WO 2005/ 067193 PCTI US2004/ 043655 MULTI CARRI ER M MO TRANSM SSI ON  RELATED
APPLI CATI ONS 100011 This application clains priority to provisional
application nunber 60/TBD filed on TBD by Shao, et al., entitled An

Appar at us aRg) AssRsisat ed Methods to | nplenment a Hi gh- Thpeu@kiuehoddésse! ess
Communi cation System the disclosure of which is expressly incorporated

herein for all purposes. TECHN CAL FI ELD 100021 Enbodi nents of the present
invention are generally directed to a wireless comunication system and,
nore particularly, to nethods and apparatus to control transm ssion of a
multicarrier wreless comunication channel through nultiple antenna(e).
BACKGROUND 100031 A nulticarrier conmunication s stsgfé uch as, e.g.,

Ot hogonal Frequency Di \MHLJHC%RIIEFB M!MQ)T I ete Multi-tone

(DMTI) and the like, is typically characterized by a frequency band
associated with a communi cati on channel being divided into a nunber of

smal | er sub-bands (subcarriers herein). Comunication of information (e.g.,
data, audi o, video, etc.) between stations in a nulticarrier conmmunication

systemis perf YW the informational content into nultiple
pi eces (e.g., RE Db 1:141'1&{ gn transmtting the pieces in | WD 2005/067193
PCT/ US2004/ 043655 aral l.el .via.a nunber of the separate su rriers. Wen
the synbol per ‘%@0&] 'Phls application czialms prionty to p owswnalsap%ﬂca%on nmn%gra

60/TBD filed on TBD by Shao, et al., entitled An Apparatus and Associated

Methods to Implement a High-Throughput Wireless Communication System, the

disclosure of which is expressly incorporated herein for all purposes.

TECHNICAL FIELD

{0002) Embodiments of the present invention are generally directed to a wireless
communication system and, more particularly, to methods and apparatus to
control transmission of a multicarrier wireless communication channel through

multiple antenna(e).

BACKGROUND

[0003] A multicarrier communication system such as, e.g., Orthogonal Frequency
Division Multiplexing (OFDM), Discrete Multi-tone (DMT) and the like, is
typically characterized by a frequency band associated with a communication
channel being divided into a number of smaller sub-bands (subcarriers herein).
Communication of information (e.g., data, audio, video, etc.) between stations in
a multicarrier communication system is performed by dividing the informational

content into multiple pieces (e.g., symbols), and then transmitting the pieces in



transmtted through a subcarrier is longer than a maxi mum nultipath delay in
the channel, the effect of intersynbol interference nmay be significantly
reduced. [0004] While nulticarrier comunication systens hold the prom se of

high thr O”W’gb?‘gﬁ?{?}gm cation channels, technical chall ﬁegﬁﬁf(ﬁ}%ﬁfﬁt . For

exanmple, i pplications such as, for exanple a Wrelfess l'ocal area
network (WLAN) deep fades can occur in the channel that nay persist over a
significant period of tine. Further, due to environnental conditions (e.g.,
hone office, business, etc.), the wireless channels nmay typically encounter
significant dispersion due to multipath propagation that limts the maxi num
achi evable rates. BRI EF DESCRI PTI ON OF THE DRAW NGS [ 00051 Enbodi nents of
the present invention are illustrated by way of exanple, and not by way of
limitation, inpidige]fiaOiiember bf thE SeArAOIBRIMERT WHeahd Wentolperai Ch |1 ke
reference nunerals refer to simlar elenents and in wiich: Fig. 1 is a block
di agram of an gxamal, i J ] R i i t he

t eachi ngs of the “rgﬁeﬂrﬁu%g%ﬁc{aﬁfﬂégﬁ e?%‘?‘r‘]g%%o olﬁgnkedggﬁ)n%?ga@h%

i npl ementation;, Fiq. .2 |,s.a.block diagram of an.exanpl e transceiver

i ncor por ati ng f?ﬁ&“&t@a&h?ﬁgémé?fsw‘?‘Bﬁ%‘?%?ﬂ“ﬂ?éfé’ﬁﬂ ,caﬁ‘i’éﬁaﬁ‘?eﬁg to one
exanpl e inplenentation; 2 WD 2005/067193 PCT/ US2004/ 043655 Fig. 3 is a
flow chart of 804 Whileaulqariss copmugicatniystems bolddhs pramiss ofhighor nore

antenna(e) and subcarrier(s), according to one enbodi nent of the
throughput communication channels, technical challenges persist. For example,

)

in certain applications such as, for example a wireless local area network
(WLAN) deep fades can occur in the channel that may persist over a significant
period of time. Further, due to environmental conditions (e.g., home office,
business, etc.), the wireless channels may typically encounter significant
dispersion due to multipath propagation that limits the maximum achievable

rates.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005) Embodiments of the present invention are illustrated by way of example,
and not by way of limitation, in the figures of the accompanying drawings in
which like reference numerals refer to similar elements and in which:

Fig. 1 is a block diagram of an example multicarrier wireless network
incorporating the teachings of the present invention, according to one example
implementation;

Fig. 2 is a block diagram of an example transceiver incorporating the

teachings of the present invention, according to one example implementation;



Invention; Fig. 4 is a flow chart of an exanple nethod for mapping
I nformation to one or nore antenna(e) and subcarrier(s), according to one
enbodi mrent of the invention; Figs. 5 and 6 provide graphical illustrations

of transmt_diversity and space-frequency interleaving I,?mé%@u&rs%gsrﬁt

antennas, i WOt Rce with enbodi ments of the pr esent ron, Fig. 7
Is a graphical illustration of the inprovenent to one or nore channel
characteristics through use of an enbodi nent of the invention; Fig. 8

provi des a graphical illustration of the inprovenment to one or nore channel

characteristics through use of an enbodi nent of the invention; and Fig. 9 is
a bl ock diagramof an exanple article of manufacture including content
whi ch, when executed by an accessing nachi ne, causes the nachine to

i npl ement one or - B an? tethbd %r hiiid bGh toDETAI LED
DESCRI PTI ON [OOOGTD‘Egb%%%nentgﬂgtf&gﬁgap a?at us anrd ia?s%é%égi“g?%% rretohods to

CR PTI ON [ 00061 S of " an-“appa crat |
general 1y ni Wit Rupaf® shd SRkl ke B RAPRBMEREN AT G OTT! #1 €

invention may wel|l. be wused to inplenment any of a nunber of wreless
comuni cati on WVE™Br ns such as, 3 WD 20051067193 PCTI US2004/ 043655 e. g.,

wireless |local area network (WLAN), wirel ess personal area network (WPAN),
wirel ess metro- ar eadFiged il ehagyfpan CE%!PIPIQF%&FMEQTVIB?%‘}% lﬁff’dm?'llfé‘ to

one or more antenna(e) and subcarrier(s), according to one embodiment of the
invention;

Figs. 5 and 6 provide graphical illustrations of transmit diversity and
space-frequency interleaving for two transmit antennas, in accordance with
embodiments of the present invention;

Fig. 7 is a graphical illustration of the improvement to one or more
channel characteristics through use of an embodiment of the invention;

Fig. 8 provides a graphical illustration of the improvement to one or more
channel characteristics through use of an embodiment of the invention; and

Fig. 9 is a block diagram of an example article of manufacture including
content which, when executed by an accessing machine, causes the machine to

implement one or more aspects of embodiment(s) of the invention.

DETAILED DESCRIPTION

[0006) Embodiments of an apparatus and associated methods to control
transmission of a multicarrier wireless communication channel are generally
introduced herein. In this regard, aspects of the present invention may well be

used to implement any of a number of wireless communication platforms such as,



i ke. 100071 Wth this disclosure, an innovative approach to inproving the
resilience of the multicarrier comruni cation channel is disclosed, wherein
an advanced OFDM processing technique is added to a multiple input,

nul tiple ougpuf ) transceiver that utilizes nore t
@2’.%%5"%%§/D B 9%‘34/0ﬂ2ﬁ5

transmt/re in at each end of the wireless |ink. Those"s led in
the art will appreciate, in view of the follow ng discussion, that the

di scl osed conbi nati on of M MO and OFDM (M MO OFDM) appears particularly
prom sing for high-throughput wireless LAN application. 100081 According to
a first aspect of the invention, a transmt diversity capability is

i ntroduced, which provides a near-optiml nethod for mappi ng uncoded

content (e.g., quadrature anplitude nodul ati on (QAM synbols) received from

a host devi ceqq0kirBs R0 A eRU R BRTANG NP Bersbiit bR e i M L1 Pl @

ant ennas and DMt ones. ile the'transmt diversity architecture

i ntroduced her gj r OV l.l-0 } int i ovi de a
limted code r@g%rﬁ@%ﬁnegrpba{e_ax{eggﬁg{ ccordlgerllléﬂ 8%5 gé‘:le“)r{dtglépect of the

invention, the.transmt diversity architecture is extended to provide a

hi gher code rat® by neans of space- frequency interleaving (SFl). As

devel oped nore fully below, SFI provides a 4 WO 2Q05/067193 .

PCT/ US2004/ 04319883 %étaﬂhléﬂ{SPlﬁﬁFe:taééW% appROaGHHig IMAFP VAN be resHieRseat i on

(e.g., bits, franes, synbols, etc.) onto nultiple antennas and OFDM tones.
of the multicarrier communication channel is disclosed, wherein an advanced

OFDM processing technique is added to a multiple input, multiple output
(MIMO) transceiver that utilizes more than one transmit/receive chain at each end |
of the wireless link. Those skilled in the art will appreciate, in view of the
following discussion, that the disclosed combination of MIMO and OFDM
(MIMO-OFDM ) appears particularly promising for high-throughput wireless
LAN application.

{0008) According to a first aspect of the invention, a transmit diversity capability
is introduced, which provides a near-optimal method for mapping uncoded
content (e.g., quadrature amplitude modulation (QAM) symbols) received from a
host device, or an application/agent executing thereon, to multiple antennas and
OFDM tones. While the transmit diversity architecture introduced herein
provides full-order diversity, it may only provide a limited code rate per OFDM
slot.

[0009] According to another aspect of the invention, the transmit diversity
architecture is extended to provide a higher code rate by means of space-

frequency interleaving (SFI). As developed more fully below, SFI provides a



[ 0010[ Reference throughout this specification to "one enbodi nent” or "an
enbodi nent" neans that a particular feature, structure or characteristic
described in connection with the enbodinent is included in at |east one

enbodi nent of the resent invention. Thus, appearances rases "in
one enbodi n%’ﬁt’ooséqmgi"n an enbodi nent’ 'in various pl acegéyh??g)ﬂ‘gg%%? this

specification are not necessarily all referring to the sane enbodi nent.
Furthernore, the particular features, structures or characteristics my be
conbined in any suitable manner in one or nore enbodi ments. Exanpl e Network
Environnment [0011] Fig. 1 illustrates a block diagramof a wreless

communi cation environnent within which the teachings of the present
invention may be practiced. As shown, network 100 depicts two devices 102,

104, each co I.S| r, A ] f receiver(s
"Pdaf bPinal ABinRfue 16 fgaéy‘,f{irffic'o,ﬁéﬁnfohﬁﬂt%ﬁ (te.#g] bits) fraad (s)

(cunul atively, a transceiver) 6, baseband a medl a access control

(MAC) processi (N B-?ﬁrm 110, 118, each coupled as
shown. As used%neb(ragﬁ?%?')?h{gy%ééﬁlggg %%ﬁ% com%’suni cate information between
one another via a |ticarfier i.r.el ess co pi cati.on. channel 106,

est abl i shed beP%b%‘?ﬁlﬁrg“‘fertéﬁ?gglé‘?wgﬁ §3°°*§6§{°%1%’°twb8aﬁﬁe@n%r 8P nore
antenna(e) associated with the devices. According to one, enhodinent, one of
the devices 10smbrdimentc meansdhatiapagicylar fatuss stksowe pp pharactexystio dessribely 193

PCT/ US2004/ 043655 [0012[ According to one aspect of the invention, an
i nnovat i ve di visrconnectiomwith thesembiodimend isciaeludeidiin pileash enciembasimpent of ther oduce and
manage one or nore el enents of

present invention. Thus, appearances of the phrases “in one embodiment” or “in

an embodiment” in various places throughout this specification are not

necessarily all referring to the same embodiment. Furthermore, the particular

features, structures or characteristics may be combined in any suitable manner in

one or more embodiments.

Example Network Environment

[0011) Fig. 1 illustrates a block diagram of a wireless communication
environment within which the teachings of the present invention may be
practiced. As shown, network 100 depicts two devices 102, 104, each comprising
one or more wireless transmitter(s) and receiver(s) (cumulatively, a transceiver)
108, 116, baseband and media access control (MAC) processing capability 112,
114, and memory 110, 118, each coupled as shown. As used herein, the devices
102, 104 communicate information between one another via a multicarrier
wireless communication channel 106, established between the transceiver(s) 108,
116 through one or more antenna(e) associated with the devices. According to

one embodiment, one of the devices 102 may be coupled to another network 120.



diversity within the nulticarrier wireless channel. On the transmt side of
a conmmuni cation channel, the diversity agent nay selectively map content
(e.g., received froma host device, application, agent, etc.) to one or

nore antenn e%oﬂsé&?]géor OFDM tones to generate a M Noangﬂrﬁlg?bﬁamagsssi gnal .
nel’, e

I n support ei ve side of the comunication chan Iversity
agent may selectively demap the content received via the M MO OFDM wi rel ess
channel (e.g., 106) fromnmrultiple antennas and OFDM t ones. Wil e not
specifically denoted in Fig. 1, the diversity agent may well be inplenented
in one or nore of the baseband and MAC processing elenent(s) (112, 114)
and/or the transceiver elenent(s) (108, 116), although the invention is not
so limted. [0013[ According to one exanple enbodi ment, the diversity agent

nmay sel ecti vejoyi2pr R6@sding WmRAbpdeEsBhY Rferitiofard ifovaasé dﬂ@r‘éitﬁ@ge_ﬁ@isg- , 102,
104) to inplenent full-order transmt diversity, although the invention is

not limted i ninnro?ﬁédrwﬁﬁlﬂ?ﬁ: devi@&se)qﬁﬁ‘ ugpﬁ'rgl rﬁﬁlagké"onéj&réﬁ%rg&b}‘neﬂ&%t may map

uncoded cont ent e.g., quadrature anplitude nodul ate synbol s)

received from the host..device. (102 .106 pARL Leatl on ting thereon,
onto multiple éﬁfrgﬁ%géﬂugﬂgem %nggfs)o‘:hgél}egc Ehﬁgfﬁ“aff'ﬁa‘. \?g’ggi ty in the
transmt |ink of channel 106?. 014 Accordi ng to.one enbodinent, the

di versity agenfOrRRYnCHIon cHANNE ’§he{ﬂc‘)6‘°€%‘ sageﬁtdﬂﬁyeﬁ??ec?\éeé%mgBo'?tF'Bﬂ‘?'g'he host
device (e.g., 102, 104) to introduce space- frequency interleaving (SFl) of
the content onfeseived frpmiadogtflexicaAppHeAtionrasRatact g r BrPe anfenna(e)

PCT/ US2004/ 043655 tones. In this regard, as devel oped bel ow, diversity
agent may sel eand/erdDEDMepnes to generate a MIMO-OFDM transmit signal. In support of

the receive side of the communication channel, the diversity agent may
selectively demap the content received via the MIMO-OFDM wireless channel
(e.g., 106) from multiple antennas and OFDM tones. While not specifically
denoted in Fig. 1, the diversity agent may well be implemented in one or more of
the baseband and MAC processing element(s) (112, 114) and/or the transceiver
element(s) (108, 116), although the invention is not so limited.

[0013] According to one example embodiment, the diversity agent may
selectively process content received from the host device (e.g., 102, 104) to
implement full-order transmit diversity, although the invention is not limited in
this respect. As developed below, diversity agent may map uncoded content
(e.g., quadrature amplitude modulated (QAM) symbols) received from the host
device (102, 106) or applications executing thereon, onto multiple antennas and
OFDM tones to effect spatial diversity in the transmit link of channel (106).

{0014} According to one embodiment, the diversity agent may selectively process
content received from the host device (e.g., 102, 104) to introduce space-

frequency interleaving (SFI) of the content onto multiple antennas and OFDM



coded information (e.g., bits, bytes, blocks, synbols, franes, packets,

etc.) received fromthe host device or applications executing thereon, onto
mul tiple antennas and OFDM tones by perform ng one or nore of antenna

mul ti pl exin 802. 11a interleaving, QAM mapping, and c %' tone giftin ,
althoggh thgk’@ﬂW@ﬁP?on IS not Iin?ted in tﬁ?s ?egard. {% @@imﬁ%ug% itiongto
the foregoing, the diversity agent nay selectively inplenent an innovative
techni que(s) for decoding information froma received OFDM channel
processed as above. In this regard, an innovative receive diversity agent
is introduced to demap and/or deinterl eave content received from a channel
106 generated in accordance with one or both of the encoding techniqgues

i ntroduced above. According to one enbodi nment, receive diversity agent

recei ves cont eghedSn 486 AGAMA, APEVERDEBEIW) [diveRdiyia@bnt faykelectVelPnagnd

gener ates de-mapped and/ or de-interleaved content, respectively. 100161 But

for the i nt T odugich BtoMladb e g1 MRL Btk bRGRY byrh 8¢ ARMERBRAY B1c devi ces 102,

104 are intend 0 repres any of 'a w de rang ectroni’‘c devices with
Wi rel ess conmuni catj Qn abi Lity including, . e le . .a | op, pal ntop
or desktop coﬁ:ﬁﬂy %drfeorgfﬁi%qshﬁheé?%fé?%ﬁgé\@f ’é&g‘ﬁ?g étl%%’q%,n’ t %ﬁuﬁ% or 4G
Stati on (A angas pEORpYEionGo PrfoRuing BB orapis h in A DBUAEIK e, G
processing elenent(s) 112, 114 may be inplemented in one or nore processors

(e.g., a baseb80llsrintedeaving QM siappingyand syclicdenesiiftipg pitepghdhe 043655

invention is not limited in this regard.

{0015] In addition to the foregoing, the diversity agent may selectively
implement an innovative technique(s) for decoding information from a received
OFDM channel processed as above. In this regard, an innovative receive
diversity agent is introduced to demap and/or deinterleave content received from
a channel 106 generated in accordance with one or both of the encoding
techniques introduced above. According to one embodiment, receive diversity
agent receives content as decoded modulation information (e.g., bits) and
generates de-mapped and/or de-interleaved content, respectively.

[0016] But for the introduction of the diversity agent introduced above, devices
102, 104 are intended to represent any of a wide range of electronic devices with
wireless communication capability including, for example, a laptop, palmtop or
desktop computer, a cellular telephone (e.g., a 2@G, 2.5G, 3G or 4G handset), a
personal digital assistant, an WLAN access point (AP), a WLAN station (STA),
and the like.

[0017) As used herein, baseband and MAC processing element(s) 112, 114 may

be implemented in one or more processors (€.g., a baseband processor and an



application processor), although the inventionis not limted in this
regard. As shown, the processor elenent(s) 112, 114 may couple to nenory
110, 118, respectively, which may include volatile nmenory such as DRAM

non-vol ati | such as Flash nmenory, or alternati VghyueR¥sdaash ude
ot her types‘%gfzm%g?@r%ge such as a hard disk drive, althoug?wl ﬁe cope of the

i nvention is not limted in this respect. Sone portion or all of nenory
110, 118 nmay well be disposed wthin the sane package as the processor

el ement (s) 112, 114, or may be di sposed on an integrated circuit or sone

ot her nmediumexternal to elenent(s) 112, 114. According to one enbodi nent,
baseband and MAC processing elenent(s) 112, 114 may inplenent at |east a
subset of the features of diversity agent described bel ow, and/or nmay

provi de control oyer, a diversi agent. inplenented w.thi.n an associ at ed
transcei ver (1G8Plcatgy Pmﬁ?SP‘PfS'LFﬁ)%mfﬂ%éh? W%‘Hn’tgf‘dsrfmtit“g“??\émtm B’r’?ﬁeg%"ﬂ' ™ this
regard. looisi Simlarly, but for the introduction of the diversity agent to
ef fect the M NPOELhe piaesssrsiclemant(ehl 1de i rapecouplsite niemary 1 Hh 188y,
transceivers 108, 116 are also intended to reflect any of a variety of

mul ticarrier wrespeebely, sbivhimayiatludavdlatdememprysush kmBRAM,montvelagile . | n t his
regard, a transmtter elenent of the transceivers receive content froma

host device, prinégey siidheas Rlh aienttly, 0p aehitively mipniacladeother tghédMft r ansmi t
signal, and then transmts that OFDM signal over a link (e.g., forward

link) to a reniqagtanticss ahad QREdHVe,m&ghﬂfétc%Eélaﬁthe fhveRG6H ¥ Abt 1ghieENt  Of
the receivers receives nultiple instances of the forward Iink via one or

mor e ant enna( e)in yfkspiet. Sdnhe/FordoP SRSt RMndry 810, § 884§ Wefl be disposed

within the same package as the processor element(s) 112, 114, or may be
disposed on an integrated circuit or some other medium external to element(s)
112, 114. According to one embodiment, baseband and MAC processing
element(s) 112, 114 may implement at least a subset of the features of diversity
agent described below, and/or may provide control over a diversity agent
implemented within an associated transceiver (108, 116), although the invention
is not limited in this regard.

[0018} Similarly, but for the introduction of the diversity agent to effect the
MIMO-OFDM channelization developed more fully below, transceivers 108, 116
are also intended to reflect any of a variety of multicarrier wireless
communication transceivers known in the art. In this regard, a transmitter
element of the transceivers receive content from a host device, process the
received content to generate an OFDM transmit signal, and then transmits that
OFDM signal over a link (e.g., forward link) to a remote device via one or more
antennae. A receiver element of the receivers receives multiple instances of the

forward link via one or more antenna(e), and selectively processes the received



WO 2005/ 067193 PCT/ US2004/ 043655 signal (s) to extract a representation of
the originally encoded content. Again, the introduction of the diversity
agent enables the wireless transceiver within the device(s) to inplenent’
the M MO OFDM f res described below. According to one i each of
t he transniDwgpgaéﬁﬂﬁreceivers may well include one or ﬁgggggkgﬁgf§ing
chains. 100191 As used herein, network 120 is intended to represent any of a
broad range of conmunication networks including, for exanple a plain-old
t el ephone system (POTS) communi cation network, a |ocal area network (LAN),
metropolitan area network (MAN), w de-area network (WAN), gl obal area
network (Internet), <cellular network, and the |like. According to one
exanpl e i npl enmentation, device 102 represents an access point (AP), while
devi ce 104 repgigsA@) fo ekifibtdircp8sdnialion of the dfifindlly étbadd cortenBOAfid, e USE
wi thin an | EEE 802. 11n wirel ess | ocal area network (WAN), and each
utilizing the i i - i A : : m t
ifif3QY&ioh 6¢ ﬂﬁgﬁ%u ver {ygl%gﬁ{%ﬂgﬁfeé JH%E’E/I‘E??S trdbSceivHr q'flfl}frrt;ﬂ/é

diversity techniques Intro ove, an oped nore bel ow.
Exanpl e Transceiver (Architect ur i 8, i tes | ack di agram
of an exanpl e ﬁ?va\?%ﬁit? {%?lengrgﬁtl‘etelgw @%Dgln%aﬁesg)%% %Tg‘ieg?’l%‘g'e?\? ?rglggchi tecture
according to one exanpl.e enboqi t of .the invention. To illustrate these
archi tectures W?q?ieﬁ‘rggﬂ’é"eebﬁf‘&&r?@? Uaopsmtrmirgg\geafn%gﬁ“g}ch Reen two
devices, a transmtter fromone device (e.g., 102) and a receiver from

anot her devi ce Of BO Processing ehaifisci ated with a 9

[0019] As used herein, network 120 is intended to represent any of a broad range
of communication networks including, for example a plain-old telephone system
(POTS) communication network, a local area network (LAN), metropolitan area
network (MAN), wide-area network (WAN), global area network (Internet),
cellular network, and the like. According to one example implementation, device
102 represents an access point (AP), while device 104 represents a station (STA),
each of which suitable for use within an IEEE 802.11n wireless local area
network (WLAN), and each utilizing the innovative space-frequency interleaving
and transmit diversity techniques introduced above, and developed more fully

below.

Example Transceiver Architecture

[0020) Fig. 2 illustrates a block diagram of an example transmitter architecture
and an example receiver architecture according to one example embodiment of
the invention. To illustrate these architectures within the context of a
communication channel between two devices, a transmitter from one device (e.g.,

102) and a receiver from another device (e.g., 104) associated with a



WD 2005/ 067193 PCT/ US2004/ 043655 comuni cation |ink are depicted. Those
skilled in the art will appreciate that a transceiver in either device
(102, 104) may well conprise a transmtter architecture and a receiver
archltecture as detailed in Fig. 2, although the scope of tion is
not Iimited™of® ?ﬁ‘ﬂ(‘%”?egard It shoul d be appreciated tha’t’CTfijgéﬂg&\éﬁg and
receiver architectures of greater or |esser conplexity that nonethel ess

i npl ement the innovative transmt diversity and/ or space-frequency

i nterl eaving described herein are anticipated by the scope and spirit of the
claimed invention. 100211 According to one exanple enbodinent, a transmtter
architecture 200 is depicted conprising one or nore of a serial to parallel
transform 210, a (transmt) diversity agent 212, one or nore inverse

di screte FO‘”'&Tmrhx%ﬁ%%foﬂrllmc(a}eq:e&tede&ﬁg&%kﬁﬁ&1r?t3laéart%nﬁ>é (eGaigk X, OF guard

interval, inserti enment 216 coupl e one or e antenna(e)

2208 M Lhr oUpl Bl B3R OBIURAT52 ool BEPVER G fordk SRS, (FF) el erents

218, although Hon TS S regar According to one

enbodi nent, tra rchi.tecture 200 .. be Wi t hi
transcei ver 10§n1§FF8'“’6er recaAy s FPtrep? £ gqé}f%dg IF? huﬂﬁ‘@?ge'b?’eé@é’ﬁpgt e
functional elenents, those skilled . in the_art wll appreciate that one or
more el ement sthefnveRtigmsisinpt limited ip Hris egprdr &t @B@d&ﬁﬁpﬁﬁ?‘ﬁteﬁglaéonbl ned into a
mul ti- functional element, and conversely functional elements may be split
into multiple transmittr enfeceivenneettitsctuies hbgreaterarilessenngmplaxaty thaé i nvent i on.
100221 As used herein, serial-to-parallel (SIP) transform 210 receives
i nformation (ﬁmgthelebé insplenharit €, indavativestransmitiddlessityahd/o) spacofrequenost devi ce
(or, an application

interleaving described herein are anticipated by the scope and spirit of the

claimed invention.

[0021) According to one example embodiment, a transmitter architecture 200 is
depicted comprising one or more of a serial to parallel transform 210, a (transmit)
diversity agent 212, one or more inverse discrete Fourier transform (IDFT)
element(s) 214, a cyciic prefix, or guard interval, insertion element 216 coupled
with one or more antenna(e) 220A...M through an associated one or more radio
frequency (RF) elements 218, although the invention is not limited in this regard.
According to one embodiment, transmitter architecture 200 may be implemented
within transceiver 108 and/or 116. Although depicted as a number of separate
functional elements, those skilled in the art will appreciate that one or more
elements of transmitter architecture 200 may well be combined into a multi-
functional element, and conversely functional elements may be split into multiple
functional elements without deviating from the invention.

{0022] As used herein, serial-to-parallel (S/P) transform 210 receives information

(e.g., bits, bytes, frames, symbols, etc.) from a host device (or, an application

10



10 WD 2005/ 067193 PCT/ US2004/ 043655 executing thereon, e.g., email, audio,

video, etc.) for processing and subsequent transm ssion via the

comuni cati on channel. According to one enbodi nent, the received

i nformation_j.S.i form of quadrature anplitude nodul 1%1% mm synbol s

(i.e., V\/ne;\gbﬁo@[aagﬁggynbol represents two bits, b; and bllﬁ(;. ((:)céroﬁs?\g to

one enbodi nent, serial-to-parallel transform 210 takes the information and

generates a nunber of parallel substreanms of the information, which are

passed to one or instances of diversity agent 212. Although depicted as a

separate functional elenent, serial to parallel transform 210 may wel |l be

i ncluded within the diversity agent 212, or other elenent of the

transmtter 200. 100231 According to one enbodinent, diversity agent 212

sel ectively i r&(é&@iugﬁfereoﬂpe.%l, iR taudib, &ia&ijstm)tforcbrmrsﬁhglmad Jubseqhéift

I nformati on streans received fromthe S/ P transform 210. In particular,

according to : e dsth ionchhnel. HRbRE 18 iRkt {
Q%srgféﬁmi’bﬁ i Edtion & o) anﬁ?&g@% F&B&hﬁn , the

sel ectively napped to one or nore antenna ones. According to
one exanple inplenentation, .if coptent. recejve fromt inceat

di versity ageﬁ?ceﬁv%g ‘?@“ﬂ%‘[ohi'%mttﬁ%{] r°f%q8?“‘}%£\ﬁ\ena§“fr‘r%“§?§’}°£‘§%e 'Yy agent nay
perform pre-coding to p the received information to M s gbols, al t hough
the invention SYBpI§{i-g-; Whareip epch sypbel ?Bﬁ%.wph’&égﬁﬁn%‘ggeég‘i‘% ng Qyent may
well introduce transmt diversity to any |inear conbination of input

synmbol s. 10024meembedinent sarial-tn-parpligl transderani 1 (takesthgdaformpon andut (e. g., QAM

synbol s) and repetitively disperses them (bits, synbols, etc.) across M
transmt ant ergeaeratesiadumber of parallel substreams of the information, which are passed to

one or instances of diversity agent 212. Although depicted as a separate
functional element, serial to parallel transform 210 may well be included within
the diversity agent 212, or other element of the transmitter 200.

[0023] According to one embodiment, diversity agent 212 selectively introduces
an element of transmit diversity into the information streams received from the
S/P transform 210. In particular, according to one example embodiment, the
informational content is selectively mapped to one or more antenna(e) and
OFDM tones. According to one example implementation, if content received
from the host device at diversity agent 212 is not in the form of QAM symbols,
diversity agent may perform pre-coding to map the received information to QAM
symbols, although the invention is not limited in this regard. Indeed, diversity
agent may well introduce transmit diversity to any linear combination of input
symbols.

{0024] In any case, diversity agent 212 takes the input (e.g., QAM symbols) and
repetitively disperses them (bits, symbols, etc.) across Mt transmit antennas, and

a number (N) of OFDM tones for each of a plurality of Rayleigh fading channel

11



a nunber (N) of OFDM tones for each of a plurality of Rayleigh fading
channel 11 WO 2005/067193 PCT/ US2004/ 043655 taps (L), although the
invention is not limted in this regard. By selectively dispersing the

content in _this manner, full order diversity (M M L, r t he
nunber of rYRAOFES7IR ennae) may be achi eved. An exanpl e%lﬁs&&“foﬁﬁ%

I ntroducing transmt diversity is presented below with reference to Fig. 3,
and a graphical illustration of synmbols processed in accordance with an
exanple transmt diversity nechanismis provided in Fig. 5. (0025) In
accordance with another aspect of the invention, diversity agent 212 nmay
wel |l include the resources to inplenent a space-frequency interleaving (SFl)
mechanism In this regard, diversity agent 212 may well include one or nore

of an ant ennfﬁfﬂt)t hmko%ghmlﬁére%ﬁsﬂisnoalmaﬁnltﬂk?égaﬁﬁvg gelgiggnt . a QAM

i nterl eaving el'enent, a M mapping el enent and a cyclic tone shifting
element, alt Mol (o) Bﬁg S Qﬂﬂ ccording to
one enbodi m@%ﬁ@%méglfesdl %/éggg]e ?"ﬁﬁé} full r ea JP&MEW co dpdlgjﬁs as one
synmbol, and rea I S.inf rrratl on .acr ace ang‘n‘{‘ ncy, e.g.,
using the tr a Hym eEI?G(S?"éYet A ?@B@t’?"tyl tlfﬁ‘cg 8§g§g°6ve Accor di ng
to one enbodi nent, the cantent received from S/ P transfaorm 210 Is first
i nterl eaved adnteslicipg trapsiit diyersity ispeasensed below é"h‘ihtref&%ﬁﬁ’aﬁ‘é) R4 2aand then
across a nunber of OFDM tones for each of a plurality of the Rayl ei gh
f adi ng channelgraphisal i{lugtration pfhsymfiels precessed éhadcordan¢eswitipan exampleed in this
regard. | ndeed, these functional elenents need not necessarily be applied
in the order dmasmit biwersapoechanidnr is pravidedtimBigaftount  of

[0025] In accordance with another aspect of the invention, diversity agent 212

may well include the resources to implement a space-frequency interleaving (SFI)

mechanism. In this regard, diversity agent 212 may well include one or more of

an antenna multiplexing element, a tone interleaving element, a QAM

interleaving element, a QAM mapping element and a cyclic tone shifting element,

although the invention is not limited in this regard. According to one

embodiment, diversity agent 212 may treat adjacent coded bits as one symbol,

and spreads this information across space and frequency, e.g., using the transmit

diversity repetition scheme introduced above. According to one embodiment, the

content received from S/P transform 210 is first interleaved across at least a

subset of transmit antenna(e) Mt, and then across a number of OFDM tones for

each of a plurality of the Rayleigh fading channel taps (L), although the invention

is not limited in this regard. Indeed, these functional elements need not

necessarily be applied in the order described above. Moreover, the amount of

cyclic tone shift may well be modified to any value between zero (0) and the

number data tones (Nds), and there may be a cyclic shift across antennas instead

12



cyclic tone shift may well be nodified to any val ue between zero (0) and the
nunber data tones (Nds), and there may be a cyclic shift across antennas
i nstead 12 WD 2005/ 067193 PCT/ US2004/ 043655 of, or in addition to the shift

across ton | e method for inplenenting the s%q,ﬁ-{ b y
I nterl eavi ﬁgolz@%@%l”gped nore fully below, with reference sfcz)(ﬁ&‘lg%4 and a

graphi cal representation of SFI is presented with reference to Fig. 6.

[00261 In either case, content fromthe transmt diversity agent 212 is
passed to one or nore inverse discrete Fourier transform (IDFT) el enent(s)
214. According to one enbodi nent, an inverse fast Fourier transform (IFFT)
el ement (s), although the inventionis not limted in this regard. According
to one enbodinent, the nunber of IDFT elenents 214 is conmensurate with the

nunber of traggrin aldittonna (ie)shift actoss tdnesiNAivekanipielmathbd derimplementthg chai ns.
In this regard | DFT el enment(s) 214 may receive a plurality (Z) of encoded

substreams f kb QerrejudfdyShicheARRITS d&ki’opeaﬂﬁr&ﬁny%ro& Wi réferthdo from a

frequency domain representation to a tine domain représentation of the
OOt S s B lch A Bl ot 90271 T
oL ST (5) 214 G E ek BRF AR B oGRS BRI 2t o
RS T NG SRR A S T T LTI
hbooe. an & esording to oné embodiment, an inveree fat Founer transfon (FFT) ' © 20

element(s), although the invention is not limited in this regard. According to one

embodiment, the number of IDFT elements 214 is commensurate with the

number of transmit antenna(e), i.e., transmit radio frequency (RF) chains. In this

regard, IDFT element(s) 214 may receive a plurality (Z) of encoded substreams

from the diversity agent 212, and converts the content from a frequency domain

representation to a time domain representation of the content, although the

invention is not limited in this regard.

[0027] The time domain content from the IDFT element(s) 214 is passed to CP1

element(s) 216. According to one embodiment, CPI 216 may introduce a cyclical

prefix, or a guard interval in the signal, before it is passed to a radio frequency

(RF) front-end 218 for amplification, filtering and subsequent transmission via an

associated one or more antenna(e) 220A...M.

[0028] To extract content processed by a transmitter architecture 200, above, an

example receiver architecture 250 is introduced. As shown, an RF front-end 254

receives a plurality of signals impinging on one or more receive antennae

240A...N. For ease of explanation and description going forward, in accordance

13



exanpl e receiver architecture 250 is introduced. As shown, an RF front-end
254 receives a plurality of signals inpinging on one or nore receive
antennae 240A...N. For ease of explanation and description going forward,

in accordance 13 WD 2005/ 067193 PCTI US2004/ 043655 w th ane exanP

embodi ment W@ HOSATMer (N) of receive antenna(e) is equdCTHUS20M{M363 o di ng
to one enbodi nent, each receive antenna has a dedi cated receive chain,

where the nunber of receive front-end el ements 254, CPR el enents 256 and EFT
el ements are comensurate with the nunber (N) of receive antenna(e) (e.g.,
M). (0029] The RF front end 254 may pass at |east a subset of the received
signal (s) to a cyclic prefix renoval elenent(s) 256, although the invention
is not limted in this regard. According to one enbodi nent, CPR 256 renoves

any cyclic pr efitolexyfbiBEivbdhRh 8 ,ﬁmgrqx?mmwe m@tmﬁw@d duri ng

transmt processing o recei ve Sl gna (003 cohtent from CPR

256 15 then pg\gigggm&%ﬁ%nggﬁsswe&de&ﬂg%%@erm{eﬁn s ol A3eatb kg LT ans or m

(FFT) el enent 0 oh

transformthe received sig rom at chai fromthe
time donain t&" li‘q’%ﬁ'ﬁé‘FE@ ngﬁﬁ‘ieh"e Efﬁ%?\ Em‘ﬁ?’f‘ﬁ}t%%ﬁng and
decodi ng of a reEr esentation of the content enpedded within the received
transmi ssi on. 2k HET clementsiarg qauymensugatesyithothe 9“‘65%@@}5?‘&%%?%‘%% of the

received signal (s) are presented to receive diversity agent 260. (0031]
According to dee.dgpect of the present invention, receive diversity agent

[0029] The RF front end 254 may pass at least a subset of the received signal(s)
to a cyclic prefix removal element(s) 256, although the invention is not limited in
this regard. According to one embodiment, CPR 256 removes any cyclic prefix or
guard interval that may have been introduced during transmit processing of the
received signal(s).

{0030} The content from CPR 256 is then provided to an associated one or more
of fast Fourier transform (FFT) element(s) 258. According to one embodiment,
FFT elements 258 transform the received signals from an associated receive chain
from the time domain to the frequency domain, for subsequent demultiplexing
and decoding of a representation of the content embedded within the received
transmission. Thus, a plurality of frequency domain representations of the
received signal(s) are presented to receive diversity agent 260.

{0031} According to one aspect of the present invention, receive diversity agent
260 may perform a complementary function to that performed by transmit
diversity agent 212. In this regard, receive diversity agent 260 may perform the
complement to the transmit diversity and/or space frequency interleaving

introduced above. In the case of transmit diversity, receive diversity agent 260
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260 may performa conplenmentary function to that perforned by transmt
diversity agent 212. In this regard, receive diversity agent 260 may perform
the conplenent to the transmt diversity and/or space frequency

i nterl eavi ' ched above. In the case of transmt g} foY: geceive
. . &L 365
di versity 38%%‘#0@}’2%'@ 14 WD 2005/ 067193 PCT/ US2004/ 043655 P@may Gaobesd e Qam

synbols, prior to QAM denodul ation and parallel to serial conversion 262 to
extract a representation (l1') of the content encoded within the received
signal (s). In the case of SFI, receive diversity agent 260 perfornmns

dei nterl eaving and decodi ng, before providing the output content to the
parallel to serial converter 262 which generates the representation (I') of
the content encoded within the received signal (s). According to one

enbodi ment, dind®y denidp theaQAM syafiibls)pyione IQAM femedwatiortandi patalluhtoserddd squar e
error (MVBE) spatial demapper followed by soft Viterbi decoding, although

the invention dofivédgbn bé6MoleRkBractiatefridefitaliSIOAN &f tHeQRRidAt Mcbdduaithisiari cted as a
nunber of functional blocks, those skilled in the art will appreciate that

cof tvar o, 11 1o B S oS g e PR oo ot
one or ot ol eI g hd dee3TpBIRASE b ing e bUBIeobint L Ghepilt LT
recei ve control .input fr b band and/ or MAC pr ssing elements (e.qg.
112, 114). AccHR#HeRBVasT Soiwish e he @P(Fé?‘%?‘{)"ﬁgsgﬁ‘h‘g Soment 260 mmy wel |
s omvi g oncoded within the reteived sigual(e), Atcoiding o oné embodiment, divelsty

agent 260 may well implement a minimum mean square error (MMSE) spatial

demapper followed by soft Viterbi decoding, although the invention is not limited

in this regard.

[0032] Although depicted as a number of functional blocks, those skilled in the

art will appreciate that one or more of the foregoing elements may well be

implemented in hardware, software, firmware, or any combination thereof.

Moreover, although not explicitly denoted, it will be appreciated by those skilled

in the art that one or more elements such as, e.g., diversity agent 212, 260 may

well receive control input from baseband and/or MAC processing elements (e.g.,

112, 114). According to one embodiment, diversity agents 212, 260 may weil

implement one or more of transmit diversity and space-frequency interleaving,

and communicate which MIMO-OFDM scheme is being used through an

exchange of channel state information. In this regard, diversity agent 212, 260

and the transmit diversity/SFI techniques associated therewith, may be adapted

according to observed channel delay spread and transmit or receive antenna

correlation information (i.e., channel state information).
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and conmmuni cate which M MO OFDM schene is being used through an exchange of
channel state information. In this regard, diversity agent 212, 260 and the
transmt diversity/SFl techniques associated therewith, nmay be adapted
accordi ng d channel delay spread and transmt i nt enna
correlati o&‘pq ﬁ,?%?{r%g?l on (i.e., channel state informati orﬁ)%&nffg&)%ys%sgw 067193
PCTI US20041043655 EXAMPLE DI VERSI TY AGENT OPERATI ON 100331 Having briefly

i ntroduced an exanpl e network environment and diversity agent architecture,
above, a discussion of each of the M M> OFDM t echni ques introduced herein
wi || now be devel oped nore fully with reference to Figs. 3-7. For ease of
description and understandi ng, the devel opnent of these techniques wll be
presented in flowchart formw th continued reference, where appropriate,

to exanple elements in Figs. 1 and 2, although the invention is not limted
inthis regard. 100341 Turning to Fig. 3, a flow chart of an exanple nethod

300 for inpl ﬁg}ﬁg@,{,ﬁ@%&ﬁ mf‘:ﬂ*m,,i s disclosed, according to one
exanpl e enbo . : begins with bl ock 302, wherein the
exapie enbodiottnfe FREY AL KR A an' Bt B5GH, diptER s Bety oo, o
nventon 15 BTt e Aothgh ket B MEGORORDR BN fenc | e
e oo Sasbnefbran sl besrclop noie &7 RhSekeiie gt 502"

For ease of description and understanding, the development of these techniques

will be presented in flow-chart form with continued reference, where appropriate,
to example elements in Figs. 1 and 2, although the invention is not limited in this
regard.

{0034] Tuming to Fig. 3, a flow chart of an example method 300 for
implementing transmit diversity is disclosed, according to one example
embodiment. As shown, the method begins with block 302, wherein the diversity
agent 212 receives content for processing. According to one example
embodiment, the received content is a plurality of substreams of information
received from a serial to parallel transform, although the invention is not limited
in this regard. According to one embodiment, the received content is in the form
of complex symbols that are linear or nonlinear combinations of input QAM
symbols. According to one embodiment, diversity agent 212 may receive the
content from a QAM modulator, wherein the received content is in the form of
QAM symbols, although the invention is not limited in this regard. According to
another embodiment, diversity agent 212 receives uncoded information stream(s)

of bits, and converts the content into QAM symbols.
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synbol s. According to one enbodi nent, diversity agent 212 may receive the
content froma QAM nodul ator, wherein the received content is in the form of
QAM synbol s, although the invention is not limted in this regard. According

to another e diversity agent 212 receives un | nfarmation
strean(s) V2 rﬁgg%gﬁand converts the content into QAM s%ﬁ&g’g@m@‘&%

2005/ 067193 PCTI US2004/ 043655 [00351 In block 304, diversity agent 212
cyclically distributes the QAM synbols across one or nore antennae and one
or nore OFDM tones. According to one enbodinent, diversity agent 212
captures spatial diversity through the devel opnent of MxN L bl ocks of QAM
synbols (where Nis the nunber of OFDMtones, and L is the nunber of

Rayl ei gh fadi ng channel taps), where the synbols applied to each antenna

are offset by [0’635?)/&1 151661! 3(§1hﬂifvErs1t§3 enEPEAchIly RRERutds tRAOAM ¥yrhbdle ks L tines
across the nunber of f ones, dgver5|ty agent 212 introduces an el enent

of frequency giuessie to}flrdo?é e o FRATRSE niths BFDh A0 Hedofiiredne0 (0 one

exanpl e enbodi nent, e nu guency aptively
nodi fi ed accordi ath ons. N In this regard,
a | arger del aﬁméﬁ(ﬁglgﬂt gu f‘%‘&ggﬁ E"B ﬁtlalg%%%btg%ﬂ‘bf"ot{}gd by diversity
agent 212 mhe there is d (L bl ocks may be used
for | ower deI gvelopment of w&&&igﬁﬁﬁﬁﬁf si(é’v% ﬁb‘\i&ﬁﬁf‘ iont al

wr apar ound of s nbol s, wherein the same synbol is transmtted on the same

tone, or a ve tanes,apd &, is the number ofRaylrghifadiog shanngl tappcwheye igent 212 may

well increase or decrease the dispersion to renove this waparound
condi ti on, as symbols applied to each antenna are offset by a cyclical shift. By repeating these

frequency blocks L times across the number of OFDM tones, diversity agent 212
introduces an element of frequency diversity into the channel as well.

[0036] According to one example embodiment, the number of frequency blocks
may be adaptively modified according to multipath conditions in the channel. In
this regard, a larger delay spread among frequency blocks may be employed by
diversity agent 212 when there is high delay spread (L), and fewer blocks may be
used for~ lower delay spread. Moreover, when there is a risk of horizontal
wraparound of symbols, wherein the same symbol is transmitted on the same
tone, or a very close tone, on a different antenna, diversity agent 212 may well
increase or decrease the dispersion to remove this wraparound condition, as
appropriate. A graphical illustration of the transmit diversity blocks are presented
with reference to Fig. 5.

(0037} In block 306, the blocks generated by diversity agent 212 are provided to
the remainder of the transmit processing chain (e.g., IFFT 214, et seq.) to enable
the transmitter to complete channel processing on the distributed content for

transmission via the one or more antenna(e) and OFDM tones.
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appropriate. A graphical illustration of the transmt diversity blocks are
presented wth reference to Fig. 5. 100371 In block 306, the blocks
generated by diversity agent 212 are provided to the renainder of the

transmt pr@&ga,g}ogl,g?fhai n (e.g., IFFT 214, et sed.) to gRaSooslotfiss

transmtter to conplete channel processing on the distributed content for
transm ssion via the one or nore antenna(e) and OFDM tones. 17 WO

2005/ 067193 PCT/ US2004/ 043655 [00381 Turning to Fig. 4, a flow chart of an
exanpl e nmethod 400 for inplenmenting space-frequency interleaving (SFl) is

I ntroduced, according to one enbodinent of the invention. As shown, the
techni que begins in block 402, where diversity agent 212 receives encoded
content. As above, the encoded content nmay be received, e.g., fromforward
error correcting (FEC) encoder, a convolutional encoder, a Reed Sol onbn
encoder, and [00BPCTemingte Fig.#, & flewichart ofancaxdmple methed 409 fooder a BCH coder,
etc., which may be an el enent of diversity agent 212, although the

i nvention i s implementitigtspace-fledubney interleavihg (B8ED ds nitroduded, aeberdingngbmerent at i on,
di versity agent 212 may assune a sliding wi ndow nenory such as that

provi ded by ambediMhtdritRORverRtidHO A8 shovdl, tkbchnidul Debiny Rblbakdo2s not |inited
in this respect. Indeed, for other codes, diversity agent 212 may

[ ear ranget! Nt cRiisity ieh(¥d rectcl EncbBed Yonfell." A8 Bo7e, &'g@er;gc?a d ding w ndow

fashion. In genera e out put codewor romany co e treated as a

const | tuent SoelaraY berva TR i it 3B EE e TERD) €BR0E ¥ Couency

| nterleaving c})t?v%?uquoggl%%coder, a Reed Solomon encoder, and LDPC encoder, a trellis
encoder, a turbo coder a BCH coder, etc., which may be an element of diversity
agent 212, although the invention is not limited in this regard. According to one
implementation, diversity agent 212 may assume a sliding window memory such
as that provided by a convolutional encoder, although the invention is not limited
in this respect. Indeed, for other codes, diversity agent 212 may
rearrange/interleave the input so as to be correlated in a sliding window fashion.
In general, the output codeword from any code may be treated as a QAM symbol
Xj, per the transmit diversity aspect described above, and constituent codeword
bits may then be spread using the space-frequency interleaving techniques
described herein.
{0039] Diversity agent 212 may then perform antenna multiplexing on the
received encoded information. According to one embodiment, adjacent bits of
the received content are first mapped to the Mt antennas. For example, assume
the total number of bits=Mt*Ncgps, where Ncgps is the number of coded and

punctured bits mapped to forty-eight (48) tones of an OFDM symbol (as used,

e.g., in accordance with the IEEE Std. 802.11a (1999) specification, the

18



descri bed herein. 100391 Diversity agent 212 may then perform antenna
mul tiplexing on the received encoded information. According to one
enbodi ment, adjacent bits of the received content are first mapped to the

M antennas. For exanple, assume the total nunber of bits=M NcBps, where
NcBps is tHEOAWIBEN9Df coded and  punctured bits mapped RAYBIUP4UHht (48)
tones of an OFDM synbol (as used, &e.g., in accordance with the |EEE Std.
802.1 la (1999) specification, the 18 WO 20051067193 PCT/ US2004/ 043655

di scl osure of which is expressly incorporated herein by reference for all
pur poses), although the invention is not limted in this regard. The bits

I ndexed by mM:M* Ncars are mapped to the nth antenna. (0040) In bl ock
404, diversity agent 212 may interleave the resulting groups of Ncsrs bits

on each antennag, According to one enbodi nent, diyersjty age 212 may

i npl ement  t hi sﬁlsﬁpé‘FFQ vhich 1§ GXPressly inearmorated ereip ﬁé"éjﬁrf.x@l‘%ém nterl eaver,

whi ch consists of two el ements: tone interleaving, and %M_i nterl eavi ng
(see, e.g., |peEposss) althoshthe nvergio is mey fimited in thysregasd s ThebitsNadixedn Access
Control (MAC) and Physical Layer (PHY) specifications, incorporated herein
for all purpodgs):MtMENrsare orappaddo the mmhantennanpl e enbodi ment, diversity
agent 212 may ensure that adjacent coded bits are mapped onto nonadj acent
subcani ers to [peadolmblbéle404, diversity hgent 2EMnaginteNeavy e Agultiag groapesbodi nent ,

the interl eaver depth determ nes how many tones separate adjacent coded

bits. In generagpstilisdn each antenna. According to one embodiment, diversity agent 212
may implement this interleaving in accordance with the 802.11a interleaver,
which consists of two elements: tone interleaving, and QAM interleaving (see,
e.g., IEEE Std. 802.11a-1999, Part 11: Wireless LAN Medium Access Control
(MAC) and Physical Layer (PHY) specifications, incorporated herein for all
purposes).
{0041} According to one example embodiment, diversity agent 212 may ensure
that adjacent coded bits are mapped onto nonadjacent subcarriers to perform the
tone interleaving. According to one embodiment, the interleaver depth
determines how many tones separate adjacent coded bits. In general, this
separation should be equal to the coherence bandwidth of the channel, e.g., N/L
(where N=DFT size, and L=the length of the channel response in time), although
the invention is not limited in this respect. In this regard, the interleaver depth is
proportional to the length of the channel impulse in time (L).
10042) As used herein, according to one embodiment, interleaver depth may be
defined as the separation between bits on adjacent tones in each frequency block.

For example, if there are 1:48 input bits to be mapped to 48 tones with a depth of

16 (i.e., per 802.11a interleaver), where the bits are mapped to tones 1:48 column-
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separation should be equal to the coherence bandw dth of the channel, e.g.,
N L (where N=DFT size, and L--the length of the channel response in tine),
al though the invention is not limted in this respect. In this regard, the

i nterl eaver ¢j153 Proportional to the Iength of the ghamielsoli¥pel se in
time (L). gz }aAé used herein, according to one enbodinent, interleaver

depth may be defined as the separatlon bet ween bits on adj acent tones in
each frequency bl ock. For exanple, if there are 1:48 input bits to be
mapped to 48 tones with a depth of 16 (i.e., per 802.11 a interleaver),
where the bits are mapped to tones 1:48 colum- 19 WD 2005/ 067193

PCT/ US20041043655 by-colum, bits 1, 17, 33 and 2 are mapped to tones 1, 2,
3 and 4, respectively. More particularly, the mapping would look like: 1 2
3456 7 8 9 by@ohinm Bitd B, 17433 dndlBart tnapPedLtd t@iks 2]12,32and3}, pesp@Bvelg. 27 28 29 30
31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 |1f we change the

depth to 12, Mo,g%n{chﬁﬂ;qhémapﬂggmﬂlﬂlwlg@hmhere bits 1, 13, 25, 37 and 2
are mapped to tones 1, 2, 3, 4 and 5 respectively: 1 2 3 4567 89 10 11

12 13 14 15 16 117 @8 39 20 21 @22 238249 39 2i 212 2832943053112 33 34 35 36
37 38 39 40 41 4} 4 4@42 4524823[ 3§5A§@or2qll ng tsy ogg gxanpl e

enbodi nent, di v§§5|3§1yg§g t4f hgo |4§t e4r4l efyehedapt gt o the
0 endi hg on percel

observed val ue ved nul t

If we change the depth to 12, we get the following mapping, where bits 1, 13, 25,
37 and 2 are mapped to tones 1, 2, 3, 4 and 5 respectively:
1 2 3 4 5 6 7 8 9 10 11 12

13 14 15 16 17 18 19 20 21 22 23 24

25 26 27 28 29 30 31 32 33 34 35 36

37 38 39 40 41 42 43 44 45 46 47 48
[0043] According to one example embodiment, diversity agent 212 may adapt the
interleaver depth to the observed value of L. Depending on perceived multipath
conditions, a high L will result in a large interleaver depth, and vice versa.
According to one embodiment, diversity agent 212 may set the interleaver depth
based on a worst case channel response condition, e.g., where L=worst case delay
spread=length of the cyclic prefix of an OFDM symbol (e.g., 16 in an 802.11a
compliant system).
[0044] Thus, for arbitrary values of N (e.g., 96 or 108 when multiple 802.11a
channels are bonded together to provide high throughput), a key design criterion
that determines performance contemplated by the diversity agent 212 is the
separation of adjacent coded bits as a function of the channel’s coherence

bandwidth. If the channel bandwidth increases as in channel bonding without

affecting inter-tone spacing, the coherence bandwidth will not change (over the

20



conditions, a high L will result in a large interleaver depth, and vice
versa. According to one enbodi nent, diversity agent 212 may set the
interl eaver depth based on a worst case channel response condition, e.g.,

wher e L:mrﬁéz@%ﬁﬁlgm ay spread=length of the cyclic pﬁ?/‘iﬁﬁﬁém?ggﬁgzw

synbol (e.qg., I'nan 802.11 a conpliant systenm). [00

arbitrary values of N (e.g., 96 or 108 when nultiple 802.1 la channels are
bonded together to provide high throughput), a key design criterion that
determ nes performance contenpl ated by the diversity agent 212 is the
separation of adjacent coded bits as a function of the channel's coherence
bandwi dth. |If the channel bandw dth increases as in channel bondi ng w thout
affecting inter-tone spacing, the coherence bandwidth will not change (over

the 20 WO 20034héset 8BmikipAtIRM ) AR QTR gerDFEsig€ls taken Wiliin MRGamehannel s) . | f

a larger DFT size is taken within the same channel bandw dth, diversity

212 1 j bi
R T T S

separated acc n a prop | 'ar ger tones. [0045] To

Coted bi e ar SOREmEEed Bee e PR P BRMaL (o RH A Pl Pl ) 0 2"

the constellation and, as such, long runs of lowreliability (LSB) bits are
avoi ded. AccGﬂﬁ’i“Frb to one exanpl e enbodi nent, diversity agent 212 perforns
the tone and QAM interl eavm_ in accordance with the foll ow ng mat hemati cal
descri pti ons, 10048 pde pesfemQAM interleaving, diversity agent 212 may ensure that

adjacent coded bits are mapped alternately onto less and more significant bits of
the constellation and, as such, long runs of low reliability (LSB) bits are avoided.
According to one example embodiment, diversity agent 212 performs the tone
and QAM interleaving in accordance with the following mathematical
descriptions, respectively:
i=(Nceps/16)(k mod 16)+floor(k/16)
[1]
where k=0,1,...,Ncpps.1; and the function floor denotes the largest integer not
exceeding the parameter.
J=s x floor(i/s) + (i + Ncaps — floor(16 x i/Ncpps))mod s
[2]
where the value of s is determined by the number of coded bits per subcarrier,
Ngesc, according to s=max(Nppsc/2,1). According to one embodiment, a
diversity agent 260 in a receiver may employ a deinterleaver which performs the
inverse relation defined by the above two permutations, although the invention is

not limited in this regard.
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I =(NcBps/ 16) (k nod 16) +fl oor (k/16) [1] where k=O 1,...,NcBps.1; and the
function floor denotes the |argest integer not exceeding the paraneter. j=s
x floor(i/s) + (| + NcBps - floor(16 x i/NcBps))nod s [2) where the val ue

of sis de t he nunber of coded bits per subc b c,
accordi ng to s max Sﬁ)lgpsrlz, 1). According to one enbodine %Hrh% 004/3‘?'1\?% sity

agent 260 in a receiver may enpl oy a deinterl eaver which perforns t he

i nverse relation defined by the above two pernutations, although the
invention is not limted in this regard. 21 WO 2005/ 067193

PCT/ US20041043655 100461 In bl ock 406, diversity agent 212 nmay map the

I nterl eaved content to QAM synbols. According to one enbodi nent, diversity
agent 212 may include a bit-to-QAM napper, wherein nultiple bits are mapped
to the QAM syniead]s In blocic406] diversitg agene 2 Exmapinap drehintétleaet cortbrt teFDM
subcarriers are nodul ated using BPSK, QPSK, 16-QAM 64-QAM 128- QAM or

256- QAM depemmyﬂaolst hec&amEm&oﬁ@é@ddﬁnm dEveigpent NWimdyliaclegope of the

invention is not Iimted in is regard. According to one enbodi nent, the

encoded and 'th?trtbwailﬂgg%reﬁ?ﬁlh 116tk R0 e Al el | 0 0 oups

of Narsc (e.g Its an converted into x nunber s

oy Lo Abafy tgghga%rfﬁ B QiRent BEOFPANKHL AR HEN iR O

according to € ron na
using BPSK, QPSK, 16-QAM, 64-QAM, 128-QAM or 256-QAM, depending on

the coding rate to be employed, but the scope of the invention is not limited in
this regard. According to one embodiment, the encoded and interleaved binary
serial input data may be divided into groups of Ngpsc (e.g., 1, 2, 4 or 6) bits and
converted into complex numbers representing QAM constellation points. The
conversion may be performed according to Gray coded constellation mappings,
although the invention is not limited in this respect.

[0047] In block 408, diversity agent 212 introduces a cyclic shift to the resultant
QAM symbols on each antenna with respect to the other antenna(e). According
to one embodiment, as introduced above, diversity agent 212 shifts the symbols
destined for the m™ antenna by m-1 tones vis-a-vis the 1** antenna. As used
herein, the cyclic tone shift introduced by diversity agent may well be greater
than 1. Indeed, according to one embodiment, the cyclic tone shift introduced by
diversity agent 212 is adaptive based, at least in part, spatial correlation — the
more correlated the fading on different antennas, the greater the tone shift from
antenna to antenna. In certain implementations, e.g., where the number of

transmit antennas (Mt) is high, diversity agent may shift by more than one tone

from antenna to antenna to avoid wrap around and ensure good performance.
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al t hough the invention is not Iimted in this respect. 100471 In bl ock 408,
diversity agent 212 introduces a cyclic shift to the resultant QAM synbol s
on each antenna with respect to the other antenna(e). According to one
enbodi ment w@syok/diaduced above, diversity agent 212 shipllriyshdd@osésdol s
destined for the mth antenna by m¥1 tones vis-ii-vis the | St antenna. As
used herein, the cyclic tone shift introduced by diversity agent may wel |
be greater than 1. Indeed, according to one enbodi nent, the cyclic tone
shift introduced by diversity agent 212 is adaptive based, at |east in
part, spatial correlation - the nore correlated the fading on different
ant ennas, the greater the tone shift from antenna to antenna. In certain
|nplenentat|ons where the nunber of transmit antennas (M) is high,

diversity agerrdmgawn%ﬁ]gf dgardy ad¥Bfdtngl td dfe BMIBodiMBR, dilérsity @@mna antenna to
avoid wap around and ensure good performance. 22 W 2005/ 067193

PCT/ U82004/ 04 t

diversity ageﬁ%gtlefwgé%rug%g’a hglé{:nﬁﬁgﬁﬂn f\%@‘?ﬁ?ﬁéggﬂ&é @ugﬁ&ﬁﬁgg{raﬁor m the SFI
t ech tr d th F le, if
e orfar e SRR A o B SRR
sequence to [ l?lza}l‘ﬁ g%éh%%mﬁyﬁg%ﬁ‘}‘?m}t@“%éé{lgy%wr‘g rﬁ?&i’y fromthe
di scl osure herein, that there may be o and each the coded

sequence rat h@KP%ﬂHéhPff}FWdé’lfrséﬁ‘&nFﬂOdhl bébébz %93Pékﬂﬁdtﬁhﬂ“@%?ccount t he

resulting multidinmensional space-frequency constellations, etc. 100491 The
space- f r equenapprieciated, fecaw thet ditdiclosis harean, that therermoaydssathierfways to expand

each the coded sequence rather than simple repetition, e.g., by taking into account
the resulting multidimensional space-frequency constellations, etc.

[o049] The space-frequency interleaved blocks are then processed for
transmission via one or more antenna(e) and OFDM tones, as introduced above.
An example graphical illustration of the space-frequency interleaved blocks
generated by diversity agent 212 is provided with reference to Fig. 6, below.
[0050] Although not particular detailed, those skilled in the art will appreciate
from the discussion above, that a receive diversity agent 260 may implement
selectively implement either of the foregoing methods in a complementary (e.g.,
reverse) order to demap, or deinterleave, respectively, content received on signals
processed in accordance with the above transmit diversity or space-frequency
interleaving techniques. For example, the deinterleaving technique may comprise
one or more of cyclically shifting the tones, QAM to bit mapping, deinterleaving,
and antenna demultiplexing, although the invention is not limited in this regard.
[0051] Turning to Fig. 5, a graphical illustration of an example transmit diversity

blocks generated in accordance with an embodiment of the invention is presented.

23



transm ssion via one or nore antenna(e) and OFDM tones, as introduced above.
An exanpl e graphical illustration of the space-frequency interl eaved bl ocks
generated by diversity agent 212 is provided with reference to Fig. 6,

bel ow. 10%)0%005%6?ﬁgugh not particular detailed, those §,k:ir)d3§&4)0‘gﬁ{5he art

w || appreciate rromthe discussion above, that a receive diversity agent
260 may inplenent selectively inplenent either of the foregoing nethods in
a conplenentary (e.g., reverse) order to demap, or deinterleave,
respectively, content received on signals processed in accordance with the
above transmt diversity or space-frequency interleaving techniques. For
exanpl e, the deinterleaving technique may conprise one or nore of
cyclically shifting the tones, QAMto bit mapping, deinterleaving, and

ant enna denul In fekerdhm@, with the exaphplé Biibodimerttof Big. 5sa diotrsity blotledf Moxt hi s
regard. 100511 Turning to Fig. 5, a graphical illustration of an exanple

transmt di VeN$I",isM1sed?|Iﬂcﬂiﬁcﬁb%ﬂ&iﬁ&%i@)d%g?ﬁtﬁQg&h&&@@ﬁanh&béf‘ZMOdi ment of the
invention is presented. 23 WD 2005/067193 PCT/ US2004/ 043655 | n accordance

with the examaﬁ‘ic@mmgﬁﬂbfls. I:f'lﬂ'tecgi?ig e HluE4tsd ﬁ%‘ig.lsoﬁ Kx@hsibets N L is

used. In this case, drver y agent generates ah L number 2xN L

matri ces of QAM sv. | s. t,echni que ilJ].ustra in Fig .5 is extensible
to cover si tﬁ%‘fefg’ﬁggg’fs qd@ Zt%))y: g 8‘.‘:{6’”’81&’% n%ﬁ%‘ﬁ%gde eon%%ffi c delay on each
additional transmt_ antenna accordi tQ -1) on successivVv ntennae. It
Shoul d_be apaKaEel BISTRLAM S SoHDE M AE JuEBRkantr i G0ud | o 1 r om a
Viterbi decoder that decodes across tones while taking into account the
repetition of be agniesiated that he space fregnerey cadewprtin g Rds framenYitahi i s not

limted in this regard. _ N
decoder that decodes across tones while taking into account the repetition of

symbols across L blocks, although the invention is not limited in this regard.
[0052] Turning to Fig. 6 a graphical illustration of an example space-frequency
interleaving blocks generated in accordance with an embodiment of the invention
is illustrated. As above, for ease of illustration and not limitation, the SFI blocks
depicted correspond to an embodiment wherein Mt=2, but is extensible to
implementations of Mt>2 in accordance with the techniques described above.
[0053] Fig. 7 presents a graphical illustration evidencing the performance
characteristics associated with various mapping techniques (i.e., single input,
single output (1x1 SISO), spatial multiplexing (where bits are interleaved across
tones, but not antennae), and space-frequency interleaving (SFI)). According to
the illustrated embodiment, Fig. 7 graphically illustrates the performance (e.g.,
measured in bit error rate (BER) and packet error rate (PER) over Es/No) for a 54
Mbps/antenna. As shown, the SFI technique exhibits a modest gain of about one

decibel (1dB) in signal to noise ratio (SNR) performance relative to conventional
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[ 00521 Turning to Fig. 6 a graphical illustration of an exanple
space-frequency interleaving blocks generated in accordance with an
enbodi nent of the invention is illustrated. As above, for ease of
illustrati limtation, the SFI bl ocks depict d to an
enbodi nent %@pg?ﬂgﬁ/t =2, but is extensible to inpl emn?ggﬁg%@@g‘?@%ﬁ >2 in
accordance with the techni ques descri bed above. 10053] Fig. 7 presents a
graphical illustration evidencing the performance characteristics
associated with various mapping techniques (i.e., single input, single
output (Ix1 SISO, spatial nultiplexing (where bits are interleaved across
tones, but not antennae), and space-frequency interleaving (SF1)). According
to the illustrated enbodinent, Fig. 7 graphically illustrates the
performance ( igpler) tésharuesir a recbiver consistingrefian MMER)spatiul dgraagpet aredr r or r at e
(PER) over Es/No) for a 54 Mops/antenna. As shown, the SFI technique

exhi bits a mgdgsft vaib détod@DBitish@l& be Aeger Bs?imdrd 6dphistidated gddeivers0 Noi se ratio
(SNR) performance relative to conventional 24 WO 2005/067193

PCT/ US2004/ 04 Ll 21 ' f ; , Fch‘% jng of an MVBE
spati al demp@gﬁaﬁgﬁg@oﬁﬁﬁaﬁg?ﬁcg ecoggél?ﬂ%{iﬁsgﬁﬁ{r be Pgédéer for nore
sophi sticated yeceivers.,...100541 Al t.hough . i described. as
conprising a ﬁ(ﬂ%@#’ tﬁ?sefszfﬂ%ail 5?“%&3?@%?%?’%%@2% tgéﬂsfuesal olhﬁgrteﬁlé art will
appreci ate, based on . the djscussion heregin t alternate. emhodi ments of
the diversi ty%%fb ajq embg ﬁ‘ﬁff’tﬁgﬁg‘t"ﬁﬁlwgeﬂf %{?ﬂﬁamé"ﬂ%@}‘ﬁmn rit of the
i nventi on. Accordiagg to one exanpl e enbodi nent, a diversjty agent that

omits the ant &AP§ and sriitefdhe inyention. Ageqrdiag toons example embodiment a™j g

anticipated. In accordance with this exanple enbodi nent, diversity agent nmay
diversity agent that omits the antenna multiplexing and cyclic tone shift features

is anticipated. In accordance with this example embodiment, diversity agent may
map blocks of contiguous bits to each of at least a subset of antenna(e), and then
perform 802.11a tone and QAM interleaving, and bit-to-QAM mapping described
above, although the invention is not limited in this regard. A diversity agent that
performs the inverse operations is also anticipated.

[0055] Fig. 8 depicts a graphical illustration of a performance comparison of SFI
vs. spatial multiplexing for a lower data rate of 6 Mbps per transmit antenna. As
shown, the performance improvement introduced by SFI is more pronounced at
lower data rates. Thus, it should be appreciated from the discussion herein that
certain advantages of the proposed technique may be even more pronounced in
realistic channels with impairments such as antenna gain imbalance, I/Q

mismatch etc.
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map bl ocks of contiguous bits to each of at |east a subset of antenna(e),
and then perform802.11 a tone and QAM interl eaving, and bit-to- QAM mappi ng
descri bed above, although the invention is not limted in this regard. A
diversity agent that perfornms the inverse operations is also anticipated.
100551 Fi gVOg0e§MpT18t s a graphical illustration of a perfOVHRAUI4¥STpari son
of SFI vs. spatial nultiplexing for a lower data rate of 6 Mps per
transmt antenna. As shown, the performance inprovenent introduced by SF

i's nmore pronounced at |ower data rates. Thus, it should be appreciated from
the discussion herein that certain advantages of the proposed techni que may
be even nore pronounced in realistic channels with inpairnents such as
antenna gain inbalance, 1/Q msmtch etc. 25 WD 2005/ 067193

PCT/ U52004/ 04 5 odi nment(s) (00561 Fig. 9 illustrates a bl ock
di agram of a Eﬁg s EhBbdificis dium conprising content which, when

I nvoked, nmay cause.a ccessi hi ne to _inplenent on r nore aspects of
the diversi tyl°%§ale?ﬁ‘g§’1@,““?§?f agﬁ%%‘;‘ﬁagé&(gt?na?xeu'p hen%?rﬁ%ed@e‘gaﬁ 400. In this
regard, storage nedium 900 includes co%}ent 902 ge.gﬂ, i ngt.ructi ons, data,
or any conbi nEMRsisingicantentyhich when 1Ryeked, BaY CaHse 4N ACESRREWACHNSIO o5 sj ng
appliance to inplenent one or nore aspects of SMA 212, 260, descri bed
above. (0057 limplementong eranere askeptsof thetdivessify peent di 2A00@od/angssesiatedide, but i s

not limted to, floppy diskettes, optical disks, CD ROWs, and
magnet o- opt i cmkthddss}®, 400. In this regard, storage medium 900 includes content 902

(e.g., instructions, data, or any combination thereof) which, when executed,
causes an accessing appliance to implement one or more aspects of SMA 212,
260, described above.

[0057] The machine-readable (storage) medium 900 may include, but is not
limited to, floppy diskettes, optical disks, CD-ROMs, and magneto-optical disks,
ROMs, RAMs, EPROMs, EEPROMs, magnet or optical cards, flash memory, or
other type of media / machine-readable medium suitable for storing electronic
instructions. Moreover, the present invention may also be downloaded as a
computer program product, wherein the program may be transferred from a
remote computer to a requesﬁng computer by way of data signals embodied in a
carrier wave or other propagation medium via a communication link (e.g., a
modem, radio or network connection).

[0058] In the description above, for the purposes of explanation, numerous
specific details are set forth in order to provide a thorough understanding of the
present invention. It will be apparent, however, to one skilled in the art that the

present invention may be practiced without some of these specific details. In
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ROMs, RAMs, EPROVE, EEPROVE, magnet or optical cards, flash nenory, or

ot her type of nedia / machi ne-readabl e nmediumsuitable for storing

el ectronic instructions. Mreover, the present invention nay al so be

downl oaded‘gasz()(%mﬁ%rput er program product, wherein the grpg§R00¥8%s be
transferr froma™ renote conputer to a requestlng conputer by way of data
signals enbodied in a carrier wave or other propagation nediumvia a
comunication link (e.g., '‘a nodem radio or network connection). (00581 In
t he description above, for the purposes of explanation, nunerous specific
details are set forth in order to provide a thorough understanding of the
present invention. It wll be apparent, however, to one skilled in the art
that the present invention naybe practiced w thout sone of these specific
details. In 2§hdGhstifeed, MeNIhdwnGirhddued At dbéiR6Sare shdvinein blocki diagpam, wel | - known
structures and devices are shown in block diagram form 100591 Enbodi nents
of the presenfghnvention may be used in a variety of applications. Al though
the present invention is not limted in this respect, the circuits

di scl osed her@bgg, %?(%lgﬁnb‘%?gf the fgs&{tmﬂﬁ&ﬂln%eﬁesuseg?rpﬂrﬁiet b pose

m Ccr opr ocessors I gnal Pr ocessors SPs), Reduced Instruction- Set

Computing (RIS np ructi ng ot her

el ectronic co?ﬂ%ﬁ%ﬁ’flg Aﬁﬁ%ﬁ?‘gf’epm‘eﬁmsﬁo‘fﬂt‘é gég unhiérg tchﬁye?ta{ﬁge scope of
the present invent]j on i.§ NO to.these | es 100601 Enbodi ment s
of the presentirquiydise! Piﬁﬁ’ﬁ'ﬁﬁ!“ B\‘?g“h@l"iﬁ%‘i?l}“? %@ﬁ?la‘f%"

microprocessors, Digital Signal Processors (DSPs), Reduced Instruction-Set

Computing (RISC), Complex Instruction-Set Computing (CISC), among other
electronic components. However, it should be understood that the scope of the
present invention is not limited to these examples.

[0060] Embodiments of the present invention may also be included in integrated
circuit blocks referred to as core memory, cache memory, or other types of
memory that store electronic instructions to be executed by the microprocessor or
store data that may be used in arithmetic operations. In general, an embodiment
using multistage domino logic in accordance with the claimed subject matter may
provide a benefit to microprocessors, and in particular, may be incorporated into
an address decoder for a memory device. Note that the embodiments may be
integrated into radio systems or hand-held portable devices, especially when
devices depend on reduced power consumption. Thus, laptop computers, cellular
radiotelephone communication systems, two-way radio communication systems,
one-way pagers, two-way pagers, personal communication systems (PCS),
personal digital assistants (PDA’s), cameras and other products are intended to be

included within the scope of the present invention.
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circuit blocks referred to as core nenory, cache nmenory, or other types of
menory that store electronic instructions to be executed by the
m croprocessor or store data that nay be used in arithnetic operations. In

general , ap, € Lent using multistage domino logic i with the
cl ai ned sug?ﬁg&ﬂﬁzgﬁer may provide a benefit to nicrop?giéég%ggg&gnd in
particular, may be incorporated into an address decoder for a nmenory

device. Note that the enbodiments nay be integrated into radio systens or
hand- hel d portabl e devices, especially when devices depend on reduced power
consunption. Thus, |aptop conputers, cellular radiotel ephone conmuni cation
systens, two-way radi o communi cati on systens, one-way pagers, two-way
pagers, personal comunication systens (PCS), personal digital assistants
(FDA' s), came[odd) ariek presear inpémidh Gictudes Garions epetatibriso The opériidnsd€thewi t hi n t he
scope of the present invention. 27 WO 2005/ 067193 PCT/ US2004/ 043655 100611

The present | Pﬁéﬁ‘éﬁi iR BntioAGhMARSp R QI IPEWAE cOfiPonehlISsyRR S oseons of the
present invention nay be péerforned by "hardware conponents, such as those

shown in Fi gssl%o%vnqg%{é%lzgndvl\ﬁZ %P%agﬁ%ﬁxﬁﬁ’&ﬁ%ﬁ%ﬁd}hﬁ@%%&?ab‘?é‘&% gbl e cont ent

(e.g., instructions ¢h may bé Used to cause a general - pur pose or

speci al - purpgse .pr.ocgss r.l.ogic circuits progra d wth the

i nstructions %% ?"F“Sﬁ?ﬁs?? 9@ “8}5@%5?3( ﬁ%‘?.e&lh ctaélg%aa n\%%}“pf’ﬁeémc%%‘?%hi ons nay
be perfornmed by a conbi nati on, of hardware and_ sofiware, Moreover, although
the i nvent i onPHRESCHERSSSIPE SEIoBisrcuitsprogrammse prithythemstructions,imeHgM | i ance,

those skilled in the art wll appreciate that such functionality may well
be enbodi ed i thedpgrabensndlieraptively, theraperatiors may be performed by a combination

of hardware and software. Moreover, although the invention has been described
in the context of a computing appliance, those skilled in the art will appreciate
that such functionality may well be embodied in any of number of alternate
embodiments such as, for example, integrated within a communication appliance
(e.g., a cellular telephone).

{0062] Many of the methods are described in their most basic form but operations
can be added to or deleted from any of the methods and information can be added
or subtracted from any of the described messages without departing from the
basic scope of the present invention. Any number of variations of the inventive
concept are anticipated within the scope and spirit of the present invention. In
this regard, the particular illustrated example embodiments are not provided to
limit the invention but merely to illustrate it. Thus, the scope of the present
invention is not to be determined by the specific examples provided above but

only by the plain language of the following claims.
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enbodi nents such as, for exanple, integrated within a conmmunication
appliance (e.g., a cellular tel ephone). 100621 Many of the nethods are
described in their nost basic formbut operations can be added to or

del eted fromany of the nmethods and information can be added or subtracted
fromany of the described nessages w thout departing fromthe basic scope
of the present invention. Any nunber of variations of the inventive concept
are anticipated within the scope and spirit of the present invention. In
this regard, the particular illustrated exanple enbodi nents are not provided
to limt the invention but nerely to illustrate it. Thus, the scope of the
present i YRipsi on is not to be determ ned by the specific exanples provided
above but “only by the plain | anguage of the follow ng clains. 28 CLAI M5 1.
A met hod conpri 3j ng: Arm@kRodidongprigiapt ent from a host device for transm ssion
via two or nore tones in a nulticarrier conmunication channel fromtwo or

mor e ant enna( e) yecathooftchi i D8oe!RIBN S RhshiBGor ORehNest HMRIBALSs ARG 0SS
one or nore of the antenna(e) and tone(s) to |ntroduce full-order transmt

diversity By 6% Eo%lqh’nlgdtl%H%ﬁa?TﬁSQQ‘ro z{nlt e, itf €l ved content across

M transmt antennas, an carrler tones for each of a

(i Sper i on'of R?ﬁ'@ferfbﬁl"%%é%%%%%%ﬂﬁaé‘&%@eﬁ%{rs% %@E‘ﬁ %r’“ﬁ?orr Bl e e E e

transmt diversity according to is the nunber of receive
ant ennae. 2one() fetimnduete %lrfafifﬁgtr%“émél daYerﬁ%‘tI bW\le@:“é"l“H dippersingc elepents ebilicent i s
a stream of

received content across Mt transmit antennas, and a number (N) of multicarrier tones for each

of a plurality of Rayleigh fading channel taps (L) , wherein the cyclical dispersion of the
elements of the received content provides full-order transmit diversity according to MsMr+L,

where Mr is the number of receive antennae.

2. A method according to claim 1, wherein the received content is a stream of
quadrature amplitude modulation (QAM) symbols, received from the host device, or an

application or agent executing thereon.

3. A method according to claim 1, wherein the cyclic dispersion is a function of
delay spread Lp.
4. A method according to claim 1, wherein the cyclic dispersion of the

elements is adaptively determined based, at least in part, on an observation of multipath

conditions of the channel.
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gquadrature anplitude nodul ation (QAM synbol s, received fromthe host

device, or an application or agent executing thereon. 3. A nethod according
to claim1, wherein the cyclic dispersion is a function of delay spread Lo.
4. A method according to claim1, wherein the cyclic dispersion of the

el enments is adaptively determ ned based, at least in part, on an observation
of multipath conditions of the channel. 29 5. A nethod according to claim
4, wherein the cyclic dispersion is increased as a |arger nunber of
frequency bl ocks (LB) where there is a high delay spread. 6. A nethod
according to claim1l1, wherein cyclic dispersion is decreased over a fewer
nunmber of frequency blocks to mtigate a danger of horizontal w aparound of
the elenments. 7. A nethod according to claim1l, wherein a tone delay from
antenna to antenna is great than one (1). 8 A nethod according to claim?7,
wherein the tone delay fromantenna to antenna is adaptively determ ned
based, at |eastsin pamtethdactbidirgRatiagh 4CRhEEhakd Otlic WypEmion is tndeeasadr e
correlated the fading on different antennas, the greater the tone delay from

ant enna toas”‘e(‘fafg&?gquerd%fﬂéaﬁémg bﬁ)%ﬁé)g%:) Merte%&é?sianﬂi%h duBeEseay the received

content are co x synbol's that ar i near or nonfinear conbi nati ons of
i nput QAM synbols. 10. A nethod according to claim1, further conprising:
perform ng additional channel processing prior to transm ssion of the

full -order . . - .
6. A method according to claim 1, wherein cyclic dispersion is decreased

over a fewer number of frequency blocks to mitigate a danger of horizontal wraparound

of the elements.

7. A method according to claim 1, wherein a tone delay from antenna to

antenna is great than one (1).

8. A method according to claim 7, wherein the tone delay from antenna to
antenna is adaptively determined based, at least in part, on the spatial correlation, wherein
the more correlated the fading on different antennas, the greater the tone delay from

antenna to antenna.

9. A method according to claim 2, wherein the received content are complex

symbols that are linear or nonlinear combinations of input QAM symbols.

10. A method according to claim 1, further comprising:

performing additional channel processing prior to transmission of the full-order
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30 transmt diversity channel to a renote device. 11. A nethod according to
claim 10, the additional channel processing conprising one or nore of
converting dispersed content froma tine domain to a frequency domain,
introducing a cyclical prefix into the signal stream and perform ng
front-end radio frequency (RF) processing prior to transm ssion via on or
nore of the transmt antenna(e) M. 12. A storage nedi um conpri sing content
whi ch, when executed by an accessing device, causes the device to inplenent
a nmethod according to claim1. 13. An apparatus conprising: a diversity
agent, to receive content froma host device and distribute el enents of the
recei ved content across one or nore of a plurality of transmt antenna(e)
and tone(s) of a multicarrier comunication channel to generate a transmt
signal exhibiting full- order transmt diversity, wherein the diversity
agent cyclically disperses elenents of the received content across M
transmt aph@niediverdifdcanfelibererhdd deficérul ticarrier tones for each of a
plurality of Rayleigh fading channel taps (L) to provide the full-order
diversity transmt signal; and a transmtter, responsive to the diversity
agent, to transmt the generated transmt 31 signal. 14. An apparatus
according to clajm 13, e tr 1 tter Lst-ng: iV, di screte

Fouri er transf ofﬂm (1 tﬁoeq %ﬁé@ﬁ{?t&g&gpéﬁ%%ﬁ%@&(ﬁl \%lgarnglg[tlﬁgéegag%t , to

receive the transmt signal .and convert it from.a frequency. domain to a tine
comprising one-or niore of converting dispersed content from a time domain to a

frequency domain, introducing a cyclical prefix into the signal stream, and performing
front-end radio frequency (RF) processing prior to transmission via on or more of the

transmit antenna(e) Mt.

12. A storage medium comprising content which, when executed by an

accessing device, causes the device to implement a method according to claim 1.

13.  An apparatus comprising:

a diversity agent, to receive content from a host device and distribute elements of
the received content across one or more of a plurality of transmit antenna(e) and tone(s)
of a multicarrier communication channel to generate a transmit signal exhibiting full-
order transmit diversity, wherein the diversity agent cyclically disperses elements of the
received content across Mf transmit antennas, and a number (V) of multicarrier tones for
each of a plurality of Rayleigh fading channel taps (L) to provide the full-order diversity
transmit signal; and

a transmitter, responsive to the diversity agent, to transmit the generated transmit
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dormain; and a radio frequency (RF) processing el enent, coupled with the |IDFT
elenment, to transmt the generated transmt signal via a select one or nore
of a plurality M of transmt antennae. 15. An apparatus according to claim
13, further conprising: a nenory to store content, at |east a subset of
which is executable content to inplenent a diversity agent; and control

| ogic, coupled to the nenory and the transmtter, to access and execute at

| east a subset of the content stored in the nenory to inplenent the
diversity agent. 16. An apparatus according to claim 15, wherein the control
logic is a baseband processor. 17. An apparatus according to claim 15,
wherein the control logic is an 32 applications processor. 18. An apparatus
according to claim 13, wherein the apparatus is a transceiver. 19. A
storage nedi um conpri si ng content which, when executed, causes an accessing
machine to inplenent a diversity agent according to claim13. 20. A system
conpri si ngsjgnfwo or nore dipole antennae; and a diversity agent, to receive
content froma host device and distribute elenments of the received content
across one or nore of the two or nore dipole antennae and tone(s) of a

mul ticarrier comunication channel to generate a transmt signal exhibiting

full-order 14.  An apparatus according to claim 13, the transmitter comprising:

an inverse discrete Fourier transform (IDFT) element, coupled to the diversity
agent, to receive the transmit signal and convert it from a frequency domain to a time
domain; and

a radio frequency (RF) processing element, coupled with the IDFT element, to
transmit the generated transmit signal via a select one or more of a plurality Mt of

transmit antennae.

15.  An apparatus according to claim 13, further comprising:

a memory to store content, at least a subset of which is executable content to
implement a diversity agent; and

control logic, coupled to the memory and the transmitter, to access and execute at

least a subset of the content stored in the memory to implement the diversity agent.

16.  An apparatus according to claim 15, wherein the control logic is a

baseband processor.

17.  An apparatus according to claim 15, wherein the control logic is an
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transmt diversity by cyclically dispersing elenments of the received content
across M transmt antennas, and a nunber (N) of nulticarrier tones for
each of a plurality of Rayleigh fading channel taps (L) , wherein the
cyclical dispersion of the elenments of the received content provides
full-order transmt diversity according to M-M-L, where M is the nunber
of receive antennae. 21. A systemaccording to claim 20, further conprising:
33 a transmtter, coupled between the diversity agent and the dipole
antennae, to receive one or nore substreans of cyclically distributed
content fromthe diversity agent and conplete channel processing prior to
transm ssion of the transmt signal fromthe dipole antennae. 22. A system
according to claim?21, the transmtter conprising: an inverse discrete
Fourier transform (1 DFT) elenment, coupled to the diversity agent, to
receive the one or nore substrearns of cyclically distributed content in a
frequency g@ﬂﬁ&ﬂnﬁ %E%ggyert it to a tine domain representation thereof; and
a radi o frequency ? processing el enent, coupled to the IDFT elenent, to
receive the tine domain representation of the cyclically distributed content
and anplify it for transm ssion fromthe dipole antennae. 23. A system
according to claim22, the transnjtter further conprising: a cylical prefix
i nsertion eleneh%, cONFPRAUAYE RSLQEHNG R 13IPET, Whey CAPRFA'WR!ISBF  processi ng
element, to introduce cyclical prefix into the tinme domain representati on of
t he gener atregsceiveinsm t signal . 24. A system according to claim22, wherein
the systemis a transceiver

19. A storage medium comprising content which, when executed, causes an

accessing machine to implement a diversity agent according to claim 13.

20. A system comprising:

two or more dipole antennae; and

a diversity agent, to receive content from a host device and distribute elements of
the received content across one or more of the two or more dipole antennae and tone(s) of
a multicarrier communication channel to generate a transmit signal exhibiting full-order
transmit diversity by cyclically dispersing elements of the received content across Mt
transmit antennas, and a number (N) of multicarrier tones for each of a plurality of
Rayleigh fading channel taps (L) , wherein the cyclical dispersion of the elements of the
received content provides full-order transmit diversity according to MteMr+L, where Mr

is the number of receive antennae.

21. A system according to claim 20, further comprising:
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a transmitter, coupled between the diversity agent and the dipole antennae, to
receive one or more substreams of cyclically distributed content from the diversity agent
and complete channel processing prior to transmission of the transmit signal from the

dipole antennae.

22. A system according to claim 21, the transmitter comprising:

an inverse discrete Fourier transform (IDFT) element, coupled to the diversity
agent, to receive the one or more substreams of cyclically distributed content in a
frequency domain and convert it to a time domain representation thereof; and

a radio frequency (RF) processing element, coupled to the IDFT element, to
receive the time domain representation of the cyclical.ly distributed content and amplify it

for transmission from the dipole antennae.

23. A system according to claim 22, the transmitter further comprising:

a cylical prefix insertion element, coupled between the IDFT element and the RF
processing element, to introduce cyclical prefix into the time domain representation of

the generated transmit signal.

24. A system according to claim 22, wherein the system is a transceiver.
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