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FIG 2 is a flow chart depicting the nmapping and

mul tiplexing of signals to nultiple antenna paths for
si mul taneous transmission. 3 5FIG 3 is a block

di agram of a radi o communi cati on devi ce capabl e of
performng the M MO radi o conmuni cati on techni ques
shown in FIG 1. FIG 4 is @ block diagramof an
exenplary transmitter section of a nodem form ng part
-of the device shown in FIG 3. FIG 5 is a block
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DrEafyeigrsgre derived without receiving a separale training sequence, and the baseband
signal processor applies the transmit matrix to the plurality of modes to produce the
plur'ality of transmit signals to be simultaneously n‘aﬁsmitted to the first communication
device; wherein the baseband signal processors at the first and second communication
devices compute their respective transmit matrix each time signals are received from
the other communication device.

In another aspect of the invention, there is provided a method for
simultancously communicating a plurality of signals between a first communication
device and a second comumunication dévioe using radio frequency (RF) communication
techniques, comprising: applying a Uﬁnsmit matrix to a plurality bf baseband signals to
be simultaneously transmitted from the first communication device via a plurality of
antennas of the first communication device to the second communication device:
receiving the signals transmitted by the first communication device at aplu'ral_ity of
antennas of the second communication device to compute a matched filter matrix froni the
received signals, said matcbed filter matrix computed without receiving a 5eparate
training sequence; computing from the matched filter matrix a transmit matrix for
simultaneously transmitting a pluralify of baseband signals from the second
communication device to the first communication device; and applying the transmit
matrix to the plurality of baseband signal to be transmitted from the second
communication device to the first communication device.

In an embodiment of the mvention, there is provided 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



Referring to FIGs. 1 and 2, a system 10 is shown in
which a first radio 15 - conmuni cation device 100
having N antennas 110(1) to 110(N) conmmuni cates by a
wireless radio link with a second comuni cati on

devi ce 200 having M antennas 210(1) to 210(M. In the
explanation that follows, thezfirst comrunication
device transmts to the second comuni cati on devi ce,
but .t he sane analysis applies to a transm ssion from
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the transmtting device (between the transmtting
derhireliy efisignals. Peleiényma grovided foehe srses Khrswbh™ Mhandrrghea Ny < M-
and t hefﬁ%ﬁ&{gﬁ A& oARSHIdnRGH B BERITancERTa sFXATTR Which
trai ning and feedback techni ques are described 35 in
U. tis: copgupinationdeviogs afeidesigiet! arayndrapaaieggtpngainggt each antenna is
pearly as good as the optimal waterfilling solution, yet provides significant
implementation advantages. The radio transneitter can be implemented with power
amplifiers that require lower power output capability, and thus less silicon area.
Consequently, there is lower DC current drain by the transmitter, and lower on-chip
interference caused by the power amplifiers.
" The above and other objecté and advantages will become more readily apparent
when reference is 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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4 5Two matrices are introduced: V is the eignenvector
matrix for HHH and A is the eigenvalue matrix for
HHH. Device 100 transmts the product As, where the
matrix Ais the spatial nmultiplexing transmt matrix,
where A = VD. The matrix D = diag(di,...,d0 where

| dpf is the transmt power in pth nod; or in other
words, the power of the pth one of the L signals.

Devi ce_200 receives HAs + n, and after 10 maxi nm
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signals) to be spatially nultiplexed and
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The device 100 has knowledge of the channel state (e.g., using training

sequences, feedback, eic.), 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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35 system there is a matrix A for each sub-carrier
frequency k. I'n other words, each transmt wei ght

,i1j is a function of sub-carrier frequency k. For a
tlne domain 5 5 (single-carrier) nodul ation system
each transmt weight wii may be a tapped- delay I|ine:
filter. Prior approaches involve selecting the
wei ghts dp to naxinize capacqty O subject to a total

ponet SR A AL VSR YR A
RIBE cipedvalfeAitdix ElrS?IHH =Déﬁﬁc{e\l@p toahgmifsitipproduct As, where the
P LR o 5 e
sediggi,, 1. gy Wik @al{Sis 4 transmit power in p® mode, or in other words, the
powerof the p® one of the L signals. Device 200 receives HAs +n, and after
maximal ratio combining for each of the modes, device 200 computes ¢=
A"H"HAs + A"H"n = D"DAs + D*ViE,

As shown in FIG. 2, at the first device 100, blocks of bits from a bit stream

{b} are mapped onto a vector s with a mapping technique. The mapping technique
may optionally include coded modulation to improve link margin. The bit stream
{b} may be a file or collection of bits, representing any type of data, such as voice,

video, audio, computer data, efc., that is divided or otherwise separated into
discrete frames or blocks (generally referred to as signals) to be spatially
multiplexed and simultaneously transmitted. One example is the simultaneous
transmission of multiple IEEE 802.11x frames (each s; may be a different frame)
from the first device 100 fo the second device 200, where, for example, the first
device 100 is an IEEE 802.11 access point (AP) and the second device is a client
station (STA). The product of the transmit matrix A and the vector s is a vecior x.
This matrix multiplication step effectively weights each element of the vector s
across each of the N antennas, thereby distributing the plurality of signals among
the plurality of antennas for simultaneous transmission. Components x; through xy
of the vector x resulting from the matrix multiplication block are then ¢oupled to a
corresponding antenna of the first communication device. For example, component
X, is the sum of all of the weighted elements of the vector s for antenna 1,
component X3 is the sum of all of the weighted elements of the vector s for antenna
2, etc.

The transmit matrix A is a complex matrix comprised of transmit weights
wr, fori=1to L andj=1 to N. Each antenna weight may depend on frequency
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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(i.e., use waterfilling to put nore power in

ei genchannel s wi th hi gher SNR The waterfilling
approach requires N fill-power capabl e power
anplifiers at the transmtting device since, for sone
channels, it is possible for the optimal solution to
require all or nearly all the transmt power to be
sent fromone antenna 20 path. To reiterate, the
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i s the maxProwm PEUAA HIE) t'ﬂﬁ@’lm Ir¥lsdi on from al |
of the N ant ennag. r(gﬂﬁuvrm @bsgﬂﬁfé@%lﬂ— ﬁeneflt of
rs

this approach is that the can be
s opiireum isolutien thlemmblmwmvmrﬁumg jposwact the welghts dp

. g?g abi L {g ﬁl L0 S yel&){j)ltw%gfn eg%e%chc'ang?rl% %1%%1&%%‘ eT)use

benefEﬁeﬁmuﬂﬂmMgamwmwhnnuE@MEﬁdpmnhxﬁqﬁbEWBWeréﬁmﬁhne
RN AL RN
BDatioh 16 @edudde alliok MeddyaUth®insin® power to be sent from one antenna
path. To reiterate, the prior approaches constrain the total power emitted from ail
of the antenna paths combined, simply X P; = Pror <Pumax {fori=1 to N antenmas)
where Py is a total power constraint and P; is the power from transmit antenna
pathi.

A better approach is to use a power constraint 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 (Prax)
divided by N, e.g., P; <P /N foralli. Using this approach, referred to as the
“antenna power constraint” approach, each power amplifier can be designed to
output (no more than) Pma/N average power, where Pryy 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 maxinium
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 Prax/N power constraint for each antenna, the probiem becomes:

Maximize capacity C subject to
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6 5(A AHHR < PmN, i =1,...,N This is a difficult

problemto solve for dp, since it involves finding

the roots of a non-linear function using N Lagrange

multipliers (one for each of the above N

constraints). However, there is a sinple non-optimal

solution for each of two Cases. 10 Case 1: N

In this case, the transmttijng device (having N

plurality of antennas) nultiplies the vector s

repr e§ahtifd e i= bi-ghal s [si si]T to be transnitted
Hidlsh I&ﬁﬁ&{lﬂﬁ@ﬂhﬁn t984104 tor A},, (ihedSit invERBPHL RS S JootsWTQr €

the transmt matrix Ais conputed 15 with D set equal
tnenlinear fepretiompsing N)Laguanse ieulfipliars fone forgash ofihe #havs Nx)
kRg QUeS , & Oﬂ@ﬁzjg. ldr¢
%%s%rfgllm?'sﬂgl—grg?néritﬁan aand ?1\%%? ﬁ pr obasgliﬁlﬁ?ItgzltgloE %?dﬂl Jsftwo
feadeb.- r ank, whi ch neans that V is orthonornmal.
Consequently, (AAH)i, = (VDD Hvli)li = =
P',"x/' N, which neans that equal power Pmax/ N is
tGag b ttMd at each antenna by a correspondi ng power

8 B gt P
multiplies the vector s representing the L signals [s; ... st]” to be transmitted with
the transmit matrix A (i.e., computes As), where the transmit matrix A. is computed
with D set equal fo 1" sqrt(Pea/N) (where I is the identity matrix) enforcing equal
power in each mode. As a resulf, HYH is Hermitian and (with probability 1) is full-
rank, which means that V is orthonormal. Consequently, (AAD); = (VDDIVR),; =
(VV)3P /N = Proon/N, which means that equal power Ppgy/N is transmitted at each
antenna by a corresponding power amplifier of device 100, and the total transmit

power is equal to Pray.

Case 2: N >M:

In this case, BPH is not full-rank. Let v1,...,v1. denote the L eigenvectors for
H"H having nonzero eigenvalues. Let V =[v; ... v}, and let D = sqrt(d ' Prow/N) ° L,
where the power for each mode is the same and dy=d forp=1 to L. The power in

antenna path 1 is given by (@ Prusx/N) " (VVH). Thus, the power emitted from each

‘of the 1 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.c., computes As), where the transmit
matrix A is computed with D set equat 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?x{(VVH )k } Then the maximum

power from any antenna path is Pra,/N. The total power from all antenna paths can
be shown to be at least Pya’M and no greater than Pryg,.



10

15

20

25

30

35

In this case, Wn is not full-rank. Letdenote the L

- eigenvectors for 110H havi ng nonzero ei genval ues. Let

V =[viand let D= sqgrt(d Pnmax/N) 'I, 25 where the
power for each node is the same and dp = d for p =1
to L. The power in antenna path i is given by (d '

Pmax/N)  (VVH)ii Thus, the power emtted from each of
the i antenna paths may be different. The

transmttin e h h t
Ul €1 BPPERH ST Lo 1S PR GIA PG CHECE Yt s
Eﬁralﬁ} bilacteni8s PLAS Mid thepowdr lehittdd®ylahRAGITifor iFBL fol N isA

coq_r[gutes As), where the transmt 30 matrix A
with D set equal to sqrt(d '"Pnax/N) " 1,

wher e I heh
e pAH]ﬂ_lﬁltn(ﬁ)ﬁjﬂLi@boA\g& ag??%&i @%Zldﬁoﬂz o ga&mmﬁdﬂmm e

ﬁﬂ&f{l(eadetyut]powm ToeCapg d iand FrESHPPTeach i the {otal PewRh
%’ om AN m&uﬁ%ﬁke RAVEY eqlif1Q8N1a hdtal 3R RahsRRtAS

can own to be at | east Pmax/M and no greater
ﬁhearth@M antenpta device. Henpp fisd ik botweeg the we-dayvices fs sypimetric

B akRoh e %‘5 b o e

‘ reqﬁmq:s 4 nozmalizationste bFhas agoxh tr@mr)qdwower than Approach 2.

The solutions described above are capable of performing within 1 dB of the
Shannon limit for a symmetric system (same number of antennas on both sidés of
the link), but facilitate use of smaller and more efficient power amplifiers in the
radio transceiver, and as a result, achieve lower on-chip interference between radio
paths (caused by the power amplifiers) than the waterfilling solution.

The antenna power constraint need not be the same for each of the fransmit
antennas and may be specific to or different for each antenna. Moreover, evenifa
different antenna power constraint is used for each antenna, each of the antenna-
specific power constraints may be less than or equal t0 Pra/N.

The device 200 with M plurality of antennas will transmit to device 100
subject to the same type of power constraint at each of the M plurality of antennas.
The cases described above are applied where M is compared relative to N, and the
appropriate solution is used for transmitting signals to device 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 fransceiver 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 vecior s representing the L signals [s; ... si]” 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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Assum ng the power anplifiers at devices on both
sides of the lIink have the sane peak output power,
then for Case 1 and Case 2/ Approach 2, the total
power 10 transmtted fromthe N antenna device wll
be equal to the total power transmtted from.the M
ant enna devi ce. Hence, the |ink between the two
devices is symmetric in thesg situations. Case

2/ h 1 | ) | i ' i
Fonbd s e SN OTRES BBy ap ADRE Tab
chbﬁ&b%nhbé fdeﬁéixkr)&péhﬁlo o biBadls ﬁvglfﬂrc@ﬁfﬁd'poﬂdmé' fbeelﬁcqbatﬂislt infs M]MO

escri pe above are_cCca e.0 error
Shdip franseevaah foieil ek f&rbasgbgfgﬁrﬁ?@oa]?l @@%ﬁﬁ f’é
NYOPE] the bastbin@ ABASIPN o Prdbessl B8 SndAbmlING will £1:|13).y aﬂiﬁdpnate

facilitate use of smalléer and nore efficient

apRsivieryeaghis tofheaesived gisaals foresovsr el sigly [3s- %p] r e’é‘%ﬂ t,
ARG Yi1id QREei 150 i RbEA {,ﬁfaﬁ&p&raﬁs ﬁﬁ%&bﬂe’i@' b&h

pat hs (caused by the power anplifiers) than t
WOMPHSINg ¢ fragsoaiar §$3(Dnd Treeclyst MG assoved with §qu’ %ﬂuﬁled to

Q&5 BLﬂgﬁﬁéﬁaﬁgﬁoé& 0 wAich 156

anten as a to or g(lfferent for each

mmnapowmm&er (net\s mwn)ﬁ ’l&e NIPMQ@ rashiny tranagedven 45 Heae be
I
PRI e e AP e PG AbEyomp
(of a aqgla%mtbgraﬂédmo radio transﬁEh@r rj;ehscmedzmmomdmmd
luraljt Sl as W4l |
gou‘lBIng Sé % S III. 110 ?(EI{ ﬁg Slrb]/dgg %g @&0]%39 q 1
aﬂoz e e&ﬂ@tymsﬂadrmctm nfco@nra@wmmn Bﬁreférmccas es

descrj pbed above are a i ed [ [
b o IBES B RS s o BBlen Rt R Ficet 130, FREDE ?%%dsu%hga’
bk daghsd¥iof E:kdiig:l@ iof ieltBmmitdesscten 0, and receiver debtidns3

shows a b| ock a radi. comruni cati on device
300 epschiab: odbs Badm 0. Jo BB -SBR v, cHppSonal
%&i&"hb 8¥isfonTRAREed QOFBM)! aﬁé{wﬂ&aﬁbﬁ/ Géncrally, matrix
aﬂic[nta toanalog converters (DACs) 130, plurall y

f ghedyg desgrib %ﬁwﬁl%x’egfoe%tgsi@g epidy on g

ﬁgﬂ\@ sﬁﬂcﬁﬁﬁf’ﬁﬂ Opfnizb PR GRS thr 'irﬁlo@f‘ﬁ‘&ﬂ&ﬁﬁ-s@lk@ﬁv%)fa&ﬁg
channelz\ll)s %Vlth reference to FIG. 4, the transmitter section 120A of the modem

comprises a scrambler block 310, a block 315 of convolutional encoders, a block
320 of interleavers, a spatial multiplexer block 325 that performs the matrix
multiplication with the transmit matrix A that is different at each of the OFDM sub-
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 oufput of the .
low 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 transmit antenna path..
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control processor 160. The nbpdem 120, also referred
to as a baseband signal processor, perforns the
baseband nodul ati on of signals to be transnitted
(vectors) s) and the baseband denodul ati on of
received signals. In so doing, the nodem 120
multiplies the vector s representing the L signals
[si sdT to be transmtted bygthe 35 transmit matrix

A. The,DACs. 130 | ex. t hat . t
G gl t aTheRERBE HOdUP PR B Hia s SORRFEA bR A s o
Cre$ang 846 AbldtE ofloaipag e vi0sa biclo425aif plneridatly omtrodled t

paths in e r adi anscej ver 150. e 140
CrBtors (o Bt 430 i i Biegh i dauglzgin 455 T Wik s
GREIRSPARE £ie a%;ﬂi’é@ t0/ic RRERS siphalk,eb10dEMDds-ftlériavers 440
transcei ver 150 to_digital or baseband

. signal s }
deadirckof eppvpiptionsb derdde 4200 Pramplr e automatio
AdRPHkB1 (AQT) BIRE 256 and 4 \6hatihé] @8nled BMdk458 Bl afso provided
%gproprlatg receive weights to the received signals
tfer ¢heres} ytimatign compuigtions andsgther funatjpopsy  Thepreappplf anhAGC

fﬁﬂﬁﬁh§b%§5§&§ﬁﬁﬁbnﬁégnﬁﬁQB&%&&%@@&QHM&@EhﬁﬁdQ%ﬁﬁ@Q&@55
transcei vers each coggr|5|§g a transmtter 152(i) and

Zepeetes howladga about thosaanngl Hewhich knemlgdgedtipivalied tg they

FARIERPRR Pl SR Hocki ERTEERP R Abhabhbfillpy the
(Tt bletkoldh) Asstinengviar/Dodentiisinandy sufering devids thermare be " a
e : . _
ik bRl Aop i w28 M 4 o BB prffing PG eived
signgl strchm aadyL. dlsercdviaifblockod 35, H4Gnsiddd werecowr thed cdigrsbsd

i n co-,pendi a = CO n assi.gned U.S P nt
nopl § SR B desC MRy 0N A s s GEPUG s passes
tchennehiekpobe/infoimutitinat aisscond devipobypdeading e kedwn OFDM

re . .
! elgge sneal(leence once through each antenna in, for example, a packet preamble.

For a frequency domain implementation, the second device performs a space-

frequency decomposition (SFD) given this channel information, and uses the SFD

- data to process received signals from that device, and to transmit signals back io

the other device. This assumes reciprocity in the link, and therefore MIMO phase
calibration at each device needs to be performed. Techniques for MIMO phase
calibration are disclosed in commonly assigned and co-pending U.S. Patent
Application No. 10/457,293, 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 120A, a multi-dimensional vector trellis encoder (VIE) 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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There are many ways to inplenent the nodem 120. FIGs.
4 and 5 show bl ock di agrans of exanples of the
transmtter section 120A and receiver sections 20
120B, respectively, of the nodem 120, for a
multi-carrier, e.g., orthogonal frequency division
mul ti pl exed (OFDM) application. Cenerally, matrix

mul tiplication of the type dgscribed above is

per fornmed, i ndependently on each OFDM subcatrrier to
Opt | mAZEOUSEY PRARIL beLAPP s OO SRRTERE) PSS | ve
faagtipa £ thne-Wirbdin bRt Bil@ndnfitibh Wherd tagpBe delay-line
transmtter section 120A of the nobdem 25 conprises a
didtesam wed-bl ock 310, a bl ock 315 of convol uti onal

encodgic ¢ iAusthids Kovd A bre bicREt SBRA ?@w& cSRdMain® Hesoribed

mul ti pl exer bl ock 325 that perfornms the matrix
detieini gomipargs focghe optirpal weteriliingappreachat rix A that is

diffe - i o .
= i, B o B R BN e o e

bm@mfsaaﬁﬁaétwidédlmfﬁ@ne N pituratityfod ertennes mRiEsSecenddiesicp hejang M
iR of SRR Iasid S5 ovicd et Btbprelih, bbb Y . ]
(cFE:j e(}_ran&)litte@\ismre;mamti avitgertemsinio magBoA e marigizesapasit zﬁthe

| ou e . )
SR el R LR e i et e SR L,
asmtrhini thattthepescr efitd bylesch35he3s @ntemchs 8A6ss teanpenigmnm
B e iRe BEar BT A ibiBREH iaBhHEE . §1 bR v
P A6aBIS iof gntSin@s ﬁr&ir@ﬂ&ﬁﬂiuﬁtr&&ﬂsidn t3 theaamind devdos ni t

ntenna path.. 9 _5The receiver..section, 1 S in
Riveanl, o sl s PO a2 PP
edtedravpasisradity df8hdio A2@miflerd bt od&l 10fa cotteEpoRdiag b of
controlled oscillators (NCOs), a bl ock 4&% of EFTs, .a
replyealily obaniennps apd a hassbang signalpyocerrar poupiad s thedy pifality
8 BdR RRhirSifleds o pldGest 8 48NS repreftalitg L SighdlofK .. ] to be

de-interl eavers 440 and a bl ock of conval utional

trenspaitsdvithustransmifraairis Melo pragiaise eangcipd the phamrdd bEwim
E@'{@ﬁg@%& Md tﬁ@@&@&e@&% gétg&:t o Ave: RaMbRSInt A8t hS PR

are also provi for channel estimation

ooited by tachod theerd anteias isfless thanamseximmiye powet HibPEbyn g

| 50 I bl & gi.0: ' .
O 5l SRR AL ol PO it it

torthe\bcealgbdeatve by the ¥ phinality of ank¢nnasyiibe traksmaihineltiged iss

g I e R T
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 anfennas being equal fo 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.



15 FFT bl ock 430. Asthuning the nbdemis in an N

antenna device, there are N - instances of bl ocks

415, 420,425 and 430 to perform processing on each

recei ved signal streamand L instances of bl ocks 435,

440 and 445 to recover the L signals. As suggested in

the description above of Ms. 4 and 5, a first device

passes channel response information to a second

devi ce by sending a known CHDM 20 trai ni ng sequence

once through each antenna in, for exanple, a packet

preanble. For a frequency domain inplenentation, the

second device perfornms a space-frequency
clgiggonposition (SFD) given this channel information,

and uses the SFD data to process received signals

fromthat device, and to transmt signals back to the

ot hgr dey hj u w Lty | :

and 1 her 21 S iob BRE CRGuA SRR A6 1l L ofuplcfion device
cont@viziog: needs to be perforned. Techni ques for M MO
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comgyaicgtienydevinese dhg Bist epm@reiestioggdeyice. wareip gagdy mode is a signal
sirsipcarrier index and ei genchannel nay al so be

I'ncluded in preanble. 30 Each subcani er has an
compsling erede eeightsefrbmtthoncooivdd sighals sedcthaethgemcdranwelghts are

In the transmitter section 120A, a multi-dinensional . .
corpBe Rl FHrg it o drar g ey R aTs bt % TR o P pication
deWict;s fromthe scranbler onto OFDM constel | ation

synmbol s. Exanples of nulti-dinmensional VIE s are

COTRRBANRE 4 transHE mateix Bopdhe feseing vgigds: st obt ai ni ng
i . t i .ar | . .
ap@gglggg% ggﬁg@@ %a_ﬂeﬁg ARt iaA & £880 R ifSItAHebudS transmitted

from the plurality of antennas of the first communication device to the second

communication device.

2. The method of claim 1 further comprising computing a matched filter

matrix from the received signals.



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

ti me-domai n system i npl enentati on where tapped
delay-line filters are used. FIG 6
illustrates how the nore efficient antenna power
constraint described herein conpares to the optinal
waterfilling approach. 10ln sum a system and net hod
are provided for M MO radi olxonmuni cati on between a
first device having N plurality of antennas and a

secqQnd devi ce ha M Iur ity .of antenna
Trrat dedfednedsd ot vapnt 2 SHPELl il Agnpe ity Sppt marix
coﬁlﬂrlé%‘g chinpASH dnl RthobSnalt AT @t MAttHEddilicr MAGTX. t matri x
A to maxim zZe capacity of the channel between the

first device and the second device subject to a power

15 glonst rl“ﬁ‘é etﬁolaat%f élgi‘fn P AR eiff %é E&%&%ﬁ%@?&fﬁgﬁ Md the

antennas I'S 1'€ss than a nmaxi num powe
coinpativgntl app]tyfﬂgxhé\treimasm bt exse pehﬁ)rrlnec$ aag:hainse s[i§lialfsarp received

anmong t he urali.t ten or SI
R R O e R e S
coRRIMIRHSAIVRR udeMbeRnisit RRivAIBE Of ©OARd HeRgedNd device.
plurality of antennas, N plurality of radio

transmtters each coupled to a correspondlng one of

20 the plrj ﬁ'le'tlfo\ﬂ & clﬁﬂt?rlﬁ?eﬁ?iur A yﬁﬂ?@%&@vé%@féﬁ{s and the

processor coupled to radi o
compam@mtd gppdyit® tr eesst alatrescm@rpesforquﬁ elsbasthang for each of a
nals.[si s to be trans atra
7o o PR APy S enbv e R g scheme
1m&h@r&kh%Eﬂﬁqﬁmﬁ@wamqmmbg second device subject to a
power constraint that the power emtted by each of

the N antennas is | ess than a maxi num power, whereby
theg The method of claim 5 wherein the transmit matrix is computed such that

the power transmitted from each of the plurality of antennas of the first communication

device is less than a maximum power.

7. The method of claim 6 wherein the transmit matrix is computed such that
the sum of the power at corresponding sub-carrier frequencies for each mode across the

plurality of antenna paths of the first communication device is the same.

8. The method of claim 1 further comprising selecting a transmit data rate
separately for each of the plurality of modes to be transmitted from the first

communication device to the second communication device.



25 transmt matrix A distributes the L signals [Si sd
for sinultaneous transm ssion to the second device by
the N plurality of antennas. The transmt matrix Ais
conmput ed subject to the power constraint being
different for one or nore of the N antennas or being
the sane for each of the N plurality of antennas. For
exanple, in the latter case, the transmt matrix A
may be conputed subject to #3he power 30 constraint
for each of the N plurality of antennas being equa

t ot r em.tted all of.the
DBl Ot B PRt ol R S ey i Rbcording to o
rec@fVey SighAI6nbisk t% (SER) Rireactest thyplvalityff neod@spl e only.
11 d ai ns: 1. A nethod for radi o comruni cati on

for a first conmmunication device conpri sing:

Feceh Vi ngpe lmfthed BF kR h}f“thgi MRS iRkl 8e tdcbSEd SNR for

conmuni cat 1 on eV|ce S|gna S representlng a
eaqhl af'tla plompligfof] munﬁsstrm‘rsantt@ﬂei thé st cqn@umgaltty)n device and received
ransm,tted b

at the rsgciong 68%1&1%036?% gvg(g:d rC 2 ececnaréd ﬁQRdfe]y as(égqgt%d tvpt% each of

ereln eac

theSp1@aRly FlnkRIeftecEiREPbY tmmrgta@mmlmmhmsca‘ theraré hﬁnsmltted by
recei ved S|gnals such that the receive weights are

thesgprpdrcemynication d9vécei vi ng a separate training
sequence by the first comrunication device;

11.  The method of claim 10 wherein the estimating comprises equating the
received SNR for each of the plurality of modes at the second communication device to
the received SNR of a the corresponding mode received at the first communication

device.

12.  The method of claim 10 wherein the estimating comprises multiplying the
received SNR of the corresponding mode received at the first communication device by a
factor that compensates for a difference between a transmit power of the first

communication device and a transmit power of the second communication device.

13.  The method of claim 12 further comprising receiving from the second
communication device information indicating the transmit power used by the second

communication device.

14. The method of claim 8 wherein the



conmputing a transmt matrix fromthe receive weights;
and applying the transmt matrix to a plurality of
nodes to be sinultaneously transmitted fromthe
plurality of antennas of the first comrunication
device to the second conmuni cati on devi ce. 2.
The nmethod of claim 1l further conprising conputing a
mat ched filter matrix fromthe received signals. 12
3. The nmethod of claim2 wHérein the conputing the
transmt matrix conprises conmputing an

ort hogonal i zati on of the matched filter q
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nodes to the second devi ce. 5. The net hod of
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frequency sub-carriers associated wth a

compmppicatiory davise Tipghihe s¢508fh cupmBRiga V¥Br each of the
plurality of nodes. 6. The nethod of claim5b
wherein the transmt matrix is conputed such that the
powd6. t r s miethtoddof ¢laim éadhrter qopwrigingrrapditipg dfom the second

antennas of .the.first .c i ' | .Sl :
col AT G SRR LERCISKACRe ki A58 i
of WoasLiebeiviBatt thaRsdwht combdunicatien domiquthetdars urahsmitted by Ik first
sum of 'the power at correspondi ng sub-carrier
compEpiGaliny EYi€or each node across the plurality of

antenna paths of the first comunication device is

~the sane. o ) _
17.  The method of claim 11 further comprising storing the received SNR for

each of the plurality of modes ‘received at respective ones of a plurality of other
communication devices for use in rate selection when the first communication device

transmits to a respective one of the plurality of other communication devices.

18.  The method of claim 1 wherein the applying comprises applying elements
of the transmit matrix for a synchronization field for corresponding ones of the plurality
of modes for disjoint subsets of a plurality of frequency sub-carriers associated with a

multi-carrier baseband modulation scheme.

19. The method of claim 18 wherein the



8. The method of claim1 anther conprising selecting

a transmt data rate separately for each of the

plurality of nodes to be transmitted fromthe first

conmuni cati on device to the second conmuni cation

device. 13 9. The nethod of claim8 wherein

the selecting is perforned according to a received

signal -to-noise ratio (SNR) for each of the plurality

of nodes. 10. The mehod of claim9 further

conprising estimating the received SNR for each of

t.he plurality of .nodes transmtt the.fir :
D RUFBEES PSS, Sots oGP ool o dete field
COREPBAITRE 86 ieBdh O VeC plutdliomof heodee sl WRAhSNRichlty of sub-carriers
~associated with each of the plurality of nodes
asspgiarl wath aRasehaad modeletidhieheME-cat i on device that are

transmtted by the second conmuni cati on devi ce.

11. The nmethod of claim 10 wherein the estimating ]

conpf.i seShegativd of clale I vdeegiv i SNRULiog recgtl vightheomprises

lurality of mpdes at .the s n i 1.0 ' .

cofpt pffersr Sl SR el 8 B SO TR AR DR AR B o
muleegtive hagdbabd enddul@ionC soemei et @ortthayi of the received signals

12. The nmethod of claim 10 wherein the estinmating. .
rerSHIIES e SYIRHFTAIGN 519 HB LR DidhSRIOBR coffgmnicition device

usif@ EleRRARNIH AN R Endiee Fﬂr%@Qe@onHih? ohés” §itthe plurality of modes for
conmuni cati on device by -a factor that conpensates for

disipinti fubsstent e phaekiger fequennystibtcapinie psseeiated gvith a gyulti-carrier

bm&gg&pn&&g&&ggd%p%ice and a transmt power of the
second comuni catt on devi ce. 13. The et hod of

claim12 further conprising receiving fromthe second

co ni cation device informati on jndicatjng.the . )

{r afbm ¢ 1ol et clm: fl "eth b SRR Heofpoeive woights
coﬁiiﬁ[‘{é& Cinterpolating - rebBi9c RiDRE Af replaplifg Snvherehp glbQlity of
frequency sub-carriers for each of the plurality of modes from the receiv_e weights for the

plurality of frequency sub-carriers associated with the received signals.

22. A radio communication device comprising:

a plurality of antennas;

a radio transceiver coupled to the plurality of antennas;

the radio transceiver configured to upconvert a plurality of transmit signals for
simultaneous transmission via the plurality of antennas, and to downconvert a plurality of -
signals simultaneously received at the plurality of antennas to produce a plurality of
received signals;

a baseband.signal processor coupled to the radio transceiver and configured to

compute receive weights from signals received from an other



sel ecting conprises selecting a slower transmt data
rate when transmtting to the second conmuni cati on
device for |lower received SNR of a node at the second
communi cation device and sel ecting a higher data rate
for higher received SNR of a node at the second
communi cati on devi ce. 15. The nethod of claim
8 wherein the selecting is performed based on

recei ved SNR i nformati on od®ai ned each time a
transmssion is received by the first communi cation

oG BB TR AL RS gt o o,
whEi@fiedah RbdE iParsigha s&@aﬁﬁ) ndcic oEIhe |r@oaweo,malges/mee1enved from the
i nformation indicating ‘the received SNR for each of
recgifed HERARVIthqut secehigetsepEaki pgHngtearHEes®dond
C OMFU Y S@ah i g,ﬂﬁvﬁr% LRabon Al fed E@Q%ﬁh&rﬁﬁ anﬁbfx tﬁ"(‘)ﬁl the receive
first communi ¢ation device. . The nethod of
weighti amd 1d apply nﬂraeuransumpnatsx mtg tl@t;dmnahtg ctf hneodee teprodacesNpurality

h of .th I d .
o | SpREPyS 5t BEoBPGEL o PO RE B s s

u)ﬁeﬁﬂﬁﬁﬁn&ﬁmnaﬁﬁmkﬁv&ate selectlon when the first
conmuni cation device transmts to a respective one of
the plurality of other communication devi ces.
18. 3 he f@ﬁ@f& (%fmrﬁlhf?éaﬁb& dUHE! 8 daik® RRELN tRbaseband signal
conprises applying elenents of the transmt matrix
pﬂk@ﬁmassyﬁﬁhﬁdﬁopampmnaﬁm@ﬁ@dﬁﬁmrm@&%é@@@ﬁ@ﬁﬁ@ﬂ@ﬁégﬂdﬁ
the plurality of nobdes for disjoint subsets of a
plurality of frequency sub-carriers associated with a
mul 24.- caTld @biotasahanchtion deried d)ibcﬂalﬁ'clﬂawherein the baselhd signal
The nethod of claim 18 wherein the a I%ing .
PrOgetipit | §e SORPHIG niP eFUPRME st s(?’ﬁf tf@ﬁ%mtt t PHat-piRuling  an
ortlfl(ﬁgro ﬂa&@oﬁhe hfmeei Eﬁéﬁﬁ’aﬁﬁk ng to each of the
ur |ty of nodes for all the plurality of
sub carriers associ at ed mnth a baseband nodul ati on
SC h%’re The radio: comlﬂ—lnl?caﬁ?ﬁ Hggceoéf cﬁiuﬁi ) &/h%%rtﬁé ﬂas%lcﬁld s1gnal
conputi ng Téecei ses conp recei
\ prdd&lsghts sodfigugedab mbmlpuﬂeyhalf-anfsmﬁqmmnx yacﬁubneczaplmadit)sof 51gnals are

S ted th a nultj rrier baseband d Iat on
recgiupb A P s ok P oBR LR e

representlng a synchronlzatlon field transn1tted by

t he second comruni cati on devi ce usi el enents of a

t r a¥&ni tTlmaﬂmmum@ﬂpeépﬂd%pma@h&swwemﬁée baseband signal
pro@%:s%la § tcgnfp J r#g) g(? %orng{ltedfh theglrlglﬁnlltztflgﬁgits zcggléagﬁe ;%Iﬁrahty of
| ﬁeqnelnty su[iﬁmmﬁt; abmeMth anildchoier sedelation scheme 1@dd for each

he t ho cl ai m 20 wherein the conputing the

Of&ﬁgggggyﬁg?@ﬁ? conpri ses interpolating the receive

wei ghts at remai ning ones of the plurality of

frequency sub-carriers for each of the plurality of
mod2% f rbin rdie Goaveineatigr dgtiesof drim Hew gFfGFléh? papebnd signal

proglésg%g ie‘l g ¢ gon%éﬁ:eﬁa 81 B AS SAET BhfthitM thitrikNeudhe Gl VER power



22. A radi o conmuni cation device conprising: a
plurality of antennas; a radio transceiver coupled to
the plurality of antennas; the radio
transcei ver configured to upconvert a plurality of
transmt signals for simultaneous transm ssion via
the plurality of antennas, and to downconvert a
plurality of signals sinmultaneously received at the
plurality of antennas to pridduce a plurality of

recei ved signals; a baseband signal processor coupl ed

to the radio transceiver_ and con red to.conpute
trap g BORSPNTLAT POFAIEY G ArEnieh bsg Hn P b B GONEr

16 communi cation device by the plurality of antennas
that represent a plurality of nodes, wherein each
rmdéS | s Bhsiadivedonunydention daeike pheleim BB wheres the baseband signal

pr(%cg%s r 18. (:01’1f:1%1urgcie {0 co?xﬂ;u(e{ t%g]tllaﬂs%l{ ﬁl%&ixvs%gh mag{}%lsﬁmvﬂfttﬂ%)ﬁtgewer at

I Ving Separa rain sequence;
colepoming siti- @ﬁ&h‘ fprqueessalf eeﬂfﬁmma@@hstth)e plutatignesfidntenna paths
matrix fromthe receive weights and to apply the
SPFSHei t matrix to the plurality of nodes to produce
a plurality of transmt signals for transm ssion by
the radio transceiver via the plurality of antennas
to £2he olheradieoenmmumeation seviesy phelaim 22 wherepmgthe paseband signal

prc%:grgsiogls cﬁ@é ﬁ%tgefégt adf?a\ﬂsﬁlﬁ cf?i a r(é{easkggrgtgl WHELEh B {l'llazﬂuarality of

processor is confl ured to conput
1nmmiﬁhﬁdnhmhm@duﬂmbmﬂmr&nmmumhﬁum&bemved si gnal s.

30.  The radio communication device of claim 29 wherein the baseband signal
processor is configured to select a transmit data rate according to a received signal-to-
noise ratio (SNR) for each of the plurality of modes received at the other communication

device. .

31.  The radio communication device of claim 30 wherein the baseband signal
processor is configured to estimate the received SNR at the other communication device

from a SNR for corresponding to the plurality of modes of the received signals.

32.  The radio communication device of claim 30 wherein the baseband signal
processor is configured to estimate the received SNR at the other communication by
equating the received SNR at the other communication device to the SNR of the received

signals.



24. The radi o conmuni cati on device of claim 22
wherei n t he baseband signal processor is configured
to conmpute the transmt matrix by conmputing an
orthogonal i zati on of the matched filter matri x.

25. The radi o conmuni cati on device of claim 22
wherei n t he baseband signal processor is configured
to conmpute the transmt matrix each tinme a plurality
of signals are received at t8he plurality of antennas
fromthe other conmunication device 26. The
radi o communi cation devjce of claim22 wherein t

basébandTh¢ e coppeEsdion device %‘Fliﬂﬁ‘u? ]eﬁ’h?li%mc%ﬁﬁﬁﬁteéaﬂd signal
prdcB&ol & %Br?f%ﬁ'% CtershfﬁatE Phe I%Qém:dofleS ﬁ\%}v! et%l%}?gf th¥ pRifality of modes at

frequenc arriers assocl at _
thenatheri coaanum@tlonwuulcaby mmul‘sldhzegehqﬁﬁa dfghe earcdspofdinghamode of

| ur.al
| SRR o DRSS LBt OPBERISA kb el AR
poﬁfblg@faihe ROAGRSEAoh YedoN hhd) b iREsHhi0 poREPOT e tdii®er communication
transmt matrix such that the power 17 transmtted

defitm each of the plurality of antennas is |ess than a
maxi mum power .

34.  The radio communication device of claim 33 wherein the baseband signal
processor is configured to compute the factor based on information received from the
other communication device that indicates the transmit power used by the other

communication device.

35.  The radio communication device of claim 30 the baseband signal
processor is configured to select a slower transmit data rate for lower received SNR of a
corresponding mode and selects a higher data rate for higher received SNR of a

corresponding mode.

36. - The radio communication device of claim 30 wherein the baseband signal
processor is configured to select a transmit data rate for a mode based on received SNR
information obtained each time a transmission is received from the other communication

device.

37.  The radio communication device of claim 30 wherein the baseband signal
processor is configured to process information received from the other communication
device indicating the received SNR for each of the plurality of modes received at the

other communication device.

38.  The radio communication device of claim 30 further comprising a memory

configured to store the feceived SNR for each of the plurality of



28. The radi o conmuni cati on device of claim 27
wherei n t he baseband signal processor is configured
to conpute the transmt matrix such that the sum of
the power at correspondi ng sub-carrier frequencies of
each node across the plurality of antenna paths is

t he sane. 29. The radi o conmuni cati on device
of claim 22 wherein the baseband signal processor is
configured to select a traddnit data rate separately
for each of the plurality of nodes to be transmtted

to the other comrunicatio vige .30 _The.
mop bR PE T enaLt SRraf of S cogpmpnisition Higes for use
in b@sehaRdod ivinal tMiaRmSOf bSreggunfivgwnedoft thes pluedity aof other

transmt data rate according to a received
corgmypigptiongleristse ratio (SNR) for each of the plurality

of nobdes received at the other communi cati on devi ce.

31. The radi o communi cati on device of claim30

wheB@i n Threrabiasebamoiciign devier ofcdsinod? whereiarihe haseeand signal

to estimate t recei ved SN . Y
Dot CATPHRY TR OES JPEaD R i S for o symchronization
field8r ®rteniding oabs sDde pledlity bemoésdbvdgomit guiabts of a plurality of

32. The radi o conmuni ¢cati on .devjc OL cl aim 30
frogirap e Fb-GoREETD AR AIRA YA B tisr s bapandaned A og arhsme:

to estimate the recei ved SNR at the ot her

communi cation by equating the received SNR at the .

ot hé. cofmunmidiat ¢ommusvitn tevieh of SNRMT3S, ke rbasebpyd gignal

Si .S. . .
procles%(r)]ra llSS configured to apply elements of the transmit matrix for a data field

corresponding to each of the plurality of modes for all the plurality of sub-carriers

~ associated with a baseband modulation scheme.

41.  The radio communication device of claim 22 wherein the baseband signal
processor is configured to compute receive weights from a portion of the received signals
that represent a synchronization field transmitted by the other communication device
using elements of a transmit matrix for corresponding ones of the plurality of modes for
disjoint subsets of a plurality of frequency sub-carriers associated with a multi-carrier
baseband modulation scheme, and is configured to compute therefrom receive weights at

each of the plurality of frequency sub-carriers for cach of the plurality of modes.

42, The radio communication device of claim 41 wherein the baseband signal

processor is configured to compute the receive weights at each of the plurality



18 33. The radi o conmuni cati on device of claim
31 wherein the baseband signal processor is
configured to estinmate the received SNR for each of
the plurality of nodes at the other comuni cation
device by multiplying the SNR of the correspondi ng
node of the received signals by a factor that
conpensates for a difference between a transnmt power
of the communi cati on devicéland a transmit power of

t he ot her communi cati on devi ce. 34. The radio

onmuni cati on devi ce of .cl ai m.33 .wherein.the sehand .
of Epayeary sﬁﬁa@&% or; gach aﬁfheg‘ﬁ?r& Y% I%ﬂé\r?{, by ént?%%g% precelve
welAgest RbhaldML OB bP e SGRIMed! ficqidntN8ubkhieikrs for cach of the

conmuni cation device that indicates the transmt A
plusdife of modes Bpm: the regeiver weighimien BigtAlyRlIY RS fsguency sub-carriers
radi.o.. ication device of claim30 the
a$§§g§ggﬁ%t@$%%3? pr%cggsor is configured to select a
slower transmt data rate for |ower received SNR of a

correspondi ng node and selects a higher.data rate f
hi gﬁir pr’éc‘é’f"?f‘@ﬁ‘ %%8‘? V‘éfﬁb 6‘?’#%%%061?1&&%9“]}%%%5 x ecuted peftorm
medfd cERGrisiagh 0 communi cation device of claim 30

wherei n the baseband signal processor is configured .

to swNRMiNg HARFRhMATHalTamy HEUVE STt gereyef dsqu aopfurality of
i ' ' ! i ARichlidBd&ice that t
Slg{l arﬁgﬁégﬁﬁg%?%lgp ?lgglr ?E%tg@ag ?g%ﬁ?ﬁg()@t helrC éomTurlﬁ{?c a'ft1 irg%‘es.en
a mderalityeof modes sinBiftanébely rtaahiswited nlyyu ai seendoepnomwiicatiopf device,

cl ai m 30 erein t baseb [gnal. processor is
WS PR e & SE DR G, BB B P 7 s fom
theOtddEile® QIBRUIT Whdrk Ofic devdied kipailsalbi Mg inbkde ecedpaeme training

SNR for_ each of the plurality of nodes received at
sequpRceoer cormmuni cati on devi ce. 38. The radio

conm G atd OafG¥i GRatRk 16! Bk PIAQIiTHUSE HOHcL RIMPE HnBBhrRously -

neg§¥@%g§n¥€gur§§1toastore tﬁ% rggeiveq %NR for each ey
traxsfmittévbfrorh uleaplintajityodt ante@nasodfeke finstasinveehieation dgypee toj thesecond

.ones.qj a Qlurality of ot her comruni cati on devices
copiinigaliondeVicts o sel ection when transmitting to a

respective one of the plurality of other

conmuni cati on devi ces. . .39. The radio . .

confrni CAITERLEE B0 BamBpBiEsioBeRtER &i St RETBAEAER dovice
and | INBlonA! OGRPEMkatich GeRE: Aied rdddo ?lPeQ]IIu;t‘nc‘ifl EeRBNtedm@unication

the transmt matrix for a synchronization field for
techwruesspomuismg: ones of the plurality of nodes for

di s|.qQin ubsets of a plurality of frequency

subétglé? ﬁfsg?osmlgg%lg%lmgtdeeglc\% th a nulti-carrier baseband

nmodul at i @Beisi@pemea plurality of antennas signals representing a plurality of

modes simultaneously transmitted by the second communication device, wherein
each mode is a signal stream,;

computing a transmit matrix from parameters derived from the signals
received at the plurality of antennas, said parameters derived without receiving a

separate training sequence; and



40. The radi o communi cati on device of claim39 the
baseband signal processor is configured to apply

el enents of the transmt nmatrix for a data field
corresponding to each of the plurality of nodes for
all the plurality of sub-carriers associated with a
baseband nodul ati on schene. 41. The radio
comuni cati on device of claim 22 wherein the baseband
signal processor is configdled to conpute receive

wei ghts froma portion of the received signals that

repr esent chroni on f d b

ot her co?ﬁﬂ)ﬁ?‘%&‘? i"GR i tt?g"er@lul@li é’ﬁﬁﬁ?%(feﬁf d]%\ Mimbflheousty
t 1 aRsREtitdBfbrh ¥hed SiraGBT dTaaRAMN JTeheoMescoffmidi@tion device to the
plurality of nodes for disjoint subsets of a

pIuﬁ%ﬁﬂ@?ﬁ@mum?%ﬁméﬁtyﬁ§@6-carrlers associated with a

mul hh&@&%hf&ngﬂﬁﬁgﬂﬁﬂdgﬁgglat'on schene, and is

configure 0 conpute therefromreceive weights at

each of khevmgunaiphymnf(ﬂtmmmmmty@sub¢qapﬁmbngE#phndﬁy(ﬂ

each qf the plu e. radio

confiorouprieid birtafied B oo compurfionickihang

Si gnal pé&ﬁ)}ﬁﬁlﬁ% ra trenst@N fla@il @dnl parsasmtdt derived frode ehey signals
ghts at each of the plurality 20 of freguency

su bre@alwect atrtge phralgy eh a@iﬁmtaﬁaesa& RATHPSELS dsw%w@'éowecewmg a

i nt c e wei ghts at remaining ones

of ?ﬁﬁﬂ%f%%@?g%&ﬁw &#E%%uency sub-carriers for each

of the phppi)ahg thy thsmib tegiy odhe plhelitedfenadss webagtimyltaneously

for the al it S carriers

ass e UG Ty P WP TS G Rbhd Ebrfmypjcation device o

nedu@qunﬁmﬁmamﬂmﬁm¢wagruct|ons that when execut ed,

performa nethod conprisin conputing.a

t r alYERicH GRRAUPRE thedFANSBE anafkix jioteprated qash fiegignalsprg received
at Y@l dobin flcaﬁ#ng aedise FBMEInY 86eddd Bmitludic@tibl ¥Yevile to update the

antennas o I rst conmuni cati on device that
transept eweikt atahgficst abmwn@ﬁthm@hé’sles prd¢aramgiog gheytransmit matrix is
rerghiEh e 9 g RERVEY UTHRLAES SR uE o RO R e i
coMiBiufifdhionadc®ice @cﬂppda&ﬁhé tramniih@atrgce theasdeond gomhsmnidagoredevice.

the received signals do not include a separate

training sequence; and applying the transmt

matpix tQ rE(h@ c&hﬂlﬁﬁichﬁtﬁl QbtepR@@HrisRgbe simul taneously

transmtted fromthe plurality of antennas of -the

fi r g firg opmmmhicatidnolevitevidwding t he second

connunlcatfgﬂn §¥Hﬁ§ma8 44. A nethod for radio

communi cabi’oh “between a first conmunication device

and a second communi cati on device using radio

frequency (RF) conmuni cation techni ques, conpri sing:

at the first comunicati on device:



receiving at a plurality of antennas signals
representing a plurality of nodes sinultaneously
transmtted by the second conmuni cati on devi ce,
wherei n each node is a signal stream conputi ng
atransmt matrix from paraneters derived fromthe
signals received at the plurality of antennas, said
paraneters derived w thout receiving a separate
trai ni ng sequence; and 2122 appl yi ng the
transmt matrix to the plurality of nodes to be

simultaneously transmtte romth drality of .
ant ennas® orf‘glf’hga‘?sf?lg?r S%Lf‘ﬂ(ﬂfi%it%?lhf’ oﬁwg‘b i O T%erWﬁse the radio
SeCRRtc SO AL | AN uiledtiveRingaRd piralithe osee@ihit signals for
communi cat i on device: receiving at a plurality |

of simuipirays Srermzibson sisrthe PHRIHY of Piarpay i2ny dgpneRsyeging 2
si myl L AR | g1t bRl BRbd
oD PO Skl AIRRLA RO R e AR GRTHER AR BRhduce
par apkicgitg oflecdivelbignabmaridhe signal s received at the
plurality of antennas, said pa ter.s . derived

Wi t hout § bEEPAET BiasErart hpIod e Salissi b hat sopputes a
appleyishfit @it fraMSPirdm a8k Idedvéd fibethp | pliralityt of reeived signals
nodes to be sinultaneously transmtted fromth

pl u?e@rqsglyingf a aﬂl.g@myagf @?Odtsf_h éi@lé%ﬁ(alsb’.o HaRiteg i%éfnthe second
deviGemhckids tfe{f?ézé,:\?f]lgeq)m&hcrﬁsdqu aQR¥hCEream, said parameters arc

wherei n conputin transmt matrix is repeated
eacHertvictievighoghaicsivange: sepemiovieginiag stquenéd, agd the baseband signal
comruni cation device fromthe second O ni cat.i on
devPOESeT eRpliSt Bt WEDSTHal, 1o B Ay HaO]eS b Poduce the
CONPRRI BRI Ofand@Ui GiBnala el heosipl thitguiti erdns@itdi fo the second
matrix is repeated each time signals are received at
thec@%@éWQME@WWﬁﬁPﬁﬁﬂion device fromthe first

COMpUlARLL AR AN il Re RSB L he transm t matrix at

t he second comruni cati on&hgew ce.
a plurality of antennas;

a radio transceiver coupled to the plurality of antennas, the radio
transceiver capable of upconverting a plurality of transmit signals for
simultaneous transmission via the pIuraﬁ_ty of antennas, and downconverting a
plurality of signals simultaneously received at the plurality of antennas to produce
a plurality of received signals; and

a baseband signal proceséor coupled to radio transceiver that computes a
transmit matrix from parameters derived from the plurality of received signals
representing a plurality of modes simultaneously transmitted by the first
communication device, such that the derived parameters are derived without
receiving a separate training sequence, and the baseband signal processor applies

the



45. A radi o conmuni cati on system conprising: a first
comruni cation device including: a plurality of

ant ennas; 22 a radio transcei ver coupled to
the plurality of antennas, the radi o transceiver
capabl e of upconverting a plurality of transmt
signals for sinultaneous transm ssion via the
plurality of antennas, and downconverting a plurality
of signals simultaneously r¥ceived at the plurality
of antennas to produce a plurality of received

signal s;, and. baseband si gnal processor .. .
CouBRHit G the BHELEY LMadRS o PERUER 42 BiUpisy ghpnsmit
Mat LisXalf {40 DAL RIRLEN P ral BRI o kifcomst ddhmhiitatibh Hvied;

received signals representing a plurality of nodes = |
si muhegine thgshagehand rsegmiak progessyrs tah dhas Eespapd second communication

co %ée% %to&ng)ﬂtedt%\éflr (f?sgem% rtﬁ’ingrgﬁ %J%gg%gﬁq i:il?le q; 'ag na% received

streany sal d paraneters are rive out receiving

a Sépartat ether @nhmgcealgudevice, and t he baseband signa

processor applies the transmt matrix to the

plurality of nodes to produce the plurality of

trangni t ASh@AR)dS 810 spfuihsBukly 2BSaMSh¥atidpa RS flukdlR df0signals

the second communi cation device; and a second . i
betvsamarfirstagdmynunieatiop ¢leyvise lapdliarigeond Gomungiation glevice using radio

t X ¥ ' a ' coupled to the
ﬁegﬁeﬁlr%g@ywo ugﬁ%agﬁﬁgeg@tq Jes’ r agl %)SYH%F anscei ver capabl e
of uppdoiny arntansgit agudiutoad plimaliof oft rasetsind sigaalg abessifmoltaneously

si mul taneous transm ssion via the plurality of
CaZaE R O DR i FOWREBHUE O {5V 5 SIS RIFRY F oiogpag o the firs
comHich@RERN Tl Yo tRGBEMMEGoRinuh AR &hvdet ty of antennas

to produce a plurality of received signals; and )

a bEeseiyigdhe signals tepweitied By theolist @unmenipggnglevice at a plurality
of Wi BNEE GF %8 se ogatcorg&rmwaﬁ&h@evﬁ 30 %ﬁh%utgﬁ dtchelt TR matrix from

paraneters deritved fromthe plurality of received
thestegeiatds sipegds, saginmirebedafipérumatiixt opmyfutedoe@lsout receiving a separate

si.mul taneously transmtted by the first comunication
ARG ¥BUEYich that the derived parameters are derived

Wi t BeHputin@CRbM i tRE néhthRP F@RE ehatihah NGB BEMER E6:; siditaneously

t he baseband signal processor applies the | | .
transmitting a plarality of baseband signals from the second communication device to the

first communication device; and
applying the transmit matrix to the plurality of baseband signal to be transmitted

from the second communication device to the first communication device.



23 transmt matrix to the plurality of nodes to
produce the plurality of transmt signals to be
simultaneously transmtted to the first comuni cation
devi ce; wherein the baseband signal processors at the
first and second conmuni cati on devices conpute their
respective transmt matrix each tine signals are
received fromthe other conmunication device. 46.A
met hod for sinultaneously @émunicating a plurality
of signals between a first comunication device and a

second communi cation, d radi o
CREFT conphRTPeked Bhelpiss et e Coppitu e FHTRE fatrix ot the

secBiP l:é/r{u'ﬂgm@aﬂo?l%%% fofiphides )éoﬁlﬁutﬁl ohhWrbidnatiedticnaseamstched

signals to be sinmultaneously transmtted fromthe
filtéd mgtixconmuni cati on device via a plurality of

antennas of the first comuni cation device to the

second conmmuni cati on devi ce; - receiving the

si gmal s TMﬁﬁaﬁmdbﬁﬂmby¢1ﬁwmﬁknmmﬁﬁognunication devi ce

at a plurality of anterpas of t

conffGHYREH! JhE GE iCRTHYIEEH GPI5rait S frepmited by the

secBRd Ednfmfifi®Moh rEi%virc@ G&d dRSbusing Bl aSched Bt MBEG Rge tdrh;tal
matri x COITpUt ed WI t hout T eceivi ng a, separ ate traini ng
S equm:hltmg the transm{ GRgIE ﬁh@e s wpmRRnjeatimdsyiss frera the matched
a.tr
ﬁ[tf:rrrgﬂhfgl}r% d ElYerqgQ)zmp es fl’s tr%/(ceovgﬁ 6‘3’&’@% %%Bgc? goéha%ll arl%orrrl] dev1ce
second connunlcatlon deV|ce to the first
conmuni C'gl'tll on e transm

mat H-x t 6% W@thgs oF &Falnfly othgpga élbeaﬁ}%l éfl%%}ﬁt g?rg’mbt Rai'ar the

firdt 'cBMSHnich@sh héwm thapsRs Qaﬂp@@@wbﬁmgoﬁalzaﬁm € theOmatched
the first communi cati on devi ce.
filter matrix of the first communication device.

50.  The method of claim 46 wherein the computing the transmit matrix at the
second communication device further comprises normalizing the transmit matrix such
that the power transmitted from each of the plurality of antennas of the second

communication device is less than a maximum power.



47. The nethod of claim46 wherein the conputing the
transmt matrix at the second communi cation device
conpri ses conputing an orthogonalization of the
matched filter matrix. 48. The nethod of claim
47 further conprising: receiving at the first
communi cation the plurality of signals transmtted by
t he second conmmuni cati on device and conputing a

mat ched filter matrix theréProm and updati ng
the transmt matrix at the first comuni cation device

fromthe_ matched filter trix.derived from,th . .
si gnal s et Q}eglé’g ¢ 8(‘?1“? b 3ty T ﬁ%ﬂ?t%n}[hg n%‘_msm]t matrix

coffiide§ Bomputing vahft9 forlthe tAREHRGhLfx Clchi acdéh PbgreatnsibRarmier,
updating the transmt matrix at the first

thecwmmohihe awomish ofl e aschagsignals aceesiliof we gppennas of the second
[ ' t matched filter matrix of the
cofBRARRALER Al Ol 50. The method of
claim 46 wherein the conputing the transmt matrix at

the_second co njgat i evice further [

nor Sl | 21 PgEHEY PFanghS e oo e SR ERL BB R the firs
cothfahRMidnt @dider RAM@a@mpfsed henplivinglthd yamshianbeixnash afat the

the second communj cation deyvice is |ess tha? a .
powerxirnsmijrsvirpm caph of the plurshity ofanispaph gh thy TEY gommygication

er el ﬂg&?i he transmt matrix conprises

‘kqﬁﬁﬁd??ﬁﬁﬁééﬁﬁés gpq?'e transmit matrix such at each

frequency sub-carrier, the sumof the power of the

baseband..si gnal ross,all of the .a - :
Second cONHTRAEGeT rntee s deretec Gy 5 R m e comprises
cotputinEh@ BB ihiade ehnshinimnriSsusher eich fagogeyisnb-chiier, the sum of
transmt nmatrix at the firsg %onnunicat%SE_gﬁvice .
thef payven of theohrsehand signpls pa1osy phhgT theenienaps el o figgt cogpmunication
deﬁﬁ?ﬁehaﬁh)ﬁ sPawer transmtted fromeach of the
- plural'ity of antennas of the first comuni cation
device is |l ess than a maxi mum power. 53. The
nmet hod of claim52 wherein conputing the transmt
matri x conprises conmputing values for the transmt
matri x such at each frequency sub-carrier, the sum of
the power of the baseband signals across all of the
antennas of the first communi cation device is equa
to a constant.



26 SYSTEM AND METHOD FOR MULTI PLE- | NPUT

MULTI PLE- QUTPUT (M MO) RADI O COVWUNI CATI ON Abstract A
system nethod and device for M MO radio

communi cation of nmultiple signals between a first
device (100) having N plurality of antennas (110) and
a second device (200) having Mplurality of antennas
(210). At the first device, a vector s representing L
signals to be transmtted26s processed with a
transmt matrix A to maxi mze capacity of the channe
between the first device and the second device
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TION

rmy be the sane for aII antennas or speC|f| cC or
different for each antenna. For exanple, the power
constraint for each antennabgiictbe equal to a total
maxi mum power emtted by all of the N antennas
conbi ned divided by N. The transmt matrix A

S UL SRhlP oha SEHR! RorPRMD LGN ALAchidh OF rgultiple

nas SI mul taneous transm ssion to € SecC

| ?ﬁé‘n Bliregnit oAt SAd e N v alger " %’rﬁl'av?ﬁo?
receive wei ?hts and the resul ti 2‘% Si gnal s ar

. c 8prend dgvice (2R dving Mepluralinpplapaennss ¢21Q- At the first device, a

vector s representing L signals to be transmitted is processed with a transmit
matrix A 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 antennas is less than or equal to a maximum power. The power constraint for
" each antenna may be the same for all antennas or specific or different for each
antenna. For example, the power constraint for each antenna may be equal to a
total maximum power emitted by all of the N antennas combined divided by N.
The transmit matrix A distributes the L signals among the N plurality of antennas
for simultaneous transmission to the second device. At the second device, the
signals received by the M plurality of antennas are processed with receive

weights and the resulting signals are combined to recover the L signals.

Figure 1



