WO 2006/020741 PCT/US2005/028487 [0001] METHOD AND APPARATUS FOR IMPLEMENTING
SPACE FREQUENCY BLOCK CODING IN AN ORTHOGONAL FREQUENCY DIVISION
MULTIP_LEX@&EWL%%/‘I;SS CQMMUNICATION SYSTEM [0002] FIELD 9&&¥£%&9@| [0003] The
present invention Is related to wireless communication systems. More particularly, the present
invention is related to a method and apparatus for implementing space frequency block coding

(SFBC) in an orthogonal frequ VS [ ication system.
[0004] BACKG @%ID [0005] t;&;%i _ L%%%%S@%@ a_ésplit into a
_ 78 @%ﬁﬁl%wﬁvnh a smaller
C .54

on mu
ek
g’ﬁ WERM-ggpends on

plurality of smaller streams and eac (SRFHS)

bandwidth than the total avai!@i%&rﬂjtsmﬁﬁ@ W

choosing these sub-carriers orthogonal to each other. The sub-carriers do not interfere with each
other while each carrying a portion of the total user data. !0006 OFDM system has advantages over
other wireless &ffithunication systems. whaHiH 9E iCIM into streams carried by different
sub-carriers, thepeffgrctive datgeraie-eeneapivehiearier islaveeh temakeleskhesafarenidgisymbol
duration is much larger. A Jarge s mblol du%gon can toleratg I%rgse{‘eqaei!‘g ﬁ%ead%éﬁ gg}der words, it is

not affected by SHuftipaih %’s@\?erleﬁ?.aﬁ?’ére on%e%f\ﬂ‘geyr%n]ﬁols can tolerate g%ﬁay spreads without

complicated receiperatesidis. Hoveventiygicaiasirchesmsysre vtk eddwn(BEBEN aimelrequalization
schemes to compat,mulipath {ading 40807 AReiberacaninEsefl QFRNAISHakite gangration of

orthogonal sub-carriers at thé transmitter and receiver can be done by using inverse fast Fourier
transform (IFFT&tRMast Fourier transform (FFT) engines. Since the IFFT and FFT implementations
are well known, OFDM can be implemented easily and does not require complicated receivers. -1

[0004] BACKGROUND

{6005] OFDM is a data transmission scheme where data is gplit into a

plurality of smaller streams and each stream is transmitted using a sub-
carrier with a smaller bandwidth than the total available transmission
bandwidth, The efficiency of OFDM depends on choosing these sub-carriers
orthogonal to each other. The sub-carriers do not interfere with each other
while each carrying a portion of the total user data.

[0006]) OFDM system has advantages over other wireless
communication systems. When the user data is split into streams carried by
different sub-carriers, the effective data rate on each subcarrier is much
smaller. Therefore, the symbol duration is much larger. A large symbol
duration can tolerate larger delay spreads. In other words, it is not affected by
multipath as severely. Therefore, OFDM symbols can tolerate delay spi'eads
without complicated receiver designs. However, typical wireless systems need
complex channel equalization schemes to combat multipath fading.

10007] Another advantage of OFDM is that the generation of orthogonal
sub-carriers at the transmitter and receiver can be done by using inverse fast
Fourier transform (IFFT) and fast Fourier transform (FFT) engines. Since the
IFFT and FFT implementations are well known, OFDM can be implemented

easily and does not require complicated receivers.
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[0008] Multiple-input multiple-output (MIMO) refers to the type of wireless transmission and reception
scheme where both a transmitter and a receiver employ more than one antenna. A MIMO system
takes advantage of the spatial diversity or spatial multiplexing and improves signal-to-noise ratio
(SNR) and increases throughput. [0009] SFBC is a scheme for transmitting symbols of a space

diversity cogioggn neighharipg: stincarmigksplathapiinanoniihe séme subicaniee intheigigeessive time

slots. The SERG Avalds {De-problem ptiaslime yafafions. i soace ime blocking eading. However,
the channel ieeds 10 bé Constant over the subcarniers that com mmgataﬁes placep. félorfgﬁ SUMMARY

[0011] In acderdarrenidtha firstabfectsfhelpiesantanipantinththepetis! pfovided & matidd for
implementing, spRegifeauensy-Mlecking.cacding SHEROk NS meathrecemprisingwerforming a channel
coding on iﬁgﬁéfgata stres?% Iﬁnultipl Xin 1ghe codedt.data Fsﬁ1gei;1m fto at least twq data streams;
obtaining ¢ | state i a\?iSﬁ%@%; CAAIPRINT 8RR SALIGPI6T SXEFBY SR of
eigenmodes¢arhimultipl evimpauticrnultipte -tatpob (W M@)eeigenbisamifotheingstbsichdmmeketergy being
calculated bﬂ%@@F%%e&@@fagaav@?r%fé?ﬁwamaﬁﬂfee§a§%&4h§q9%q&@r%@%@&ﬂg signa-to-noise

and interference rations (SNIRs) for the eigemnodes based on the calculated channel energy;
grouping eigéhHittfedhh SHEHBEPBIth& chaSABT BN RS o the OFEHRTO Yo SOBH hEENAIf DT the
eigenmode$inith the largest channel energy are in one group and the other half with the weakest
channel energies are in the other; calculating separation of the SNIRs of each half; determining a data
rate that can be supported based on the CSI; distributing bit_rates between the eigenmodes based on
the separati6i? Btlthe SNIRs; pairing subcarriers andé des for SFBC encoding; performing

SFBC encogingigver the pigerynpdes waich Subcasier padis; pettarminghgigembeanyarmiag based on

the CSI to distribyte . eigenbeams to a plurality. of transmit tenna 'an?jl E}r ing inverse Fourier
transform fir COMEHING e S LaS sthscendapecy eniacking Kaditd (HRCE e medede )
transmissiosofoising] pedeooraancehwitltlacgdtunehaspectettisegpresentimertiprih¢hededs provided

an apparatu&{gl)rsiﬁra;g}gm@g@ngagp@% f&%&“@t@@%ﬁ@_@!ﬁi@ﬁiﬁ@%&rﬁ@f% theoRRRAKAIUSSEPMPrising: a
channel coder, configured to perform a channel Odln% 0{] |np¥t data stream; am&JI,ti;?Iexer configured
to muliplex tHS HEHHGH DRRBSL 83FHERH HFIGAGE ot Pty of eigenmodes 16 mulipte-npu

multiple-output (MIMO) eigenbeamforming, the channel energy being calculated based
on eigenvalues of channel matrices for all subcarriers; calculating signal-to-noise and
interference rations (SNIRs) for the eigenmodes based on the calculated channel energy;
grouping eigenmodes in an order of the channel energy of the eigenmodes such that half
of the eigenmodes with the largest channel energy are in one group and the other half
with the weakest channel energies are in the other; calculating separation of the SNIRs of
each half: determining a data rate that can be supported based on the CSI; distributing bit
rates between the eigenmodes based on the separation of the SNIRs; pairing subcarriers
and eigenmodes for SFBC encoding; performing SFBC encoding over the eigenmodes
and subcarrier pairs; performing eigen-beamforming based on the CSI to distribute
gigenbeams to a plurality of transmit antennas; and performing inverse Fourier transform
for converting the resulting streams in frequency domain to data in time domain for
fransmission.

{0011a] In accordance with a second aspect of the present invention, there is
provided an apparatus for implementing space frequency blocking coding (SFBC), the
apparatus comprising: a channel coder configured to perform a channel coding on input

data stream; a multiplexer configured to multiplex the coded data stream to at least two



2 data streams; a power loading unit configured to calculate channel energy for each of a plurality of
eigenmodes for multiple-input multiple-output (MIMO) eigenbeamforming, the channel energy being
calculated based on eigenvalues of channel matrices for all subcarriers, calculate signal-to-noise and
interference ratios (SNIRs) for the eigenmodes from the channel energy, calculate separation of the
SNIRs, and dlistrbeienhitratesr beidiagniteceiginmddes:basetamihecseparatifs: @héhe) SNIRS; a

plurality of SFBGC. ' nj nfi to perform SEBC encodi ver the eigemnodes and
each pair o% lﬁ%&iﬁ%ﬁ&%ﬁ%i%%@?@%ﬁgg@n{gﬁn@g ggﬁﬁéﬁgﬁj@% %gi Srrt}ﬁeéel}gglﬁ?'ggamforming
based on th@@mw@isfwm'afe@@ér@éﬁf?ﬁ% bapdrantyieptahsniol aitemehsnaiceigdnmiddes being
grouped in aawerdeef thrthannel £nengyef he naigenmedesiseRithathalf efdhe.sigenmodes with
the largest channel energy are in one group and the other half with the weakest channel energies are
in the other‘;%%)%]l ut‘rﬁaelitg/ %%Av%nr%rg 'o(i’flrl?eur?%}gnssei‘%allr‘aﬁL "OhitS c@ﬁfigﬁig&’tg'bde bSIIﬁH%H%\e/e%erﬁtSErier
transform fdveicowvettingteamedaitihgsetreambearsénacqincy UomaN B datepinrahite dbmaRClor

transmissior;angia pliality oLastennzsidRR KBt Embadinents AL heRAreset inyeatippare related to
a method arg{c}i_ %rﬁ?aratus for implementing space frequency block cod?ng (SFBC) in an orthogonal
isi

frequency d HGIEesing BEDM) vird R8s Ka MR ER 6N SRS, thhe SR dfi#shts are
applicable tbdaotfremtigsedddopnibde dhdranigpéintoopgaddeanin thea gihsatthoes madeipower
loading and. gigen:beamf g@iﬂgc r S nnel state i ion. (Csl). A channel
coded data @%%%%s%%plexed@gu? %\{6% (?r[% gi%r%e %gf%p s(t)(r}faagm%? %%vg?%gé ingg&?%g e%?orﬁr}?ed based
on the CSI GHEEHEASH st iakipitixeD iR sishBaNsS YR B ClEs g /el FoER Bnthe glata
streams for gach afidttie paicedsOhcartiersichhen caigas-beawitarmiig peiermadhasgdon the CSI

to caleulate; qigraheams:over Multile ransit antennas, The power Joading may e, performed on
two or more % Be‘_encoohng fc_)cks or on eaclllgelgenmgaes. ,Rd itionally, the powerioadcl)ng may be
performed a0y Eubdheriers Binsubeaiier drolipd focaain@igénniotiedn 0012 Homitie &nbodiments

of the presephiRreation ad abustabapnakestimation can be provided in all channel conditions, with or

without cha B E ormati nfegdback, nq low complexity s achieve]d at both transmitter and
receiver. Ian § iii n scalggllgo iments” of the present nvention are related to a method and

apparatus for implementing space frequency block coding (SFBC) in an orthogonal
frequency division multiplexing (OFDM) wireless communication system. The
embodiments are applicable to both a closed loop mode and an open loop mode. In the
closed loop mode, power loading and eigen-beamforming are performed based on
channel state information (CSI). A channel coded data stream is multiplexed into two or
more data streams. Power loading is performed based on the CSI on each of the
multiplexed data streams. SFBC encoding is performed on the data streams for each of
the paired subcarriers. Then, eigen-beamforming is performed based on the CSI to
calculate eigenbeams over multiple transmit antennas. The power loading may be
performed on two or more SFBC encoding blocks or on ecach eigenmodes. Additionally,
the power loading may be performed across subcarriers or subcarrier groups for weak
eigenmodes,

{0012] In the embodiments of the present invention, a robust channel estimation
can be provided in all channel conditions, with or without channel information feedback,
and low complexity is achieved at both transmitter and receiver. In addition, scalable
solution can bé used with any antenna configuration and backward compatibility may be

provided with enhanced
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solution can be used with any antenna configuration and backward compatibility may be provided with
enhanced 2a WO 2006/020741 PCT/US2005/028487 performance with 802.1la/g. [0013] BRIEF
DESCRIPTI%?@J&—&E&PRAWINGS [0014] Figure 1 is a block diagram gf a5, Q&M MO system
implementing a c oseé loop mode. [0015] Figure 2 is a block diagram of a system implementing open
loop. [0016] Figure 3 is a block diagram of a transmitter for depicting power loading. [0017] Figure 4

is a diagram ofggﬁ% mp) %ng@iq%ng and adaptive modulation and coding mapping between
es.%[%\ ]?Figure 5 shows an example of pairing of subcarrier groups for power/bit

two pairs of mo 018
loading. [0019] DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS [0020] Hereafter,
the terminologyjggtation” (STA) inclugesiiEscRIPTIONOE UFER SRMAOHIANESA Wireless

transmit/receive unit, a fixed or mobile, subscriber unit, a pager, or a of device capable of
operating in a WP s enviidtrent. ihén %‘f’éﬁe a‘%r%e%ﬁmé "asgt':%%}%a point" (AP)
includes but is nmigieniadioa Mosel Byop bask station, a site controller or any other type of interfacing
device in a wirejggganvirongnt, §002The Aresent lpvenipa il pedeserheshud fuigference (o the

W S

drawing figures wherein like numerals represent Tike elements throyrg hout. It should be noted that
figures provideddf1Ble pres&iguoeniton blechidirsaort ol AcioRaTHIcK B EBPRIFLMBANE functions
implemented by hgfignctional blocks may be implemented by more or less blocks. The features of the

present invention may be incorporated into an int??gr:a d circuit (IC) or be corgfi)%ﬁred in adcircuit
comprising a miftt@e of inf%ﬁ%ﬁnécfﬁgac%ﬁ) . 100 FERIBEGIRERTE of e Bresent invention
provide a transmitigitivenpledudting SR MEMih ppiip heimctendsivgrmatdheddiier. Embodiments

also provide tramg}er chaﬁgg% 1@%‘3&%&% %d Jgg’%%r gpbeagﬂggoggcgﬁgggﬂer groups for

power/bit loading.

[0019] DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
[0020] Hereafter, the terminology "station" (STA) includes but is not
limited to a user equipment, a wireless transn;it/receive unit, a fixed or mobile
subscriber unit, a pager, or any other type of device capable of operaﬁng in a
wireless environment. When referred to hereafter, the terminology "access
point" (AP} includes but is not limited to a Node-B, a base station, a site
controller or any other type of interfacing device in a wireless environment.
00211 The present invention will be described with reference to the
drawing figures wherein like numerals represent like elements throughout. It
should be noted that figures provided in the present invention are high level
functional block diagrams and the functions implemented by the functional
blocks may be implemented by more or less blocks. The features of the
present invention may be incorporated into an integrated circuit (IC) or be
configured in a circuit comprising a multitude of interconnecting components.
[0022] FEmbodiments of the present inveniion provide a transmitier
implementing SFBC MIMO coding and receiver matched filter. Embodiments
also provide transmitter channel precoding and receiver antenna processing

as well as channel decomposition functions.

-3-



as well as channel decomposition functions. -3 WO 2006/020741 PCT/US2005/028487 [00231 There
are two modes of operation of the system: a closed loop and an open loop. The closed loop is used
when chann 3t%§6}559.m1ation (CSI) is available to the transmitter. The W‘éﬁ%ﬁs}%%d when CSI
is not available. A variant may be used for transmission to legacy STA where it provides diversity
benefits. [00241 In the closed loop mode, CSl is used to create virtual independent channels by

decomposing apygipgonaliing. £ B00RE 2P AR Y. RIS UG BhIE iRRs ptxven the

eigenvalue spread of TGn channels the present invention employs a space-frequency orthogonal

MIMO coding irtateeralesimiicalered M io wedcnhanshsulddate nkraasdemitsiidss at the

cost of decreasifig Al "RI&HA B 60RINELS ChREGLEh W Qshasdordeal BBhidhpwivensiyiversus
multiplexing gain trade off. It is desirahle to have a trade offfchem %Uéat i% best suited&o particular
channel statistiés. RREEREIE Rhdish Jok TSRty QAT 150G CERETRAEPENEST the channel.

This .scheme aﬂmm;hy heeefiiar implementation simpler than a.MMSE receiver. The.combi_ned
solution enableg,igher throghauliye! fIRaRAARAS RRPATRAR LB PiRRGNLAUENTon allow

for per subcarrier powerlbit Toading a ntains a sustained robust link through closed loop

operation with channesshite deeapersing nstte Aingertlitivendhe icHianplisrealaly aedidble to any

number of anteppas,@kgoth iansmilienand reseivetni0BZRh8L kel deThiaieasdithe
transmitter either by feedback from the receiver or through exploi{ttrgl chégﬁ?%éciprocity. Channel
reciprocity is usEHEIFBTSATE TR SS9 SERIES RTRRCIARIE ee O%B’é‘ RSP mitter and

receiver to indemd&nﬁmﬂﬁwﬁmmnhsﬁim&bmmadnﬂmmmmmmﬁ can be
owered when the SR is bigh, 508 n . resuced fecrlbad handyisb s gngypcuirements

and feedbackdt arates are typicdlly not significant to tfte inherent frequency non- selectivity of

eigenvalues. [00R6 diTexsitivsexsusopuitiniexingwirds Eatisraffors sfdpinghlksinihayad trade
off scheme that is best suited to particular channel statistics. An SFBC is

chosen due to low mobility and the long coherence time of the channel. This
scheme allows for receiver implementation simpler than a MMSE receiver.
The combined solution enables higher throughput over a larger range.
Embodiments of the present invention allow for per subcarrier power/bit
loading and maintains a sustained robust link through closed loop operation
with channel state feedback. Another potential benefit is that it is easily
scalable to any number of antennas at both transmitter and receiver.

[0025] The CSI can be obtained at the transmitter either by feedback
from the receiver or through exploiting channel reciprocity. Channel
reciprocity is useful for mainly TDD based systems. In this case it is possible
for the transmitfer and receiver to independently estimate and decompose the
channel. The channel update rate can be lowered when the SNR is high
resulting in a reduced feedback bandwidth load. Latency requirements and
feedback data rates are typically not significant to the inherent frequency non-
selectivity of eigenvalues.

[0026} The closed loop mode requires calibrations of the transmitter to
compensate amplitude and phase difference of the estimated channels in the

uplink and downlink directions. This is done infrequently, for example during
4.



compensate amplitude and phase difference of the estimated channels in the uplink and downlink
directions. This is done infrequently, for example during -4 WO 2006/020741 PCTNS2005/028487

STA assomag&p Jols ‘3‘?:[ application control, and can use channel rempng%ly h %gmatlon of the
channel at both ené’i In addltlon a CQI (or SNR) per eigen-beam is fed bac tot e transmltter to

support adaptive rate control. [0027] Figure 1 is a block dlagram of an OFDM-MIMO system 100
ey R eLiaoR foge Toe HSiem A0 SomB SERA RO ieh A0 aRd ageelver 150,

The transmitter comprises a c anne nco erl exer 114, a power ad|ng unit 116, a

plurality of SFBlreiieoeibignatife Qﬁ@lﬁacbmmﬁlyﬂbﬁi@éhaﬂﬂl@pa%l@m ol SHB) 2 plurality of

eigen-beamformers;122. AlEality %B&EI%%%%%@M&M%&W@M@@ (not shown).
The channel encoder 112 encodes data preferably in accordance with @ @ %3 nnel quall |nd|cator

(CQI) which is 3% rom thEEeesivbrid 3 Plogk e PR B
modulation schamgdpes ity cariessdr EW@ieSUE‘-EaM}@M uemmd&qbﬁm ssnﬂ&mmsttﬁultlplexed by

the multiplexer 114 |nt two ar mare.data streams. The transmit power leyve of h data
stream is adjus#e%é) f}y ereﬁ:c?wg%%%gdliltéaluﬁlﬁi%lﬁtasgé on feedback. ag%%we(r\! égd%cunlt 116
adjusts power levaisliittexesjdd: te tvantwadinminichEgenpuplity WaldiEe encediagtransmit

power over all gigaabems s shiseaf sk Wiehhil b eliRgAdR deelbslan(R0aP] The SFBC
encoding units 118 perform SFBC encodlnqdlrg%éte data streams. SFBC encoding is,done over

eigen-beams afigentheamierest ddch YR gt @Ft%fhéi"ﬁ?ﬁ%dmélg"éﬁl e dHPEHEFE - carrier pairs
are selected t%m&mlnaﬁmdentmaampﬁ@M symbels aneddatriad Drekewles-ahiyiers. To

accommodate SF I1§sub cart ers e ivided |nt L pairs of su roun of
t
sub-carriers). TR 5% 67 €58 groupo s% " Car ‘éﬁ%h esstst%S %fhe coherence

bandwidth of thécinatine|rektdveevéBowhhe sHBinedwth mm@m@nﬁlgﬁ&tﬁ@%n is relaxed
due to the freqb&%@ﬁ%l'eﬂﬁ&g%'éﬁ(é%@&)g}esﬁigmgﬁmsgmup of sub-carriers. The coded data

stream is multiplexed by the multiplexer 114 info two or more data streams.
10028} The transmit power level of each data stream is adjusied by the
power loading unit 116 based on feedback. The power loading unit 116
adjusts power levels with respect to the data rate of each eigenbeam to
balance the total transmit power over all eigenbeams (or sub-carriers), which
will be explained in detail below. '

[0029] The SFBC encoding units 118 perform SFBC encoding on the
data streams. SFBC encoding is done over eigen-beams and sub-carriers for
each data rate that is transmitted. Eigen-beam and sub-carrier pairs are
selected to ensure independent channels. OFDM symbols are carried on K
sub-carriers. To accommodate SFBC, the sub-carriers are divided into L péirs
of sub-carriers (or group of sub-carriers). The bandwidth of each group of sub-
carriers should be less than the coherence bandwidth of the chamnmel.
However, when combined with eigen-beamforming this restriction is relaxed

due to the frequency insensitivity of the eigen-beams.



-5 WO 2006/020741 PCT/US2005/028487 [0030] The pairs of sub-carrier groups used by the block
code are considered independent. The following is an example of the Alamouti type SFBC applied to

an OFDM syghgk Sizebek -S2 S2 Sti [0031] Once the SFBC encoding unitspii8geQnstiwet OFDM
symbols for all sub-carriers, the coded blocks are multiplexed by the S/P converters 120 and input to
the eigen-beamformers 122. The eigen-beamformers 122 distribute the eigenbeams to the transmit

antennas. The Ighdapnits 134, conyart the.datainifiequsngy dampiggodie dafa indipedgmain. [0032]

The receiver 130 comprises a plurality of receive antennas (not show(g), a plurality of FFT units 132,
eigen-beamforrignsideredgnaependendinFimilosens Eoatbrrarls, of dharmerydud JErPa 44, a

channel estimatgradQliedt oSN eRIDMI4480H a CQI generator 146. [0033] The FFT units 132
convert the received samples ta frequency domain and the eigen-beamformer 134, the SFBC
decoding unit 136 and a chgnn€el d€cbc1er 144 perform the opposite operation which is performed at
the transmitter 110. The combirser 188 “ombines the SFBC decoding results using maximal ratio

combining (MRC). [0034] The channel estimator 140 generates channel matrix using a training
sequence trans&gﬂtléé from ﬁ@%%ﬂgpa‘fﬁfﬂi&gﬁﬁB%ejsl%BOWQhﬁeﬁSnﬁBMfﬁwrb%o&ﬁ‘eam-forming

unitary matricesall aislMrfldriQrieacsiol BrdRé tareraasiie)eant sy diag GBI coattk &spe2Gub-carrier
(or per sub-carrier, group) by sipgular value decompositio, ( ok eiggnvalye deco sition. The
CSI generator 1"11‘2‘19&%%%&%’(: frg?“‘ﬁet]ﬁlé% anne Qgsti%gfiﬁ%)sﬁﬁegnf %ﬁgo ?%err‘?e%%tor
generates a CQlistsbatertieccigevbdimsrésuthe THaasE ametenaasQT hee BB batikstd 2de transmitter

110. -6 WO 2008/020741 R/ SRARRIAR5HAT 1003 5l hershaRRRL Witk between nT transmit

antennas and nR . _ _
[0032! The receiver 130 comprises a plurality of receive antennas {(not

shown), a plurality of FFT units 132, eigen-beamformers 134, SFBC decoding
units 136, a combiner 138, a channel decoder 144, a channel estimator 140, a
CSI generator 142 and a CQI generator 146.

[0033] The FFT units 132 convert the received samples to frequency
domain and the eigen-beamformer 134, the SFBC decoding unit 136 and a
channel decoder 144 perform the opposite operation which is performed at the
transmitter 110. The combiner 138 combines the SFBC decoding results
using maximal ratio -combining (MRC}).

[0034) The channel estimator 140 generates channel matrix using a
training sequence transmitied from the transmitter and decomposes the
channel matrix into two beam-forming unitary matrices U and V, (U for
transmit and V for receive), and a diagonal matrix D per sub-carrier (or per
sub-carrier group) by singular value decomposition (SVD) or eigenvalue
decomposition. The CSI generator 142 generates CSI from the channel
estimation results and the CQI generator generates a CQI based on the
decoding results. The CSI and the CQI are sent back to the transmitter 110.



receive antennas can be written as follows: 7h1 h2,..."1,nT 1 H = 1r21 h22 h2nT hnR,l hnR,2 ...
'~nR,nT [0036] The channel matrix H is decomposed by SVD as follows: H=UDVH where U and V are

unitary matriges 4 9909]15 @2 diagonal matrix. U E C---R and V e CzTTT. Thep o iansigit symbol
vector s, transmit precoding is simply performed as follows: x = Vs (transmitted signal). [0037] The

received signal becomes as follows: y=HVs+n, where n is the noise introduced in the channel. The

receiver comp_lﬁéaﬁgge decgmpgsiti nlb%g@&g{% Ratohed fiver. M1 ZYEMBPHUR FRHUH. [0038]

After normalizing channel gain f6r elgenbeams e estimate of the transmit symbols s becomes s =
aDHUHHVs+aTeesive aipgsgisscrnca saibtewrh HMERing to perform successive interference
cancellation or MMSE type det ;,10r %D is.a q;]a nal matrix that is formed by eigenvalues of H
across the diagonal. Therefore, tt"ue no;lmallzatl nfactor a = D-2. U are eigenvectors of AHH, V are
eigenvectors of HHH and D s *agoﬁél matrlx’tff ingular values of H (square roots of elgenvalues
of HflH). [0040] Figure 2 is a blbck diagram of a ‘system 200 implementing open loop mode in
accordance with the present invétion%The' sydtemn 200 comprises a transmitter 210 and a receiver

230. In the ope mode, mbination of ce-frequencgy ¢ jal spreading in the -7
biseR combination of pace fiecuengncedig ands

WO 2006/0207 T/US nsmitter FoVides dlver5|ty w out requiring CSI. A
variant of this scheme can ke<ised vhen operating with legacy 802.11a/g STAB.

where U and V are unitary matrices and D is a diagonal matrix. U € CnRmR
and ¥ e CnT=nT, Then, for transmit symbol vector s, transmit precoding is
simply performed as follows:

x = Vs (bransmitted signal).
[0037] The received signal becomes as follows:

yv=HVs+n,
where n is the noise introduced in the channel. The receiver completes the
decomposition by using a matched filter:

viEg® =y*ypU® =pRU*.
[0038] After normalizing channel gain for eigenbeams, the estimate of
the transmit symbols s becomes

;=0:DHUHHVS+77‘

=g+

[0039] s is detected without having to perform successive interference
cancellation or MMSE type detector. DED is a diagonal matrix that is formed
by eigenvalues of H across the diagonal. Therefore, the normalization factor
o =D?2, U are eigenvectors of HHF, V are eigenvectors of HiH and D is a
diagonal matrix of singular values of H (square roots of eigenvalues of HE). -
[0040] Figure 2 is a block diagram of a system 200 implementing open
loop mode in accordance with the present invention. The system 200
comprises a transmitter 210 and a receiver 230. In the open loop mode, a

combination of space-frequency coding and spatial spreading in the

i



[0041] The transmitter 210 comprises a channel encoder 212, a multiplexer 214, a power loading unit
216, a plurality of SFBC encoding units 218, a plurality of serial-to-parallel (S/P) converters 220, a

beamformer V@g%gg}éﬁﬁ%m 222, a plurality of IFFT units 224 and a pluraq,%%g Qgﬁggmqntennas 226.
0

As in the closed loop mode, the channel encoder 212 uses CQI to determine coding rate and
modulation per sub-carrier or group of sub- carriers. The coded data stream is multiplexed by the

multiplexer 214tmsxﬁé@e9rﬂ@r§r9&@e§tfﬁ@@a§f§%ﬂ% 298 BSAJ Q8. the ringRdaamigrmer is

replaced with the Beam Forming Network (BF N 22 forms N beams in space, where N
o

is the number ofRmRARR BoBsehahsarrerating sEith derasa S0y LS teted by the BEN matrix
operation. The pdgpendentHd-caniangier P310Seeniprite Sk Bhootkngai@imngniied on individual

beams. [0043] For_legacy support, SFBC cadin ot be perform tead diversity through
beam permutatfgﬁlllzél%%%a%%dam%‘gﬁiirg’ﬁf%’%sgﬁ%g%glfya ﬁn&ﬁwhe%e?oiergg %}; 8%??63%%%3%%% legacy
802.1la/g equipﬁi@ntg[Qﬂﬂzﬂa}lﬁbre@mt-gﬁpmﬁﬁbri%}e@eivm@% zﬁeﬂqdiﬁifommeslzw, a BFN
234, an SPEC decodinaant rombipingnibe 36 A chanael daaorshutdfty RRdaluAls 232

convert the received signal in time domain to the signal in frequencgl omain. The SFBC decoding and

combining unit 23teReEoSs ddiedideiedyrmmonrotss dRhe aremel eBcedfrier grdspseRfen-beams
and converts thgindspanpacalisdiezsesil Usihaaiiatikaopdedan ehirrrcongaliation sige. Symbols

are combined using MRC, The ¢chanpel decoder, 238 decodes the combined symhgl and generates a
CQI. [0045] A fi?@F’é‘ﬁTﬁ‘od}fﬁ}%ﬁ?a}%@W& iBff&ﬁglfs”&%%‘é’i%‘a‘i Feﬁgffélrﬁ 8%55%% processing is a
combination of space-fisecpiéncystading.and eigen- beamforming. This is performed to give the best
compromise bemﬁaﬁ? the f?ﬁruﬁ,dea%%@ﬁ&g}%%%i@&%@%ﬁﬂgrﬂlg spatiabyltiplexsag that the

eigen-beamformer provides. The power loading scheme operates across the -8 WO 2006/020741

PCT/US2005/0 83487 FepmeingngteoskthRECRAARS nikei Bl we\Er B asassiit siaees the

where N is the number of antennas 226. The beams are pseudo-randomly
constructed by the BFN matrix operation. The independent sub-carrier groups
used for the BFBC coding are transmitted on individual beams.

[0043] For legacy support, SEBC coding may not be performed. Instead
diversity through beam permutation is performed which improves diversity
and therefore the performance of legacy 802.11a/g equipment.

[0044)] The receiver 230 comprises receive antennas 231, FFT units 232,
a BFN 234, an SFBC decoding and combining unit 236 and a channel decoder
238. The FFT units 232 convert the received signal in time domain to the
signal in frequency domain. The SFBC decoding and combining unit 236
decodes and combines symbols received from sub-carrier groups/eigen-beams
and converts them from parallel to serial using a prior knowledge of the
constellation size. Symbols are combined using MRC. The channel decoder
238 decodes the combined symbol and generates a CQI.

{00451 A first embodiment of power loading is explained hereinafter.
The spatial processing is a combination of space-frequency coding and eigen-
beamforming. This is performed to give the best compromise between the
redundancy gains that SFBC affords and the spatial multiplexing that the

eigen-beamformer provides. The power loading scheme operates across the

-8-



constraint that the outputs of the coder have the same power loading no matter what the input power
loading is due to the cross-operation inside the coder. [00461 Figure 3 is a block diagram of a

transmitter 110.f Ju%gdgﬂng power loading. Figure 3 illustrates 4x4 case ﬁéﬂﬂsﬁmﬂﬁ?nd the first
embodiment of the power loading scheme will be explained with reference to 4x4 case. However, it

should be noted that the 4x4 case can be extended to any other cases. [00471 For a particular

subcarier k. oy streame of fato.are, magped 0.2 PAS &1 AOWGHRAUNY AN ReSsp other words

the modulation‘d7aer 1s selected the same for eac pair of inputs. This is later mapped to pairs of

eigenmodes. Owmpsirainthshad\ibe |cuthngsupit thes jedsppreetdhhesame PRYeSAREIBECBRYIng units 118

and then passeg ga:lodhgieigeiperpivdrabddag Fherigenieanionperatia mapktheinputs to the
eigen-modes of the channel through the preprocessing. [00481 For all K subcarriers, the eigenvalues

of the channel fi¥d&¥x are known at the transmitter. The channel energy for each eigenmode is defined
as follows: 2 afobz8]wherefgulteiSSthe ktbleigiediatedositiretkattsmibieariddsfehdapekidgvo SNIRs

are defined for two coupled eigenmod follows: Ymoai_= Flails and. fl a7 _T:iztfl%”}}ﬂsﬁl i=M/2+1
where M is the %Wn%eﬁ%?%’@er?r%%%reesﬁr??)]%ﬁgragvggré}s(r?tﬁéesgigaesnmo les are g%uped such that half of
the eigenmodesmignietarefedichomee lesing sahesar)ide smiatgfoyiFanaferenstntr half with the

weakest channgl gnsraiessapeJe:he atbala Haessiesesthe farmanic SNIRs rersasgabihg total channel

energy of the stronger and weaker eigenmodes. Channel energy is an indication of how robust the
eigenmodes arfPFerEeI RS Sgnal that is carried -9

[0047] For a particular subcarrier %, four streams of data are mapped to
2 pairs of power loading/AMC modes. In other words the modulation order is
selected the same for each pair of inputs. This is later mapped to pairs of
eigenmodes. Qutput of the power loading unit 116 is applied to the dual 2x2
SFBC encoding units 118 and then passed on to the eigen-beamformer 122.
The eigen-beamformer 122 maps the inputs to the eigen-modes of the channel
through the preprocessing.

[0048] For all K subcarriers, the eigenvalues of the channel matrix are
known at the transmitter. The channel energy for each eigenmode is defined

as follows:

£ 2
&, = zl’q’iﬁ’c‘ :
k=l
where 2, is the i-th eigenvalue for the 2-th subcarrier’s channel. Two SNIRs

are defined for two coupled eigenmodes as follows:

Mi2 M

Bt = Zl“ilz and  Poon = Z ]aﬁ{2

{=1 M2+
where M ig the number of eigenmodes. In other words, the eigenmodes are
grouped such that half of the eigenmodes with the largest channel energy (or
SNIR) are in one group and the other half with the weakest channel energies
are in the other. Therefore, the harmonic SNIRs represent the fotal channel
energy of the stronger and weaker eigenmodes. Channel energy is an

indication of how robust the eigenmodes and hence the signal that is carried
9.



WO 2006/020741 PCT/US2005/028487 over these eigenmodes would be. This information is used to
apply different adaptivemodulation and coding (AMC) and/or different power loading for each half as

is explained | r %subsequently. The separation of the coupled Slj}ljlﬁq ined as follows:
aQ = fimodl - I%ﬁ%’%&% 1 During the closed loop operation the transmitter 1 Sg[ﬁg%% ﬁ[egﬁ knowledge
of current CSI from which it extracts the eigenvalues and preprocessing matrix. The transmitter 110

also infers the data rate that can be s red igthelink. R from 1heaGe a JienuiReyssk loading for a
given, acceptaqgim: e|se%wen(gjﬁ'ﬂ%lszat?(c)tﬁ%et\}veen the numbér of bits that cai};l_ ge sent per OFDM

symbol and thedapsivsmasiiatinmend cosiosddNE pRY on diforenicrqpes e iS@m fPthePehannel energy

calculated for giggnmodle |as SxRlAINetnaRo R tie sBdELRLEI! rafdéhaémantiensuppbed for the
channel condition is determined. Then using the mode separation calculation above it is determined

how the bit rat&Frader FoVbRsAEe ArftRecasiioTthe two pairs of modes. Figure 4 is a diagram of an

exemplary power loading and @dﬁpti\/_e modulation and coding mapping between two pairs of modes.
In this example, the bit rate that’cah bg“gﬁpported is 24 bits per OFDM symbol for the particular
sub-carrier. Theplpygest modulation thieletsatisiying dherbiioatelis foammkittriglid® has Wdicated by the

dashed arrow. |n this example, first and, second maedeas (firs %rggct@llépl Jpoges) will he using 16
QAM and third ‘aﬂi%%ﬁ?h dn%od es?%%ecggz p%?ﬁ)fvg%ﬁ%e(gmo_esc) will be ﬁ%ng 256 QAM. [00511 Note
that this mappimgesrdessiehisriondieGransnidterddprabie nferrobhsndasaBateridat$ahe case of

alternative MIMQ configurations, SHAR a2t theatBItNeIRANSRAW s daadinersahiavea,is applicable
except that the total humber of bits in the table entries are scaled down to represent the transmit
capability and tAeaepERe. | GREng SR BEBRYISH R ERRSR éﬁr%%eéom%%{é ﬁ%%/lvz)re loading
scheme in accqyganss \WHDASEaaB6! emboiineps of mxpldinteh beeihatiebeTiredierraalues per
subcarrier (Xl(lg;déZ(k) >, >

[0050] Using the channel energy calculated for eigenmode i as explained

above, the maximum bit rate that can be supported for the channel condition

is determined. Then, using the mode separation calculation above it is

determined how the bit rate needs to be distributed between the two pairs of

modes. Figure 4 is a diagram of an exemplary power loading and adaptive

modulation and coding mapping between two pairs of modes. In this example,

the bii rate that can be supported is 24 bits per OFDM symbol for the

particular sub-carrier. The lowest modulation order satisfying the bit rate is

found in Figure 4 as indicated by the dashed arrow. In this example, first and

second modes (first pair of coupled modes) will be using 16 QAM and third and

fourth modes (second pair of coupled modes) will be using 256 QAM.

[0051] Note that this mapping is described for one CQI that is

acceptable and for one subcarrier. In the case of alternative MIMO

configurations, such as 2x4, 2x2, etc, the same power loading scheme is

applicable except that the total number of bits in the table entries are scaled

down to represent the transmit capability and that power loading can be done

on a single pair of modes.

[0052] A power loading scheme in accordance with a second embodiment

is explained hereinafter. The eigenvalues per subcarrier (A(k) > Aa(k) > ... >
-10-



-10 WO 2006/020741 PCTIUS2005/028487 XnT(k)) are ranked and eigenbeams (El, E2, ..., EnT)
are created by grouping the same ranked eigenvalues for all subcarriers as follows: E'= for i

:12nT vx@grﬁ]&@(;pﬁ number of.subcar.riers, nT is the number of transmitaneARagsand A;() is
the i-th eigenvalue of the J-th subcarrier. nT is an even number. [0053] The average of the

eigenvalues per eigenbeam are computed as follows: K 20 =1 A, (j) fori=1,2,..,nT. [0054] The

eigenbeams ar i Alamouti - ncy blggk L {E3,
E4}2,...{E2i-1 éﬁ%?gﬁ%%#fﬁ%%r}anﬂz%%v%g%% ﬁﬁﬁNﬁ'df%ﬁpz?ﬁgg%gﬁﬁ%%% SNRmax, then the

second eigenbd®$ MBS aphnd sigemuriogsfivn aHe ehgeriesmsdriare next lower eigenvalue average
until its SNR is less than or equal to SNRmin. S%RQZQ’+X~+’I)/Q:' where c,' is the noise variance
and SNRmin is the minimunFré‘“ciﬁ%’c’i@NF@fng} & high&st tfa rate for a required quality of service.
This step is repedteck Hritilthk thensige sbedmsraiapaifeis Hhigurehbehof/sanseramplenatipairing of
subcarrier groups for power/bit Joading. [0055) A data rate for.eac ir of eige are determined
by mapping theag%‘&@(f Sa%éaei%"%lg ﬁ}l%egg%a%% é%? -%\?gﬁr?cc?ﬁlé%.%% ?egq%%%dg S'may be
adjusted for all R#E3bf eigedbearrerageohpunsizenforituss prb2grebsant arcorerapdtatake the total
transmit power lagigarstant. [0056] A weight vector per pair of eigenbeams per subcarrier may be
computed as follows: wk (i j) = SNR(i)m' 22,(j) where iis the i-th pair of eigenbeams, j is the j-th

subcarrier. [0057] In accordapcen e third I%Enpgqi erHTin addition to the first or second
embodiment, another powe?r‘bad’lv;zufs{%pplied across%’é’su -

[0054] The eigenbeams are paired to create Alamouti space-frequency
blocks, such as {E:, B2}, {E3, B4y,... (EZ1, B} | {E«T1, EoT}me. However, if
the SNR of a pair is greater than SNRmay, then the second eigenbeam of the
pair is replaced with the eigenbeam with the next lower eigenvalue average
until its SNR is less than or equal to SNRmin.

SNR(i) = (A, + X} o7 5
where o*is the noise variance and SNRyn is the minimum required SNR for
the highest data rate for a required quality of service. This step is repeated
until all the eigenbeams are paired. Figure 5 shows an example of pairing of
subcarrier groups for power/bit loading.
[0055] A data rate for each pair of eigenbeams are determined by
mapping the SNR of a pair to the data rate for a given quality. The reguired
SNRs may be adjusted for all pairs of eigenbeams to compensate for the
measurement errors and make the total transmit power be constant.
[0056] A weight vector per pair of eigenbeams per subcarrier may be

computed as follows:

o [sr(he?
w, (1, j) g 22.() 3
where i is the i-th pair of eigenbeams, j is the j-th subcarrier.
{00871 In accordance with the third embodiment, in addition to the first

or second embodiment, another power loading is applied across the sub-

-11-



-11 WO 2006/020741 PCT/US2005/028487 carriers or group of sub-carriers for weak eigen-modes. In
other word, instead of power loading being applied to all eigemnodes it can be applied only to those

that are Wea%ﬁé sl hsnge can benefit from the power loading the most. s ALGRIFAhOSE
tha

eigenmodes that are not power loaded can still have SFBC or other coding or can have different AMC
settings individually, whereas those eigenmodes that power loaded share the same AMC setting for

instance. AIso, ig,¢laeamades of (. chaae B aAlievs ldataddn BodgE: 1M Sopgast (o
weakest. By pairing eigenmodes of similar power one may |m§rove the power loading of the channel.

[0058] A spatial§5roewssidepding bring canfitpdranlalo iofar A& APRIeFHAHENR antenna

combinations. DgReNERY SR heMmbe! RERBIGRNBSeIERsH: T pavaTiitalothehazBC and
eigen-beamforming options are gsed. The tatge below summarizes t“sg\é%r'ous coﬁ urations
S e

supported and 1He"Shefoftfit: SHATRITFERBMOLHR, YR BEREPTRATT (O8RS S5hi& Y each
scenario. Anten8&BIbnrfiguthtioncofimgcefrequ drcy: BliffekeaCadd@ | settingd emBednddymin M

beams at Tx M 6N (M, % ILMIZ blogk pores, N Do ALR 6. TROGARISINOSE it N WOL) no

used receiver vendor eams at Tx Table 1 [0059] Although the

features and elemgancof thisprékesisanmedsn efdheabemmel MardvprerctrdaretBbaRTSHts in
particular combipations.egeh: fsaturkaelenenisap bedmadalopesiharihe-pthes faajures and

elements of the preferred embodiments or,in vaEilous clombinations with or without other features and
elements of the FrE4ETR HSTELAT. ‘opsiag Alhg channel.
[0G58] A spatial processing scheme is configurable fo any number of

receive and transmit antenna combinations. Depending on the number of
antennas on each side, a combination of SFBC and eigen-beamforming options
are used. The table below summarizes the various configurations supported
and the state of the spatial processing and power loading that is applicable to

each scenario,

- T M beams at Tx
MXNM N£LD M/2 block codes N beams at Rev
To be determined by
IXN (N1 not used receiver vendor
MX1M#1) ©M/2 block codes M beams at Tx
Table L
{0059] Although the features and elements of the present invention are

described in the preferred embodiments in particular combinations, each
feature or element can be used alone without the other features and elements
of the preferred embodiments or in various combinations with or without

other features and elements of the present invention.
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What is claimed is: 1. A method for implementing space frequency block coding (SFBC), the method
comprising: performing a channel coding on input data stream; multiplexing the coded data stream to
at least two data streams; obtaining channel state information (CSI); calculating channel energy for
each of a plurality of eigenmodes for multiple-input multiple-output (MIMO) eigenbeamforming, the
channel energy being calculated based on eig s of channel matrices for all subcarriers;
calculating $ijélstolaoise iand interference ratios (SNIRs) for the eigenmodes based on the

calculated channek energy; QEauRing, SigpRMAARS, R ALOrHEs ALe Bhanaekfgereyed ihg gigenmodes

such that half of the eigenmodes with the largest channel energy-are in one group and the other half
with the weSKIBPEFSMRLEE ergies are in the other; calculating separation of the SNIRs of each half:
determining a datepesitwthiag earhdrensuppintechliseddiat S, distributing bit rates between the

eigenmodes based o isiseRUAABLIIRERMRG RALIG SRR BrS,ARd eigenmodes for SFBC

encoding; performint%%{ FBC encodingt over the eigenmodes and subcarrier pairs; performing
eigen-beamformin§H4REY Shefe ISR NRsRRiat &igknbeams to a plurality of transmit antennas: and
performing inversec#loulgagngremsiosheferaydioverihgtreptesiiiing steamsies frequitipiy-idpumain to data

in time domaig{ i IRRASIN AR SiddbEarHReding M d-pisreir e sibeatiersatedivided into a

plurality of groups of subcarriers. 3. The method of claim 2 whereinbandwidth of the group of
subcarriers & FRRMMAHEESHEPERCE BAYRRRIEPT B SHAF3AIRSE 13 4. An apparatus for implementing
space frequency btaetiiatidingi¢SHBEhothe aappatatiesccompatging Sil Bty rfnetico déyecomsitpered to
perform a cgaaehAQHiNG RN ARV EAHAS LRATY:
grouping eigenmodes in an order of the channel energy of the eigenmodes such
that half of the eigenmodes with the largest channel energy are in one group and the
other half with the weakest channel energies are in the other;
calculating separation of the SNIRs of each half;

determining a data rate that can be supported based on the CSi;

distributing bit rates between the eigenmodes based on the separation of the
SNIiRs;

pairing subcarriers and eigenmodes for SFBC encoding;

performing SFBC encoding over the eigenmodes and subcarrier pairs;

performing eigen-beamforming based on the CSI to distribute eigenbeams to a
plurality of transmit antennas; and

performing inverse Fourier transform for converting the resulting streams in

frequency domain to data in time domain for transmission.

2. The method of claim 1 wherein the subcarriers are divided into a plurality
of groups of subcarriers.

3. The method of claim 2 wherein bandwidth of the group of subcarriers is

less than coherence bandwidth of a channel.
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a multiplexer configured to multiplex the coded data stream to at least two data streams; a power
loading unit configured to calculate channel energy for each of a plurality of eigenmodes for
multiple-input multiple-output (MIMO) eigenbeamforming, the channel energy being calculated based
on eigenvalues of channggmatrlces far all subcarriers, calculate signal-to-noise and interference ratios

(SNIRs) for the eigbnmod¥s*HBRIAHS 'UHAIRRT SN s PR irgeearRh RiofiurP BN ERfkNand
distribute biepgtestbetoegnding: eigenmodes based on the separation of the SNIRS; a plurality of

SFBC encoding unjtseApfigyss E%fg&%m%%wmm%,ﬁBeoﬁ'eﬁnm%e&e%each pair of

subcarriers; a plurality of eigen-beamformers conflgured to perform eigen-beamforming based on the
CSil to distribute e@@ﬁﬂ%‘ﬁ% HGA HHF%%&’(SW %gﬁtﬁ%ﬁma‘éa%8"%?&%%&%%%3%@6?&ped in an

order of the stremnrel energy of the eigenmodes such that half of the eigenmodes with the largest

channel energy arg Q888494 mﬂa&ﬁggm@ew@éiem%@ﬁawr%e@%rg{m@cﬁ%@ [RS-ak In the

other; a plurallty of inverse Fourier transform units conf Iﬁ@?re to perform inverse Fourier transform for

converting tRESTER RS tU YRS B RE RISt UML) @me%rw&%ﬁf@ﬁon and a
plurality of aetenmds:isy Thicuigpdraassdbulaipedvarhesan thermeb caatiers doe alividedamtarsa plurality of

groups of SUBEANHRISidhal RERRRAEAR H i RIR S MY ENIRBAVSICIROL NG SEIdR ovipgarriers is

less than coherence bandwidth of a channel. 14
channel energy, calculate separation of the SNIRs, and distribute bit rates between the

eigenmodes based on the separation of the SNIRs;

a plurality of SFBC enceding units configured to perform SFBC encoding over
the eigenmodes and each pair of subcarriers;

a plurality of eigen-beamformers configured to perform eigen-beamforming
based on the CSI to distribute eigenbeams to a plurality of transmit antennas, the
eigenmodes being grouped in an order of the channel energy of the eigenmodes such
that half of the eigenmodes with the largest channel energy are in one group and the
other half with the weakest channel energies are in the other;

a plurality of inverse Fourier transform units configured to perform inverse Fourier
transform for converting the resulting streams in frequency domain to data in time
domain for transmission; and

a plurality of antennas.

3. The apparatus of claim 4 wherein the subcarriers are divided into a
piurality of groups of subcarriers.

6. The apparatus of claim 4 wherein bandwidth of the group of subcarriers is
tess than coherence bandwidth of a channel.
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