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of Priority under 35 U. S.C. 119 [0001] The present patent application

cl ai ms prworntoo2e@7Pr ovi si onal Application No. 61/090, 3@CT/Uspaon5@do " UPLI NK
SDVA PI LOT ESTI MATION' filed August 20, 2008, and assigned to the assignee
hereof and hereby expressly incorporated by reference herein. BACKGROUND I .
Field [0002] The follow ng description relates generally to comuni cation
systens, and nore particularly to uplink SDVA pilot estimation. 11.

Background [0003] In or (8PLINIRSDNEA PHO B ESTINIATEON S ng bandw dt h
requi renents that are demanded for w rel ess communi cati on systens,
different schenes are being developed to allow nultiple user termnals to
comuni cate with a single access point by sharing the channel resources

whi | e achi eving high data throughputs. Multiple Input or Miltiple Qutput
(M MO) technol ogy r@R%@ﬂEFEﬁil‘E@EW%B&I@‘&EEQ&B LHaATIONSnt | y energed as
a popul ar technique for the next generation comunication systens. M MO

t echnol ogy (Hakm pEBriotitiopnéer INUSK e8I enmer gi ng wi rel ess conmuni cati ons
standards such as the Institute of Electrical Engineers (IEEE) 802.1 1
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[0004] Spatsh@lasfNddSiOtheMikich®d BcAGE 8RS he ptsg AtdhbRlR BFe&eRnsCheme
whi ch enables mul'tiple streans transmtted to different receivers at the

same time theresthare the sane frequency channel and, as a result, provide
hi gher user capacity. SDVA is a comon and typical M MO schene in cellular

wirel ess systens. In an uplink SD'\ﬁ‘ACKGROUND
I. Field

[0002] The following description relates generally to communication systems, and

more particularly to uplink SDMA pilot estimation.

II. Background

[0003] In order to address the issue of increasing bandwidth requirements that are
demanded for wireless communication systems, different schemes are being developed
to allow multiple user terminals to communicate with a single access point by sharing
the channel resources while achieving high data throughputs. Multiple Input or
Multiple Output (MIMO) technology represents one such approach that has recently
emerged as a popular technique for the next generation communication systems. MIMO
technology has been adopted in several emerging wireless communications standards
such as the Institute of Electrical Engineers (IEEE) 802.11 standard. IEEE 802.11
denotes a set of Wireless Local Area Network (WLAN) air interface standards
developed by the IEEE 802.11 committee for short-range communications (e.g., tens of

meters to a few hundred meters).

[0004] Spatial Division Multiple Access (SDMA) is a multiple access scheme which
enables multiple streams transmitted to different receivers at the same time to share the
same frequency channel and, as a result, provide higher user capacity. SDMA is a
common and typical MIMO scheme in cellular wireless systems. In an uplink SDMA

transmission, each spatial stream may exhibit a different common phase error because



transm ssion, each spatial stream may exhibit a different common phase
error becauseof frequency errors and phase noise differences between

di f f er entwopbionike203ers (access term nals). A nunber of merhsdeas®enpl oyed
to estimate common phase errors for each user in an uplink SDVA
transm ssi on. SUWMARY [0005] In one aspéct of the disclosure, an apparatus
for comruni cations conprises a processing systemconfigured to receive a

plurality of fegadticgler®iy edhphasEaotse alifférbeces patwerh dGffereansplihbngeiss@scess
synbol havi ng . at | east ogne ghase shifted pilot signal. The processin

systemis feIPipAEs). cOARMSE 88 meghads #pri e BPIOVEE e 83tmae 6amBTont IN@sH R f8hi f t ed
pil ot sign : JhYR | F s to estimate phase errors for the
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synbol s. r aspect o e disclosure, a nethod for

comuni cation conprises receiving a plurality of spatial streans, wherein
each of the spatial streans conpri sed/MMARDol having at | east one phase
shifted pilot signal. The nethod further conprises conputing MVBE esti nates
of the phad@0GHi flineshepispat of ttgndibdosuan dneppama ifogecqriaseicaians ceniposest he

synbol s using the E esti.mates. [0007] In yet another aspec f th
7 oo oour oSkttt SR SR hree katitelfnel St sudeRy oFefh b ng
plurality Qhatplatrbahs &hRa&B a s bpmiﬁame% ohB§haRadhild Sildt QREL. CPRPT | ses

a synbol having at |east one phase shifted pilot signal. e apparat us
further compedesenrg wesers S ourtbenpentigugedvivbEompticniMSE eitimhies pialde mhbe t ed

pil ot signals; and neans for esti i hase errors for.the synbols using
Phe e oanitisd Rl FE0Bart 4SS ORISR BUARRsCH Sl Gipbtytoety 195 e
conput er - prse@baid product for wirel ess communication, conprises a

machi ne-readabl e nedium The nediumis encoded with instructions executabl e

to receive [gogd] Urdl ddovhePTasSRBLE Fhe ALEBRTE, 2 WREKS Pore@eim@icdide &Rdsad
streans conprises a synbol having at | east one phase shifted pilot signal

conput e MvBEcadng aplusslityfof tshatia haerenss twihred cqeih| dditthe brptial sircamsdompriserat e
phase err Ors?rni)glr ha%v?r?g at fégalo%eup a5 sﬁiﬁgd %tEsigﬁa{l! rTPﬁeersn'ethod further comprises
computing MMSE estimates of the phase shifted pilot signals; and estimating phase

errors for the symbols using the MMSE estimates.

[0007] In yet another aspect of the disclosure, an apparatus for communication
comprises means for receiving a plurality of spatial streams, wherein each of the spatial
streams comprises a symbol having at least one phase shifted pilot signal. The
apparatus further comprises means for computing MMSE estimates of the phase shifted
pilot signals; and means for estimating phase errors for the symbols using the MMSE

estimates.

[0008] In a further aspect of the disclosure, a computer-program product for wireless
communication, comprises a machine-readable medium. The medium is encoded with
instructions executable to receive a plurality of spatial streams, wherein each of the
spatial streams comprises a symbol having at least one phase shifted pilot signal;
compute MMSE estimates of the phase shifted pilot signals; and estimate phase errors

for the symbols using the MMSE estimates.

[0009] In yet a further aspect of the disclosure, an access point comprises a wireless
network adapter configured to support a backhaul connection for a peer node to a
network, and a processing system. The processing is configured to receive a plurality of

spatial streams wherein each of the spatial streams comprises a symbol having at least



[0009] In yet a further aspect of the disclosure, an access point conprises
a wreless network adapter configured to support a backhaul connection for
a peer node20w/@20et work, and a processing system The PCOASIENG00G
configured to receive a plurality of spatial streanms wherein each of the
spatial streams conprises a synbol havirg at | eastone phase shifted pil ot
signal; conpute MVBE estinmates of the phase shifted pilot signals; and

esti mat e plasehasa shied gilot Bignsly boipatcuMMSE tRemidSb et i phatce shiftBRIpHbt
DESCRI PTI ON, OF, THE, DRAW NGS [ 0010], These and at her sa Ie,as?ects of the

i nvent i on WENRIShRNdRsEERIIAGST FTQIR EordRe symiads %%%FHGMN@ $SHERPo| | ow, and in
t he acconpanyi ng drawi ngs, wherein: [0011]] FIG 1 is a diagramof a

Wi rel ess conmuni cati ons_net work; 5801%5 FIG 2 is a block diagram of an
exanpl e of a wirel ess nSRIEEDESCRIREION @F THEDRAWINGSm of vari ous

functional bl ocks of the channel estimator of FIG 2._}0014] | n accordance
wi th comod0PridctThess agdmhef santde dispasitngs thaaynvisatien nyplli ia described dn dhd ty.
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nore fully hereinafter with reference to the acconganying drawi ngs. This
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i nvention n8Y121ndilEl éris 2 Block disernaat fhexramle of ¢ parkpt 19dsr #d and shoul d not

be construed as |limted to any specific structure or function presented

t hr oughout [0033 dfléc|3oisur diagmat hgva}rlquﬁég@ct@@pleblpgksmfethpﬂ@@m@é@stgaatphaf this
di scl osure -l & be thorough and conplete, and will fully convey the scope
of the invention to those skilled in the art. Based on the teachings

herein, on illed in the art should appreciate that the scope.of .th
vent on TLH dRcstiianE sOBE cgoR pERES SPmE G adantnts i Beyigeub
herei n, whebhehrityTpl@ABNHRAdIaRGeREMAS Mot Ydepict Al 6P B&EpMchly any @vher
aspect of the invention. For exanple, an apparatus nmay be inplemented or a
met hod may abparpiuade e algvigs) agmetiednubinely.olike reéerargserumergletmay be liseb i n.

In additi ORenote like features throughout the specification and figures.

DETAILED DESCRIPTION

[0015] Various aspects of the invention are described more fully hereinafter with
reference to the accompanying drawings. This invention may, however, be embodied in
many different forms and should not be construed as limited to any specific structure or
function presented throughout this disclosure. Rather, these aspects are provided so that
this disclosure will be thorough and complete, and will fully convey the scope of the
invention to those skilled in the art. Based on the teachings herein, one skilled in the art
should appreciate that the scope of the invention is intended to cover any aspect of the
invention disclosed herein, whether implemented independently of or combined with
any other aspect of the invention. For example, an apparatus may be implemented or a
method may be practiced using any number of the aspects set forth herein. In addition,
the scope of the invention is intended to cover such an apparatus or method which is
practiced using other structure, functionality, or structure and functionality in addition to
or other than the various aspects of the invention set forth herein. It should be
understood that any aspect of the invention disclosed herein may be embodied by one or

more elements of a claim.



the scope of the invention is intended to cover such an apparatus or mnethod
which is practiced using other structure, functionality, or structure and
functi onawvOt2zg10i2@ddi tion to or other than the vari ous aspask@9ossophe
invention set forth herein. It should be understood that any aspect of the
i nvention disclosed herein may be enbodi%ed by one or nore el enents of a
claim[0016] Several aspects of a wireless network will now be presented
with refer¢dtiw]t Sdvkfal adpecibhd awvirdtartwekwoillknal0Be peesahicdwvithirtferehey & al

wi rel ess nodes, generally designated as nodes 110 and 120. Each wirel ess

node is capdbl - of N% eEASH MgTuRTH/ B0 tsreedmi with mgyerphWitkesyapaas egnerally
descripti Orﬁleﬁgg?g%& gén h@étf%el fohshdt IO ERGLRRRIROhGe islch ibgg%ftré’c g3t IRabe a

transmtting term "access term nal’ to designate a
recei vi ng nedenitong. dovhe ideteileddesanpioat thentllowkethe dgnt feecesspointacsassd tgpoi nt

is used to designate a receivin ode and.the term"agccess termnal” is
used to dedRuS aIIHEREMIGR PGS P18 AU hICTEB ML BRE B ettt or |

those skil ledivifls hb& B tdoWnlihk 8RB UNcaHBEE el thd@tm ChBRLs b&ihM Rekagy or

nonencl ature nay be used for an access point and/or access term nal. By way
of exanpl e o arsigeatessrepaiving nasly dnd theftemn ddcacss tsminabaseusstlapi dssignatebmse
transcei ver, stati.onh %3?%%%&82’ a t 1) an erm|11

% i iy, “Por

er.m.nal , node, SS
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term nal mayaddle UndbBtah@dhitotAs tarmiseloglh @& MoRhclaturdrally| 1R $katfbOn adécess
subscri ber station, a station, a wireless device, a termnal, a node, or
sonme ot her Peuit eadiPraqcesspnalgyBy WAk of axdngnle. Agiseess Peind 8y ricyetricH toaghout

t his discl -0 - i t-abl i
regar di oss apoq paich. e MEel cARRlof, § Rafbn, g3 A £oMi B BEESDRARRS |0
may Suppor tactmpy ananrieerssofoidc oessngoihot suidbkttembubledyt Amoagbsutmangeaagy aphi c
region to rovgge coverage for access %ﬁrninals 120. A system controller

130 may be PGSEHTEE Brisv deciclsBRERrhat MoRlastitioBnt sePscEiPet Hation: e statioyiht s,
as well as aeG83%chRe 0t REMINE! MALES ok Rofher othdH s%'it%)teﬁﬂﬁ%lggﬁ AGE &S SBious

termnals 120. For sinplicity, one access polnt I's shown. An access
poi nt i s geneeeqls gesaribedk dlttotghrout rhls dibdosupr ewd desndsdclohapyly gerall ceisabio

access term.nals in the geographic region of coverage, however, the access

poi nt_may BUhoppdes REa iR ol iRe el em A aBRE oo
[0017] The wireless network 100 may support any number of access points
distributed throughout a geographic region to provide coverage for access terminals
120. A system controller 130 may be used to provide coordination and control of the
access points, as well as access to other networks (e.g., Internet) for the access terminals
120. For simplicity, one access point 110 is shown. An access point is generally a fixed
terminal that provides backhaul services to access terminals in the geographic region of
coverage, however, the access point may be mobile in some applications. An access
terminal, which may be fixed or mobile, utilizes the backhaul services of an access point
or engages in peer-to-peer communications with other access terminals. Examples of
access terminals include a telephone (e.g., cellular telephone), a laptop computer, a
desktop computer, a Personal Digital Assistant (PDA), a digital audio player (e.g., MP3

player), a camera, a game console, or any other suitable wireless node.

[0018] The wireless network 100 may support MIMO technology. Using MIMO
technology, an access point 110 may communicate with multiple access terminals 120
simultancously using SDMA. As explained in the background section of this
disclosure, SDMA is a multiple access scheme which enables multiple streams

transmitted to different receivers at the same time to share the same frequency channel



termnal, which may be fixed or nobile, utilizes the backhaul services of
an access point or engages in peer-to-peer comuni cations wth other access
t er mi nal swoBkempk@3 of access term nals include a tel eplromas¢@ogs409cel | ul ar
tel ephone), a | aptop conputer, a desktop conputer, a Personal Digital

Assi stant (PDA), a digital audio player XYe.g., MP3 player), a canera, a
gane consol e, or any other suitable wreless node. [0018] The w rel ess

net wor k 10@ndpas & tgsplorprodddbighee hswl capycityUsTHig idddiidve e dlyrsphiddly, pracodgeess
poi nt 110 may conmuni cate with nmultiple access termnals 120 sipultaneously
usi ng SDVASads datepptasare dnfl ntheh drapskE P el seetialbn Pecoded stream dhsighe?  SDVA
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different receivers at the same tine to shar frequency
channel andat dlsc aceess tdrmingdy owiihd differgnit espatind esigreapas i wyich Tnables sacdcht@sed by

spatially precodi each data ream and th transmttin spatjally
or coded” s BB MR A ChI BT ARGARY i Enae S HES Ao DRI The
spatial Iy RbagRAedhdRbessSLIBRANE 120 taksnAd at GRHAGE PRol&S BhtdadiaMd thhich
different spatial signatures, which enabl es each access termnal 120 to

recover thengdesathst acsasn peist il h@ do fidentifhdhe acwes of taaelmisnatially2grecadedt daga

upl i nk, ea%g_gﬁcess termnal 120 transmts a spatially precoded data
stream whi’¢h enabl es the access point 110 to identify the source of each

spatially deqd data stream [Q019] e qr nore access termnals 120 may
bo- equi phedDbIo h ohi o1 BPE SR BrFESTS |2 AB <R o g BTy oS 0 ¢
this confi QuERL ic@RainMuhdioPhRy2NNGANGAS &nlolRiBRCRSEIIOLenAsOat TRY ab@sésed
to communicate with a nulti pre ant enna access pol nt to I nprove dat a

t hr oughput paint Hddmaxdii uscd radonvaneitd withor muktiphs aitennacwesss PPt & ayrove

achi eved by, itting a.high data rate .signal at.the transmtter jnto
oo+ SaBhiclehRg ety bl Hanhis bR, | S Mot ashV e
enabl i ng t he speERD\eigh @ats apasiaha at hRIRNSHItRATEO il l&dvidr pite detaaneahs and
properly conbine the streans to recover the high rate data signal. [0020]

Whi | e por t ivgHsdigferenhepatial sigituigs. dhusenallinedhovracrivaeoieppatedbese syeaney Wimal s
cont i gur ed 1 g EsEATE e S PRI SRmeA o FREERS, BREv e BB 8 Bl ogy.
Thi s appr O?E&Gr]raywﬁhle %\évrtloolngeorf the following disclosure will describe access terminals that

also support MIMO technology, the access point 110 may also be configured to support

access terminals that do not support MIMO technology. This approach may allow older

versions of access terminals (i.c., “legacy” terminals) to remain deployed in a wireless

network, extending their useful lifetime, while allowing newer MIMO access terminals

to be introduced as appropriate.

[0021] In the detailed description that follows, various aspects of the invention will be
described with reference to a MIMO system supporting any suitable wireless
technology, such as Orthogonal Frequency Division Multiplexing (OFDM). OFDM is a
spread-spectrum technique that distributes data over a number of subcarriers spaced
apart at precise frequencies. The spacing provides “orthogonality” that enables a
receiver to recover the data from the subcarriers. An OFDM system may implement

IEEE 802.11, or some other air interface standard.

[0022] Other suitable wireless technologies include, by way of example, Code
Division Multiple Access (CDMA), Time Division Multiple Access (TDMA), or any
other suitable wireless technology, or any combination of suitable wireless technologies.

A CDMA system may implement with IS-2000, 1S-95, IS-856, Wideband-CDMA



versions of access termnals (i.e., "legacy" termnals) to remain depl oyed
in a wreless network, extending their useful lifetine, while allow ng

newer M MOOaowargorer m nals to be introduced as appropriParais2¢i0024po I n t he
detail ed description that follows, various aspects of the invention wll be
described with reference to a M MO systém supporting any suitable wrel ess

t echnol ogy, such as Othogonal Frequency D vision Miltiplexing (OFDM. OFDM
i's a spreadWaBRIA)URY tseatenothtie stikidle dirsintdriadt esandatda ovaDMANsyseen oy
subcarriers spaced apart at precise frequencies. The spacing row]%gje
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interface standard 0022] O her swtab e mreless t ogl es i nclude, by
way of exanppeets d@dblis iDrontien ere Millinipidgo Aoy @siciEDie]esT tavenddbgy siddor air

Mul tiple Acce or any other suitable wireless technol ogy, or any
conbi nat i oﬁHS‘?[s%eLﬁIa%A‘%de wi rel ess technol ogi es A CDIVA system may i npl ement

with | S-2000, |S-95, 1S-856, W deband- some ot her sujtable
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As those SkIP g%ln t e art Wwll rea y appreciate e vari ous aspects of
t hi s i nventdaansare 861 ahinincedt (o©gamuriparcbdguihardas rt@lfecshtateeﬁhmtd)ggroand/ or

air interface t 0023]. FIG .2 | aconcet al ck di agram
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processor 20d. §RYLAE H4 By e ieked Y&geqﬁ'% @nd ﬁﬁﬁbéﬂ daf AoPPWbESRe1RBdn 3)dhencode
(e.g., Turbo code) the da%,a to facilitate forward error correction” (FEC) at

t he recei viligdategroceThe2@&hoqupduscprsogesse perotivlgtipmsyanmdguence of code
synbol s that may be bl ocked together and mapped to a signal constellation
by the TX dé023#] prlacesdess n2>ﬁé‘s h@l@neldmgd)E\DMecqlnmoéulaﬁommwm from thy AOI s.
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maps each stream to a subcarrier using some modulation constellation. An Inverse Fast
Fourier Transform (IFFT) is then performed on each set of subcarriers to produce time
domain OFDM symbols, with each OFDM symbol having a set of subcarriers. The

OFDM symbols are distributed in the payloads of multiple data packets.

[0025] In at least one configuration of a wireless node, at least one pilot signal is
carried along with the payload in each data packet. A pilot is typically a non-data-
bearing spread spectrum signal generated by the pilot unit 203, employed to enable a
receiver to acquire the timing of one or more associated data-bearing (traffic) signal
channels, and to provide a phase reference for coherent demodulation of such associated
traffic channels. The OFDM modulator 204 splits the pilot signals into a number of
parallel streams, and then maps cach stream to a subcarrier using some modulation
constellation. An IFFT is then performed on each set of subcarriers to produce one or
more time domain OFDM symbols which constitutes the pilot signals. The pilot signals
are then appended to payload carried by each data packet before providing the data
packets to a TX spatial processor 205.

[0026] A TX spatial processor 205 performs spatial processing on the data packets.
This may be accomplished by spatially precoding the data packets into a number of

spatially precoded streams and then providing each spatially precoded stream to a



maps each streamto a subcarrier using some nodul ati on constellation. An

| nverse Fast Fourier Transform (I FFT) is then performed on each set of
subcarri ew® 20/qe@duce ti ne domai n OFDM synbol s, w th e&Ch/USE@Mos4opbOl
havi ng a set of subcarriers. The OFDM synbols are distributed in the

payl oads of nultiple data packets. [0025 In at |east one configuration of
a wreless node, at |least one pilot signal is carried along wth the

payl oad i n deffabntdattennpaiietia Atrphdcoivet 306.y Hacklttayis@iveor20dahahgaes ag Ripr ead
spectrum si gnal generated by the pilot unit 203, enployed to enable a
receiver tGAAEHHIING CHSCHYGRTREPISH SBRHEN &Y EFBISI08 QPR 3V IFARSa SRFE ng
(traffic) signal channels, and to provide a phase reference for coherent
demodul ati ¢8O0 slachcedisomicae.edch wrarseeizecHredives afignabHIMIgROEUICENCsHYR 04
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t hen per f ororRcarORF eacidr set protids ticiaforination toca RKopuis ppmesser 20dre ti me
dormai n OFDM synbol s whi ch constitutes the pilot signals. The pilot signals
are then aqmedTﬁeORKB%hﬁﬁ%@@erswreﬂ 0perRAaH sge@iaﬁ RRedkele hiefherigfpmansdi ng
t he data packets to a TX spatial processor 205. [8026] TX spati al
processor 205cqeEer rtarpackstit aatichamcenssihyreems dsetingdtfar frckiselsss muice20fay be
acconpl i sh b at | i dat i nt u
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206 nodul ates an RF carrier with a respective precoded stream for

transmi ssi &rinesiition RRIGA rePrS Othas SIS Ly 1 n a recei ve node, each
transcei ver 206 receives a signal through its respective antenna 208. Each

transcei ved0029% nbe GEDMS dampgulpies gV emreqaversi the deiretariaed o dedhatibgamsint &1 an RF
carr: er a”‘éheop%‘ﬁlxﬁ esgélgglrsl igfltgé ggﬁl;)%dr‘ﬂfé ﬁleadat@.l?<8§&%{ 51?cle nRﬁt?ng%e% the ﬁ&&-ni 10028

The RX spatial” proc Spa pr OCessi e information

to recover sgeim diankdil&iodagynitts aryudsapilal sigidleambe GHDMNéEnddulatdh2]2
wi rel ess node 200. The spati al processing may be perforned in_accordance
Wi th ChannéPneesisrtae stran fipm dine-fopaipdpdhe feanncy damaipnwsinges RassfiPAFier Er r or

(MVBE) , SOthraﬂs@ére('FfF%.enﬁl% ﬁ:@tﬁ%ﬁé}; abhaf gigllla@con%iséso g%eﬁ&rg't%rstt%h'ﬁlt fAPlGeh

t echni que.
subcarrrier.

[0030] The channel estimator 215 receives the streams which contain the pilot signals
from the OFDM demodulator and estimates the channel response. Each pilot signal will
be generally shifted in phase due to the transmission through the wireless channel. The
MMSE estimates of the phase shifted pilot signals are computed and the MMSE
estimates are used to estimate phase errors and consequently the channel response. The

channel response is provided to the RX data processor 214.

[0031] The RX data processor 214 is used to translate the modulation symbols back to
the correct point in the signal constellation. Because of noise and other disturbances in
the wireless channel, the modulation symbols may not correspond to an exact location
of a point in the original signal constellation. Using the channel response, the RX data
processor 214 detects which modulation symbol was most likely transmitted by finding
the smallest distance between the received point and the location of a valid symbol in
the signal constellation. These soft decisions may be used, in the case of Turbo codes,
for example, to compute a Log-Likelihood Ratio (LLR) of the code symbols associated

with the given modulation symbols. The RX data processor 214 then uses the sequence



[ 0029] The OFDM denodul ator 212 recovers the data carried on each
subcarrier in the OFDM synbols in the payl oad of the data packet and

mul ti pl exwe 20tv2e@ra i nto a stream of nodul ati on synbol ®Cirruskesdionyopi | ot
signals. The OFDM denodul ator 212 converts the streamfromtinme-domain to
the frequency domain using a Fast Fouriér Transfer (FFT). The frequency
domai n signal conprises a separate stream for each subcarrrier. [0030] The
channel estof tvadosynZibd Ll Rceind elsc pHase siroeaimarndsiic brdeond décode e dutd tiat shgnal s
fromthe OFDM denodul at or and estj mates the channel response. Each pil ot
signal wil |0r118g1a§é frapgnitgd pfiorg Iéfewdﬁlaotﬁa%ta&% detg sike? 18y ansni ssi on t hr ough
the wirel ess channel. The MMSE estimtes of the phase shifted pilot signals

are conput é00RMd Klke IvWeE flost ichart eldustipbng, dlecy funstienplityraf @ ghvasel estipwies. and

consequent | I S o ] e I I t he
o catn pr ovout 16 GO0 o LESRAMRE xR LR Rl pl GHRROGEONE aBROY G2 2
transl ate the R@Uabft@ntakingbal FHTack the signal. c Xy eadh, dai uplink NSDREA giilghal
constell ati on. Because of noise and other disturbances in the wreless

channel , t KeimsRR atterdakiag ap&Fd omeyrerdyeurmkspmaal. ths raeriesdapitot valation of

a poi nt inghe origi Qaly.shLanab: canstellation. Using the channel response,
the RX data prgceg aa%%fh dgtecfs whi ch nodul ati on synbol was nost |ikely

transmtted by finding the snallest distance between the received point and
the location of a valid synbol in tRe'signal constellation. These soft
deci si ons may be used, in the cdase™ql. Fulhe®cédéd mf or exanple, to compute
a Log-Likelihood Ratio (LLR) of the ‘cbde synbols associated with the given
nodul ati on synbols. The RX data processor 214 then uses the sequenceof code

symbol LLRgo@y3q th)e iphRSecesf filot @St kYRS, ot sga@hq strbdn degoide hdiRerdatal t hat
was originally transmtted before providing the data to a data sink 218.

[ 0032] FI GvaRicjwhigh f¢pgescatianr sighdl|chignncht Hagh mpbnl yssthantpismit efic gr gvahnel
esti mat or. t-he i t 10 3 nnel_estinmator i.s th u of
s%%g Istté{]ao rs. t?tgtgtgurﬁ)eéotfgﬁog {ht%cﬁ%ers 1§ 9(,9 v@@iﬁﬁ #%#roeﬁ(aﬁﬁfe)e % %III a

t he OFDM de eér takin ’Signal

such, in upbi MK-SBYAI 9}, i alHiTRE neRe aall i) ist dKicotndh pifake @froRof Sedia ed
upl i nk synbol, the received pilot value rink for receivery, synbol m pilot
k, is stream i during symbol m. In matrix notation, the received pilot vector r,; can be

written as:

P = H 1 + 1y

[0034] Where sz, is a vector containing the known pilot signs pim, phase shifted by

the unknown phase errors ¢;, per spatial stream.

[0035] It is assumed that the frequency offsets between different uplink users are
much smaller than a subcarrier spacing, such that the effects of intercarrier interference
can be ignored. In practice, this means that the uplink users must first synchronize their

carrier and sampling frequency to the AP.

[0036] Next, the in the second block 302 channel state information is computed, if the
channel state information is not know. Channel State Information (CSI) is information
about the current value of H, a mathematical value which represents a signal channel.
The CSI can be computed on a per symbol basis. It forms part of the signal model in

Wireless communications, the full equation of which is

R= HX+N



N-1 rJdnk =YHJpm"Pm+nnk 1=0 [0033] p kmis the sign of pilot k
at synbol mfor spatial streami . His a mathematical value which

repr esentwoaosvgeay channel . Each uplink user nay transmrCT/usa@9os400®@r €
spatial streans. The total nunmber of pilot subcarriers is k, which is, for
exanple, 6 for a 40 MHz channel. n}nk i additive noise and fimis the
common phase error of spatial streami during synmbol m In matrix notation
the recei v¢0i03¥] | oWheec® orthe mcead sipaalvixi it transraistal Sigmdt, & idthks nloisetamdnd{ i§ 0034]
Where Shn i s vector containing the known pi n, hase shifted

| ot
by the unk aRels el heriebies & iy pélrargﬁé%”éan%ﬁg%%as%{tgn%e%ﬁ]wmtuwé yasthed
that the frt@ﬂy@eﬁgo\ﬁl@fnffoﬁﬁ{aﬁomé%gﬁﬁﬂ%w fof ﬁéﬁ?%u%hét AR Bof fe TR ER! | er

than a subcarrier spacing, sucC t the effects of intercarrier
|nterferencm‘waHMbmcégwﬂrmdpmﬁmnmmaatmub,ashnaemmam$mnhnmmbmema@1inihmsers
must first.s

t tq.the AP
Tb056]  Nexdnormhancdb df GrECH uike M ham " Bhithr ey G¥Pq &f
conput ed, Ilﬁfohhalcﬁlh@rgaﬁéraﬁ§ aéferrwta@t@tah@m hs'?ha[l?tesﬂfrﬂ% @‘Lﬁ@lﬁf'thesglﬁ‘lteﬁt

| nf or mat i on 3 is 1nformation about the current value of H a
mat hemat i cazlaluctab m/rtle&hredeem goenteym aC%h gvhale thhdnglelr ordérest@sitics af Apare

conput ed on It forns part of the signal nodel in
Wrel ess co%%uﬁ?%%ﬁ%g? eﬁe full equation of mhich is R= HX+N 0037] Where

Ris ther sj gnal I N i.s the noise, and His
the channen00ifie Wagaexgbioes 30l e i suli AFFyiis Satcrest |t THUTLS st em
usual I'y neggsahQala¥sn %%H'ﬁle 5B MBHL andét@ﬁﬂﬁ&l p@tid thﬁdfb'l&‘l{rﬁBOLﬁeg\é'ﬂﬁﬁg Was
sent fromthe transmtter

cyclic delays, if the data symbols use a cyclic delay that is different from the cyclic

delays in the channel estimation symbols, then each row in the H matrices of the

methods described above that belongs to pilot number & and spatial stream i may be

phase rotated (Block 305) by eV 7D where f; is the frequency of pilot k and T,y is the

cyclic delay difference between data and channel estimation symbols for spatial stream

i. In the 5" block 305, a copy of the pilot signals and the channel state information are

rotated. In the next block 306, the MMSE estimates are computed. The MMSE

estimates can be computed using the following formula:
(§km = (SnINss + HfIHk )7]H:~Irmk )

[0039] Where s, is an estimate of the noise power and Iy is the NixN;s identity

matrix.

[0040] A copy of the pilot signals may be stored, and the phase error for the symbol
may be estimated from the MMSE estimate and the copy of the pilot signals. The phase

error estimates per spatial stream per symbol can be derived as:

K-l
(Z)z‘m = angle(z pikm§ikm)

[0041] Another method is to combine all pilot subcarriers within a symbol. When a
symbol includes several subcarriers, the processing system computes the channel state
information on a per subcarrier basis. In this case, the processing system computes the

MMSE estimate using the following formula:



or to enhance system performance, such as increasing transm ssion speed.
The information can be the current value of H, or the covariance of H.
Thi s typewof2oimbPermati on is generally referred as CSI aRrdTius2e0908400y
estimated. Usually the current value of His referred as short-term CSI
whil e the higher order statistics of H &e referred as |ong-term CS|
[0038] In the next block 304, the channel state information is averaged, if
multiple streans are froma sa Bourc node as deternmined by the third
bl ock 303. Regarding cyclic dela§§ "f [the data synbol s use a cyclic del ay
that is different fromthe Q|I det a s in theg chanpel estimation symbols,
then each rowin the H natrW of ..t he ﬁ%thﬁds desScri"ed above that bel ongs
to pilot nunmber k and spatlal ﬁie%gll may be phase rotated (Bl ock 305) by
e 2 7 Tcd where / is the frequ “of-’pil ot k and Tc is the cyclic del ay
di fference between data and channel estinmation synbols for spatial streami
I n the 516043 ocWh8R,,,as & djpgondl N phdtok ceiltgima'ii@thamdoit signscioapiletl 4 &t at e
i nformation are rotated. In the next block 306, the MVBE estimates;are
conput ed. FHEORVEBENGSilhr tedoreafifVs b@laé%ﬁffﬁﬁtéﬁp‘?}@%@s P8 @ll@llffné\hpﬁ@g?or mula: m
= (J Nss HHH) H nk ) [0039] Where Sn is an estimate of the noise power
and | ss id40943% Nhesxhlcepy ptthetniloy signals iikstofedoasi tha nh@wyermr fohehepiymbol

1 om the MEELBRE s G RS EBRSE B PRl (RMUSE, SHERE e BT or”

estimates paot ﬁ@@dls.aTheSﬁHaQ@éﬂrcﬁ&haﬁNdT@&hm@cﬁﬂs@gtlﬁ&‘bllwﬁl gsimlfal Fm = angl e(Y
p kms km) 1¢c=0[0041] Another nethod is to conbi ne aII pil ot subcarriers

wi thin a synbol. Wen a sy de quyera ufcarriers, the processing
syst em conput es t he chann lmsta%ﬂﬁkyms§ ) hﬂ%ﬁ?

[0044] Since the modified channel matrix H,, contains &k times more rows than the
channel Hk per subcarrier, it generally has a much better condition number and hence
gives a more accurate phase error estimate than the method of using individual MMSE

estimates per pilot subcarrier.

[0045] Regarding users with Multiple Spatial Streams, if one or more uplink users
transmit on more than one spatial stream as determined by the 3™ block 303 or the 8™
block 308, then several alternatives exist to improve the per spatial stream estimates.
First, it is possible to average the phase error estimates that belong to the same user as

stated in the 9 block 309.

[0046] Another approach is to average the components within the angle operation that

belong to the same user. The equation can be written as follows:

NssO—1 NssO+Nss1-1 NssO+..NssU—1

zHiOF)z'mO ZH szo zHiOF)imO
i=0 i=Nss0 i=Nss0+..Nss(U-1)
rmk = Sm + nm
NssO—1 NssO+Nss1—1 NssO+..NssU—1
zHi(K—])F)z'm(K—]) zHi(K—])F)z'm(K—]) zHi(K—])F)im(K—])
i=0 i=Nss0 i=Nss0+..Nss(U-1) i
=H,s,+n,

[0047] Where U is the number of users and N, is the number of spatial streams for

user number u. s, now only has U elements instead of N.



information on a per subcarrier basis. In this case, the processing system
conputes the MVBE estinmate using the followng formula: HOPnO HP mM n = H s

+ " - K- IWOnBsr02p@042] Where Pmis a di agonal NssxNss mrCTiuos2@ofns5@pni ng t he
pilot signs for pilot k on synbol m and smis a vector of Nss phase offset
exponentials with elenent i being e "" [0043] Then, a copy of the pilot

signals is stored, and the phase error for the synbol are estimted as
stated in o8t hAbliaek aORsé varalldethivbBeede st beretttmand, thhemedifiyd ehartnlek
pil ot signals. The phase error_ nmy be obtained using the follow ng fornul a:
f m =angl e{/{4H¥ Nés Senppily hegyre bRYET) cqngiion naphete rsHENEDE; Potiel RhAsth sEPT

matrix Hing Bt%é n?h&sa#é‘&ﬁxaﬁ&{ Earl el '?(?Hbt%@gp 'esH'ﬁai%? rwﬁl&'ﬁféaorn'kl er,
it generall as a nuc ter condition nu ence gives a nore
accur ate ptdaﬁfearelmertbat ebseripmti motwhéenotdswsaehﬁmtjerahstaai n@spand] sMircdrahurVBE

ti mat | ot sub 0045] Regar di
Spat i al - St EAHE exfm R b thert By PR Gsorer fhdorenmie ol shibiel Seveaty: e
spati al st m@@dﬁl@sa atahNebst st thirahSegudibRdsr fHi3c Sfrort mnﬁ&ahloal B&lkcc388.

then several alternatives exist to inprove the per spatial stream

esti mat es. OB fatsingle ujes pyswsssinigh e t o average the phase error estimates that
belong to the sane user as stated in the 9th bl ock 309. [0046] Anot her
appr oach i §0049] avBrcacferc hbceornbomsemiosofithe kpaniak dteamsgdaceix@pieareafrbmrthd: beahe

bel ong to the sane user Theeuatloncnbewr fol | Hmm+ n
m [0047] VRERESTTS tidiang sibre bR kg Uhsorged(B18ck A hdl st g | a
streans f olf UREHaAMERGEmY.- O%%@@H\én%l' gfatemo{ﬁﬁlo%ﬁﬁw Be taapaedl(BbcNS®),
.[0048] As there are less variables that need to be estinated, the nodified

channel matend tha-phagaelestait linformasion foesaidrat topidivio @rthe girerans mey bk taverggeh
can b use to obtain phase

rror eot TRICE Oaciir i e Srg N ene Tear e ingey BaitRe S BB B leer

nunber i nst\eRISEstifRat (Badcksiobgam number .
[0050] Regarding phase offset correction, once phase offset estimates per spatial
stream are available, they have to be used to eliminate their effect on MIMO data
detection. In a conventional MIMO receiver with one common phase offset that is equal
for all spatial streams, common phase correction can be performed prior to the MIMO
detector by applying an inverse phase shift to all MIMO detector input signals. This
approach is not possible if there are different phase offsets for different spatial streams.
In this case, the estimated phase shift per spatial stream can be used to phase shift each
column of the channel matrix that is an input to the MIMO detector. If the MIMO
detector performs a QR decomposition on the channel, then the phase shift per spatial
stream can be applied to columns of the R-matrix. In the case of an MMSE MIMO
detector, inverse phase shifts can be applied to the MMSE outputs for all spatial
streams, prior to slicing the MMSE outputs.

[0051] Furthermore, it is noted that various other aspects of the channel estimate may
use some or all of the above blocks. For example, in one exemplary implementation of
the channel estimator, an apparatus receives a number of spatial streams (Block 301).
Each of the spatial streams includes a symbol. The symbol includes at least one phase
shifted pilot signal. The processing system computes MMSE estimates of the phase
shifted pilot signals (Block 306) and uses the MMSE estimates to estimate phase errors
for the symbols (Block 307).



In the extreme case where there is only one user transmtting all spati al
streans, Hln becones a columm vector such that the equation for phase error
conput at iwo 20d2e®@3 to one for single user processing. [POOASRoOPIEL0CE OF €,
where at |least two of the spatial streans received are fromthe sane node
source, the phase error estimates may bé2averaged (Bl ock 309) for said at

| east two of the spatial streans. O, the channel state information may be
conput ed (BO@EY BORundamdod kient afyakpeel ficsdrdtéreor Hidrarchmtoil eteps descabtdatatvelieast
two of the streans y be averaged (Bl ock 304), and the averaged. channel
state i nf oPRHE; I&ﬁseﬁg?? BeProdel 2p SXegRisURThe mEcdersvakesd ﬁ%tcaar(ns? s A198) .

[ 0050] Reg i (o} r: i : J per
Spati &l St maan P e R o R PR e PRT SR

ef fect on MecpOndgtba reatapgtd while tamaaniog mwithit thosedpcMfiMR meceioner wi th one
common phase offset that is equal for all spatial streams, comopn phase
correcti on [6883] b&@hpehiokchedinpitoromay de ilpleMcMad deitiecticsr iyreagakyal pgrpase

i nverse phase shift to all M MO detector input signals, This approach is
not possi bIPEOGEESOfth edigitalr HerAl fATaessRrs Jades oipYestions giecticr méseapied SpsHital

streans. | i [ ggﬁgﬁ@ﬁg ' , ' BRI AN be
used to phgégﬂgﬁi??agggﬁgggﬁﬁﬁﬁg%% t he Cha@%&kgﬁgﬁﬁ%ﬁﬁfﬁgkﬁ%gﬁga |np§f to
the M MO detlect piogranfmitie IMivOcaepachtr derétor gae sorQRanestonposict idoaredn t he
channel , then the phase shift per atial_ stream can be | i ed_ to colums
of the R miPRINArS FRmPRREnEaSs ) COmDUNKRN NPRES GRTLEEe O NeRpER LB SHELEM i 1 1 s
can be appldegdivk® hbled. MWRENGHE RithSselRbcelldr ntRald Alni&bpie8dBer, RlcbRtrolld®, a
slicing the MVBE out puts.” [00 Furthernore,” it is noted that various

ot her aspeanisrogbnirdilsr.chaptaie | mashiricpar canyagthas eircoirg hat gl exécutheodvarce

bl ocks. For, exanpl.e.. {n one e | ary inpl enentation of the chanpel..

esti mat or, SSCARparal b <Paeed dibuttyfptenc dionsy it wamy FERBER L)
Each of thehsge mndkthdt Fefaed kd16d uesard, SiiRete, mibd@ew¥ikbalicrobsdeydesiwate | east
one phase shifted pilot signal. The processing system conputes NVSE

estimat es @FSAEOP mgBagen PT oBEYIFY. orolTagR Al bepfwek oBoByhiapcadgls magéa MVBE
estimates to GRLIARL G &Qacﬁemglreré%'h%onents such as a DSP or ASIC. Machine-readable

media may include various memory components including, by way of example, RAM

(Random Access Memory), flash memory, ROM (Read Only Memory), PROM
(Programmable Read-Only Memory), EPROM (Erasable Programmable Read-Only
Memory), EEPROM (Electrically FErasable Programmable Read-Only Memory),
registers, magnetic disks, optical disks, hard drives, or any other suitable storage
medium, or any combination thereof. Machine-readable media may also be include a
transmission line, a carrier wave modulated by data, and/or other means for providing
software to the wireless node. The machine-readable may be embodied in a computer-

program product. The computer-program product may comprise packaging materials.

[0054] Whether the channel estimator is implemented in hardware, software, or a
combination thereof will depend upon the particular application and design constraints
imposed on the overall system. Skilled artisans may implement the described
functionality in varying ways for each particular application, but such implementation
decisions should not be interpreted as causing a departure from the scope of the

invention.

[0055] The previous description is provided to enable any person skilled in the art to
fully understand the full scope of the invention. Modifications to the various

configurations disclosed herein will be readily apparent to those skilled in the art. Thus,



for the synbols (Block 307).[0052] It is understood that any specific order
or hierarchy of steps described above is being presented to provide an
exanpl e ovothw/pe@cess i nvol ved in channel estinmation. BaTasaomodesi gn
preferences, it is understood that the sgecifi c order or hierarchy of steps
may be rearranged while remaining wthihdthe scope of the invention. [0053]
The channel estimator may be inplenmented with one or nore general purpose
pr ocessor s thdiciiirmalars ingnahtepdedic s dor sm{tEIBR) The appbuLatpeots sPasd invention

integrated circuits (ASIC.s, field ble gate arr FPGA
pr og?amramdésqr@@ﬂ éleEP(é‘WE’é)éS qvh@ﬁ%cor@qdht%?a%nﬂg@mﬁg%w@nr avg%c Eéﬁ‘ﬂﬁé‘ﬁ%%?%
di screte g%ia?rﬁQrwﬁe][rag%é{e%e{ O QemEiiSE R En M VRS G neRIRAD escr?@éaﬁ “oRE aedw

conbi nati on ereo esigned to performthe Tunctions her ei n.
general pumpbsengirodesspecifreatlybe statail chwpribeeSewr or mondhtWnlkssespecidically

m crocontro a state Chj ne,., or other cir r at can execute
Cort o St BRSCuhgty Sy o860 mebe radh ot ng BReToGE: &

or any comynahlicRf tb s @lgﬁlenﬁéhﬁttﬁl@fiaﬁ(ﬁfsea@ﬁ&‘tjs §QcABeBOESWADE: this difMEYuRs

m ddl ewar e, m crocode, hardware description | anguage, or otherw se.

Sof t war e nﬁl}at tree skmoweobrohteﬂrwmen@l be &datyh ¢o rté@lseaomrderrﬂym&éb i theopré a¢ nor e

conmponent s such a chi ne- r eadahl |nc

var Lous meriorg s msBmantal PREFL Y ROSCR fd A3 ARG P R c s
Menory), flchshs. We&verm(@e@%l@wme%ﬁ% YI)tendBE?W‘t{eFﬁe@gfamtlh@ peiad- Onl 'y
Menory), EPROM (Erasabl e Progranmabl e Read-Only Menory 2 EEPROMVI )

(El ect ri calrtgardiessseibvbctben gy ppgurRdS EXohgitly w&%vﬁyl}l he edpigrser No deighet i c
di sks, opti, I: i rssui¢ ab t um or
any corby ndraisA i eF bs PO e uRrpBioRl 4P sl Cr N B B R
transm ssi anldss the, elanemrlsr bpresapvrecinmicusligd thd phyase dinaansafod! or; imtheesasa@ans f or
provi di ng sof tware t e Wi r.el ess nqde, The machi ne-readabl e may be

enbodi ed i Aegh % 6‘6?%1‘? frebetieying e Eaéﬁpﬂﬂé? or ogr am product may
conpri se packagi ng mat erials. [0054] Whether the channel estimator is

i npl emented in hardware, software, or a conbination thereof will depend
upon the particul ar application and design constraints inposed on the
overall system Skilled artisans may inplenment the described



functionality in varying ways for each particul ar application, but such

i npl enment ati on deci sions should not be interpreted as causing a departure
from t he woapw/atoorhe i nventi on. [0055] The previ ous de®PCTiUsL#00/ 54080

provi ded to enable any person skilled in the art to fully understand the
full scope of the invention. Mdificatidhs to the various configurations
di scl osed herein wll be readily apparent to those skilled in the art.
Thus, t he clwWHDeT 8 €IndMEDtISnded to be limted to the various aspects of
the invention described herein, but is to be accorded the full scope
consistent wth the | anguage of clains, wherein reference to an elenent in
the singul ar islnot At gpdedustfor cmamuiieatodnebnprissngone” unl ess specifically
so stated, but rather "one .or nore." Unless specifically stated otherw se,
Che term *some” ref erd PG ERESHICTHEIHIZIG] O4Eeeta 1P M el PARECTEHER

equi val ent §,Hpeih BEHEI e HaBiaCirch G céﬁﬁfgﬁ% 2 g&@@?ﬁa?vir%ea‘i%ds{)&% gHasoughaut
k ter co to be kno

this disclosure that are known or | a wn to those of
ordi nary slpilbt sigmltthe parctssargssystepr Esisd furthacampignated corepet MibymurefMeaanc e

and are intended. to conpassed by .the clajns. Mreover ot hi

i sci osed rapee (R ShERERRESBE triecy e g npians wss BEMHREss o
whet her suchti@heeloasHRRtd fhaSX&rdr§ idr the §@RbIEd i n the claims. No claim
elenent is to be construed under the provisions of 35 U S.C 112, sixth

par agr aph, unless the elenent is expressly recited using the phrase "neans
for" or, in the2Zcase 1of agpsratuheficleinil myhordie thel papeassing systae it @dtheisi ng t he

h " . - , f TAINi cati ons,
phrase st %Bniﬁl%ﬁed %In u?e gﬂaAhé\ﬁ[%é ﬁfogrg}}ag@ﬂ af?(? errtﬁg Hﬁanngf ﬁt%t(r@ %%ﬁ%%' ons

conpri sing: a processing systemcon to recerve ap
spati al st reasmputekier dMSEagimaé. t he spatial streans conprises a synbo
havi ng at | east one phase shifted pilot signal, the processing system being

further configuned taheappiths ¥ laiibMRAAN BRURbEsEnE 9YstdVSh}Hthest | mat es of
t he phase shifted pilot signals and use the MVSE estimates to estimate

phase er r orcanfigired fpecosymoths channelrsfate apfoarpatiansonod peisampphibasiser ei n t he
processing systemis further configured to conpute channel state

I nformation andjuse e ,6HANNELr LA § WHUGR FRUOsLify SN Er kG MVBE

estimate.
configured to compute the MMSE estimate using the following formula:

A H -1 H
Skm:(Snles+Hka) Hk rmk

5. The apparatus of claim 3 wherein the processing system is further
configured to store a copy of the pilot signals, and estimate the phase error for the

symbol from the MMSE estimate computed and the copy of the pilot signals.

6. The apparatus of claim 5 wherein the processing system is further
configured to phase rotate the copy of the pilot signals and the channel state information
for one of the spatial streams when estimating the phase error to compensate for a cyclic

delay in said one of the spatial streams.

7. The apparatus of claim 5 wherein the processing system is further
configured to estimate the phase error using the following formula:

K-1
(Z)z‘m = angle(z pibn§ikm )
k=0

8. The apparatus of claim 2 wherein the symbol comprises a plurality of
subcarriers, the processing system being further configured to compute the channel state

information on a per subcarrier basis.



3. The apparatus of claim2 wherein the processing systemis further
configured to conpute the channel state information on a per synbol basis.
4. The apmperatue2@?” claim 3 wherein the processi ng syst @QTiUs2609/054000
configured to conpute the MVSE estinmate using the followng formula: Stm =
(sm , + HP2Ht ) 1H?r nk 5. The apparatd® of claim3 wherein the processing
systemis further configured to store a copy of the pilot signals, and
estimate the phase erlherappattus béclain®avhetdinmhetprecdVivbE sysdém iafuetheonput ed and
the copy of the pilot signals. 6. The apparahu of claim5 wherein the
processi ng c8YdEWRq {os° hioe MYRE ghirats usyed 92@1%%0@@ > copy of the

pil ot signals and the channel t%epi nfiormation for one of the spati al
streans when estimating the phase €rfor to conpensate for a cyclic delay in
said one of the spatial streams. #.F,The apparatus of claim5 wherein the
processing systemis furthér Tonfigure ntg”es:t it & 'he phase error using
the following fornula: K- Fm* an g ll e ( P hnkhn) 1¢c=0 8. The apparat us
of claim2 wherein the synbol céhprfi.ses a plurality of subcarriers, the
processi ng system being further configured to conpute the channel state

I nformation on goper Tfll!élaﬁ?él}rﬁﬂu%fplﬁﬁﬁ§-w%ereﬂ§ﬁle5}99@crsﬁh Sy<dm & @iALS wherein

the processing systemis rther configured to conpute the MVSE estinmate

usi ng t he feohfigwedty ftancmdoay of the piloesigpparad astiradte dicgibasBevwihrdoeibn t he
processing systemis f r confi ed to or .CO of the pil ot

si gnal s, aﬁ?ﬂ%ggltiign%t%ée mﬁﬁ%’ﬂﬂ%?‘% 8Py ?ﬁtilegﬁﬂ@%$na$¥om the MVBE esti mate
and the copy of the pilot signals. 11. The apparatus of claim 10 wherein

t he processing ay.stemhbap{;uawb@fclamﬂbwh%&sﬁhﬂﬁpe(sde'smg gystdeisFiab& error
using the fol | ow ng formul a: fmrangl esJ Nss +HHH 1HH
(0]

configured fo estimate the phase error using the following formula:
é)im = angle((SnINss + HmHHm )7] Hfrmk)
12. The apparatus of claim 1 wherein the processing system is further

configured to receive at least two of the spatial streams from a same source, the
processing system being further configured to average the phase error estimates for said

at least two of the spatial streams.

13. The apparatus of claim 1 wherein the processing system is further
configured to receive at least two of the spatial streams from a same source, the
processing system being further configured to compute channel state information,
average the channel state information for said at least two of the streams, and use the

averaged channel state information to compute the MMSE estimate.

14. The apparatus of claim 13 wherein the processing system is further

configured to compute the MMSE estimate using the following formula:

Nss0-1 Nss0+Nss1-1 NssO+..NssU—-1

ZHiOPimO ZHiOPimO ZHiOPimO
i=0 i=Nss0 i=NssO+...Nss(U—-1)
Fo = s, +n,
Nss0-1 NssO+Nssi-1 NssO+...NssU -1
ZHi(K—])Pim(K—]) ZHZ'(K—I)Pim(K—]) ZHZ'(K—])Pim(K—])
| i=0 i=Nss0 i=NssO+...Nss(U—-1) i
=H, s, +n,
15. The apparatus of claim 1 wherein the processing system is further

configured to use the phase error estimate to detect data carried in the symbol.



Jnk ) 12. The apparatus of claim1l wherein the processing systemis further
configured to receive at |least two of the spatial streans froma sane
source, twe 2proaee®3i ng system being further configured PoTABRIQYS4DNE phase
error estimates for said at |least two of the spatial streans. 13. The
apparatus of claim 1 wherein the procesdfbng systemis further configured to
receive at least two of the spatial streans froma sane source, the
processi ng syst ém beiAmethod tftredontramiicgionetohprismgput e channel state

i nformation, average the channel state information for sajd at | east two of
the streans, and use 'f458/1B%@PREEHY Ohaivtal stopds eVhsisigcash Plotie sRAtRONput e t he

MVBE St mafgund s BRARDAS it Rl LRaMBIR il G oRfIOCESST Ng. Syst em

is further configured to conpute the MVBE estimate using the follow ng
fornula: = H mmn 1somphenghbaimatnudeah Sqhak dirbdr WHAM B restitnetep 06 tegdisty
systemis f rtger configured to use the phase error estinmate to detect data
carried i nst{ﬁtg Abgenat .an§ met hod for comuni cations, conprising:

receiving a plurali t)és%at%@ﬁsﬂagé 19415 @ Re sISIIE LdnEARIMNSH LeinfRat | al
streans conprises a synbol having at |east” one phase shifted pilot signal;

conputing M ni mym %%e%%ﬁ&(?ot{:ﬂiiiﬁ{ld%@coWs}[@é&?ﬁnifgm% RRaRRAs&CShifted

pilot signals; and estinmating phase errors ofFs using the MVSE
esti mat es. idférmahm, mbtteodtho MEISE astidBtes urc doarpucaingeirigstha ghameiuiste ng channel
state informati on, wherein the MVSE estinmates are conputed using the

channel sté’%%“fl?ﬂoélr mati on. 18. The nethod of claim 17 wherein the channel

state information is conputed on a f)er synbol basis. 19. The nethod of
cl ai m 18 wher ei A8t he Themrethed ofpigims 7a‘f"€“€6‘rfb%u€@dmel state information is

computed on a per symbol basis.

19. The method of claim 18 wherein the MMSE estimates are computed

using the following formula:

A H -1y rH
Skm:(Snles+Hk Hk) Hk rmk

20. The method of claim 18 further comprising storing a copy of the pilot
signals, wherein the phase errors are estimated from the computed MMSE estimates and

the copy of the pilot signals.

21. The method of claim 20 wherein estimating the phase errors comprises
phase rotating the copy of the pilot signals and the channel state information for one of

the spatial streams to compensate for a cyclic delay in said one of the spatial streams.

22. The method of claim 20 wherein the phase errors are estimated using the
following formula:

K-1
(Z)z‘m = angle(zpibn§ikm)
k=0

23. The method of claim 17 wherein the symbol comprises a plurality of
subcarriers, and wherein the channel state information is computed on a per subcarrier

basis.

24. The method of claim 23 wherein the MMSE estimates are computed

using the following formula:



using the followng formula: me( J Nss HH ) '"H ,nk 20. The nethod of claim
18 further conprising storing a copy of the pilot signals, wherein the
phase er nso20mve2@3ti mated fromthe conputed MMSE esti meCEAISa00d/054900 copy of
the pilot signals. 21. The nethod of claim20 wherein estimating the phase
errors conprises phase rotating the copy7of the pilot signals and the
channel state information for one of the spatial streanms to conpensate for
a cyclic delay in said one of hq13pat|al streans. 22. The nmethod of claim
20 wherein the phase errors ar fié;nated using the follow ng fornula: K-1I
Fm = angle( p kms km) k=0.23. =met hod , of_ 94@ m,17 wherein the synbo
conprises a plurality of subcarriers, 4rd wher ef"n” t he' channel state
information is conputed on a p gpcarrler basis. 24. The method of claim
23 wherein the MVBE esti nmates ﬁ%f offputed using the follow ng formula:+ nm
25. The nmethod of claim 23 further conprising storing a copy of the pil ot

si gnal s wherei n215he dhasectieod afi daiar 23 ﬁlsmmmmqﬂisirrgrsmﬂﬁ% syopyalf tia @iott he MVSE

esti mates conp d an e of the Iot Si S t hod of
ol ai m 25 WHEBPAVISFRD ﬂr?a@@“‘e?r%ﬁ Sre el RS W@Of{lﬁb@ YRR Bt
formul a: fQﬁﬁﬂgk@%ﬁdH%&Dﬁyoﬁﬂéqhﬁﬁg>ﬁd@? The met hod of claim 16 wherein
the plurality of spatial Streans recelved conprises at |east two spatial

streanms froma sanme source, and the method further conprising avera%jng t he
phase error esti2frated heanethod of claiml Aawhereinghe plasic afrosstare egignated using t

following formula:

é)im = angle((SnINss + HmHHm )7] Hfrmk)

27. The method of claim 16 wherein the plurality of spatial streams received
comprises at least two spatial streams from a same source, and the method further

comprising averaging the phase error estimates for said at least two spatial streams.

28. The method of claim 16 wherein the plurality of spatial streams received
comprises at least two spatial streams from a same source, and the method further
comprising averaging the channel state information for said at least two spatial streams
wherein the MMSE estimates are computed using the averaged channel state

information.

29.  The method of claim 28 where the MMSE estimates are computed using

the following formula:

NssO-1 NssO+Nss1-1 NssO+...NssU—-1
Z Hi0 Pz'm0 Z H sz0 Z Hi0 Pz'm0
i i=Nss0 i=NssO+...Nss(U—-1)
Vor = S, + n,
Nss0-1 NssO+Nssi-1 NssO+...NssU -1
ZHi(K—])Pim(K—]) ZHZ'(K—])Pim(K—]) ZHZ'(K—])Pim(K—])
| =0 i=Nss0 i=NssO+...Nss(U—-1) i
=H, s, +n,
30. The method of claim 16 wherein the estimated phase errors are used to

detect data carried in the symbol.

31. An apparatus for communications, comprising:



28. The nethod of claim 16 wherein the plurality of spatial streans

recei ved conprises at |east two spatial streans froma sane source, and the
met hod f uwohero/eemwpri si ng averagi ng the channel state i rCorusatovosmobor said
at least two spatial streans wherein the MMSE estimtes are conputed using
the averaged channel state information.129. The nmethod of claim 28 where
the MVSE estimates are conputed using the following fornula: = HnSE m+ n m
30. The nethod of cl aeand forwbeeienga phueales bf spatielktphaseviesreiarcactashesed to
detect data carried in the synbol. 31. An apparatus for conmunications,
conpri si ng: means$PFB recei vi ng a plurality of spatial streans, wherein each

of the spalyalSLFAe, 6 QRbAARIR S XA IAKIWIRY JiRfSngne Phase shifted

pil ot signal; neans conmput 1 ng "M ni num Mean Square Error ( MVSE)

esti mat es of the phasecaghidrtcethppiihpMisingmaMsan Sqdaredans (MOMSE)stsiimates ng
phase errors for the. |s. usi ng the MVBE estimates. 32. The apparatus of
claim 31 f@?fl}‘?é?haﬁeoﬁ‘bﬁ%gﬁ?lﬁ)és%%s or conputing channel state information,

wherein the neans fon,&GagRiHkinda@e Sg MMEE feSthé SRhESs Lsing AefNgFed to
conpute the MVBE esti mates using tghe channel stat’e information. 33. The

appar atus of cl &kma@es.wherein the neans for conputing channel state
information is configured to conpute channel state information on a per
synbol basis. 342. Th&happparatus sf ahine B hifurtl38 covnprigngniches fioeamrspdtorg conput i ng

MVSE estimates is configured to coppute the estiates, usi t he foll ow ng
Formul a: SEAIIC] S MRS, WISEH oSS (oRca TRt t B8 SONSESTRRSA T ur ¢ her
conpri si ng ;BR@AFed B cortpiid MY MMSERYtiffates using the channel state information.
33. The apparatus of claim 32 wherein the means for computing channel
state information is configured to compute channel state information on a per symbol

basis.

34. The apparatus of claim 33 wherein the means for computing MMSE

estimates is configured to compute the estimates using the following formula:

A H -1 H
Skm:(Snles+Hka) Hk rmk

35. The apparatus of claim 33 further comprising means for storing a copy of
the pilot signals, wherein the means for estimating phase errors is configured to estimate
phase errors from the computed MMSE estimates and the stored copy of the pilot

signals.

36. The apparatus of claim 35 wherein the means for estimating the phase
errors further comprises means for phase rotating the copy of the pilot signals and the
channel state information for one of the spatial streams to compensate for a cyclic delay

in said one of the spatial streams.

37. The apparatus of claim 35 wherein the means for estimating the phase
errors is configured to estimate the phase errors using the following formula:

K-1
(Z)z‘m = angle(zpibn§ikm)
k=0



the pilot signals, wherein the neans for estimating phase errors is
configured to estimate phase errors fromthe conputed MVSE esti mates and

t he st or edocopyo2edo7t he pil ot signals. 36. The appar at uspofi/usk@9ms830 wher ei n
the neans for estimating the phase errors further conprises neans for phase
rotating the copy of the pilot signals &%d the channel state information
for one of the spatial streans to conpensate for a cyclic delay in said one
of the spatial $8reamMe aparatibef apjpad2tuhsroid thelsgmbo BonwhBeea plukdiky oBans f or
estimating the phase errors is configured to estimate the phase errors
using the PBPIEHTRGA GYhsRiR the meang or cpmpuipy shanglsstys IPERFHOBIS wher ei n t he

synbol co i i i i e neans for
”Qﬁhﬁ%gf@tooédﬁﬁeﬁ'té #Bﬁnﬁél s%a!%é)ﬁ]%ﬂiﬂa%ﬁ Pg%@gamﬁﬁf& bidie

conmputing cha state information is con to conmpute channel state
information on a per subcarrier basis. 39. The apparatus of claim 38

wher ei n the nean§. f orThceppartiungf MMBE3 & sithicreait the niging nfdogpnea MMBBnput e
using the follow ng fernmula: n 40. The .a rat us. of .claim38 further
conprisingeﬁ@&ﬂgsPangg%F?ﬁbagm@g%9mggﬂFﬁgﬁ%VW§§b%@6%als wherei n the means
for estimating phase errors isrconfpguned to estimate phase errors using

t he conputed MVBE estinmates and the”Stqred copy of the pilot signals. 4 1.
The apparatus of claim40 wheg i 7 the ans fog, estimati ng phase errors is
configured to estimate phaset e rorg‘usi%g {'ne @F*o%ﬁhg formula: f m

=angl e((SJ Nss +H'H 1H ] m) 42. The apparatus of claim 31 wherein the
plurality of spatial streams r Fai-fed- onprises at |east two spati al
streans froma sane source, and the apparatus further conprises neans for

averagi ng the phase eamc@ppsafus Gatiain BOfurdRk do@pridie@sicalisvr Gbrihfe cspasf al

streans. 43. The apparatus of claim 31 wherein the plurality of spatial

st reans the pilot signals wherein the means for estimating phase errors is configured to estimate
phase errors using the computed MMSE estimates and the stored copy of the pilot

signals.

41. The apparatus of claim 40 wherein the means for estimating phase errors

is configured to estimate phase errors using the following formula:

G = anglel(s, L, + H'H )" H"r,,)

42. The apparatus of claim 31 wherein the plurality of spatial streams
received comprises at least two spatial streams from a same source, and the apparatus
further comprises means for averaging the phase error estimates for said at least two of

the spatial streams.

43. The apparatus of claim 31 wherein the plurality of spatial streams
received comprises at least two spatial streams from a same source, and the apparatus
further comprises means for averaging the channel state information for said at least two
of the streams wherein the means for computing MMSE estimates are configured to

compute using the averaged channel state information.

44. The apparatus of claim 43 where the means for computing the MMSE

estimates is configured to compute the estimates using the following formula:



received conprises at least two spatial streans froma same source, and the
apparatus further conprises neans for averaging the channel state

i nf or mat iwo 2bawvo2g@ird at | east two of the streans wherei RCThES20ma8996 Or
conputing MVSE estimates are configured to conpute using the averaged
channel state information. 44. The appak@&tus of claim43 where the neans
for conmputing the MVBE estimtes is configured to conpute the estimtes

usi ng the following»qrmul a: 45. Thexappar at us of chaitp31 wheffei n t he nmeans
for estimating phaseeftdls is use@ o, et ect data carfl.ddoin|the synbol.
46. A conputer-prjogr &n product for=¥rel ess comuntéats©®r, conprising: a
machi ne-r eadabl e medi um-encoded wi th-i nstructi ons executable tp: receive a
plurality of gpat|ial streans, wherein each of the spatial stredns tonprises
a synbol havi ng atvsb-east one phagesishifted pil otmsignal ; conmpute M ni num
Mean Square Error| ONMRGE), Rst i mat € /f. tRe. phase shiX t&g ptl.of |signal's; and
estimate phase errofs for the symbol s using the-KMGEsesti mates. 47. An
access point, cangr ksq%: a wreless network adapter configured to support
a backhaul connecti'oh f&r a peer node to a network; and a processing system

T ek B R AR A NI A A B B
si gnal ; coqpﬁgegt@ﬁabmar@%@gqggﬁn%&or (MVBE) estimates of the phase
shifted pilot signals; and estimte phase errors for the synbols using the

MVBE esti mat es. 46.

A computer-program product for wireless communication, comprising:
a machine-readable medium encoded with instructions executable to:
receive a plurality of spatial streams, wherein each of the spatial
streams comprises a symbol having at least one phase shifted pilot signal;
compute Minimum Mean Square Error (MMSE) estimates of the
phase shifted pilot signals; and

estimate phase errors for the symbols using the MMSE estimates.

47. An access point, comprising:
a wireless network adapter configured to support a backhaul connection
for a peer node to a network; and
a processing system configured to:
receive a plurality of spatial streams wherein each of the spatial
streams comprises a symbol having at least one phase shifted pilot signal;
compute minimum mean square error (MMSE) estimates of the
phase shifted pilot signals; and

estimate phase errors for the symbols using the MMSE estimates.



