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BACKGROUND
Field
[0005] This invention relates generally to communication channel
estimation and, more particularly, to systems and methods for improving
the use of quadrature modulation unbiased training sequences in the
training of receiver channel estimates, by removing quadrature imbalance

errors.



estimation and, nore particularly, to systens and

nmet hods for inproving the use of quadrature nodul ation
waR»Basasgo t rai ni ng sequences in the traini ng oPCT/US2008/056333

recei ver channel estimtes, by renoving quadrature

i mbal ance errors. Background [006] FIG 1 is a

schemati ¢ bl ock di agram of a conventional receiver

Bk @thd prior art). A conventional wreless

conmuni cati1 ons receiver includes an antenna that
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fter sone initial filtering, the conducted signal is

anpl(pFibedrt) GA eshveersiviial giieslesy oovambigivetiont becededt ineludes

frequency of the signal may be converted by m xing the

ahgmaknaohat cameztd a mgiliated kigndlontd a @espdhittatiarignal. After

signal. Since the received signal is quadrature

swdeintted  filtérn g dreatonducthegnhhisamphiiiedg{rivepar sufficient

| and Qeiaths bef or e bei ng conbi ned. After frequency . .

POWEE esiebrthet gaaTign Arastesicy wh ltheraigisd neanbe coryerted Yy mixing

igital  signal, using an anal og-todigital cqnuerter
%Ef)@)g,nai GoBasapusRE M@éﬁﬁ?@@l q%?gﬁ%ﬁ% SE nggelﬁﬁ‘i/ the
i ncl ude .a

e aiRpel RSt DIORRTREH et iR ILLSORRFGeq flrough
LBSSLYER 0Ah ASh LIRAL by Al et £hannel SSLLIBLLODS on

he™f 'y o e In signal”. r's tan be

Y R RS esqglflél Uhs égn)éf%fﬁéd fol d H%t?‘al 5 lgﬁgﬁég\@n analog-to-

conponent s; uch”as capacitors. e error
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h In an ef [ and,

&
Q pat hs. ort to estifmate the channe

IS de 26ROt Potiriep bRufoAGBETYr rors, communi cation
systenms may use a nessage format that includes a

{0087 i Mhesegreacaymbéy cherrays tietaandpeniteddwred into the

predet erm ned data synmbol. Using an Othogonal

Fecequerttyt Detiisicota N laffept eliumgel(«FDMtisys aarhtherecovery of
exanpl e, the same I Q constellation point my be
thamdehded g1gnspe drediscarobe eafehdsedstion dre nigaeeiiliess, and
an effort to save power in portable battery-operated .
BassLEe §ompgrpents, such as capacitors. The errors are exacerbated if they
cause imbalance between the I and Q paths. In an effort to estimate the
channel and, thus, zero-out some of these errors, communication systems
may use a message format that includes a training sequence, which may be
a repeated or predetermined data symbol. Using an Orthogonal Frequency
Division Multiplexing (OFDM) system for example, the same 1Q
constellation point may be transmitted repeatedly for each subcarrier.

[0008] In an effort to save power in portable battery-operated devices, some
OFDM systems use only a single modulation symbol for training. For
example, a unique direction in the constellation (e.g., the I path) 1s
stimulated, while the other direction (e.g., the Q path) is not. The same type

of unidirectional training may also be used with pilot tones. Note:

scrambling a single modulation channel (e.g., the I channel) with £1 symbol



OFDM systens use only a single nodul ati on synbol for

training. For exanple, a unique direction in the
w@omsiedsh@ti on (e.g., the I path) is stinulateplCT/Mb200&056333

the other direction (e.g., the Qpath) is not. The

sanme type of unidirectional tBaining may al so be used

with pilot tones. Note: scranbling a single nodul ation

GhRIRE 0eb §rod Totaite fhb csﬁétréﬂ%lu)on%&ﬁt Janwﬁmﬂ@g HE SRS tion

not rotate the constellation polnt, and provides no

£dr el fld @A cher cidihegguadr at ure channel [0009] In the
presence of quadrature path inbalance, which is

[00eYR! Bnthé présonge o gnddr shure Pesh efbald i@, which is prevalent in
above- nenti oned power-saving training sequence results
larga bainalsadtic bpsteals, ¢ké abate meénthirmskepowhasmahng training
estimate may align the 1Q constellation well in one
séquaiceansyits en a hiheed cipamhgl, esbumater o&tib@laaseqludmmtalu eetimate

i mbal ance in the ort hogonal_ .direct.ion, is

proot aligib e {Rpongtpllatiapavatda 0(5’@ @a@@mw(lcﬁ sthei hpatdg, but
annna the two channels. [0Q10] s a. schﬁnatlc
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and an anplit error. The low pass filters H and

fpthdhf harefbrh 9§ ceaah P, RehelB @ isitheqitasetftRdUBannel. The
addi t1 onal anplitude and phase di stortion. However,

hesth sdttivin-ooaverded twath -engwdy. eThe ipadh iindode- aﬁfveamﬂ with
2e. Note: these two filters are real and affect both

G 2oabs(oi + BAah Rleratridcad armhaedwafnibilahssymengedthely a
errors are smal | : (ll +2e) cos(wt +2Df) ~ (I +2e)cos(wt%I

phase prrowandrie afinlgude swrponehie bnw paes filigns Fhaamdl Hq are

si de, cos(wt is the ideal

different for each path. The fllters introduce additional amplitude and
phase distortion. However, these additional distortions are lumped inside
2A@ and 2e. Note: these two filters are real and affect both +w and —w in an
1dentical manner.

[0011] Assuming the errors are small:

(1+2e)cos(wit+2Ap) =~ (1+2¢)cos(wt) — 2A@.sin(wt)

The first component on the right hand side, cos(wt), 1s the 1deal
I path slightly scaled. The second component, — 2A@.sin(wt), 1s a small
leakage from the Q path. After down-conversion of the impinging waveform:

in the I path: (1+2¢&)cos(6) + 2&.s1n(H).

in the Q path: sin(6).



| path slightly scaled. The second conponent, -

2DfF .sin(w), is a small | eakage fromthe Q path. After
waloamAcssver si on of the inpingi ng wavef orm i nP€TES1008/056333

path: (l+2 e)cos(#) + 2e.sin(#). in the Q path:

sin(#).[0012] The errors result in the

m sinterpretati on of synbol positions in the

ﬂNﬁQI aTH@%rmLﬂeéﬁthB %Is@h’c&%k&%ﬁo%ﬂ%gnﬁﬁblt [tions in the

results in incorrectly em)dula ed data

L84 tuY¥ ned REStI6RPIH B IR o) WIRER N €11fn MeBuRE QRSN rectly
errors caused by a | ack of tol erance in the hardware

denpdodited d@gaoci ated with mixers, anplifiers, and
filters. In quadrature denodul ators, these errors can

al so lead to inbal ance between the | and Q pat hs,
resulting in inproperly processed data. [0014] A
training signal can be usesUMMARI brate receiver

channel s. However, a training signal that does not

Hlﬂilﬁhl ¥igelgss ﬁown@lmcaﬂ@n@ewm@ AXGOREONGFO exBRlisecsdIseAdyY a

ue of i nbal anﬁ évveen the two pat hs. B‘Q{] bi ased
Qfltﬁ répﬁ‘ﬁ’all‘t & hap W%“eﬁorflﬁog?riltﬁlﬂséf"éa W“i guxers,
and at h i ch,resul.t n be t.er channe
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eri.ved r o n ssom ate
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ﬁ?@g@gg&d{gﬁé mat es can be obt ai ned if the negative or

subcarriers are also used. Further, by the
0aRe" AceaRinatdShItandst 856t &NiBeRE Hré!cefi%ra&?a[ﬁnels

reference subcarriers, wth adjacent or nearly

Blivasen! a fdindig &@hﬁﬁﬂﬁétﬁd&es wotfdtBaURRE boSHRRE Niai@l Qadhths,
be applied to a training signal that acts as a neans

dbed rooxdd@ss hhe ieduelifa s e andsbetwd@hStheAscopailnglAn a

nmet hod i s provided for supplying a frequencysnoot hed
vohmaseildasingng sigrail tandesugiato. stiinelatetbosll thedearat Qspaths,
which results in a better channel estimate. Conventionally, channel
estimates are derived from predetermined information associated with the
positive or reference (+f) subcarriers. Better channel estimates can be
obtained if the negative or mirror (-f) subcarriers are also used. Further, by
the proper combination of adjacent or nearly adjacent reference subcarriers,
with adjacent or nearly adjacent mirror subcarriers, a frequency smoothing
can be applied to a training signal that acts as a means of removing channel
bias errors.

[0015] Accordingly, a method i1s provided for supplying a frequency-
smoothed communications training signal. The method generates a
frequency-smoothed unbiased training signal in a quadrature modulation
transmitter. The frequency-smoothed unbiased training signal includes a
plurality of pilot signal products, where each pilot signal product includes
complex plane information represented by a reference frequency subcarrier,

multiplying complex plane information represented by mirror frequency



frequency- snoot hed unbi ased training signal in a
guadrature nodul ation transmtter. The

wo ec@guesey - snoot hed unbi ased training signal iPCI/USHE8/656333
plurality of pilot signal products, where each pil ot
si gnal product includes conpl &x plane information
represented by a reference frequency subcarrier,

BuhddrMey Mth LATR! (ﬁ”ﬁh@lp@ﬂﬁaﬂt@/f(ffrﬂ%%is?é}%eﬂte}ﬁ’gﬁﬁ tigl%_qtmym to zero.

mrror frequencysubcarrier. Thé sumo0 plura

TheRhétHodSd it esthedu&dfericy- SfdRhell AR S d tagnit@idgdal so

supplies the frequency- snoot hed unbi ased training
shgialm 9 bt hedndrhitbey whthihraagsisgid swdbel pdiied.a singl e

synbol period. [0016] Typically, the

f00a gL ety picatiyotine freqnbhasemhobtladhiinhissedtahining kighed 1acludes
plurality of adjacent reference frequency subcarriers
amduralgiyfald)agendirefatieace iequieney subeargiegaeyd a plurality of
subcarriers. For exanple, the frequencysnoot hed
aflsican ke iEroxi fieap sy gvdicaragrs. noweranables dhp frgquency-

adj acent reference frequency subcarciers, w thaqut
PWP@MPH@%GE&%@PF%% 8LeNgh P B}Ci‘ﬂéﬁ 8fOBP Og&jﬁé?égﬁf
myror frequenc ubcarrier. i t hout i.nteryenin
EefpEehe QST ERea et &V Bl el R Shbieaifts and a
B g LBE i L el S GRUSHY i
Fgﬂ&ﬁ@ﬂﬁg frequency subcarrier where Pln is a mrror
requency subcarrier, and where n is equal to the

[WOTHET 125ne ig'sﬁéct? kRO Al qREAEHS Dot hAPE8hi AR ARENE Signal may

al so provided for calculati'ng a channel estinate using

Be frepRiteAEME seRNIdRA unbi ased training signal. This
met hod accepts a frequency-snoot hed unbi ased training

sequence in a quadrature denodul ati on receiver. The
frequency- _snoot hed unbi ased traini ng sequence

i ncl udes aprpp@hFi&fana=pﬂwoatity of pilot signal
products, wherein each pilot signal product includes
pr edet er i Wé@re onplaeseiptemde fregfusnes siubaayryr

where p, 1s a mirror frequency subcarrier, and

where n 1s equal to the number of pilot signal products.

[0018] A method is also provided for calculating a channel estimate using a
frequency-smoothed unbiased training signal. This method accepts a
frequency-smoothed unbiased training sequence in a quadrature
demodulation receiver. The frequency-smoothed unbiased training sequence
includes a plurality of a plurality of pilot signal products, wherein each pilot
signal product includes predetermined complex plane information (p)
represented by a reference frequency subcarrier (f), multiplying
predetermined complex plane information (pp,) represented by mirror
frequency subcarrier (-f). The sum of the plurality of pilot signal products is
equal to zero. The method processes the frequency-smoothed unbiased

training signal, generating a plurality of processed symbols (y) representing



represented by a reference frequency subcarrier (f),
mul tiplying predeterm ned conpl ex plane infornmation
w@ poosji1asepr esent ed by mrror frequency subcar rPEF/US2008/056333
The sum of the plurality of pilot signal products is
equal to zero. The nethod proéesses the frequency-
snoot hed unbi ased training signal, generating a

9+IHE)Pé>£ Bln8lin R AEATREd ESYADRb S sb¥a s&ﬁnigfof%(%%s 'rlﬁtgﬁﬁﬁmcﬁl?fy a

pl ane i'nformation. Each processed synbo

8ot juicRtd 60a @Nn@aﬁ&fdiﬁ@%fér@ﬁc@ sig@lal gﬁ)ﬁﬁﬂﬂ Rofregheignce

signal (p*), and a frequencysnoot hed channel estinate
simootlse il @i bstin@tbQh) Adelbtaiiedl details of the
above-descri bed nethod, systens for generating

f00a§ e Aciyli tsoroadt deedil s ob tlas ebote-destrig dsinghlad & , syatens for
systens for calculating a channel estimte using a
gerepasing/fre oo hesmonticasenbiasad tiaiging sigaklanpad systems for
present ed bel ow. BRI EF DESCRI PTI ON OF THE DRAW NGS
rooebitirg echannsel estympbetsing divsarenragrootiped gnbiased

conventi.on receiver nt end (prior art). [0021]
Baguns $1§ngl %%%@P@%L%’ﬁ?"’am illustrating quadrature

i mbal ance at the receiver side (prior art). [0022]
FIG 3 is a schematic bl ock diagram depicting an

ehomati o o BT PUT SR G KOOFCRRIPYRMILG ' °

schemati c diragram of "‘a” sys r

ERALY 98 D RO B 04 g o

Exanpti6r g{daa frequencysnoot hed unbi ased training
signal. [0025] FIG 6 is a diagram depicting a second

Fnoampl g1af 2fis adeBBASTODBesSMUMNRBIsBsRThd fahdidtdrsigBalance at
0026] FIG 7 is a diagramdepicting an unbi ased

tharsveiprdidgoghrienatthed as a group of pilot symbols
accompanyi ng comuni cati on synbol s.

[0022] FIG. 3 1s a schematic block diagram depicting an exemplary data
transmission system.

[0023] FIG. 4 is a schematic block diagram of a system or device for
supplying a frequency-smoothed unbiased training signal.

[0024] FIG. 5 1s a diagram depicting a simple example of a frequency-
smoothed unbiased training signal.

[0025] FIG. 6 1s a diagram depicting a second example of frequency-
smoothed unbiased training signal.

[0026] FIG. 7 1s a diagram depicting an unbiased training signal enabled as
a group of pilot symbols accompanying communication symbols.

[0027] FIG. 8 1s a diagram depicting a frequency-smoothed unbiased
training signal enabled as a preamble preceding non-predetermined
communication data.

[0028] FIG. 91s a schematic block diagram of a system or device for

calculating a channel estimate using a frequency-smoothed unbiased

training signal.



[0027] FIG 8 is a diagramdepicting a

frequency- snoot hed unbi ased training signal enabl ed as
w@2@samsh e precedi ng non- predeterm ned conmuNPCHUBZNG/056333

data. [0028] FIG 9 is a schematic bl ock diagram of a

system or device for calculati’fng a channel estinmate

usi ng a frequency-snoot hed unbi ased training

jogopl Fﬁ_@%@]degi&s t%@ t})rggfi%ﬁfﬁlta%cé !&%h&ﬁzreﬁq{ff%‘ﬁﬁiﬁgcﬁhﬁtéﬁgd

y appl yi ng unbi ase ning signal aldorithnms to
WaleigasiMBl sleandantt tol (HRWiMdta UWB staadhl@wchart
illustrating a nethod for supplying a
f008QLeRTY- $ Mo hHeovdritlthgrhtiags nethod fg Sighaing a
[0031] FIG 12 is a flowhart illustrating a nethod
frequeaty-uhmbtingl eomhanmehdtiest trmtmgusgngl.a
frequency-snoot hed unbi ased training signal. DETAILED
[O3CRI ETéONZ 19a3Rjwakeri d&sste&boéiamethogf@ qadoulating a channel
described with reference to the drawi ngs. In_the
EYLMEHE HELEes Eraauensyrsniaathed upbiaseddrabupB stgndlon,
numer ous specific details are set forth in order to
provi de a thorough understandi ng of one or nore

. b i h
:ﬁggSEﬁen{Es?aﬁayegﬁyﬂgggtg%E§ﬂ§¢§ﬁ%ﬂtﬂ$§%:gcspecific
RS i , | - :
U520 ol SR DS e PO LB g
: o - enhodi
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nBHREBES isﬁ@ciﬂ@‘(iiegﬁis arE SSPRR8Mn ordeiad lﬂr@v{de"asﬂ%r%mg'}'l
and the ITke are intended to refer to a

aaapritehdir @tk @Ntoky aspedtbelt halyov@eideht, Vs r, hat
conmbi nati on of hardware and software, software, or

sati varbedimerer niadyose plauticed anipheut thasengppetéitdarails. In
be, but is not Iimted to being, a process running on
ath®eraoetswes, weldnmiwioatruatyres ceskdevicemnacbslentn imblock
execut abl e, a thread of execution, a program and/or a
dmggamefornBin grderdd fariliigte dedcobing dheseagmbodiments.
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[0033] As used in this application, the terms “processor”, “processing

9%« 9 &«

device”, “component,

9 &«

module,” “system,” and the like are intended to refer
to a computer-related entity, either hardware, firmware, a combination of
hardware and software, software, or software in execution. For example, a
component may be, but is not limited to being, a process running on a
processor, generation, a processor, an object, an executable, a thread of
execution, a program, and/or a computer. By way of illustration, both an
application running on a computing device and the computing device can be
a component. One or more components can reside within a process and/or
thread of execution and a component may be localized on one computer
and/or distributed between two or more computers. In addition, these
components can execute from various computer readable media having

various data structures stored thereon. The components may communicate

by way of local and/or remote processes such as in accordance with a signal



application running on a conputing device and the
conputi ng device can be a conponent. One or nore
w@ompomsmi s can reside within a process and/ orP€TUSZA8/056333
of execution and a conponent may be | ocalized on one
conmput er and/or distributed b8 ween two or nore
conputers. In addition, these conponents can execute
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ata structures stored thereon. The conponents nay
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such as in accordance with a signal having one or nore

daicawpak katls acehg Intelaled wWitlo Btlonesyeoeme henkay of the signal).
interacting with another conponent in a |ocal system
fiost} i Natrmedssysbaimeartd matl lscpessntechet tarnks sfightasns that
the Internet with other systenms by way of the signal).
peosuiclundg & ouenleerbefdiomspirenié,| tnodelesy esdthediken Ifes hebe
of systens that may include a nunber of conponents,
HodeTeod and armeeripked that the tagiges tisdemsroay 1aHdde

o e el b ole SHThE T Tl LOELAE o e
ASbatel e camRnent 8 mdihes et dicatseed
ARRLOAGAGSF.-aLS0, besed, L9035 The vari ous

at1ve 10gi brocks, ules;“and circuits
Ld?ﬁ?]oh{l“‘}ﬂg V%?ﬁﬁlsqﬁﬁgfﬂalf% I caPBIdCEB,l ﬁ'&ﬁﬂie%‘}' al Cj:ircuits that
erformed wth a general plirpose processor, a digital

AL 008BkeRHREATSA n{aHSH) irg?fbrﬁ&%eﬁ%%&fbr%ﬁ)&ﬂvﬁﬂ}?a general
integrated circuit "(ASIC), a field programmable gate

purPdse(FTBE¥Ns08f a didied] PERer ovBRioe (DSP)Cad %\b?@i@ation specific
di screte gate or transistor logic, discrete hardware
aarpeatedtcsycudt (ZBHNC)c arfiuld arogmrh heéo atesiranpgdPiGA) or other
performthe functions described herein. A

peomralmplbleploge deocs sksrrebmyga teeoratraneisopr loges sloscretrut

in the alternative, the processor may be any

bendeard ermabopeisess any cominaiipe thertof designeeddp nerform the
or state_machi ne. A processor may al so be inpl enent ed

BN RSTRISAEOP O A eBP1Ne SRR §1AY PYEDPIECRTOCESPr may be a
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conventional processor, controller, microcontroller, or state machine. A
processor may also be implemented as a combination of computing devices,
e.g., a combination of a DSP and a microprocessor, a plurality of
mIiCroprocessors, one or more microprocessors in conjunction with a DSP
core, or any other such configuration.

[0036] The methods or algorithms described in connection with the
embodiments disclosed herein may be embodied directly in hardware, in a
software module executed by a processor, or in a combination of the two. A
software module may reside in RAM memory, flash memory, ROM memory,
EPROM memory, EEPROM memory, registers, hard disk, a removable disk,

a CD-ROM, or any other form of storage medium known in the art. A

storage medium may be coupled to the processor such that the processor can



M Ccroprocessors, one Or nNDre m Croprocessors in

conjunction with a DSP core, or any other such
wa@omBitgpsp@t i on. [ 0036] The net hods or al gori t hP€T/US2008/056333

descri bed in connection with the enbodi nents discl osed

herein may be enbodied directBy in hardware, in a

sof tware nodul e executed by a processor, or in a

?@e[ﬁ’RiAr{féfﬂlgﬁoﬁffr(%rﬁeahmwrfe SbHNaT8n TR EstaRy. Rcifél ARIEEm. In the

M nenory, flash menory, ROM nenory, menory,
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a CD-ROM or any other formof storage nedi um known in
phsceasdr. arfdl sh@s@gagepeidithmaybestduipl £6 ASI(L hEhe ASIC may
processor such that the processor canread informtion
tesade 1@anke wodé,eor eltewhatd. o tle althen st v, dfje preckissor ahd the
the alternative, the storage nediummay be integral to
storage ovskgor mamsmeo@@dmretammmegmrragbe nedé,um

may reside in an ASIC. The ASIC may reside in the
plsgwhese 1 packesenewprkhe al ternative, the processor

and th torage di um y reside gs discrete
bnEhes ik dr8e Pk dragspme flepichingray exegplary data

2 %‘ﬁfé 003341”@@;95 ﬁibas‘fbﬂ Gatttadd %(#) 15 <R fbBRon gine
QBE%B’gngeﬂ%rofgﬁi ford 1'8% o Eh'%ﬁ%'édon ne 394, 519MAcC)

accep |n orna 1on orm ccess

fRRIT 8l %%eéte ]ffé Baéé'ba(}ﬂi? Eérbtrs?)(g %cmbﬁﬁgncoder 306

processor i hC es an e avi ng an I nput

RAvidden £ &h BReeR4 waﬂicbﬁf d{é%@)(M&@P{rﬁﬁfﬂnQ&oﬁ%cﬁﬂn
out put on Tine 308 to supply encoded digit

b AIteH 1188 308 thheipl e aHestiad digibal mnfomaltibheml gRVREquency
310 may be used to interleave the encoded digital

domaimairomtedoppery 8 1@ mait ee Leed edinteflearatherencodddéigital
frequency domain on line 312. The interleaver 310 is a
ﬁﬁbhmaﬁmhasupnthghﬂethﬂvedmgﬂmnhngnldenﬁ&bququdmnah1on
signal into a plurality of parallel |lower rate

bneed?s, Tiwhmterlearer B rdgws:esiﬂwé@mlvgrtastyb@@lr@l@dnlgh speed
with a particular subcarrier. An inverse fast Fourier
trﬂaﬁss'rlsw inteamiugalityaeloegnedlel rwenvate shreains Hehere each lower

fre ncy .domai n
rate tre I}ll 18 assoc1ated with a particular subcarrier. An inverse fast

Fourier transform (IFFT) 314 accepts information in the frequency domain,
performs an IFFT operation on the input information, and supplies a digital
time domain signal on line 316. A digital-to-analog converter 318 converts
the digital signal on line 316 to an analog baseband signal on line 320. As
described in more detail below, a transmitter 322 modulates the baseband
signal, and supplies a modulated carrier signal as an output on line 324.
Note: alternate circuitry configurations capable of performing the same
functions as described above would be known by those with skill in the art.
Although not explicitly shown, a receiver system would be composed of a
similar set of components for reverse processing information accepted from a

transmaitter.



perfornms an | FFT operation on the input informtion,

and supplies a digital tinme domain signal on |ine 316.
we2a8gizsad - t o- anal og converter 318 converts theCTUS008056333

signal on line 316 to an anal og baseband signal on

l'ine 320. As described in nor®) detail below a

transmtter 322 nodul ates the baseband signal, and

anggj | §$Ga4NDIW ALRG tRABIOLE i SARRbf ASyaR Uk Ridli®Tor

324. Note: alternate circuitry configurations
6 i AffrRRIHRY BrighthBe MRl i8S 88aldE€BRE 5P&dm 400
a%]ggqlg Iag;oul d&gle kgovvn by those with ski I%I ?12 t he ar%)ft
Abrhpoidah areinexptéicbt kignaihguhRerator BRINESI0 2SN SHBM MDiH it on
be conposed of a simlar set of conponents for reverse
hneci@dstionmgpcept trammmiganf@ccapoecdypicailyan digital form. For
transmtte(.gEOSS] FIG 4 is a schematic bl ock diagram
etampby she mprmpduircmaydre supiplied frgmathe MAC level. The
frequency- snoot hed unbi ased training signal. The

sxpgsant enotO2ohgyy 78 68t p13 g 406t SIpHY gnaradfateramedulated
ans 402 havi ng ap.input on |ine %04 to accept
gfr%avﬁp?ﬁgsm%wgtmg}ﬂse YHRCARE $180ldi gital form For
l e, the inf ' b lied,f th
FRET ThpamEnamufir Ter oo ithefed TR Bt ot S e esDaUT. such
1R e R PR DR B R BB B AR R Dfipma 408

BYorh rﬂggteavi'éra?g | et leu i Syt 8 M evet YR BRI & be

radi o Trequency transmtter subsystenithat uses

afderiesn gh40Ghd i,‘hv%ﬁ%ﬂrlis & ‘p‘ﬁcéﬂ)l@ t@rhrﬁj EormWMAEMYSA medium
nedi a. However, it should bé understood that the

gé?g’.?miféléséﬁm@@@,' dprakll ecd pr @ ¥f € b gah deiui@diddilated
e.g., wreless, wired, optical) capable of carrying
nfacihatiohe Thdtilaalad tienfsabepdtean40Teclhidananiihtg@rase (1)
subsyst em 407 includes an in-phase (1) nodul ation path
Afolulatiom paklard Of or ageemrsaforpgpnerapuglahodwlationi trangng
information. The transmtter subsgst em 407 al so

irHermaéiona thetheasometer Qpbapeiehadd 6algvanslules a anadrature (Q)
nmeans for generating Q nodul ati on trainhing . .

PR AEeR BALD K 1gaha RPN SsneBRiing R meplbatien training
Hﬁ%]?r?l\e/l%rotn? ggthni]n)f(grrmgt]ign on line 404a 1s upconverted at mixer 414
with carrier fc, while Q path information on line 404b 1s upconverted at
mixer 416 with a phase shifted version of the carrier (fc + 90°). The I path
410 and Q path 412 are summed at combiner 418 and supplied on line 420.
In some aspects, the signal 1s amplified at amplifier 422 and supplied to
antenna 408 on line 406, where the frequency-smoothed unbiased training
signals are radiated. The I and Q paths may alternately be referred to as I
and Q channels. A frequency-smoothed unbiased training signal may also
be referred to as a frequency-balanced training sequence, and 1s part of a
larger class of balanced or unbiased training signals described in parent
applications, and in detail below.

[0040] The frequency-smoothed unbiased training signal includes a

plurality of pilot signal products, where each pilot signal product includes



with carrier fc, while Qoath information on |ine 404b

is upconverted at m xer 416 with a phase shifted
woessitesoof the carrier (fc + 90). The | pat h BQDUS20A8/036333

path 412 are summed at conbi ner 418 and supplied on

line 420. In sonme aspects, thel signal is anplified at

anplifier 422 and supplied to antenna 408 on |ine 406,

£ MenkHRAHERAYoS g%ﬁ%@@ﬁte‘drw asefbrbhad ﬁ‘eﬁﬁeﬁ%;gé‘@ﬂ)&rner,

are ra iated. The | Q paths ‘'may alternately

hﬁﬂ%&ﬁa teonfslek pditte RAfeRARNBhSepfedenod BRGHSEPRELRENCY

unbi ased training signal may also be referred to as a
Eulegureney Tal anaed the glardldysEpiRnetgnaAntotdacpasteqohl @ zero.
| arger class of bal anced or unbi ased training signals
fTasdrabeadititer $2 enpphppthefenoascy- am@othechehbialse&emiwing

[ 0040] The frequency-snoot hed unbi ased training signal
pigolalidathia phunghé symbot ppiibdt si gnal pr oduct s, Wwhere

each pil ot s%gnal product |ncludesconplex | ane

|0t} madiesnatedp bas et showy, she epmpenerts ofdgedrequency-
ARG i 4 PSR B S BB
DUEAPAEh by PP S B s
LR 3954 TR WO BB bEALENNS S| Al Ao
?Qﬂl’)\ﬂ IBQFHSCQ ?g;‘f? B drPRoNER Qﬁﬁ%ﬂfh%g&ﬂons means may

rarning sig are’ seria y suppl'i

b¥ @%éﬁ@réd‘t@@é phRESef MAkr§ALeGELd02] e HIRABY ﬁré BAkbled in
shown) for exanple. Once the entire FSIS is col |l ected,

bépdadfe BoENEPbE Qbvices (Meshoiid)i Mt 8hsh AR ynederstood that
period. In this aspect, the nmenory/collection and

tophipaisponts theansnsrmytt&r402 nasistey edigral enpadatiomfwhile the
transmtter 402, even if they are enabled in separate
protohal eendmgjd\mm&TS oves hmam)muhicasivouhddalmeas iperformed by
understood that in sonme aspects the transmtter 402

adier medualesiogriiviegsner ati on, while the actual sending

of the FSTS over a conmmunication nmediumis perforned
K043t ndv ey Bie Brangayttes402 also sends quadrature modulated

(non-predetermined) communication data. The frequency-smoothed
unbiased training signal is used by a receiver (not shown) to create channel
estimates, which permit the non-predetermined communication data to be
recovered more accurately. In one aspect, the quadrature modulated
communication data is sent subsequent to sending the unbiased training
sequence. In another aspect, the unbiased training sequence 1s sent
concurrently with the communication data in the form of pilot signals. The
system 1s not limited to any particular temporal relationship between the
training signal and the quadrature modulated communication data.

[0043] A message is a grouping of symbols 1in a predetermined format. A
message may have a duration of several symbols periods. One or more
symbols may be transmitted every symbol period. Some messages include a

preamble preceding the main body of the message. For example, a message



[0042] Typically, the transmtter 402 al so sends
guadr at ure nodul ated (non-predeterm ned) conmuni cati on

wa@ a408/113Fb@ frequency- snoot hed unbi ased trai ni NBCHU§IVE$/056333
is used by a receiver (not shown) to create channe
estimates, which permt the nidh-predeterm ned
comruni cation data to be recovered nore accurately. In

h . .

e L o S Ol S o ox TDMA
ty@dbplNg sequence. I n another aspect, the unbiased
training sequence is sent concurrently with the
pooguL nThati SIS aa@dabé Rotnlpeidedron2)br phéret thangh pilst sifhal
systemis not limted to any particul ar tenpora
peddtdten$hiope epeee hhe heartsnait tirnt) Sgererh tenal fitduymency-
quadr at ure nodul at ed communi cati on data. [0043] A
seostlysl isbmsgd drapinmeg eifgnsy mdhdinigha @lpraddetod ra area t
format. A nmessage _may have a duration of several
ssfaprace fpeqneny subsarigersawné asylpoliy ofegdipeent mirror frequency
transmttegq eve synbol period. Saone nessages in&.l ude.
éuBFggﬁﬁﬁe PP bﬁ%eF TeR{ieS &V”6¥S?Hécﬁﬁ§§9@%ﬁn€dPHTor
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0]
S ghn products. n one aspect, rans r

BRI Bt £5a8elf FAUAELSHORLIRS NPAATE, Wieh 10, 8RR
SHBGAL Tl 8F $n RAD18r ALty HddjNc e 8L BRGuBhEY Mibearriers,
frequency subcarriers. Typically, the reference

SHECRILh 86S e AL 62851008 d ARG NBRFedling Hhb@ @B af Rr
within a relatively close (spectrumw se) proximty.
Exdimeka el £subdieriareguenay cosmohivationnboasg@ detainmnined) data
signal may include a group of adjacent reference
br etheenoforsudican noe assocw tedoutthithedrammnggignal. In one
subcarriers, and a plurality of adjacent mrror S
Taegbienc the ghar mcdedes il tho velferendsr st mgror subcarriers in the
subcarriers. An intervening subcarrier may, for

| e, be a subcarrier carrying conmunication

on- predet er m ned)  dat : . :
f(ﬂmg] pin anoteher aspe)ct, t e%requency-smoothed unbiased training signal

may be represented as follows:

2. p; Pim = 0, from i =1 to n;
where p 1s a reference frequency subcarrier
where p, 1s a mirror frequency subcarrier, and

where n 1s equal to the number of pilot signal products.

[0046] As noted above, the sum of the pilot signal products 1s equal to zero.
However, due to system errors, the sum may sometimes be more accurately
referred to as about zero. In a worst case analysis, L pilot signal products

are integrated as follows:



or other information not associated with the training
signal. In one variation, the group includes all the

wo edosneasee and mirror subcarriers in the FSTS. PCDO2H)S8/056333
In anot her aspect, the frequency- snoothed unbi ased
training signal may be represehted as follows: S p p m
=0, fromi =1 ton; where pis a reference frequency
subcarrier re.-RPln ksya mrror frequency subcarrier,
and where Awgglgﬁ%%?ltol?he nunber of pilot signa

products. [{0Q46106%, aatadaakeve ,pi-bﬁg | sy pfthehehRidefdr is

signal products is equal to zero. wever, due to

3F%L eMfAfquensy- st thsdnutibyassan@hiniag dequentewith a 25% error
accurately referred to as about zero. In a worst case
anHlyyelids excelpentatessitgndl 12 odusdds(aab@oi arreqr goatrezsilts are
follows:IsumPj-Piln | = L. If Lis 100% and if a |
sbimiPedi an thesl( interfarence fronethechamndsgfina terdtlli dacseases by
snoot hed unbi ased training sequence with a 25% error

8Bt | yields excellent results. If L/2 is used (a 50%
erraor)

, . | t bt ai d, he |
fiedl ¢ ap dratine g in e chafial BLY nidedreRi e youapedisds
by, 6dB., .[ 0047] As | ai ned i ter detail l.ow, .
RHRREd Ryt <G halbioptellaf b ShiedpiRyienal
he re rggg&tloevgs_usi ng wei ghted pilot signal products as
P]E)?C{%Wsé: Wp'pm=20, fromi =1 ton;, where wis a

wei ghting factor. In one aspect, the unique wei ght
associ ated with sone of the pilot signal products may

wei ght ng. Fagt B B B e Vel e, and the
wei ghting where w is a weighting factor.

In one aspect, the unique weight associated with some of the
pilot signal products may be one (normalized). In some aspects, the
individual weighting factors have about the same value, and the weighting
factor can be removed from the equation as a constant.

[0048] FIG. 5 1s a diagram depicting a simple example of a frequency-
smoothed unbiased training signal. A first pilot signal product has a
reference subcarrier 500 at frequency + f representing information as a first
complex plane value, and a mirror subcarrier 502 at frequency —f
representing the first complex plane value. Here, the subcarrier “arrows”
can be thought of as phasors having an amplitude of 1 and an angle of 90
degrees. A second pilot signal product has a reference subcarrier 504 at
frequency (f+1), adjacent frequency +f, representing the first complex plane
value, and a mirror subcarrier 506 at frequency —(f + 1), adjacent the
frequency -f, representing the first complex plane value +180 degrees. To

continue this example, the arrow representing mirror subcarrier 506 would

have an amplitude of 1 and an angle of 270 degrees.



factor can be renoved fromthe equation as a constant.

[0048] FIG 5 is a diagramdepicting a sinple exanple
woood/1i2sequencysnoot hed unbi ased trai ni ng si gneCT/US008/056333

first pilot signal product has a reference subcarrier

500 at frequency + f representd4 ng information as a

first conplex plane value, and a mrror subcarrier 502

ﬁf04§f e%‘}'ﬁfb%)éh'eﬁl £ Eﬁ@&%ie@l Habe the rs%?n&@%[ﬁ'eeﬁoﬂh Hﬁed to 1,

val ue. Here, the subcarrier "arrows" can t hought " of

AStpk %%@hipl@ aiti shgudd baiRldet-$196d @hai naid c@fhp’ilébg kariatiodq of
degr ees. second pi |l ot signal product has reference

shilkeaam e b uaé nohegniéney apiplidudead Jlak@mset tleg TST/is not
+f, representing the first conplex plane value, and a

ritet tethrcase ofonlyER) dégrer equkety degifeetarigles.alatdart
the frequency -f, representing the first conplex plane
abthough D8dy de?lgplé@tss1gmal exnnphue ghoiven, dharsaineg metbodology
arrow representing mrror subcarrier 506 would have an

wiopld epaly bra Fdngwath mege shan 22&%@%@@%%@@[(1@@283] For example,
bt AP S B3 STcoul D i ré@@ﬁgf"a@% § ¢ RigAgUIs ehal product (not
St tﬁpgyﬁ%?gm%‘ﬁh?m iy il iliet équ{;‘a'ci % he
EST ae 8 v gk Eotphonudfinty %%%dugrh (RGOS B o

ﬁi gﬂ@hcfmegﬂ%ctéﬂﬁ)m frjeg eﬁ@m&f ?&ﬂéggr?églﬁg?fhm%gcomplex

'y to nor e

B[ﬁ%ﬁe H¥0 &eaapd e, the depl ct ed FSTS could be
nodified to add a third pilot signal product (not

Frmsvm) FIGt B i§ uhﬁagfaxﬁrde@ﬁctm%gtéﬁe@ﬂd ékarhple atfragadtcy-

equency +f, representing the first conplex plane
m:loumechﬁﬂbmseﬂ trainhisg bigaral. arfiadt fiteeguendyprodfict hdg a
adj acent the frequency -f, representing the first
cefepdree pibeaerivab0e at 180 wagy debrefrod5UingEiGorBat®naas a first
di agram depi cting a second exanpl e of
tomplesnelparved hednhpirageer swedantiey 692grdreqyerayrt
pi l ot signal product has a reference subcarrier 600 at
FeRgeena)s the Trgheuaplax pigne Yednerafiga d9 e suprarper “arrows”

can be thought of as phasors having an amplitude of 1 and an angle of 90
degrees. A second pilot signal product has a reference subcarrier 604 at
frequency (f+1), adjacent frequency +f, representing the first complex plane
value + 90 degrees, and a mirror subcarrier 606 at frequency —(f + 1),
adjacent frequency -f, representing the first complex plane value -90
degrees. To continue this example, the arrow representing reference
subcarrier 604 would have an amplitude of 1 and an angle of 180 degrees,
and the mirror subcarrier 606 would have an amplitude of 1 and an angle of
0 degrees.

[0051] Again, the subcarriers have the same value in this example,
normalized to 1, and it should be understood that more complex variations
of this example may use non-uniform amplitudes. Likewise, the FSTS 1s not

limited to the use of only 0 degree, 90 degree, and 180 degree angles.



conpl ex plane value, and a mirror subcarrier 602 at
frequency -f representing the first conpl ex plane
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of as phasors having an anplitude of 1 and an angl e of
90 degrees. A second pilot signal product has a
reference subcarrier 604 at frequency (f+1), adjacent
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representing reference subcarrier 604 woul d have an
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ah I&pgemn@fng)tlwe@r%mm}{lemma]neo\g@uﬂ + P elegudrsapnider mirror
have the sane value in this exaqﬁ nornallzed to 1,
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the first conplex plane value + 90 degrees, and a
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frequency -f, representing the first conplex plane
paddiets, 9110ﬂgg¢1ele$N 1 P9 o@hnklfication $lada diyagiodd(subcarriers). In
depi cting an unbi ased training signal enabled as a

trtal N shibpairrssyretsolpplizd dormpansimigolgemdhisevidong the
synbols. In one aspect, in addition to accepting
fneauﬁnengsnwpbhemhungmsedrtéamlaglgrﬁrtatl@mdavea;hlaéure modulated
(non-pr.edeterm ned) conmuni cati gn data. Then,

EIBIHEEA2 PR %CM%%@%@HJW%M% gy%ewasum as those

(?rg% 1%%11? gvu\:% &EE% gg)é ?tl dg{}e{’B use pilot tones for channel training

purposes.

[0053] Alternately, the components of the frequency-smoothed training
signal (FSTS), or the communication data symbols, or both, may be serially
supplied or supplied in batches, and collected, in a memory (not shown).
Once all the symbols in the symbol period are collected, they can be supplied
for use within a single symbol period. In this aspect, the memory/collection
and combinations means may be considered to be part of the transmitter,
even if they are enabled 1n separate modules or devices.

[0054] FIG. 8 1s a diagram depicting a frequency-smoothed unbiased
training signal enabled as a preamble preceding non-predetermined
communication data. As shown, the transmitter supplies the frequency-

smoothed unbiased training signal in a first symbol period using a group of



products, along with (N -P) comuni cati on data synbol s
(subcarrier s). In total, N subcarriers are supplied
w0 noosnessynbol period, including the frequencyPGHDS10b& 056333

unbi ased training signal and quadrature nodul at ed

comuni cati on data. Many conmifi cati ons systens, such

as those conpliant with | EEE 802. 11 and UWB use pil ot
}At%@?ecn(;e%? uﬂcﬁ?ﬂ}igfsnzgnﬂ’@?ﬁ%ﬁﬁ%diﬁl QR3%or frequency

t y t

ernate t he conponents o e frequency-snoot hed

bhBddHrtgs S ThRarah ERTteey a&dephd oML 6iah Idela 8drRorates
synbol s, or both, may be serially supplied or supplied

ghabdaitohe smoddtabtdreatadcation dateontiie @rotip shoevayence

Once all the synbols in the synbol period are
trelquentedubdtdreiers andoersagpphdat forroudeequenysudcarriers, and
singl e synbol period. In this aspect, the

seppiied dul drerdiadnran debatsidemn magicadams datyinbe second symbol
considered to be part of the transmtter, even if they
neeodnsisedupnt sephe Bre sysekelaxerind. devi ces. [ 0054]

e el OB 2 SR e ot

[ = d ' ' ' data. As.
BirSRAc: ErvweEld R fdtegs ot inf 8% priesinp scieRdycisBbiaed of
UNRLARE A LY 201 ”Qriﬁh@”v"&‘ithi M B §ledSH00he BELNOT the
bsTAg A “group “ofYererence Frequency subcarr refs an

?Pée{rﬁﬁﬁoaqhﬂ&l C}fgrﬁ(fd%r ]iﬂi%%gé’] %}Snﬁﬂﬁgﬁfaﬂoﬁ C‘PataTIgtﬁgé)e supplied

r
ransmtter accepts conmuni cation data, gener

gf&'é‘iﬂéféﬁt%ce 151 §fér FRIBTTHE SR 8RS Fol ki3 e Uh el iR a BIIAEP For

referen requency subcarriers and correspondi ng
Bk A mple, AU ROV iddHaer (UNWB,sy8fidn $16BP 6l S bdl&eriods
quadr at ure nodul ated comruni cation data in a second
snanizalitipelr pradk; tetisagueniisdion tofieommnishicayivhalatpetrisobeacon
[ 0055] Although only a first and second synbol period
sigaaéx fhiecéfory, arerdeenioré vf Bivobisgmbe] padieds noadbe maed for the
the preanble may be conprised of a plurality of synbol
pramisoeissioniof [ Eé'IBSTS used in some or all of the

reanbl e synmbol periods. Likew se, comrunicatign data
Eﬂgl§6beA§ﬂwgﬂletbot specifically depicted, the transmitter of Fig. 4, or

elements of the transmitter may be enabled as a processing device for
generating a frequency-smoothed unbiased training signal. In that case, the
processing device would comprise a signal generator module having an
mput to accept training information and an output to supply a quadrature
modulated frequency-smoothed unbiased training signal. As above, the
frequency-smoothed unbiased training signal would include a plurality of
pilot signal products, where each pilot signal product includes complex
plane information represented by a reference frequency subcarrier,
multiplying complex plane information represented by mirror frequency
subcarrier. Also as above, the sum of the plurality of pilot signal products 1s
equal to zero. The signal generator module would supply the frequency-

smoothed unbiased training signal within a single symbol period.



in a plurality of synbol periods (as shown) follow ng

the preanble. For exanple, an Utra Wdeband (UWB)
waymsamsases 6 synbol periods transmitted pri oPCT/US1008056333

transm ssion of communication data or a beacon signal.

Therefore, one or nore of thel® synbol periods may be

used for the transm ssion of a FSTS. [0056] Although
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unbi ased training signal. In that case, the processing
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an input to accept training information and an out put
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unbi ased training signal. As above, the frequency-

s easort [acltte gndn cyse oo theidnimig ase g bedinug s ignahc Ag d@té the

glgural_i ty of pilot signal products, where each pil ot
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reFresented by a reference frequency_ subcarrjer, .
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e : . :

F{R8] T IPE BF D02 ol ML pARR 1 g Mg IBR A 006 for
ShaRlg P&EmEBLEtHS AR i%%ﬁﬁ&ﬁioﬁ.”%o%ﬁ]%a}ﬁﬁ% eqrd
training signal. The system or device 900 conprises a

aua@ddalatieh gt dos akt@its @ aenodiul Mion eedhii thfEBARGIon. As is
902 having an input on line 904 to accept a

toregueitayd stirotdten eu iP0Ras el des ainzil o t & digied 1. coAsewtieir 1 (ADC)
the transmtter of FIG 4, the receiver 902 may be an

BP9 de fi st " womeretrhadior mean FHAD ©10a a3kSn terlaaeridt8, and a

radi ated information. However, the receiver may

deeasten fldl yTheredeveertsvopliehitaziodng imiopinaglosagueaspenss &0

a wired or optical nedium (not shown). . .

receiving the FSTS. The frequency-smoothed unbiased training sequence
includes a plurality of a plurality of pilot signal products. A pilot signal
product includes predetermined complex plane information (p) represented
by a reference frequency subcarrier (f), multiplied by predetermined
complex plane information (pp,) represented by mirror frequency subcarrier
(-f). The sum of the plurality of pilot signal products is equal to zero.

[0059] A processor or processing means 916 has an input on line 918 to
accept the training information, the processor generates a plurality of
processed symbols (y) representing complex plane information. The
processor 916 multiplies each processed symbol (y) by a conjugate of a
corresponding reference signal (p*), and supplies a frequency-smoothed

channel estimate (h) at an output on line 920. In some aspects, the receiver

902 supplies the training information as the output of the ADCs 909. In



[ 0058] The receiver 902 has an in-phase (I)
denodul ati on path 906 for accepting | denodul ation
WO e@sniasgo i nformati on. A quadrature (Q denpduP@Er/U82Iv08/056333
pat h 908 accepts Q denodul ati on training information.
As is conventional, the receiMer 902 incl udes
anal og-to digital converters (ADC) 909, a fast Fourier

gm@r%&)reémrle (T d e Q12 vie! A @ HbERNR HrBddsse &N heir

decoder 914. Thé receiver supplies training

bfhiarait ake bBrfofsRaMLpEReERES 1. NY the FSTS. The
frequency- snoot hed unbi ased training sequence
[0vsbpdER e TS iatbdrhyrigbd af ldirabid pilof sighhDpredugial In one
products. A pilot signal product includes

pspshe} Brentaetlec arepdex gpfrageencf-amoatheahuiplpsed training signal
represent ed b¥'a ref erence frequency subcarrier (f),
maludiplg 2olualipy ofl edsrcenhedferomgs! eraperayesubrhorigss Aod a
(Eg]i regresented‘by mrror frequency subcarrier (-f).
PhEasifiynob fdiasenp rurEdr frgawimnay subcasiigfal 1 pe seRaitBgiof
equal tQ.ZﬁrO. 0059] A processor or processing qﬁaqf

A ah PRYRACTHA I LRe PSS SRAGIES: (1B eRe R aflthgther

i nformati o t he .pr.ocessor generates lurality of
prosiebion e Bprasiratligy T pretiiisnsco ity smoothed
Information. The processqr 9 ltiplie ch

LPLELTR e Ring 5P ARG o dfPulfd B iR o8 Rugss gmmgney
E%ﬂrﬁ&%&, ﬁit%ﬁlg iRrdeni g%tﬁ)%ﬁﬂié&s afdd ﬁﬂ&%ﬁ‘fy of adjacent
snoot hed channel esti mat at "an output on 1ine

38Pror! fPef¥R yARMRE S erd RE tH R AEInY S veRPde SRR rRE s Mis group
training information as the output of the ADCs 909.

hityhing 1 e&PelEt or 611§ FEdbsed SF AllefheaailRhrriaind@OBSTS.
processes, or their equivalent, are perforned by

o6t psTae redaved GamRlenthentdSthed sinboaged tsathiaf s2g1d]l may be
nore pilot signal products. In one aspect, the

exoEisvet aathe ptaanitteayishdy as fodswsed unbi ased

training signal including a plurality of adjacent
reference frequency subcarriers and a plurality of

adj acent mgyror frequency subcarriers. The neani ng of

"adj acent " 44 Bi Rieperidremuson t8dkcarri er spaci ng,
frequency, 2@% ot.her dul ati on characteristics. In

anot her asPREre PR TGRSR TREIRBGY Fagearrier

where p, 1s a mirror frequency subcarrier, and
where n 1s equal to the number of pilot signal products.
[0062] Like the transmitted FSTS, the received FSTS may include

weighted pilot signal products as follows:

Y. Wi pj Pim = 0, from i =1 to n;

where w 1s a weighting factor.
[0063] Two examples of a transmitted FSTS have been described in FIGS. 5
and 6. These same examples are valid examples of a received FSTS.
[0064] In one aspect, the receiver 902 may accept an unbiased frequency-
smoothed training signal with P pilot signal products and (N — P)

communication data symbols in the same symbol period, and supply both



unbi ased training signal includes a group of adjacent

reference frequency subcarriers, wthout intervening
wgaowsarzshers, and a plurality of adjacent m rrP€T/US2008/056333

frequency subcarriers, w thout intervening

subcarriers. This group may itlude all, or only a

subset of all the subcarriers in the FSTS. [0061] The

ERERINESIh o R ISR SYdSIHRANRE AR éé%e' AP PG ST PRlanother

may te ol I

be expressed as the transmt FSTS, as OWs:
Ssped, tRerdeivier @2 actepts £ fitquehey-8nidotBe @uhBi2e8MeLining
frequency subcarrier ere PIn is a mrror frequency
sighedin heirst anhbohgesiod, witheggabup of téferenpeifesqdncy

pil ot signal products. [0062] Like the transmtted
FHIGrridre andoeirveagor 8y mayror ficdqude cyesiudphbadensi | Bhe receiver
signal products as follows: Swp p m=0, fromi =1
alsoraccepler quadriasure modghtied oo tinrcatio@odadp otwehe group of
exanples of a transmtted FSTS have been described in
rfesne fheeuecymbsarggreans sppespontiagyanrer BeaHpnes

f ecei.ved FSTS. 064] t, th [ :
ey 8 G Sptecand SHIRL BUriPetISHOyeRbi HEG IE GG period.
[ | with P pil.ot .si | t d (N-P
géﬁ%ﬁﬁpp%?F%ﬁ”@%?&???h&gﬁg’&%Pgﬁg'éaﬁg sgnbol)peripd,
S0 R 0 ) 0 PT84 o

anotrier aspect,
R e T T e S

1RLBERAES LB ENAY 38R ARAINIRE 31ARY. TRThESRRBSAY the
mrror frequency subcarriers. The receiver also

9@&@@&%§quﬁﬂ&ﬁ&ﬂﬁﬁﬁﬁaﬂy&a&ﬁdeﬁﬁﬁmumbﬁﬁbhﬁﬁaﬂ@ﬁﬁu@M)é&ﬁpta
group of reference frequency subcarriers and

fequespoediooghéd unbiaskdequiensy ssgl@aterdret Sniomtputs acoumeply
synbol period, subsequent to the first synbol period,

ardn m1gppifoiesatommivs datviepbhelfiteguesee sFloGth@l unbiased training
sequence includes a plurality of pilot signal products, where each pilot
signal product includes predetermined complex plane information (p)
represented by a reference frequency subcarrier (f), multiplying
predetermined complex plane information (pp,) represented by mirror
frequency subcarrier (-f). Also as above, the sum of the plurality of pilot
signal products 1s equal to zero.

[0066] A calculation module has an input to accept the training
information. The calculation module generates a plurality of processed
symbols (y) representing complex plane information, multiplies each
processed symbol (y) by a conjugate of a corresponding reference signal (p*),
and supplies a frequency-smoothed channel estimate (h) at an output.
[0067] Training signals, whether enabled in a preamble or as pilot signals
are similar in that the information content of transmitted data is typically

predetermined or "known" data that permits the receiver to calibrate and

make channel measurements. When receiving communication (non-



[ 0065] Although not specifically shown, the receiver
of FIG 9 may al so be enabled as a processing device
wo evosasdsewl ati ng a channel estimate using a  PCT/US2008/056333
frequency- snoot hed unbi ased training signal. In this
i nstance, the processing deviZe conprises a receiver
nodul e having an input to accept a frequency-snoot hed

?%&&éﬁﬁiﬁé@? ARG REIYUEE %eul"i‘lﬂgoﬁﬂﬁoc‘ﬁtemgtati%ew RRE Xhﬁréréel, and

[
raining 1 nformation. As above, the frequency-snoot

HbReasme tdcaiveirig unaBueRLeliviakd Basn APl Hhed hbie@hanges
pil ot signal products, where each pilot signal product

raedordBs Ohedatkis nrResaosmbeXcihaimly akssdimicddonithmelay and
represented by a reference frequency subcarrier (f),
mulltipptlyi for peledstedy shogdaros a@xipeatie emnbos neulting from
(pm) represented by mrror frequency subcarrier (-f).
Alwbipash abo\be, measurednf preddierpinediataisofsas, koch as training
signal products is equal to zero. [0066] A calculation
abBUPesigaglanOnap the ehaneelagtknoyanttha pleggurement can be used
i nformati on. The cal cul ati on .nodul %Pgener

tes a
B TRTAPY ] GTIOFS H SREALUHCEPHBENEAI)Y %%%&W%ned) data.
lex plane information, nultiplies.each processed
TDRBIPT oy Iy i g UGB E  SFAp RE FE S P P P e
' I * | i f - hed
B%’ﬁ’?gdﬁg%g%?o 1?1gb%§§ﬁ)s i es a frequency- snoothe

channe e at an output. [0067] Training

[l088) Doyt e ARAMEdah WhApBERIEGllo % BhO the

s are simlar 1nt ormat’t on cont ent of

Er AR 88 1dadiel $ndvweRliA@phYe RIrahe!l @6 RNBLrtOTH e O Whny
data that permts the receiver to calibrate and make

sRBAR coMBAR RNRMHISm oW Eltn 6ve A € it N Jlo@ R that Udknown” data
(nonpredeterm ned) data, there are 3 unknowns: the
tlaveddrttealrfick the slobacielgesandtheahs@nellhe recei ver is

unable to calibrate for noise, since noise changes

68 b nAYthoGighnme! spesifrabtyawvendhe troansorter ofsEHei 4ted the
wth delay and nmultipath. For relatively short periods
vfcervareof Ele Smagrke easbinediy rom manscpaeh dadadiethe
nmeasured if predeternined data is used, such as
EIRISHIAGT ST ACETVeSi0h FHFR 2 ORBECAITY BIRArTere iedefpignsuch as
ElplIasfltgr?gg,ukr)a?s%%gtndcp%gcgsioﬂsaergd MAC level circuitry. The explanations
made above are intended to describe a transceiver that both transmits
unbiased training sequences and calculates unbiased channel estimates
based upon the receipt of unbiased training sequences from other

transceivers in a network of devices.

Functional Description
[0070] Modern high data rate communication systems transmit signals on
two distinct channels, the in-phase and quadrature-phase channels (I and
Q). The two channels form a 2D constellation in a complex plane. QPSK
and QAM are examples of constellations. The I and Q channels may be
carried by RF hardware that cannot be perfectly balanced due to variations

in RF components, which results in IQ imbalance. In the increasingly



to renove errors in received comruni cation

(non- predeterm ned) data. Therefore, sone systens
waagpl1y2590 t rai ni ng signal to measure a channel POEUS2068/056333

dat a decodi ng begins. [0068] However, the channel can

change, for exanple, as eitheé2lthe transmtter or

recei ver noves in space, or the clocks drift. Hence,

B@ﬁﬁcﬁﬁfr@é@i&ﬁ%}mﬁ ERRENH e TR A KON cdaL8 e8b9 RPeater.
h tra he sl ow

&
wth the "unknown” data in order to track t

thananRgahde dR€oEHeROebnstbNRh Md MRWBR iAQirosstalk between the
specifically shown, the transmtter of FIG 4 and the

[ aadiQehanhekt he figiay ib@riesbiwigditselff dndtaAsing transmission
transceiver. In fact, the transmtter and receiver of

powhr does aok helpy emaoeeel Sparerasd e maatferenchinasesses with the
ant enna, baseband processor, and MAC | evel circuitry.

Jigmab ppivanatlihersgnalde-nbise eatiod SINRe mdachascaniepper beund that
transcei ver that both transmts unbiased trainin

putfue figey oaridechigbgplatatn atbiaktanableawH a 6§tqmﬁg“ésardware-
ased upon the recejpt of unbiased_tr.aini ng sequences
1 RY' Dt e Creass iciﬁéﬁéfa% %C%afWRUB’P 13&Q peg sancier, more
Funct . I i ption..[;0070 d hi gh data.rat :
o P SRR LR Eh 0l o BT 0 ol
I t in- d. - : |s,.
i R e AU e T
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variations in RF conponents, which results in 1Q

EpdradlatigR. oflthainhieg sBgi@a® MoK es@tionk 6R6H oBDNVEESHoN
systens, the inbalance issued are even greater. 1Q

imbalaaee &t dnstBdé,suduzdlycanidiectdeaivieon and results in
crosstal k between the I and Q channels: the signa

[007¢] f Exemaples hré geeinfhelowdhaea$oquy dir Bmtimgosiab i'rpouwercy

does not hel p, since self-generated interference

Daiseas Ml pipldxing éOE YVIA wirbweeighth éorsimeadomaimey sfems,
ratio (SINR)_ reaches an upper bound that .

which study end-to-end 1imbalance, from transmitter to receiver. Moreover,
in OFDM the imbalance 1s modeled as a function of frequency, taking into
account variations in the frequency response of the filters.

[0072] Two kinds of enhancements are presented: one with zero cost that
eliminates the interference from the channel estimate by using an unbiased
training sequence. Substantial gains are achieved because the error of the
channel estimate 1s often more detrimental to performance than the error in
the data itself. A second, relatively low cost, enhancement compensates for
data distortion, if more gain is needed.

[0073] A model of the IQ imbalance 1s provided below. Analysis 1s provided
to show how conventional channel estimation using unbiased training
sequences can mitigate part of the IQ imbalance. Then, a straightforward

extension is provided to calculate the 1Q imbalance parameters, proving

that the algorithms are effective. Using the estimated parameters, a simple



puts a limt on the highest data rate attainable with
a given RF hardware. In order to increase the data
WO 2108/11289€¢ost |y solution is to use fancier, nDOPET/US2008/056333
expensi ve hardware. A possibly less costly solution is
to digitally estimate | Q i nba&Znce and conpensate for
it. The concepts of digital estimation and

?ﬁﬂ?ﬁﬂéﬁ%&ﬁl A8hh I PR RAYE REBNHBARYAAUSHX A aNced

e art. wever, the solutions tend to be
sxRansierLRLaURe WKL TOVB fleYaloh girenDas ivadl] by pe
of training sequence. These solutions often only
sofsdsidnsitoahent ehattoikirdi de, usually at the
receiver. [0071] Exanples are given below that focus
];}paw ency Division Miltiplexing (OFDM,
%Qtﬁﬁl nsllﬂg 1?%1\59;&%% me domai n systens, which study
41 O ' : Lt j .
Fah ol KRB R L L G PELARE or e
EHBSEbRAL a8} B8 Ween! BHE MO h ALOIRGAA YA dYELRLHINS
in t%e frlﬁe&{q(uﬂer?cyyr espe(?rr]lse olfg?he f(lﬁltertsq1 [0072] #\/vo @
Kheiselofis aphanaatEnbs. dQeinbA886¢ efdtheRrdichArZ@efized by an
cost that elimnates the interference fromthe channel
esiplivade ibalsn e aan dabplasednilsdbntngAgequence.
Substantial gains are achi eved because the error of

the ¢ ' his often nore detrinental to
THREDoFRANS ]IS

per f or mance error in the data itself. A
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mtigate part of the I Q inbalance. Then, a
sédetyaqght f orward extension is provided to calculate the
I Q i nbal ance paraneters, proving that the al gorithns
are effective. Using the estinmated paraneters, a

gi:rrglxqrc ns:pe@?ati on algorithmis presented to mtigate
at &°di stortion. Simulation results for WMedia's UB
Wh%r@' so given, as well as suggestions to anend the
St

andar d.
A = cos(A®) + jesin(Ap),
B = ¢cos(A) - j sin(Ag) (2)
are complex quantities modeling the imbalance, a =~ 1 and 6 ~ 0. Nonlinear

model (1) 1s linearized via the vector form

(3
B 1s the imbalance matrix. The second row 1s obsolete since 1t 1s a duplicate
version of the first row. But it gives a same size and type input and output
so 1mbalance blocks at transmitter and receiver can be concatenated, as
described below. The imbalance matrix at the transmitter is defined by B,

and at the receiver it 1s defined by B,.



I Q I mbal ance Model [0074] 1Q inbal ance ari ses when the
power (anplitude) bal ance or the orthogonality (phase)
wheisee59e he i n- phase (1) and quadr at ur e- phaseP¢T)S2008/056333
channels is not naintained. |1Q inbalance is therefore
characterized by an anplitude3 nbal ance 2e and a phase
i mbal ance 2Df . Tinme Domain Signals [0075] A conpl ex
syrrboolaei-?atpeﬂfhﬁmlﬁ@lj and received via the | and Q
channels. In an ideal noiseless channel, the synbol x
(0976 c A ardtamelzannel By congiderrsl, snetgdhe fordd FDYL. A one-tap
i mbal ance, a noisy or distorted version is likely
chaaneldyin gppropriategpatrix {grmpere A = cos(Dgp) +
jesin(Df ), B = ecos(Df ) - j sin(Df ) (2) are conpl ex
quantities nodeling the inbalance, a~ 1 and b ~ 0.
Nonlknetairs nodel (D is linearized via the vector formY
7 BXn (ﬁ)g B4 s the inbal ance matrix. The second row is
I(;Ibso“l ete Since it is a duplicate version of the first
DO i B4l ced e nBmSAEE afda@caRer IHREId Q@é&ta(%@%ﬂe Gaussian
output so I nbal ance bl ocks at transmtter and recelver
cAW(HF) aeneat aratgdor@sNdescr bedihel @wveln8ghabRl afeessed
matrix at the transmtter is defined by Bt, and at the
neaaioviestdriation sfdina@dhlbykdl-. One- Tap Channel [0076] A
one-tap channel is considered, suitable for OFDM A
one-tap channel h in appropriate matrix formis Wth
Ynbat BridBAet Nransnmitter and receiver, and in aver age
whi | £ usgt an (AWGN) noise n, vector formN =1t , the
received signal is expressed
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The overall result 1s that IQ imbalance and channel combine to create a
global channel h', plus an undesired distortion or interference characterized
by a global imbalance parameter B'. The global imbalance parameter B’
changes when the channel changes, and may need to be estimated regularly.
[0077] Next, the condition 1s considered where the symbol x, rather than
spanning the entire complex plane, is restricted to a given (1D) axis. For
example, the axis may be associated with BPSK modulation, the real axis,
the imaginary axis, or any axis in between. In this case, x* = kx may be

written, where k 1s a complex constant (a rotation), and

Y=(h+06k)x+n
2 h'"x +n. (6)
If x 1s restricted to a unique axis, IQ imbalance vanishes, becoming an

integral part of an overall channel response.



as a concatenation of linear blocks Y = BrHBtX + N H X

+ Nf it" 2Af \ +* vy =h'x + b x* +n. (5 The
wo@saliss esult is that |1 Q inbal ance and channe€T/US2008/056333

conbine to create a gl obal channel h', plus an

undesired distortion or inter24&rence characterized by

a gl obal inbal ance paraneter b'. . The gl obal inbal ance
par anEI&queW@@snﬂﬂ@nsﬂgéla:]ﬁannel changes, and may
need to be estimated regularly. [0077] Next, the

H978] t Monile shepresiides e dehepelieseo Symbdomain sianiads, a

than _spanning the entire conplex plane, .is restricted .
medafien tian 1 ey carpislered wheya the s18nad of axtesestay 1pgiven in
fssociat d wi.th BPSK nodq% ian, the real .axis, the .
TRHYPRGY Jomain, atgiregisncyd sIn HmsedoRatn: this sigpal tegried by a
X* = kx nmay be witten, ere k is a. conplex canstant
ol Fo e Eeing T i st rp IR, 2 PRI s
éb&ﬁn &stricted to a unique axis, |IQ inbalance

vani shes, becom ng an integral part of an overal

channel response. Frequency Domain Signals [0078] Wile

the previous nodel applies to tine domain signals, a

el ¢ Bxiedti™i 7how consi dered where the signal of

interest x i.s given in frequen%y-donain, at frequency

in OHIAM, ithe 1atspgrsnce Rreated hyal rabalance dgepypol show up at the
conplex tone,, xeJ2pft . pl aci ng,.terns in.e t.ion

SR frwwmfo%h@gﬁ@r@ﬁféﬁﬁ MR ireapeney ge pprsa.
8\701@' i &%@{18%%%; al, 1t &%‘é@é LTSS R LPR AEEn Al x,n

1s the signal transmitted at frequency -f, where index m denotes a quantity

at mirror frequency —f, then at frequency —f the following is obtained

OmXme 2t + B, x,"ei2nft, (8)

A generalization of the time domain equations has been used. The 1Q
1mbalance parameters a and B are here a function of frequency. This models
an imbalance due to different low-pass (base-band) or band-pass (IF) filters
in the system. The I and Q paths cannot have the exact same filters and,
hence, the imbalance varies with frequency. In time domain systems, this
kind of imbalance exists but it 1s very expensive to compensate. An
equalizer and an extension of the model to deal with different convolutions
on different channels are required. So in the time domain, bulk or average
1imbalance 1s used. Frequency domain systems are able to take advantage of
the plain equalizer structure and model the imbalance on a per frequency
basis.

[0079] If the output of equations (7) and (8) are combined per subcarrier,

the following is observed



sanme frequency f, but rather at the mrror frequency
-f, and vice versa. Wiat is transmtted at -f creates

w0 ndosnizpence on frequency +f. If signal xm i sSPCTES2008/056333
signal transmtted at frequency -f, where index m
denotes a quantity at mrror 2&equency -f, then at
frequency -f the following is obtained amxne-i2 ft +
Brmanfoesi 2Bikm )eif®) A generalization of the time domain
eguaty onsr Baseeenoysed. The 1Q inbal ance paraneters
aand b are héere a function of frequency. This nodels
Omittibal theGRibdaer16:@ @utd@aeirhlll BmdiAsE bi RRS FHBNE)liMar
band-pass (IF) filters in the system The | and Q
paide$ fwadtivat ohelgaalsher ekacd —£ agie beiwitigtes sand, hence,
t he i nbal ance varies with frequency. In tinme domain
systens, this kind of inbalance exists but it is very
expenstye tgc{r}x:g pensate. An equalizer and an extension
g’r\ tihd ‘Aodel ég_t&nFeal with different convol utions on
fitf 8rent chahngls are required. So in the tine
doiva=rBXbul k or a@e)age inbal ance is used. Frequency
domai n systens are able to take advantage of the plain
gkt fregueaty domaie modelndoesecohd rombml enlbagen obsgete. The
frequency basis. [0079] |If the output of equations (7)
ariglel Qpaér o operishakdvipkra sab o mriregr, fregeeices. oM ag-iap
observedY = (OX + bmXm 2 ft ym= (anxm + bc*)e 2 ft (9 .
shapmelth affrepaesopéaand bmsat(fyﬁ%ﬁltﬂlﬁé}b’i'ﬁw mpdpleddpie theyjpatrix
the FFT), a linear nodel function of signals at +f and
- f can be witten as J=V | Y = BX. (10) In the
f r eq@eneys donmai n nodel, the second row is no |onger
Ppg'hﬁet@dm@)mdel deals, in one shot, with a pair of
mrror frequencies. A one-tap channel h at frequency

AwandnbiXeat af HRQUERSY T, dnd & TR RENRY £ REBIL hiise vector N

&

=i ®%3 The end to end model is

Y =BHBX+N
£ HX+N

—y=h'x+Bn'xm" + n
Ym = hi'Xm +B'x" + (12)

h’, hn' are the global channel taps, and 6, B’ are the global imbalance
parameters. The imbalance parameters change when the channels change
and may need to be estimated regularly.

[0080] Since IQ imbalance generates interference exclusively from the
mirror frequency, two interesting cases are noteworthy. If at the mirror
frequency no signal is transmitted, or the channel is in a fade, no
interference is created. If on the other hand, the signal or channel 1s strong,
the interference can be strong. Hence, in OFDM, the effect of IQ imbalance

1s more problematic.



H=V . (11) AWGN noise n at frequency f, and nm at

frequency -f formthe noise vector N=r. The end to
weresio$ed is Y = BrHBtX + NH X + N A f ) y =Pti/KsS2008/056333

bmMxm* + nym=hmMxm+ b"'x + n m(12) h', hm are

the gl obal channel taps, and 26, bm are the gl obal

I bal ance paraneters. The inbal ance paraneters change

fanventionah(dranaed stiznatiey need to be estimated

rqeggul arly. [0080] .Since |IQinbalance generates
(4084} f Bekareexaeinig Ve gompensathen plgorshns; dgiseshtapyn how half
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h[n .a. fade, no [ ert erfﬁ.r enﬁz i._s. created. Iff on 11 he %t hﬁg
HATIng HEUEPG Fral by ERRAST AP Prpiigice (U eliminates the
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unbi ased training sequence. An unbiased training
sqHtengdohul |y elimnates the interference fromthe
channel estimate, noticeably inproving performance. In
foo82] The rmoddr(1R)id dtemahatedelithgiilotabaes. SAofteuenoy ef, the
detrinmental than the error in the data, because the
pHahpet testsnmiites], tadds freqeersat -, shdpdst pa. tAssuming, without
constel I ati on.

loss of generality, that the pilots have a unit norm (the channel carries the
effective power), the conventional channel estimate at frequency f 1s

obtained by de-rotating by p*

H=h'pp* + B mpm'p* +n

=h'"+Bmpmp” +n (13)
By averaging several channel observations, the noise 1s automatically
reduced (for clarity, noise de-rotation 1s omitted). With regard to the term
B'mpm p’, many OFDM systems (e.g., WiMedia’s UWB) use a training
sequence that 1s simply a repeated symbol. Therefore, this term does not
decay with averaging. Applying a scrambling of +1 or -1 to the entire
OFDM symbol does not help, as nothing changes when the sign of both p*

and pm" are inverted. Rather, the following is accomplished: after

cumulating a number of observations, the sum of the products 1s nullified

Y ipiPim = 0. (14)
Often the training sequence consists of an even number of symbols, and it 1s

enough to ensure each pair adds up to zero

Pipim + p2pem = 0. (15)



[0082] The nodel (12) is stimulated with pilot tones.

At frequency +f, the pilot pis transmtted, and at
woe@guesey -f, the pilot pm Assum ng, W thoutP¢DES2008/056333

generality, that the pilots have a unit norm(the

channel carries the effectivepower), the conventi onal

channel estimate at frequency f is obtained by

d.ew\fuo.tuatuiuﬂg\mb.ymxp* \\\\\ Hm«_m“h!mp.pmwkm.b\' \\\\\\\ ﬁf.pm\\p\mq.\mﬂ““«_mmh\l \\\\\\ +m.b\'mn<pm \\\\\\\\\\\\\\\\\\

Mabld 1{ ERAnBe AYLHABIARE] $RMBIR séilainel observations,
the noise is automatically reduced (for clarity, noise

HE T O AL T BT & BT T EED W N T S 0Ar o E 6 T HE &P i s
b' npntp*, man e@tﬁmw& éYi‘E%{léﬁ @93 dggTRERoLIen B&E’fst (feining

B2 Tl ni ng seqVBhle that is sinply a repeated synbol .
:Fhe.r.ef..e.r.e.’.......t...hj...s.....t..eF..m..@le.e.s....n.o.t......d.e{;.ay....W...t..h....av.e.p.ag.i...ng._ .................................
Bppl pi.mgm & scFanpésitng fofquedcies maihtaim fikévbpibni for ecgdEDM

ByTbol does ndieqi@icizs casstaolynhwngt thhaipges when the sign

of .both.p*. and pm* are_inverted. Rather., the

followi ng is acconplished: after cunulating a nunber
of observations, the sumof the products is nullified
impimpimm“:m\om\: \\\\\\ (“1~4~) \\\\\\ ﬁ\t\uexn\“\t\xhxe\“\t\ur“a.ix\TT-i\“n.gm\sxe.qu.exn.c\emucxonsxiws\tus \\\\\\\\\\\\\\\\\\\\

BlsS PSSPy A0 P ORI A e v in
T3BleTabMBede ti¥@ 128iRh s WBRLESRY drbaldMobéd 58 WHDMRSR training

Second training synbol is a 90 degrees rotation of

Eédquedncek debdudd, BA onbPhasd,iiaséll chfhnel B3bintates @€ produced,
positive frequencies maintain fixed pilot, for

aadai the qher fthegeraimhgsigmaisegnhlly spavierthe thads@Qgtimensions
[0083] Exanpl es of sinple sequences that satisfy the
obhtiti ¢dropleargage vetime doaizis. Ior ckaeselet gpembodsed training
trai ni ng sequences are denoted as unbi ased training
sequence 1s not concentrated along just the real axis.

[0084] As a proof: consider the unit norm complex scalar a; = piei® = pime®,
half way between pi and pim. In time domain, the pilots add up to 2a;
cos(2mft + 0). In time domain and in a given OFDM symbol, the 2 mirror
pilots span a unique direction determined by the complex constant a;. If L
symbols are transmitted, the total (or average, or cumulated) power in a
direction @ is Y i| Raiexp(—jp) 12 =0.5 L + 0.5 R exp(-2jp) > aia;. This power

1s constant in any direction @ if and only if } ia;a;i =) ipipim = 0. Uniform

spanning of the complex plane 1s achieved.

IQ Imbalance Estimation
[0085] After estimating the global channel h', the estimation of the global
1mbalance parameter B’ 1s considered. Careful analysis of equation (12)
reveals that this parameter can be obtained in manner very similar way to
the conventional channel estimation. That is, B’ can be treated like a

“channel” carrying the pilot pn*. Hence, by de-rotating by pm, an estimate of



sequences because, on one hand, unbi ased channe

estimates are produced, and on the other, the training
war@salzsdequal |y spans the | and Q di nensi ons PET/URM08/056333

conplex plane in tinme domain. For exanple, an unbi ased

training sequence is not concghtrated al ong just the

real axis. [0084] As a proof: consider the unit norm

BTRhBX1a5C8 ky Bk obt&in®dd ThePbdMRlitioR3bE uBYa A WERM tRon of
and pim In ti'ne domain, the pilots add up to 2a

gas{mphlanteds idedtital thRqdafeh1aNd in a given OFDM
synbol, the 2 mirror pilots span a unique direction
poeger nimednbyathaistophdkasedrizhnhg aequélicds Sy S
are transmtted, the total (or average, or cunul at ed)
pavemtianad claneel estmhtioss, godd &dtanatesplf-thefend-ti2emd channel
0.5 L +0.5v exp(-2) f) aiai. This power is constant
and ampadiancecpanaméter faraobtained (Tableg Qi ai i pi pim = 0.
Uni f orm spanni ng of the conplex plane is achieved. |10Q
I | an e.Estlnat{on. 0085] After estimating the
&ﬂg@%?i AAHEIOTHa!80r 8 Mest | mat i on of the gl obal
lL.nbal.ance..paraneter..bm is considered. Careful

anal ygi s of equayjon (12) reveals that this paraneter
can be obtained in manner very simlar way to the

[ estimation. That is, bm can be
?%2%%@%%&ﬁigk%8@@E§ngT" carrying the pilot pm*.
Hence,byde-rotating by pm an estimate ofthe
I nbal ance may be obtained. The condition for unbiased
estimation.of. .the inbalance.is.identical. to. .eqguation. ...
(14) . [0086] In summary, using unbiased training
sequeRifpotin o ¢epvAdjaeat Sidbealridersmati ons,

good estimates of the end-to-end channel and i nbal ance

1L aatsorPBs & ik LadhcedPOFDM s 1! j 1
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estimate may be smoothed over adjacent subcarriers within one symbol. In

OFDM, the cyclic prefix 1s designed to be short, and the channel is supposed
to vary slowly from tone to tone. Likewise, the filters in the RF chain
should have short temporal response and their frequency response also
varies slowly, 1.e., the IQ imbalance varies slowly across subcarriers. The
same channel smoothing techniques can be used to smooth and improve the
1imbalance parameter estimate. By using unbiased training sequences,
there is no interaction between the channel estimate and the imbalance
estimate. Each estimated can be independently smoothed.

[0088] If a unique OFDM symbol 1s used for estimation, it 1s impossible to
find an unbiased training sequence that satisfies equation (14). In this case,
a nearly unbiased training sequence can be obtained by applying the
summation from equation (14) over groups of 2 or more adjacent
subcarriers. Then smoothing automatically cancels all or part of the

interference from mirror frequencies. One solution is to rotate the pilot by



Snoot hi ng over Adjacent Subcarriers [0087] In addition

to averagi ng over adjacent OFDM synbol s, the channel
wW@2i0se5e0 may be snoot hed over adj acent subcarPCEUS2008/056333

within one synbol. In OFDM the cyclic prefix is

designed to be short, and the&%hannel is supposed to

vary slowmy fromtone to tone. Likew se, the filters

bo de %é@%&ﬂ% Raphent duhayeies feﬁ{omgempﬁ{ﬂorrcﬁfmm on the

and heir frequency response also varies slowy, iI.e.,

bhsitive AR @NeR fafhescisboW y across subcarriers. The
sane channel snoot hing techni ques can be used to

089} hTapdffeapbby@obtlang thalchnaacpadtamate bvess djaates

By using unbi ased training sequences, there is no
freyeeacks oan et peréor nh b ustenm edbned titioatvathradwetpht vector,
I mbal ance estimate. Each estimated can be

ratdepéhdernt siyngrooreheging[@ash pifot andepensencsOM by rhule
is used for estimation, it is mgossi ble to find an
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t he adj acent subcarrier (noving i n mrror directions
on the posht Fle+dnP)Bgatinipi fmegdemci es). [0089] The
ef fect of snoothing the channel estimate over adjacent
frequenci es can be perfornmed using a convol ution wth
a wei ght vede 6¢P1rsal:3ﬁetpt4 Ha}ptamverrpuéua%ﬁawmg ¢pnstant
GFED BT S BERGER o B AT O Syt i v
RS " Sl '%ﬁ%ﬁ%"g‘m Fyhee

h h Stkl.m h S
e TrRLRERY: bt hREnROR R fRh RS uhakL 1 o

f(fﬁ@'i'? Theatdvd eﬁql B })ng%éﬁ'ﬁ%p&hap I }av&&ing occurs for each pair

of pilot and mirror pilot, with index 1 and mirror index 1im are independently
of other pilots (index 1’ and 'm, for example). That 1s, each pair can be
separately treated, by collecting observed values for each pair over multiple
symbols periods, and carrying the average.

[0092] However, if adjacent pilots are averaged, a new channel average is

obtained as follows:
h' =h + sum{wji Bim pi* pim"} + 1.
where the index 1 now denotes adjacent subcarriers rather than

different symbol periods. Index jis the center pilot, and wj; is the weighting

function. Then, the formula wj; Bim pi* pim” can be written as a convolution:

w f Bump " pm) =0



where P is the total pilot power, usually assuned

constant from one synbol to the next one. But P does
woeishsseo t o be constant in the general case "PCT/US2008/056333

noi se, and p and p mare, respectively, the pilot of

interest at frequency f, and 3the mrror pilot at

frequency -f . [0091] The above equations assume that

the aver agige QheWytn@r«eaeRoRRI 4 cHyodidigh, FRdem rror

_pllot, wth index I and mrror !ndex imare

"’ﬂ@@t@)@B&@fﬁt?]Heﬁ&te@ta{%@fmﬁléxqioﬁjlﬂgmex i" and i'm for

exanple). That is, each pair can be separately

10093 e@hebyeight Feedticigwoldatonat avdlivdspénder@aghorpBbiv the

over nultiple synbols periods, and carrying the

evanagas avetsid. Hoheydots p fanddpaaentingnbens. dByeoptimizing the

averaged, a new channel average is obtained as

pabtsomke vhlue-ofithe enwaitwin, iwhBicnip the pndpsirad wosteeaddwel to h,

i ndex i now denotes adjacent subcarriers rather than

e Perernmsgethynbakamice paramedess Pmi I herearegprter Bi 1sginknown

and wis the wejghting function.. Then, the rmul a wm
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abxe MbREREGeh TR 2RG DeRBLHBPBA SFcin BRE edi8tion to obtain

paranmeter Bmis unknown in this equation and depends

on the physical .hardware (1Q inbalance). But since Bm

i s unknownVaf hém) md t he p and pm are being

optimzed, and if it is assuned the averagi ng over

adj acent frequenci es nmeans that Bm does not

whose power 1s minimized for a given waveform w. By
constraining the values of p and p;,, for example, the power can remain
constant as the index 1 changes.
[0094] In the absence of constraints (other than total pilot power), this
problem is not excessively hard to solve. The convolution can be written as
a Toeplitz matrix W formed by the vector w, times the vector A = (p” pm").

To minimize the power of the convolution WA, 1.e., the norm of the vector, 1s

optimally:

min AFWHWA

Note: “A” contains dependent terms. That 1s, A(1) and A(im)
are equal terms. So only half of “A” 1s unknown, which makes the problem a
bit harder to solve. But if w is symmetric around the origin, then the matrix
and vector can be wrapped around in a mirror fashion. What remains 1s a

half-size matrix, and vector W and A’. Then, the optimal convolution WA 1s:

min A HWHW’A’



vary noticeably, then is can be assuned that Bmis a

constant i ndependent of index i . Hence, the term Bm
w@amwshesgr opped fromthe equation to obtain w P@Er/URINEH56333

= 0 whose power is mninmzed for a given waveform w.

By constraining the val ues of3p and pm, for exanple,

the power can remain constant as the index i changes.

[0094] In the absence of constraints (other than total

pi I ot poweggl eEth O%IPB 18{'}) wel Bé]tngx c%%%%e;nte hllg%oﬂlttign 1s still

sol ve. The c nvojf |on can (%)e Wi oe I
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"A" contains dependent ternms. That is,
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unknown, which nmakes the problema bit harder to
sbtheemaBrik WHW.i s symmetric around the origin, then
the matrix and vector can be wapped around in a '
[09Fbr Giiesh tlog mantyaabavermiensiong d @ shaifpteinse themproblem is now
and vector Wand A . Then, the optimal convol uti on WA
pasilyrsolved Hlbvsoln omjgecas arpldest off thei shepepbide pb]@tshg
onst ant solution is.still pot so sj.npl
%kweyeas%@%ﬁtwsuﬁwl%ﬁ 1§ mgp %@%@\%Wahé I?sually, the pilots
r oxi mat el ui val ent hat the norm
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optimization techniques. Since unbiased training signals with a 25%, or
even 50%, error are useful, excellent performance can be achieved. Hence, it
1s enough to find a simple structure of the pilots that tends to be unbiased
without being 100% unbiased, which is difficult to achieve in fact.
[0097] Such a structure can be obtained by assuming that w is slowly
changing. Therefore, every 2 adjacent pilots can be merged together and the
problem for these two pilots can be optimized separately, assuming a
constant w. Then, the overall structure of the pilots can be inferred.
Combining every two adjacent pilots together, averaging them as if there is

no weighting w (or a constant weight) leads back to the original formula for

the frequency-smoothed unbiased training signal:

P1 Pim + p2 pam =0

where p1 and p2 are adjacent in frequency, rather than falling
1n consecutive symbol periods. One simple FSTS involves rotating the pilots
by 90 degrees, from one pilot to the next one in frequency, moving in a

mirror fashion from the center frequency to the edge frequency. Alternately,



However, one of the assunptions is nost often not
valid. Usually, the pilots have a very sinple
w@reoaataspe, such as 1+, or 1, or j , etc. O hrPeTMISHN8/056333
the pilots have at |east a constant norm hence
exp(jg) . [0096] G ven this n#v constraint, the
probl em can be sol ved using optim zation techni ques.
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50% error are useful, excellent” performnce can
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frequency ternately,the sign of the negative

(mrror) frequency pilots can be flipped while

mai nt ai ni ng sane sign for the positive (reference)
frequendystimhatiopor vice versa). Ot her conbinations
t hat achi eve good scranbling are possible. [0098]
B099] afThensefafrunlidedl ratMBgu=igngnedd apdshe abeve-mentioned
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Least Squares Estimator
[00100] L transmissions X, L noise terms N; and L observations Y i, may be

respectively concatenated into the 2 by L matrices

3 =0 ¥ e ¥:) (16)
Then, equation (12) becomes
¥=Hrx+&. A7

The unknown 1s H'. The LS estimator is

A

H' = ()1 (18)



frequency is perforned via a w = sine function with
relatively slow variations frompilot to pilot. This

waowdoght2sbuncti on i s mandat ed by ot her requi r enee/8S2008/056333
(such as channel estimation inprovenent even in the
absence of 1Q inbal ance). Est3dmtion [0099] The use of
unbi ased training sequences and the above-nenti oned

QPMERS A ARk @m@n&%&mﬁgi %@Eyrte%kf@ that ﬁ’i‘kﬁe%sﬁiaﬁgnal (the

Squares (LS) estimtor. he LS estimators, t
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significant value. Least Squares Estimator [00100] L

hf@nsrmalizedso Xhit horml Thehernms Ni and L observations
Y i, may be respectively concatenated into the 2 by L

tri = tjfi f =i VK). 16) Then, ti
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Spfegtselar i conyetisph gt e CRRRIODU R T rofatipgia

th ten kSh),. It i td | t -
FaReRE SR Prodist Res S0He i dsRePRPR o iR pyafls Bction. Two
g&i&a@ﬁ)ﬁfg‘ yb%@ai'f[ed:fo' \fr\eﬁ/a'eng 1‘,/ dnd'twd eggi atichs for mirror
pr eci sel'y T 2onvent Honal "channel “esth rata ons Wi th

ﬁ%qﬁgh ions respectively by p *, pm p m* and p as
described in the previous section. Two estinations are

obt ai ped. .f or equency f, and two estimations for
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[00101] Unbiased training sequences and conventional channel estimations
are an LS estimator. But any estimator H = FAHE(r¥H)1 15 also an LS
estimator. Below, it 1s shown that the use of unbiased training sequences
results 1n an excellent estimator. Model (17) can be viewed as unknown
information H' sent via 2 consecutive transmissions over 2 vectors (rows of
) 1n an L dimension space. We denote by .j, % and J; respectively row j of

&, fand ¥, where j {1,2}. Models (12) and (17) can be written

Fr=h'¥ + 0t + &
Fo =031 + h'mAe + &% (20)

There are 2 transmissions, each involving the 2 vectors &1, .¥2, and where
each vector 1s carrying complex amplitude information to be estimated. The
LS estimator consists of projecting onto each vector, in a parallel way to the
other vector in order to cancel interference. A very good result is obtained
when the 2 vectors are orthogonal, 1.e., when dot product (14) 1s zero.
Unbiased training sequences are by definition, training sequences that
verify this condition. Other sequences use non-orthogonal vectors and suffer
a loss of performance function of the angle between the vectors .¥1 and .¥s.

Many OFDM systems currently use a very poor kind of training sequences



Optimal Estimator [00101] Unbi ased training seguences

and conventional channel estimations are an LS
w@saosirexsey . But any estimator H = Y rH(, V >H) PCHUS1088056333

an LS estimator. Below, it is shown that the use of

unbi ased training sequences r&sults in an excell ent

estimator. NMbdel (17) can be viewed as unknown
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each involving the 2 vectors Yi , A, and where each

108a 02 Tosabanlatd thy Meap! Sy aed] Eitrode (V6D et éssimatioberror 1s
estimted. The LS estimator consists of projecting
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It 1s I npossibl’e’to properly estimate t tries

Ehd sEB&SEdldg@hal Bférﬁ@r%&ﬁft?@ﬁ tepd to estimte noisier
versions of the channels h' and h'm [00102] To

powi103) The thig MSMS&?(UE”&%ZEE% &8)-1( MSBY, theh§roblem is to find .¥
estimation error is H-H iIsis a2by 2 mtrix,

that midingizee tr(walt)esubfat o thk densanitethias abedl gdldoypower 1s
multiplying left and right with conbinations of the
vatdtans ite. a( Y &H) =Asubismge EnALigkhidecampodiitm, tthe problem can
matri x, or nore generally a diagonal matrix with

b avreies asonimanige21/A] suljeet tioe). Shisvwonshaiet. The problem is

solved with the Lagrange multipliers, and is typically optimum when all
Eigen values are equal. This means .¥.¥H = LL¥ 1s proportional to an identity
matrix.

[00104] The total MSE has been minimized, and the resulting MSE per
element 1s either o%L or om%L. But this MSE per element is likely to be the
best that can be obtained, even if a unique vector transmission is used. The
MSE is unlikely to be improved for a 2 vector transmissions, and therefore
the MSE per element has been minimized. The unbiased training sequences

plus conventional channel estimator are the MMSE of all LS estimators.

IQ Imbalance Compensation
[00105] If the gain from the unbiased channel estimate i1s not enough, the 1Q
1mbalance parameters may be estimated (as described previously) and

applied to compensate for data distortion. H' 1s estimated in model (12), Y =



the MSE of h' and mi are, respectively, the first and

second di agonal elenents of s2(.1 .Vl ) 1. And for "'
wa@e@shmsg t he MSE are, respectively, the firstPents2008/056333

second di agonal elenment of OM®C ) -1. [00103] The

total MSE is 2(s2 + sm2)tr(.35V1*)-1. Now the problem

istofind Tthat mnimzes t r (. .V1) 1 subject to

Hﬂg mnws@l t% fw@g tdﬁts% tB'e'xH{kWY? tha?'X?OF‘l%é &Ydel is the

l.e., tr(,Y . Using an Eigen deconposition,
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lj is constant. The problemis solved with the

baaslangtomuldoriphinetsn baftttéd Aydhgae kyuabiitivimaldieithm is

all Eigen values are equal. This nmeans ,XLH =L is
preeated saahbledfoanhe dbnduityusrhitrinker] ¢ D0 dedHgAM Rall fading
MSE has been m nim zed, and the resulting MSE per

ehameels. i s either s2/L or sm2/L. But this MSE per

element is likely to be the_best that can be obtained,
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8%%31@2‘{4‘%%%3%5 e Gk Pt Blel s e prfint peglution
tor ts Qwhnb%hgnce CogﬁJense}t | 0'3 LVO%%O ]I]Iéf tthe (12)
gal nE? 1 n énlrﬁan nnelis n €. 5 uatio ,

rom I ase nel esti ITH e1rs n nou

1R r y estqmated (as

déem 8@1 Z‘ir/éﬁgaus?y; ang’ovSVl |Sé§8ttao %on‘pensate for

data dlstortlon IS estlrmtedln nmodel (12), Y =H X
Now t he focus turns to the unknown data X. The

@1 [f’rs'B the SardBaBmakiym 2 & aficHBrme D wi t h
CrOSS~C@./BL A Onsn’ Ay channel equaliza{2pn al gorithm
can be fitted. A sinple equalization algorithmis
phesent £d0.s/di 4 ahl,eif wrisé bahaheguehudlobé:tit inherdraad ehe
coded QAM and fadi ng channel s.
second order imbalance term B"Bm’ << h'hn™. When this approximation is
mnvalid, the corrected channel h'c 2 h'- B,'6"hn'* 1s considered, which entails

precise estimation of the channel and imbalance parameters.
Basically, the ZF technique consists of computing

=y -Bn/hn)ym=h'x +n'+n. (22)
By subtracting the mirror frequency quantity (Bm/hm")ym from the received
signal y, the simple channel model with no IQ imbalance is obtained. The
rest of the decoding chain is unchanged.
[00107] This solution works well as long as the noise enhancement 1s weaker
than the original interference from IQ imbalance, i.e., |n' |2 < |Bm'xm" | 2. If
not, then the original y is used rather than the imbalance corrected z. It is
unnecessary to estimate n' in order to make a decision. A robust average-

wise improvement may be elected. So, considering the expected values

Eln'2=(B8n|¥hn'|DEnm|2< B [2E|xn"[2



[00106] One concern wth the Zero-Forcing (ZF)

approach H1Y = X+ H 1IN is that it enhances noise
wob@as/1135e0 m rror channel is weak, unless an acPOI/NB1008/056333

is made for the conplicated col ored noise. The present

sol ution uses ZF, but only whah the mrror channel is

not weak. In equation (12), replacing xmby its val ue,

t he fol Iﬁ*‘@vﬁ{ﬁg is obtained y = (h'- bmb I3 m*)x + ( m

L1, 48 FBa bl m 0 = o (HFPI )y m s

n" +n, (21) ere nn=-( bmh m*)nm* is noise
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Basi cal |y, the ZF techni %ue consi sts of conputing z =
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the mrror _frequency quantity ( m/hm)ymfromthe
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L. mbal a i's obtai The rest of the decoding chain
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KNB <Awidn INB=nt drob frequency' s signal to noise

r-at-4-0--SNRm-i-s--g-eat-ef-t-han 1, the inbal ance corrected

term=zyi s used.- (Herw.se, the original signal y is

kept...Due.tq.channel..and i nbal ance estimation

inmprecision, it is safer to

Simulation Results

[00109] FIG. 10 depicts the performance achieved by applying unbiased
training signal algorithms to the WiMedia UWB standard. The highest
data rate, 480 Mbps, 1s simulated in IEEE 802.15.3’s channel model CM2
(indoor pico-environment of about 4 meters). Shadowing and band hopping
are turned off. The IQ imbalance 1s constant and equal to 2¢ = 10% (0.8 dB)
in amplitude and 2A® = 10 degrees in phase. The same amount of
1mbalance 1s present at the transmitter and receiver. The figure shows the
Packet Error Rate (PER) as a function of Eb/No. The performance degrades
quickly without any form of compensation. Table 4 lists the loss of various

algorithms with respect to ideal case.



use a larger SNR, for exanple, SNRm > 2 works well for
W Media UWB. Note that SNRm can usual ly be obtai ned
wo e@si113580 gl obal SNR via the formula SNRm = | P@1/UB2008/056333

2SNR. [00108] Table 3 summarizes the ZF algorithmw th

noi se enhancenent avoi dance. Jable 3 : Conpensati on

algorithmSNRm< 1 + d SNRm>1 + d Sinulation Results

Cootog] StanGardUndeasect Eraihmngfeorhpemsaioan achi eved by

applyi.ng..unbi.ased. training.signal..algorithns to the

W Medi.a @B st andargdy dipe hi ghegtissdgBa rate, 480 Mops,

is simulated in | EEE 802.15.3's channel nodel Cw

(1 ndoor pico-environnent of about 4 neters). Shadow ng

and band hopping are turned off. The 1Q inbal ance is
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asttmiaxingTHe 1mbelafceyrarnasddrd, maidy sgnpkecpleocélsm 1s given to
achi eves consi derabl e gains at no cost. The unbi ased
corapansafeder debr dsstanii anaddaredidrgingawtdl n@ae enbanegment
sel f-generated interference fromthe channel estinate.
¢, such training sequences are ideal for
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enhancement: the conventional biased training sequence that consists of 6

symbols exclusively transmitted on the I channel can be divided in 2 halves
to create an unbiased sequence. The first 3 symbols are sent on the I
channel, and the last 3 symbols are sent on the Q channel. By uniformly
spanning the complex plane, an unbiased training sequence 1s created with
large gains for high data rates. For backward compatibility, this scheme
may be reserved for high data rate modes and signaled via the beacons, or
the training sequence type may be blindly detected.

[00112] In OFDMA (e.g., WiMAX), the subcarriers f and -f can be assigned to
different users. Considerable interference can arise if power control drives
one user to high power level. It is therefore a good idea to locate the pilots of
different users on mirror subcarriers. The pilots should satisfy the unbiased
training sequence criterion. Each user automatically benefits without any
extra effort. The pilots may hop to different locations while maintaining

mirror positions.



conpensate for data distortion: Zero- Forcing with

noi se enhancenent avoi dance. [00111] WMedia UWB, in
w@arsiicasb@r, benefits fromthe foll owi ng enhanP€rER1008/056333

t he conventional biased training sequence that

consi sts of 6 synbols exclusid&ly transmitted on the |

channel can be divided in 2 halves to create an
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hannel, and the last 3 synbols are sent on the
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8@ qdegerdsmaifOthkddelffigetfeeatoe eam dm b nendieth hearly vanish if
other time domain systens (e.g., TDMA) besi des CDNA.

e FORMIsedarelsdiyndtosens Iodeed, dgdubngtthe adonealastiibad ST Ss,
the received signal with a matched filter, which is

he pdf-inierfirencotendsetoctmskeaiten Aj mgaine @ thergakgEdrom

In other words, ignoring the AWGN, it is_a
adjacent tones (assuming slow channel variations). Hence, an unbiased

training signal for time domain systems can be designed with frequency
domain constraints on adjacent tones.

[00115] In fact, GSM training sequences have been studied and it 1s
observed that certain training sequences and certain MSK modulation
rotations behave better than others. No simple insight is given as to why
there 1s a difference in performance. As mentioned above for time domain
systems, the difference in performance i1s may be due to a good (unbiased)
versus bad spanning of the complex plane in the time domain by every
group of adjacent frequencies and their mirror frequencies.

[00116] FIG. 11 1s a flowchart illustrating a method for supplying a
frequency-smoothed communications training signal. Although the method
1s depicted as a sequence of numbered steps for clarity, the numbering does

not necessarily dictate the order of the steps. It should be understood that



convol ution of the channel, the transmtted FSTS, and

the matched filter. It can be shown that the channel
W@saosrexseo cont ai ns a sel f-interference (bias) PEr/Ds2008/056333

generated by the 1Q inbal ance. By considering the

equation in frequency domai n,39 he self-interference

termcan be nmade to nearly vanish if the FSTS is

cahefd 'f”th%secﬁ%?)?rﬂna}l ngﬁﬂa pedlY pEBfoRSheliNg RAYIet deSshidigtkd

FSTSs e se interference tends to cancel after
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be under st ood
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herein, the terns "generating", "deriving", and

Smobthesl ynbgised éfaningspnad sstles a katgleraymbel peabfledn one

t hrough the use of nmachi ne-readabl e software

peseatuidie emeponreptdwathe FTSmeons sapplens ssirialbf o batches,
and hardware. The nethod starts at Step 1100. [00117]

spd ﬁthP@ZUgféh% campdets fF'Baae ﬁ%@fectg%é@ﬁbw sChgesbsequent

gtre%l not %h % Would transmit the collected FSTS is a single symbol

period.

[00118] In one aspect, generating a frequency-smoothed unbiased training
signal in Step 1102 including a generating plurality of adjacent reference
frequency subcarriers and a plurality of adjacent mirror frequency
subcarriers. The FSTS may be comprised of 2 or more pilot signal products.
In another aspect, Step 1102 generates the frequency-smoothed unbiased
training signal that includes with a group of adjacent reference frequency
subcarriers, without intervening subcarriers, and a plurality of adjacent
mirror frequency subcarriers, without intervening subcarriers.

[00119] In one aspect, the frequency-smoothed unbiased training signal may

be represented as follows, as depicted in Step 1102a:



in a quadrature nodul ation transmtter. The

frequency- snoot hed unbi ased trai ning signal includes a
w@basalkispy of pilot signal products, where eacPCPUBINS/056333

si gnal product includes conplex plane information

represented by a reference fréyuency subcarrier,

mul tiplying conplex plane information represented by

mrror fregplgnlig. subgashiier 1 (Jhe sumof the plurality
of pil ot signb roducts is equal to zero. Step 1104

suppl i es t kgrels @ad@NEISIRRE R UsMRY a8BEatial Ni ng

signal within a single synbol period. In one aspect,

t he conponemicge 9f,, i NS frayudecysstiaireier,said al |y or

in batches, and stored until a conplete FSTS is

col | ect ed. wheré hiis easypéctd thansubdseqifgnlot sigml (protlucts.
shown) would transmt the collected FSTS is a single
synbol period. [00118] In one aspect, generating a
fre%uency-snnothed unbi ased trainin% si.gnal. in Step )
003205 Frz pnathey asngehdhatrenpepcirareqiiied furddpspderaining signal
reference frequency subcarriers and a plurality of
RHjYakeRePIese G 35 olewise gs dgbicked 1o Sted HhaDpsTS may be
conprised of 2 or nore pilot signal products. In

anot her aspect, Step 1102 generates the

frequency- ot hed unki ased. tr.ai ni.ng signal that

i ncl udes m;?nlglBFBdebﬁ%ghiﬁgeﬁ%nTeference frequency
subcarrier§,E%@g@ggg‘Q%%ﬁﬁﬂg@%agrsubcarriers, and a
plurality o#ladjacent rro requency subcarriers,

W t hout intervening subcarriers. [00119] In one

aspect, the frequency- snoot hed unbi ased training

0308 ARBM &earhplY, €Re MRfeasysaldotMEd uabidie@i tehRfnkRignal
Step 1102a:S pp m=0, fromi =11to n; where pis a
nefyebe oaaplhised wéadyrss phloasigren pebéne With 4 seferdnderqrbcarrier
frequency subcarrier, and where n is equal to the
aufiteguenty piflepredeguialg mfoduatisn gsG0ti2d] conmplangtliee value,
aspect, the frequency-snoothed unbi ased training
ghdmamirmey shbcawprreaicifeedensy ftotdpasentass teplicsterpnpplex plane
Step 1102b

value. The FSTS further includes a second pilot signal product with a
reference subcarrier at frequency (f+1), adjacent frequency +f, representing
the first complex plane value, and a mirror subcarrier at frequency —(f + 1),
adjacent the frequency -f, representing the first complex plane value +180
degrees.

[00122] As another example, the frequency-smoothed unbiased training
signal may be generated as a first pilot signal product with a reference
subcarrier at frequency + f representing information as a first complex plane
value, and a mirror subcarrier at frequency —f representing the first complex
plane value. Then, the FSTS also includes a second pilot signal product
with a reference subcarrier at frequency (f+1), adjacent frequency +f,
representing the first complex plane value + 90 degrees, and a mirror
subcarrier at frequency —(f + 1), adjacent frequency -f, representing the first

complex plane value -90 degrees.



Swppm=0, fromi =11to n; where wis a weighting

factor. [00121] As an exanple, the frequency-snoot hed
wan»Basasgo t rai ni ng signal may be conprised of BCT/USEINS/056333

pilot signal product with a reference subcarrier at

frequency + f representing iMormation as a first

conpl ex plane value, and a mrror subcarrier at
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val ue. The FSTS further inc s a second pilot signa
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TeproadlgnSteyy 1104 stippBés tloPBES phdinemvalnueatidf@ata symbols 1s
degrees. [00122] As another exanple, the
frsenglesyyrlmimeriodd Qhebilddédransinnisnly ssibgariersay dre symbol
generated as a first pilot signal product with a
periedamciidingdhe drequencyt adynbiasedetrpsyagtsiggal and

i nformati on sl gero{i rst conpl.ex plane value, and a

A dmtuge mrogulated eammuaderdsey data.r epresenti ng t he
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ent frequency -f,

1RBLEASNEHBt A Lol A5, éigHQi Ba BirangyMBbLUerid®. Step 1108
degrees.[00123] In a (% fferent aspect, generating the

Hohdases o hiA @EHHARE Yn SAT At b rh it Atgors d8Rbn ithe Sr6@p of
1102 includes generating P pilot signal products. In
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data synmbols. Typically, Step 1104 supplies the FSTS
awloc agoramsin Stey iLoh0 dapalisy bivohsadsatars nmglwdatydirohmunication
period. Step 1106 transmts N subcarriers in one

dgtbul apeeirglisyinhel period suhsefiveriuenidie Bradsyind! period.

unbi ased training signal and quadrature nodul at ed

ARSI Tastahemeyisperibed flowchart may also be interpreted as an
expression of a machine-readable medium having stored thereon
instructions for a frequency-smoothed communications training signal. The
mstructions would correspond to Steps 1100 through 1110, as explained
above.

[00126] FIG. 12 1s a flowchart illustrating a method for calculating a channel
estimate using a frequency-smoothed unbiased training signal. The method
starts at Step 1200. Step 1202 accepts a frequency-smoothed unbiased
training sequence in a quadrature demodulation receiver. The frequency-
smoothed unbiased training sequence includes a plurality of pilot signal
products, where each pilot signal product includes predetermined complex
plane information (p) represented by a reference frequency subcarrier (f),

multiplying predetermined complex plane information (p;,) represented by

mirror frequency subcarrier (-f). The sum of the plurality of pilot signal



[00124] Alternately, Step 1102 generates a

frequency- snoot hed unbi ased trai ning signal using a
w@e@an125p0 r ef erence frequency subcarriers and PCT/US2008/056333

corresponding mrror frequency subcarriers, and Step

1104 supplies the frequency-stbot hed training signa

inafirst symbol period. Step 1108 generates
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[ 00125] The above-described fl owhart may al so be
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medi um having stored thereon instructions for a

Btemy 1208 pbrne tHazdqeomymsoeatthedrhammeil asthgade ghkl . The

i nstructions woul d correspond to Steps 1100 .t hrough
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processes the frequency-snoothed unbi ased training

ﬁDgnaiﬂngnhammﬁn@tanwkmrality of processed synbol s

ﬂ%r resentrng conpl ex plane information. Step 1206
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a correspondi ng reference signal (p*). Step 1208
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subcarriers. The FSTS may be comprised of 2 or more pilot signal products.
In another aspect, Step 1202 accepts the frequency-smoothed unbiased
training signal including a group of adjacent reference frequency
subcarriers, without intervening subcarriers, and a plurality of adjacent
mirror frequency subcarriers, without intervening subcarriers.

[00129] In one aspect, the frequency-smoothed unbiased training signal may

be represented as follows:

2. p; Pim = 0, from i =1 to n;
where p 1s a reference frequency subcarrier
where p, 1s a mirror frequency subcarrier, and

where n 1s equal to the number of pilot signal products.



[00127] Note: the processed synbols (y) are associ ated

wth the reference subcarrier. Alternately, Step 1204
woregospraseesses t he frequency-snoot hed unbi asedPCT/EBIV0$IQS6333

signal, generating a plurality of processed synbols

(ym) representing conplex pl4he information

associated with the mrror subcarrier. Then, Step 1206

mdﬂm Pk %ﬁoe?e@gas%e& @518 Frb RO snﬁ?(dIhbd %lﬂaé‘é?f‘ﬁr‘é%h% signal

a correspon I ng reference signa , and

ﬁﬁgﬁb@ﬂﬁﬁbgéﬁQdﬁkﬂ%%@Q%y snoot hed channel estlnate (hm
) associated with the mrror subcarrier. As another

alternative, the above-nentioned steps find both the
(h) and (hm) channel estimates. [00128] In one
aspect, StepwipQp;aceepfrenpl urlaloiny of adj acent
reference frequency subcarriers and a plurality of

adj acent nivheoe W seywenghtisgfeciori ers. The FSTS may be
conprised of 2 or nore pilot signal products. In

anot her aspect, Step 1202 accepts the

fre

ncy- spoot hed unbi trai ng .si gnal i ncl udi
H’ﬂégblué%p t aﬁa%%&ﬁuﬁtef @é@%&em ag f%gaﬁ%qyr wp@tqled
i { hout, ,i nt er veni b arrier
bR Hini b P AR GUAR GG COUBEREA (ﬁd@sfa vdf e gt Produce
| n{her %Sfb'ré‘%ce S bﬁ He%ra% fre 001%9] FR r%ger?ts nf’ort Igl%ion as a
requency EHo0t hed Unbi-aset’ |n|né) Bé

Wﬁ&r &%?ﬂl*e%%l&‘ﬁe ald % aSnHrR)eru‘chg 1Ef Qmﬂe £'1c§ g 1

reference frequency subcarrier Twhere

képr%s%tﬁﬁg IGché FROHENEYISUNGRE Valle. TR P’@Pﬂ‘j %uf’ch'e% 12Auabs a
to the nufber of pilot signal products.][00130] In

adehldesilAsReedl plddeict et arefers HBObIechriiebiadseshuency (f+1),
training signal may be represented as follows: Swp p

adfacOnt fiequehcy+, deprésentsiigy thanfirst camgdegplamgvilaet and a
[00131] As in the transmitter FSTS exanples, the
fmegureaubgasneoahbequency —(f + 1), adjacent the frequency -f,
representing the first complex plane value +180 degrees.

[00132] As another example, the frequency-smoothed unbiased training
signal may be generated as a first pilot signal product with a reference
subcarrier at frequency + f representing information as a first complex plane
value, and a mirror subcarrier at frequency —f representing the first complex
plane value. Then, the FSTS also includes a second pilot signal product
with a reference subcarrier at frequency (f+1), adjacent frequency +f,
representing the first complex plane value + 90 degrees, and a mirror
subcarrier at frequency —(f + 1), adjacent frequency -f, representing the first
complex plane value -90 degrees.

[00133] In one variation, Step 1202 accepts the unbiased frequency-
smoothed training signal as P pilot signal products in a symbol period.

Then, Step 1203 accepts (N — P) communication data symbols in the (same)

symbol period.



unbi ased training signal may be conprised of a first
pil ot signal product with a reference subcarrier at
woe@guesey + f representing informati on as a fPEBHUS2008/056333
conpl ex plane value, and a mrror subcarrier at
frequency -f representing theddirst conpl ex plane
val ue. The FSTS further includes a second pilot signa
j r e f :

B e PR By (SRR inblpsed
GAIRIRXsiBhaN®itted Beou R Bl réfePd i deTire MRESRT ulRArAbrs and
frequency -(f + 1), adjacent the frequency -f,
capessandihpnirber freqatneospbexriekan®heal 8eept18100 accepts
degrees. [00132] As another exanple, the
finedeetncy nsoxbdbtetcambivasextion data og the gmalip whyefbeence
enerated as a first pilot signal product with a '
refieenec subeyerrs aod @rrdspegderg ol frepreansymubagrriers,
information as a first conplex plane value, and a . .
Aipsasiueat be Ahe reeint off thegfeaesncyt smepihesdamblaged praining
first conplex plane value. Then, the FSTS al so
P¥¢¥ldes a second pilot signal product with a

ference subcayrie frequenc f+1),. adjacent
[ PASHERES hpve e bed RowsRARERRY 45 Bhip P iRdas an

al ye + 90 degrees m r{:0r bcarr.ie t
FFulGeiba st 4 FEREeraRfhule Mgfln BEPEY dpfla Blereon
g%g%%%gﬁ s[ fég f%gj%l%ﬂrllﬁ%%e var |eg;é F%hﬁgtu\eégﬁg&g acc g E)ltes
IMerdtAsReuld QYEHRYRINPOSRed 108 thirf9s1 1818] ad8xplained
pilot signal products in a synbol period. Then, Step
aB&Z.accepts (N -P) comunication data synbols in the
(sane) synbol period.[00134] Alternately, Step 1202
0d 3¢t Systeitie quethoyls, damnoéd)acdunbicaseds haae ieog preghtked to
with a group of reference frequency subcarriers and
enablespertdangmpdsioroof & Mt any thahearof iaeFSTSThehe cSie@pation
1210 acc;g;; quadr at ure nodul ated conmuni cati on data
ohrace egreiapnet estematen cBxampderepicyadifydar eorapsinpations
correspondi ng mrror frequency subcarriers, subsequent
PEOteRls packiopmags harie bep girent {o Shsstaedharipranieen. However,
hgea {I{I\Jerrll%ion 1s not limited to merely these examples. Other variations and

embodiments of the invention will occur to those skilled in the art.



signal. [00135] The above-descri bed fl owchart may al so

be interpreted as an expression of a machi ne-readabl e
wore@samsh@avi ng stored thereon instructions forPCT/US2008/056333

cal cul ating a channel estimate using a FSTS. The

i nstructions woul d correspon4io Steps 1200 t hrough

1210, as expl ai ned above. [00136] Systens, nethods,

devi ces, and processors have been presented to enabl e

the transm ssion of a FSTS and the use of a FSTS in

the cal cul ati on of recei veCIAEMBel estimates.

wam s O APMEDCE:.ar communi cati ons protocol s and
formats have been given to illustrate the invention.

However, the inyention ks not.l.imted to nerel thse
exanpl es. & her AARHE iR 1@&@%&@% BopHie
g@%ﬁ?;{%?%é%‘?ﬁ%“@éﬁkﬁw&@?%%1&?1'.0%%%%%1& for
i

fheaManeY nSomALNeH tHaRiAfes, thaiffd R@ney 3nddothBd @inbiased
quadrature nodul ation transnitter, the

treauengynsMmelhdagunbi ased training signal including:
a plurality of pilot signal products; where each pil ot

signal product amittrdéey agijutexgydlagedunfsor mat i on
represented by a reference frequency subcarrier,
mul ti pl yi ng conpihexe pheln@ilohs@m@ piroductapchekestcothidyx plane
mrror frequency subcarrier; and, where the sumof the
pl ur alnfpymetiopivepressingad by g efaeanseilteqapngy subcganer,
and, su BI i.ng the frequency-snoot hed unbiaﬁfg i
trai nmﬁg @i}gﬁgmomplex plane mformation represented by mirror
frequency subcarrier; and,
where the sum of the plurality of pilot signal products 1s
equal to zero; and,
supplying the frequency-smoothed unbiased training signal

within a single symbol period.

2. The method of claim 1 wherein generating the
frequency-smoothed unbiased training signal includes generating a
frequency-smoothed unbiased training signal including a plurality of
adjacent reference frequency subcarriers and a plurality of adjacent mirror

frequency subcarriers.

3. The method of claim 2 wherein generating the
frequency-smoothed unbiased training signal includes generating a
frequency-smoothed unbiased training signal including a group of adjacent

reference frequency subcarriers, without intervening subcarriers, and a



within a single synbol period. 2. The method of claim
1 wherein generating the frequency-snoot hed unbi ased
WO e@B8niasgo si gnal i ncludes generating a PCT/US2008/056333
frequency- snoot hed unbi ased training signal including
a plurality of adjacent referséhce frequency
subcarriers and a plurality of adjacent mrror

%ﬁ%ﬁ%{ﬂ oY aﬁj—é&%ﬁf Mi@fo;r- fréque MichPde , VAt ROIR i%tervening

erein generating the frequéncy-snoot hed unbi ased
thgedrritgs Si gnal i ncludes generating a
frequency- snoot hed unbi ased trai ning signal including
a group of adjacent reference frequency subcarriers,
wi t hout intervening subcarriers, and aplurality of
adj acent nitr r or Theenetdncyofsildican rivkesin wehbmting the
i nterveni ng subcarriers. 4. The nmethod of claiml
fileqneney-gmoetiaed nybidsed ftr zigiieg sigrsvivotlhdds gaberdo a
training signal _includes generating a
freayaBacymorbles huabipssrdsaaing algﬂa%@sgf’pléws: as
follows: Spp m=0, fromi =1to n; where pis a
ref erence frequency subcarrier where Pln is a mrror

frequency bcarrier,. and where n is equal to the
nunber of Pb?lf%l_g(ﬁrefrmﬁrlo_\cli\ﬁgpglﬁ 5. The nethod of
claim 4 whepeln gqgl?f{e%]%erﬁ%etfhee [nR9UeREY,shpot hed
unbi ased training signal i'ncruges generating a

pluralit ysgfv}\}e\ég %g[msigl 6‘%%‘?% %3{1&@%4{ iﬂ%&%&'ﬁ%ﬁ A%

foll ows: ere wis a

vei ghting {aehkeh is@quhl€o bR RaghiRf (ﬁ’llﬁl.omsggﬁ’m%rghﬂcts.

generating the frequency-snoot hed unbi ased training

signal includes generating a frequency-snoot hed

unbi ased training signal including using a nunber of
5. The method of claim 4 wherein generating the

frequency-smoothed unbiased training signal includes generating a plurality

of weighted pilot signal products as follows:

Y. Wi pj Pim = 0, from i =1 to n;

where w 1s a weighting factor.

6. The method of claim 1 wherein generating the
frequency-smoothed unbiased training signal includes generating a
frequency-smoothed unbiased training signal including using a number of

pilot signal products selected from a group consisting of 2 and more than 2.

7. The method of claim 1 wherein generating the
frequency-smoothed unbiased training signal includes generating the
frequency-smoothed unbiased training signal as follows:

a first pilot signal product with a reference subcarrier at

frequency + f representing information as a first complex plane value, and a



pil ot signal products selected froma group consisting
of 2 and nore than 2. 7. The nethod of claim1 wherein
w@emsnsshng t he frequency-snoot hed unbi ased t reCTURZY08/056333

signal includes generating the frequency-snoot hed
unbi ased training signal as f&llows: a first pilot
signal product with a reference subcarrier at
Hi?ﬂﬁ%nu%ﬁifmér El?ﬁreﬁﬁ@fi&§ ngréﬁ%@éﬁ@ﬁ%%ﬁe #2sedthpRi plane value;
conpl ex plane val ue, and amrror subcarrier at
hheguency -f representing the first conplex plane
val ue; and, a second pil ot signal product with a
reference suwocaid pHot silgnhi pavd@Ntywvith tlyefedicacebtarrier at
frequency +f, representing the first conplex plane
fr@lquencyafd1a adjacart feedpoarayi € rapreterguerntby firgf complex plane
adj acent the frequency - f, representing the first

i'q@l exdpl mnerov subeawi@oatirgrneescy 8(f +The adpadend the frequency -
cIa|n11 wher ei n_generating_ the frequency-snoot hed
firmspaeseatingathe iptsogidex phaesrlsieqehi é@grﬁg&t he
frequency- snoot hed unbi ased training signal as
follows: a first pilot signal product with a reference

ATt LA R
?r% ?n I & o%tché({ Shel Fa%%& é;refunln &iem I @%td%hgenéﬁastmg the

ane val ue;

t
feﬁ%HﬁE -ghfg'ggﬁetd ﬁﬁﬁfa%@ﬁ%r&&?ﬁ@% eépn%ﬁ a8 foﬁg\gguency

requency + resenting the first

conpl ex p | aTesY dlvesibnd0? pg%&%rthadqf’ef@réﬂc% 'ibcarrier at
subcarrier at frequency -(f + 1), adjacent frequency

filequeB Y eSaRbre@nthify fHif6shatioARIsexfipdtaddenplak yandQalue, and a
degrees. 9. The nethod of claim7 wherein generating

hhierarrdubasaedef nefiegueneys Mbodpredentiag thadirst goraplex plane value;
i ncl udes generating P pilot signal products; the
aptthod further conprising:

a second pilot signal product with a reference subcarrier at
frequency (f+1), adjacent frequency +f, representing the first complex plane
value + 90 degrees, and a mirror subcarrier at frequency —(f + 1), adjacent

frequency -f, representing the first complex plane value -90 degrees.

9. The method of claim 7 wherein generating the unbiased
frequency-smoothed training signal includes generating P pilot signal
products;

the method further comprising:

generating (N — P) communication data symbols; and,

transmitting N subcarriers in one symbol period, including the
frequency-smoothed unbiased training signal and quadrature modulated

communication data.



generating (N - P) communication data synbol s; and,
transmtting N subcarriers in one synbol period,

w0 p@Batspy t he frequency-snoot hed unbi ased tr aP@i/N§2008/056333
si gnal and quadrature nodul ated conmuni cati on data. 10.
The nmet hod of claim7 wherei M&enerating the
frequency- snoot hed unbi ased training signal includes

generating1g fr¢AUGHCHIBIAUANGE 7TUNREARSE GehbAlthh S dhe

signal using a group of reference frequency

Sl Gahty-8hvofict GAbIRASAARLInTEg Bld0inélLEEY 8BRYrating a
subcarriers; wherein supplying the frequency-snoothed

fivguased sinoatindgnbiagedltr sinihg Bighad g ©a $youp lof pefier@tte

i ncl udes supplying the frequencysnoot hed training
fiegnahcy sulacdrirtest andmootegpendor niiher fe¢uachcfuwubhearriers;
conprising: generating quadrature nodul at ed ' o
conmuni cat Wdereiat suppyingethyr lvapueicyr eheetdredeunhieged icyning
subcarriers and_corresponding mrror frequency
sighehMitlans suede smﬂ@sfpemgd thdudaagnaplyies el fnegrescy-

co nication data in a_second synbol . period,

SIS ERAS RN St AENA] 1053 f%%%»apbaﬁwré%d; 11. A net hod

for calcul gtin hanpel estinmate using a
frequency-3%86gﬂgﬁ%dﬁﬁﬂ§§éﬁn??%?%¥%g signal, the

met hod C"”géﬁéﬂart‘ﬁi a&&&%&h{w‘e‘?m%cfuﬁgt%gi%t‘%ﬁfn%‘%&att{‘o%ddata on the
unbi ased t ainingg% guence in a quadrature

_ | , _ e
S e A K B S

BleqRbh& seh@dlerhr fducts; wherein each pilot signal
product” i ncl udes predeterni ned conpl ex pl ane

infOanFi0@u§§&dﬁ§ﬂﬁ@§ﬁﬂ&ﬁﬁu@&nﬁxﬁﬁﬁﬁﬁpﬁﬁﬁnﬁﬁﬁ@Mﬁﬁﬂﬂaﬂah1a
subcarrier (f), multiplying predeterm ned conpl ex

pbaane dymhloslmmirical) stpsequargpneahe et shmbol pennd.
frequency subcarrier (-f); and,
11. A method for calculating a channel estimate using a
frequency-smoothed unbiased training signal, the method comprising:
accepting a frequency-smoothed unbiased training sequence in
a quadrature demodulation receiver, the frequency-smoothed unbiased
training sequence including a plurality of a plurality of pilot signal products;
wherein each pilot signal product includes
predetermined complex plane information (p) represented by a
reference frequency subcarrier (f), multiplying predetermined
complex plane information (pp,) represented by mirror frequency
subcarrier (-f); and,
wherein the sum of the plurality of pilot signal products
1s equal to zero; and,
processing the frequency-smoothed unbiased training signal,
generating a plurality of processed symbols (y) representing complex plane

information;



wherein the sumof the plurality of pilot signa
products is equal to zero; and, processing the

wo c@guesey - snoot hed unbi ased training signal, PCT/US2008/056333
generating a plurality of processed synbols (y)
representing conplex plane i M®rmation; mul tiplying
each processed synbol (y) by a conjugate of a

cor r espondj,ngs; trp%tlﬁgee%ﬁ pro8dakd (Bmbo) @dby Q%Em[garﬁg ofa

frequency- snoot hed "channel estinate

B&k-BOsbifing rafdibAde WRARE(H)a86€PLI NG the

frequencysnoot hed unbi ased training signal includes
accepting abfaieigen tieqgsienoyRaethoyhed abeandlr astihate (h).

signal including a plurality of adjacent reference
frequency subcarriers and a plurality of adjacent

mrror frequency subcarriers. 13. The method of claim

12 wher ei nlaccephenygethod dfridajoe ﬂdy&h@@m edceptigtiedfrequency-
training signal includes accepting a

ﬁm@qtleqsgynbweti el niind Pieded 1n¢laies Agceptigeat [egetenay sgroothed

rou of adj acen rence fr cy..subcarriers,
wnbHse FHOARG SH 1%@53&?% aéalgraelg%o?&dg?wwe fgreppe
f cent rror fre uengy % ﬁralers Wi
ROBEORh s Blscaritar Brtaht ShaklE R lbtot o baysnes
mhg&HTlrgcceptlng t he frequencysnoot hed unbi ased
ralnlng 'signal includes accepting a

frequency- snoot hed unbi ased training signal as
follows: Spp m=20, fromi =1ton; where pis a

reference fgequeneymsuledsidSim \me&ﬁerpel-ﬂ ab@e;ﬁlﬂ%ﬂ{@frequency-
frequency subcarrier, and where n is equal

BB e DhinPiased tﬁalﬁﬁ@é siph@dl uedls ded BecePiim @ FhQ@edty-smoothed
cl ai m 14 wherein accepting the frequencysnoot hed
unbigeddrimangisithad iigaalding algrdep ofadgpichngeference frequency
plurality of

subcarriers, without intervening subcarriers, and a plurality of adjacent

mirror frequency subcarriers, without intervening subcarriers.

14. The method of claim 11 wherein accepting the frequency-
smoothed unbiased training signal includes accepting a frequency-smoothed

unbiased training signal as follows:

2. p; Pim = 0, from i =1 to n;
where p 1s a reference frequency subcarrier
where p, 1s a mirror frequency subcarrier, and

where n 1s equal to the number of pilot signal products.

15. The method of claim 14 wherein accepting the frequency-
smoothed unbiased training signal includes accepting a plurality of

weighted pilot signal products as follows:



wei ghted pilot signal products as follows:Swp p m=

O, fromi =1 to n; where wis a weighting factor. 16.
wadb@sirexshod of claim 11 wherein accepting the PCT/US2008/056333

frequencysnoot hed unbi ased trai ning signal includes

accepting a frequency-snoot hesh unbi ased training with

a nunber of pilot signal products selected froma

group conshsi of 2p0andPLg thagn 2. 17. The nethod
of claim 1T mﬁg?gFH accepting the frequencysnoot hed

unbi ased t &b RPisSA GRAGhtiAS Fades accepting the
frequencysnoot hed unbi ased training signal as foll ows:

a first pilot signal product with a reference

subcarrier at frequency + f representing information

as a first1l6onplex médre ofadlaen landherem mceepting the frequency-
subcarrier at frequency -f representing the first

sowptheed phbieeed 4raipingpignad isdudes agidpdingsa reauency-smoothed
product with a reference subcarrier at frequency
pabmseddugiadea with aquenbyr phplletepigagbrredists peletadsirom a

pl ane val.ue, apd a mrror subcarrier at frequency -(f

8rolD COpflefdRG oL £ 8§than 2y epresenting the first

conpl ex plane value + 180 degrees. 18. The nethod of
claim 1l wherein accepting the frequencysnoot hed

unbi ased tgaini T‘geﬁrh Nalq (g(l‘{ﬂulfrgﬁﬁ GRGERE ia?(ge g:brf%]:lfeof\;l\fgguency-

f requencysnoot hed unbi ased training signa

equencysibot hed *df &
SR R T R

a8108tHdd fhbRER kAP #BRN4RLYG1IARE @ mrror
subcarrier at frequency -f representing the first

conpl ex pl amirsy dlloesigtad préd S@GeRE PidfeterteGdarrier at
product with a reference subcarrier at frequency

{deyihipncydifaepnéscntagpueicnymhtion e fsenionnglek pdahé vslue, and a
conpl ex pl aneval ue +90 degrees, and a mrror
subicarsubearaer &t fggennyy (f reprépentadlg abefirst complex plane value;
and,

a second pilot signal product with a reference subcarrier at
frequency (f+1), adjacent frequency f+, representing the first plane value,

and a mirror subcarrier at frequency —(f + 1), adjacent frequency -f,

representing the first complex plane value + 180 degrees.

18. The method of claim 11 wherein accepting the frequency-
smoothed unbiased training signal includes accepting the frequency-
smoothed unbiased training signal as follows:

a first pilot signal product with a reference subcarrier at
frequency + f representing information as a first complex plane value, and a
mirror subcarrier at frequency —f representing the first complex plane value;
and,

a second pilot signal product with a reference subcarrier at

frequency (f+1), adjacent frequency f+, representing the first complex plane



frequency -f, representing the first conplex plane

value - 90 degrees. 19. The nethod of claim 17 wherein
w@e@sniisng t he unbi ased frequency-snoot hed tr aP@i/n§2008/056333

signal includes accepting P pilot signal products in a

synbol period; the nmethod furdher conprising:

accepting (N -P) communi cation data synbols in the

%xmﬂgmaé%%gs,f 204 aTrﬁ?rrHPtsHQﬂar‘i’fer 3 Sy deh YN &l 13, adjacent

accepting requencysnoot hed unbi ased tfainin

Slegahcy M LelRseREAERhE T sBcdhpRikeHaYe L D6 degrees.
unbi ased training signal with a group of reference

frequency subcarriers and corresponding mrror

frequency subcarriers; the nmethod further conprising:
accepti ng @8adr Theneetimdudfat @an d Grmbieretabccrptdad theonnbiased
the group of reference frequency subcarriers and
trepesgoadtionthed traoninfy sgnehineleddscancepeng, P pilbs signaht

to the receipt. of the frequency-snoot hed unbi ased
predustagn 8isymatrol reriods system for supplying a

frequency- snoot hed goqggnications training signal, the
system co ?gﬁﬁEQd UEYISh SMTPEE $ravi ng an i nput to

accept training. informati on and an oyt put t u a
cuadr at ur o FSHINE O D am et el rbPaSdfTht Smbol
traiﬁing signal, the frequency-snoot hed unbi ased

P?%Pnlng signal including: a plurality of pilot signa

products; where each pilot signal product includes
conpl ex plane information represented by a reference

frequency sgbcamhiehetRYd dRIYINNY 7GPRPIEX aRb@ftehg the frequency-
information represented by mrror frequency
Seietidd €hbiadBd training signal includes accepting a frequency-smoothed
unbiased training signal with a group of reference frequency subcarriers
and corresponding mirror frequency subcarriers;

the method further comprising:

accepting quadrature modulated communication data on the
group of reference frequency subcarriers and corresponding mirror

frequency subcarriers, subsequent to the receipt of the frequency-smoothed

unbiased training signal.

21. A system for supplying a frequency-smoothed
communications training signal, the system comprising:

a transmitter having an input to accept training information
and an output to supply a quadrature modulated frequency-smoothed
unbiased training signal, the frequency-smoothed unbiased training signal
including:

a plurality of pilot signal products;
where each pilot signal product includes complex plane

information represented by a reference frequency subcarrier,



where the sumof the plurality of pilot signa
products is equal to zero; and, wherein the

WO e@namsbd er supplies the frequency-snoot hed uPEGI/aESHA8/056333
training signal within a single synbol period. 22. The
systemof claim21 wherein th® transmtter generates a
frequency- snoot hed unbi ased trai ning signal including

a pl upatibyyi % d@ﬂhﬁ&@ &})ﬁ?ﬁ@fﬁﬁﬁﬂﬁﬁoﬁrx‘%ﬂy@&%ed by mirror

subcarriers a a plurality of adjacent mrror

frequaRgMeRtPSIDFdreles; agd;, The system of claim 22
wherein the transmtter generates a frequency-snoot hed

unbi ased trai ni fhese ghakuhnef thdi pigrality ofmpiled sigdhbpssttucts is
ref erence frequency subcarriers, wthout intervening
subcaequalt®, zeengamd,pl ural ity of adjacent mrror

frequency subcarriers, wthout intervening

subcar ri er whepdin theetrgpsmettensupphentlx frehuerensmioethed
transm tter generates a frequency-snoothed unbi ased
vpaiaserdraingng signnl rothews sigle sgmpokperioflromi = 1 to

n; where p is a reference frequency subcarrier where

Pln is a mrror frequency subcarrier, and where n is

| tot il .Si I ducts. 25...Th
caual Lo, 15 et bbbyt 2 b L Gandhardl.
P At KSR R S g BERAGHS Bgying

?ﬁle&wtﬂr R9afiACLAE re%@enc@%ei&ﬁ@?ﬁcaﬂi@fﬂgﬁ g\c’lm%rgﬁf} of

transmtter generates uency- snoot

HaRcasEthitF Rl Pd NeeryINMcaki§bftg a nunber of pil ot
signal products sel écted froma group consisting of 2

and nore than 2. 27. The system of claim 21 wherein
the transmtter
23. The system of claim 22 wherein the transmitter

generates a frequency-smoothed unbiased training signal including a group
of adjacent reference frequency subcarriers, without intervening
subcarriers, and a plurality of adjacent mirror frequency subcarriers,

without intervening subcarriers.

24. The system of claim 21 wherein the transmitter

generates a frequency-smoothed unbiased training signal as follows:

2. p; Pim = 0, from i =1 to n;
where p 1s a reference frequency subcarrier
where p, 1s a mirror frequency subcarrier, and

where n 1s equal to the number of pilot signal products.

25. The system of claim 24 wherein the transmitter

generates a plurality of weighted pilot signal products as follows:



generates the frequency-snoot hed unbi ased training
signal as follows: a first pilot signal product with a

WO edosneasee subcarrier at frequency + f represePCT/I§008/056333
information as a first conplex plane value, and a
mrror subcarrier at frequency3-f representing the
first conplex plane value; and, a second pilot signha
product wi ref er-epc caryi.er at frequency
(f+1), adjg@@ﬁplﬁngughggﬁg?,q&%%?%senting the first
conpl ex pl amery @ iea vangh@ngifidter, subcarrier at
frequency -(f + 1), adjacent the frequency - f,
representing the first conplex plane value +180
degrees. 28. The systemof claim 21 wherein the
transni t t eR6gendhatsgstarhef tlaegquhewhesanotheedanahiitteed
training signal as follows: a first pilot signa
peehates aiftdnuenceisenenibed suthtasad epiningfsigeplermiyg 8 fumber of
representing information as a first conplex plane
pHpusignaharedunts selectasbleany # growp conygieg®f 2-gnd more than 2.
representing the first conplex plane value; and, a
second pilot signal product with a reference

subcar | eroat {pausteN, (Faie APLAcent, fremuency il
T N S (R

conpl ex p{ﬂ%'}’ﬁsi’ﬁh?ﬁgfg?@l COIERSWRR a TEr IR e Qfrier at

cl ai m 27 erel ansmtter accepts communication

flalehty addiehbr@Rnthd frfbith Rloh HsOf MRt @Papl98NRERAL 681 @) and a
unbi ased frequency-snoothed training signal with P

piil@r tibgaRtiePhPEleglisncgeNedRessntiit the fleewampratplaie value;
data synbol s, and supplies N subcarriers in one synbol

padj od, including the frequency-snoot hed unbi ased

trai ning signal and quadrature nodul ated communi cati on
data. 30. Tkecaydpdnt signal aredi &7 wittbraerafetdmee subcarrier at
transm tter supplies the frequency-snoothed unbi ased
fneguan ey (f4ily Jaq:qntgfreqmeglcyg&mreggmlgg the first complex plane

value, and a mirror subcarrier at frequency —(f + 1), adjacent the frequency -

f, representing the first complex plane value +180 degrees.

28. The system of claim 21 wherein the transmitter
generates the frequency-smoothed unbiased training signal as follows:

a first pilot signal product with a reference subcarrier at
frequency + f representing information as a first complex plane value, and a
mirror subcarrier at frequency —f representing the first complex plane value;
and,

a second pilot signal product with a reference subcarrier at
frequency (f+1), adjacent frequency +f, representing the first complex plane
value + 90 degrees, and a mirror subcarrier at frequency —(f + 1), adjacent

frequency -f, representing the first complex plane value -90 degrees.



using a group of reference frequency subcarriers and

corresponding mrror frequency subcarriers; and,
wob@sai2s9t he transmtter accepts conmuni cati onPARUS2008/056333

gener ates quadrat ure nodul ated communi cation data on

the group of reference frequenty subcarriers and

corresponding mrror frequency subcarriers, and

supplies thg g U@‘ﬁ:é%&%’feﬁn g?g}éﬁﬁﬁt 28 WARIPIY KAl Q8RR accepts

in a second synmbol perio subsequent to the first
syBAlniPLlibRUatBIn aBdSYSH M F@hi Gt AhEi08, SerfdiabiteAn

estimate using a frequency-snoot hed unbi ased training
shphaled fi&pusiestenoaben it Sinteg sinsé et & plievéiggabproducts,

i nput to accept a frequency-snoothed unbi ased training
gsegerenee (MAdP acormatynitatien dappbymbohs, andgsupplies Msubegrriers
the frequency-snoot hed unbi ased training sequence o
imehe dimdpoh ppiiad alnclyding thedremainicyysméothiet otnlaagpehtraining
products; wherein each_ pilot signal product includes

preagé aefmusciabyiepnedulitad somipverieationrlats)

represented by a reference frequency subcarrier (f),

mul ti pl yi ng predetern ned conpl ex plane informtion

ted by m f ier (-f): .
na. wher o1 ROt e 106AVBIT R EY 21 FAF 6 B BErSryfer Spplies
PO RGh Bnl? o B Phod SrBERRR B ip B ol 55 2 0pspl BV 1 BRrioa

?5&%’5& g%u SPRIald M f?eecglég{cg'sh“o}éaf[iel%rél‘fc?é&%gsﬁéﬂ“ﬁ?%Smirror

epresenting conp ne 1 nformation,

ol hbREY kS AR PAagessed synbol (y) by a conjugate
of "a correspondi ng reference signal (p*), and

suppl yi ng v Hei-eigUgiecya s BRQEEL dc€dias BemneshichBiba ddth, at
an output. 32. The systemof claim 31 wherein the

pes@iates qasdepuse andddgteheymsrmntdiéeh dath asete group of
training signal including a plurality of

reference frequency subcarriers and corresponding mirror frequency
subcarriers, and supplies the quadrature modulated communication data in

a second symbol period, subsequent to the first symbol period.

31. A system for calculating a channel estimate using a
frequency-smoothed unbiased training signal, the system comprising:

a receiver having an input to accept a frequency-smoothed
unbiased training sequence and an output to supply training information,
the frequency-smoothed unbiased training sequence including a plurality of
a plurality of pilot signal products;

wherein each pilot signal product includes
predetermined complex plane information (p) represented by a
reference frequency subcarrier (f), multiplying predetermined
complex plane information (pp,) represented by mirror frequency

subcarrier (-f); and,



adj acent reference frequency subcarriers and a

plurality of adjacent mrror frequency subcarriers.
wW@08Ts9syst em of cl ai m 32 wherei n the recei VRCT/US2008/056333

accepts a fregquency-snoot hed unbi ased training signa

i ncluding a group of adjacentbdeference frequency

subcarriers, wthout intervening subcarriers, and a

plurality of adj,acefh (Hd 80 ()ff'fﬁggbmn?l@ﬁﬁfo% 's?grrﬁll products

wi t hout intervening subcarriers systemo

cl ai mg3dqwhabelelo;tdif],r ecei ver accepts a
frequency- snoot hed unbi ased training signal as

foll ows: SaprpceBser BavingOam inputltd £cddpt Yhe tipirgSirdormation,
ref erence frequency subcarrier where Pln is a mrror
thegmssorsgmmatihgra phrrdlitph ef pravessedegpuabolisdy) hepresenting
nunber of pilot signal products. 35. The system of
mmphmawhenéqrmath@,rreul:tmleftn&e@@ppsocasw sxahbol/(yoby a

ght ed PI|Ot signal products as follows:Swp p m=
QODJﬂgéFﬁ ot acarrespondingaeteranre sigbak(ghi ARG SHRRLGRE 236.

he system of wher ei n he recei ver accepts a
éﬁ@&e@%ﬁn@m@wwﬁ.%%a@r ) ARG WPHEa nunber of
pil ot signal products selected froma group consisting
of 2 and nore than 2. 37. The system of claim 31

wherein t hng ec%lg aﬂl%?tds ii h$1 fwrheg'g gﬁ’e e%g{)\;erea%cepts a

unbi ased training srygn

fr'gﬂ %E&%H?ﬁed%hﬁm%e&%&ih?ﬂg %@9&51{1ﬂﬁ{gag%plurahty of

representing in tion as

ﬁgﬂbﬁﬁr&b%}ﬁ:e\ﬁb&?@n b'éaﬁhéfsoéné WBARLAN & oftddjacent mirror
frequency -f represenfing the first conplex plane

ﬁ@hu@nqugbaﬁTﬁggond pllot signal product with a
reference subcarrier at

33. The system of claim 32 wherein the receiver accepts a
frequency-smoothed unbiased training signal including a group of adjacent
reference frequency subcarriers, without intervening subcarriers, and a
plurality of adjacent mirror frequency subcarriers, without intervening

subcarriers.

34. The system of claim 31 wherein the receiver accepts a

frequency-smoothed unbiased training signal as follows:

2. p; Pim = 0, from i =1 to n;
where p 1s a reference frequency subcarrier
where p, 1s a mirror frequency subcarrier, and

where n 1s equal to the number of pilot signal products.

35. The system of claam 34 wherein the receiver accepts a

plurality of weighted pilot signal products as follows:



frequency (f+1), adjacent frequency f+, representing
the first plane value, and a mrror subcarrier at
woeeguesey -(f + 1), adjacent frequency -f, PCT/US2008/056333

representing the first conpl ex plane value + 180
degrees. 38. The systemof cl&@ m 31 wherein the
recei ver accepts the frequency-snoot hed unbi ased
training signal as follows: a first pilot signa
product with a reference subcarrier at frequency + f
representiEbwﬁggghﬁaibpnogﬁia]f&{ﬁg conpl ex pl ane
value, and a mrror subcarrier at frequency -f
representi fdhelrbey fd 4 steigloving €xctpt.ane val ue; and, a
second pilot signal product with a reference
subcarrier at frequency (f+1), adjacent frequency f+,
representing the first conplex plane value +90
degrees, af@. a Whersysteguiof alanines] atherewghenmceivelr aecepts a
1), adjacent frequency -f, representing the first,
Beaprasy-prgathehnpblaseddryagns sgtlsg nurpbex gkpidph ggnal
claj m 37 wherejin the recei ver accepts an unbj ased
PF@E{?@% &9'estrdlolt ARG BF I CORFISHBR A AdhMOTRitRBR Zi gnal
products and (N -P) conmuni cation data synbols in the
same synbol period, and supplies both training
I nf ormati o 7 .an.dTﬁfgrgnsJ, I %‘f 'cf%lri]mdgf & eéllfgin ﬁpeerescgls\;e%rgc%pts the
cl ai m 37 &rei n the récer ver accepts a

= ' d | JU ' .in a first
LR Rt R R R AL Al TR T IOF Dy

subcarr ' er § raad pHBt 6RO E‘;%dllgct"(irfth%[ rdfERANENEYcarrier at
subcarriers; and, wherein the receiver accepts

fileadentyne repdedeattBth GIoFHALI6AHSANfida @ndplek RRaBé OHRie, and a
of reference frequency subcarriers and correspondi ng
mirroersubcagtenay fiegheacy Herepriesetisg thadirsty cdiaplex plane value;
peri od, subsequent to the first synbol period, and

augpl i es communi cation data. 41. A nmachi ne-readabl e
medi um havi ng stored thereon instructions for a .

f requency- sreohbnilebmgnal paedwhsvitha raferpnee gnlrarmerat
frequency (f+1), adjacent frequency f+, representing the first plane value,
and a mirror subcarrier at frequency —(f + 1), adjacent frequency -f,

representing the first complex plane value + 180 degrees.

38. The system of claim 31 wherein the receiver accepts the
frequency-smoothed unbiased training signal as follows:

a first pilot signal product with a reference subcarrier at
frequency + f representing information as a first complex plane value, and a
mirror subcarrier at frequency —f representing the first complex plane value;
and,

a second pilot signal product with a reference subcarrier at
frequency (f+1), adjacent frequency f+, representing the first complex plane
value +90 degrees, and a mirror subcarrier at frequency —(f + 1), adjacent

frequency -f, representing the first complex plane value - 90 degrees.



i nstructions conprising: generating a quadrature
nodul at ed frequency-snoot hed unbi ased trai ning signa
wo p@Bawspy: a plurality of pilot signal produckGT/Ustves/es6333

each pilot signal product includes conplex plane

i nformati on represented by a 3%&ference frequency
subcarrier, multiplying conplex plane information
represented by mirror frequency subcarrier; and, where
the sumof the plurality of pilot signal products is

equal to zgpo; @R sySHAR|YRENt 8 Wik Y r&oRR RREepts an
unbi ased training signal within a single synbol

pabiedd4Ze quentechhosthedadaiblieg ggial Wwibla v pidotséighebproducts
thereon instructions for cal culating a channe

entli(Nat &) esimgualchtieguixia sysiwis e the pbingsgunlalgieriaug and
signal, the instructions conprising: accepting a
ﬁu:elqlmmbqﬂmmmmednﬁmrmm@d andaionimgnzgequentaai n a
quadr at ure denodul ati on receiver, the

frequency- snoot hed unbi ased training sequence

including a plurality of urall i 1 ot signal
products: @Rer ei ﬁeéé’é??%logéﬁngﬁ ghHl eﬁ?%ﬁlﬁ rqubqeg@ézgepts a
T S R ml,od,
g‘u (1 gfl yefgl%rgr et eern su%cgr n@rsec)l(n(f) éoarr]]fgs fdP n?a ntlilro
representednb i requency sUpCarrvér

g&uctsE&E&H&ﬂﬁfgﬁﬂaOf the plurality of pilot S|gna

I's equal’ to zero; and, processing the
f requency- {/HReLieth 4RbRSE %Eéﬁb r@jd&@lrﬁhﬁ%%odulated

generating a plurality of processed synbols (y)
EQRNASEBA 108 deeaBhekeMrap of reference frequency subcarriers and
corresponding mirror frequency subcarriers in a second symbol period,

subsequent to the first symbol period, and supplies communication data.

41. A machine-readable medium having stored thereon
mstructions for a frequency-smoothed communications training signal, the
Instructions comprising:

generating a quadrature modulated frequency-smoothed
unbiased training signal including:

a plurality of pilot signal products;

where each pilot signal product includes complex plane
information represented by a reference frequency subcarrier,
multiplying complex plane information represented by mirror
frequency subcarrier; and,

where the sum of the plurality of pilot signal products 1s
equal to zero; and,

supplying the frequency-smoothed unbiased training signal

within a single symbol period.



i nformation; multiplying each processed synbol (y) by
a conjugate of a correspondi ng reference signal (p*);
wobiaiimspgy a frequency-snoot hed channel esti naP€T/{8)008/056333

43. A device for supplying a frequency-snoot hed

conmuni cations training signag the device conprising:

a signal generation neans having an i nput to accept
training informati on and an output to supply a

guadr at ure nodul ated frequencysnoot hed unbi ased

training signal A hbehieeRis@IAbYe HIBARLMEh HABIB&RM thereon
training signal including: a plurality of pilot signal

pispdueti gigoe cel cedgtin @ial diansied eatinpitedistis hfeddidesy-smoothed
conpl ex plane information represented by a reference
finbogused cyaswbg argriady thenmistiygityonsgoognpdieg: pl ane

information represented by mrror frequency '
subcar ri er aceepdingyh éreguehey-sornoshed habplsgddiratnyngfsequence in
pilot signal products is equal to zero; and, wherein
arslagirghae drepedalation neseivsr sispire@dergyesmoothed unbiased

f requencysnoot he nbi ased training signal_wthin

SimpIng ansore b%ﬁpamg a DIy b Rarah i pEpHgtasEnal products;

wh in th [ e! ti. t
fr equency- sroot Hf BT 2 PR RS hERTRARY uai ng

a plurali af jacent rneference freguen
cubcapfrieb A lnfCt Br R fE E TR S AR brpentea by a

A R RS T 806 s U
f I eqUERGYIPIALBEH AU BHE M 1§ PbillcBEn RIAMB il el ihey

a group of adjacent reference frequency subcarriers,
W t hoglibddirREVEMi 4, subcarriers, and a plurality of

adj acent mrror frequency subcarriers,
wherein the sum of the plurality of pilot signal products
1s equal to zero; and,
processing the frequency-smoothed unbiased training signal,
generating a plurality of processed symbols (y) representing complex plane
information;
multiplying each processed symbol (y) by a conjugate of a

corresponding reference signal (p*);

obtaining a frequency-smoothed channel estimate (h).

43. A device for supplying a frequency-smoothed
communications training signal, the device comprising:

a signal generation means having an input to accept training
information and an output to supply a quadrature modulated frequency-
smoothed unbiased training signal, the frequency-smoothed unbiased
training signal including:

a plurality of pilot signal products;



wi t hout intervening subcarriers. 46. The device of

claim 43 wherein the signal generation nmeans generates
wa@2dosapsency- snoot hed unbi ased training si gnal PEEUS2008/056333

follows: Spp m=20, fromi =1ton;, where pis a

ref erence frequency subcarri €9 where Pln is a mrror

frequency subcarrier, and where n is equal to the

nunber of pil ot
cl ai m 46 wherei ﬂeggag?}g%ggygfegﬁrg?étr ?%@n&nlgg%isd‘egecgg}p&? }ég lane

a pl urdbihvtioh repletngdd %y'@feféteﬁﬁ@fr&ﬁ%iié laibRgrrier,

follows: Swppm=20, fromi = to n; ere wis a

wei ghhiulgiplyes@om8x pliee dﬁbrmau@h I@b?@d@n‘ﬁéd bheh 2iror

t he signal generation neans generates a

f r equéreqyesopstbedrienbanded training signal using a

nunmber of pilot signal products selected froma group
consi sting of 2wiede the eutrhafnthe, plagalitthef pideti wgnak products is
claim 43 wherein the signal generation neans generates

t he ferewleivcserenddhed unbi ased training signal as

follows: a first pila gnal product with a refefence
subcarri er Wélterﬂne@weﬂspa nErapOBJBRTRH @upﬂlﬁ%ﬁﬁﬁ frgauency-
as a.first, conplex anevlu and. a,mrr

Shsttiad Shoeor ERjathe s enet et A SERDel prgpe.

conpl ex plane val ue; and, a second pil ot signal

product with a reference subcarrier at frequency

(f+1), adjggentr Flb‘%fb‘%z?d% ctdim @%Ri}ﬁé%'i‘ﬁ kng siéh%lfgjehéfatlon

conpl ex plane va a mrror subcarrier

Hequene¥ralds afréluedd)- %%Bﬁhédqﬁnlfnaﬁgéﬂ%%ﬁm El nal including a
representing the i rst” conpl ex plane val ue +§L 5

gROGEES of Bjacéheréevéc® PbqedradyRubtanierEhnd bhRushaRabf

generati on
adjacent mirror frequency subcarriers.

45. The device of claim 44 wherein the signal generation
means generates a frequency-smoothed unbiased training signal including a
group of adjacent reference frequency subcarriers, without intervening
subcarriers, and a plurality of adjacent mirror frequency subcarriers,

without intervening subcarriers.

46. The device of claim 43 wherein the signal generation

means generates a frequency-smoothed unbiased training signal as follows:

2. p; Pim = 0, from i =1 to n;
where p 1s a reference frequency subcarrier
where p, 1s a mirror frequency subcarrier, and

where n 1s equal to the number of pilot signal products.



nmeans generates the frequency-snoothed unbi ased

training signal as follows: a first pilot signa
w@e@dnersdwmi th a reference subcarrier at frequePCl/US2008/056333

representing information as a first conplex plane

val ue, and am rror subcarrieré@t frequency -f

representing the first conplex plane value; and, a

second pi | gt si gRalqaRERAUG 2tk UB WhéRTLERERSRnal generation
subcarrier at frequency (f+1), adjacent frequency +f,

HRRMASRMeL @ st Blurhlis) of RERIIRXdRIRARiMH 1Y 0dudR as follows:
degrees, and a mrror subcarrier at frequency -(f +

1), adjacent frequency -f, representing the first
conpl ex plane val ue -90 degrees. 51. The device of

cl ai m 49 wlewebppi e 6i final i ganerat i on means accepts
conmuni cation data in addition to training

i nf or mat i owhegenersaa axightingbactend frequency- snoot hed
training signal with P pilot signal products,

generates (N - P) conmmuni cati on data synbols, and
supplies N subcarriers i ne symbol perjod, including

t he frequeﬁéysn@%@r@@eﬂ petes rReTeny tae gieial gegeration

uadr at ur e nodu} at ed communj.cati on data. .52. The :
s e TR S NG BHOLHG SR Rar SEHBIIA PR akusing o
u L es t frequengy-.s th nbi_ased trainin
BB S O B e B R PR s PR or 2 ana
Bﬁ&g&ﬁgﬁggfrequency subcarriers and correspondi ng
mrror frequency subcarriers; and, wherein the signal

generati on neans accepts communi cation data, generates
guadr at ure nodul ated communi cati on data on the group

of referengg. freuueRsIcessein UBMEh&en ERE @@ﬁm REhBehtion
mrror frequency subcarriers, and supplies the

eeachisgemieea toe dhk dr @fh canymmocthb d ambdasgal iramngedgng as
synbol period, subsequent to the first synbol period.
f8lows:devi ce for calculating a channel estimate using
2 a first pilot signal product with a reference subcarrier at
frequency + f representing information as a first complex plane value, and a
mirror subcarrier at frequency —f representing the first complex plane value;
and,

a second pilot signal product with a reference subcarrier at
frequency (f+1), adjacent frequency +f, representing the first complex plane

value, and a mirror subcarrier at frequency —(f + 1), adjacent the frequency -

f, representing the first complex plane value +180 degrees.

50. The device of claim 43 wherein the signal generation
means generates the frequency-smoothed unbiased training signal as
follows:

a first pilot signal product with a reference subcarrier at

frequency + f representing information as a first complex plane value, and a



frequency- snoot hed unbi ased training signal, the
devi ce conprising: a receiving neans having an input
wo oooaaespit a frequencysnoot hed unbi ased trai ni PQI/US2008/056333

sequence and an output to supply traininginformtion,
t he frequency-snoot hed unbi as&d trai ni ng sequence
including a plurality of a plurality of pilot signa
B P Ghbealtier 8t fref@ERCPLE %pr%%&{@h RROFYEL cdiiplkdfiEne value;
predet erm ned conplex plane i nformation (p)
pgearesented by a reference frequency subcarrier (f),
mul tiplying predeterm ned conpl ex plane infornmation
(pm) repreasesdedlpliyt gighadprédegueinkia ssfoeaiceisebedrdior at
and, wherein the sumof the plurality of pilot signa
freqdents (fitd),eqljaterttdrequaicyarfdreaepenting thadiratamaplex plane
having an input to accept the training information,
vhkiept 90ategicers, mpdrs nyernersatbicayrier pt fneguiengy off + 1), adjacent
Frocessed synbol s (y). representing conpl ex pl ane
IeHYeRey ilorerieseriipB yhadirehermplarcelesedadyabd) degneepy
a conjugate of a correspondi ng reference signal (p*),
and supplying a frequency-snoot hed channel estinmate
(h) at an outpu 54. . Th evi ¢ f claim53 wherein .
t he receivgﬁg n&gﬁék%%%b ﬂga%nﬁgég%%%%?ﬁ frstae generation
unhi ased training siagnal ;incl uding a .pl.ural.i f .
UL SRRt Ra TPl b LS00, B bbb foRrmation,

3 r S .
BB X Ol A R A gL R R Rting LG W BRE pllot
3aPHEo@udth SHURNGYeSIRP OGS AR ASR i A AN NELSIIRR
i ncluding a group of adjacent reference fredquency
supslasd NedithcaWibRoiH oﬁébﬁh%ﬁp?éﬁoé,tih@ﬁ{dihg the fRdtfiedcy-
plurality of adjacent mrror frequency subcarriers,
winlobthidd unbrsee nraigisg bpanl hadsgudlratiieemddul ated of
cl ai m 53 wherein the receiving neans
communication data.

52.  The device of claim 49 wherein the signal generation
means supplies the frequency-smoothed unbiased training signal in a first
symbol period using a group of reference frequency subcarriers and
corresponding mirror frequency subcarriers; and,

wherein the signal generation means accepts communication
data, generates quadrature modulated communication data on the group of
reference frequency subcarriers and corresponding mirror frequency
subcarriers, and supplies the quadrature modulated communication data in

a second symbol period, subsequent to the first symbol period.

53. A device for calculating a channel estimate using a
frequency-smoothed unbiased training signal, the device comprising:
a recelving means having an input to accept a frequency-

smoothed unbiased training sequence and an output to supply training



accepts a frequency-snoot hed unbi ased training signa
as follows:Spp m=0, fromi =1ton;, where pis a

wo ejosnesee frequency subcarrier where Pln i s arP@i/URI08/056333
frequency subcarrier, and where n is equal to the
nunber of pilot signal producdk. 57. The device of
cl aim 56 wherein the receiving neans accepts a
A Ahtion, Phe %bggﬁﬁqsﬂiolo%ecfhﬁﬁﬁlseﬁrt?éii'i'fh&ﬁ s@83uence including
foIIows:Swppm=O, fromi =1 to n; ere wis a
Wil a1l b faph@alitP 8f pllbesidaul Pﬁ‘ocﬁfct@;' ai m 53 wherein
the receiving neans accepts a frequency-snoot hed
unbi ased trai ni agenbinheahnpitdiedignil piddelct sh@adbs
products selected froma group consisting of 2 and
nor e phatet@rmbted ddmpkbavilare ofiforhatmmb®)whpresentédby a
recei vi ng neans accepts the frequency-snoot hed '
unbi asefdrencei fneqeergiygndicaaser o). mwdtipkying psedgsermined
signal product with a reference subcarrier at
f r equetieplex planepgpbyertion m) serreseeiedday mipjordrequency
conpl ex plane value, and a mrror subcarrier at
frequ%ﬁ%‘iﬁrr]ferr(égrg’é%nti ng the first conplex plane
val ue; and, a second pi.l ot signal prodyct w.th a
ref erence subcaVﬁ%%?”b?“?$§Hdgﬁﬁ9Iﬁvggﬁy(gé?%%éﬁ?uﬂIEOdUM$
frequiang&/ugltcb Z%lg(g);raensdenti ng the first plane value, and

a mrrorl Eubddrr e at frequency -(f + 1), adjacent

frequency 4f i g e ‘s

L eauency ol SR SRR Ry G PIRL o B ining
Wrek@laBiohNend BEGIeULIAG HBRRS c8L&eRIN: & PBurality of processed
frequency- snoot hed unbi ased training Signal " as

EPbes(yR répresbntihk @ongilen ?ﬂar&f afueh avoh hmaul tipfyahg Reeh
subcarrier at frequency + representing information
pBocesed sgmbon@l) &y pt@aijagsal ofeg camrdspordingaeference signal (p*),
subcarrier at frequency -f representing the first
andpugpliphgrefreatiersy-amdothed channel estimate (h) at an output.

54.  The device of claim 53 wherein the receiving means
accepts a frequency-smoothed unbiased training signal including a plurality
of adjacent reference frequency subcarriers and a plurality of adjacent

mirror frequency subcarriers.

55.  The device of claim 54 wherein the receiving means
accepts a frequency-smoothed unbiased training signal including a group of
adjacent reference frequency subcarriers, without intervening subcarriers,
and a plurality of adjacent mirror frequency subcarriers, without

intervening subcarriers.

56. The device of claim 53 wherein the receiving means

accepts a frequency-smoothed unbiased training signal as follows:



a second pilot signal product with a reference
subcarrier at frequency (f+1), adjacent frequency f+,
wo esas®mp i ng the first conpl ex plane val ue +9PCT/US2008/056333
degrees, and a mirror subcarrier at frequency -(f +
1), adjacent frequency -f, reffesenting the first
conpl ex plane value - 90 degrees. 61. The device of

clai m 59 whepein the gee6iving Jreans accepts an
unbi ased fre%ﬁ%ﬂ%y-énnothed trai’'ning signal with P

pi l ot si gnathePé §AYG Seféitshck Fredllene§umph6add on dat a
synbol s in the sane synbol period, and supplies both
traini ng i aherewt,l tna angh eoffogneat suditadaiea. alg@. The
device of claim59 wherein the receiving neans accepts
a frequencydereatiseduahbe dlseduntlarnif mglosisgrel] prodacts.
first synbol period, with a group of reference
frequency subcarriers and corresponding mrror
frequency subcarriers; and, wherein the receiving

means accep¥s quhardeviteclhuim APauhersimiihe cacdvmedaeans

on the group.of reference. frequency subcarriers and
a%ﬁepé%a&%arﬁ&yn@gﬂ%hgiwgat}@hwnéﬂm $Gteas fpHowssecond
synbol period, subsequent to the first synbol period,
and supplies comuni cation data. 63. A processing

devi ce forygenerating.,a.frequency-snoot hed unbi ased
training s?gﬁép}pﬂﬁe BT%@%%%iﬁgtd%Vice conprising: a

si gnal geng?@}Q&,ggggkg b Rg.t3P i nput to accept

training infornmation and an“output to supply a
guadr at ure nodul ated frequencysnoot hed unbi ased
training signal, the frequency-snoothed unbi ased

traini ng spgnal Thewewilie s Raiph BBakhénei@therbalivisigdhahns
products; where each pilot signal product includes
acogptex fpéarecynmosthed ambigprdeaanteg withaa hahdreerndeilot
frequency subcarrier, nultiplying conplex plane
sighat peodwats seleceskfrpeda lgyoup covsisfingapli@ryd more than 2.
subcarrier; and,

59.  The device of claim 53 wherein the receiving means
accepts the frequency-smoothed unbiased training signal as follows:

a first pilot signal product with a reference subcarrier at
frequency + f representing information as a first complex plane value, and a
mirror subcarrier at frequency —f representing the first complex plane value;
and,

a second pilot signal product with a reference subcarrier at
frequency (f+1), adjacent frequency f+, representing the first plane value,

and a mirror subcarrier at frequency —(f + 1), adjacent frequency -f,

representing the first complex plane value + 180 degrees.

60. The device of claim 53 wherein the receiving means

accepts the frequency-smoothed unbiased training signal as follows:



where the sumof the plurality of pilot signa

products is equal to zero; and, wherein the signal
w@emsnsser nodul e supplies the frequencysnoot hedI/US2008/056333

unbi ased training signal within a single synbo

period. 64. A processing devige for calculating a

channel estimate using a frequency-snoot hed unbi ased

training shgpal pﬂbbgir?%%?é&&&gwﬁﬁﬂ FSe FAMR D AkieRat
recei ver nodul e having an I nput to accept a

FlcqauRAE ¥ IR t1HIASAHa i bAIAR NHr SEDUISHIER AR dBlue, and a

output to supply training information, the
hiemurendyastieohhfdquohtpseteprieadmiing the duene@mplex plane value;
including a plurality of a plurality of pilot signa
pndduct s; wherein each pilot signal product includes
predeterm ned conpl ex plane information (p) '

r epr esent ed segorad pEdesignat produpienidh astdierance enbgddrier at

mul tiplyi ng predeterm ned conpl ex plane infarmation
fyeapnes ﬁ#ﬁ%e&% aeeyirequensy ffty sepieneytingbbafirpk eompptex plane
and, wherein the sumof the plurality of pilaof signal
BRBEGUETS dﬁ&re@au%mg AgNEEPH SURRYTIER aidFedienon! fodup@acent

PRg-BleTh = hehBoBBERbAL Erpl BoBRud e PookRees.

processed synbols (y) representing conplex plane
i nformation, nultiplying each processed synbol (y) by

a conj ugat g10f g, TeipTe als) BEARNE &h 8 L0 inhy
and supply?ng a P%eéﬁgﬁgy-s%%oéggg %ﬁ%nne? estlﬁéfgkans
aBdep@t aBNuMIARY frequency-smoothed training signal with P pilot signal
products and (N — P) communication data symbols in the same symbol

period, and supplies both training information and communication data.

62. The device of claim 59 wherein the receiving means
accepts a frequency-smoothed unbiased training signal in a first symbol
period, with a group of reference frequency subcarriers and corresponding
mirror frequency subcarriers; and,

wherein the receiving means accepts quadrature modulated
communication data on the group of reference frequency subcarriers and
corresponding mirror frequency subcarriers in a second symbol period,

subsequent to the first symbol period, and supplies communication data.

63. A processing device for generating a frequency-smoothed
unbiased training signal, the processing device comprising:

a signal generator module having an input to accept training
information and an output to supply a quadrature modulated frequency-
smoothed unbiased training signal, the frequency-smoothed unbiased

training signal including:
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a plurality of pilot signal products;

where each pilot signal product includes complex plane
information represented by a reference frequency subcarrier,
multiplying complex plane information represented by mirror
frequency subcarrier; and,

where the sum of the plurality of pilot signal products 1s
equal to zero; and,

wherein the signal generator module supplies the frequency-

smoothed unbiased training signal within a single symbol period.

64. A processing device for calculating a channel estimate
using a frequency-smoothed unbiased training signal, the processing device
comprising:

a receiver module having an input to accept a frequency-
smoothed unbiased training sequence and an output to supply training
information, the frequency-smoothed unbiased training sequence including
a plurality of a plurality of pilot signal products;

wherein each pilot signal product includes
predetermined complex plane information (p) represented by a
reference frequency subcarrier (f), multiplying predetermined
complex plane information (pp,) represented by mirror frequency
subcarrier (-f); and,

wherein the sum of the plurality of pilot signal products
1s equal to zero; and,

a calculation module having an input to accept the training
information, the calculation module generating a plurality of processed
symbols (y) representing complex plane information, multiplying each
processed symbol (y) by a conjugate of a corresponding reference signal (p*),

and supplying a frequency-smoothed channel estimate (h) at an output.



