fl

CompeS SiseRBPIel Bk ORI 13 HoRbRBTPSRS catadsrs a block
328 6f & e%er? la%?ktlaﬁ }xﬂlété@eﬁfr ‘deﬁk%&? it p &%P(I%l tHe hﬁﬁﬁl

enco I nter a spatl al

 carriers k (i.e., A = A(K)), a subcarrier modulator 330, a block 335 of inverse Fast

Fourier Transforms (IFFTs) and a block 340 of low pass filters. The output of the
Tow pass filters block 340 is coupled to the DACs 130 (FIG. 3). A preamble
generator 350 is also 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 fransmit antenna path..
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multiplication wwth the transmt matrix Atha3J 07
different at each of the OFDM sub- carriers k->piaary

wo Z00okask¢ @ subcarrier nodul ator 330, a bl 00'1’&?{%26\;3{023408
I nverse Fast Fourier Transforms (IFFTs) and a bl ock

340 of low pass filters. The output of the 30 | ow pass
filters block 340 is couple%l to the DACs 130 (FIG 3).

A priegiddetver SRAGH RLOB sﬁc&al inFIalL 5eoppasdadodkl SicE
coupled to the DACs 130. shown in FIG 4, assﬂ n

resepnplors adredkofilewpass ﬁltatﬁﬁeﬂﬁabla@w%%of nopsrisally gonrolle

' f
oo IBRRISREL AL ISk o8y SRR AR i ori 1 o
recivd Weiplits bR ppBedio the mckise Sighals,3lodnol db&ﬁteﬂaavers 440
ang ﬁ?’&?ﬁ’l Egl‘tl\?ﬁ)l lu noglglsépga OC%£?reay%1%%%2$%%§%é %Qtoglla ic
gf%H%@E@é%éé@%o ahd% cmﬁna %&ﬁhé’t@f maa@hssa&e 128 %réi}i@éﬁn

5 conprises a bl ock resanpl ers,
fordhaniel eftithaigpamspiidtions sndmber fanﬁian& k Thepregmble and AGC

i call contr lle OSCI
bIGOPD rédivets a 120Hm e e e SR et R g R et 2ol 455
' geﬁ&@t@s KeowRi g dbdusihe cﬂiﬁﬁkl nghibhll';hewleﬂgeis\m;;ph@i’taltba a
bl ock of de-interleavers 440 .and a bl ock of

equalizent it foowapuigend gaply raceive weights o sigals catgut By thend
FEEHIRTRIE AulRlang R0 IR afcRNacE, BRE 2oy

insthrsnef blecksidnas 420n42500mi 436t tb parfomn drootdsirg dnusach resaived

SRt REE A dnggsAn gkt F10, HAOAIC I Srorieb e dgers.
gen\%}@%ggesﬁa%@ed&gc tabbEoCtTeRNE hnd b, A¥¥sEdevice passes

kno I's supplied to the equalizer 435 to_conput e
chamut! mppinge infownateniea gétoad doviehiby semgn:m akuayapQFDb) t he

o A PGS Tt R PR O SRS R efbemple

Foﬂ&@req&aﬁy@eﬂlaﬁﬁﬁapuanmﬁ@r ﬂi\el@é&fﬁﬂ?d%’viﬁ@ péfforeacspace-
received signal streamand L instances of bl ocks 435,

frequmoa'rd@camgosmnr(&m apven s chapmghiafosmatien, apd yesstaySTR
da%ﬂs PREREL DA @’E?svﬁoﬁfthe{: 46¥ice. dnft Wluentle Gltdld pAlRYS C©

ann esponse 1n
thaletecdevivg. Thirdisnones rkmpxmﬁﬂiﬂkﬂe 2k} avdi therafpre M EM please
Qnce through each antenna Xa
calfpratiompteech Ewceawp ot TecErB oh MRS RiSen e
ca. f?&gm‘é%‘,’@cfo%ecf’ ;l{rﬁﬁﬂ 8 and E&gb&?ﬂﬁg/ U.S. Patent
I ven I's chan

econposi tion i nf ormati on,
Apphidaticnd¥o.t 196453203, filed June 9, 2003 the entirety of which is

incorporated herein by reference. Information regarding constellation order as a

function of subcarrier index and eigenchannel may also be included in preamble.
Each subcarrier has an associated constellation order for each eigenchannel. In the
transmitter section 1204, a multi-dimensional vector treflis encoder (V TE) 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,
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to transnmit signals back to the other devi cegb%’fﬂ%‘ryﬂ)m
WO 3603 reci procity in the link, and theref @rendhdfdorsqos
phase 25 calibration at each device needs to be
performed. Techni ques for M MO phase calibration are
di scl osed in commonly assi gWed and co-pending U S
Pat @ithodefiPBlal ®8 buidithiNGappkéY 6 pow&Jonbtrdimichrihiaipdes9,
2003, the entirety of wﬁi ch i.s incorporated hSrei by
descabed dheve to 3 HmgrdomainsysicayarRlpmgnednmsvhere 1preh ?JP}&“@PG
nction of subcarrier index and ei genchannel
ﬁltrgrl%ya?ea‘llsfgg' be included in preanble. 30 Each subcarrier
has Fi Gidlasteitest it the msdre kffridnd antemmhgrowep comsereint described
ei genchannel._. nsmtter section 120A, a

I t t
- hergip Gomngresde, g}e&i’g‘mﬂl@ g’@?‘aﬁﬁﬁ’{lg @er’%cﬁ]e ncoder (VTE) may be

constel l'ation synbols. npl es of nulti-dinmensiaonal
betwEeh s fiast detinohavingNirtharalitytof agteness apd arsaeandelevicg having M

ohbt.ai pi channel state.in ti he
ol o elipie AL e iRl Fioat ickRy rphtoBling [EhuP 312 5]
to BORAIINRHS pRIcTéseBRMDY 1023k 8natii® AStoAnambeléxn capacityef the

built that_ applies the power cqnstraint principles
chapmgkhotwesn the 51 deviceang S‘?fﬁﬂéﬂ?l“%%/%’tbm SARVEnt at i on

coé@ﬁ%ngﬁag?%?g“@? Ltk seee\clf b th € NSanlrBiad B 96hs G mBximum

how t he effi1clent antenna power
power) stherbn thedtemsmithesirix Hedisiributes thedr signale sy hesid priongthe

terfilling approach. 10.1n su st em,and net hod

N 13@3@%& oY _S’m‘ﬁﬁg‘?%iua“%ﬁ%ﬁ)c% pesqnd %8}’ sen a
Sirdl4B), 2 SN ESmhRMicRSoMNidide igbiovide@ ot asplafditpof

secdnd device having M _plurality of "antennas. At the

antehmast N gdivrility, of zadie trawsmitiers epeheesahlierl g 2 coxtespandiag pag of

g tp be transm Ny i :
ens st o bR, MY Bt BROGESA gl a ol
of Rfiv\eaRnitgs fd protesd e veeator eitgrdshtingdcsipahlsipyi.ce] suly ect

to a power 15 constraint that, the power e tte(il b
trapaeed PRGNS ERTRHHAS o Pamize AR o e e BB%@FP

t i (W i j :
the 5t el cld ROGHR dorllR chbipeho Skt ifinl i o power
enditted 181 cach bEihe N antemms snfesssthama texinnen pewarn whersby tle

veSionEild o T S T on
to g@%&nh [RRSHbY HRS pRAslity 6P HiRkAfs! The nENiesARRAARY one

computed subject to the power constraint being different for one or more of the N

useg, &itn TR stePid riith&d ért»éxggavﬁdb@ FSENVAND RO EERon

antermas or being the same for each of the N plurality of antennas. For example, 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.
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transmtters to process a vector s representing L
signals [Si ... sL] to be transmtted with a transmt
matrix A to maxim ze capacity of the channel between
the first device and the décond device subject to a
power constraint that the power emtted by each of
What inclaneesiias is | ess than a maxi mum power, wher eby
he 2 SIH_] '
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VD, wiearpewer ¢anstgintacgunngbache parariesitfedbyldpeh ofithgN t he
channell B%s(ﬁgrk%gnafrot@etszpn%fl rst device to the second
dev d f(’js dL) and Idpl2 is the transmt

:povve r Tlﬁamethod:oﬂclehm 3, whereinldgittadpdvod inéqual t@ianoth]
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one ofiviedyRf the N plurality of antennas is
different. 3. The nethod of claim1, wherein the

$.r ansRhamerhed ehelaim; Is wheteinw s oo Bf.dlq progessiag pemesises
co nshﬁﬂfuﬂhm{g%éj{réc'tcﬂg wittthe ENRARIREx RMvhigD LY - &peh of

(Pmax/N), and I is the identity matrix, such that the power
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plurality of antennas is the same. 4. The net of
claim3, wherein enmtted power is equal to a Bgﬁﬁﬁmwzom
maxi nrum power enmitted by all of the N plurality of
antennas conbi ned divided by N. 5. The nethod of
claim1, wherein when N :Vﬁl the processing conprises
rrultiplyi ng the vector s wi'th the transmt matrix A

d

e 1 okt e bR pER g Haieam)s bt 551 Lo
transml’[,t@e!bl by each of the N plurality of antennas is

h The I
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such tuzhtthdt e poowetrarismitted by uhteshalb ot Btordid (df Br.N)= 1
to N vsvﬁ)“ a‘nPra‘r/ gl)forvélwl-l)[dvanddp =df orp=ItoL. 7. The
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nmet ho ai efetnd =1/z and z = nax {(V\'I)
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wh ? r epp, /o and the tatacﬂsbvlédﬂ aimtteﬁﬁi"ofm\/%[\l Iﬁmahtgeﬁ ﬁﬂynnaanlt enna
i for i = N is_(Pmax ;;, and the tota
pomrccéﬂ?m?déageWFﬁh?@ﬁM%d?tﬂw ality of antennas

Fur ¢ hore eiat PLHE: O PBEER o, Sk ARG HIBra anieEg Py
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pesul Thegethbdbadlsimt Q aﬁ&muwcohipﬁs1hg signals. 10. The
basenigvingattr b B ot gnising ciehels bmmipSd afs Beston
pr ocegsiceangd wherei n t he
processing signals received at each of the plurality of M antennas with
receive weights and combining the resulting signals to recover the L
signals.

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

11. A radio communication device for simultaneously transmitting signals
over a channel, the radio 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;

¢. 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




rocessing conprises nultiplying the vector s
Itoransm't ?mtrinf() A(k) at egcﬁ ofg a plurality 3}5"“13““3“2007
sub-carriers k. 11. A radi o comuni cati on device for
simultaneously transmtting signals over a channel,
the radi o conmuni cati on- de%l ce conprising: a. N
plurality of antennas; plurality of radio
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transmtters to procesﬁs a vector s representl ng L
si gnaleigefettor matst for HuH,H & the ghamiek responsé from thénbiest i s
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t r ans Bbéver@t p X1 DL, V\herel n the transmt matrix Ais
equal to VD, where V is an eigenvector matrix for
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he. ¢ FUNERRTE PO PRyt sedio fily e poSedafiia bohe
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subject to a power constraint requiring that the power
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transm

const bﬁiheu\lpleﬂlmyd;mwﬁqhﬁlst}mamev\er emtted by each
of the N plurality of antennas is the sane. 14. The
dbvi c@h%fle\@%ﬁfrﬁlam 13y lptsinthe gmitéad ropes issgwaltoadotabual

T e S N

devi ceombined diivided By Nvherei n when N = M D =1 sqrt

Pmax/N) . and ] is the identjty matrix, such that the
wer The deide aficlimpy?, wheminovher Ne M. J glasat (Pros/N)

ot o8 B AOTRGRL S ol SRt ey W o,

si gnathe N plurality of antennas is the same and equal to Pp,,/N.

16. The device of claim 12, wherein when N < M, the baseband signal

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




processor nmultiplies the vector s with the tr mt
matrix A that is 30 January 2007 14 conput edaaﬁgr}uémfl)zow
= sqgrt(d Prmax/NTx) | such that the power emtted by
antenna i for i=1toNis (d P./N) (V VH;,, and dp
=dfor p=1to L 17. 'Ii[,]re device of claim 16,

wherein d =1 1z and z = max {(VV H)u } such i that
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Pmax/ M and Pmax 18. The device of claim.16, rein d
71, Thebeiteadf ddim Jfowhereimd ttiédardy = ANt ¢ W fsmch i

1toNis (Pmax/N) (WH) ii, and the tdtal power

emtt %Qf‘? [ jed is
Prmax/ ﬁ/ﬁtf{% @ﬁg&lg@gﬁﬁg# @ﬁ%@?%mﬁn ach of
t he LaskgnalisPi.sNoasdlxatothl poweiidnaitted frosi theg Neplurality of
mul ti-carrier nodul gtion ocess,, .and t he baseband
si gnaf™tpBE g%gﬁe%%#%?qﬁya{ﬁiw%br s with a
ansmt matrix A(k) at each of lurality of.
,- i_%b- o Lhs fetice .claz%hw ararlbg Ednﬁ‘l?ﬁitgaégli‘ecﬂi"%%§f‘%‘itﬁdr®f
si mul AABRAUTLY < [ &TRNE L], 78) SOVOVTBliS andikeotdl sdvadrnel
the radi o _communi cati on system conpr.i Si n%: a. a first

devi cemigapionsibad! pluralitnoanienaps egmbincdisitonntds; ii. N
PO.U" hd dorilc Jrftid ] t%ﬁgﬂag{ 42 Bf BRI LU Bdsdoind

correspondi ng one o ural i1ty of “antennas; and
iii. mobastedasing singrticapra cesishition prpkssdandiht haseband

plural.ity of radiq.tranpsmtters.to . process . a _veciqr s

Fepr cugi ool flistieS BRJettof s Sy ftgiitatbc A% &

t r ansedch-offaphirdithof bai-ciriegdnput ed to maxi m ze

gﬁ?pacity .of the channel by _multiplyi n?ythe vector s
t h Padip comamntcaien sysiernforgraplianfoyshetransgpding signals

Mat ri gvela chinRH 4R rali® MRmEHRn Yy dtém 3Bmeliggpvect or
matrix for HHH, His the channel response fromthe

firstadevi&Brst deviepcosyisig:
i. N plurality of antennas;

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

iii.a baseband signal processor coupled to the N plurality of
radio transmitters to process a vector s representing L signals
[s1 ... si] with a transmit matrix A that is computed to
maximize capacity of the channel by multiplying the vector
s with the transmit matrix A, wherein the transmit matrix A
is equal fo VD, where V is an eigenvector matrix for H'H,
H is the channel response from the first device to the second
device, D = diag(d,,...d.) and |d,,|2 is the transmit power for

p=1toL;




device, D = diag(dl.... dL) and IdplZ is the nsm
power for p=ltoL; ------------- 30 Januarygggﬁﬂl 07

b. the second device conprising: i. Mplurality of
antennas; ii. Mplurality of radio receivers each
coupled to a corresponding one of the plurality of
antennas; and iii. a baseband signal processor coupl ed
to the N plurality, of radio receivers to process

" signaPs outiSSECBY RS SYBPISRS Y of radio receivers

wi th receiyemgliutiitPordentigsibi ning the resulting
signals to recover the L signals [SI ... sL]. 21. The

syst em of ©{ M plugadity oiredieireceivees ¢achrewled et rix A i s

conputed subject to a power gonstraint requiring that
t he power ent rfegﬂorﬁlgn%cﬁgeo °R rg&yo%atnﬁeémﬁ’ﬁv%r ality
of ant ennagi. 4 Basdbirddasi@iat prodedsoriddapRy 36 ﬂi@l‘@f}luﬁdlﬁjr oF 21,

wherein the transmt matrix A that is conputed,
subj ect to araginisecieahtnprasass sigads pPripREPy Haplurdiy pbwer

emtted by e . A [t | s the
A e
power is equkultifig sighsls Rl recovRX thEUN3ip@le]s; end .t ed by
all of the N antennas conbi ned divjded by N
21, The system of claim 20, wherein the transmit matrix A is computed
subject to a power constraint requiring that the power emitted by one
or more of the N plurality of antennas is different.
22.  The system of claim 21, wherein the transmit matrix A that is
computed subject to a power constraint requiring that the power
emitted by each of the N plurality of antennas is the same.
23.  The system of claim 22, wherein the emitted power is equal to a total
maximum power emitted by all of the N antennas combined divided by

N.




