| COHERENT TRACKING FOR FM IBOC RECEIVER USING A SWITCH
DIVERSITY ANTENNA SYSTEM FIELD OF THE INVENTION [0001] ™
This invention relates to methods and apparatus for reception of radio
signals, and more particularly to such methods and apparatus including a
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acquisition, tracking, estimation of channel state infermation (CSI) and coherent operation
have been described in U.S. Patent 6,549 544, The system described in U.S. Patent
6,549,544 was designed for operation in the FM broadcast band (88-108 MHz) with fading
bandwidth to accommodate receivers used in vehicles at highway speeds. The various
coherent tracking parameters are estimated using filters with bandwidths that approximate the
maximum expected Doppler bandwidth (roughly 13 Hz). With a fixed antenna, the pertinent
tracking statistics of the input signal to the tracking algorithms are assumed to vary at a rate
no greater than the Doppler bandwidth.

[0004] IBOC HD Radio™ receivers can be used in combination with a switch
diversity antenna system, The switch diversity antenna system includes multiple antenna

elements (e.g., 2 to 4) usually placed within the glass of the front or back windows of a



vehicle. These elements are connected to a diversity switch module which
dynamically selects one or a combingation of elements to provide an RF
antenna signal to the receiver. The diversity switch module also monitors
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[0006] Typical antenna elements in a vehicle can experience somewhat independent
instantaneous fading conditions (depending on spacing of the elements and the directions of
the multiple paths). For example one element can be in a fading null while another element is
at a maximum. In a vehicle with several elements, it is likely that an antenna element will
receive a sufficiently higher signal while the present element is experiencing a fade (signal

cancellation). Typical elements in a multi-element FM diversity antenna system will have



instantaneous fading conditions that may be somewhat correlated, but
sufficiently uncorrelated to achieve the desired diversity gain to improve
performance. [00071 The coherent digital modem in an example IBOC HD
RadioTM receiver is designed to tragk signal fading at vehicle speeds
where Doppler bandwidth is <13 Hz. The use of switch diversity antennas
in vehicle windows introduces abrupt transients in the coherent tracking
ineithadigiabdignatowitbng agradesydigitabrperpimenedaitie biansiéidintly
caused hy dynamic antenna switching cannot be tracked. in the previous
TR MOAEF SR RGP G360 SAGhA B0 oo TBERE e
inyesimn provideshereeinBpent HadkindmetboshwiidiGComRatistes dbdver
. switching transjents in a switch diyersity antenna system. It also. proyides
i TN M o YR AP kG SIGOIRAHAG orire i 213

HAUtgReMALSlY Wit kiind:siitehiversity arldoRawksiem ThesRisambrupt
improvements can also mitigate degradation due to jmpulsive noise or _ .
R R <, SHRTEETLER ROH gﬁ?a@ﬁa&é@hﬁrﬁ%n%hnf’&&@i% gl
peaeifigneperiormansenef casedversinaldingniashAwkamatic GanbOentratked

~ (AGC) is improved. SUMMARY OF THE INVENTION [00091 In

in ApeBFERAYE AT SR dap seTnsd hregrrtah Jair T OMER8%s provided a
meshag) for qphereniiyfiaakingAfadio gignahietdingaplpralité@ld  which
digitally modulated reference subcarriers, the method comprising the

acgpapE etatee coR MG ShMB SIEsAtta ¢ B < esiBhaR S carrere. 1t also

prieifgs a pilbhRbANtennaLlepments: WhesHua stehiansiephisicatsedised
by switching among the antenna elements; combining the reference

asepuaAvElYsyilblwhkY kisaWay e fVEFBE sebiifdite UHlgate tgese same
QAR AP SRMRI R AR HlieriRg iR SXBRISRIQPIRAUGSssian

iltered samples; and smoothing the samples for each of the reference
nojpbershiers ot anapiaeninf bt rerlem s gilveanridisdslsioturg tgrmance of
reEQVEISIGIRESNSE SanAhaRlimale dotRATAOINE SubeayEgrs. [0009a] In

accordance with a second aspect of the present’ invention, there is
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combining the reference subcarrier symbols with a known reference sequence
conjugate to produce a plurality of samples; median filtering the samples to produce
filtered samples; and smoothing the samples for each of the reference subcarriers over
the plurality of reference subcarriers to produce a coherent reference signal estimate
for each of the subcarriers.

[0009a] In accordance with a second aspect of the present invention, there is
provided a receiver for coherently tracking a radio signal including a
plurality of digitally modulated reference subcarriers, the receiver comprising: a

plurality of antenna elements for receiving the radio signal, wherein a step transient is



with a known reference sequence conjugate to produce a plurality of
samples, median filtering the samples to produce filtered samples, and
smoothing the samples for each of the reference subcarriers over the
plurality of reference subcarriers to produce a coherent reference signal
estimate for each of the subcarriers. 10009b] In accordance with a third
aspect of the present invention, ther&is provided a method for coherently
tracking a radio signal including at least one digitally modulated reference

cartier, the. method comprising the steps of. using a plurality of antepna_ .
calihh S IBE A i ST AL SRR T g edio
sigmplswitd Ringcamsomy ftivecalmtemtla dlarkiogttheleadiodsizti s oifergrivenbols
trPRARIREIORIAEYER RAPIEN GPREFENLIRIRRNE e 3lTSiclBlea e fier symbols

fransient thataffects the complex cgh rent éeferenﬁ:e alnsl;fllterle th% dian
UGV AR LEHE PRSI SRS Sromdics A arbc R e, =
filsomeréntsraiprentenyeduss dligrpdcoamdsgad smobinadhe sl for cach of

th€QbRient seigrRRES AR tOHENprayYRlas abibR-caMAlBXEaRE @Ntproduce a

efer%nc 8%ains.clo es%.to Eh_ tran ier}t gnd r%g)lacinsg the values of the
STe1E, reier eSumaic 10t.caciy o arricr

COcomplex ESRETERTErETence gains closésfi 18 tHE transient with the closest
vallid089tle donphexdeokereibrefisadepeetn that Riksam drestiapyhgre is
priRied 00GRehiiassordpeawthradarsthasrret abihe Biasemidniention one
o T S S S e
plurgity alitypofanteriamealeiferrectouple dadiehaigapltvieraiein gadpnsient is
callRASHENSOFHE Y S HECKIRG AMAATeiRe ARt BIRMBAISf&RIGPhrrier
toforggfc:eévclggqtqur%g oersel P ?elzfetargicllca RIDCESTIL I:%g dg%%ﬂgé%tthg tthgffects the
r8¥erence caﬁ'ler to produce complex co erenet rererence gains, ?or
cogatisatie et tsietenesiening: diifrna shncompisie s dsrate ri st HEains to
pred@ias, anshinedaciusgiiog thacemplaxeaheenhseioepescaaing ithéhenoothed

vicinity oéthe ransient to Q{r(l)sd{.lce ad%ust d complex co erentlé?g%{er&%?e nee

“cgding. f0009dT i accordance witha fifth aspect of the present invention,

2ainG rboRsShie gdmpsiadavd rpleesrdhentyusackitg sormplesePRIFHaRigTRere
sadidebsienne digialiinoddtatad ratetenealwaniahdhomptsi @heamprisingice

ga?rlg)lt%%lg %a%t&g(%% eéefm%qts coupled to the input, wherein a step
ransient is cause frswnc ing among the antenna elements; an input

for Be&Ahg hevsergasighaithrid mednasrsctaintbrinraammy insciteredoae is
preatdiel 1o pradice dompitkeahereatiaigrencdigainsdoindetéiating thast one
B
elgzgjs@%ﬁ%y@led 10 tﬁe input, wherein a step tragrﬁsient is caused byyswitching among
the antenna elements; an input for receiving the radio signal; and a processor for
demodulating the reference carrier to produce complex coherent reference gains, for
detecting the step transient that affects the complex coherent reference gains, and for
adjusting the complex coherent reference gains in the vicinity of the transient 1o produce
adjusted complex coherent reference gains.

[0009d] In accordance with a fifth aspect of the present invention, there is
provided a receiver for coherently tracking a radio signal including at least
one digitally modulated reference carrier, the receiver comprising: a plurality of
antenna elements coupled to the input, wherein a step transient is caused by switching
among the antenna elements; an input for receiving the radio signal; and means for
demodulating the reference carrier to produce complex coherent reference gains, for

detecting the transient that affects the complex coherent reference gains, and for



produce adjusted complex coherent reference gains. [0009¢e] In
accordance with a sixth aspect of the present invention, there is provided
a method of estimating noise variance of symbols in a radio signal when
noise can include impulsive-like samples among Gaussian-like noise
samples, the method comprising the steps of: adding input samples and
coherent reference samples to prodlice error samples; computing the
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an input for receiving the radio signal, and a processor for coherently tracking a radio
signal including a plurality of digitally modulated reference subcarriers, by receiving
symbols transmitted on the reference subcarriers, combining the reference subcarrier
symbols with a known reference sequence conjugate to produce a plurality of
samples, median filtering the samples to produce filtered samples, and smoothing the
samples for each of the reference subcarriers over the plurality of reference
subcarriers to produce a coherent reference signal estimate for each of the subcarriers.

[0011] Also disclosed is a method for coherently tracking a radio signal

including at least one digitally modulated reference carrier is provided, wherein the



be caused by switching among the antenna elements or impulsive noise.

[00121 Also disclosed is a receiver for coherently tracking a radio signal

including at least one digitally modulated reference carrier, wherein the

receiver comprises an input for receiving the radio signal; and a

processor for demodulating the reference carrier to produce complex

coherent reference gains, for detectipg a transient that affects the

complex coherent reference gains, and for adjusting the complex
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BRIEF DESCRIPTION OF THE DRAWINGS
[0014] FIG. 1 is a schematic representation of the spectrum of the Hybrid

Waveform to which this invention can be applied.
[6015] FIG. 2 is a schematic representation of the spectrum of the Extended
Hybrid Waveform to which this invention can be applied.
[0016]  FIG. 3 is a schematic representation of the spectrum of the All-Digital
Waveform to which this invention can be applied.
[0017] FIG. 4 is a schematic representation of a first type of Frequency
Partition—Ordering.
[0018] FIG. 5 is a schematic representation of a second type of Frequency
Partition—Ordering.
[0019] FIG. 6 is a schematic representation of Lower Sideband Reference
Subcarrier Spectral Mapping.



Control Data Sequence. [0023] FIG. 10 is a block diagram of a Differential
Encoder. [0024] FIG. 11 is a high-level block diagram of a Coherent
Reference/CSI function. [0025] FIG? 12 is a detailed block diagram of the
oherent Reference/CSlI function. [0026] FIG. 13 is a schematic
100 resdifatibrsar thRm3HE remrRaRsRRBARPIRE fbidvhee GBEtuericr Subaarrier
SpectraRemy¥ag [0027] FIG. 14 is a block diagram of the Primary Sideband
Reference Subcarrier Estimation. [0028] FIG. 15 is a block diagram of the

10021 onddR SideuiRtkriagram s SypiearfernireliRianersipgn29] FIG. 16 is

[00adlockT@mayasm eERbmAIi ey sideRRNGNOISE NANARCE &S al rer System
[0030] FIG. 17 is a block diagram of the Secondary” Sideband Noise

Control\l k2 RE8UEmation. [0031] FIG. 18 is a block diagram of the CSI
[00X¥gightng of(Retesengedbigbaarse DB 2RI Gnldsra block diagram of
GO%@ Syg‘ﬁ{\g\/ﬁghts Generatjon. [0033) FIG. 20 is a schematic _
[00¢8) resEntattivD P HiRtevehblodk Biagmar nibehsment Relerassirffunction.
[DoRsimaryiSdebandse 03I edidkiam Bagk digekam: HaRelerereSunction.

bcarrier Interpolation. [0035] FIG. 22 is a functional diagram of a )
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ReferenRefilianarisrdginoReeonryponents of_a (noiseless) fading signal §Witched
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Estimatiwiginity of a transient at symbol 200 with 10 dB SNR. [0038] FIG. 25 is a
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Estimati@ference and noise estimation. -6- [0040] FIG. 27 is a plot of an. 11-tap
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Estimati(Reference Subcarriers). [0042] FIG. 29 is a plot of the effects of filter

[00.’%?6 O%lr@d l‘ici“?sn gf gl%tfl; %{Sgra‘?go% oti-ug Oggéggég;egigggaﬂ nl%liise Variance
Estimation.

[0031]  FIG. I8 is a block diagram of the CSI Weighting of Reference Subcarriers.

[06032}  FIG. 19 is a block diagram of the Sync Weights Generation.

{0033]  FIG. 20 is a schematic representation of a Reference Subcarrier Interpolation
Dlustration for Primary Sidebands.

(00341 FIG. 21 is a block diagra:ﬁ of a Reference Subcarrier Interpolation.

[0035]  FIG. 22 is a functional diagram of a generic switch diversity antenna system.

[0036]  FIG. 23 is a graph of Real and Imaginary components of a (noiseless) fading
signal switched every 100 symbols.

[0037]  FIG. 24 is a graph of Real and Imaginary components of the filtered coherent
reference fading signal switch in the vicinity of a transient at symbol 200 with 10 dB SNR.

[0638] FIG. 25 is a plot showing the effects of switch transients on the noise
estitnates (20 dB SNR).

[003%] FIG. 26 is a block diagramx of a previous coherent reference and noise

estimation,



[0043] FIG. 30 is a plot of a comparison of 11-tap FIR vs. median filtering
of a coherent reference signal. [0044] FIG. 31 is a block diagram of the
reference and noise estimation of thepresent invention. [0045] FIG. 32 is
[‘?{{g{ﬁt of j u%szje, response of the I1R filter. [0046] FIG. 33 is a plot of the
S res&gﬁgse* fRRPIOR Miep. Thoar RS Eariox embetmiieisauetiostiofation of a
singleawferdncagisbeggi¥nation as a function of 1W filter parameter a. [0048]
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for Coh e ahd orginaliR noise estimation with a=1116. [0050] FIG. 37 is a

(40 lsholiay B eftepioobswitebifpasiontson haneire wstimaies @Rerng of a
coherc%l?rsf%‘r% Cvglgh orlplnal 11-tap FIR filter and IIR noise estimation with
Modification 8 4=1/8. [0051] FIG. 38 is a plot showing the effects of switch

[0 ddbienSGn2heésndiseclestipaiesolB o RENBIiHY adgio akdddabdRie present

fi(#.tler when noise variance modification is applied. [0052] FIG. 39 is a plot

invention, . : . . .
S owing the effects of switch transients on the noise estimates (10 dB

[0848R). WIS 32 s mpldinoffilignandrtiRonsiserasimatignayith modification

-1/ 053] FIG, 40 js.a plot showing the effects of switch transients
[Og?r;w@e r?%ll@é §§§ﬁ%g{%@f% Effﬁ??& §§§BGMQFP?iIter when noise
[0047ibnc & odicatiqias appiliecbd{RUBA] ol G0l nanisd 2 AR a1aRis 9function of

TR £l éa%%océrr%te. [0055] FIG. 43 is a block diagram of a receiver that can
process signals in accordance with this invention. -7- [00561 FIG. 44 is a

[0B48dK diElrardstsovniey e etmnotistatefastitpationiealniogesdinprobability
of sele reiverof Fle. 43.[0057] FIG. 45 is a plot showing the. effects of
ggﬁéi trans?gst'n s% %haﬁéilégcé% w%% ) }lﬁ?&.‘?&oﬁ%a‘f?@t?f&ﬁplot
fﬂ%ﬂminﬁﬁeléﬁei}tsaofgém?itsthgiems effanisefeshimaiesal@dRad] biGthe noise
estimatté (3P dH R, Sk R T R G g O o ation with
a=1/16.

[0058] FIG. 37 is a plot showing the effects of switch transients on the noise
estimates (10 dB SNR) with original ll-tap FIR filter and IIR noise estimation with
modification to a=1/8.

(00511 FIG. 38 is a plot showing the effects of switch transients on the noise
estimates (10 dB SNR) with original 11-tap FIR filter when noise varance modification is
applied.

[06652] FIG. 39 is a plot showing the effects of switch transients on the noise
estimates (10 dB SNR) with 5-tap median filter and IIR noise estimation with modification to
a=1/8.

[0053] FIG. 40 is a plot showing the effects of switch transients on the noise
estimates (10 dB SNR) with 5-tap median filter when noise variance modification is applied.

[0054]  FIGs. 41 and 42 are graphs of block error rate.

f0055] FIG. 43 is a block diagram of a receiver that can process signals in accordance

with this invention.



channel reference signals. [0060] FIG. 48 is a plot showing the results of a
transient detection algorithm. [0061] FIG. 49 is another plot showing the
results of a transient detection algorithm. [0062] FIG. 50 is a functional

ck giagram illustrating the correction of coherent channel gains in the
{f)ﬂ%?:)init)?igf% a%tg;lr%s%eﬁr?ﬁ) f&o@ﬁfﬂ-&.%Pf%lggo%%kcéﬁﬁ‘gnﬁtﬂfﬁs?gﬂﬁﬁlﬁn technique
used 1n theogitriseonl dlhelAoise variance estimate. [00641 FIG. 52 is a plot
owi hg-effects of switch transients op naise estimates. DETAILED
o O P R o BbeT A SRmsiearmae coaomats.
[003%predditatidnisf ahetspeptntrshofihinghyinric Fadt s wiestefars88t0on noise

estimate¥Vhich this invention can be applied. The waveform includes an analog
modulated signal 52 located in the center of a broadcast channel 54, a

(0058t plEkality ofsewdniytispatbtbdsthiiggratlyi ivenasingy tHévigineratioli e xederent

channel %f&%%&fé%%ﬁﬁsi” an upper sideband 58, and a second plurality of evenly
spaced orthogonally frequency division multiplexed subcarriers 60 in a

[006@lyver EleHarisl BRI0T leodigigtiy mouitacéd subsantatsiecadirapdenthat a

006DIVEr PRYVEH AV, dulated carrier to, co with .

e e 1 SRR TREHELES 8 Shnd e e anatgariom.

[066g)id HIfRtoPastaiShactinual iots Sidgramietisaraidgsiynatateason of coherent
channel gﬁﬁg@p%mﬁﬁgi&f%ﬁ{@&l@ncy partition is a group of 19 OFDM

subcarriers containing 18 data subcarriers and one reference subcarrier.
[0068) 066 R yisrial Wadkiingr it ubusteatingalogoiiMicndoulafethsigoiat, variance
estimate.Plus digitally modulated Primary Main subcarriers. The digital signal is
transmitted in Primary Main (PM) sidebands on both sides of the analog
[0064\, siEHal 3¢ ine RlRsmharinetbeneiTases pdwei tdybrosiedsivs nebandiimates.
appreciablybelgy 146 IatalRaVeTinheRP g e analog
signal may be monophonic or stereo, and may | idiary
(0065 o m iR chifoaschumssrZaHeseBBRYEhA Hhelspdeoen dhthetybadiEhd IBOC
wavefornar§olaH spasedfreque atigs. ubcarrier
Iocatic?r?gﬂgr(g&t n%ﬂrﬁggr'ted fron(;%f{{%d%é to '+ %%? Int gv;gggg%rm é?ﬁ&?sle?h%nalog

modulatetysighplcatrigrateddmutipeatichs!+aSaaeis s Channeb 56, o fEsepiNtabity of evenly
spaced offfﬁa\g%f&%{mr %@qﬂ@ﬁ@}aﬂﬁﬁ%ﬂﬁﬁﬂﬁﬂfé&g@&gﬂgﬁ%ﬁgﬁ?ﬂﬁ %%%Exe sirdeband 58,

preceding conversion to the all-digital wavetorm. ach ptimary

and a sqeond plasling rf cBYiiplissassrenardpaenclipditgorsewhidvisine multiplexed
subcarricRGT atesiamangaseauie r?ﬁé@%@fﬁﬂg%ﬁl%&%éﬁ?ﬁ%@%@e@%&a&ast ata

Subcarriers 546 and -546, also includéed in the primary main si

lower poviee liehibatheraralazeaeibiain i carrics tawpmpidevitie aciuid cdrieel signal
masks. TH3URAAGRIRHYAHI0MRUMER $6RIRAER into partitions and various subcarrers

are designated as reference subcartiers. Al frequency partition is a group of 19 OFDM
subcarriers containing 18 data subcarriers ancl one reference subcarrier.

[0066]  The hybrid waveform includes an analog FM-modulated signal, plus digitally
modulated Primary Main subcarriers. The digital signal is transmitted in Primary Main (PM)
sidebands on both sides of the analog FM signal in the hybrid waveform. The power level of
each sideband is appreciably below the total power in the analog FM signal. The analog
signal may be monophonic or stereo, and may include Subéidiary Communications
Authorization (SCA) channels.

[0067]  The subcarriers are located at evenly spaced frequency locations. The

subcarrier locations are numbered from ~546 to +546. In the waveform of FIG. 1, the



[0069] In the hybrid waveform, the digital signal is transmitted in Primary
Main (PM) sidebands on either side Qf the analog FM signal. The power
level of each sideband is appreciably below the total power in the analog

-V _Si . . anal ignal e Jnonophonic or. stereo, and may
s B B O Resh (R el Bl b reaty be
used dRI@E 2rpisidt tratidtieplgdemtaioratitiecspeetsion of the dxi@pdecvimicin.

efor, ' is, invention can he applied. In the extended hybrid X

o e SRS R R i R iRy s, whict
are allogeleddthenanalmgErt sijdatliwirgirédSe odigitd dapagly-5This Swidisiona 546 and
546 | ed to the inner each Primary Majn_sideband, is

e e F T . Tne
amplitygsafforeh imbremerdey beldivadeR iimaneEnbhdiedscaiddhainds to the

obgynar NS} resent in. brid.waveform, as.shown in FI1G.
R B e M R P g v
sidebapd, ¢k thge didetiof thenendggelBfiesighabrintiry Meirsideband. Q07 &deband is

B, 245,8 Sehemat niatio ended hybyrid FM,IBOC

apprecv:illlgl\;/}_leform 7?%#1%% e%%gtleedﬁ %}géd%vﬂégm igl%?géte @%‘éﬂfﬁg 6%?%53}1/13}' be
MONopEQTEh dEdsteideband Ty, Taclodaespbitithayymeimsidebanidaprasbotintioe (SCA)
channefybrid waveform. Depending on the service mode, one, two, or four

frequency partitions can be added to the inner edge of each primary main
(048 bafEGo8 73] sthremstie ngpeEpg s AdoN v fdensprsitides tfethaaidgridktl hybrid

wavefortdnal pivsiigialivanagh G RimaRymaigs '1’1?&%5&8@%&%8%%%&, the
edsu

to +546 and -356 to -546) and some’or all primary exten carriers

bandwidiffafiehybrisheidehends emvboantendab gy whnktimeatbom FMIsigsahttjncrease

S e N o . < o
. e e
sidebargle {5 ferRg LR E aandertiffehn-tifsharAce subcarrier spanning

ougcarrers Sp@heauglas VhisREH U4 LD P
[ ex?ended sidebands inglude sub%arriers%3g7lilt3ﬁ?§(ggﬁ§35ggﬁ%gr§e #ﬁ&%ﬁa@mdﬁd

sidebands. tgfhridmmasy Mpin tigatzsiy aresmidudhe pbritiviasyform s thougin FIG. 2.
DependiR® G0 TRMBRGY oRATHIRNSK I NG e %:%%Q{ééyegé?&&&% Sé?ﬁ%%rgzﬁied to the

) include subcarriers -337 through -355 (one frequency partition),
inner eqdgeRigiachBsivary i sislspaagiitions), or -280 through -355 (four
[oofrepuengyspartifions).chbg ampl SHPGRT e
g %ﬁ%&hﬁ&&?ﬁ UPSAI ek €A m@gﬂﬁg&? BOC

an amplitude scale factor. [0075] FIG. 3 is a schematic repres
wavefof, gBectTLifﬁ E’Ftﬁﬁ@%ﬁl-aw waveform is created by adding primary extended

sidebands 72, 74 to the primary main sidebands present in the hybrid waveform. Depending
on the service mode, one, two, or four frequency partitions can be added to the inner edge of
each primary main sideband.

[0073]  The extended hybrid waveform includes the analog FM signal plus digitally
modulated primary main subcarriers (subcamiers +356 to +546'and -356 to -546) and some or
all primary extended subcarriers (subcarriers +280 to +355 and -280 to -355). This waveform
will normally be used during an initial transitional phase preceding conversion to the all-
digital waveform.

[6074] Each prmary main sideband includes ten frequency partitions and an
additional reference subcarrier spanning subcarriers 356 through 546, or -356 through -546.

The upper primary extended sidebands include subcarriers 337 through 355 (one frequency



waveform to which this invention can be applied. FIG. 3 is a schematic
representation of an all-digital FM éBOC waveform 80. The all-digital
waveform is constructed by disablihg the analog signal, fully expanding

... width [ digital sidebands 82, 84, and i
. LU T eNE T RN I N—

partitionghaldtsigmek: fFireaajl-digitatedasidédrands thelilistyatedrembodimentough -355

' igitally late rriers_at subcarrier locations,-546 to
Cone e L S SR At 5 o torratyough -355
(four frefreepronesriftiotision®halhfoplitexteiiedciegbenticmaititons aeel preseabiplitude
scale fac‘?%?h primary sideband of the all-digital waveform. Each secondary
sideband also has ten Secondary Main (SM) and four Secondary
00k tendéd. (SXisfreqerrayaijartitiasstiatike thé phinapgsidebasiishe all-digital
t y.Main frequenc rijitions are mapped nearer to
e o R o AR P A s of an
all-digital b IHO6 77 Rfoms 8Boriblary Bidatisaldraleef supporsatsneadtiSgadisstaliyg the
o ( ' nelydi 2 OFDM subcarriers and
analog <[GRUEON) AP SHE NS At O U e SR B R TN SRR 1 84
adding lopiestpetel sbeeriiss shispards|86abédimttise preawh spestedrhydbstriitelysignal.

] alag opdigital int n additional,reference
e ool o LAt e refl MR RS oo

subcarriess dé Ahbram il Sptiaiodddoest- 146t apithpeirceatda@iégignaloes not
ntaig, f. titlon ndary _Main sideba a
(007630t BAGHERCS AR Bl A1 ALY BRRAnIRD M 30, AR R Fency

.. Subcarriers | through 190 or -1 0. The upper Secon
partitionEgse REFsETsiHe BT ENG B S delvas st the o tHipite) vessfemal tiachspeondary

sideband 2B&PRAARKPSAURRIEL S IIRRATEN Cgﬂf?o%ﬁ’%@Hﬁggﬁ?&@é&h(sg’fpéaﬁemy

additional reference Subcarrier 279. The lower ary Exten

partitionss;cfdphikia tcRiteary sidlrds oy YrothshSeBmdandMiidisguency partitions
are mappe8GRRAAAH Fé%fé?écﬁ@?%EH]'tlﬁc%ﬁéﬁbﬁ%%l%rﬁ?z§2rm{8ﬁkgﬂnﬁ%?ﬁgm the

plus additional reference subcarrier -279. The t uency span o
center.  entire all- digital spectrum is 396,803 Hz. The amplitude of each

[00794DCarHl GaRRR-SFAlEE: BYLANRERY] %'es,&%aﬁo%?l;tssasw%%eg (SP)

sideband amplitude scale factors can be user selectable. Anyone o

region 94042 inglp e die QEPM: sisheaersrarrifereosn dabpaidetaded amD279. The
sideband§QPd FeaMdh &%@a@r@m&v BECH08 fﬂ%%%?gi&%%&%ﬁ%@ﬂ?&%@%ﬁmHeast

) emissions mask. The digital signal is modulated using orthogona
fikely to he ety diviamsiom Qﬁigﬁé‘;&ﬁignz@ﬁmn)?eo FOWRisiiiparbiteforeodelsulmacrier is
laced atSERIBAIP WhithdhaHat ?r%ﬁ% latgsiadar I ?CHF‘
P subcarriers, which are trgﬁr%mitted simglgtﬁgoéslyg%%%%z tlfr?#%?eqr%g hoes

not applyfRigss)Eie SRAMEANANG RIS MR AT BIToticardHiamels to different
[0078FOUNSaeh SMRERHIGB1ain sideband spans subcarriers 1 through 190 or -1 through

~190. The upper Secondary Extended sideband includes subcarriers 191 through 266, and the
upper Secondary Protected sideband includes subcarriers 267 through 278, plus additional
reference subcarrier 279. The lower Secondary Extended sideband includes subcarriers -191
through -266, and the lower Secondary Protected sideband includes subcarriers -267 through
-278, plus additional reference subcarrier -279. The total frequency span of the entire ali-
digital spectrum is 396,803 Hz. The amplitude of each subcarrier can be scaled by am
amplitude scale factor. The secondary sideband amplitude scale factors can be user

selectable. Any one of the four may be selected for application to the secondary sidebands,



[0080) The OFDM subcaniers are assembled into frequency partitions.
FIG. 4 a schematic representation of a first type of Frequency
Partition-Ordering. FIG. 5 a schemidfc” representation of a second type of

ue artition-Ordering. Each frequency partition consists of o
O e AU A GRS G P i LR e R A cmissions
mask. 4T£mrdh’e_gim; Ad%a@kjiEIﬁo&x@@fﬂﬂi@"@@_)ﬁﬁﬁ@%@ﬁ%iﬁ%@gelﬁ@/frﬁﬁﬁiﬁﬁﬁemultiplaxing
1 orderi or .B) varieg with the location of the frequenc
OF D e A B i A B i e AR et a oo
numbeprofocotiiagenslinstihedraasmittaionl arligitain audiedropdoesting SysterdEDM s

- - Gontrol.and information signals are passed through the various_ layers of
mheler{iﬁg{ax@@ e aﬁowﬁgga %ea’m s g&tgﬁbﬁﬁiﬁamﬁéas@éfa@ﬁ groups of

rotocol'SEcK 1 ge
subcarRegeivers process the signal in corresponding protocol layers. [0082] The

in Progr vice preserves the existing.analog radio-programmin
md%ﬁnatsﬁ?n%bo the %ng%geﬁc? ﬁgﬁ?ﬁ?%&%g iggﬁ)ﬁogg.qﬁegﬁﬁit?&??f?@%a%ﬁg‘ 4a
schemaficogransedatiipeotafissiciyotecdiFitajudaieyt Fatrdifestip cmalatesitith thehematic
10 pregr ing. (00831 A Protocgl Data Unit (PDU) is_exchanged .
represe e H Ry A e it st sy pariion
consistshef reigitessidele Adurmidemertad purpossfatany dayerriaf the protocah FIG. 4
- ' li rovided by. Jayer n+1 of the transmitter. to a peer
Corder e B R e ol e ol e i e A o
B) varigayétnthe freaidenof sitrbbinforayatioti GRCHy dhoh the syppentayer (layer
: )P f and this concept, consider the flow of .. .
R T LR e
audio bripdreshingsyeremckaoritod supéuifienabpthe gagisr respnsicel Hhatigh the various
j I rvice dat j SDU, A layer n. SDU includes the .
s GOAPRIBERIR MBS SO AR e
process dhsfigsahin kyrepapBBinpateendsens.layer n via the layer n service
008s¢es i ()ﬁ%!g}%ta eiyes.,the SDU, it takes the layer n+] .
[ ngu ;%%%igkggv%n p otoc?%%%%o%%‘gﬁgt%ﬁ (g&t)m%ﬁ%ah orﬁa?‘%ﬁ%]%fggrmmung
formats;jdiptiatibh sedemend digitabCmemidstreatehantiditon, B2UMaiihBrigyemnService
. is: . ; ceiying _system,.where the
can mde%gggls{%e&ebs%eéﬂngt%% %@ﬁé%éﬁ%%gg o%ug%)e%ﬂ%r?ﬁéngﬂﬁbcol layers.
[0083] . Hénduotageh Raterdit (019 theipemchDigah tidoraardstrelteenaifing from
1 [ j ' > form. n,SPU, [0086] Layer LI .
e o AR o afet & U1 e SO T GGl bhrpose of any
layer n tatsrrssrsRlipiasiion ndativen PR Usymoviisidnuliper tosayei the: Fanseaicer (o 2
peer layfEPaanGy penlionflaiaispbcariers ey S CMEY ek P Hoer ner
while the reference subcarriers convey L[ system OO SUBCATTIErs are

protocok pmisel deferartiomiRad eadtite upper layer (layer n+2) PDU.

[0084] To further understand this concept, consider the flow of information from a
layer n+1 to a layer n on the transmit side. Layer n+1 PDUs must be packaged as specified
by the layer n service, That package is called a service data unit, or SDU. A layer n SDU
includes the layer n+1 PDU plus the layer n SDU control information {(SC). Layer n+l
creates the Jayer n SDU and sends it to layern via the Jayer n service access point.

[0085]  When layer n receives the SDU, it takes the layer n+1 PDU and its own
protocol control information (PCI), which may include information received in the SCI, and
creates a layer n PDU. " The layer n PDU is then sent to the peer layer on the receiving

system, where the process'is essentially reversed as information goes up the protocol layers.



frequency to 546 at either end of the channel frequency allocation. [0087]

Besides the reference subcarriers resident within each frequency partition,

depending on the service mode, uplto five additional reference subcarriers

are inserted into the spectrum at subcarrier numbers -546, -279, 0, 279,
Hence, e36h saer eieagvdhs petelib ane demsesistiisurormbrngfénéorcaation to the next
Jayer in S1406AH IS 2.ilypUghout the spectrum. For notational convenience, each

reference subcarrier is assigned a unique identification number between 0

(00891 eb21ar | duheFeorTasiln dthereplisis du s avBeastn sRigmalsn EeGpEpAld for
transmissBR N RIS AR I ENCESHRCAT IS BIBIRBOWNANEIB1 7- Fbe Jia%iér?%quency

indicate the relationship between reference subcarrier numbers an

partitiong g whseaisrsr AlntbeieocHs) eroxey -thendw tREYabcahilsr thamisderence
subcarri@P eI IEAYaBEY Shaesiain Key LM SUbeaHiIRS TR SCDE the center

frequency of a subcarrier is calculated by multiplying the subcarrier

frequency it tidoRSMIshs chrse Seanenay. atlesatiomer of subcarrier 0 is
[o0gpratatktad e IR AN EONEKLARBIE EALAT ifife e 1. %}?j‘ rition,

Frequency (RF) allocated channel. For example, the upper

depending fBLRSSTEiRLMAEE: Bip JapEixeriedditiopadnafaasambsertentane inserted into

the specif@AURNGISS:AkerQeAlBE-8LI2R; 363147 gndAP8,402 k7, regpediively. Fhe, .o ,
frequency span of the Primary Main sideband is 69,041 Hz (198,402

regular dissabugiey [phgofertases HbeBIBERdidgPaRhORS JhteFPESII PrBeksyiRfional
conveniehfS SirhlesteieRRiralndraanel RGEIHA H%ﬁ%ﬁ’gﬁiﬁﬁ@ﬁ@é@&g UAHS: between 0

information using, fields in the Reference Subcarriers. In addition, several

and 60. L IomipresiSrhenh ERIATFSI 8 AUDSOgER e caRsIRiB I erval wmper sideband

referenceconticaligeldram kavers abeuesllviathe pEmRL frieRedeonRiskidp between
" interface and the secondary reserved control data interface. The service
TCICTenCaH E@@WW@@HQ BHBAPEFthe logical channels.

[0085}09%1@@@3%&#&%%@&%&%@%@%?1ﬁé&{afé%?@c%&ﬂ?ﬂ key
S

sembles _and differentially encodes a sequence of bit sgstem control

a -
OFDM S&E?&re&a%eﬁ“és)%&{nﬁwwcﬁf R RTRrRIE ST b sl aidshp winiHm g the

subcarrieB nlMBER BYHTRIHN 'GISFENGS: SPRACRIEIRLS, THEIRSHRH of sulRBrfisHhLIgted
throughout the OFDM spectrum. _12- [00911 As shown in FIG. 8, System

at 0 Hz. oihisotprsshLsmigrSsaveaan jomsibne Layibe RadienBrapensy (BIRY aliecated
channel. SIRTAEHMI RSy BIEmYSRMAG AHEBLRAR §W§gf’%ﬁ%§é§i}_@§§ 489 ang

creates the system control bitf sequence over Tb for each

546, whosgrerBise dresisREitiers Innateried ARG darad 1108 ek Hitarspeetiiyely. The
frequencﬁmm%?ﬁﬁﬁ%?&éﬂaﬂmg6§Hﬁli%?f@%@%i§%§@?}ﬁx R, of

fixed dimension 32 x 61. The row dimension of R corresponds to the

(008 miaFo P AFINPEl ST e by % (Fenttm Rivassiagsidrne System Control
Channe) gSgg\F/lﬁggﬁ%g%ﬁ_ﬁfgﬂiMm% AR AR FE IRIRBCR SR A MIRES R&erence
Subcarriers. In addition, several bits of the system control data sequence designated
“reserved” are controlled from layers above L1 via the primary reserved control data interface
and the secondary reserved control data interface. The service modes dictate all permissible
configurations of the logical channels.

[0096]  Under the direction of the upper layers, System Control Processing assembles
and differentially encodes a sequence of bits (system control data sequence) destined for each
reference subcarrier, as shown in FIG. 8. There are up to 61 reference subcartiers, numbered

0...60, distributed throughout the OFDM spectrum,



matrix R is available to OFDM Subcarrier Mapping at the rate Rb. In

addition, System Control Processing provides the LI block count to Layer

2 at the rate Rb via the SCCH. [0092] The System Control Data Sequence
embler collects *:E system control information_ from Layer 2 and,

(0088 Lthe R RPPEETR TATE Ce ST SRRl SR OGEVRRSpEe ST HesHRPHISF i5am Layer 2

via th8S0CHystamsiegnitel Sl scaupREESniNg rans chkais rusnbeleta. Sequence
Asse E#‘L: 1%3 the co%nns are numbered O ... 6Q. Each row of r contains one bit
M he. sy S BB AR C QMR ML STBHEBEEn FETE rin R SapR ptidieHdrapierence

subcandiifereThiaDineesing) Fiddedre0s mited e Him sty e 5RY &unbel- Bgvénce in
lated first, Any give colﬂg%r contains_the system control

time. T FRsBH e GRS ok Bh 2 HELFREI BT 52 F DR S5t Barension of

R conf3P0R{FIG. da schdmatis reprpsenistinolof aBrimaruReferensgumn dimension
orTes %{l{gsc?grti]er System Cont%ol Dgata Sectu nce 104. The system control data
COMESPREGlencE COEBLPRIPRE L BFEYS eﬁ%@%‘?ﬁ?@%ﬁ%@s@ﬁ?%ﬂ@f’m The

matrix @npanaivslcRefddEndd stideaitiersNpigginprimaresighandadiava, System

erent fields than reference subcarriets located in secondary sjde :
Conteof e o e iy POAEh D Lo B GRS 6 B 1
[0 iceSharlysiefardatiooliDite Seqoaderyssierabiee sulleartials applias control
. nly tp secondary, services. The primary reference subcarrier system
o B R e v Ganiae i gvetops a
matrix BofthioiRyhiOsystgmtoamid Gatlarsngmbndd. ok easpectif/ehte HhenSaedritlary3y, and
. caryiers fined in a.similar mannet..Taple 1. Primar
the ol B B 0, R e R R sl Sontro dte
sequen@doc tptio refSpnte 0 Ba 22 Bymdifferential #0a:1n24, hr@dsthakechied in the

s LU R SR P B O B BB e
control wadalsitguenéfier pemelerefecende suitificetiom (RSID (i l3beamiasldd 1 0 =

Ot AR SO S CIRTELNEDE) Rt o
ControlSBatarSe@Reoe, d 0%y nThel FyitSyneshtead data sequence consists of bit fields that
represent the varions system control components. Reference subcarriers located in primary
sidebands have different fields than reference subcaxriers located in secondary sidebands.
Information in the primary reference subcarriers applies only to primary services, and
information in the secondary reference subcarriers applies only to secondary services. The
primary reference subcarrier system control data sequence is depicted in FIG. 9 and defined
in Table 1. Bits 31 through O map to rows 0 through 31 of r, respectively. The Secondary
reference subcarriers are defined in a similar manner.

Table 1. Primary System Control Data Sequence Bit Map

Bit Bit
Field Index Length | Descxiption
Syncigq 31:25 7 Sync1g.4 =0110010
24 1 Controlled by upper layers of the
Reserved, protocol stack
Parity, 23 1 Even parity for Reserved,




16 1 Controlled by upper layers of the Reserved, protocol stack 15:12 4
Modulo-16 count which increments LI Block Count (BC3:0) every 32
OFDM symbols. Parity, 11 1 Even ﬁaﬁty for BC3,0 and Reserved, Syncl;o
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are differentially encoded in accordance with FIG. 10, and are output to the matrix R in the
same order. Conceptually, this process can be viewed as 61 parallel differential encoders.
For an individual differential encoder, the bits of a single column j of r are processed
sequentially, from i =0 ... 31. One system control data sequence bit is input to a differential
encoder at a time. This input bit is modulo-2 added with the previously stored output bit Rfi-

1}{j] to form the latest out:put bit, Rfi][j]. The resulting output bit stream will reverse polarity

FIG. 10 is a block diagram of a Differential Encoder 106. The bits in each

column of the 32 x 61 matrix £, assembled by the System Control Data Sequence Assembler,

each time the input bitis a 1. The initial state of each differential encoder is 0.




the CSI needed for subsequent soft-decision decoding. [0096] FIG. 11 is a
high level block diagram of a Coherent Reference/CSI function. The I1
sync bits of the Block Sync pattern afe sufficient for uniquely defining the
ndaries Qf each bl c& regardless of the valyes of the remainin .
O e R S T et ho SHELICY Shcb FERSAILHE 22 bit BPSK
Timingdferpehot noiselaid diitnnetathpainnehiis haor differenrtialyiogiectad Reference
PSK. Furthermore, the redundancy of the BPSK Timing Seguence over.
Subca i L e G SRS R T R AT VB RoF PEiion. 2
local pheserefintectefencebaeghchanoktconditirnsoM s yasahladietdsntydnenterference
BPSK Timing Sequenc brid/Digital, Block Count, and Mode)
s o P o o e L SPERREHE Carth AP HE SR ortation for
frequerreyerad cgohahyeskatgh®difel oftéd chotagabfetfie BRI Didifiereatjatnce permits
.encqding. lgﬁ;s e BPSK Timing Sequen eé ith the e tion of the
dﬁtecu%qb? (r%el&%qrgnce s%l?%%%‘%ri&és?qﬁ?lﬂeffd?ﬁiso e‘!llufrzfcgg1 :(I’Vﬁ P&ﬂgnﬁ)ﬁf‘gg a?%{if’f ent reference

neededRefetien cerSubioariebderitions B dffemintiddntdvitiothi Bloekofsthieen used to

Interleaver def in.the Blo ount field. [0097] The coherent .
oo R I R e st T R By sbout e
local phistecfitiy dafarendscwrrets aandispprapteaieds veeightspibe Ehidtingsedfito estimate
the Cs{RRAANAPARRAB B EULSNL ghang ate. The complex weighted soft
ecisions are then , an

scaled, imite Stdred in the appropriate
[00RGhterBKyet nateibéshférvelipotiodisgain prdce Ssiherenb Refergn o] STHanction.
, ' i sl IS smoothed over.time to form a .
The 1L O B R e Bt 2 8 B fincarcs
of eachHdoell-peaetdiess fibakinyadesatabthdacivrineny @ hlbspadidtKoshshosen for the

wdracki ol:madule to e bol tragking. condition
R R LB A ORI T o
differerfipdycieteEipdr@BHED I\E_ggihmaiméhg ppérshmayyofove BRIKaRjmang Sequence
over afeRAARNEPRTAAIAIZRCI: 12 TEANE RASAMAN RO HE RIS severe
‘ from the phase equalization module. Each symbol is comprised of a

interfergugn bt thefd e ditigniatalSub oaniehl. TinddefardhecBRB§aMnregr8equence

; r ferepce. Iaht ' .

b e Rk U NS U BfSction

and to gJippirese phisky aefarennskiignasates|the ead difiorrcin e Cighlwdightsinrg aidifflerential
: o ) . | eI

il DA TSRO SN AP Tk

subcarrigindh rEaldade Arspsdantlyctamimited et ddtdeftmenksc Stbnafier Jobatiens and is
coinciaéht RIRAheBIRR A OMA L ARIAMES BIoAk SRRzl 2 shows

that the coherent reference/CSI module I1s comprised of seven main
{OOchtioﬂggqec@hg@nfewfg{rence/CSI module generates a phase reference for coherently

detecting data subcarriers, and appropriately weights the resulting soft decisions based on the
current channel state. The complex weighted soft decisions are then scaled, limited, and
stored in the appropriate deinterleaver matrices for output to the bit processing module.

[0098] The magnpitude of the weighted soft decisions is smoothed over time to form a
set of synchronization weights for the tracking control rmodule. In addition, the full-precision
floating-point soft decisions are also passed to the tracking control module to detect
erroneocus symbol tracking conditions.

{00991 FIG. 12 is 2 detailed block diagram of the Coherent Reference/CSI function.

Every OFDM symbol time, upper primary, lower primaary, and secondary phase-equalized,



a. Reference subcarrier data removal 110 b. Reference subcarrier
estimation 112 c. Noise variance estimation 114 d. Coherent phase
reference weighting 116 e. Sync wiights generation 118 f. Reference
subgarrier interpolation 120 g. Soft decision control 122 [0101) The
frequengy domath Syehols areBsPbEthEsa tiscabisel cavabisriconstisdmiefiEach symbol is

comprissdnoMmariagthaedpierbising snradadaysiens,contpl daia SRAUeRSES IO e used

the frame synchronization/system control module, the reference

(o genelgip A rABF Rt PREFR G ERA SR RE LsitRighise HANgHrarn Ganrepplied to the data
subcarriphase-efpaalizod refeigose SueAMIehINTReeRRNe QRPN MR sontrol. Tn

Removyal.of the modulation from the reference subcarriers allows accurate

N |
sdition, e (O PRI AB<EEEH e RERIGE PERGHEPIOF EeMereRiastctothe wacking

control [BHARCT heTlatacsikrpe dipfRmpesubsaaiars aradienflissd wilime frame
the reference subcarrier estimation component. The

and..frequency - b
Symhm%%%hcmj%@ k %f&%ﬂe@?&em%ﬁ%aﬁ@?t@ﬁn@ﬁt@ sbhasragd-1 block)
boundargignal power, while the angle provides the coherent phase reference,

uired for, coherent detection of the demodulated OFDM data
roxffl e 5%6%%3%%&3@&%5}%% HedritsrbatoheroRatensireference/CSI

module Gemodpristiboiagaitutendiachdemaguiaiad OFDM subcarrier must be
Wegghtgdog ane timate of its signal-to-noise ratio. This "CSI estimate” is
a

SRR ALY A TRoRRnt Ihase reference weighting

calculate
coimpddeinteiideesstgaaipenanastimate is simply the magnitude of each
filt%re%glesfgr%%ce subcarrier, ﬂe 'the noise power estimate of each
reference su\bcéarz}fgrefsl%t{ﬁa -16- by the noise variance estimation
comhpdiarecihphasehefenh@hasiziefieserice weighting component divides

the, filtgred reference subcarrjers by their corresponding noise variance
es%'magtfsl% f‘f‘r"%ﬁfﬁ&%@‘ﬂ%‘e".@dﬁe@ coherent phase references for each

refBreReéestriveanstenrfet O Avpidicasian®f the CSI-weighted coherent

ph seg’eifteéences to the subcariers is then performed by the
1%. oft decision control 127 :
reférence subcarriér interpolation component. This component

[010hkerpdihte simettier mithe neferetion sHbehetier EahRISNl PERSR REAEE NEE Driefly

summaridh) ggg&-}s ttﬁsigterg%la&%? references to the é%nrresponding data
subcarriers. The resUTtifg &Nt BoiiPHER d&ta@ofeayragsssdiem, the frame
synchmmmiqr}@mmtm@h Imcﬁduldet&eti@gf&breér QnsletasRAMbeA B8V component
trips th cc%gl ~Haddition, the saft ecision control component  scales and
SRS "quanﬁ%%ﬁs?ﬁwé"fﬁ‘gﬁfﬁg‘%%%ﬁfﬁ%%aoﬁ SR A BB BAREFHHGHT DM symbol.
Removalgfpifapriatdulation from the reference subcarriers allows accurate estimation of the
phase of the received signal for coherent detection.

[0102]  The data-stripped reference subcarriers are then filtered — in time and
frequency — by the reference subcarrier estimation cornponent. The magnitude of each
filtered reference subcarrier estimates its average signal power, while the angle provides the
coherent phase reference required for coherent detection of the demodulated OFDM data
subcarriers.

[0103] In order to optimize performance of the Viterbi decoder, the magnitude of
each demodulated OFDM subcarrier must be weighted by an estimate of its signal-to-noise
ratio. This “CSI estimate” is calculated and applied by the coherent phase reference
weighting component. The signal power estimate is simply the magnitude of each filtered

reference subcarrier, while the noise power estimate of each reference subcarrier is provided



deinterleaver matrices for output to the bit processing and BER modules.
[0105] The sync weights generation component calculates the magnitude
of the CSI- weighted coherent phasé&eferences, smooths them over time,
and passes them to tracking control for use as synchronization weights.

by th§oROISF BEWAIRM ST AP R EORBARFRide TRt CaRerprb dlmsedrbferhromaiveighting
compdHERTIANAE ARPANGIRES 1JBRAIBUSHALRRGORS EIRE,T %@f@%&“lﬁ’é "RORUIS asiance

are equalized symbols, encoded system control data sequences; partition

estimajesy [Brrpiag Gl BSRisinfbcrepheRrenTearsm Saes carl eferennccuirstrer.
[odem. [0 X lifzatsized sumbeisaeasteed IO HERGIAIMACONFIEHRARASE e data

reference and CSI weights, which are applied to data subcarriers to
subcarglers 4 S PEERTEEE B nbicErEreaE DM S IS iR oAHioppRapRPRan).  This
compdh@HplinegImRobantanlane rerimacY atiRlzae SYNRLAreLdalIRRknces, and

from the phase equalization module. In addition, the phase equalization

applies, g BISRAHR VIS ARy IR iy Beitar the2opM sPhtoetsulting

floatingaiRint (3Ad &dlsdbnkizke Hashanpeser @Wﬁ%@&m&y mBahis I8MRERRHon of
Each secondary symbol is comprised of 559

of 267 complex samples, : P
erroneus SYEpa ﬁh%%ﬁ?g[o%ﬁéjtﬁ?é-erieoaé%g)gteﬁhwﬁfﬁoﬂa%wa%ﬁ%gomponm
scales areiupedieestipetifpadalia pam bt @isranas, saReyHess MdbeigaRlIZefopriate
ded é/mbols. The frame synchronjzation/system control module delivers

emtcrz gg%)/}

f r‘ﬁ%{r?am?e{%% é%ggggﬁgﬁgfém%ﬁ%w%ces to the
[0toflererTiietanencel Gt penstiofr oumpmaty ainslifates ?eﬁ@%%aﬂude of the CSI-

. ,.seqguences are deli\fered: one for each reference subcarrier identification
We%hffé%fgfl{?%

AL ROES RS EPROREE T ONGI At a0 BRSSPy detracking
controf a0SkAlthonghoalksittlebasdatare processed similarly by the functional

po s _in the coherent reference/CS] module, the subcarriers on .
O e P A TR R PP AR RRSGEEoRH D . Tunctiona
compogeotsp idEmifiepuisetéretjuentypartiefsdia/ @S] pepdlaiedrwitliBAN SR mbols,
enco deayrr&b&!é It m%gggzs glvhlch grlmareg extended partitions and secondarg _
SideBanas a8 &0aildAR SrPIaESsintP R ey SF A Rtiofrutods 0¥ Iu&ulfer info,
synchrolabatoncsfanm tind sgemmndulatol éxecutive every symbol time. [0110] The

[0 ﬂ]de b&lffecti info.is simgl th‘f address of the last element of the 22-
symbol ?&@aﬁ%’ﬁgala%uﬁﬁ? TRiIEBIFRIC AR AR BiRse fAaerage and CSI

weightsywiticisandtipiiiizid toatuespainaing:€ &-veigeletpohestnigiasts. Every OFDM
s e S e
deliversidfbands; phetorquiizacoandadniidehinndeitrashispipeosidaiation module
also deR® & R8P SR 1818501 at the OFDM symbol rate R, (344.53125 Hz).
Bach upper or lower primary symbol is comprised of 267 complex samples. Each secondary
symbol is comprised of 559 complex samples.

[0108]  The encoded system control data sequences are used to strip the data from the
reference subcarriers in the equalized symbols. The frame synchronization/system control
module delivers primary and secondary encoded system control data sequences to the
coherent reference/CSI module. Four primary and four secondary sequences are delivered:
one for each reference subcarrier identification (RSID) value. Each sequence provides a
single value at the symbol rate.

[0109]1  Although' all sidebands are processed similarly by the functional components

in the coherent reference/CSI module, the subcarriers on which they operate can vary with



[0111] The synchronization status consists of two flags: one from the
frame sync/system control module indicating a valid block count, and the
other from the demodulator executie indicating that the input equalized
symbols have been sufficiently delayed to allow proper alignment with
the servigreinQBi-vdightatitoheremp plagdicsfére ficeseitie prard hymc thaniratpepulated
e St \ re delivered eve mbol time. [0112] The system control
within %ggéae% er}?a0 'by%hgl?rlg%fgees s‘f/"nc%ﬁryo%%%?f n s@%?g#g cgﬁlitr% Or%so&ﬁ%), secondary
sidebandp @lisde:d aplinTanpsersicio gnodaiingeaprititipsaaviop madde iamdiblaek from the

demoduﬁ?%xelm%%?g %E&gglstgﬁg used by the soft decision control
terrmin (

component to de e the location and number of output soft decisions.
[011fihe bIbbk CSdeingibatis thtoifdsmphititbecuiderss T tedkstaridisniselithe 22-

symbol Oxihes %ﬁ&ﬁ@%ﬁ&?”’?h&%ﬁ%%ﬂ%ﬁ% ﬂ%?ﬁ%i%éiﬁ%&%%ggé%ﬁh their

\
can be directed to the appropriate deirterleave

correspogdlaterfy btiteiditedcofsisat v etfeerectevdiyeSyBibdtiimbufer i8fTisensed to
wrap ahé;%E%&beﬁhﬁe&?%ﬁ%}&.fe‘ﬁﬁs&cﬁég%!\:H‘Edéi'%@15‘% %%rrlq%egrg)l@g!cegm for

einterleaver start flags, primary full-precision soft decisions, and sync
primary wieriiardsr cafony desseammdaticidohendnt fdehenpa/Csonidelutesiigietyatue at
the Sym%y%@;ed soft decisions into primary and secondary deinterleaver
matrices. The number of soft decisions and their destination deinterleaver

[011HatricERea sy Ridvminaéen b Lkt sepprismeli ey g gs: blowk ditasaftthe frame
sync/sysHaCIKigRgolVIYaiRe deiRigigae VA eeRRIeHRRSedN & Plmer from the

processing and BER modules by the demodulator executive. [0114] The

demodulpife err 4t dRAirAtag A sy i REnsaurreds ripatuals rhave herh sraficiently
delayed EB%mﬂ&l%@aﬁg&ﬁﬁﬁﬁ@fﬁfﬁﬁ@ﬁ‘@ﬁwﬁ%ﬂ{@&%ﬁﬁ%ﬁrﬂ%ﬁ&k%on@?&ences. The

system control data sequences from the frame synchronization/system

two synchEpRIZRISHRABISTYIN e iR Sedbrapsieven ayenbalifagion of the received
[0119pnakige CORRIRNCERRAIOR; 18a110ddal BhedRIetante SHRERIRS A /system

first extracted from the input phase equalized subcarriers.”The lower

control mpgiey farliudes rRBATRIS RS ahede s SpseadRmIs soroige nirde serb hlpaly count.
The servRiS ARNASLORIBINTEIRERSE R RERETIRNRrbD ARHOMER AP + R REEREHPREL ocation

rimary sideband contains reference subcarriers 46 through 60. [0116]
and numgﬂe

ol BRI RATE SoeimeRe d Thsnbiprdk retené iedicupscabadnsiey Mhdlvprppgnt L1
block, arldles GRBAPISX KRBTt EdaieIeNsapBRR Il Hait e AR BIPX dldRions

value from one of four encoded system control data sequences. The

can be digpeiiah ip Sdit AR ARt AR E G EF SIS e Iy Sharsnexs e cantep] data
values arwibiv&RaREPMmsEnhgle y=x" (1+))'p" where y is the complex stripped

reference subcarrier data value, x is the complex input

[0113]  The outputs of the coherent reference/CSI module are deinterleaver matrices,
deinterleaver start flags, primary full-precision soft decisions, and sync weights. BEvery
symbol time, the coherent reference/CSI module directs quantized soft decisions into primary
and secondary deinterleaver matrices. The number of soft decisions and their destination
deinterleaver matrices are determined by the service mode. Every L1 block, all soft decisions
within the deinterleaver matrices are passed to the bit processing and BER modules by the
demodulator executive.

[0114]  The reference subcarrier data removal component strips the modulation from
the input phase-equalized reference subcarriers using the encoded system control data
sequences from the framie synchronization/system control module. This allows accurate

phase estimation of the received signal for coherent detection.



reference subcarrier data value, n is the encoded system control data
sequence number (0, 1, 2, or 3), and pn is the appropriate system control
data value: 1 P.. [0117] The quahdity (1+ j) p" represents the two BPSK
constellation points, unperturbed by noise. [0118] A single value from

[01dath sydrerrciesenes aheasitsancdistestivettedotmORDMBYphetdimpalized

subcarribRe fogheneRAgd Sysigm Q%H%@aé?n%%e%t%‘?e%%%eivu dcgi’%lvrf%ﬁt r’lﬁetf)oulr4’ the

frame synchronization/system control module are modulate
secondasyswfitbande repridins upicsarre BHERSIEY ddmiergRetSranmst thebeppderprimary

sideband¥@naldes e ultiplisd: by ng,eth%%gr@oqontrol data values that share

the same RSID. [0119] The reference subcarrier data removal operation is

[0TikstrafEepratosidatisgels pnnuesl MoRIChe B:fenencefendeesistubonmistiidng the
compleXSEBRNRLEPS RO RS IR S ARELRIAGRANS, ¢ Hormed g %@Eﬁeﬁ four

manner. [0120] The reference subcarrier estimation component
encodedysysiaippaicl drtretraraspbarties Sal OviEtamatinh flusieatey tRheperation for

each refSlRaRitbIdR AtRR et elerancsRtcarrier estimates its average
signal power, while the angle estimates its coherent phase reference.

[0121] The data-stripped referemce(ktiidamjers are first passed through an
11-ta}2€[}ime- omain FIR filter. Since each reference subcarrier is

where y 6 o, SRMRNES o3 Srercone SeRHAY e ¥risralielsidhb sentaiex input

referenceppécanid:daer witeanyisitebaoda.apgkin paatel Hiersdgidhe number (0, 1,
secondary sidebands. The resulting time-filtered reference subcarriers

2, O_r 3 Pl 9&%?88%8&?&% HEGTARFRL AV i Eade of four 3-tap FIR filters.

Each stage is _19- executed for all refgrence subcarriers within a single
OFDM symbol before proceedifig Tolthg next stage. In order to fill the filter
memory for the outer reference subcarriers, the end points (as
[01tEkernWhed byansirtibn droppepresiite dhplicaied. Besifedcbieeklation points,
diagrams of the reference subcarrier estimation process for the primary
unpeﬁ“’?ﬁﬂg Q¥EG#¥ary sidebands are shown in FIGs. 14 and 15, respectively.

[0118122] KlGindrt is@ddogtiageampidhe ESimay BideRand RefGencived each

Subcarrier Estimation. FIG. 15 is a block dia(lgram of the' Secondary
OFDM syipbod fipreferbn dous mearhd s ysism sani of itimssanonsem mieiveg from the

frame sy‘}%ﬁf@ﬁ%@ﬁ@f%ﬁw&mfo? aduladerNee aRERENG N FRM DR Rference
subcarrier ID (RSID) numbers. Reference subcarriers data values are multiplied by the
system contro} data values that share the same RSID.

[0119] The reference subcarrier data removal operation is illustrated for the upper
primary in FIG. 13. The reference subcarrier data removal operations for the other sidebands
are performed in a similar manner.

[0120] The reference subcarrier estimation component filters the data-stripped
reference subcarriers in both time and frequency. The magnitude of each filtered reference
subcarrier estimates its average signal power, while the angle estimates its coherent phase
reference. '

{0121]  The data-stripped reference subcarriers are first passed through an 11-tap time-
domain FIR filter. Since each reference subcamier is individually filtered, there are
effectively 15 filters in parallel for both the upper and lower primary sidebands, and 31
parallel filters for the secondary sidebands. The resulting time-filtered reference subcarriers

are then filtered across frequency using a cascade of four 3-tap FIR filters. Fach stage is

-



y[n] x[n - kK] h[k] k=0 where y[n] is the output time-filtered reference

subcarrier for OFDM symbol n, x[n] is the input stripped reference

subcarrier for OFDM symbol n, hfKPis the FIR filter coefficient array, and k

is the filter summation index. For each OFDM symbol, all reference
executedsifgodirefsrcace filferad esroibiieqingieyQyENEsyibgl heffod prpeiiug to the

quati [ ssion: 2 alm] . > y[rn+k -1] 1z[k] L-0 b[m] = La[nr+ '
nen st e B e b mbeapiem g
(as detefminoshde pdrtiliisnttadnpuntisict#tdrpdicefeden @esubdabslecknkhigdhe of the
filter G r d k.is.the filter summation index. In the .
eteene o e I e R TR hovn i
FIGs. l4rangd Joresppetitictitar sideband is a function of partition group. In addition,

0123, RiAl: giml, mj. € uts of the first, second,.third, :
) . final stagesF or?%h%rﬁﬁg[]‘iI%é%fé?%@pg?cﬁb%lgrfﬁaﬁ] %aﬁ%r\‘%toe%%fge rgg?geslggbcmer
EstimatigieqU8Rtyléperativnckhdi figstrarmd (et fefaredery SibbandkRdfemsidebatnthrrier
Estimati &S HRAAIRIALING Saskand sodafhaach flier stage. respectively, i, - .
order to fill the filter ﬁemo‘r”;}iJ f%r ?ﬁ%rﬁ%%%f %E(?eo?iﬁrts:ﬁ)efncg ﬁés egﬁ eggﬁrﬁéz%gamer m
OFDM sgabeleupper primary sideband, the following reference subcatriers are
duplicated as a function of the ;partition group: reference'subcarrier 60 is

duplicated and placed inydua} @:)(Eazmenlqwd@qation for all partition groups;
reference subcarriér 50 is dupketated and placed in the position of 20-

where y[If64QREQSHREAIRE-ARIRINRFHIRS %@a&é?ﬂﬂ%f@%'%{g?gﬁ,“ﬂﬁﬁls the

. reference subcarrier 49 is duplicated and placed in the positio
input 3“1@6%%@%%&%@%&5%&5% youpl Extebid Fs (Gen IR rfidide npificient
array, ‘an@f@f@ﬂﬁefﬁté@%%fﬂﬁfaﬂgﬂleﬂiéﬁli?%;eéil@i‘i‘@)ﬁ%ﬁ%%%ﬁ PO5ERAALe subcarriers

reference subcarrier 47 for partition grogp "Extend2" (service mode W3);

are filtered aciRspolieAEenSY SRR U s ol Eandpeafampravetionsim sxecessioniory

location for partition 2
alm] = Z yim+k 13- h[k]
=D

blm}= ia[m +k—1}- hfk]
k=0

cfm]= i bim+k—-1]- (k]
k=6

dfm] = 22: clm+k—1]- ALk]
k=0

where y[m] is the input time-filtered reference subcarrier, h[k] is the FIR filter coefficient
array, and X is the filter summation index. In the above equations, m represents the reference
subcarrier index, whose range for a particular sideband is a function of partition group. In
addition, a[m], bfm}, c[m], and d[m)] are the outputs of the first, second, third, and final stages
of the FIR filter, respectively.

[0123] In the filtering across frequency operation, the first and last reference
subearriers in a sideband are repeated at the start and end of each filter stage, respectively, in
order to fill the filter memory for filtering of the first and last subcarriers. PFor the upper
primary sideband, the following reference subcarriers are duplicated as a function of the
partition group: reference subcarrier 60 is duplicated and placed in an extra memory Jocation

for all partition groups; reference subcarrier 50 is duplicated and placed in the position of



group "Bxtend4" (service modes MP4, MPS, MP6, and MP7). The filtering

for the other sidebands are done in a similar manner. [0124] The noise

variance estimation component calcetates a noise power estimate for

each reference subcarrier. This noise power estimate is used by the
referensshenboapirasd9rdterquettiveighting cineganent (ewkighhibaestNvped, reference

filtered reference subcarriers, with CS| _estimate éOlZS%]The filter ..

b .
s R BRe R B el g 7€ for partiton
group cBmpohBh(ssigoainade dMPR)actbadnonstieirter<dpoadpig dethyrd placed in the

.. Sir] reference _subcarriers (signal plus nqise) to,farm complex noi

tion- Up I Efels .-(mgﬁﬁp Q'-éo’ ~ :
post [Oes%’?n%a?gg s%rﬁ%ﬁ%ﬁéﬁﬂﬁl ghal 2 Roiee) fo?‘zggg r§§% fce™ade MP3); and
referersgbtisirerrioT Hie pridnphicand setgiatad sidebands. Aheomadoitatin for partition
group SEUAHALCT e SAMBISKD RIS CREMIERA S DPR P TRAEAVL, orher
_ time, producing average noisé varidnce e'stimates for each referefice
sidebagdhergrdenc[0126Tiee mageitude squared operation is performed on all

[of20Rre R e Rl Rl & NGB PLAMING N U AR S SATB e estimate

Thé noise variance samples are then filtered across frequency, for

for eaghfestmencsupdmaigenstifhatiooisEhpoirequatioyafitésatiadidy Whdarmerent phase
referenttifAAIeS ed ﬁgqrg R ' %t' jon filters. There.are a total.

ere 8 Bl MO AR A Gin o
esimalghd 31 separate ER filters for the secondary sidebands (one filter for

{ﬁﬁﬂﬁh refﬁ{g rﬁﬁe%@?@fé&%ﬁw '%XM%%I%%W%@ -Ii-fgleml;l& M@Jf{ﬁé‘? estimation

unity-gain, two-pole lossy integrators that average the input noise variance

COmpOBeRk @ﬁ@ﬂe@r@r@b@@%cﬁm batre pereOPDiNgy drbolticestTipped reference
subcar§SUVAEHPYRCHG LY IRE 1 HANBREH Y £aEH é%(ﬁﬁ%%e(ﬁ%g?ﬁ% oYL o =

.. from the filters. [0127] Detailed block diagrams of the ndise variance
noise) fsipash salpincehopmmer ritrapyimanystsb Reroydsiyetidebandse Isvmagnitude
cdNdPIES- : el ' ' f -
s 165 Ao iRl S A AOBAD G, g
averagQREREe SaHSHRPITIEs dptendigeligremeebEatiiemtion. [0128] The
ostracteR and ma ig%gégu rati refgr :
] { ?ﬁcarrier ir?%; ﬁDMagym. oln a%%@%ﬁt%g %I;ﬁ% e%‘%%v%g gék&get%cr?: subcarrier
noise Vi}[ﬁ%ﬁ':(l?[ﬁ%%}\@ﬁ? Yauignereseppliss thEheolsasvarisinnecssamplss yirg thehdiltered
across HEGIRALHGERNCRAHBEANIRGAR 2fiphiSa (NI IPRRALLR a@% Doise variance

__subcarrier that has been delayed by five symbols to’acco ay
estimatgs gig ther RrsrRaitPAIR ARise ipstieatideries s Meserkse estptaltifnl 5 separate IR

filters £RTBBANGRE: lﬁgﬂ,&gmmwa%rg}%gspﬁaéa%ﬂagpgx&@freég&é%eiﬁiﬁﬁntgﬁk{e for the

that used in the reference subcarrier estimation component. The
secondqfyetiAgbends Aann fterias rerk mfemaen subcarrier noise variance sample). The IIR

filters are unity-gain, two-pole lossy integrators that average the input noise variance

samples. They are executed only once per OFDM symbol time. The estimated average noise
variance for each reference subcarrier is output from the filtess.

[0127]  Detailed block diagrams of the noise variance estimation process for the
primary and secondary sidebands are shown in FIGs. 16 and 17, respectively. FIG. 16is a
block diagram of the Primary Sideband Noise Variance Estimation. FIG. 17 is a block
diagram of the Secondary Sideband Noise Variance Estimation.

[0128] The subtraction and magnitude squared operations for each reference

subcarrier in OFDM symbol n are described by the following equation:

z[n]= Ix[n -5}- y[nﬂ2



reference subcarrier in OFDM symbol n: 52[n]=Av[n]+B 52[n-1]+C52[n-2)
where d-2[n] is the output noise variance estimate for OFDM symbol n,
and v[n] is the input frequency-fittéted noise variance estimate. The filter

coefficients are calculated based on a two-pole lossy integrator with a=
where z[p}ig.the-ngpse (ROOBICERPIB Yinflisdhe firEe Crefefbnes) QibcABR06 25n-5] is

the stripfRE3RkIRaLohpientiahase ﬁ@&%@&q%x;g@@tw £OMROREHE C?Acyég‘éﬁ%ta{v‘odr the

applies CSI weights to each filtered refefence subcarrier. These
delay of {eifime-domain ddBniBie iRdhs gefarensaeibearsits etisarhorefamporent.

[o1z99bcanigy, gresvenivally arnliedlp sachsata;subearisn t o*’i}%ﬁoﬂ&g‘%n the

performance of the Viterbi decoder. Since the magnitude of t tere

referency sibeHEr stHtARHeR RS BRgriaR Jdieeingpasiaveighs pllows for each

Ieferenc&&h@é@&@&ﬂﬂ@b?ﬁ%%%ﬁ@ﬁ!y by dividing each filtered reference
subcarrier by its corresponding noise variance estimate. The magnitude

of the resulting&dmiptek néfdreRcdélibedlret isittie €8) weight, and the
le is the coherent phase reference. The implementation of this

where 621 35 40 LIS HTRBRS e o ROyt kel hcendueifdhe input
frequenc NRIHLIRY 56 Y HE: Sy RIS A Aceqiing fr the felay, 0 E}Beqb%ﬂ%%é PG on

noise variance estimation component. To prevent division by zero, a
two-poledasal Bitegistirsvidlldet k8 $he noise variance estimates. The delayed,
filtered reference subfi:g__rg@@ gr(i E%%% eighted by the reciprocal of their,
corresponding noise ‘variance e Q , producing CSl-weighted
coherent phase referdneéds for édehli8fdrence subcarrier in the primary

and secondary sidebands.(|Q139) £l dReipapock diagram of the CSI
Weighting of Reference Subcarriers. The CSI weighting operation is as

[01383)1owEHe cebumrepbrentisahcanisei@RDMmyraitct alcuMiBE} s dpplies CSI
weos g SRR L MO U AUB RIS e o
to-nofse 5ol of rncherefpraneiciapeniiitersd cutatenty sppliedriorcavhddate Sbddriter to
oo U L e D ST LIRS e
referencettigbhavietie srpeasenty sigualeperiongtiint@Siericittn smmiauatéftatsapplied
simply b§iQﬂ@fd‘ﬁl%eéa&hﬁﬁe?%ipeqe?gﬁééolst%%%&%?%t‘céyggrmsi)onding noise variance
estimate. The magnitude of the resulting complex reference subcartier is the CSI wei eht, and
the angle is the coherent phase reference. The implementation of this component is described
below.

[0131]  The filtered reference subcarriers are delayed by 16 symbols te account for the
delay of the IIR filter in the noise variance estimation component. To prevent division by
zero, a small bias is first added to the gcise vatiance estimates. The delayed, filtered
reference subcarriers are ﬂ}en weighted by the reciprocal of their cérrééponding noise
variance estimates, ?mﬁucing éSI-;veiéhted coherent%f)hase references for each reference
subcarrier in the primary and secondary sidebands.

i0132]  FIG. 18 is a block diagram of the CSY Weighting of Reference Subcarriers.
The CSI weighting operation is as follows for each reference subcarrier in OFDM symbol n:
_ x[n—16]

win] & nl+e



weights to form tracking corrections for its symbol tracking loop. [0134]
Sync weights are generated for eachOOFDM symbol by calculating the
magnitude of each CSl-weighted, filfdred reference subcarrier in the

h prig}ag%/ sbidebands and smoothing the result with an IIR filter. There are a
where 30! JF SBesQpRRIE BR RIRE] dRETRRCe auhGearE Ao QOBM mewhoT e HIZ[n] is

he infiHERs a8 MAROARHYR-Pgle ' ’ e.nput GBl
e e an 1oLy LB i MR SR e,
and & firdd [0 3By RirSedipdciovalgrstady sy gener dibd GSEwdizbengioaperation is

identidROgeshigR dahot populate the extended sidebands. This is acceptable
because the CSI weights (and therefore sync weights) of the extended

fﬁ%é%]:arrf_éwcaﬁéeéﬁh@mmi@anyimiﬂﬁi’aimgnmeyaarbamtmgsevm@em@ver a long
time pEHBa18 (> AbleakABHAD £ e PHG W eBlls GERRIAUON, e SOMPIR, yre
. __magnitude of each CSI-weighted primary reference stcarrier in-an
weightoripmayrplens ceardaiiansdadtioiions] ivackiiizoep. where x; and xq are
[othareal iRagi rmoré@g of fhe input,C Eﬁigh d, filtered .
refe]rren(;?}s,%bca%g% and w is tahe ahs%éc?agéehd% weiétﬁm 1 ]‘I“?\ke: Hﬁtmg the

magniifer e fatiot sishie fo b tbreferchqurismnbopmateiaribe pineayrséd cbands, and
smootiRHNE S¥eURckALYIRI T AN +Byin- 1L -i; L%}t%E”é?hW@@é&r%t%] s B (one for

output sync weight associated with a particular reference subcarriérin

cach refprenaesyRisaIierandiiniiR filkempue Citeagin,. Prerfilerlesoffistersators that

averag@@&algaied] RasadoRaWaReleRsgyint N a5 Pl
e 0.00%103515635 B:2.(1-a)§;lt.9843¥%' ol 15-”%[)%}: Pé%é%ﬁ’%eé}fé%mlw
SymI‘r"z"‘l-i‘:?-’e[o1381 The sync weights generation operation is performed only on

fotbgIprimansEidabandshiOd3 A ﬁé%t@ﬂ,%t‘%ﬁ%‘?%‘é@%l%g%hicﬂ do not

component applies the CSI-weighted coherent phase references to eac

POPuiaEfa?éeﬁiﬁﬁ%ﬁ‘ﬁ%_ PigeBItBrenbisraseTemtiscecragem el Yol glieleaudaherefore
sync weiigay BeiReintadeal %Wﬁ%ﬂ?@dﬁ%ﬁ%ﬁﬂ?%g%’%ﬁﬁ%ﬂ% tﬁ%%ﬁfg Yot present.

[Oféhase references. The resulting data-subcarrier erent pha

flrentlS afd fhen Hackishagr sy tlethsommp oNeishis Qencttsiaaricrheocomplex
magnitBiedyE L EaN TS IHEHRIeAqHint-p)- WaIGRIRY, SAPRIKSH an OFDML symbol is

calculated as follows:
( 2 2
w=afx"+ X,

where x; and xq are the real and imaginary portions of the input CSI-weighted, filtered
reference subcarrier, and w is the associated CSI weight.
[6137]  The IR filtering operation is as follows for each primary reference subcarrier
in OFDM symbol n:
yinl=Awnl+B-yln~1]+ C- y[n-2]
where y[n] is the output sync weight associated with a particular reference subcarrier in
OFDM symbol n, and W{n] is the input CSI weight. The filter coefficients are calculated
based on a two-pole lossy integrator with o= 1/128:
' A=a* =0.00006103515625
B=2-(1-w)=1.984375
C =—{1~a)* =~0.984436035



decisions. [0140] For the primary sidebands, the CSl-weighted, filtered
reference subcarriers are passed through a frequency-domain filter that
has an interpolation factor of 19. THi8 -interpolation filter is a 37-tap FIR
that "slides" across all active reference subcarriers. Since it does not filter
[0138r tinddhetraminterpizhtiogdileertmpe npeatonlyiorpeetafiananbingle the  primary
mdeban(aEDM symbol. [0141] The interpolation process first inserts 18 complex
zeros in the locations between each filtered reference, thereby effecting
[013%] nterﬁb‘tamfnrmmrsdﬂcmnm adeitiolatick8 cargeeret aggéidh afore Sieveighted
e r fter the Iast reference subcarrier, to .
coher et e, e AR o uLratL s TPt reratcd
for Ca@a@t%subCWEMUﬁmfﬂ@q@hcwmerélwurbfree-naem:bstamwocoherent phase
referentE{e PNESSMORESRAALII NI hen s et a e Y he BB i Red by he

centered on a reference, there is onl y O reference wit |n filter Pan
correspipigiafgidd wmm@mmmcm@hm@&mmﬁe @mmsmpmx soft
decisiol¥put reference subcarrier, which is later discarded. [0142] FIG. 20 is a

schematic representation of a Reference Subcarrier Interpolation
[O3fi0ktradins toe Primeny SidbliotheThdl imeighttati st fitedrinfefontheubearriers are

passed SREQRATY %@W&&MW{@?%M@MW ARGk QH% gf;%emfg This

symbol has been filtered, the reference subcarriers‘are discar
mterporrf@erﬁp‘}@f 1rea\?aﬁga@rwit:$ﬁwélgimé‘oaemerelhtapha@@efereneﬁ sehdorieach Since

it does H8Iqi RUPEEH @mel AR IHEIRBIAIRA BIBSS g&fﬁg%ﬁg %%H?ﬁ@r@ﬂ@ li &FDM

therrcorrespondrng equalized data subcarriers to Create the output s
symbolgecisions. Prior to the complex multiplication, the phase- equalized data

[oEHlcarters MshbRMSRPHYANORRY YHLB e RtemalaledRRASE, the Iocations

references. This is accomplished by delaying the phase equalized data

betweey, 56k filracHyroferepass hsrotee ffstiyeaer dutsmpebitivre festairgefdg. In addition,
18 zerdiHhiediieRE BYiERE RIGIRDCErSRGALIRE e dRmaiR FIR lgﬁefe(‘éréx}{g@%@ arrier,

and the'noise-variance estimation HR filter (16 symbols). -24- [0144] F

to Pmp?’ilﬁls”&‘%?é‘éﬁ st ﬁrﬁ{hgﬁe?é?eﬁé@s‘@ﬁ@dméﬁmw%dﬁ@l@@fﬁrﬁﬁéésme As it

o eS| | t Il r i
L& e e e R o i o

filter atygfirpe¢ ?@Hﬁﬁ&k@m&%ﬂmﬁm&@s&wm@mw@ one reference within
the filter, and it is aligned with the center tap. In this case, the filter simply returns the input

reference subcarrier, which is later discarded.

0142} FIG. 20 is a schematic representation of a Reference Subcarier Interpolation
Illustration for Primary Sidebands. The interpolation filtering for the secondary sidebands is
performed in a sirmilar manner.

[0143]  Once a symbol has been filtered, the reference subcarriers are discarded from
the output, leaving only CSI-weighted coherent phase references for each data subcarrier.
The interpolated phase references are then multiplied by their corresponding equalized data
subcarriers to create the output soft decisioﬂs. Prior to the complex multiplication, the phase-
equalized data subcarriers must be properly aligned with the interpolated phase references.
This is accomplished by delaying the phase equalized data subcarriers by 21 symbols. The
delay accounts for the total delay introduced by the reference subcarrier time-domain FIR

filter (5 symbols) and the noise-variance estimation IIR filter (16 symbols).



n + k - (K-1), y[n] is the interpolated coherent phase reference for OFDM
subcarrier n, 2 h[k] is the FIR filter coefficient array, and k is the filter
summation index. The number of fiter taps K is 25 for the secondary
fﬁﬁject éi)deba_nds and 37 for all other sidebands. [0146] Soft-decision
(A bi FEb il itnilosly Rifgamr hruRfferance S smmieing QmrRPRProcess.
The incaperandly deeeaied-RRSISsUPeaiglosY RIS IS RBIYREIa MMRIZE OFDM
osses over the channel. Since the interference and signal levels vary
ver the subcarriers (frequency) and time due to selective fading, timely
CSl is needed to adaptivel%l‘gijust the (/y@jgb)ting for the soft-symbols
used as branch metricd the, Wittt decaptmd: M#é CSI estimation
technique should be designéd to accommodate a fading bandwidth of up
(}ﬁ bout 13 Iz for maxigguAt)ehicle speeds in the FM band around 100 .
[ . A SRS skt TW&I AicHBseeeitaliliedy prat ofso QPR gerboarrier
S reag}s have been measured in some environments. The technique for
,méﬁm ing e | from th ce ,
nrk Sulﬁbarﬁerﬁ%ﬁ%@ited EJI@]IE%& %‘aﬁg é:%s%v%?g 14 88%1%1%%%@%&%5&““ e
. itude. weighting for MRC alqng.with a.phase correction for channel
n0e is A e R SR TN 5 Hhe ke, SRRy oM uel B eber of
filter tap8 Has i erabeuisitoderppchteackinglebihdsiragiian cyrefithehstkigabeads,
the, ol.timing.of the OEDM symbols. The frequency and symbol , .
o S R e PR e Benehfaneiy fgbinine
(MR C)frksqueieyeatiy sistoiiiQERK g ibantem pistiedsthyaughl ohsbtyatibrimizhtosses
' Ift from_s |t bol overgime or. frequency (across .
over R A A B o ey s pgcamiers
(frequetimyingngyiirser dniz &tieelactitelBlogk Byely 2Rk in adiel B Stafiniygadjust the

: ohts IS, aft ross-correlating the differentially detected
wexghuggwggg u%’?c?v%%ﬁ&g%%o&%%%@p&?‘e‘?ﬁ? ﬂ%ggl (ﬁﬁiglrtg %iiafieﬁg é%%‘onTilée Sl
estimatps fioaiveid oy eheld bb casipsidosurnngitbdtthe fadatipbaatithiditrainimgo about

lers. is initial known,, A -carrelatio nown Block
1 15 PR R OISO ST A B of
several sphiecrnsésoodsrdiatippitel dedfioeghwhegea spfeadsatetvefiabd Inbitswtihén soxme

. S i tected., Block chronization (and sybgcaryj
oo o Ao b EEaantie S B R aRA R I from e
Refererggridwdioricm e tdlosteicbed FliGe ZiresHdkl Clleviaihigcdnshineartieramplitade

bt e}t'ﬁ@ . ' f 19. subcarrers apart). [0149] After Block
weightl r{ig}is estaﬁ%sﬁ%egglt%g %%%&cg %g?é%nl nthe BPS %‘?r%ﬁ%ér Oé‘géquence can
[018¢ Jde cddedormmatigitfofchti N detestay bithoithesé Fifiable dielos:arquisiti on

and ta‘agﬁﬁge& the frequency of the subcarriers, and the symbol timing of the OFDM

symbo

symbols. The frequency and symbol timing acquisition techniques exploit properties of the
: gyclic prefix. The frequency and symbo]'trackjng is accomplished through observation of the
phase dmﬁft from symbf)l to symbol ovér__tjme or frequency (across subcarriers).

[0148]  After acquisition of both frequency and symbbl timing, synchronization to the
Block Sync pattern of the BPSK Timing Sequence is attempted by cross-correlating the
differentially detected BPSK sequence with the Block Sync pattern. The differential
detection is performed over all subcarriers assuming that the location of the training
subcarriers is initially unknown. A cross-correlation of the known Block Sync pattern with

the detected bits of each subcarrier is performed. A subcarrier correlation is declared wher a



on a majority vote basis across the training subcarriers such that decoding
is possible when some of these subcarriers or bits are corrupted. The 16
Blocks within each Modem Frame &’e numbered sequentially from 0 to
15. Then the MSB of the Block Count field is always set to zero since the

match ¢l Hohitt mévieeRiadns 1os mréemisdetmsiegnclionlyayoshisnization (and
subcarrstahbishad, witalknew/ed %@éﬁ@&@'%&%hﬂ%ﬂ#@ﬁ&i&%@&o P§& M ions

detection of this signal requires a coherent phase reference.
meets OF EX6HEl MfoihrehiGififaieid Bp dievhmnsis St péenisspeed! o medfiple of 19
subcarri§}€ p@@ylation from the training subcarriers leaving information about the
al phase reference and noise. Referring to FIG. 26, the binary (1)

I
(o4} ing SiUBIRGK muaaIdti o iRbikere thevarinbin dieldsebmits BRFnGliming

SequenaHGEBE RIS B UG T Y dBR SYATRHOBIZEENdI6ER85 A0%ecided
dlfferentla!g/f;reencoded BPSK Timing Sequence. A FIR filter is used to

on a mypry Kol DRSS AEREFS AR INGIS e iRETicre Iamsl Hrebrsphelingoisjngesibdie when
some ofafitseaipahiiedecali phaseansamplitudes BRiskaligis RIXEHAAFrame are
b %%u't'gp"quﬂf 3n estimate_of the reciprocal of the noise variance. The
numbered eAReniANY dam &io dns g WP R (i SR g rkedRledieanktipdie dmaes set to
ZEr0 sinl&cabl_ Fm@%)e @odnamviiee p dean Itﬁ.ﬁ M@ﬁ@rﬁ}’ﬁﬂ%@_ 4%&%&@{39&8%@?&%&5@1@@
. alignment), squaring.and filtering the complex noise samples, then
witlr m%‘ﬁ%%&%ﬁ#a%ﬁﬁ@ﬁ%&ﬁ%éﬁ%mth divide-by-zero protection). This CSlI
[01563ighUiscintepelatdeastiintos th siheardgirreeneeR BRI ShaladRESMe. The
decode rialgfigﬁa%ubcgrier . Tr%?é gljtin Iogal CSI weights are then used to )
mMUEERAHE rg%éb% i gsl CEV R ACARER 16 RBOIL fERSYETHe medgation
from theRiRHitigrashuaritto katingtinfbenaaaipldneo el eatdeiRrREGefaaic£36A noise.
Refemn%ugcﬁf 'eiéogi?etign. A I?%%? -IR ﬁl r with more-taps would reduce the
efimation arsr Wheh igRYISs e FaodulabAR Y, Tt Froved from the

receivech arithivig thuidezikhe tio onsaital yin i aikn DEPRIGS - ieupRM8BANEES iRdh®ed, and

. ignal at maxi ighway speeds. Therefore | I-taps with a tapered .
e N ST R T
symbolskiRisimseyldriitens afmpldl Bofiligrated istinesy dhaserRrPpRER WhiGhHfude.
This vali€'R ielts er. or}‘iora [gii)g.cgvgse linear gﬁa proximately) channel fading |
S ValgR b ths tRedsEP & Siterie plidhermemiiaeetohdhemoise variance.

arac eHs ICEBVéF1

The noiveferénze tigntintattol bpstverscifiltee mdecad Mo dhee2BeAaiaxed and

... input samples to vield the ipstantanequs noise samples, These noise
amphtudéaa%]op e%%r%lpgq 3&%&50 S&’f‘%‘?&é@?&%‘ﬁ? ATISrE AR i SPaTnEsHif Fdtering
the congilthe noise vaniphes afed higplittentaag By orepheWidimtharRitheby-zero

. EIR filter ield a generally.more accurate estimate of the noise .
proteet S e S o s 4 SRR P DTy cfaciscont
training syibohieseighliee " @2ikingmipeabdIsT eedbtasbassrigknl 16 YalWRS @8y the

smoothe d inter. olateo%] cross the subcarriers for each OFDM symbol
°°m”p°f‘§}§‘|%li ‘@o@%é&’?ﬁ}% D2RRAtes. This weight

[0151] The 11-tap FIR filter is uséd to estimate the "cémplex‘ coherent referénice o at
each subcarrier Jocation. A larger FIR filter with more.taps would reduce the estimation error
when the signal st;atiétics are stationary, but the bandwidth would be too small to track
Doppler-induced changes in the signal at maximum highway speeds. Therefore 11-taps with
a tapered symmetric Gaussian-like impulse response is appropriate. The symmetric FIR is
used instead of an IR filter for its linear phase property which has zero bias error for a
piecewise linear (approximately) channel fading characteristic over the span of the filter.

This smoothed coherent reference signal output of the FIR filter is subtracted from the



is unique for each OFDM symbol and each subcarrier providing a local
(time and frequency) estimate and weight for the symbols forming the
branch metrics for a subsequent Viteébi decoder. [0152] The system just
described was designed to accommodate vehicles with fixed antennas.
delayeq hepriusapielesiés yictdetReiostanteQuboariiersdoplesquiBiton nisekingiples are

gshimalion. | state-inf [on (CSh.and caghgrent gperation haye )
S’quarcbeen %%scr%%%.@r%?ls i%%%ﬁéﬂ%’ e@ia(?le%e}g}ag% ﬁ%qr%ﬁt %Oﬁségrzﬂ?’gr? TRe This
{ilter hpve prsexreeishareivi dg8thastHER filitr fagiieddon aewidily toaecommaed ateimate

of the }{Sﬂl?k%%gﬁ&lg h}(\f"f’é? %%g%ﬁle;w ?aX@\I%’i gﬁl}&{% ?Qﬁtctﬁatcf\xléi ?%é%ﬁéea@y%fet{% symbol

__are ezst_lmated using rs'with ban at approxima
weightradigmisnaenpeisie dop spphesubsadisidti iiesagtilpa8asz sowitthexd faceldinterpolated

across MUSEBRING PRITIBSH dRSKINg, Siatis a&tn%olg%%&%g%i%e&é%&rafﬁg%,ci oht

. algorithms are assumed to vary at a rate no greater t oppler
is uniqpe ferdeth Gndvamabel s srewsubisativar sty adienadecal (Viskiciad frequency)

estimal¥/IBHPWE{BHOSKICAS ARBL I ARSIEAS éﬁet%?a%%n%wﬁa‘f&“ag &%U%ﬁ@@ét%erm

signal, which degrades digital performance. An example of such
decodegntenna switch diversity system is presented in U.S. Patent No.

1055683, 258 [QLa3h Tha Seiiciheivatsiteaplea, sy '@8%%9%@%%&%:1

antenna elements e.P., 2 to 4) usually placed within the glass 0
antenngsy hakkeyimydidcoraloe nfiethrhBatreemsinbardasnfrsceayitisiion, tracking,

estimatiiyessi B ime dnie WRIG By icRIlY iRlRGHS SRR D BRANGE cribed.

of elements to provide an RF antenna signal to the receiver. A functional

This syjggrarasofenigrndeiaryisien cormbarativihe Ehbhrericrichad @R MMELZ)
with fRPeRERIAG R02c3RhARdR Bk Can a@z&psgaw&rwe%s coherent
Clu

module 208. The diversity switch module in e's an input 210 for

trackings RIRAMG S oRFoICSHRAICH HES 8N AFFE g it bardpadtes fhain appaRtareste the
maximiHesHRIdSETSHME i@aﬁﬁl@fﬁ@ﬂ{@tﬁ%ﬂ%@ qeRirobgnAkaRd [eaks Ghiertinent

. comparison are input to an amplifier 214. A switch control 216 responds to
ff&ckmﬁn@ﬁgﬁfﬂﬁi@? BedsaricEssl it kinnaesmhm gryprswBehte abnat a rate

no grefbENBANRO BRSPS AURIRA, MR AZP Aldhrcese Mehcr? diiiieHlahiGinas in

diversity switch module monitors a signal from the receiver to determine

vehicle, yrisfAq¥ s nteorucay seainh sansisate inde kRERRG Brsbinamfdbanbigtdsizgnal,

which @gMitiedingiHesheihPRRe dANRANCERIR I RIARRLIRUSWIRM dRRsity system
receiver. When the |IF s:gnal falls below this threshold, the switch blindly

is presegled i UyS st e 18R3Heafth the expectation of yielding a better
[oxBgpal. fiibeiryn diteatis abeve Aipeshalhienisswishanainiaiients (..,

the new element selection; otherwise, the diversity switch module selects

2 to OpsuptlyplaccsloFidhn S eliwetinti BomtAtReakn SUREOVEME A Tislicle. These
elemenf AECIHLAAVIBAAS Wi IBRBWEGEA0EHRIe which dynamically selects one or a

combination of elements to provide an RF antenna signal to the receiver. A functional
diagram of thé éﬁyersit’y switch configuration is shown inFIG. 22: “Multiple elemesits 200,
202, 204 a.nd'_‘_?(}ﬁ are connected to a diversity switch module 208. The diversity switch
module inchidss an inpﬁt 210 for receiving a control signal. The control signai is compazred
to an estimated threshold as shown in block 212 and the control signal and results of the
comparison are input to an amplifier 214. A switch control 216 responds to the amplifier
output to control an antenna switch 218. This connects one of the antennas to the antenna

input 220 of the receiver.



continually updating its threshold(s). [0155] FIG. 22 is a functional diagram
of a generic switch diversity antenna system. The theory behind the
operation of the diversity switch algforithm is based on the different
instantaneous fading conditions of the various antenna elements.
[Olswﬂultip’ﬁﬂa fHidinsjtreswitsh nnﬂdaladﬂdﬁmm@fm[gﬁﬂalﬁc&yﬁtﬁmwﬂﬂaﬁmba @fstb@nme

arr ceivin enna eleme tat n‘feren
when toesxért'ﬁple aX ng\ﬁlcfiengﬁ.'% F‘"fod% 758 ap}bpgxl q&%‘i&ﬁ Fé%at ’&7\%0 S%Wﬁhm
thresholdphthedaonvihakacinge Oiffepaatikdaf Irmv&iength;%rlowaamsheorﬂﬁg@s@ falls
gation d nc n the SI nals WI| add i in e. Similar
below 1) b e O R e e TR O Bttt of
yielding whetdesighalthéhttleenad degheluis afbpha sahsighaild, wilhic drcelithimasiditionthe

new elerﬁéngggyfgé }9“0%?1%9&“ { é ufy _yn e hicle \?;lll ere Qes%gp Shate glement

width is approximated b fc* spee R Carner regidney’
after dwejfiogd Gﬁlmmwhwgpntlsﬂhm]spe"&dmbhqtﬁs)s 'Ehatﬁmpp}ertbahdmditd:hlmodule

continual??g%%é‘ %l‘t‘&ﬁ% e%@&%%h'ghway speeds. Therefore the signal vector

ersion o nitude/phase) of one antenna element can vary
(0154} a rdfiCoRapproftimeitenali dagrain tfis gxamtdewth&ndtmatgrmmmtem

The thecg)ém S V\{%{Eﬁ%"gﬁ ﬂgﬁﬁl %f;ﬁ&%@?? ltr\?t%\g[frféﬁ& o%c’:tﬁggqroga a01 %hfferent

aintain rent Sigha |cal an enna
instantaneqaimasia tneanditipne @%ﬁh@xp@mwmemnmde}ﬁ@mmh fading results in

the addit'i'aﬁt%?t?ﬁ\ﬁﬂ ﬁeﬁ'&‘ﬁ;@%ﬁﬂ%ﬂﬁﬁ? g@%@ng P'ﬂr%ﬁ%% gtothw?e%meg%ma

and the dire tlons of the multiple paths).For exampfe one element 15 in a

element ghdifigrant tivhire ditsthesmeniaierreiolenatnatndiffuivitin ia spprickdnwigly 10 feet.
If two siSASIASISMSRtS: I isdkalythakan @ét?r@%%ﬂ%&ee} Wi J&?&éf&&ds (10 feet

sufficiently higher signal while the present element is experiencing a fade

propagatigiglificreanes the He Figgia el aihis-rhesmultivel iy if thmtm«:easwmve at
the antenfBORBRYHHEM Wfﬁé@%réﬂﬁ@@?@ﬁ%%m%@ HHRRSOAE MO phase

somewhat correlated, but sufficiently uncorrelatéd to achieve the esire

signals will,6eaRglgFRitoaidiion @pernsplatine i@ @Binsia §raNing R?é@i@zrenmhe
Doppler VIRSRAE R25 SRR &p%%@’gf@s}%g sy éﬁq@ﬂlﬁ'gg% %y speed of

antenna element is switched every mbols. -28

the vehiclBeaprisidhe cpaaseddigined ThatDeerwitbhndyvidte of mualéySﬁQ amwhmgtcal
highway yedile '?t@i‘éﬁ;‘?&oﬂ‘f@&%ﬂé@va Ny \\M?gﬁﬂh&rg#g%%\mlc %!;Ieslﬁone

is on the order of 10 milliseconds he switching time seco

antenna glemeis SAMIHEY dtcctash o B GRIRYe lOFNE Sig thls louaurmeovdhan Epherent
tracking @%@Mé@ﬁé@‘@?ﬂ%ﬂ&ﬁ@@ﬁﬁﬂ RlanHa]sSHCS RigRakiadefdts URIGdH o

However the switching transient does adversely affect the
maintain E%hﬁ?éﬁﬁﬂ%dk@é‘%ltal signal. The objective here is to find a coherent

[01561ackingy: ﬁ%%ﬂﬂ@'%ﬁ@ﬁﬁ%qgﬁ?ﬁé%ﬁ@%%é@mw M@pendent

switch diversity antenna system.
_instantaneous fading conditions (depending on spacing of the elements and the directions of

- the multiple paths). For example one element is'in a fadmg null while another element is at a
maxamum In a vehicle with several elements, it is hkeiy that an alternate element will
recelve a sufficmntly higher signal while the present element is experiencing a fade (signal
cancellation). Typical elements in a multi-elernent FM. diversity antenna system will have
instantaneous fading conditions that may be somewhat correlated, bui sufficiently
uncorrelated to achieve the desired diversity gain to improve performance. FIG. 23 is a graph
of Real 226 and Imaginary 228 components of a (noiseless) fading signal where the antenna
element is switched every 100 symbols.



[0158] The problem can be summarized as follows. The antenna module
switching causes a step transient in the coherent signal while the signal ..
immediately before or after the trang$ent is approximately coherent. Finite
impulse response (FIR) filtering across the step transient distorts the
[0é3tinatdidcshieremtapliniictsntbrensimeticetnga spanhifgaimplas eqdalersity

switchif hﬁoﬁlﬁiz_fm%nlQH@%}&E}&f"@@nﬁ&i&%&ﬁg?%m}@%&ﬁg {%ﬂ%‘? MMCme is on

reference Increases the. m{ign!tude O € noise samp rom the
the ordeg o ABBiliseerdfeféferiitbinationmplil Gsarisptesconlih bag hahediblsefect on
the deiR6HRRSEM MG MginibyOhibe Yansi IRt onse -
) (.QR.) filter spre%%js out this noise pgiai\lzI (%2%%{@ s%ﬁﬁgg‘éﬁgﬁ%il er® ubstantial
since sigalnfadahare freidstunterestan thin gwitehivis eroasieircdons thdversely affect the

cohereﬂﬂﬁ'lﬁgm\@éﬂiﬂ Q%H‘é? tf?ﬂéiéﬂfec&%‘&ﬂ%}g‘%’sﬁ?&i?& i,%gcm)%ﬂégist?acldn% g]lethod

variance over the time span of the IIR filter not in the immediate vicinit

which geeommaeriats HistvHehinadmesiaunitdhe ewiithalinsteiymrseans tyenoise
[oyssiancenerREseantinuse ta.ihefegrrdatian.fdh %ﬂ@éﬁ%ﬁméla&giémcmg

FIG. 24 is a graph of Real and Imaginary components of the filtere

causes QHepdfnsisitl ihthe cRlipgigianawitdle ifens Snelrimmsdiatein brfareaer after the
transieBY BREPROAMAR} CARSNR -Fi'ﬁii%-i%fbﬁﬁ@%%?é@m@eﬂlfé%%@}oss the step

romsi refgrence signal In the vicinity of a switch step transient. The solid lines
Tansie

AP 399 SstmpecseRBBIFEF RenplesTerassdt alinstingucspia)odsamples equal
to the Bloythelaftert@f thes 1-apskifdHewhene O alRreRsesiaRAliShce increases

distorted in the vicinity of the transient. The FIR filter has the effect of

the. magnigide 9fidhsr SO TSR e sshFisde At referenserioswifhinput

samplebandigotpl iedashen igeatianRcA36i 8RB A tiehs RAHNMERIIRE impulse

co signal where only the symbol experiencing the transientis
ret*,ponsgﬁ&lilg&h[ﬁ%g@r]e% oY HUSTIRISE 58N EHB AR SbHsWIRH SRS Ehis has the

effect el RSISLataSH RS2 AR RIRh HBSMALB MRS RNSE RTHR e RIGIO while
the HR filter and line 242 is the filtered output. The input hoise samples =
°V°m5%§h%%é3%3ﬂlifethwﬁc%§@ﬁ BR&N AR Glisinpbinribe immediate

vicinityirehéiettnklist sSBeialy dueredhebisiaripRRmineerhe MR variance
reference due to the 11-tap FIR filter. Although the hER output responds
errors Ct%"fﬁg'ﬁﬁ@e degradpiicn of dhg digitaksigpalssed locally to the transient,

[0159) SprEeg. @eisthe AurEipR &f thed M2 nféE?rethdﬁ&?eﬁ{m{ﬁd{étﬁﬁel&%oherent

.___hoise . variance estimation contribute to degraded digital performance.
teforens fAGiR B BICHAR S TR Pt SENIIHAL CEMSIGPOHEI il SNR.
FIG. 2bestnohietedanrmilaar citierédin iyl syaehing HRNSIRNEAS reviowabh step

. shown in F|G. 24, _The coherent estimation filters cannot use signal
transionf, e solid s 2l A 94 ke SBleoq AT SrnEE idh Ggs (o) amd

show tisigsfidcsampled LipafollTRofinetudling: the #ateired HemiGkNestdiee in the vicinity

of the I‘rgg%gtr]' The FIR filter has the effect of smoothly interpolating (distorting) the
sarﬁpies on either side of the switch transiént. The da'sﬁed lines 234 and 236 show a better
. esti;rqatc ,of the therept signal where' only thev'symbol experiencing the transient is affected.
[0160] FIG. 25 is a plot shdwingv the effects of switch transients on the noise
estimates (20 dB SNR). Line 240 is the noise sample input to the IR filter and line 242 is the
filtered output. The input noise samples (squared) can be shown to increase in the immediate
vicinity of the transient. This is actually due to the distortion of the coherent channel
reference due to the 11-tap FIR filter. Although the IIR output responds to the noise peaks,

these peaks are suppressed locally to the transient, but spread over the duration of the IR



[0162] One possible method for correcting the step transient error involves
identification of the time location of the signal transient. Although it should
be possible (in theory) to explicitly E®dmmunicate the switching instant to
. ceiver modem, this may not be practical. It is preferable for the
filter. tﬂﬁeéehﬁglrseﬁ%b ':i]é’féﬂet ek afisiRIewatimetie shetsbiterackdagraded digital
performatgerithms, The coherent tracking algorithms can be modified in the
ww'ﬁinit f the, transient tg provide approximately coherent tracking in the

immediate \sif)éfﬁth?f‘of?ﬂe fratSiEnErgseept il sy nBulientererthking can be

achievedransigthtosiier@d. tiis)arth REETD HANEL9L nRIsg, varian
The coh@m%ﬁ isa lue gnl[tthe error in the go]%éreant cehanne %fa g%r%g%m%ﬁc‘?ﬁg 24,
N cg}rr;p exity or the' tARSiEM Aetse fomalgormples Hied sheddéy thdatiosieue so the
trackingi§lfatsecdetestionly standieatsgas prappisd e ey, ofa much .
time dirsiypler algorithm which resulted irlﬁg)ett(?r{ performangc)ltgFF(?F&]S II%I%E}OHI either
average white Gaussian noise (AWGN) channel, linear filtering of the
X Anerémechmdilectarahod and naiseaaim N AB IR AR PP UMM nvolves
identifici6SHEF &;Q%E{ efoof nllnea [&%er_and the time span of the tilter are
dependent on the Tading statistiedebiinsiene Jdnehlly sheuld be possible (in

theory) turiiriésatontiuntian didbe RARRAISHAL 11815k EWDILISALAR 1o
be practifdfR it B@?%i@x%t}?ﬁ this autocorrelation function at highway speeds
ho§ i i 0&?8%9 trdiablx gt the Bansinnidibshoeeherent

was chosen in the origina

recline it and besolmton emokifptigorehrarsh g AaRE NEASUAIAIE O e
transienttlié%lfgﬁci@f %ﬂtﬁ% ffi\din%hAn IR filter was used to estimate the naise
' variance sincé‘linear ptﬁ' S T8 %%Phﬂrf’fsﬁﬁ’égséi?h'% HBBedBEthvifititsseof the

transient,cx6aniton treisnbetovbatratheamatiiongie ARREr THRINGACIRES, at the error
in the noisbReAISLS.I using an effective frequency span whic
e nmaccommoc?%%%%%%e ec%%sghé%?ﬁé lgr{gﬁ(f?ﬁh‘?é?ﬂt ey sefprence.

1016310 Cieerameriy citestitteransietd deiedtiasuligaiitng AWGN a@g&aﬁ%m due
to false dREiRGn PG ASSURN reaso ?ﬂ slow automatic gain control (AGC
_ function which shouzgg%? "So % tf&n‘%‘@%@m%&m@@%m #lgorithm
which resyltsddnibeftenpesfermanerent reference and noise estimation. -30- [0165]
{Olﬁﬁom%aﬁﬁoév&l&i lvers employ diversity switched antennas ano! faster
AGCs. The cohé%elﬁiﬁ %feﬁr%%scsé 3 ﬁSigé SihhfbrnRkrlingas Adtesingeef the
coherent clisang rsfertoeehenst napplicstinatok yikiemese hamisrfaense f"fﬁ(@ type of
linear filtdrahAMAC R M S] is-not AWGN, and has a more impulsive-like
. characteristic, gé@%?n%%&e%%%?ﬁ&%ﬂ& Yaihedidten gitisppsopntmore
specifically, therruinepredntion Ssistiatioof filte pteahBiaos iTBetANSIQ GEUAM 1 -ap
FIR filter @ o?ﬂﬁi%%ﬂ e&ﬁ@% f the coherent reference, can be used along
. W?t%r a modifi%ation t<;LJ ?ﬁ%]ﬁé]é{é%nes ﬂ%té?fbﬁttg%l\vl@ytﬁ&e%@u@?m}m ig the
ouginal defign 83 Sraegeaehie grmpiterisy binsteadafdnaanis Eih AL B Wrariance)
and the agility of the estimate to frack the parameter in fading, An IR filter was used to
Qs}imate the noise variance since linear phase is not an issuewith' the noise. Both of these
§stima,tion filters were' enhgnced through further filtering across the subcarriers in frequency
using an effective frequency span which accomxlnodates the selective fading environfnéﬁt
(frequency autocorrelation). These filters yield good results in the AWGN channel fading
and assuming a reasonably slow automatic gain control (AGC) function which should be
slower than the fading dynamics. FIG. 26 is a block diagram of a coherent reference and

noise estimation.



is a method of reducing the estimation noise while preserving step

changes in the estimation parameters(s) and also reducing the effects of

impulsive noise. This median filteringdcan conveniently replace the

transient detection and coherent reference adjustment. Some important
[0dfdtactSvsme BtamebHediereiitey araphpinljiersityd vetdridednierioss tand faster

AGCsHaMOBsHaLe StdfaRility &ﬁ%%%@ﬁﬁ;‘fﬁfé&’%&%’go[%%%% %?e?opri ate for these

important characteristic of the median filter is the reductio

applicyintafiRtisraiova thmbiesicmace dierefitverdiasrns BNG sipisls iFhiet AWGN, and
has a rﬁ@k@ﬂ?&iﬁs@?&ﬁl@ée&ﬁ?&é{&?xﬁﬂgi%l dises aRskivehencompared g, e through

Cramer-Rao bound, which is the lowest possible estimation”errorfor any
ApPIofifle ARRdiictines Mty SFiriten fillsmisebriganpleThtiensigs)dathetion and
subseq@éﬂ_ﬂlﬂ?mtﬁéf@b@ﬁ@iﬁéh@fgﬁtt&ﬁ%&' BRI%6 NG 356 10408 A B ation to the

ina

. original 11-tap FIR filter used to estimate the coherent reference signal is
noise esmata i sp! YhEUEESier taps are normalized such that their sum is

[0us8Y, Yipldingen decaainat ongidd Girkdids amirbal @b dalag R R AHen Bliering,
coherent reference estimation of a single reference subcarrier. [0169] The

is a mgjfaad od JRdRrEE SBheEaLaR RS athie Prreerrapatien diaEssriarthsestimation
paramélestaipecingsd idusdierhneriiapssHpnivek Waish, 2eriormalized RUGH: can

that their sum is unity, yielding a dc gain of one. The filtering near the

converdepfly, Frace #he dRPsHedRecHPhandn R orIbWetcargRal artinrmens is Some

importaet eXaeidiertibstheftruncatienaf thaditerspanaiibe: sRNIRQIHSd NiSiow to
d filter isﬂ%%g ed'én FIG. 28. FIG. 28 shows a plot of a filter used across
CIOTEIEAEE OF 185 M ERF JGRAUARFEYSEI1 70] The reduction of the

[Om?naté)ﬁﬁr?m@@mah?fhmﬁktgg@fﬂﬂ@ ﬁiéhﬁ;\/aﬁiﬁélc@s Ghtheelilifion of the

.___OQutput samples to valiance of the input samples, assuming a constant

"S*’ma%%’kfﬁﬁsfev.ﬁgﬁ%@%ﬁ%% ,f?rf%am BosEm Dt deligrdssomaared to

the origbrhdized filiker foabBiciRmpad t6AUEICRME-TORS Dokl VHIANSS the lowest
ib reduction of the ﬁé-)ta FI§ filter is n-31- 0.127, or about -9 dB. Similarly

possiblg CSIRAOR BP0 Hap B AEPSHcREoRHAERN G 8 BEenBmhiont Stmples

(filter tafs). TR ctaiiaibiCEROrRRFREMaNgeAiVEsE Hiess ermpesegnpared to
T R N Tl
analyzddtéirsyitiThbtapsilparaetee Aormalized such that their sum is unity, yielding a de
gain of one. FIG. 27 is a plot of an 11-tap FIR filter for coherent reference estimation of a
single reference subcarrier.
[0165] The filter used to smooth the estimates across the reference subcarriers is
described next. This filter has 9 taps (effective) which are normalized such that their sum is

unity, yielding a dc gain of one. The filtering near the subcarriers at the end extremes of the

upper or lower digital sidebands i not exact due t the truncation of the filter span at the . -

endpoints, This filter is defined in FIG. 28. FIG. 28 shows a plot of a filter used across
frequency of the reference subcarriers.

[0170)  The reduction of the estimate error is compared next, The ratio of the variance
of the filter output samples to the variance of the input samples, assuming a constant

parameter corrupted by AWGN, is equal to the sum of the squares of the nommalized filter

coefficients, var_reduction=) coef. The variance reduction of the 11-tap FIR filter is
"



corrupted by AWGN, the log-likelihood function is [0172] And the resulting
Cramer-Rao bound for a constant parameter in AWGN becomes simply
aAUlpal - N7 [0173] Then the thectétical minimum variance for a filter

with N tangs is simply the input variance divided by the number of taps.
0-127, oprpbanbatadRiggtistiney e midieion virthn e tashilfailcowdds frequency is

0.196, RGHEYES With agal feniferm{ap ;%ﬁ'@ﬁﬁ%rﬁg\’(\fﬁyl%sél}é I?\;I'VSO gid p)gtcompared to

. F_erform well in fading. FIG. 29 is a plot of the effects of filter type on
median figreaad e CRIMmATIRACAPEPSr coherent reference signal. [0174]
Although the median filter has an increg§e in error variance of about 2 dB

relative to the Cramer-Raghound .@-w GiN;-the actual bell-shaped FIR
filters offer performance closer g the i ters for the same number
of taps. For noise distributions that aréffore heavy-tailed or
01' pulsive-like than Gaussian n%ise_, he median filter performance
ik e R AR T p—
corruptefl gy afa Noike | ehd ikrditiandfiitmr petfsrmance is 3 dB better in reducing
the error variance thargqﬂlg’ zag fiﬁer ith equal taps. Of course the
Cramer-Rao bound for 2, sels (@_IQﬂ)ger met with a uniform-tap
FIR filter. [0175] The perforﬁ%nce defradation in AWGN due to these
[0173lers saa bee appmMB ey RABPELRG ts addiinnalnoise(EsimAtioR o

b error variance) over the actual symbol noise variance during detection of
ecomeségé%wlélymbol. The 9-tap frequency spanning filter is used independently
of the 11-tap FIR of median filtgring inot'tme. The 9-tap frequency filter
does not affect the step respolasg.4ia ) due to switching. The losses
for the original 1l-tap FIR filter and a 7*tap and 5-tap median filters are

[01A8pulalédnintiEabe 62 -iahtush FitkntoFoes Filter Wik &luigp ik Rmply the
. o3 lan 7-tap median Error variance 0,127 0.314 0.224 With 9-tap,
nput ""‘?raéﬁgo‘:b‘g‘?ge%%ﬁ 82%%3?5%@60@63 RRTRPRERAS . Bop ArpTYEn Yigiance
estimate 1®uldBAO EZbicRe0 . Biths aypibt @hHeampapsoriehkl-fRwE R Vainedal not
filtai .cohe reference signal. Although a small loss in AWGN
perform pué%o?r%g%%lg%s e%aébt%%} bssi%gpfﬂ?eoﬂg%ﬁa tEF, Fhe S rpE @ dgduction. of
estimatioeeponts fohamtemefesmitelsiggds obvious from the plot of FIG. 30. Notice

t the st Is sjgnificantly i d without th df
[0175{3a Ilﬁtﬁoex%ﬁef?rgorrﬁsé%fasns*ﬂ?élj %aag an%%ggxge i\aqv'er?gr va%ag]%g ofogbout 2 dB
relative to the Cramer-Rao bound in AWGN, the actual bell-shaped FIR filters offer

performance closer to the median filters for the same number of taps. For noise distributions

that are more heavy-tailed or impulsive-like than Gaussian noise, the median filter
performance increases while the linear filter performance is the same, For example with
Laplacian noise, the median filter performance is 3 dB better in reducing the error variance
than a linear filter with equal taps. Of course the Cramer-Rao bound for this new case is no
1bﬂger mcg with a uniform-tap FIR filter. | | - ‘ N
[0175] The performance degradation in AWGN due ‘to these filters ;:én be
approximated by computing the additional noise (estimation error variance) over the actual
symbol noise variance during detection of each symbol. The 9-tap frequency spanning filter
is used independently of the 11-tap FIR of median filtering in time. The O-tap frequency
filter does not affect the step response (in time) due to switching. The losses for the original

11-tap FIR filter and a 7-tap and 5-tap median filters are tabulated in Table 2.



transient detection. A functional diagram of the new coherent reference
and noise estimation processing is shown in no. 31, where the 11-tap FIR .
filter is replaced with a 5-tap median3%ilter. [0177) A brief description of the
functions and algorithms of FIG. 31 are presented next. The goal of the
process(es) shown here is th3pévidalEstimates of the coherent channel
complepigRiRfA" values) agn&g@@smmﬁﬁé %%%Huiacygga T

ime and fr quebcarrie

interference. These estimates are local i tim equency

locatibhi¥ ¥8eaRsmodate|tAd #ynamic sedive fading chaaadl

expeliengs N AP0 ENViFgEgent suct Jnoving-attgmghte-These
estimates are dgr}l{)/ed fﬁ:h the reference sﬂu%%érrier symbcLJ?é,% ich have
been sfﬁlitﬁﬁéa flok%ihe reLeived and derodulated signalias previously

describeds N d @rgPUT O s—Fhe-tata

T lex-vathes-—The-data
e g 026 dB"
useditomodulate these symbols is already %now

r

n and removed from
these symbols with the first conjugate multiply operation (illustrated by
[onmgtipligneb2iptegyicld thejpstania C exc el gain valu .
azr,,, on line 254, ThéEl subsequent Bﬁ%ﬁ%%n%ﬁir%’ 2 in"ﬁm‘@‘?‘ﬁaﬁc@@“ng on
COhereEHé?fS@BCWﬁl@ﬂ%aiﬁtaﬁmﬂghreesgteiﬂ) Iehauiy s W (Nt pealttenne switolsgde using

the madieg¥oeNsiMEHRIG YAl +ORsJine’258, These “intermediate .
values are further filtered smgggct)ﬁg(_j) ov%%et ?e’gré elr'%ir%lc}l«‘;gs}to]l:())cé{fr‘(r}‘l%srE}GH1 the plot
of FIGcfbieNSfcasteRoMA HeBIGeR06w s sipuilicantly fimprovmipietiohatineheed for

transiegQlRteaHeRS A &nEﬁ%ﬁﬁlQﬂag%@o‘f%‘é%@rgollﬁ%h{"Isé%grg#é IR egfimation

algorithm to process (equalize and provide branch metric information
Pmcesgﬁ%qéa WMol idts s tBegRthenthinngFBinibots in teplaedveitionsitap median
filter. manner for QAM symbol demodulation. [0178] The next step in this
[Ojgﬁ.cess is to estimate the noise associated with each of these complex
a

Innef'g@iiFl 4RREPHRR pisthndinetus rodalgariios atHGif ates ipyesented
next. 'I33@HD&?M&@S%@SL%@H%@QN&Qﬁdmrgﬂ%%g%\é de E&X%%Qr%ir?ty channel

corresponding input samples a2r, .~, as illustrated by summation poin

complexsgain, §"ap, ¥alHq @l’&&g 264 aREmaypftthtensisrase dnetfesericechpnstestimates
are locHIoi ti@SeneOTEY 829 3688 R SJAN IR DG LasiRRiaRROHS a;onlm%.%lic selective

Fadi vgrian e estimates var"_z on line 266. These instantaneous noise

admg § HISHTIES MPppevEsRRYeaatIhsushay thmeyidgragomobyle. These
estimateoige degvrliEbmPIRCASRIRA RNALEHSIING IR BINUAS HSRIVENQISS stinned from
the V.arlfinc stimates. Although simpler time ‘and frequency filtering wour

e M ?f@%@%&é‘éﬁsdr theteriordy dresebssiand acoinpwiotsdine 250 as S;,

complexaridnes E{ﬁ&na&lﬁSas@t'lstﬁ’%Q&Iﬁi@ﬂﬁ%ﬂ?&ﬁ%&?tigfﬁ&@\ﬁ?l%nowd‘l e{nd removed

accomrBo ate the changing noise due to fading, AGC action and step

from tigge RYREal i Ahecin ORI elaoRem v e BB s it 252)

to yieldalfdt@istanrsadoatoasannex TNAIRNGRIANARIES 1 ime tgrodycegamples
edian fit,. 16, and conventional Iinea(%%DR or FIR fift'ér 27%1)%%%?19 is u%%cfequem
median, I‘uﬂng 2§§ dBttme seduces the noise whﬂe maintaining the step changes due to

antenna switching to produce intermediate Valﬁé's--alr,n” on line"'258. - These “intermediate .

: vgiﬁes_are further filtered (smoothed) over the teference subcarriers (in frequency) as shown
in block 260 to produce the final complex channel g'aih values a,,. These a,, 'gain values are
later used outside this algorithm to process (equalize and provide branch metric information)

. the signal constellations for the data-bearing symbals in the conventional manner for QAM

symbol demodulation.

[0178]  The next step in this process is to estimate the noise associated with each of

these complex channel gain values. The instantaneous noise samples are estimated by



frequency (subcarriers) to produce the final variance estimates aZr,na6 in
a manner similar to the complex channel gain estimates above. An
additional feed forward path 272.igzprovided to capture the relatively large
noise impulses that occur due to the antenna switching. When these

subtractivaldes (Scalediysafoaion. Tapsiipwriy BlaakdfaxgeestBPonding input
median-filtgléed estjimate, then these larger values are selected for OUtgfl%Jt h
, the

samples g (S HACSFER odth G By ARiEts et maR KB MuRdted
magnitudelegka2d®. vihese ivabeesparaitfemsniegthedgpbitheirefemnses o yield the
, subcarriers} as shown in block 278. This_is jm ?rtan.t in subsequent )
instantangQUs RIS SPTRECR AR el DIEPE S0t 165G HeRAIERRR S et e

samples neipednetiness[6lde]dndifthes antifstquaatip moidhenalgeditheiprocessing and

... improyements to the coherent reference gstimation just described ear
fitering {3 GEROSE AREIAREI TP NE CALRE Ehal ek i AR A ST ey
filtering oasfd includiyatitatswidisalshtivetfadingcbérhelovitRiappeusbasishwettance

. consistent with highway speed d noise as low as 0 dB SNR. However
estimates S G T AT BT Reh L€ PR eee o
fading, AB{esitioal srehsienchifents duotenditelynauppieassd bYhbe foesvcofdiantilter

.r f%refrﬁ;e a{ocessi In this case the adjusted coherent reference vaIueg1
268 is used Yo filter these instantanecus vapiance samples 1D, e raduce ﬁanﬂ)les Varilty.
Of X aré appropriate; however, the noise-varian stinfate would be

16, and cooveufited)] TheaoBR imFiR ditou 2768 filghify thesymbdshetenedheacross

. i Ise gccurred the IR filter would suppress this noise estimate .
teauenc e e Bl S BRIER S, il il he i o
the complem olsenesgonsetinmées fatiey ¢l RAteddit waall ddod freferdpetin2Rissqaerided
to capturéotﬁg?griﬁ(;%ﬁg@f&gg &Hﬁ'%ﬂﬂ SRRl c!{&xp allel F‘ﬁ&*}ﬁ% eemlllﬁia%t&i(nvg.th%en

appropriate delay matching). For symbols where the noise pulse is
these vakwffi¢sentdy Righerdator Bie #Rshivemoutpbiiptki2id)sexsatsk thlhomkeiive-filtered

estimatc,\ﬁ‘%g rﬁi%]%e}téﬁreég}i%l%% giséigg%tﬁggé%is Su\ftﬁﬁl;a{bcﬁ‘lef ?{%}e%%j %éﬂg&!l%h filter by

forward path is used for these noise ptilses, the'energy into
the select SuxtifienbiiRmiliinftatitede Banpl¥ shbiudsebealock eatl theithranththédoater the
reference’ Sub: %(aig‘ &%Wfﬁ %?oc?(vﬁ%h%ﬁgefg 1%;%3%3%& iy%%[isgglﬁe%?% ation of the

consider several variations of this process'tor handling noise peaksin the

branch matiise whithris@leititiusd:{0vBalT lof thoikegearivine dnasstilseation process is
odifj improye. ith,switching transients and t
O o B BERIB 2 e fogherent
referencedepitneatii filtelr dertribedanpptar de woek(sofffoibatlyowklbddiviith tages analyzed
. ri 1 PY tati it lex chan INS):

and s e e P s o e i LR Boppter

bandwidtfspanisiskentaithib dgphtneyoscsingnchihvises an ol los §ed Bn&lithg Hrovensp other
channel c%]ﬂ%ﬁo(ﬂ%%ﬁﬁi]b% %@ﬁﬁi@&&?}{ﬂ&ﬁ%}nﬁ@sﬁg ﬁ%@,’%}%&mﬁﬂ?ﬂsmﬂt effects

oditication changes the IIR filter parameter a= ther modifications to
not entirglyesnppsessedtiviictiecinew geherowing ftreriee quusnessiilprity thimesefte adjusted

-' oohercn’é Fé?elfélﬁgé xyglﬁégeéftg%fé%pmpﬁate; howévdr, the noise-variande estimate would be
e cozmpteq. The noise impullse could be high for the symbol(s) where the impulse occurred,
.- but the }}R filter would suppress this noisej estimate \}alue at the impulse instant, and spread
the noise estimate over the impulse response time of the IR filter. It would be preferable in
this case to feed-forward the high noise samples in parallel with the IIR path (with
appropriate delay matching). For symbaols where the noise pulse is sufficiently higher than
the TR filter output, this noise pulse should be used to determine the estimated noise variance

for those symbols. When'the feed-forward path is used for these noise pulses, the energy into

™

Y



filter. The IIR filter is also preceded by a 7-tap median filter and includes
an excess noise feedforward path. Both these new additions are
designed to better accommodate s@4tehing transients and impulsive-like
noise, while accommodating a faster AGC function in the front- end or IF
the TIRs@btiofootibe reosiier siitsd peEhedidad soetaniftecid neke @ak is not spread

reproc tl-ﬁR e-squared samples |or to linear HRflIterl and
ovet thg fihg %?‘er rquﬁﬁcy Bierance §u%car i errf a%actl(%g ﬁeﬂ%ﬁ?ss for

handlin§l/tesipr pdalcas thbissied estimategitinevariance due to the asymmetric

ab. density f ctlon pdf [o ert of.the nqi €35 uared sam
[Ogt@g blgs%:an é\y usted oé s& segﬂoecn DperaRaiies ihe HaRkave a%r%omance
with SWMlbmmesstpmmwwatmarfpm:sme Tho meglmmdlﬁa[rmnon

(-::1‘:11)1(}@%3%J rr?e an%g)ﬂﬂ&l & t Oﬁég@e?graag?) ié e X— 1% %ef Nl tl?e subscripted

zero- aussian noise samples, W au55|an
“arn” Vs nftaibise Eartiplewmpind vhareelPthst. Plrexpl2ip a2} ﬂ(pui,s)e:r@goﬁsc of
[ e gum (|y'[| st n.function
this ﬁlté%% %291( h geg;}\’x”?fg;c%ﬁ}) : %gﬁ%éﬁla Ieglsﬂlar‘l']ld’%]n egra é?pHa%q 0 I(‘)Vv?\llsé (%:fé nger
making] Jtustopl udblay- @)kgﬁ@t/'éez}lﬁ nsenpisx [BY8BIcIken HE. pBWGHMMSmwt the new
. i ' ti; c
mOdﬁﬁJlé[t(lf}(ﬁ]i qflﬂ %3[3%4 The nms%%%%?gfg |§ Zﬁflnqeg egxheér%ié%ﬁ cl)?fg} xt% 3% °d oise
estimate: g axpine ik Szgre0i Bejimh érone diefvist the dRbEHeurd lafter the IR

filter. PAVIRA PRINROND %l@c@img%(a%@ g{&h%e%l@é gg@g elédé%:é(%%sfs noise

exp{ x/2a'2}/x 20 06 Icdc ex exp{ x x exp
feedforyrad palipoRath-Bigsenmetikpd)iions are designed to better accornmodate switching

transients and impulsive-like noise, while accommodating a faster AGC function in the front-
end or IF section of the receiver.

[0381]  The 7-tap median filter is used to preprocess the noise-squared samples prior
to linear IIR filtering and filtering over frequency (Reference Subcarriers). In this case the
median filter produces a biased estimate of the variance due to the asymmetric probability
denstty function (pdf) property of the noise-squared samples. This bias can be adjusted for
subsequent operation in the noise estimation process. Specifically each input sample x to the

median filter is assumed to consist of the sumn of a pair (complex) of the squares of zero-mean

Gaussian noise samples, where x=v* +w’. The Gaussian pdfs of noise samples u and v are:

exp{ y IHO'} () = xp{ (u® +v2)/20"}
o2z P 27m0*

p)=p(v)=

{0182] The cumulative distribution function of X can be found with a change of

variables and ihte'gratin g as follows:

P(x)=. H plu,v)-du-dv=1= exp{— x!20? }

g

{0183] Then the power density function (pdf) of x is found from differentiation of

P(x).
m— 2
plx)= oXp 2;/220 }; forxz0

[0184] The noise variance is defined as the mean of x.



exp{ medxl2U2}=1/2; or -medx/262 =In(1/2) medx = 2a2 In(2) [0186] The
estimation bias factor of the median is found as the ratio of the median to
the mean. medx 2a-2 In(2) naed-3%ias = D,2 = 262 =In(2) = 0.693. X
[0187] Therefore the median underestimates the Gaussian noise variance
by a factor of In(2).,This pias should be acgounted for when used to
replace the mean €stifriziesihthexHoiseaar ee6Stimation process.
[01881 Scaling of the ndise &stimate due to the median bias factor would
[018%)t gemReatlyaian anxisaHel Rllien)Qiseisstitateaigh MR WP uation:
presented to the Viterbi decoder were scaled by the same factor.
However, the feéfonnard excess noise egtimage pagh s just one example
where the scajfthg do mj%lt?e(?r Urthgerhots Réntin&Zrifids in forming the
branch metrics (e.g., fixed poipt guanti ation and overflow) may also have
an effect. [0189] W{eﬁdci’é?é}!}edﬂ the ﬂm@iﬁgnstant of the 1112 filter
in the variance _ estimation process are discussed next. Each output
sample y,, ke RqialE2ir H{E#isap{umdidmaf}he new input sample x,,
and the 2 PR NIES U TAZa 3 (0i8) Ypo dYpgsy 1 101901 The.
filter expression has g dc gain of one, and its impulse response (time)
depends udﬁ?fiﬁﬁé%ﬁ?aﬂﬁ&ér a. The peak of the impulse response (mode)
CUrgH > fime of t r delay, where the group delay js mor
o B e T P R D en o
the mearcomputed as a function of parameter a. The impulse and steps responses
of the RR filter for a=1116 and a=1/8 are shown in FIGs. 32 and 33. FIG.
32 is a plot Qiémpwagfegﬁ;&ﬁ&egﬁihﬁﬁﬁém)@@@g is a plot of the
step response of the DR fifier. -36-2[01911 The effective delay of the filter

o3 bl e SR R e G S TS
of In(2). eStim s whéolthrgathetmarcfometbesugdtp reghley thenaeim-«iaiayte in the
noise varfdiEe: t{r%a{irc])%%%%gé%y =-1a

[0188]  Scaling of the noise estimate due to the median bias factor would not generally
be an issue if all the noise estimates for all the symbols presented to the Viterbi decoder were
scaled by the same factor. However, the feedforward excess noise estimate path is just one
example where the scaling does matter. Furthermore, nonlinearities in forming the branch
metrics (e.g., fixed point quantization and overflow) may also have an effect.

[0189]  The effects of reducing the time constant of the IIR filter in the variance
estimation process are discussed next. Each output sample y, of the 2-pole IIR filter is a

function of the new input sample x, and the 2 previous outputs.
. pe o Ypma Xy +27(a) y, ~(-a)y,,.

[0190]. The filter expression has a dc gain of one, and its impulse response (time)
| depends- ﬁpon the parameter a. The peak of the impulse résponsé (}-noée) occurs in half the
time of the group delay, where the group delay is more indicative of the step response time.
The mean and mode delays can be computed as a function of parameter a. The impulse and
steps responses of the IR filter for a=1/16 and a=1/8 are shown in FIGs. 32 and 33. FIG. 32
is 2 plot of impulse response of the IR filter. FIG. 33 is a plot of the step response of the IIR
filter. '



[0192] The Gaussian noise suppression ability can be assessed in a

manner similar to the FIR filter where the variance reduction of the noise

estimate from input to output is equdf -to the sum of the squares of the

normalized filter coefficients (de gain =1). Note that this variance

[01ductidhdsHesovtatedd wafthh di berheatibbe étdeabietes imdtedelah dvidiss than
r : 0 | . .

the o e B A VA PR o noie
estimatgstia hefoins diahsfitk meipaise response, taking the limit for large N

approaching a continuous spectrum, then applyi 9 Pagseval's theorem.

The z-transform gfdiye_dRdfiltenisca Highy %Z-E}a)é}l'z.g.nmﬂl-a)--e

J'4.nn"N [0193] and its magnitude is IH(11)1 a2\%-2a+a2

-2-(1-a)-cos(27r. rrﬁlo%g = d_L%9Q I Dﬁ variance reduction factor from input to

output samples can e"“comgute@ as variance _reduction _ factor =N i .~N

~|H(n)12JJJt 1 .70 [0195] In the limit, the summation can be integrated a
S e

ST DGISERIPPTERSIOP 2051y CABo aspossed A mANG Figlar to

the FIR[@i126 +HrentHreiatrnrce daciich o thetosis: fostinads fRdiundian el BR equal
filter parameter a after integration. yariance reduction- factor = a ,
to the o5 oD e ] e Rkt MR SE A0 J0F ANGR o et s
variancbydthe- i titessischlietiadivese sipar sareinteaonthd @stdhatel f 84 iisphairiance,
of the reduction of error in noise estimation as a_functj f BR filter .
and not O 3 BT e BB g e Do R Er s Forption
is moreinamie erdy ptidiofoed AW G zhranfaW G dtatiteaiyghdsnesmioageking the

limit fO!f %ge g}?;g}%ta%?ﬁt\{éoaucl:%n ?ngggse g}%@ tt?m, then applying Parseval’s theorem. The

z-transform of the IR filter is

2

a
= 1.....2» (]_-- a) . e—j-Z‘mm’N + (1 _a}a . euj.;g.m,,;N 1

H(n)

[0193]  and its magnitude is

az

2~2-a+a’-2-(l-a)-cos(2z-n/ N}’

IH (n)l =

[0194] The variance reduction factor from input to ouiput samples can be computed

as
1 -1
variance _reduction _ factor = lim L ZIH (n)l?'
N-—>e|N =0

[0195]  In the limit, the summation can be integrated as

7

P ..'?': ‘ - C e . 1 . T '-a -
variance ._reduction __ factor = — .f 5 - d¢
2% (2-2-ata’~2-(1—a)-cos(¢)

"7 [0196)  Then the variance reduction’factoris found as % function of the TIR filter
parameter « after integration.

a-(2-a-2-a*)
(a-2)°

variance _ reduction __ factor =



reduce the noise estimate error; however, in a nonstationary channel with

switching transients, and/or a faster AGC, a shorter time constant would

be preferred. For the present syst¥m, the 7-tap median filter followed by

an DR filter with a=118 is preferred over the original design with a single
[01%R filt€hevivriance TedFieniaw AlVEEHN) adseitsdbyrtiniiE filegriadplioedrnersus

arametal2HQNRY AW GHN gharnel whi iding significantly improved . .
P . performance in ggng vegha%éiﬁ%{c,{%%l& tg‘i’\r}e?si‘fir/r é%fgnlhoésgﬁﬁgﬁf%%m as a
function ph H&dilter prrameistiting noise estimation error of only the IIR and
[0198§aUSRRY ﬁﬂ%&ﬁ%ga%&f%ggbﬁgﬁ fr%vﬁfe‘&eé&&%&“?edﬁa&a%%?sé’fra it 8 for
noise sample input to the filter. This results in a noise variance estima 15h
AWGN. e grhAYW(gN siesintard dhaviaglon bingtso B Yief thestiterwopld boibeneficial to

d Napce. i y Ing.Qv j les. This.could.. . .
v YELARE, CHERM ) AR A RSSO IR B gy
transientyemsier diarighy©. 33kBier KnvGnsHR vasthied@iaperheHamtlitteresent

system, (RE906H WSRO RUCRISHIE 1) RUAR R RISGHD AYON pdelepler e
.. . computed. This compares to a degradation of roughly 36°dB i the
orignal gemal ot sinaleilg dE1en 6vithogrel/df thd hiwtivatibHdonghessisle ioisénimal

degradatRHIMAIPNJS fLAN- AMNEGN iion O Ipx & pur %M! h
serece an optimum recei\(/génr would nc?tgsggllgégt t%é{ﬁgee%ﬁ%?lv@a{% ei ess %é)'%ligg %?Led

performagge) 1A Sa5REn HikinaiSesti Groand BH YrTeidy (engnniRsitahirg, tansigan aThe
resulting|ABAdIRNEREHAM FDE SXGREFROISRPAIR rdpavdedRal {0 HaRdiS sty 22 dB

impulsive-like naise, or coherent reference errors due to switching
better thipfigiefidande dhatigle aes shBRikcoRuh e Blfemiligises shlis in a noise

variance QEGARADAISFRE0H KR ISR IR WATRRUL GRNEMIPAHBOIG |ARAC hoise
term variance estimates provided by the BR. filter. The feedforward ,

variance.of G SR E LAY AENEAYETO, B piee) senples. s GRS iy p e effapi imilar
to degradiafple Hwaidnexrsaddannermandhasslacted Ribey PEFEENMARGN.

PUT™ function in the noise estimate path. If thé scaling is small, then

IN
The cascpdedaltar npdiae iBieR Frinesihis ermetayqa frhey althayinids sEietimAREGN
is not cafiM/Gnpast wanid Higﬁli?e?ﬂ-d%@?aﬁéﬁgﬂb&‘tyomyﬁ 18X68S5 RAEYiSzinal

selected is approximately equal to the probability that the excess sample
modem ‘é%%ea&%ﬁ{eﬁmééma&%m%ﬁ@a%am aheriner. ngBe meipatisasss for non-
AWGN domiitaaiy) =2Jexp{x / 262 }-dz= e"G 62 2r/a [0200) The average increase

ctor in noise estimation variance (in dB) due to selecting the excess

[0198%th dBnap@wshiphddRs Arone st ) cnitiByrGEeey - avstilgdnat(selest | the
feedforwatOek0ek Intsie Jfath(_d the optimum noise filter would be linear (e.g., IR or

FIR), and span a long time period. The excess noise path is provided only to handle
impulsive-like noise, or coherent reference errors due to switching transients, etc. In these
cases the excess noise path mitigates the occasional effects of large noise bursts without
contarrﬁnatin g the longer term vafiance estimates provided By thé, OR filtér. The feedforward
‘excess noise path is scaled by G¥In(2), and 4 fraction of the noise input sami)les would
" exceed the mean and be selected by the “SELECT MAX }NPUT func;tion in the noise
estimate path. If the scaling is small, then the excess noise path would be selected less
frequently and losses in the AWGN case would be minimized. The probability that the
excess path is selected is approximately equal to the probability that the excess samples

exceed the mean (assuming accurate mean filter).



[0201] FIG. 35 is a plot showing effects of excess gain value G*In(2) on

the probability of selecting the excess path, and the increased average

estimated noise variance. A value 018*In(2)=0.5 was empirically

determined to be a reasonable compromise value for the excess noise

gain. This V?“('J%?exj:‘%@?sf i)gimal ssek in the WgN 9359.’9“'5;@% also

effective irf MiNifIziNg 105s6< due to it ﬁﬂg"i fedt@* Edrthermore,

the performance with a fast AGC and/df fitst adjacent FM interference is
[03Biovedhfo20arEhdratferts Gt nmodifisationimentothiienesiGhalB) due to

selectif@hgtenLestimaalion, gIrol Jhg noise variance estimates are shown in
FIGs. 36 thr(;%agh 40. FIG. 36Is a glot showing the effects of switch

transients on the noise estimates (10 dB SNR) with the otrcipi | 1l-tap FIR
filter and tH8"&rigfAR Hoides &nﬁatjnrvﬂth a=hy 14l £13. Fis a plot
showing the effects of switch transients on the noise estimate's (10 dB
SNR) with the original I_l—gaploF R“}filtsrca & tie HR\noise estimation
modified to a=1/8. FIG. 38 is 26pldt shov ing, thie gffects of switch
transients on the noise estimates (10 dB SNR) with the original 11-tap FIR
[OZRtE} wnEIa RSise vamdeicehnwiigcatfontis eppliedssIGiBYiua [Hn(2) on the
5 ' itch.transient nQise estimates (10 dB .
D eacian bt S e e i g once
A valugof F*Ine)=b5svasnetEreaingteraiteditodswitssnabicmmpenite value for
the exdHl i 'S ith a.5- ian filter e nais .
) va?ﬁ%ﬁ?%ﬁficﬁiﬁ%@pﬁﬁ? %Zﬁ(l)]%ﬁTEaéggéagﬁgluéE 83%%@&%? %f%%‘é is also
etfectiyq jaifpinisHzingc mirs diie dors wisthingHeapidentsn MG eBRdtmotighpéformance

with a PARERETE) GutBriniha dinad resuit ﬁi&%&@ﬁa@‘fé@ﬁﬁ?{}ﬁ%}ﬁ FIG. 36 shows

the_performance of the original modem in terms'o erent reference

[0205ke ardtsiderte Ainthaomedibrativnss gy reteHbw sasiduel ativele higbstimation
errors MlueLhHBOSIBMNRWEchingkQOise s%‘«ﬁﬂb’smg‘:a&%ﬂgg?ﬁé‘ thE NAISE 36 is 2 plot

estimation. The noise peaks are underestimated an estimates’in the

showing thesftacth ofpeukd dransiraie imbrawise esimaresity oM SHIRgiBIhe original
11-tap [AROAIEA G B SBAWEA ﬁf@%ﬁemmewﬁﬂi&vffi&wf@%ﬂg éhﬁé!géehowmg

filter time constant. FIG. 38 shows a significant improvement in
the effects ohtgkchitrosRt R Sentitarsiantsndd EMaNR higith BGoSginal 11-tap
FIR filhoms asiqnicaitimpiovemtentdnitha cohatent refereqge nois ;
transients through the use of the 5-%[ap meglgz-a[n |[te%§§'th§o§uéﬂaﬂFgor%oSlggwmg the

effects QLRUAR AN ot dptneith sximmmrer Pk S YRIOB] i e 40isinalvElathp FIR
filter witd EnSRYaRSNSRRIMIMGHNG FpgHEIORR% the F&Qﬁ%?&h%ﬁ;&g%% effects of

.. . hoise, while the noise estimation captures the short transient ions.
switch RIS dhdirdIslss astimates SR M- SNWRay vish e -tepomedinetillvat amsighie IR
noise edtingiOOh RIS SNRICR- o8 PRIAMAIGESWIRIISHINE PR RAHOIMBNGR ich transients
cor_ngrom,lse over the ranlgﬁ of tested scenarios.
on the noise estimates (10 dB SNR) with a 5-tap median filter when the noise variance
"modification is applied.

. [0263]  The various components.of the modifications are introduced to obtain the plots
in FIGs. 37 through 40, where FIG. 40 is the final result of all the modiﬁcéﬁons. FIG. 36
shows the performance of the original modem in terms of coherent reference noise and noise
estimation errors. This figure shows the relatively high value of transient switching noise
which is not captured in the noise estimation. The noise peaks are underestimated and the

estimates in the vicinity of the peaks are overestimated due to IR filter smoothing.



[0206] This invention provides improvements to accommodate switching

transients encountered with an FM switch diversity antenna system for

the FM hybrid mode of the HD RagdioTM system. These improvements

involve the modification of the coherent tracking and noise variance

[020d3timaich algdritvns st depreleardhmsinareanalyacsanehsinRIFed time

constamin Iﬂ@t ail'gj %Iegtive.fad'n% a%t‘,t ical hi%hway speeds and_ Raleigh fading.

The Simulations shate GiER OHERRFALKR J5erIRh SHdR e naihough the
actual trepstimatione TeredmphtslenfaGisigieldacs sigaificratyiRgierassformancherent
referenc é/vitgi a f%;sé[né(é?n . nteunnat éver%ité g\ﬁ(}itcgn , first adjacent FM )

intoirSreralsionly Qs e 8% RE & raditey BrdkmBHieRt<Althore tag, noise
estimatiche sing raftthaptuesthie fiedesieat neediver software (modified to handle antenna

wers itchin been completed. The final version appeays, to
[Ozogkovi??g@ggps a%‘% an%r Sr‘r%lgﬁ%‘é""gﬁ*ﬁ%é RS A %%mﬁﬁ(’gﬁa of the coherent
referencdnteifererue éhvinomestisidtiG. dibyweantliatitely tndisaiesnadormant@ough
. IN.SRE fadi hile FIG. 42 shows performance in UF fading. [0208] FIG.
e s A e GV TN ST Ao e A e o
parametesigneldecbtiessisigpir facvandacompitmisisdmvenitann ghef kisitadianbibs.
{gnalis. receiv n.antenna 316. A bandpass preselect filter 318 passes
O b el oLl Se o etar LR s
encountefigh vafbors Y swiigh diveraitatagiienfinydmna fordisideanbidjesiinoogrl HD

- TM Qsgillato ' ifier 320 amplifies.the. signal, The amplified' .
Radio A R P S P LR bSingnd
noise vargpga gsiinaitlalgovavscilBionBR6 Alfosthraatesrsumaky2etl @rdniulated in

d odi - i i Intermediate frequency filter.330
et and R e Qo B R B o
good colesitldra¢king bperdwrdenast eng rnothel atedinsigival of Titerasprévements yielded
ieni alfollo r tes,using.a clock signal.fs t .
s e e A NG S apecent

wn ¢
FM interizgméee god iy sHirmerittdestived abinineatdsotmssitgnal to produce lower
020PAM in- janals on lines 338.and 340.

oSS 0 R IE SO ARSI Hl s

diversity groéedsigghtacheamgampletsderditetfinkingerdiescrappehsbey prdvigsadueptable
o  Si ine:3 I vice 346. [0209 ernative ..

st AU AL S8 AR B8 A MR A v
indicates pasfereressSndRT feding, wbdle IEQ. 2RI W paEosnenss in Efadinghe

m ing r he referen ubcayriers are.input
O R A A B L LRI e e
signal propesiik RETCPHRRHbisrifigaos. ki @mm%gnm txaimieiged on
antenna 3§Sq%%ﬁﬁé§yﬁé§§%&$ﬂgpg%ﬁga§§é 05, gré%g 8 & ?ﬁ@fe@% §/nciuding

. timing sequence modulation from'the receivedtraining subcarriers
the desirefhsigmifdreauanay finbs yricatotiedthageciged, (@ - 2fi) (for a low sideband

injection e Al Beneaded Bl Sy 398500 fifies the signal. The .amplified: -

signal is mixed in mixer 322 witha l:oc::al oscillator signal fi, supplied on line 324 by 2 tunable

local 63cillatdf"32‘6. ' This creates sum ffc + o) and difference ifc - fio} ;signals on line 328.
Intermediate frequency filter 330 passes the intermediate frequency signal fir and attenuates
frequencies outside of the bandwidth of the modulated signal of interest. An analog-to-digital
converter 332 operates using a clock signal f; to produce digital samples on line 334 at a rate
f;. Digital down converter 336 frequency shifts, filters and decimates the signal to produce
lower sample rate in-phase  and quadrature signals on lines 338 and 340. A digital signal

ey



The resulting symbols on line 356 are processed by a finite impulse
response (FIR) filter 358 to smooth the resulting symbols over time,
yielding a complex conjugated estimage of the local phase and amplitude
on line 360. This value is delayed by time delay 362 and multiplied by an

pmcemmam wEthprigeiRioaalividng @(gﬁ@l V@%@é@@r@ﬂ 830 Ay TWUHBHSH: tracking
descrlg ﬁ e noise variance is estimat ‘?ﬁ rﬁ subtracting the smoothed
SRR HREGSH PR LR UL SEREh B dIRe 141 RS ittt

{mﬂpols@fwremmrwwﬁmqne ﬁlm@mﬁa@uﬂ@%ﬁy@e@ﬁ&%ﬂ% Zand the CSI

tion t 370. The gt sult as shown n bloc

from BT, SHP AR AU Blc e Hs (8 AP b G744 rihe complex

training Giprieas lsaxﬁpﬂrbyimatﬁﬂe(mﬂe dwd@rhma&e pistestiameasahana he complex
This ht is inter olated bcarriers

7 t
conju%a%wggn%als mot}ofdjgc Faifir g’(g\ﬁﬂcg}r ggﬁ}ust B LOIPBIGE K RBate is
multigtiepredtice kasulti n@im@ EhHhaveighislor e 3&%&&91@53%@1’1&58 e¢moves the

sed to multi res ond| local d ta bearl symbo
i Rl R, O Lo s iy Qe Ry muliplying
them $hyothe mylaibrind@d, Medbigdidr ﬁ&ﬁcﬁiﬁ&eﬂtﬁdl}cmﬂb@d%fmlﬂmmgm&uence
on,line 388, [0210 4 lines carryin mbols ar
The re‘Fullnagl P sbcég?r{f/?n% da#a are Pagc?%c? %& %&Fﬁ%ﬁ rrf?ﬂ L@Eg)afdlmr 358
to smdelayicf reeiting symlﬂutsr@’@r-' tindf giedidiyg.m Mﬁﬂ@}ﬂa )éndjﬂgat&d*ésnmate of the
+f ressions elate t DR filter.wit
focal Q?r%(glbgn)étrgn} ‘(%g antl E\} fl?%)fr)ocomputes §hhdot e?%yoﬁlcbgt gg?ﬁp ggayy%& and
multiffiiedh iy sstimpie 'of drederiprisad ofithatneam plemnetlefORAL 36RO Sultiplier
366. g@&o&gﬁg}ﬁ% E'%s?i%ﬁ QH %Sl X‘{E}Qh&n%nﬁ{ maXIthc[H egﬁl%%t(éorp&n@%ai phase

MRC) along with a phase corfection for ehannel phase Srrors

and ampigiiei ondirapeie oer mgzandsbrmt}uhn@ﬁmmwpso@wmamm faligemednt provided
by d z I estl ate fthe comy|

Y el%fnju %@ﬁﬁ# éﬂ’f#ﬂe gsa?ﬁ an Q'$ % an és%ma 8" t the (\)/‘grlalrrfce oﬁi 742> and
filteringiges [0omBleRhaoiseratmplos the @mlstmdenyltmnkq 8%40f FThed4eciprocal is

approfFRHERRARIHIDINED AR BRIRGI1IS HEABNEMALIS AR e POigh is

e symbo |m|ng o symbo requency and symsb
mterpmﬂrtmg e |§1e|oh&eakbumssebptmemopmme@bfakﬂ]ecmclimmefp( stihearriers as

illustrAIEA YT MR YT RY B KA 850 R 6 BN W00 913 O Geigtes
are then used to multiply the corresponding local data-bearing symbols received on line 382,
after they have been appropriately delayed as shown in block 384, Muitiplier 386 then
produces the soft decision output on line 388,

[0210] In FIG. 44, lines camrying training symbols are labeled T and lines carrying
data are labeled D. In addition, filter 374 includes a delay of;

1 S ¢
" delay 2 — ,wherefs = —
Y3 P=T
"and,

yn.m = 2.(1"ﬂ)' ynul.m ....(1....)8)2 ‘ yn-—-?..m +182 .xn,m

[02111  These expressions relate to a 2-pole IIR filter with a time constant 8. The IR

filter computes smoothed output samples “y” from input sample “x” and previous output

samples.



phase drift from symbol to symbol over time or frequency (across

subcarriers). [0214] After acquisition of both frequency and symbol timing,

synchronization to the Block Sync gattern of the BPSK Timing Sequence

is attempted by crosscorrelating the differentially detected BPSK

[92516&1ue@mmﬁﬁIthﬁa@kicIc&_;mma@ttﬁén_aﬂibﬁtdﬁ%rﬁa%iggtﬁqﬁgﬁmum ration
. # ver all subcarriers assuming that the location of the training

combinfiy QURES A5 A RS T EPD S SRR RhB e R Rowh B 6L Weight i
dynamigger sateandiith b gdetadtiac fitaat e achesel CRSRT dsppssformed. A

subcarrier correlation is declared when a match of all 11 bits of the Block

Sync pattern is detected. Block syncpronization (and subcarrier ambiguity

resolution) is establish hep, the @umber of subcarrier correlations

meets or exceeds the %ﬁ%ﬁygscﬁ@?ia (e.g., 4 subcarrier correlations

spaced a multiple of 19 subcarriers apart). [0215] After Block Sync is

stablished the varjable fields in the BPSK Timing Sequence can be
where %eé%é’é&?‘iﬂ%%ﬁfe%&n?%‘iﬁ? X ERTR OB R B 85 BRI aris an estimate

of the vatemidedf dir agiajoritywbte basis across the training subcarriers such that
coding is possible when_some of these subcarriers or bits are
{Ozgg'rru pll%%. .(.)gﬂﬁ%n% %%Eﬁs%ﬁﬁﬁ?%‘%ﬁ eaEAE A REGrd4  asumbe raguisition
and trackengiesftieilty frequcdg 1§. tbenutoarmast significany it MBRNQ treBloekemy

g mbo]sC rgf;ielgeis alwe@/s seﬁé&) zero since the Block Count never eéxceeds 15.

4 Modem Frame SYACTORTZ TSNS QUi drehrauss iddeid proprsties of the

cyclic pifock Teuintdielt)[@adelyihelcohaiaptsatestianafdh i&ﬁdﬁ%ﬁ'd}%@%&ﬁaﬂ of the
phase d lerel %ﬁorgf%gg&ce‘.vél'he dec?ded information from the BPSK
iming Sequence 15 used {5 FAMo Ve IRRIARSY JRRTBH SHORREHE Baining

[021Ibcakiers degquisidnforibatiofegbentsthadasahBiasa Bl s oROR GIaRRIS o the
rringto, Fl e binary (1) timing sequence modulation is first
Block S?’ear% \%% roggt 8%gcgglqv?drfpélﬁiglﬁéé\?ﬂ‘é%rﬁer@%‘}‘i’ﬁﬂtib&iﬁ’fj’%ﬁ@ﬁﬁ?ﬁﬁé the
differentigihchicinized, BRSEdedqantedifatentialpisean 53t dRRSI TIMIRD differential
- e, IR filter. is used to smooth the resulting symbols over time,

detecmfrgiqu ;‘}P g%@ﬁfp?g)?rcggj u%%ﬁ%%%ﬁn?ﬁf@%e%aﬁ%é%@%% &fnpheudeaining

subcarrieT$is Vaitiell dietayed.antl modtiptiedlioan e eHeRiewA hEECHIRc YAt theyin
the detec@é&%ﬁ %%r'%gce.w Qe noise varance, is estimated by subtracting the

Smooihey S Suncarder 15, pe PBH&‘ée %r‘?&bﬁﬂﬁ'ﬁﬁflﬁﬁ’é’rﬁ%ﬁf’ﬂﬁ@ fgsiared when a

match ofsylhbldlsbisftef aippibjuiatstime migrmantheataring rRd WaER®HStion (and

. lex noise samples, th roximating the reciprocal (with
b , .
S e LT R Lo SR TRBRSB ot bR cogarelations
meets or sibeozdsidrs Betvhedd qritirsofeglat enticirakning SeRGAHISS: RS FRSMHNg of 19
subcarrieg%%? 9 | weights are then used to multiply the corresponding local
at ab aring symbols. [0217] In one embodiment, the low pass filter 358

10215 FIGAfier iBloek 1Siapo AtRefittdrished the variable fields in the BPSK Timing

Sequence can be decoded. The differentially detected bits of these variable fields are decided -

on a majority Vote basis across the trginixig‘subcaniers such that decoding is possible when
some of these subcarriers or bits are-cor_ruptei_i.r,_ The 16 Blocks within each Modem Frame are -
‘numbered sequentially from 0 to 15. Then the most signiﬁcant bit (MSB) of the Block Count
field is always set to zero since the Block Count never exceeds 15. Modem Frame
synchronization is established with knowledge of the Block Count field.

[0216]  The coherent detection of this signal Tequires a coherent phase reference. The
decoded information from the BPSK Timing Sequence is used to remove the modulation

from the fraining subcarriers leaving information about the local phase reference and noise.

b



The 11-tap FIR filter is used to dynamically estimate the complex coherent

reference gain a at each reference subcarrier location for each symbol

time, The filtering over time with the- 42-tap FIR filter, and subsequent

filtering across subcarriers is performed to compute a local estimate of
ReferfipecishBlentifefdrehivanyainll fonmacicQPSK myrdbatincaioRovenbotd from the
receivBRe AR freguan! I IR filter |th more taps would reduce the

estlmatlc}néerror W%{BI‘{]A thgé,gs%éﬁa]?s}’at%tlcs areg ta&?onﬁw {Ased> decoded, and
differgatieihichriveded B@sgolémmgtsmcmomaﬂ frickrde dseklangasotithRe resulting
symb819 e RaxXinuim, high % Jherefore 11 an |th ere

/ symmetric Gaya%gag] Ilke Sgﬁsﬁg%sgslgs%ap%roo N a%ﬁqugﬁcamphmde

This yapugsis detpindiand n@sﬂ@mlm hitemfositstineaf ihhaseiprapgref wiiebibasariance.
The né280 PIRSREQL IQGARIRCEY %1&&8@\[%(@%_”0)&% tglé hannel | Eft? Yodal phase and

n
characteristic over the span of t h|s smoot ed co ere

amplifager&rase diginpeutpabeltitefeiR pimpisasy binec i froenthagleldyednd filtering
the d&ﬁ&ﬁé@%k@@ o, tht‘ﬁéHSt%ﬁyﬁ%?@%§ﬂ? %3 fsﬁg é?ﬁc?o ? Qodciwde»by-zcro

n’ﬁles are squared and proc
Pfote%t ate by 49 weigk! warmwiazs&mgxfme rzﬁmbcmmmmmﬂqummf adjacent

tralmﬁﬁaﬁumgﬁ@rg'|ter’ItﬁB"?cl:gt§tigx%n%§yy e (I\%]H{é’itﬁ.r% ﬁt]nr?et re aog(iltar;es n{%lsﬁlply the

variance, After apgroprlate sample delays to matc

correspontinedrsatiata/Bearis G BRaid for each subcarrier. These values are
[c3rPptherh 3¢ iRBERRIAAG BEr9SS R SHI 6‘55*§E§ @1'(?3?&1;195 DI BERR fiter.

to yleld more accurate estimates. 5 Welg t IS unique eac

The 1Lain 51 filtenitnsemhtadimaprioaliinegtinetsatlit werpickiredestypference gain o
at eacRSEMRAEARehweihtfendas symbals {?ﬁ(ﬂ!ﬂ%ﬂ% b Cp z{ e%lg%/% éjlﬁ'éedwnh the

subseguent Viterbi decoder. [0218) THe systemin
11- ta&@%%@ Fﬁ?n@éﬂhﬁ@%ﬂ%ﬂﬁ@ﬁ%@gr@nmawmesrpqumasdlesmmpate a local

I r n imation of ¢
N s L S e o
freque@yyeenﬁxmg@elﬁ@mtarowb herenttopereatidd irednecFiht randansh barng when the
( ) [ idth to,accommogdate vehicles at highway
signal §%135Q§; QFAF%V%\%%%@? h%érg?#gt\éc (ti?ngdgér g CalR e StHAAEY ety Poppler-
inducegtelagngim Ibéh@leMﬂMJappmdm@mm@eam(lrﬂi‘haieﬁdmmeldﬂ@@ﬂﬂﬁr tapered
symm&’@i&d{ﬁ’éﬁg}&ﬁﬁﬁé"@ﬁitéz }?%N & iy L& {éxa? d anten Ine aisfé?%wstead

statistics of the input signa e tra Pﬁap gor‘lt

of an HRafikes fa ity diarsr phaseipecpenplehidniasidtivo [Bﬁk%&%rd@:&ﬂﬁ%e linear
ination with switc it
(approgﬁﬂé&eiﬁg I%%%vlg?eorf Qﬁdﬁgg al%év%%?wcd R/‘grg y aﬁgﬁng ﬁ@/ esnlfﬁfuﬁpoomed
coherepbrpfrisnsasigralonprs of the kiR fifehis ciditedcsigitadmviic ldelegradmsut samples
[ herein, the "complex coherent
to yieldl %i@ir&%ﬁﬁéﬂé@@gﬂo{%% e Sf%esF ?gisb samples Etﬁrﬁ%‘fﬁg’(ﬁl g progessed by

reference gain (a)" of a QPSK's ependi
an Iﬂlsﬁi@@wﬁ%dmmtbﬁmde aﬁmelinma mm‘ime& te’rmes filter has a narrower

' bandwidth than the ‘FIE filter ‘to” Yield a ‘genérally more acéurate estimate of the noise

variance. After appropnate sample de}ays to match the filter delays, the symhol weight 0&"’/0'2
is computed for each subcarrier. These values are smoothed and 1nterpclated across the
subcarriers for each OFDM symbol to yield more accurate estimates. This weight is unique
for each OFDM symbol and each subcarrier providing a local (time and frequency) estimate
and weight for the symbols forming the branch metrics fora subsequent Viterbi decoder.
[0218]  The system in FIG. 44 was designed to accommodate vehicles with fixed

antennas. The multiple roles of the Reference Subcarriers for acquisition, tracking,

—



including real and imaginary components, that represents the gain and
phase of the symbol associated with it. This value is estimated by the
processing and filtering described-#Be "composite coherent channel
reference signal x™ is the composite value of a over all the reference

estimaorh CArFRISY staith nSEn@ioD NIGYEN o timlse {02 2k Rl thisaouasBalediscribed.
The sySLDRASIHTIEABE e B B R R f m)

] on the order of 10 microsecon e the minimu _
with faging bapdvyidiimiseaermasrmratewrbiviey aisgiivig miesdsecDREs Ba6UE Coherent

tracki gugéb&eﬁ affect 9p the ignal, but the gverall FM diversity
i _ nimprovement can be ﬁ%ﬁ%}g&g{ﬁ% s:igvnxg? fg) Iééwa{gé 5v§f3%oaﬂﬁ’6?/§€%¥e the
maximyR SHRRelhd aeMeTdrndmidisérpughde kXAt )coetiea i ehakefeigitd) pertinent
trackin SIGRALHAS SHAWMIN, FL t ule switching causes a step
%}ansient in_the éoﬁére%'g 5}3& r?z?l? ﬁﬁﬁ%ﬁg&% gggg}%ﬁnaéai%ﬁgf%é?&é’ Yp at arate
no grealgs than the Dioprlps be imately coherent. FIR filtering across the step

[o2rensieng gistants theagstin ren nnel reference.a (as shawn
diversiin FIG: 44) affecting a span%?%grgéﬁe?iog%g {0 the FIFTBRGHE Ygé\,%).sWItCh
Vemltﬂ]ﬂﬁ&‘&ﬁf&déﬂﬁ?ﬁlihi@by@{@n@@hm@f Rférindevngitp asembathintroduces abrupt

transienRag ¢! d6hefcHIG-NRBG SAMP %‘fﬁ@%le?%?&?aig#é%%%g%? EI éﬁr%ﬁ%%ﬁl]w&

fré) the :input , . . samples. Althoughthe noise is'i
[024 ﬂe tfirisien herinDiire finemabvs sobernt tifroisegaraiodVerf @ BSRIsofnbol
d dihe DRy i f f.underestimating the noise variance in
(depencig imr%fgfjg@gfg&;??%ﬁ?‘i T e AL R ot AGeBbIex temm,
includinggfeah dadbimpsiratinrespancofshthiR dpteserns ithdheximmediatay/isinig efmbol
adhedsansient ' ent channel reference and the noise
issoma v_ariancéﬂ err:g?si? (?oqulLtEﬁgate%fgﬁt%?ga?ﬁﬂ%}gg%%%gw%F‘fﬁe?é]fﬁﬂglgsﬁfﬁSﬁ?bfﬂis The
compofigerRictigovkdnrch wibrerent tigking iettind svhistsiRCoMUNOUAS PRI the
f, itchi ' in the.switch diversity antenna system. [0222] FIG. 45
e erenc?s‘@g%%?%%g@v%g%ﬁé e E@c@mﬁ?i% fents on the noise estimates
[0222b dBFoN Rys Lsnentas is tae beisesaneglenpuidaMeHRlitenand WNgiversity
stohi A0 - filter ut..The input noise samples (squared) are seen to
S“"t"hm%égr)‘égéghgtﬁﬁ B R A RE A bk, YA Aty s is on
the ordegid istiltlisacondse Tohevdnhiharing obieratiemsiiodasthe HotaBdiR affect on

e cont O o L e oy e
since sigyRl findes Tareseveiters infihedveal theisenvatitneaantisnatian CRIFDHIRLE the
coheren e O e A PR B R P e
a step (reseiesr i Hhvirvglissen fikguhin whilerdancegnith eemventioBerbiReA42HS: the
transientte Wbﬁﬂﬁﬁllgoﬁg%n%ndgﬁf f‘lf't@xi}snéh%ﬂggge e %Eggt'tr%%e?g distorts the
esﬁ@ated coherent .channel reference a (as shown in FIG. 44) affecting a span of samples
" equal to the FIR Ieng't-h (11 taps). ‘This*distortion in the coherent channel reference increasss ~

the magpitude of .the 'no.ise samplt?s }’rom the subtraction of this reference from the input . .
samples. Although the noise is increased in the vicinity of the transient, the TIR filtér épreatig .
out this noise peak over the span of the MR filter. This has the effect of underestimating the
noise variance in the jmmediate vicinity of the transient, while overestimating the noise
variance over the time span of the IIR filter not in the immediate vicinity of the transient.

Both the distorted coherent channel reference and the noise variance emrors contribute to the



shows the same scenario as FIG. 45. However, the coherent channel

reference is corrected in accordance with this invention. Nothing was

altered in the HR filtering or noise vadance estimation. [0224] Coherent

tracking can be achieved on either side (in time) of a switching transient
degradgtm:fntm Eigi;amigﬁbmﬁ Z'ﬁiissiiﬁ\fmmiopﬂi_\kiml ogag@@ézjat il{}%ggﬁ%ﬁﬂ%d which

ccorBSRaAtoR oL & annel.reference signals. Demodulated complex

2 symbols f‘?(‘)m r%%%? e gg é?reﬂr‘?c%l S P AR R ArfeEB0, 452

[@4%P 154 FifeséScomplglosyshbois gatkec et dVERIKIOWANSERIENSS the noise
estimaRIYSH AR ARIHIFE, 49840 mixers 458, 460 and 462 to_remove data from

the reference subcarrier SyMbOIS ETR HBIS FEY! We§SHE A8sTAnd WagA40 is the
filteregomiias. s eatripuigeiisy sltreles ddqeaaisee EoenFRifiliREsecan @e, imediate
vicini %}q% Z'atf'i‘ﬁ I1‘1i,!:[er | haws that.the subcarrier gain values
gyr(e smoothed over tf?gge g:(g%%%ﬁ uglAlc/:(?;lrttr"?er%1 o RTHRERD O e epberft channel
referefie dugriatbe ThisapeEIR Silecoelitbobghann R sfernoesgaidses the noise peaks,
these $RARSHRCANIBLORANG & and.476. pThese cpherent channel
. r%eferencecgggse are suér%ﬁrﬁ:t %es%arﬁ?ﬁ%lhbr]? Porht? F&b?Bﬁ&f‘é‘i&?ﬁ of the IIR
filter. chhpesieareshinetie dearhabisferenisecsigniahution e 60: (@226 THied digital
Pclforﬁpigﬁ@nt estimation filters cannot use signal samples that straddle the

transient, so the tracking filters can use only signal samples up to (but not
(024l dindj e Haitsiemifosheiting tihee affttiont Fvitdimednsatinn@f the noise

estima$t t ' . ' ifi h.it should be passible (in .
e e el PRTE Seaiipee wih the
m‘-’emiﬁBdeiv}ﬂ%@f%@tﬂdéﬁ@réﬂlwraa@mtmmmesfmeﬂﬁmm@mmwze. 46
showsthkal} t ngk ithi tracking algorithms. The ..

ot s e O e R S 0ot n
accordgnees Wiy st vica igibroNpHREWashaltered tindkinglR fieimgeriatise variance
estimavigHity of the transient, except for the symbol where the transient

occurred. It is worth noting that the error in the noise variance estimate is

[0g2d1 10 ierberentirirapiintoKarehe cishimvstefereitber Tideréiordrtied apiseswitching
transieYRI@NGRARHNIRPIGN R0 Mot MOEG ARG AINGIER! SIS incrrating the
ue

reference is accurate. [0226] "Blind" detection of the step trarsien
generalion A gobetre Shengh refermesnssignelsuirddembdulbibadtanphot afthisols from

multipReferionceeians 4aie Meihodt wh §h@5(§|9}$ﬂtgnrg gbseryes thgag%lfzx[ﬁgmbols

demodulated modem symbols and does not have diréct knowlé
are combinad i thiaomnalerarensaaverengeninghtendil e, MhemefRHd60 and 462 to

removd WAl R e esiagnel e sHRetrdikahe Fgga%%ﬁ%g gﬁg sigp ﬁairlltgz%%nig}]tar each

samples (complex filtered values of a), wh ed xIn

complex §iy C&E%Efrig_%f@n‘,'%ltl%ﬁé oA BYisokecRIR filprproan BaAfBrOREMple, T-tap
filters. SYBTRAUSATRC SHoRRCRAMND QIR ORI E%FHAN R SALMAYES A AL, referonce

subcarriers to further reduce noise in the estimate. This results in coherent channel reference

~ gain fdr'each.sﬁbcani%ar on lines 472, 474 and 476. “Theke coherent channel reference gains
| e summed. in summation point 478 to produce a_composite coherent channel reference
signal x, on line 480. S "
[0225]  The coherent estimation filters cannot use signal samples that straddle the
transient, so the tracking filters can use only signal samples up to (but not including) the
transient from either time direction. The time location of the signal transient must be
identified. Although it should be possible (in theory) to explicitly communicate the switching

instant to the receiver modem, this is not generally practical. It is preferable for the modem



aggregated over all the reference subcarriers to produce one composite
complex value of x for each OFDM symbol. [0227] It is assumed that the
transient (which can be approximatgky.30 microseconds duration) is much
smaller than the symbol time and that this transient occurs during only one
to reliabynoict the symiels witheilies cderalthedkansiepbAIRROrBIgRICARHIY tracking
aleorigGOy tegdet%%?_ fit};ej'j,n?h;eent,and can be used in the coherent tracking and
B tiTation. TRSWEIHE SAHTHBILL AR ARAIF R, EOFFe YA RRRreKimately coherent
trackingamtilesifonenmit hrieipifyl Bffilien-aisk sarsplep fasa m @R EIRLSS) BV BYnsient
oc cuneféorﬂ g@ewt(%rl:}]sgl%%t gr%affﬁcted by the filtering to estimate the coherent .
reference. Thice e d Xy hiSPAEHTRe PRSI dARFift iRaiebrdpfle b error in

the coharmbinteginelyefecmporBiniefifrx (solidiploia)inheresthefiR fler Wese modified

£ th cly I{y educed from 11 taps to 7 taps .in order to minimize the span of
He 0%118 %ncsﬁg% %gfgté rsénﬁ%léuacmudzﬁe FIR filter to 7 taps has the effect of

[Ol’él@htly‘i‘Bﬁndrhgiﬂuﬁ:ﬁher@ahhm\mmai%ﬁsﬂ@ﬂt iwoﬂﬁ%\m%{@g‘%@n{he antenna
,Shows the distqrtion of the coherent trackin

nse. [02281 FIG. 4 g
e ROk o L T GrLhe SR UMl GRCBG00 whers the
axgozitmnéﬁmm}im;mw@mr?mm shielo dhe doostniensie okl Wisdge of
: (0] tecting,the transient involves otheses testing of the
the smgﬂ]ﬁ)g}%@e dipLAgE ttllleginﬁs £ S orlrﬁﬂé&ieé;ﬁ‘ Wﬁﬂ\@iéﬁ}r&}.@%ﬁf@gwsmg

samples of X on either sidé

of the smbyhddtected:rinrefhenveosignall RatRingieniipla tecagiRgienkataymkel of o),
les x,,., and x"+,. This hypothesis

. +. location n, then.we gbserve sam )
which a%s%%&%%rﬁfﬁ’u%l\s& ot e R SRR SRILPE It Yo SAFIAMERERaL Mifties » approx.
344.5 @EBVhegthiatlslsseritations ShEaatpNdTHL R SPRRIEH AP EAVAlaIE o are

sJhrough a ropriate delay in the signal processing algorithms which
sgsresdo O3k Bl TP cr s et SR h 0 SPMB e omlessalue of x for

each OMdsthebm|ues of X"_| and x"+1 are sufficiently different (or
[{}29.92(:0 r.eré[%ﬁ Sevgrﬁl&!forms of detection for this difference have been
Shalyzed ™ SRS dh e Safsirab(mhach ey Renararekimatslyidficroseconds
duration)ifferance nhilierchamexsyalbebtite dndiitadinprdassmacituientifisonty one

difference'x| - x"+/(,.is insyfficient to locate the transient since this
symbol R RO oL i O R Te Sty el AEMASS i sOEatady e

transiennaih disntbahaque ik (b tbeheifier eReRittoWRY LIS EIHCreNRR(EN BE symbols
within ig}/fe{ggmaled its_magnjtude after a peak is detected to test if a

PANSIENT 18 PRt EAth ST 305 fha o inep iR il oh wimeles dana 7-tap
FIR filtes) effenyiviepthalrnuareaf the AMagritldesaes meashipsipadialdlene coherent
ayoid the square root computation. The

referenca o ae in}thif' AR ”E—%'EJQ i ; :
Tllowirig 3-SEF Aot fe1Be%ins Brarriintashanbimaginary
componshtwef to(kelidifdctiyeviver toisitaging whonoekiBneagkuivebrsim @:&?s@o 7 taps
in orderS Orré%%t{enio%ak se uenocée of sam Iets " dgfs " +d11fr1 -'xr~-t'l>{ %1 if (diffsgn
SO iz Att%il%sa&h b flignsipnt etfects. Reducing the FIR filter to 7 taps has

the affect: of sli g.htlji reducing the filter gain over nojse, but improves the transient response.
[0228] " FG. 46 shows the distortion rof the coherent tracking withiti +3 symbols of the
n tran;s%ent where the coherrint reference. is transitioning from the pre-transient value to the
 post-transient value for o One method fordetectmg the transient involves hypotheses testing
of the samples of x on either side of the symbol in question where 2 transient is to be
detected. In other words, if a transient is to be detected at symbol location n, then we observe
samples X,.; and x,.;. This hypothesis testing continues for each successive symbol location
and it fs further assumed that observations of past and future samples of x are available

through an appropriate delay in the signal processing algorithms which are adjusted later. It



det -peak,, - t 0 ; otherwise 1 ; if i a > thres del transient diffsq” r' I'Intll
}Hxn-1' 0 ; otherwise [0229] Since the peak and transient detection
expressions involve future values of#%,+t is convenient to compute diffsq
) one sample ahead of the next two expressions. A typical value for the
is alsoipspynsd bt Afrendenbie diteaedarisiorhdetaivtionbutpuis shovendrsufficiently
differefl Gst-fhcBREER) FKev 48 SHNS P8LE fYRnsignt detegtion
) algorithm for SOO)QFDM symbols. F?G.éﬁé%sﬁ%\t/{v%‘[ﬁg%ersﬁ%%o i osELApalyzed,
simulaigd@pdorpEIgaiedhin i ringsthagraboRhsysiibglodiffeFhesefiguresispby values
(o - 1S MRRARE ARdImREINRY 82 ALe fgbe filtered ghappekcoherent
T z%m &2 il S%,BL (fll Gbapas ICI@I}%;g Jocate the

Ry ;
reference a and the transient detection resu ng impulses

transieny sipeddbis ditfarssraisspia! U hrmaigeicnde obihgsightut ymiint280and does
not indNaicedhaldberirapaientwas nebwiriacizd alpynbald tﬁ%é Eﬂ%%é@% gealed by its

. -threshold is not 'sensitive to small differences across the transie
magnityds aftan a-pgninmp detesie bt fssniicearsisnt iepubrental ddtosugis Whresisdioms of

the detéceivarkaidééall dova tgRbout QB RN 0P3Q Now ﬂé&*&?érfs%ﬁi ?({?ét%%‘ of the

. be reliably detected, the next step Is to adjust the coherent referen
magnitude, #joUis | ARABRIANTR deidibmitgusten sonhrvsimputAicslatifbly Sitlgpieng 3-step

algoritfaltfigsds teioneiitherakssrhAIEosRde éHGM%%%%Q&Eﬁ@?ng %é,?%(ﬁ{ fading

symbol where the transient is detected. These values are replace
channe},jad telativel wanplRikhcRIIgrEEseRy rre iR Ampleta:samples from

the tran .zﬁ}t for ,7-t_a.1g_ FIR filter). This yields the result of -47- the dashed

plots sho hih EltGrog’ ‘rL example of the sequence in the vicinity of a

detected transient i Ipredef@ifidn I dbfeq.  Table;Fsahovdihe input values
of a and fie’t8tectad otput¥adsRssef @ when a transient is detected at
symbol location n. The input samples are sequenced as the symbols. But

the corrected output se yenge for‘&ﬁ?%diustgc}[{pegninimize the distortion
due to tHet IR filtens revioubly ﬂé hibeft. Table 3. Correction of
complex channel gains dfqr(ﬁ eference subcarrier) in the vicinity of
a detected transient at symbol location n. Symbol n-5 n-4 n-3 n-2 n-1 n
(02291 n+&inecthe-genk AntimenEletedirect 6h@QpRedsions involve future values of x, it

is convenient to compute diffsq one sample ahead of the next two expressions. A typical
value for the thres is 0.05. An example of the transient detection output is shown in FIGs. 48
and 49. FIG. 48 shows the results of transient detection algorithm for 800 OFDM symbols.
FIG. 49 shows the results of transient detection algorithm in the vicinity about symbol 200.
These figures show the real 484 and imaginary 482 values of the filtered channel coherent
reference o, and the transient detection results showing impulses 486 at the detected
transients. FIG. 49 magnifies the range about symbol 200. Notice that the transient was not
detected at symbol 600 since the threshold is not sensitive to small differences across the

transient which have minimal impact on performance. However the value of this threshold

" ‘works well down to about 0 dB SNR. -

[0230] Now that the transient can be reliably detected, the next step is to adjust the
coherent reference samples o in the immediate vicinity of the transient. A relatively simple
solution is to ignore the values of « close to the transient that include the symbol where the
transient is detected. These values are replaced by the closest value of o which is unaffected

by the FIR filter (4 samples from the transient for a 7-tap FIR filter). This yields the result of



00000 transient (from x) Smoothed an-s an-4 an-3 au-2 an-l a++ au+t
an+2 an+3 an+4 arz+s input a Corrected an-5 an-4 an-d an-4 au-4
a,-4+a,,14 an+J an+d an+4 au+d afh45 result a 2 [02317 A simple

te logic and a buffer for the span of x samples

thm with
oo o UD A RIS g anda D o e cpolx awes

transierfoiaptetaptdd Rofittepidsed o Whssna tf@é‘% I withi
\s/é bol 8% ahead of the present symbol (e.g., thrg%%ér?%t?% gnﬂd%éz i cted
output ¥ &Ry fifepsien @ﬁﬁ@é‘%ﬁeﬂi@mhbcﬂmrenﬂmiaﬁdmﬁmples are
sequendéﬂ%g the present value; |ft e tran3|e was, detected within
D ol o S R ol ok G pipd taymimimize
the diSt iRahduestodn fdf@éﬁﬁl{éﬂ&!l@i@rdaﬂsﬁbad of using the present value
Table 30 LS PEE BT SY @el oAhe 19 Kec}ylroen g}h el géggéed tranSIBeHn ;&%vwimty

n)"then use the av rag aof samp
side of the transiémdiﬁt&tteanms@ﬂuathsﬁbws&mth@oﬂr@,sent input values 2

thretah-p+5)-0Of course the. details of

SymboioT a (ﬁ__g WWT’H-& 4 LIIIUUBII R :

thisjalgorithm dan “bé ad] u£e i Bccommodatd'a Jiftfe e et dpary
time A functiohal diagram [showing the correction of the icohergnt channel jgain
T ad-transi Atlis BF- esent inFlG._50i In

Detecte(yall- qﬁ a Ifb[he Vé}l“llt f A W) tCC ctraistent
FIG,. 50, the uricorreg t(ejij C(mtbjerer?‘channel gan‘?for cAch s8bcafrfer is| 0

transienfnpyt on [ines 500, 502 and 504. [These inputg are gummed in summation
(from x)point 506 to -48- progluce g composite cohergnt channel feference orf line
A transient detector 510 defects transiepnts in the cdmposite

Sm@omf‘ébHew;m abappet reference.of he yncorrected qghe rept chacpne 9@"”’ are

input o then adjyisted in the yicinity of the detected transiént a&%show jn Bégk" s

514. Thi$ produces torredted caherent chanhel gajin for each refererjce

Correctedubjcanigr @n lings 514, 516 @and L8 10232]1Apalysis, and simgtationjof
thejalgotiithm improviemeénts appeartoyrolé su i"dia%l?“ ecﬁ"fé)r e cpdbss

result o . .
analyzed and simulated. These ¢ases Thclude a flat and selectjve fading
channellith Daoppler bandwidthiconsistent with highway{speeds and

noise as low as 0 dB SNR. However other channel conditions should be

[OZSQTHS'Q@Q%}JTE’%WWM appropriate logic and a buffer for the span of x
samples can be used to achieve the results of Table 3. The operation is as follows for a 7-tap
FIR filter used for o. When a transient is detected within 3 symbols ahead of the present
symbol (e.g., n-3 through n-1), then use the value of o (0 14) which is 4 symbols ahead of the
transient instead of using the present value of o, Similarly if the transient was detected
within 3 past symbols {e.g., n+1 through n+3), then use the value of o (& n+4) Which is 4
symbols after the transxent mstead of usmg the present value of o If the present symbol is

“thé location of & deteoted tranment €.z n) “then vise the average of o (,f samples which are +4
\

symbols on sither side of the transient Fuzt T Fnsa dfﬁerwise, use the 'iifésent inpi;t valugs "t
2

of o {e.g., n-5 through n-4, and n+4 through n+5). Of course the details of this algorithm can
be adjusted to accommodate a different FIR filter span. A functional diagram showing the
correction of the coherent channel gain values o, in the vicinity of a detected transient is
presented in FIG. 50. In FIG. 50, the uncorrected coherent channel gain for each subcarrier is
input on lines 500, 502 and 504. These inputs are summed in summation point 506 to



impulsive-like noise may cause a false detection of a transient. In this

case the adjusted coherent reference values of x are appropriate.

However, the noise variance estimat&would be corrupted. The noise

impulse could be very high for the symbol(s) where the impulse occurred,
PI'Od“Cbeug franpestircoRBeN aspel ssfamnepmelinsifibte Aatussatthiziecopis|SE0 detects

transianstantthand:sprad adeiReastinpteqyslthe 4npulse response. time of
. the lilt filter. Ifaquld be preferable in thti% ﬁ%ﬁé t#?gegjfgr’“\?\%% %ﬁgr}?@?t Channel
gains G ensamsiedh i asiRith ohdho Raseated Wrnsiepprepstaterdaiayock 512 This
producewmtehisgsdesheyenbekaviRe iaith &P Qise PLise issufficienty higher than
518 the IIR filter output, this noisg%sulse should gél%ﬁésig%%%%}%}ﬁr%?ﬁén egl%‘ 516 and
" estimated noise variance for those symbols. When the feed-forward path
[0232ked fordhere ARiseipBSSHtNST eRergIye the; ilter for these
suffici sattl‘npleslf ould be reduced sonthat the_Io)gal nolitlge]éﬁ?é{zl%gﬁlég Sspread’ to work
'BVer th&'spah BYardseiramibyzetised sjmyletrdidFhesveratesiiatiots offlat and
selectitisa ivqpehanin ATl ngy preis ARRlaN ANALGE VAHANGR PRI QNG noise
a5 1ow gg?p@o ificatjon of the noise variance estimate to accommo ate
mpufsivatiRe HOEEME SibeE sheanal erodisipnmsimdd de, doprids ol eBrmhexample,

impulsiefdikaceohrmple aresURkes QRS R20reR] a0ded to ﬂt&%f& "EXECine Adjusted

coherei®l) Etll_ea acin adder 922. The noise variance samples are filtered across
reference subcariers 3 RRRIeR e imBlewsiversthe BhwNATidvscksERhte would

be corBhiediléTed vafiariossimiianddse VAmERtip FRIAHIGHS NAISE. the impulse
0CCUTTE arla@c;hﬁeaﬁﬁh%/tvn in block 526'.. This results in variance var0" on line
' Zgltw Sre varo e R AVEPIRES (s qis ostime vealpontiithe BBOWathénstant,

and sproadlibe moise (@it eatiRimphisd Resyaranss,of iRy filge
'is delayed as iIIus{yrated by block Sgﬂg %%iltggg%guld be

in block.532 and yar/' $ | )
prtera U8 P R AAE e Gl ok pamaleSocpmoneboue the IR pan
(with apwispriseidatey esitohang)oUHws9MIBE 3B Ik QRN YALIR . Qi i
tan RO RSk 0 Dipck 524 on g L0 (035 The ORREPMRE S A igher
© U met 04 deSer u_ Risis Q_H’éﬁwﬁﬁ W%W%R%@WM@md noise
vatiancefuiikéhtise Sranistdnt SWHiRG RASEMINGIR @ﬁﬁrﬁ."ﬁé‘éﬁtﬁg"ﬁﬁs\é)a&?se pulses, the

o h ns.49..10 be small, the impulsive noise can be large. Als

eneIgy %}gﬁ%%n?eﬁs f#@%\%’&%ﬁ?ﬁﬁ%ﬂk@é@?u%éfém@vmﬁl%@sebQﬁMQepeak is

not spregfienteebetion qranrdaticourh small) RL{&C&%%@S@R&?%&Q&FJE&%@ fons of this
n these

a similar effect as impulsive noise. |

icipity {,3 symbols), havi ¢ >
process 10t Ha}{‘&f%}f’)ﬁ‘%ﬁ\}’eﬂ%ﬂ UE VeessaprtiTeale siinaorhinedilatbaitof the

cases O

noise vatienicapeitivete aisaccallienQLes MR SYERIS (8i0: (?34)91%&99{%“120. 5} In
Itnin

the im uIPive instant s underestimated, whilethe noise w

noise, a
FIG. SL ARy s TR EVBrE TS AER B P FeamiHigo b andisddshinplgeference

Symbals

sample hisrcadses degradetiomiteaethayebRlisdie e Yierbidecoder o oree

Therefore this adjustment can be added to the noise variance estimate to

| s.ubgafﬁ?ﬁﬁ%gg%gﬁﬁm%t&%?rﬁ]ggéhm‘(ﬁtﬂgib&lﬁké_ﬁéiséfbasﬁ&fwefmmples
are then vBEANCE NS O ABHES LN AIBHBIIE block 526! This results in variance
| var0, on }ine' 528 (‘.}rh_erc _varOE = mm (2*var§IRn-1 + &, varn)), and varl; on line 330 (where.
varl, = max (O.G.S*varn—veir‘fﬂin.’i)i The variance df var(),J lsthen ﬁ.itefe;ci in .bloc;k 532 and
varl, is delayed as illustrated by block 534. The filtered var0 » and the delayed varl, are

‘sumimed in adder 536 to produce a noise variance estimate output on line 538. The output
varllR,, of filter 532 is fed back to block 524 on line 540.
[0233]  The transient detection method described for antenna switching also works for

impulsive noise. Unlike the transient switching case where the transient noise value happens



longer-term Gaussian-like noise variance and the short-term impulsive-like
noise variance. [0234] Referring to FIG 51, the varO value is the normal
noise variance sample input to the-MR-filter for subsequent estimation of
the noise variance estimate. The var samples are sorted to represent
to be el danasiinadsusradiolsssaniples ardjmesdimpuisitediteient goes

undeteSQURLRE PISESAHY . R filter estimated the yariance of the
normal Gaussian nossaél,(y\?\?r{)ﬁeo-{r?f%érl itered 3@)9%%%@% SH LA ARCTeased

noise iffhalsisiniyice Vaymbol sdmyiies 2 Whiter 8Tec00isd 5o TMIRSINMCAEWILYS cases

: I f.1h t HR filt tput, th lue of varO is
o AT 2R heo LBt £ S s W e valee

over manyhe prederiefiteriomplthttethdhisiie mateslikahnrivimpuisives ikRIeisanated,
: ich. shouldnt enter the Jong term filter. In this case the value of
e e Lanid S1™HHE S dSE e AEE PP the noise

Samplevaﬂ]dg)ﬁmdiﬂagwdm:i@atmytﬁle|ﬁyﬂ£(§|)tﬁimm(fadt&€tﬂ_8\f’ilﬁgl‘bij_%@‘)édgf.‘eTl’ﬁerefare
this adf&sscglgﬁ g&%tlge %d%g ‘t:"hg%lsgses S}m gﬁ?@?&%&% r%g%%&gyggéggggqang }’ore these

. proper instanit, and this NGise 1S
impulsgsplidtehiris€igBes. afthimprovesient aveicheesills hitGs 48 WHEN of the

{oneer-tA& lsive noise is captured around symbol 600. [0235] FIG. 52 is a

onger plgr%{s o%vs?r%a%tﬁgée eléfsvgp &hite r%éﬁ%@ﬁ”&%@?&@é“%éﬁﬁ%é@ Ygpance.
[0 SN %M'ﬂmﬁlﬁhﬁwfie mqiﬁafsnm% gazcgppﬁ]iﬁdf;l hdﬁl% aaﬁdﬁcwﬁample input

to the 1P mpals. whlle line IS the Tiltered output. Notice

o the thatﬁ‘fltqeg m?sse tgglge%ttmé@g}n%?o focatitr BOHE SR RUTiatdly Hjameies are

sorted {gitreprestdroanel rasisssvarliocednatied dniseedigiplviCRONS YRR like

d0238] Thisi ' vides a method qf estimating the noise .
Sq%tam va‘rianc%%ﬂﬁéé%sym?bg@)\?v% S oiamatEd iﬁl&das%ﬁ]%éﬁ’?ﬁmewh@umﬂ
noise, Whitplas anfdiryan sy Gatls rads likewmibetsampakivk ssisbinaanibedngiples,
When 185 106 SO0UAK r ples. where the npnlinear filteri

- ttec:hnigue coﬁr%g%%%rﬁ]{é%@%g BLF c%nr#f)ﬁt]i%%gt%8@%&%@3&%9@%&3@-‘“’ the
value ofxpsf|tssspio/kam thd wolefbnibterdramisl ueduaris dhesosy $¥ygAl@bmpared to

the pr é@l%‘?ﬂté”gﬂjfﬁﬂ onlinear filtering technique where normal .
P ec,saussian-lif?e nofs?ehégrg%g%es% (%%Ié:r%%)e? &P SRS HrSliEhPRRetaeRle which
shouldnX ragen hefileng torastiterte thalGacmsidm ik woisevusdianEaisdileiie some of
th Kaa e[ WCHT i (squared) are added (after appropriate delay
°oxe to match fil e%%%?agy ?ggt%e |Itzg%3u 6%“)&8?&0 éSeSEIFfQWﬁ BedgliysAde match
the IIR fitedetiingihe mamitas thet [Gregienptdsernaiser agaglGans sippriif@aRaisestimated
at the pM @'rl?x‘?ta"i‘zﬂdamfa - implusive, noise variance. [0237] The methad
_c Pc(z% further includ‘éﬁﬁoéhs%errt?%g%g %Q%agsf)gr?ﬂi@agﬁﬁﬁ%ﬁﬁﬁoﬁed@éﬁ?ﬂég Fig 52,
and IMpIAKERRILISVREKke Tesidts safiflesi@ethemining iihpalliveewisniytoapisd around
symbol Gguared) sample is impulsive-like by comparing the sample to some

multiple of the present average
[0235] ”IIJIG. 52 is a plot showing the effects of switch transients on the noise

estimates (20 dB SNR)"when'ricise variance wiodification is applied. Line 550 is fhie noise
variancc? of the symbols, while line 552 is the filtered output. Nofice that tiae missed transient
at symbol location 600 is appropriately adjusféd with the increased noise variance m the
immediate vicinity of symbol 600.

[0236)  This invention also provides a method of estimating the noise variance of the
symbols when the noise can include some impulsive-like samples among mostly Gaussian-
like noise samples. A ‘nonlinear filtering of the squares of the error samples, where the

nonlinear filtering technique comprises the steps of: computing the squares of the error



noise variance estimate output of the filter (plus a constant to

accommodate step transients); and if the noise squared sample is not

determined to be impulsive-like, thendfputting this value to the filter to be

used to estimate the long-term Gaussian-like noise variance. . [0233] This
samply dishiuaesr dhrlcohmTprb veltienes tvalblescondrémt raskingualdovithms and using a
nonliﬂﬂaicﬂzﬁéﬁl@%é}ﬁﬁ s lys | witeh diversity antenna

%stem. These sar%nfgg %(oﬁr}?\%qgt? gé%qzﬁvgl%t?gést%esééx ?a"%zﬁ%‘haﬁiﬁ% fi¢ passed
through 3 filige (et B AEATS AllsBisn oimets tioh Geusgan-dikadissentdMce, while the
impuRRRIagdntesferes.10A30] Whilsdhe nvapi deseribed in ferms,

PY of several examp?l{éqg it V\%/Ié#be a%%ﬁe%@ﬁ%ﬁggﬁ%%pﬁat edagr Yt match filter
delayy i iR e Beofisele T wheotisclesedcemplosimtbnshuisthoudf the longer-
term-HORAHIAGTHANIEI REORS QIAERVEBHR Qh%%ﬁS&f%%' GOUAMINg variance.

claims. 51 What is claimed is: 1. A method for coherently tracking a radio
(Qicidl inchiigirgeahort eany lusthergimalydaobiol srtingfefefioassisbelikriergyared noise
samplBe Ao eRIVEIHE G e %tﬁﬁlﬁlég{ J@ﬁ?ﬁﬂﬁ%{?fp Qols tags %{S%%ri]séh&quamd)
reference subcarriers using a p urality of antenira elements, wherein a
samplg s {PApIERINE S ke bcePBP SifiE Hingammdn dahwmamentiplel ofthetpresent average
noiseCAMRIRKN G ARIVRPGE SUREAITE @Yﬂgb?ﬁ)%@rﬁ‘ {Bngé’ggréﬂgfﬁ&cgte ransients);
u lan E tllrme ’

_sequence conjugate to produce a plurality of samples; me iiterin
and ‘Eé‘i’n‘?p‘i‘é’és?oS&%ﬁéé?ﬁ’@?@d%&%ﬁ@émémmiﬁ@)ﬂié%ﬁmeémrEautting this
valueQb iR MREFRDGR SYBEA RIS R Rl AN PRI ANCE SHRCAHSIR L0

[ r%gijce a coherent reference signal eStimate for each of the subcarriers.

e mETHSIRYLIRR ProvidserEammmyesnsgthdsidpscohammgmeking algorithms
whiclpluralityeaf saiviiesoany haicahsigatseiag méiﬂflﬁkﬁé%%s{%faﬁesc same

) of the subcarriers to produce a noise variance signal; filtering the noise
IMPIONERAEE SRhAlY ket FREEAM Bl alTaRBl WgHiseselamingraussian noise
such Q@fy@@adhﬁj@@m mimggsﬂgt@gie%}d the filtered noise variance signal
[h%?(ztermine,a selected noise variance signal; and smoothing the selected
rek e

vara bl SiGiarestiendasciesie Addnsapnanferyenberamples, it will be
2ppaeiraltiiste faranee U BeAHe AP PAUEC R SIFRR! DS VAHARCE the disclosed

estimate for each of the subcarriers.
embodiments without departing from the scope of the invention as set forth in the following

claims.



3. The method of claim 2, wherein the step of using the plurality of
samples and the coherent reference signal estimate for each of the
subcarriers to produce a noise variance signal comprises the steps of:
subtracting the coherent reference signal estimate from the plurality of
samples to produce a noise sample; and squaring the magnitude of the
noise sample to produce the noise \@&riance signal. 4. The method of
clalm 2, wherein the step of filtering the noise variance signal to produce

iIf MRS variance signal comprises the step of: sequentially
passing thet noise Avarianoe fsignakteroyghaakine diamifiteiyasidraludiddisignakiity

of Uil ABAAHRBEROLE AHARGRANINA M e QuRBng e dpetod of

claim 4, wherein the additional filter comprises: 52 an infihite impulse

response filfSEHE fifiBaRTD UIEBSBEISh L0 iltes. rGfW%éHﬁférﬂFﬁaHﬁ‘“g a
plRaltytifemteamprsngthe stepedf. ssiingahdanisematansessigetahprerdog the
angggngtg%mfeﬁ@ectmg between the noise variance signal and the filtered

noise variance signal to determine a selected noise variance signal. 7. A

receiver for’CBREPEIH aREST RO AR PETRAg Y p Air iRy s reference
sedigitakycomeh et ol refirene eisuitariessntiiesteceiver comprising: a

plurallty of FUSERABATAALS A JRAAW g d1ES AAR-H AR LD SIRIN @ Step

transient is caused by switching among the antenna elements; an input for

receiving ttFé“r%‘HT&“&dH%ll SaBISS piRScEaEBr Ihrid eiRsARGRUSHAGRE Bre over the
pluadlip sigrdtieyceceiviagisysnbotsotiars mitiedetsmtheftederensignal estimate for
casSHREH LIS LAMRAINning the reference subcarrier symbols with a known

reference sequence conjugate to produce a plurality of samples, median

filtering the?samp@9%‘%%%%@%&%&%é%maﬁa%%%ﬂ%% fife
samples fousgaghtef ptheligfef sacekshaadriaes anerdhiergieraliy sifnal estimate

for ERFFORSURSAIRIRLS 10 RERNCS AoRANGY ﬁgmsfsﬁﬁape signal estimate for

each of the subcarriers. 8. The receiver of claim 7, wherein the processor
further usedtREDIEIRY ST YARTRS 51993h&ocBrRstess feflieiREersigRarariance

sigesfimate for each of the subcarriers to produce a noise variance signal;

filters the nQQ@cHﬁé'%&égnméonBrggL\%' ﬁrf!&erﬁgdé?'%ﬁ BN GRared noise

signal; selects between the noise variance signal and the tered noise
Va(}ﬁﬁ%ﬁm%'@%%Waﬂ"f@%@rﬁwﬁ?éeat%@%w%%%mbéﬁbnal and

smoothing the selected noise variance signal for each of the reference
subcarriers over the plurality of reference subcarriers to produce a signal noise variance
estimate for each of the subcarriers.

3. The method of claim 2, wherein the step of using the plurality of
samples and ithe coherent reference signal estimate for each of the subcarriers to
produce a noise variance signal comprises the steps of:

subtracting the coherent reference signal estimate from the plurality of
samples to produce a noise sample; and

squaring the magnitude of the noise sample to produce the noise
variance signal.

4. The method of claim 2, wherein the step of filtering the noise
variance signal to produce a filtered noise variance signal comprises the step of:

sequentially passing the noise variance signal through a median filter and
an additional filter to smooth the noise variance signal over frequency.

5. The method of claim 4, wherein the additional filler comprises:



smoothes the selected noise variance signal for each of the reference
subcatrriers over the plurality of reference subcarriers to produce a signal
noise variance estimate for each of the subcarriers. 9. The receiver of
claim 8, wherein the processor further subtracts the coherent reference
signal estimate from the plurality of samples to produce a noise sample;
and squares the magnitude of the noige sample to produce the noise
variance signal. 10. The receiver of claim 8, wherein the processor
sequentially@piagsds inaukssaspariendbesighalithite dgaustiedranditbieind
an additiona filter Th. hb@deeeigiod aimet Cowbriaig thesasididonal
filter comprises: _ ap.infinite impulse response filter or a finjte impuls

response fitSr B4 12 The faraioe ST ELACS NG SeP e SrogDeazy e the

nega aianeheel AR SRIARINSITST tor ek Sty WdamsieTHeerfosstected noise
varaiiasegysignal and the filtered noise variance signal to determine a

selected nojpe variange sigpal, 13 melfiod for ponerent ragking &y ing
radio g{gnal including at Teast one digitally modula referenceé carrier,

PiialinefisigitebnmpriRiat EBEpsorubsHE U havFdrdmenpasEigments

to receive thegiaeiorpignahtywnareiemariie i eRsRMHdSieavs@d Bignal, wherein a
=Splehngemendlieononng slemenis,demediioling fig reference

carrier to pro l_Jce CO plex (}0 eren _ e erence gains; ae ectlng a

transient thadffedtéofHebringIde ceiersianrbianshce gains; filtering the

complex cobesrdstsiarRNCRIGANRIO AL e PRNNSEnABIRESEving symbols
rSRUGHEIY ERfSRENesdains: apd pracessing the smoothed complex conerent, i

reference gains to ignore values of the comfﬂ%x coheren?‘reference gan){s ‘
withhadstargnieferansrepedin e Sleiripin do vaRBS o A REdipE sasopiepe redian

fitefietcneagaifieclosestiodhedransiontvith e sehesashg/mlbie-PR3RA for each of
wSRlExconersnl relerence gelng thay ore unafiected by a fiter, 13- The o,

meﬁmgo claim fg Wahe(eln & fadio sylgnal comprises a Sfuraﬁty of”
CoBREPEhEICERIREGFINE et din &repathothmplexcesiassent reference gains

in_the vicinigy of therisarsiandrase adissteddeceachnef the-ealerenaler uses the
plﬁyg&argf rsér%g[?%hgn@emg dcof[acrlearlﬁn ]é ér\évrbgegelsrl] trb:ﬁ Séggm(gtg e\‘Io%C%ggha of the

tran |‘en at'affects the g:omp e_X Cco e_rent refer nce galr]s comprlses Fhe
SUREPSIUE ProrERLIRg theemprictehcsanerefditericéhgansisforvaripnaalitignal to
pi@fduce a filtered noise variance signal; selects between the noise variance signal and
the filtered noise variance signal to determine a selected noise variance signal; and
smoothes the selected noise variance signal for each of the reference subcarriers over
the piurality of reference subcarriers to produce a signal noise variance estimate for
each of the subcarriers.

9. The receiver of claim 8, wherein the processor further subtracts
the coherent reference signal estimate from the plurality of samples to produce a noise
sample; and squares the magnitude of the noise sample to produce the noise variance
signal.

10. The receiver of claim 8, wherein the processor sequentiaily
passes the noise variance signal through a median filter and an additional filter.

11. The receiver of claim 10, wherein the additional filter comprises:

an infinite impulse response filter or a finite impulse response filter.



reference subcarriers; and aggregating the complex coherent reference
gains over all the reference subcarriers to produce one composite

coherent channel reference signal for each OFDM symbol. 16. The

method of claim 13, wherein the step of detecting a transient that affects

the complex coherent reference gains comprises the steps of: calculating

the magnitude of the difference of a plurality of composite coherent

channel reference signals; determining if the magnitude is a local peak;

and if the n&gnitutietiseaatyeal Pedrmmeniheeisekeseirry IRE SRRighitheldcise

vahgndbeiguan pidihe sagnitydetaktetifiespaorihcd sighapamethodiRfed noise
va%ﬂgﬁ gﬁhlé\f?c?%@mﬁétgge?écqgé%céfgﬁ Ajransient that affects the complex
: conerernt reterence gains comprises the Steps (O] Computlng a sequence

of samples %" frort th&tesfistesbEHENtrIekte e e giRisig b ipliaH Bt least
onsdligitetiphibeudiféer eree: (diffes ndpeiveaantsamplemrsingind sxpd setting a
eak detectjon vari : y if (diff diffsgn..) or if ,
itsan > - R ot la e Aol el
- 2 PR TRTHERtIIRF BN Pt e M IR arargehe iR it Regtealter than a
predetermidech sarestield valuesfetence~ bantidr 16. Thednethedrefielaioherent
re%ﬁen\gggg%g.the step of processing the complex coherent reference gains

comprises the steps of: ignoring values (a) of the complex coherent _
reference dilesEgseiipnfienttrodEREh HE rouden QRsst iR greaains,
transient isfitteteeietheanshipiglacingdaatigresethyaldamef @ yrébecelosasbthed

co@%?o%k%%g?%%%fggg@%@/ a filter used to estimate a. 19. The

im 13, whérein the step of processing the complex coherent
reference gURFESURSHSL STROBRHSHP RIS CHRPEFRBU "FERIRNES) GRifiseto ignore
vatesplerecaimerrntdsieremncergaincs gdriecleskwtitbima mmalkoluabeasfay the

vaRt%%sg%gyga%%llewgghg%ﬂgrgfc\a/r%ngeodca?ngac}égést to the transient with the closest
value of the complex coherent reference gains that are unaffected by a filter,

14. The method of claim 13, wherein the radio signal comprises a
plurality of reference subcarriers, and wherein the complex coherent reference gains in
the vicinity of the transient are adjusted for each of the reference subcarriers.

15. The method of claim 13, wherein the step of detecting a transient
that affects the complex coherent reference gains comprises the steps of:

processing the complex coherent reference gains for a plurality of
reference subcarriers; and

aggregating the complex coherent reference gains over all the reference
subcarriers {o produce one composite coherent channel reference signal for each OFDM
symbol.

16. The methed of claim 13, wherein the step of detecting a transient
that affects the complex coherent reference gains comprises the steps of:

calculating the magnitude of the difference of a plurality of composite
coherent channel reference signals;

determining if the magnitude is a local peak; and

if the magnitude is a local peak, then inversely scaling the magnitude by

the sum of the magnitude of the difference.



which is 4 symbols ahead of the transient instead of using a present value

of a; if the corrupted value (a) of the complex coherent reference gain is
detected within 3 past symbols, then using a value of a (a 1+4), which is 4
symbols after the transient instead of using the present value of a; if the
corrupted value (a) of the complex coherent reference gain is at a

location of a presently detected symbg), then using the average of a of
samples which are 4 symbols on either side of the transient a,-4 +a,,";

and 2 if the!éorruptezirvalbed(aj okite Combtericdhe e réfeetantogaitidssient

thaphfidetesiedothanuing-hererespot igavt valmesetandepsrepeiver for

coherently téacki&%a rgdisqesi%:l%leincéudinrg Fflt least one %ié%italclgl herent
modulated FEIERSNCS CAnTERHE P SV MBI rsing 85 'K ple R f coneren
refgieneA@ESents coupled to the input, wherein a step transient is caused

by switchingaenggthesaaipning Gl maBisn RN iRl feeteesivinghes x,.. and
radio signal; and a processor for demodulating the reference carrier to

X”ﬁfoduce complex coherent reference gains, for detecting the step
transient thaetiffects phekcdaiptéirncolreabint (dbdremce gains,tanehioif (diffsq, =

dfﬁgé'g{ﬁmf%%em;%?saigh?Mrcﬁ&%rs@&ﬁ@aie%é@m%tée'ﬁmaﬂggﬂft% 0; and

transient to produce adjusted complex coherent reference gains. 21.

receiver of (IR, iherewtAe Predesssintdbstitutes a previous or

future complex dgfigrent reference tgain value for the complex coherent
reference gmﬁnﬁﬂﬁqﬁé ARG &Rt IsErTEddRetRe!dreltin 20,
wherein the'processor filters the complex coherent reference gains to
produce smtithed somplewcobereahieiarence gringeas@ppEIcesaRsdhg the

cotR usﬁe@m@%%eﬁ%%ﬁﬂ; E%T.%@%g%% gaing g ignore values of the

complex coherent reference gains closes o the transient and replace the
values of thgnespapreluesiel Shtheferarexgennsrersettrarreaiangions to the

traMiéfe b e slasasdy albarpldhen el aeBR el Lafaneggains that are
filter. 23, The receiver of claim 20, wherein the radio

unaffected b A L

signal comﬁ%@gglﬁg piGAEP Bﬁe‘f@}éer?cgfsﬁb%rﬁ?rﬁl%?ﬁmﬁir?ftH% which is
urwwm(mﬁitemmemmm in the \_/icinity of the trans_,ient are

adjusted forygach of (e, BRI AHIC et B 8REVEF AlSatng the

20, wherein the processor processes the complex coherent reference

PRI RS B iRy eBr P e RIS es e 8188 g gregates

if a corrupted value (o) of the complex coherent reference gain is
detected within 3 symbols ahead of a present symbol, then using a value of o (& .4,
which is 4 symbols ahead of the transient instead of using a present value of «;

if the corrupted value () of the complex coherent reference gain is
detected within 3 past symbols, then using a value of o (« .4}, which is 4 symbols after
the transient instead of using the present value of «;

if the corrupted value {«) of the complex coherent reference gain is at a

location of a presently detected symbol, then using the average of « of samples which

+a

are +4 symbols on either side of the transient m-, and

if the corrupted vaiue (o) of the complex coherent reference gain is not
detected, then using the present input values of .

20. A receiver for coherently tracking a radio signal including at least

one digitally modulated reference carrier, the receiver comprising:



the complex coherent reference gains over all the reference subcarriers to
produce one composite coherent channel reference signal for each
OFDM symbol. 25. The receiver of claim 20, wherein the processor
calculates the magnitude of the difference of a plurality of composite
coherent channel reference signals; determines if the magnitude is a local
peak; and if the magnitude is a local eak, then inversely scales the

tude b he um of the ma |tude of the differe ce 26. The method
o o 207 AR T DR AR ok Bo o P b e & step

tr%@m@u%@@@@é@a%ﬁm@cﬁm&@ gdiffsd blewerds samples x,,,1 and

X,_1; sets aa@ﬁ@}g@@mﬁgm,ggm@@}gg@g@egkgﬁgual to one if (diffsq" >_

diffsq,,.1 if (diffsq" 2 d th tting the detection
verlsngle 20% 0 s% |rc£1 egsa%d@r%z%e({%ve&% et?arsgg eﬁ?{f\ga ??saho (fflf"e%?g}p tex

cofigapnh m@mnﬁﬁea tfregiaitgti DEnthel stepX iran2iealubab@ifedisTie complex

coFRFEIVeERIHIain 2%, WHE rein eRHRICeRS USRS NAIRTdRI M Bains in the
heren reference coset the ransient. that mcludea

ittt S et G S R e A
of a by the %Iosesﬂ'f\ﬁalli?@@f%f whiglairy uitaffebrseibyiie fiocessd eHbstitutes a

pr@ﬁﬁﬂéa&? utdB. Immege&w@mfﬁlmragcav@%rﬁi%m@ FRTRYBIREVRRIE éBherent
e comple?!(} coher ﬁl‘erence in is detected within 3 symbols

r‘c‘at%henag 8¢5 Bres‘?eﬁfm' rear?sd‘%l a value of a (a which is 4 symbols

ahead of th&Ztrandibatr meeméf:iamh@(h wheseintthalproestsaoiffitass the complex

coﬁ@féupt@fémwd@h@ftém@@m@I%@&hsmmewmwree%w%s and
within 3 &ast m)éang then using a va ue %)‘ Wh ch |s 4 sy bols

pro??esrset%e tranS|ent mstceaopcﬁxusmg t% eesreen msf a, I 'ﬂﬁ)“ie the

coplig (7@)1eﬁﬁé%@mme@ém@ﬁaséfer&mea;wnnswelmaagéheomes of the
coHﬁ@QWQSF@G@&éY&E%Hn{@%M@FW% AVEASER: lith FhSRIBRIEE WMNIENS the

boI either side of he transient a n+4 ; and 2 if the
Comc?rrup XW @1)98?? o) % %%8%&38* @Mﬁ@ gain is not
detected, tﬁ’én usﬁ@ﬁth@cpr'e%'enft mpat vAlueb ok B8 redeceigeaifopmprises a

pltﬁ@h?rgmé‘etr@ﬁi@%&WSWWWHW%%Wx%%ﬁ@erence gains in
thd wgmﬁte re erencet carri CQ the rlecelver cgrg% a pIu allt of
Antennae eme %lf‘ﬁFeﬁ Hﬁtﬁg ﬁbﬁ? R F ir%bce su lers.

24, The receiver of claim 20, wherein the processor processes the
complex coherent reference gains for a plurality of reference subcarriers and aggregates
the complex coherent reference gains over all the reference subcarriers to produce one
composite coherent channel reference signal for each OFDM symbot.

25, The receiver of claim 20, wherein the processor calculates the
magnitude of the difference of a plurality of composite coherent channel reference
signals; determines if the magnitude is a local peak; and if the magnitude is a local peak,
then inversely scales the magnitude by the sum of the magnitude of the difference.

26. The method of claim 20, wherein the processor receives a
sequence of samples x,; computes a square of the difference (diffsqg,) between samples
Xn+1 @nd X,.q; Sets a peak detection variable (detpeak,} equal to one if (diffsq, = diffsqg,..}

or if (diffsq, = diffsg,.1), otherwise setting the peak detection variable to 0; and indicates

dlfﬁ‘é‘h

the presence of a transient if —is greater than a predetermined threshoid

2
[XrH-l‘ +‘Xn—1

value.



transient is caused by switching among the antenna elements; an input for
receiving the radio signal; and means for demodulating the reference
carrier to produce complex coherent reference gains, for detecting the
transient that affects the complex coherent reference gains, and for
adjusting the complex coherent reference gains in the vicinity of the
transient to produce adjusted complé&coherent reference gains. 30. A

method of estimating noise varjance qf symbols in a radio signal when

oise can 1adtudo I (TEREE! 2b LB AOC IR D CeT RS s alues (<)
of §amp¢espimeccphethmdre@n¢pdsiggimhecmemoomadn:ﬁIngimpMafjaén_qmes angymbol
wiRABEFRNEERIEERNGE SATRIES 1A PTRAUCE LI iSRPRIESSOMBUING R closest

squares of the error samples; 57 separating squared Gaussian-like noise
valug bR &RIRD isqirafEaiRApIgiTkeTridied apspeaeafd nonlinear filtering of

the square8f theter es sarspigsitinpraluge amoise variance estimate

representing tgle sum of Iovré%ter{jgag{ert%geg (r3na ssian:like po'j

S o
variance, and shcgrrf-‘{%trerﬂ |mplﬁ5|a noise var?arf?:g?(si?hleﬁeenmeetﬁe{)%f%? gain 18
degdaint 3GtHincRidimtbthe atepdobf denseadningyif balclihsguariod aoiskisanplér 1),

wHRHTPUISIHEs I RY LS RATIREhIBA: SR 40 &My liple hABIESERL:

average noise variance estimate; and If the squared noise sample isnot
determineditd'te RIpREFeYAkE thenCinbatRRINPIESGaRRRIMh sRiRezmAptain s

delie Adlt@niim kepused areiintaie dbadang=ieenss average dioh sSiBBHisols after
n?ise variance Ha(:?qrd if the noise sam%le is determined to be impulsive-like,

th%é@?@&ﬁ@ﬁﬁ% $§09: 8% RETEE"SXRNCto the filter to prevent
overestimaticheottheongvteum (Gpostiaroikpleoisshyamanserestiongsén is at a

Ioga%ib-rmn? g]&%%%@ 8@&*&&00 si gplﬁ%rt}h%ﬁ[gg QhOf:a%%%ége]l%@ D of samgies which

excess-noise value including a portion o reduce ared” nois

arSATRI5: ARG 5.EGRSY plas value todhe Gayssian ke noise

variance estimate to produce a composite npise variance representing
the sum of RIONg B0 YEreRed CRUSSANAILS NS NPRDERLAUNR o
detected, then using the present input values of .

29, A receiver for coherently tracking a radio signal including at least
one digitally modulated reference carrier, the receiver comprising:

a plurality of antenna elements coupled to the input, wherein a step
transient is caused by switching among the antenna elements;

an input for receiving the radio signal; and

means for demodulating the reference carrier to produce complex
coherent reference gains, for detecting the transient that affects the complex coherent
reference gains, and for adjusting the complex coherent reference gains in the vicinity of
the transient to produce adjusted complex coherent reference gains.

30. A method of estimating noise variance of symbois in a radio signal
when noise can include impulsive-like samples among Gaussian-like noise samples, the
method comprising the steps of:

adding input samples and coherent reference samples to produce error
sampies;

computing the squares of the error samples;
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separating squared Gaussian-like noise samples and squared impulsive
noise samples; and

nonlinear filtering of the squares of the error samples to produce a noise
variance estimate representing the sum of long-term-averaged Gaussian-iike noise
variance, and short-term impulsive noise variance.

31.  The method of claim 30, including the step of:

determining if each squared noise sample is impulsive-like by comparing
the sample to a multiple of a present average noise variance estimate; and

if the squared noise sample is not determined to be impulsive-like, then
inputting the squared noise sampie to a filter to be used to estimate the long-term-
averaged Gaussian-like noise variance; and

if the noise sample is determined {o be impulsive-like, then reducing the
squared noise sample into the filter to prevent overestimation of the long-term Gaussian-
like noise variance estimate.

32. The method of claim 30, including the step of:

creating an excess-noise value including a portion of the reduced squared
noise sample; and

adding the excess noise value to the Gaussian-ike noise variance
estimate to produce a composite noise variance representing the sum of the long-term-

averaged Gaussian-iike noise variance, and the short-term implusive noise variance.



