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Once an OFDM signal (e.g., 7{f)) is received by the receiver 4, channel estimation is used

to cancel the effects of the distortion on the transmitted signal (e.g., p(¢)). For example, because
r(#) isa linear combination of the signals 14, 16, and 18, a specific mathematical function (ie,a
transfer function) can describe the relation of p(¢) to r(¢). Once the transfer function of the
propagation medium is known, a filter that is the inverse of the transfer function of the
propagation medium can be used to reduce the effects of the distortion introduced by the
propagation medium. Because the propagation medium is constantly changing (e.g., objects that
create multi-path errors can move, weather can change, noise levels can change, etc.), the
transfer function of any given propagation medium is also constantly changing. When the
propagation medium is changing quickly, 7(f) becomes a “fast fading” transmission channel,
which can increase the complexity. of the estimation process.. “Long channels” occur when the
propagation medium has a long delay spread. For example, if the distance that the signal 18
travels to reach the receiver 4 is sufficiently long compared to the signal 16, a symbol in the
signal 18 may arrive at the receiver 4 after the same symbol arrives via the signal 16, thus

creating ISL.

SUMMARY
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A receiver for receiving an orthogonal frequency division multiplexed (OFDM) digital
video broadcast (DVB) signal including OFDM symbol sets including data symbols and pilot
symbols transmitted using several sub-carriers, the OFDM DVB signal being transmitted toward
the receiver via a transmission channel, the receiver including an input module configured to
receive the OFDM DVB signal via the transmission channel, and a channel estimation module
coupled to the input module and configured to calculate channel estimates of the transmission
channel by performing Fourier transforms on the OFDM symbol sets to produce transformed
symbol sets in the frequency domain and by performing minimum mean square error (MMSE)
equalization on the transformed symbol sets using a sub-set of the pilot symbols in the OFDM
DVB signal.

Implementations of the invention may include one or more of the following features. The
channel estimation module performs a single Fourier transform per received OFDM symbol set.
The sub-set of pilot symbols is substantially less than all of the pilot symbols in the OFDM
symbol set. The channel estimation module is configured to select, as the sub-set of pilot
symbols, N closest pilot symbols transmitted using sub-carriers having frequencies lower than a
frequency used to transmit a data symbol under inspection and N closest pilot symbols
transmitted using sub-carriers having frequencies higher than the frequency used to transmit the
data symbol under inspection. The channel estimation module is configured to select, as the sub-
set of pilot symbols, N closest pilot symbols transmitted using sub-carriers having frequencies
higher than a frequency used to transmit a data symbol under inspection. The channel estimation
module is configured to select, as the sub-set of pilot symbols, N closest pilot symbols
transmitted using sub-carriers having frequencies lower than a frequency used to transmit a data
symbol under inspection. The channel estimation module calculates a channel estimate
corresponding to each respective sub-carrier used to transmit each of the OFDM symbol sets.

Also, implementations of the invention may include one more of the following features.

' The channel estimation module is configured to calculate channel estimates of more than one of
the data symbols in parallel. The constant N is equal to two and the channel estimation module

is configured to perform the channel estimation of each of the data symbols according to:
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ﬁ(m) = i:cpﬁ(mﬂ)

p=1

where c, is a respective filter coefficient, H( m,) is a channel estimate for a respective one of

the sub-set of the pilot symbols, and p is an index value of a respective one of the sub-set of the

pilot symbols. The channel estimation module is configured to calculate filter coefficients

according to:

where

and
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where M is a total number of sub-carriers present in the OFDM DVB signal, / is an index

representing each respective path of a multi-path OFDM DVB signal, L is a number representing

the delay spread of the channel 115, m is an integer value representing a quantity of intervening

channels between two selected channels of which correlation is being calculated, and

E{lh ) F}=a?
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where hi (k) is the channel inpulse response at tinme k of the eh path
of the transm ssion channel. Al so, inplenmentations of the

i nvention may include one or nore of the follow ng features. The
channel estimation nodule is configured to cal culate an interchannel
interference (1Cl) value, in the frequency donain, related to the
transm ssi on channel. The channel estimation nodule is configured to
performthe channel estimation using the ICl value. The channel
estimation nodule is configured to perform M MSE equal i zation after
subtracting the 1Cl value fromthe received OFDM DVB signal. The
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pararreter The coémnel estimation nodule is confiqured to use a
\Viterbi © le is configured to perform the channel estimation using the ICI value. The

channel estimation module is configured to perform MMSE equalization after subtracting the ICI
value from the received OFDM DVB signal. The channel estimation module is configured to

calculate channel estimates by estimating a channel correlation value according to:

~ 1 A o
R(m)=— > H (K)H(,),
Chymky Jag=m
where K is the number of cases that satisfy (k2 — k))as = m and M is a total number of sub-carriers
present in the OFDM DVB signal. The estimated channel correlation value is averaged

according to: -

R(m) = (1~ B)R(m) + BR(m),

where £ is a predetermined known parameter. The channel estimation module is configured to
use a Viterbi decoder.

In general, in another aspect, the invention the invention provides a method for
computing channel estimates of a transmission channel used to transmit an orthogonal frequency
division multiplexed (OFDM) digital video broadcast (DVB) signal including OFDM symbol
sets including data symbols and pilot symbols transmitted using several sub-carriers, the method
including receiving the OFDM DVB signal at a receiver via a transmission channel, calculating
channel estimates of the transmission channel in the frequency domain by performing Fourier
transforms on OFDM symbol sets to produce transformed symbols sets in the frequency domain
and by performing minimum mean square error (MMSE) equalization on the transformed

symbol sets using a sub-set of the pilot symbols in the OFDM DVB signal.
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where ¢, is a respective filter coefficient, H(m ») is a channel estimate for a respective one of

the sub-set of the pilot symbols, and p is an index value of a respective one of the sub-set of the
pilot symbols. Calculating the channel estimates includes calculating filter coefficients

according to:
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where M is a total number of sub-carriers present in the OFDM DVB signal, / is an index
representing each respective path of a multi-path OFDM DVB signal, L is a number representing
the delay spread of the channel 115, m is an integer value representing a quantity of intervening

channels between two selected channels of which correlation is being calculated, and
E{l k() [} =0}

where h{k) is the channel impulse response at time k of the /™ path of the transmission channel.

Also, implementations of the invention may include one or more of the following
features. Calculating channel estimates includes calculating a channel estimate corresponding to
each respective sub-carrier used to transmit the OFDM DVB signal. The method further
includes calculating an interchannel interference (ICI) value, in the frequency domain, related to
the transmission channel. Calculating the channel estimates includes calculating channel
estimates of the transmission channel using the ICI value. Calculating the channel estimates
includes performing MMSE equalization afier subtracting the ICI value from the OFDM DVB
signal. Calculating channel estimates further includes calculating channel estimates by

estimating a channel correlation value according to:
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where K is the number of cases that satisfy (k> — &)y = m and M is a total number of sub-carriers
present in the OFDM DVB signal. Calculating channel estimates further includes averaging the

estimated channel correlation value according to:

R(m)=(1- BYR(m) + BR(m),

where £ is a predetermined known parameter. Calculating channel estimates further includes
performing Viterbi decoding.

Various aspects of the invention may provide one or more of the following capabilities.
Computations performed by a DTV channel estimation module can be reduced compared to prior
techniques. Implementation cost for a DTV channel estimation module can be reduced
compared to prior techniques. Channel estimation can be performed using a single Fourier
Transform for each symbol received via each channel of an OFDM DTV signal. One-
dimensional channel estimation can be performed in the frequency domain. Minimum Mean
Square Error estimation can be performed using a sub-set of pilot symbols provided via an
OFDM DTV signal. A subset of pilot symbols (e.g., four) can be used to calculate a channel
estimate of a selected channel. Using the unjon of every third symbol, (starting at the second
lowest-frequency sub-carrier) and pilot symbols can, resuit in similar performance as using all
sub-carriers in an 8K DVB-T/H system. These and other capabilities of the invention, along
with the invention itself, will be more fully understood after a review of the following figures,

detailed description, and claims.
BRIEF DESCRIPTION OF THE FIGURES
FIG. 1 is a schematic diagram of a transmission channel.

FIG. 2 is a block diagram of a baseband OFDM system including a transmitter and a

receiver.
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DETAILED DESCRIPTION

Embodiments of the invention provide techniques for transmission channel estimation
and equalization of digital video broadcast (DVB) transmissions by combining, in the frequency
domain, minimum mean square error (MMSE) equalization using a sub-set of the total available
pilot symbols and interchannel interference (ICI) estimation. For example, a DTV system
includes a transmitter and a receiver. The transmitter produces an OFDM signal that includes
pilot symbols. The transmitter broadcasts the OFDM signal towards the receiver. The receiver
calculates channel estimates using frequency-domain MMSE equalization. The MMSE
equalization is carried out using channel correlation information and a sub-set of the pilots
confained in the OFDM signal. The channel estimates are used by the receiver to estimate the
signal transmitted by the transmitter. The receiver outputs the resulting signal that is
substantially similar to the signal transmitted towards the receiver by the transmitter. Other
embodiments are within the scope of the invention.

Referring to FIG. 2, an OFDM transmission system 100 includes a transmitter 105 and a
receiver 110. The system 100 includes appropriate hardware, firmware, and/or software
(including computer-readable, preferably computer-executable instructions) to implement the
functions described below. The transmitter 105 and the receiver 110 can be configured to
communicate various types of information. Here, as an example only and not as a limitation, the
transmitter 105 is a transmitter for DTV signals and the receiver 110 is a DTV receiver such as a
digital television or a set-top box and digital television combination. For example, the system
100 is configured to transmit and receive terrestrial DTV signals in accordance with the DVB-
T/H standard via antennas {not shown in FIG. 2). The transmitter 105 and the receiver 110 are
linked by a transmission channel 115. The transmission channel 115 is a propagation medium
such as the atmosphere (in the case of a terrestrial broadcast), although other propagation

mediums are possible (e.g., a cable with appropriate transmitters and receivers being used). The
9
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Comput ations performed by a DTV channel estination nodule can be
reduced conpared to prior techniques. Inplenentation cost for a DTV
channel estimation nodul e can be reduced conpared to priotlechni ques.
Channel estimation can be perfornmed using a single Fourier Transform
for each synbol received via each channel of an OFDM DTV signal .
One-di nensi onal channel estimation can be perfornmed in the frequency
domai n. M ni nrum Mean Square Error estinmation can be perfornmed using a
sub- set | i i : i t.: Of
o1 ot syabafaer Lo ehpurl QiR M Apatitder o0 & iicset BN il
esti mat é2fovear eeustver hbhnEhe ransimggianehanrdl 345 oin affest thetsignabi125 and
symbol , vidiBich ilfhodlsidddP1 S AL AVESIIOGE ERHERFY BYBRRIhL Siha1336 and 1o
pilot symbols can, result in simlar pertor ce as using a

sub- car ehtputan putpet @ BRBWHith is petfenblyHubstentially equildo theamigial 123.0 es

of the inventi o) s i i i i) re.fully
under st ood aft grQ eigﬁlrneé\}iq}é%\v@l al% E%S Wﬁyﬁ"% ef(%egﬁlrx{eisn,%%llé{ng én?’ i &s:
description, and clainms. BRI EF DESCRIPTION OF THE FIGURES FIG | is a
schemati c diagram of a transm ssion channel. FIG 2 is a block

di agram of a basebandy(FBiF Jy@&da-i nelngdj,ng 8Lk angmitter (gnd a

receiver. FIG 3 is a diagramof an OFDM franme transmtted by the
transmtter shown in FIG 2. FIG 4 is a block diagram of functional

el ements of the receiver showmn in FIG 2. FIG 5 is a flowhart of a

pr ocess vafereyd k) gt signat A3t es aindenef # dmonel patie(cORB\Mransmirsivnshaael 115) that
SySt em SHQUAnlnEhiE! o DL ARG PY) b signat 188909} 115 Shalihet ifiButse

i nvention provi (ljle techniques Jor transm ssion cha I'maton an

equal i z&esPersedCIR) #fitinag £ of thed " bath o thesransmissiontcharnskil % inf <0 [k < M-1) are

conbi Ni Bglept [ LA

cqual | idept e erk PV PREY FQR GousiTall v FRIERE &, BONAE whiee il

i nt er ch&ANEBN))YIndhe time demain havingagergmeprn and Fyariaaganhe dor bothTadl eydt em

i ncl ude ; j j ] i n :
?tmﬁ%fhéﬁ" b%mptohé‘:&.a%é aGuhfbeft gf%tﬂé?ﬁg 0ay Prkifss ML gﬁ]ﬂlﬁr Oagél 13Nand M is

OFDM si gnal that includes pilot synbol e transmtter asts
t he OFDRBREHYIof senearasrsired by theittaapmitten d05.eThe CBR AEB) Gt bEds1trarheel

est i Mt gadepshdiait LSRR SMed PERbR M%e@ﬁulf%ff&éﬁﬂ taths %2l PBaussian

equal i zation is carried out using channel correlation information and

a sub- s &istdputionewhich e repsent; 11danngl bayias Greonensy galgrtiveiiayleigla fading where
estimates are used by the receiver to estimate the signal transmtted
by the transmtter. The receiver outputs the resulting signal that is
substantially sinilar to the si ghfllh ) Bhsnlted2x owards the receiver

by the transmtter. O her enbodinents are within the scope of the

i nvention. Referring to FIG 2, an OFDM transm ssion system 100

i ncl udes/aiaticmosthe tiafsmit{lbn althnal 116CBieY ifnekhf be thayie@ My Ofilne f4T,, where

i ncl udes. .appr.Qpri.ate hardwarge,, .fir and/ or. software (including
conput ertiF SRIRHTRS ERrRBVEIG Tt s Fo o syBin 6Bt FigberBioss agwer
i npl _errempedtﬂmmo Mmﬁajrleigh ffad:ﬁsg: picbes (Bg), tnie-spaeadingpoTSigriablor &%al?ﬁﬁbcm@a)
receiver .can he confi.gur 0 _canmmunicate vari ous es o

i nf or mafPRNT s Enagf "gﬁ‘"g&%ﬁgf V‘%ﬁf‘aﬁ‘ﬂgl 'a@s &aqul?“rﬁ%ig‘ﬁ?% t he
transmtter 105 is a transmtter for DTV signals and the receiver 110

is a DTV receiver such as a di italztel evision qQr a set-top box and
digital television conbinationj Fof;, exanpl ?, 'th system 100 is
2 ? I |< d

SN =nfrr= s , €

0, otherwise
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WO 2008/ 027344PCT/ US2007/ 018856 transmtter 105 is configured to
recei ve o bogui7zssi gnal 120 and to broadcast an OFDM si gngliszb@Do18s8ss
towards the receiver 110. The transm ssion channel 115 can affect the
signal 125 and transformit into a signal 130. The receiver 110 is
configured to receive the signal 130 and to output an output signal
135, which is preferably substantially equal to the signal 125. The
relation of the signals 125 and 130 can be defined in the tinme-donmain
as: Y(k)(k)x(k -0+ n(k),0 k M- 1 ,(1) i.0 wherey(k) is the signal
130, 1 is an index of a channel path (of the transm ssion channel
115) that represents channel taps in the time domain, x(k- /) is the
signal 125, 14(k) is the channel inpulse response (OR) at tinme k of
the th path of the transm ssion channel 115, n(k) (0 < k < M1) are

i ndependent conpl ex-val ued random Gaussi an variables (e.g., additive
white Gaussian noise (AWGN)) in the tinme domain having a zero nean
and a variance old for both real and inmagi nary conponents, L is a
number representing the delay spread of the channel 115, and Mis a
quant i t hete heperEelationofa G%xyap 652+ the GIR95 Asinglerpatipef 2 multi-pativsipngl)jn the
(0 < 1 fnledbmaS@ariie dnadRpReneery: conpl ex-val ued random vari abl es for
different paths that have a Gaussian distribution, which can
represent a channel having frequency sel ective Rayl ei gh fadi ng where
E{I hi(k)r} =. (2) Vardatiqp @f\zthe:fr 1SS} O nnel. 115 over
tinme can be characteri ;g’t({g%’a@%‘[lmue"{%?’g?%v\he}rc’eﬁf‘zﬂf)s ﬁ e Doppl er
Frequency and 7; is the OFDM synbol set duration. Furthernore, a
power spectr of a_ Rayl eL.gh din ocess (e.g., tinme-spreadi ng of
a si gnaf‘)"%fB’r‘}éQ ’jr'r'?;ﬁodlaédﬁ‘ébg?%@’“é /‘gjrﬂ‘? 1%‘-"&‘3“ ant behavi or of the
transm ssi on channel 115) can be defined as: where the correl ation
of a Catap (e.g., the CIR for a single path of a multi-path signal)
in the tinme donmain can be changjg zé‘dl)as:x:E {hi &k)h; (k2)} = cr?
-10(27ifd 11c1 -k2 | T, I M, Wher &25EHEs the of R order Bessel
function of the first kind: '"13 El )k x2k.(5) .J(x) fri 22k (k!)2

‘The transmitter 105 includes a modulation unit 140, a serjal-to-parallel (S/P) converter
150, processors 155 and 160, and a parallel-to-serial (P/S) converter 165. The modulation unit
140 is configured to receive a frequency-domain signal 120 that includes information (e.g.,
information representative of a video image) and to modulate the signal 120 using one (or more)
of several modulation schemes. For example, the modulation unit 140 can map the siénal 120 to
a constellation using a modulation scheme such as quadrature phase shift keying (QPSK), or
quadrature amplitude modulation (QAM) (e.g., 16QAM or 64QAM), although other modulation
schemes are possible. The modulation scheme can be different for each sub-carrier (e.g., one
sub-carrier can be modulated using 16QAM, and another using QPSK), or all sub-carriers can
use the same modulation scheme. The modulation unit 140 is configured to output 2 modulated
signal 145 that can include complex data variables (e.g., X(0), ..., X(M — 1), where M is the
number of sub-carriers (e.g., the number of samples in one OFDM symbol)). The modulation
unit 140 is configured to provide the modulated signal 145 to the S/P converter 150. The S/P
converter 150 is configured to convert the signal 145 into a parallel information signal 152 that
can be provided to the processor 155 over parallel streams. The number of parallel streams can
depend on the type of DVB systen-l being implemented (e.g., 2 2K, 4K, or 8K system). The
processor 155 is configured to perform an Inverse Fast Fourier Transform (IFFT) on the signal
152 to convert the signal 145 into a time-domain signal 157 that includes output symbols x(0),
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The transmitter 105 includes a nodul ation unit 140, a

serial -t eypad@@iobslus (SI P) converter 150, processors 155 pgfudsif7oresh a
paral lel -to-serial (P/'S) converter 165. The nodul ation unit 140 is
configured to receive a frequency-donain signal 120 that includes
information (e.g., information representative of a video inage) and
to nodul ate the signal 120 using one (or nore) of several nodul ation
schenes. For exanple, the nodulation unit 140 can map the signal 120
to a constellation using a nodul ati on schenme such as quadrature phase
shift keying (QPSK), or quadrature anplitude nodulation (QAM (e.g.,
16QAM or 64QAM), al though ot her nodul ati on schenes are possible. The
nodul ati on schene can be different for each sub-carrier (e.g., one
sub-carrier can be nodul ated usi ng 16QAM and anot her using QPSK), or
all sub-carriers can use the sanme nodul ati on scheme. The nodul ati on
unit 140 is configured to output a nodul ated signal 145 that can

i ncl ude coppte I &%‘,

number of 'gﬁ) )éa??lliéggﬂs‘@éSk(ﬂQ(sg%é r%x éqg? %Q%lxcﬁﬂggﬁ%ﬁ%ﬁ&@%m B cach
synbol ) Putrphaymisd IHF(H]PP%‘JXJ&FIPTQWOF 45% and togup@d:etacﬁlgaab 7| eTltema'chc prefix of a
modul at Ghet) 008 rediftatel Cpdrlin S SEEARYS bAS cdPl uslli HalicROUALLLEe 150

is configured to convert the signal Into a para ‘i ormalon

si gnal 1®grsymbel intgnfereaco(ISDi dég IY'D convertor Hifeis sonfigBsi t?\penquraﬂlaISi@hl 162
streans 0PG4y \/
syst em 6:&3% él'&'i & rrgfr?]{ltt%asr %’l ﬁlS %@@%ﬁﬁ% l%gﬁf&q]ﬁgﬂrr%hqg?%&éegasgheg gl%ai
pr ocessdes yeean @t@@h {ngy @h@ﬂn EIDFES-"B 2).0Philerthe ramsmiterr@5thasbeani described as

Tr ansf or; V.

{1 o donol iy Bhifils bioGebafl ik pfeai e ol Bvided by hl o
1) . The 19 sawbesepmbiged into, forsxappla d singlesehdp havigginullipte sffiware motihles that
begi nni rﬁgrfg&ngﬁqg?ﬁ%%k%ynbol produced by the processor 155 and to
produce "a m%nal e cyclic prefix of a frame x can replicate a
portion of aRefarag rise to BKY 3 the signal t2tinclydesahu@EDM: Famt 268 iglwiing OFDM
i ntersy e
conver | T RoLE 0" FRDF L HE QRIS yFibg) SEYRbPhad sl SRR B2 Soh larea
t ransmi tbwé#istlmsswbscaewﬁegmwa Faph OFPM symboleset? lglwtlﬂi%pllnt ayrabpls 220, data
ant enna sﬂrﬂ%ls%m%d'ﬁﬁyﬁbo@zz?%&gh Rthek Egﬁ;‘ﬁ#« ga%sél@i% %@?Hot

described as including i pl e processors I eces
f unct i of¥mpely 23 emh&l@cfospnqqﬁ'é mlpbsmhoﬂq 21 th@ar@mdweteécbwﬁhm@mq swbesarrier

for exanmlency is bmcﬁ’tsébﬁnmyyaﬂﬂol%tﬂl@'ﬁd%@&&e ﬁldi@ﬂ%@lﬁ 2%£'ﬁfaﬁare

performthe respective tasks. Referring also to FI G

si gnal P2Possilat gifissent sulormer pegitonsan djffrsens @vrngolcgpmlgy e Spasingherween
Each of ehéifofdhbhasivizd Qhilobfinsbolslthd Rk bde sﬁHiJ&]']:Blsﬁoﬁy maﬁ Itl§a.t %Jeri'y twelfth

nodul at ed by di stinct sub-carrier frequencies. ch set
210 i nclSyepRal pasition 18 ¢ spgbel sebis oceupied @ym@r@mot %mbotpgcg‘yme%of the
227, al thakalous ey syhdblsi 224 aal it waided gn&%wllbe;s iﬁb%aﬂ?balnﬁ&:dé g&@% Pilot

220 include continuqus pilot synbols 221 that are nodul ated

same sulSYERPE3%- Whilsthn DM fame?08 s sheamapdifs3 %@Fluéé’lssth&'@ of ghetOFDM

scat t er gdmpBbl Rts DYTHBLSqALRL S GHlsyRbBIsALE RI6 Ak Pssifiel FkBlimore, the placement
sub-carrier positions _in different synbol sets 210. The spaci g

bet ween %&&Ra Pt symbels 220, datasymbpls 425 sYHER S symbols 227% eps vpey @’9
posi t i OR$rafpsierk mjmefﬁqw; gwel fth synbol position in a synbol set is
occupi ed by scatter?d pil ot synmbol. Gccurrences of the continuous

pi | ot symbol dhsaceiven [{§weludss g2 SELopvedar 190mmsareses 3 754 §0c HimdP@eand 191,
(e.g., anfildemoavation m32§00 'Mhd r'eébl{ré}Q 1@F£EAngafsa t6 BReive tRQ¥kL1 190 Bhdoutput

3 as in(d]udln twel ve of th nmbol sets 210, other quantities

of synbdP&sig §3§1€h%ﬁ1§“%d§9 i‘ftﬂhéiﬂs #m%%né’ow%@nlsv g 8YFabRIs $0)1t e y(M—
pi | ot syybohdre 220 théindber HEHY- §axﬁ8é,us@m Jﬁ%ﬂﬁ@ﬁb&la% 01% yﬁ%xnvener

fromthe arrangg_ement shown in FIG he réceiver
170 is configured to receive the signal 130 and convert 1t into a parallel sxgnal 172 The S/P

converter 170 is configured such that each of the parallel paths 172, through 172, of the signal

172 include symbols transmitted using different sub-carrier frequencies. The number of parallel
12



where Y(m is the signal 182, X(n) is the signal 152, N(m is AWGN
descri begyd Bogglaershiy equency domain, and H (mn) is provi ﬂ@ﬂ{]bﬂ)owd_]gé%)
Equation (6) can be rewitten in vector formas: (8) where t

element in the Mh row and nth colum of the channel matrix H is:
L-1. nl H=EH 1(m- n)e m. (9) 1=0 13 The processors 185 and
190 are each configured to receive the signal 182 provided by the
processor 180. The processor 185 is configured to use information
provi ded by the processor 190 (e.g., final channel estinates, as
descri bed below) to estimate the | ocation of sanples in a
constellation of the chosen nodul ati on nethod. For exanple, each of
the parallel information streans in the signal 182 contains

nodul ati on synbols (e.g., 16QAM 64QAM ancifor QPSK) and the
processor 185 can nmap the nodul ati on synbols to correspondi ng
constel | ation points using final channel estimates provided by the

processgfreah®lin thddibeal i B s &;ﬁﬁl % %rqul&@cy Q@&ebsg'ﬁﬁoﬁeﬁ%rlh ked, (?ﬁhtl[ aﬁ‘bM] 59ifool

mul tiple processors and ot her hardwar I ec the finction

provi dedethy19:pitherghathanconfignratiopsisee e &khej ${Pontaster é%bmbeﬁgtaed to
singl e ghiviaday bl%ﬂalni'#bttb 9‘113%@&%&&@"79 ﬁgHJ'G%%s'\/IBPﬁS grcg?{ﬁ@.ﬁ ci%ere eive the
ty. each 2 fie

respective functional
recei vesgignalg 72anditerangvedhs ¢xedic Prﬁiﬁsqfi’ﬂ?d by ﬂm(]iﬁocqﬁca 168e THE greatssaslys is

the pr 0%@&[@5 %rbﬁd@ggyaﬁwtﬁﬁ am sfl\%géﬁ#fl:&ttﬁ& roc@dsof fé#dl' 'ﬁu\é%{écegﬂr 180

a menory) th ng coetticie
using i M Qqnﬁm@ﬁa@m@ﬁom Fest §P111®¢T kgrﬁfm () tp mwMamomm1@ﬂ 177

sub- set ;@b alfGuiidyHont¥ABGha 1BEETREprdcbssbi Po15is¥BRigkB to provide symbol
synchronization which can obtain the starting symbol of an OFDM time domain OFDM symbol

set for use in a Fourier Transform.

The FFT operation carried out by the processor 180 can be defined as:

-1 M-

Y(m)=" Y X(m)H, (m~ —-n)e ”+N(m), 0O<m<M~1, (6

f=D A=

where Y(m) is the signal 182, X(n) is the signal 152, N(m) is AWGN described in the frequency
domain, and Hj(m—n) is provided by:

Mo m=n)
H,(m- n)——-—Zh (k)e Mo (N

k=0

Equation (6) can be rewritten in vector form as:
Y=HX+N, (8)
where the element in the m'™ row and n™ column of the channel matrix H is:

L-1

I
ZH (m—- n)e . S
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Carry out MVSBE channel estinmation using the calculated MVBE filtering
coeffici gpdSaosnbrld Mte the signal 125 using the resul tpgfuthe bk
channel estimation and a one-tap equalizer (contained in the
processor 190); Calculate the frequency domain variation of the
transm ssi on channel 115; Performan ICl cancellation schene to
re-estimate the transmtted signal 125; Carry out MVSE equali zation
on a version of the signal 130 fromwhich the estimated I Cl has been
subtracted using the previously cal culated M MSE coefficients;
Obtain an estimate of the transfer function of the transm ssion
channel 115 using the final estimates of the signal 125 and the
signal 130; Estimte and update the channel correlation in the
frequency domain; Update the MVBE filtering coefficients; and
Provide a final channel estimate (e.g., a transfer function) to the
processor 185. WD 2008/ 027344PCT/ US2007/ 018856 Referring to

o 200 SRR it B SPHAER hBuie bie BhPhc  e
c ha][ act erocessoe $3mf Th&ﬁot:éﬁ@lsm'tﬁs b%ﬁ@k’anaeise ikﬂ‘&mt ; a'ﬁfbﬂ pFAGEdMBI thd i;(fjbcie@sor
confi gur to expect the .pilot synbals,.at certain frequencies, and{ or
st 180 6 8. BrAlERannelBytiea e et 0880 o s BlBak oo sAPgles o
t ?f sear gbgsttdslm}t]ish gftte chaﬂanfrﬁdsdtﬂir;lﬁ)nﬂhilztﬁbd. Syétebmpley\bich bf GrvpardRe h[hformation

t t tr.ansm.ssi on. n . 115 i t
e ot <oy Bt SRR TR AL i, BEORUEARA, Sr e

conf i guraad tHecprocaxputtl8s cha nfagthembiulati@ssyoiboldie cofraspeiimgiconsteNAda Points

115 using. a sup-set (e.qg., four f the receiyved ttered, pil

Symoor s 8 raPariBherrdiates pRMdeaBsh SrobEEHIRS WREG b xiepro 120 has been
surr O:J ndesuiibed aeinchdipahultipld grocayotd and dther hedWae ptdcks]keehncthfiality provided
exanpl e

t erform.channel estimati gn on synbql 245, pilot synbol s
246, 247 Bargceistil 10,6055 combhed o, B s¥marle-aitnela e PryPe SR SoByare
occur r i mypdudarthdtipeovidehe trespactivei fahdiialityequency sub-carriers (e.g., a

ver haw 8 SRy RSP 1D et e e i
est i mat ahd signa 13¢,thepro2edpr pPAd Bicosfgdred »: 246 and 247 can be used, or
pil ot synbol § 246, 247, 248, d 249. ile the b-set of pil ot

ol o had Bebrluat brisiye Hm Brma) POBIEr thetadatt of ed pi o
synbol s 222, 2 [ S ~set of .the
Seattered b 1 e BHASE lshg ShEnORnR Rirk imifl ol S0 AT LRl bee
frequency do rtfaﬁewo{@om o\ aimbeset pitha piloteynibelstiresentiingbe sighah18Rat can

be used w {h S PM 1 S81.002: n .
transm ssi oncg‘: nor%g S. b’&aﬁﬂe&&%@%aﬁ;&?&ﬂ#&@@&?&@v@ Wg?rﬁé%rg_%gcé%fgg’rc nts;
190 i ncl udes Estithateethe 3ig0ala2d 130ig, thardsuils oBhe MMSE chanmehestimAidn. andheone-tap
nodul es 300 . hQ . I I .software functions operating
on a pr ocessgera,galgﬁgfﬁc%ug gt‘ﬁg%pgger%?lggg%t}rgg}’i ons are possible (e.qg.,

separ at e hear diedeudatp trecfiesiuenchhdonpaio easaion of 4 trasoissfonghasad] it bS;r ecei ve

copies of ea f th nmbol s. 215 in each of the OFDM. ol s 210
recei ved by tcl{]?g%%@Eﬁggf’{mf%%ﬁ’ﬂcfclfedn%ﬁtrﬁﬁfmp?tﬁEIP‘: tE‘?PeTWI’l@/ el irg%’es to

t Ee pr 21(::) els s0rCat8fout Imsd&m;nf ﬁl}‘fzaﬁé’ﬁﬁ oh 8 Vet cﬁlﬂig@igﬁa@ l_slI) %ﬂ:hﬁﬁi&heﬁe &timated

t he synbol s receiv rom t he, processor . ile t processor

190 a5 shown CRbFtHER SEhiEecibeinggn® piavEnsp st BisddaMt o draive,

(e.g., poiat OKaiAQGNRELIGMRDEH eiSler ff2EoRbOME $HAEmiAn tharkeN 150WiRGhe final
to calculate the desired, Fourier transfqQrmw ndow based on the output

of the S/ P cSivEplee Pt degienebi2sand e 88n4ldd0nr ocessor 191 is

confi gur edet Estifatd 41 upaRREAS ¥habhdlcotrBRti6Y § the ﬁeﬁsédc%g%aeﬂ OFDM
synbol set is a ret[ﬁeat of the tail end of the prior DM synbol set.

« Update the MMSE filtering coefficients; and

» Provide a final channel estimate (e.g., a transfer function) to the processor 185.
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The nodul e 300 is configured to performinitial channel correl ation
usi ng t heypdoghzBysbol s 222 and i nterpol ation. Correl atpEnusmot/ngsse
measure of how well a transfer function of a first sub-carrier can be
predi cted based on a neasurenent of a transfer function of a second
sub-carrier. A higher correlation value between two sub-carriers
indicates that there is a higher probability of predicting the
behavior (e.g., the transfer function) of the first sub-carrier based
on observations of the second sub-carrier. Thus, |arger val ues of
correlation can indicate that the sub-carrier frequencies have very
simlar transfer functions to one another, thus permtting a higher

| evel of predictability between two sub-carriers. A smaller
correlation value can indicate that the channels are independent,
thus lowering the level of predictability between two sub-carriers.
The nodule 300 is configured to calculate initial correlation between

two sub- car r iReféring & FIGSAR 228 YR réveidoe 18 isudnfigeed iélidthd Q pribri Kown
-127r - RCID :-I%(Lzﬁze%nSM -1, &)18& égo where Mis the total number of
sub- car PHETYYMYON a5 kpown apehor PORHLLOE st R ing fbatisterytics A dhsftrapmission channel
channel 1135Thardeivet B100IB comfi@xedio G&F&ﬁ adsilot BbBolk af cdrfafh AERRAALS S dAst

channel 115) th trrﬂgpfpé}gégf s channel taps in the tinme donmain. )
Equat i oAeEdy €3°b of e tnER RIBCSIFITIO0drtambigyrad dp seasghsthe signal
have beaBorsaké yiet shinbbiRewhieHaVebeeh blfetRd by thédrarhidstdiohanr i POUOH,
Equati on synbol sets 210 have

10) can be used when previous OF g
been re@&é‘\? gs to the “ansébgf“éﬁ SWHHBIE@EE%‘”} ke akhe mspcessns 10f pasopfigneH to
sets 21Qombplig Bl estithiiled Sf tRORIAseIésRsh (ANAA11S5 WLAE alsiE-sLiQERL, IFAR) 8F the
t he four nearestﬁaég 222. To select the four pilots nearest to a

sub- car FFEfvedscs syhels o3t @ch o the Ol syghobepts 31G preferablyithat

two cl osesburkCakites dsdat fodhe SYHIRAIS 5 22 Be BAMhAIEH. SEH?-eﬁﬁ{a?lic,etB pePXefY 8Rannel
and the two cl osest

hi gher than the sub-carrier .of interest,

Scatt er SBRTROY REUHL 235, SIS b 240 48 anchefes trovied. EhaAck ho
sub- car restxhate$ forRiMbEIS L1 5 Godur8X Rk the (bW eSiding B Baynab-casiedBLE
for the %gb% 2r4§ th [r%) lJI e g300 Hc cor?fi gure%k?of?eggl ect tﬁe p%tga’a
synbol s SSHEOLAE B yrkel T3 repEdRebsen be <shir e ons i frREdRes

| over t hgmbble Fetibxanilé, ite taloliateAichh@sd pstitifle Ft sSShidel 233)81181 dyaibols 246 and
synbol s 8 and 249 (the t closes 'Iotcf 222 havi ng i ndexes

gr eat er zt%ﬁﬁﬁ“ Fﬁgseéu?f- {:?FFYIB 016% %%ﬁér%@rﬁm 24ffp While the'sub-set of pilot symbols has
2308/ oiméﬂmﬁmagb%m €our'of the scii@dred gwig %&:nssiaaga,rdth&rq%ﬁﬁtaw are
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is a repeat of the tail end of the prior OFDM symbol set.
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where ()A4 is the nmodul ar operation R= and R(0)R(-12) R(12)R(0)
R(24) R( 1Z3yo Rji36rR424) R(-24) R(-12) R(0) R(12) R(-36) RecPg¥20R(dis842)
R(0) + cr21 , (12

The module 300 is configured to perform initial channel correlation using the pilot
symbols 222 and interpolation. Correlation is the measure of how well a transfer function of a
first sub-carrier can be predicted based on 2 measurement of a transfer function of a second sub-
carrier. A higher correlation value between two sub-carriers indicates that there is a higher
probability of predicting the behavior (e.g., the transfer function) of the first sub-carrier based on
observations of the second sub-carrier. Thus, larger values of correlation can indicate that the
sub-carrier frequencies have very similar transfer functions to one another, thus permitting a
higher level of predictability between two sub-carriers. A smaller correlation value can indicate
that the channels are independent, thus lowering the level of predictability between two sub-
carriers. The module 300 is configured to calculate initial correlation between two sub-carriers,
using an assumed correlation, according to:

L~} _,Jz,,ﬂfi

R(my=Yoje M, 0<msM-1, (10)

=0

where M is the total number of sub-carriers, L is 2 number representing the delay spread of the
channel 115, and 7 is an index of a channel path (of the transmission channel 115) that represents
channel taps in the time domain. Equation (10) is preferably used when no prior OFDM symbol
sets 210 have been received by the receiver 110 (e.g., at startup), although Equation (10) can be
used when previous OFDM symbol sets 210 have been received.

For each symbol 215 in each of the OFDM symbol sets 210, the module 300 is
configured to determine the location of the four nearest pilots 222. To select the four pilots
nearest to a sub-carrier of interest, the module 300 is configured to select the two closest
scattered pilot symbols 222 having sub-carrier indexes higher than the sub-carrier of interest, and
the two closest scattered pilot symbols 222 having sub-carrier indexes lower than the sub-carrier
of interest. For example, to calculate a channel estimate for the symbol 245, the module 300 is
configured to select the pilot symbols 246 and 247 (the two closest pilot symbols 222 having
indexes lower than the sub-carrier of interest) and to select the pilot symbols 248 and 249 (the

two closest pilots 222 having indexes greater than the sub-carrier of interest).
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where R is preferably conputed each tinme one of the OFDM synbol sets
210 i s rao@pwed2i3y4 t he recei ver 110. R, however, can beECT/USpOt/€E8s6
nore than once per received OFDM synbol set 210. The nodul e
300 is configured to conpute additional MVBE filtering coefficients
corresponding to sub-carriers near the highest and | owest sub-carrier
frequency used to transmt the signal 125. The quantity of additional
MVBE coefficients cal cul ated by the nodul e 300 depends on the pattern
of the pilot synbols 220. The OFDM synbol sets 210 shown in FIG 3
have four different configurations of the scattered pilot synbols
222. For exanple, the configuration of the scattered pilot synbols
222 is identical in OFDM franmes 211 and 216, OFDM franes 212 and 217,
OFDM frames 213 and 218, and OFDM frames 214 and 219. The quantity of
addi ti onal MVBE coefficient sets calculated by the processor 190 can
depend on the quantity of data synbols 225 between the
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= for O(::%Hcﬁg%mzéih 0581%%1*[9!& s%%lbol sets 210 received by the receiver 110. Each set of the
MMSE filtering coefficients corresponds to one of the symbols 215 between the pilot symbols
247 and 248 and one coefficient set corresponds to the pilot symbol 248. Furthermore, each set
of MMSE filtering coefficients corresponds to a respective symbol position (relative to
surrounding scattered pilot symbols 222). For example, a first MMSE coefficient set
corresponds to data symbols 225 having an index one higher than those of the scattered pilot
symbols 222 (e.g., a first MMSE coefficient set corresponds to symbols 260, 270, 280, ...), a
second MMSE coefficient set corresponds to data symbols 225 having an index two higher than
those of the scattered pilot symbols 222 (e.g., a second set of MMSE filtering coefficients
corresponds to. symbols 261, 271, 281, ...), a third MMSE coefficient set corresponds to data
symbols 225 having an index three higher than those of the scattered pilot symbols 222 (e.g., a
third MMSE coefficient set corresponds to symbols 262, 272,282, ..), etc. One of the MMSE
coefficient sets (e.g., a twelfth set) corresponds to the scattered pilot symbols 222. The module
300 is configured to calculate the twelve sets of MMSE filtering coefficients according to:
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R=[R0) [RIO)R(-3)] + R(3)R(0) be rewitten as: [R(O)R(-6)1 +
R(6) R(0) vhe2emsweisud en as: [(9R(0)R(0O)R(-9)] R can be pemwusikh®nissss
R(-12) R(12)R(0) 2

e(m) =[¢,(m) ¢, (m) ¢, (m) c,(m)) =

[R((m—m,},;) R((m—m,),,) R((m~ m, ), ) R((m—m,}, R, (11
where () is the modular operation and

R(0) R(-12) R(-24) R(-36)

_{RU2 RO) R(~12) R(-24)

“IR(24 RA2) R(O) RM-12)
R(36) R(24) R(12) R(0)

+o’1, (12)

where R is preferably computed each time one of the OFDM symbol sets 210 is received by the
receiver 110. R, however, can be computed more than once per received OFDM symbol set 210,
The module 300 is configured to compnte additional MMSE filtering coefficients

corresponding to sub-carriers near the highest and lowest sub-carrier frequency used to transmit

* the signal 125. The quantity of additional MMSE coefficients calculated by the module 300
depends on the pattern of the pilot symbols 220. The OFDM symbol sets 210 shown in FIG. 3
have four different configurations of the scattered pilot symbols 222. For example, the
configuration of the scattered pilot symbols 222 is identical in OFDM frames 211 and 216,
OFDM frames 212 and 217, OFDM frames 213 and 218, and OFDM frames 214 and 219. The
quantity of additional MMSE coefficient sets calculated by the processor 190-can depend on the
quantity of data symbols 225 between the lowest-frequency sub-carrier and the lowest-frequency
scattered pilot symbol 222 (or second-lowest frequency scattered pilot symbol 222 when the
lowest-frequency continuous pilot symbol 221 coincides with the lowest-frequency scattered
pilot symbol 222). For example, if the; lowest-frequency pilot symbol 222 was transmitted using
the fourth lowest sub-carrier, then four additional MMSE coefficient sets are calculated. If the
lowest-frequency pilot symbol 222 was transmitted using the seventh lowest sub-carrier, then
seven additional MMSE coefficient sets are calculated. Likewise, the quantity of additional
MMSE coefficient sets calculated by the processor depends on the quantity of data symbols 225
between the highest-frequency sub-carrier and the highest-frequency scattered pilot symbol 222

(or the second-highest frequency scattered pilot symbol 222 when the highest-frequency
18



crl , 2o0- 1, cr 2+, as: +c21l. (12b) (12c) (12d) (12e) WO
2008/ 027 V3 03024532907/ 018856 Wil e t he nmodul e 300 has beeryudeswvisbsd
as calculating four, seven, ten, or thirteen additional MVSE
coefficients, other quantities of coefficients can be cal cul at ed.
Usi ng the above filtering coefficients, the nodule 300 is configured
to calculate a channel estimate of a sub-carrier of interest
according to:

continuous pilot symbol 221 coincides with the highest-frequency scattered pilot symbol 222).
Equation 12 can vary depending on the pattern of the pilot symbols 220. For example, if two of
the pilot symbols 220 are used to calculate cannel estimates for edge-sub carriers, then Equation

12 can be rewritten as:

_| ROy RS, ,
R _[R(S) R(0) ]-i-a‘ I, (2a)

where § is the spacing of the pilot symbols 220 used to calculate a channel éstimatc. For
example, for OFDM frame 213, Equation 12 can be rewritten as:

R = [R(O) R(_3)] +o,  (12b)

R(3) R(0)

for OFDM frame 214, Equation 12 can be rewritten as:

[R(O) R(_6)]+o'21, (12¢)

R(6) R(0)

for OFDM frame 216, Equation 12 can be rewritten as:

_[R(O) R(-9) 2
R [R(9) R(O)]+a I, (12d)

for OFDM frame 217, Equation 12 can be rewritten as:

[ R(0) R(_u)} +o’l.  (12¢)

R(12) R(0)
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4 f/ (M = cpti(n,),(13) pal where E(tnp) are the channel estinates of
t he sub- aeonemrs7used to transnmit the sel ected sub-set pér/pkroot/o1ssss
synbol s 220 (selected as descri bed above): - Yendl3 H mp) ( a) and
c(m are corresponding MvVISE filtering coefficients. The
nodul e 300 is configured to estimate the signal transmtted by the
transmtter 105 (e.g., the signal 125) using the initial channel

esti mates obtai ned using Equation (13). The nodule 300 is configured
to estimate the signal transmtted by the transmtter 105 using the
channel estimates of all of the sub-carriers used to transmt the
signal 125. The nodule 300 is configured to calculate an estinmate of
the signal 125 using one-tap equalization according to: Y (m (m =
O(mMm'0 mM-1,(14) where At(m is an estimted version of the
transmtted signal (here, the signal 125), Y(m is the Fourier
Transform of the signal 130, and 1/(m are the channel estinmates

obt ai n eWhiteimgnﬁquﬂaBiDO hag Béh.described as TXleulal fotr, 30¢en, fencanthir@uk agditional

substit he rece t he tual transmtted

pi | ot s%ﬁ%ﬁ? | (o ‘?‘S‘p ‘F‘@BF‘B%%?‘HE%&& %g’ef%“g‘%%ol s 227 with

esti mat ed TPBsingnhoitsve Regpting bdilsjﬁénbﬁs,rtﬁﬁ friode1d J00!iOtorfipiialt6 cAétla 4 dhannel
t he actu il nbol S .and re cin the received TPS synbol s 227
with th%S # ﬂﬁ%ﬂ-}sj’y Sfinstest 2 %ﬁﬁ“ﬁﬂf rease the accuracy of the

channel esti nmates calculated by t he processor .190. For exanple, the
scattered pilot synbol 247 is affected by the transm ssi on channel

115 (as descri bed above). Thegmgei ho knows a priori
t he val ue of the pil ot synbol 2@9 Zﬁ'{d’s ”he n%lﬁe 300 can

substitute ver n ot nbol 247 fqr. th

receive El\f@ﬁi&'!ﬂﬁ“&f %IES tlmé‘tfﬁﬂgﬁ"efﬁ Yr5d i EansEpt ‘PES%Eﬁt%%’rb”set of
confi gupmsymbbamaqaelédmiisemrmd aiﬁﬁ’&)synbol s 227 with estimated TPS
synbols to establish additional known reference points. To replace

the received TPS synbols 227 with the estimated TPS synbols, the

nmodul e 300 is configured to estimate Uﬂm JI'S symbol s 227 by taking

the average of all of the TPS s&’ﬁ'ﬂp)ﬁm,m 4§l OFDM synbol set 210
according to:

and ¢,(m) are comresponding MMSE filtering coefficients.

The module 300 is configured to estimate the signal transmitted by the transmitter 105
(e.g., the signal 125) using the initial channel estimates obtained using Equation (13). The
module 300 is configured to estimate the signal transmitted by the transmitter 105 using the
channel estimates of all of the sub-carriers used to transmit the signal 125. The module 300 is-

configured to calculate an estimate of the signal 125 using one-tap equalization according to:

_ Y(m)
H(m)’

0<m<M-1, (14)

where X () is an estimated version of the transmitted signal (here, the signal 125), ¥(m) is the

Fourier Transform of the signal 130, and H(m) are the channe! estimates obtained using
Equation (13).

The module 300 is configured to substitute the received pilot symbols with the actual
transmitted pilot symbols 220 and to replace the received TPS symbols 227 with estimated TPS
symbols. Replacing the received pilot symbols 220 with the actual pilot symbols, and replacing
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porsn. (15) -1, EX(np)< 0 pet,: I ncreasing the accuracy of

t he chanwéd 2@802Blat i on cal cul ati on by using the subst i RCE/ELRPTIHIGES6
synbol s 220 and averaged TPS synbol s 227 can increase the accuracy of

t he channel estimation process. Thus, the nodule 300 is configured to
nodify the initial channel correlation values cal cul ated using

Equation (10). The nodule 300 is configured nodify the initial

channel correlation by cal culating another iteration of channel
estimates according to: Y(mMm (mM =0 mM-1, (16) i(m"' where X(mis
now t he estimated version of the signal 125 having the substituted
pil ot synbols and the substituted TPS synbols. The nodule 300 is
configured to calculate an estimate of the channel correl ation

(thereby replacing the assunption nmade in Equation (10)) with: (m =
(s" Err (k, )//(k2),(17) where Kis the nunber of cases that satisfy
(k2 - kOn= m The channel correlation nodule 300 is configured to
store kihpresaivadnP Siysmhols 22bwitlr he gstimsted SPSymbolspeandnerea3be gaebsicy of the
227 are 130

the chapmupeshitales STEGaLed HARE Boftdol [0, 2ORTREmpIE LS Coalll A BIBFOAIR 247
t han usisrifegied dydhesansmissiorodiappel il (35 deseribeg sbove}. Thereseiyer b0, howheer,
Pr oCesshowdP phidh m&&lg% the il%ﬁgﬁfﬁw A aﬁﬁst@Q AAh1eCRI0" Bh Shdsifhte R actual

exanpl e, the processor can ¢ ul ate a_sh stantially accurate
channel vessionredihe gilot sytheol 29 b the received apmgionrof thecpitop spmbelRedf. dhe tinslule
respect k48 %A gEFggii gpg Eg

pi | ot SI)?/’M f)l t oéracf’%e el @égd&gzafg?hgﬁgo t 1:ak%t an@%%ﬁe‘ﬁ&%l 0 té({/%rﬁe%ﬁmbo}s
Usi ng ateeatahligh additional knewn seferenteprints. Forépleteghefectived FPS symbylnBa7 with
220, th i ' ' f j

rore ac i areRArS e Atfule MERTEubRIE 1) Qe nE 2 UAbLRG R by
pi | ot otakieshe pydrage ofdirofithe THB sMbels in e fingle D Maymbe! s 2@ acdooding to:
exanpl e, signal-to-noise ratio as the selection criterion. The
channel correlation nodule 300 is configured to obtain the estimted
averaged correl ation of the charnel 15X bke time domain according

to: 1 = - fl1)1(n)+ gion) %18 pe
(m ) 1(n) + gion) ¥ 18) i fX(mPRO' (15)

Increasing the accuracy of the channel correlation calculation by using the substituted
pilot symbols 220 and averaged TPS symbols 227 can increase the accuracy of the channel
estimation process. Thus, the module 300 is 'éonﬁgured to modify the initial channel correlation
values calculated using Equation (10). The module 300 is configured modify the initial channel

correlation by calculating another iteration of channel estimates according to:

- _Y(m) _
H(m)_-—r(m), OSmsy 1, (16

where X (m)is now the estimated version of the signal 125 having the substituted pilot symbols
and the substituted TPS symbols. The module 300 is configured to calculate an estimate of the

channel correlation (thereby replacing the assumption made in Equation (10)) with:

Remy=o SH®HAE), a7

(g by =
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where fi is a predeterm ned known paraneter (e.g., 1/16, 1/8) used to
repl ace av@ogosioors4of the previous correl ation estinmate. pdUSBOYII3E56
the quantity of synbol sets 210 used to cal cul ate.the average channel
correlation can result in a channel correlation that is snoother
and/ or closer to the actual channel correl ation. The channel
correlation nodule 300 is configured to store P(m in the nenory 305.
To perform channel estimation of fast-changing transm ssion channels,
the receiver 110 should include ICl- in the channel estimtion
cal cul ations. Interchannel interference can occur when the
transm ssi on channel 115 is not constant within a single OFDM synbol
set 210. The I Cl can be accounted for in the MvlSE cal cul ati ons by
rewiting Equation (6) as: Y(mM= HMX(M + 1A (mM+ NNmM, 0 <m< M-
1,(19) where, L-1-j 2x-m M1 Hn= E(k))e M, (20) b. MkaO which is
the FFT of the average CRwithin a particular OFDM synbol, and L-I1M
nl 1C1( Whbye K ithE ninbetf{ casesrtha shtisfy 2 4)0=whi The cBarinbleconelativh edcani=e300
caused hy tipme variatian in the transm ssion _channel 115.

15 configured to store R(m) in the memory 315. The pilot symbols 220 and TPS symbols 227

are preferably used to calculate the channel correlation because the channel estimates obtained
using these symbols are more reliable than using data symbols. Knowing the pilot symbols 220
a priori, the processor 190 can calculate a more accurate channel correlation. For example, the
processor 190 can calculate a substantially accurate channel estimate (at the specific time and
frequency of each of the respective pilot symbols 220) by comparing an actual transmitted pilot
symbol to a received version of the transmitted pilot symbol. Using a substantially accurate
channel estimate of the pilot symbols 220, the processor 190 can have a higher likelihood of
calculating a more accurate channel correlation value. Other channels, (e.g., not a pilot or TPS
symbol, can be chosen as reference points using, for example, signal-to-noise ratio as the
selection criterion.

The channel correlation module 300 is configured to obtain the estimated averaged

correlation of the channel 115 in the time domain according to:

R(my=(Q-BR(m)+ BR(m),  (18)

where f is a predetermined known parameter (e.g., 1/16, 1/8) used to replace a portion of the
previous correlation estimate. Increasing the quantity of symbol sets 210 used to calculate the
average channe! correlation can result in a channel correlation that is smoother and/or closer to
the actual channel correlation. The channel correlation module 300 is configured to store R(m)
in the memory 305.

To perform channel estimation of fast-changing transmission channels, the receiver 110
should include ICI in the channel estimation calculations. Interchannel interference can occur
when the transmission channel 115 is not constant within a single OFDM symbol set 210. The
ICI can be accounted for in the MMSE calculations by rewriting Equation (6) as:

Y(m) = H(m)X(m) + ICKm) + N(m),. 0<m<M-1, (19)
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The nodul e 305 is configured to account for fast-changi ng channels by
taking i wo2asoemat | Cl present in the signal 130. The PoOTURBOIB0ORSH6S
configured to estimate and subtract fromthe estimated signal (e.g.,
k(m)) the frequency-domain ICl present in the signal 130. The nodul e
305 is configured to assune that the tinme-donmain variation of the
transm ssi on channel 115, between two of the OFDM synbol sets 210, is
| i near, al though other assunptions can be nade. Using this
assunption, the nodule 305 is configured to calculate the difference
bet ween channel estimtes of an OFDM synbol set 210 currently being
recei ved and channel estimates of a previously received OFDM synbol
set 210 according to : where ir ¢ is the channel estinmates of the
current OFDM synbol set 210, a is the channel estimtes of the

previ ous OFDM synbol set 210 (e.g., retrieved fromthe nmenory 315),
and Gis the length of the guard interval, which is known a priori.
P and Wheregan be cal cul ated as described herein. To
understand the rel ationship between the channel slope and the |IC
terms, it is useful to reorganize Equation (6) as:
L-111-1j2-j2r(mq)1 Y(m). Huo nxn4-MﬂE E (k)e MeAt (23)
q=--g.ept 01=0 M k=0 wher e FHH) Jﬁ}& Jﬂ) ahd t he@fenai ning terns
for g> Q where g is an index of? sﬁb cdrrier. Using the Equation
(23), the nodule 305 is configured to represent an i nmpul se response

of the tr aq'n 1S tﬁgﬁ?f‘ of tlplgg{r]grgge &ﬁ( \%(i:ﬂ%%radlla 1cular OIQDNB symbol, and

L-1 M-l ‘n!
ICI(m)=3" > X(n)H,(n- ne M #33)
I1=0 r=0,nem
which is the interference caused by time variation in the transmission channel 115.
The module 305 is configured to account for fast-changing channels by taking into

account ICI present in the signal 130. The module 305 is configured to estimate and subtract

from the estimated signal (e.g., X' (m)) the frequency-domain ICI present in the signal 130. The
module 305 is configured to assume that the time-domain variation of the transmission channel
115, between two of the OFDM symbol sets 210, is linear, although other assumptions can be
made. Using this assumption, the module 305 is configured to calculate the difference between
channel estimates of an OFDM symbol set 210 currently being received and channel estimates of

a previously received OFDM symbol set 210 according to :

~ ~

HE-gT
" TMAG

i : @22)

where HC is the channel estimates of the current OFDM symbol set 210, §* is the channel
estimates of the previous OFDM symbol set 210 (e.g., retrieved from the memory 315), and G is
the length of the guard interval, which is known a priori. HS and H?” can be calculated as
described herein.

To understand the relationship between the channel slope and the ICI terms, it is useful to

reorganize Equation (6) as:
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where (25) Mk.0 and a is the slope of the channel variation. thus,
Equat i onw@29ospam34be. sinplified as: Y(m = Hm X(m +E )@@w&zoq)na((s(;iﬁ)
M1l ilopeam+ g)mM+ R(mM , (26) where 1 A f K((q) m) = E (k

-sid)e, (27) (i.e., the LEFT of (k --ail=1)), which can be
pre-conputed (e.g., stored in nenory during manufacture of the
receiver 110), and L-1- j2a(mO01l H il opc(OnAf) =ate" , (28) 1=0
(i.e., -111"Pe is a channel slope estimate in the frequency domain).
The nodule 305 is configured to estimate the OR sl ope according to: ¢

Y

2 izl 1 41 jaks _jpalmrad -
Y(m)=H({m)X(m)+ ZX(m + Q)[ZE[— Zh, (K)e Me M ] +N(my, (23)

g=—.q0 =0 k=0

where N(m) includes N(m) and the remaining terms for |z > @, where g is an index of a sub-

carrier. Using the Equation (23), the module 305 is configured to represent an impulse response

of the transmission channel 115 according to:

(k) = by + cr, (k — 51) (24)
where
B=LShm, @9
M= ?

and ¢, is the slope of the channel variation. Thus, Equation (22) can be simplified as:

e
Y(m)=HmXm)+ 3, X(n+DK{(@) s )H g ((m + ), )+ N(m) , (26)

ger—2.020

where
) el 2=
K@) =—2 (k-4 ¥ | @7
M k=0

(i.e., the IFFT of (k—21)), which can be pre-computed (e.g., stored in memory during

manufacture of the receiver 110), and

-i2 {(m+q)l

:i’opc ((m + Q)M) Z a;e I : (28)

120
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-,(29) M+ Gwhere .6 flop. isexpressed in the frequency domain. The
modul e 30%02408@8FH# gured to provi de the cal cul at ed i nf oPEEAUSYH7HB85the
nodul e 300. The nodule 300 is configured to estimte the
transmtted signal (e.g., the signal 125) using the information

provi ded by the nodule 305 (e.g., ICl information). The nodule 300 is
configured to estimate the transmtted signal (e.g., the signal 125)
by subtracting the ICl information provided by the nodule 305 from
the received signal (e.g., the signal 130) according to: nnt) - E k(n
+ QK ((gym )12 ilope((in +qg)m A .(n) _ 4=-CVBCO where Qis a snal
integer (e.g., one or two, although other integers are possible).

The nodul e 300 is configured to conpute further iterations of
Equation (30), which can |nprove performance of the final channel
estimates. The nodule 300 is 'configured to performfrequency-domain
MVBE channel, estimation on the 1C -subtracted signal according to:

Y(m) -1

iterati

(8 o B4 Bk ekt IPMD o R TS gy conpres

be perf ¢o awsinasy thedRnsbohel assor@d@ tand 305, if desired. Furthernore, the

channel

correlation conputed by the

[C _pP

A

I l
2
“=yic’ W

where H sope 15 &; expressed in the frequency domain. The module 305 is configured to provide

the calculated information to the module 300.

The module 300 is configured to estimate the transmitted signal (e.g., the signal 125)
using the information provided by the module 305 (e.g., ICI information). The module 300 is
configured to estimate the transmitted signal (e.g., the signal 125) by subtracting the ICI
information provided by the module 305 from the received signal (e.g., the signal 130) according

to:

o . .
Ym)~ D X(m+@K({(g)4 Y pe ((m +9),,)

X(m)= . A0 ., (30)

where ( is a small integer (e.g., one or two, although other integers are possible).
The module 300 is configured to compute further iterations of Equation (30), which can
improve performance of the final channel estimates. The module 300 is configured to perform

frequency-domain MMSE channel estimation on the ICI-subtracted signal according to:

Py =Y(m)~ 3 R(m+ QK@) a (m+a)y). G

g=-2,¢9=0

Additional iterations of ICI cancellation and/or addition MMSE equalization can be performed
by the modules 300 and 305, if desired. Furthermore, the channel correlation computed by the

25



nodul e 300 using Equation (9) can be updated using Equation (12). The
nodul e 3000 2&P8HHE gured to use Equations (30) and (31) PEDHUSHNT 018836
the final channel estimates according to: 1-1(m - f(m .(32) k(m
The nodule 300 is configured to store'11(n) in the nmenory 315. For
each sub-carrier of interest, the nenory 315 can be configured to
provi de the final channel estimates to the processor 185 using
Equation (32). Alternatively, the nenory 315 can be configured such
that the final channel estimates obtained from Equation (32) are
stored in the nenory and retrieved by the processor 185 when needed.
Using the information provided by the processor 190, the processor
185 is configured to calculate a final estimte of the signal 130 by
mappi ng recei ved ones of the synbols 215 to correspondi ng
constellation points (e.g., QPSK, 16QAM or 64QAM constell ations).

A Viterbi decoder can be used during the channel estimation process,

t 0 i ncr @psiele 300 using Fanation 9)car be apdai¢dusint Banatine (123 s {Themddoles300dnd
to redu | I

o cont oiaEe £ SRR 0SB (E DAL Pallle G RAY il IR Eottihe o
algorithm The nodule 300 is further conflgured to encode the Vit er bi
decoded bits according to, e.g., the PDVB-T/H st.andard, to obtain
estimated transmtted signals (p[ (8) =L signalz2325) that are
represented by constellation points. Xfre) nodul e 300 is al so
configured to carry out ICl cancellation using the channel slope

esti mates obtai ned by anal yzi ng, e,&.’,. the hard and/or soil decisions
usi ng tﬁéﬂewqdetqﬂooaﬁ Gonti gumed t‘-"W%E’ﬁ H Hg‘%FIVF‘W@WUdé’@ﬁG@h,SHPWGQI e

300 is f M)\@E Y j I t i s to
obtain a gllf ongﬁqe %ﬁgl %g%l ma sé‘“% %@g tl} egtg%’gtegﬂoe Fa
subt r actpeetessog h8} wsingFqation B2 e‘tlltttroatmbuﬂm mtreorwdﬁﬁlceu bt yomfigurdibsuch that

channel tﬁiﬁﬁﬁ@ﬁ%ﬁgl Si0EFSSbrzined fony! te'a,u&t) @&jsgla 283&{ %rtté A Og%ﬁtd%eu?eved

with further reference to

channel bydhe praceseer Wlwi@mmd@ystﬂem tt@@nfonvmmtemovlﬂed by Hg:esowhmmsto the
The pro ) |3,

pr ocess(i’Z%%sséggs% gr gkécﬁéﬂﬁﬁ'@ § 5%’4'3%%“: s?ﬂaggtg‘é@(} ggtb'y;}'g%{%fecewed
r ear r angags of the symbolﬁ\?l%toagwercamdmgmnsteﬁ@iwmmmoz 3-cQBSK e 56QAM, or 64QAM
signal 1g5:liEiifng). @ OFDM DVB-T/ H si gnal which has been transforned

into the signal J? transmtted by the transmtter 105 via the

transm ssi on J&Hémldciqfkf cEmppe mwmm@ml estgpatih(proeessity ourdaye the
the r ec%bc\ﬁﬁﬁcy]d]tQh &Ji&n%&ﬁ%\éﬁéste aﬁt?fbvr%ﬁléc% tﬂé‘ﬂ:@%&% Qkﬁ%?é For
rou

210 into the parallel signa ‘stream
172") C&FF@EIﬁo%@%I#Qﬂ rﬁperfimre%t@qua t-‘r@routméa E@uqﬂpaﬂémsmgtah‘éltcrbi

signal LR trh@rﬂoaae%o%hﬁ&epmm Jt&%ncoﬁa%é)v9§,%§&&rodé€§its acogrding

recei ves the si 172 fromthe S/ P converter rocessor

renoves tPtfes-cie %‘@ﬁ/’éﬁ@%dﬁéd@cp‘%‘&m Fﬁ@ﬁ?‘bﬁ%‘%@ﬁe%@ﬂm pthe gignaldi25) that
175 pr O%éjl%ﬁrersé}ﬁe@b)g&%stéﬁﬁoﬁ Boﬁaﬂe e QEREELT00%8 Rso LHER SRy onbftr

performs an FFT on the signal 177 converting it into t"le frequeg&
dormai n MP“%@EW CB?IB’@b%lebt estigpatesovAiRREO Yty zimmpr/Bs edsrd srd/or soft

210 to tdeEisRhOERISMHeVildbi ithR0 - When using £Vitsfhd@&c4d0 thetrhgdlﬁé &S or
190 perforgs initial channel correlation estimation. The nodul e 300

conput eSORIBWRG rpesirmddibifgusing thede! subdiarigd gigordpte @@lﬂ@cﬂddg@ﬂalﬁi@ﬂ%d
stores RgliflafedleTHENBISE 13? tha-{hﬁesrméi I@ﬁuﬁ@&t&ﬂtﬁﬁﬂl@é&%e%ﬁt@@g rch

sets of MEMSE filter coefficients using Equation (11), each of
1VINBE C8Bplexity ehthechpancl g5tEBRRRIPEEGS-t 0 a respectl ve location of the

data symbol s ﬁgﬁerﬁﬁeﬁﬁéﬁﬁufgqomr OURHH RFthei Je?érerﬁ:\é@ﬁieésnezzzg yﬁ%%fs 4(?_% for

nmodul e 300 stores the MVSE filter coefficients In t
nodul e GToRwRE Ghemchertimation asingUBESYSiem L0 inelufles the stages showne Ipo prticasy

to sub- Q@brm&e%eln%xeﬂmgma%@nm&tke%efﬁrs&g@m%Hé%%efd% g, by

having stages added, removed, or rearranged.
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ii(m) the frequency domain ICl present in the signal 130. The nodul e
305 assun¥e2014273xhe time variati on between two of the BEDNSEWHHISBS6
sets 210 is linear and cal cul ates the difference between the channel
estimates of the OFDM synbol set 210 being received, and the channel
estimates of the previous OFDM synbol set 210 received. The nodul e
305 cal cul ates the difference between the current and prior channel
estimate using Equation (22). The nodule 300 uses the ICl information
provi ded by the nodule 305 (e.g., either directly via the bus 310, or
indirectly through the nmenory 315) to carry out MVBE channel
estimation using the 1Cl- subtracted estimted signal using Equation
(31). Additional iterations of ICl cancellation and/or additional
MVBE equal i zation can be perforned by the nodul es 300 and 305, if

desi red. At stage 430, the nodule 300 calculates the fina
channel estimates of the transm ssion channel 115 and updates the
channel cor r d\t&taee 05, thereseiyen H03gerivesitheisignal d 26 e gt rmAFDM BVERRT/H signal

esti mat Qhigd hdslRed FANISHRAING tﬁ@ﬁgﬁ%@ llBé)]éarH ]gtr&gi tﬁﬂd{%&ﬂé?m(t 1)03 via the

At stage 435, the processor 190 determmnes if the receiver
recei vedraBHBISHER clompR) KhPnifior cacy OBIMI syribaj set 210heceiwed bydhe qurrelﬂﬂrﬁns S/P

t0 st agQofthlater OSSR S HeRFIVASEDDI 9916 ﬁ{tmﬂ?ﬁ;aﬁaglell Fr'll%ar%tl I‘i% %E&%’ stream (e.g.,

enbodi ments are within the scopé and Spl rit

exanpl e, 17dudrqughtlf.)samrespendy tﬂs?d*lffmﬂbswfmﬂ‘@Pétodéas@mltbb@?-lamb\l@ viurthe
be i npl epREhRGH ShiHhe SOt WieSroddadd W ?ecef\)eg %?‘lﬂl R 9 i dgp Bhverter
conbi nations of any of these. Features i nplenent functions may

al so be lgRy Jhe aracesspp b4y remoxes thapv@usarp@s pddedrby, the n@pesaw!gs%éﬁhngwcessor
di stribute &u@émm

di fferent %ﬁém cal %Iéag??’g%d;maggqceéégggm %mﬂbgeésmé%%%ﬁgs mmon the
nunmber &b %VWagﬁrh@@%gemw d@gmsml 182. peherrooesseg 1§¥)em\rﬁdes each

functi 0%%&1‘5&9@@%&5&&&%&@% A4 199ch of the nodul es can be
conbiiied into a si ng e nodul e and/ or separated into additional

nodul es. The “Hétage ¢of, tha progsesson P 0mswforgs s tialichansred cersalatingl estimhéon. The
channel rﬁ'&iu'lmtf&n%te%@s&lﬂa{ bcﬂ'}ésﬁoﬁ(ﬁ% ﬁ%%cé&é%ﬁ'é?«[‘%’i alth%b and stores R.

prOCGSSIng1 VWil e the WEW%@% hown as art o processor
190, ot He edBWFP‘gG”rlét THp & @%Q@ﬁlcblaé%(aélqgst t\welv@ sats 0 MM8BHilicneodfficients

| ocat ed usihg!HiRafEPATS 28N e WSEQS@&EQ& ?é@é&kéﬁgé/ﬂd%(%‘or&%yf%&lﬁre location of

connecti on eferr|n roce can

modi f i edh datasrahainadt @I%szgtaﬁg?ﬁu@éingmﬂehwmls 22t Theamodulg3ikgtores the

profil e MIWSE SlRE6FicRYRNin thdBembiS 3 18X ATR Infoduld SO0 RERBR aé@x%oﬁﬁ%dsa filter
i ncl ude stagges where the correlation is based on the current chann

est i mat EOCHIENSFITErRARdIneNR BEb-FarieEMerhe dpeshrndhighest apcmeywnguqe@to

cancel | atanSit u@mﬁmm@rpor thd BatdYBbs RERHEQLIREEN diérdoﬂﬁg\ﬁfa@aﬁoﬂﬁé)sé‘a&&eﬁ%uot
per for rsmgg{s sta 410 and channel "correlation estinmation can

moved f be‘t%?b%l%i'@mdulﬂ 30Qnpaipates, fourrgeen; F"@nOWéHTCBEen

descri bQddjuanawaéméiengfusmﬁ@ygoﬂ'(1I-ﬂ%standard wher e t he spaci ng of
the sub-carriers usgg"to transm.t. the scattered pil ot nbol s 222 is

twel ve, ot herMSHSE Artas Pyl 300 detsamings the SFBTse'led%lﬁFsén%tt% Be pspddn calgwlate

can be ap@Haafeilettimiek Poridack 6E¢hS ahé%yﬁaoﬁtzés%&d?s\&%wstzb? tﬁP%ﬁG@ 300
of the sub- Carrled;s used to transmt the scattered ﬁgl ot synb

i s t hr edetermines if thegp areat deast tond thesrattergd pHaksymhols @W%dh%@bc@rw
the scatbsel RdrikhRithSwmbl 2128x8der %aPe&mal dn@ltheSWaal %@ﬁ@h&? g Ehey ERY-

exanpl e, the processor 190 can_use the continuous pilots 221, "even It

a sel ectCaUepHFISP tapwmit thersignab 1. Jif there ars 24 leggidwopd thessatirrpdipilagisymbels 222

scat t er @dtvidich@e sprHaaher 22 toftRhsRit ARDYRbOl Qiﬁﬁﬁdé?%s&:@ctﬁh%d the mB%sT and
synbol 50 C-%;gl d be used to conpute a channel estimate for a s

251 Usi ?n‘ijeﬁf QEGY SR GHE 11’6{1 thempdile 390 shqoses foanpitrs sYmbels 222 to wietin
the scaNmIsEequbliztiony FHCamdE the HYRHES00 Eiftfdséd 1hE BAS BiokdifofRERlaRE el Yilot

symbols 222 having a sub-carrier frequency lower than the symbol 215 under inspection, and the

two closest of the scattered pilot symbols 222 having a sub-carrier frequency higher than the
27



What is clainmed is: CLAIM 1. Areceiver (110) for receiving an
ort hogon&OReusgaBaEy division 5 multiplexed, OFDM di gi PEI7USHE@018856
broadcast, DVB, signal including OFDM synbol sets including data
synbols and pilot synmbols transmtted using a plurality of
sub-carriers, the OFDM DVB signal being transmtted toward the
receiver (110) via a transm ssion channel (115), the receiver (110)
conprising: an input nodule (170) configured to receive the OFDM DVB
signal via 10 the transm ssion channel (115); and a channel
estimation nodule (190) coupled to the input nodule and configured to
cal cul ate channel estimates of the transm ssion channel in the
frequency domain by perform ng Fourier transforns on the OFDM synbol
sets to produce transformed synbol sets in the frequency domain, by
updating changi ng 15 channel correlation estimates in time and by
perform ng mnimum nean square error, MVSE, equalization on the

t r ansf of Yfbpl) Alvaferdaspection &pr@ﬁmgakmml@datm@wl@nmn@ofthe symbol
cor r el abiy9)ih bR Bes selects pu&» {Hisslsrmewﬁm Lhah48! 1 @s ol 1S uihG

t he channel estination nod erforns a sl ng ourier

t r ansf o¥Pgréion hag ey dgn @me glyrswter@azﬂot SBanih 822 éetmem ﬂw(snlm)umr used to

| 1
s por | SenasEUR syiaol iier YR A B 1Rc4 6 HipRaRRRATRSy STReARES o
set th atT ansgnif ﬁlﬁs‘ﬁlgmbhﬁa thenghe méﬂlpﬁpﬂtselm %o qlpaektenm&fﬁa\sygrb biwer-
t. f
sé ?r i err ﬁ e P& o %égﬂ?% ﬁét@ﬁ%_ggxgﬁt)@@ gllkq-%? bk Bﬁétﬁ 95 to

nodul e |gur to sel ect
synbol suse\w ¢nﬁéfst1atmgl agthagyslisetirmate rﬁartbmm@d 243 thg nmdulecsztectsghspilot symbols

havi ng ]

LD S, e RS A e 1
sub- car inspectionawingEqupten €3 tce@thngnemmamnmi gstimatg femeph adechrncc under
transm {nsh08iodahore Wi B er AE ol JIRREHDI AR be used to calculate an estimate of edge

channels.

At stage 420, the module 300 calculates an estimate of the signal 125 using Equation (14)
and the initial channel estimates calculated in stage 415. The module 300 replaces the estimated
pilot symbols with the actual pilot syrﬁbols. The module 300 further refines the accuracy of the
TPS symbol estimate by averaging all of the TPS symbols 227 in an OFDM symbol set 210
under inspection using Equation (15). The module 300 computes a channel estimate of the
transmission channel 115 using the estimate of the signal 125 (having substituted pilot and TPS
symbols) and Equation (16). The module 300 computes the updated channel correlation using
Equation (17), which is stored in the memory 315. The module 300 further calculates the
estimated average correlation using Equation (18).

At stage 425, the module 305 estimates and subtracts from the estimated signal (e.g.,

X (m)) the frequency domain ICI present in the signal 130. The module 305 assumes that the
time variation between two of the OFDM symbol sets 210 is linear and calculates the difference
between the channel estimates of the OFDM symbol set 210 being received, and the channel
estimates of the previous OFDM symbol set 210 received. The module 305 calculates the
difference between the current and prior channel estimate using Equation (22). The module 300
uses the ICI information provided by the module 305 (e.g., either directly via the bus 310, or
indirectly through the memory 315) to carry out MMSE channel estimation using the ICI-
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5.The receiver (110) of claim 3 wherein the channel estimation nodule
(190) is Wwonrewsyardd to sel ect, as the sub-set of pilot BgMUSR®7/01¥856
closest pilot synbols transmtted using sub-carriers having
frequenci es higher than a frequency used to transnmt a data synbol
under inspection. 5 6. The receiver (110) of claim3 wherein the
channel estimation nodule (190) is configured to select, as the
sub-set of pilot synbols, N closest pilot synbols transmtted using
sub-carriers having frequencies |ower than a frequency used to
transmt a data synmbol under inspection. 10 7. The receiver (110) of
claim4 wherein Nis equal to two and the channel estinmation nodul e
(190) is configured to performthe channel estimation of each of the
data synbols according to: 4 15110/0 =cpH(np) p=1 where cp is a
respective filter coefficient, if (np) is a channel estimate for a
respective one of the sub-set of the pilot symbols, and p is an |pdex
val ue ofsubiracgedpstimated signel ufing Houatioh (3Bt Additibmml petatibns gl csnceRtiorBand/or

(150 1 SoaBiopt St touli it CatBE pEicnded by TP R 300 BRI iRp e
At stage 430, the module 300 calculates the final channel estimates of the transmission
channel 115 and updates the channel correlation. The module 300 calculates the ﬁnél channel
estimates‘of the transmission channel 115 using Equation (32).
At stage 435, the processor 190 determines if the receiver 110 has received another
OFDM symbol set 210. If yes, the process 400 returns to stage 405. Otherwise the process 400
terminates.
Other embodiments are within the scope and spirit of the invention. For example, due to
the nature of software, functions described above can be implemented using software, hardware,
firmware, hardwiring, or combinations of any of these. Features implementing functions may
also be physically located at various positions, including being distributed such that portions of
functions are implemented at different physical locations. For example, while FIG. 4 shows a
number of modules, each having been described as performing specific functions, the
functionality provided by each of the modules can be combiiied into a single module and/or
separated into additional modules. The receiver 110 can be configured to process multiple
channel estimates at substantially the same time using parallel processing. While the memory
305 is shown as part of the processor 190, other configurations are possible (e.g., the memory
305 can be located in the processor 185, or located remotely via a network connection}.

Referring to FIG. 5, the process 400 can be modified to accommodate a transmission
channel that has a power profile that changes over time. For example, the process 400 can
include stages where the correlation is based on the current channel estimate, and additional
MMSE is carried out prior to applying ICI cancellation. Furtﬁcnnore:, the MMSE performed
during stage 420 can be performed during stage 410 and channel correlation estimation can be
moved from stage 430 to stage 410,

While the invention has been described in context of the DVB-T/H standard, where the
spacing of the sub-carriers used to transmit the scattered pilot symbols 222 is twelve, other
configurations are possible. For example, the invention can be adapted to work with
transmission standards where the spacing of the sub-carriers used to transmit the scattered pilot

symbols 222 is three.
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R(0) R(M-12) R(M- 24)

While the processor 190 has been described as using the scattered pilot symbols 222,
other pilot symbols can be used. For example, the processor 190 can use the continuous pilots
221, even if a selected one of the continuous pilots 221 does not coincide with a scattered pilot
symbol 222. For example, referring to FIG. 3, the symbol 250 could be used to compute a
channel estimate for a symbol 251. Using the continuous pilot symbols 221 that do not coincide
with the scattered pilot symbols 222, however, can increase the complexity of the calculations
performed by the processor 190 by, for example, adding additional terms to Equations (11) and
(12).

' While certain values and/or quantities have been described as calculated using one or
more equations, other configurations are possible. For example, rather than calculating 2 specific
value, the value can be pre-computed and retrieved from the memory 315.

While the invention has been described in the context of the broadcast of digital
television, the invention can be used in other mobile or wireless channels such as cellular
communication, satellite communication, satellite radio broadcast, terrestrial radio broadcast,

" wireless networking (e.g., WiFi), ete.

Further, while the description above refers to the invention, the description may include

more than one invention.

‘What is claimed is:
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CLAIMS

1. A receiver (110) for receiving an orthogonal frequency division
multiplexed, OFDM, digital video broadcast, DVB, signal including OFDM
symbol sets including data symbols and pilot symbols transmitted using a
plurality of sub-carriers, the OFDM DVB signal being transmitted toward the
receiver (110} via a transmission channe! (115), the receiver (110) comprising:

an input module (170) configured to receive the OFDM DVB signal via
the transmission channel (115); and

a channel estimation module (190) coupled to the input module and configured to
calculate channel estimates of the transmission channel in the frequency domain by
performing Fourier transforms- on the OFDM symbol sets to produce
transformed symbol sets in the frequency domain, by updating changing
channel correlation estimates in time and by performing minimum mean
square error, MMSE, equalization on the transformed symbol sets based on

said updated changing channel correlation estimates.

2. The receiver (110) of claim 1 wherein the channel estimation module

(190) performs a single Fourier transform per received OFDM symbol set.

3. The receiver {110} of claim 1 wherein the MMSE equalization on the
transformed symbol sets is performed using a sub-set of the pilot symbols in
each OFDM symbol set that is less than all of the pilot symbaols in the OFDM

symbol set.

4. The receiver (110) of claim 3 wherein the channel estimation module
(190) is configured to select, as the sub-set of pilot symbols, N closest pilot
symbols transmitted using sub-carriers having frequencies lower than a
frequency used to transmit a data symbol under inspection and N closest pilot
symbols transmitted using sub-carriers having frequencies higher than the

frequency used to transmit the data symbol under inspection.
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- fix- RlmM =Ea? e M 0 mM-1, 1=0 5 where Mis a total nunber of
sub-carriers present in the OFDM DVB signal, / is an index
representing each respective path of a multi-path OFDM DVB signal, L
is a nunber representi ng the del ay spread of the channel 115, mis an

integer yal UeThENEES a%ﬁrhts' v@ﬁeﬂéﬁ%ﬁé%d}ﬁwé}wﬁﬁéﬁo@%@@@@

two 10 sel ecte hanne s ch correlation is bei cal cul at ed
and El | mgmk)slczjnﬂguredvﬁmeseleht (&9 the subesethahpdot svrlp)‘%IOdﬁ Me@p@ﬁ@‘epé@t

ime k of /th path of the 15 | T
(110) “of Sl Hamaniied Ui rsHiEAN e RatTih IHBMATEITS dogneE Hahca
confi gur F‘r@gh@n&@h%éh%Qraﬁr{bmﬁtaeaét@aéwﬁbon M@sfipspasson Cl, value, in

the frequency domain, related to the transm ssion channel. 20 10.
The receiver (110) of claim9 wherein the channel estimation nodul e

190 configured to rf r

\(/al u)e 6 11, THRgecaael 31(%3 Hégf{‘c H%efgsf&%%%rﬂ‘[ﬁluéét %ttrlltl)rﬁlrhgbule
estimat i pro i@uécﬁ)f?%ré@%.:) séRceond Itwrm sot pepilet syMisdEs elucibsest pitot
after subtracting the ICl value fromthe recei ved OFDM DVB S|g lhan g

12. The pwmbolertransiojttast using nfubwigsHersn havdng nHRABENEIES; IRW

Z‘S?Fkitfﬁégée'aﬁgﬁﬁéﬁ B3t Lo G ThFoL s PRET: °°

7. The receiver (110) of claim 4 wherein N is equal to two and the channel
estimation module (190) is configured to perform the channel estimation of

each of the data symbols according to:

15 H(m)= ‘2 c,H(m,)

p=l

where ¢, is a respective filter coefficient, H (mp) is a channel estimate for a
respective one of the sub-set of the pilot symbols, and p is an index value of a
respective one of the sub-set of the pilot symbols.

20
8. The receiver (110) of claim 7 wherein the channei estimation module

(190) is configured to calculate filter coefficients according to:

c(m) =[c,(m} c,(m) c;(m) c,(m)] =
[R((m—m), ) R((m—m,},) R((m—m,), ) R((m—m,), R
25

where

R(0) R(M-12) R(M —24) R(M -36)
| Ra2) RO  RM-12) R(M -24)
T|RE4  RQ) R(0)  R(M —12)

R(36)  R(24) R(12) R(0)

o’l,
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K- where K is the nunber of cases that satisfy (1c2 - ki)m=m
and Mis a total 5 nunber of sub-carriers present in the OFDM DVB
signal. 13. The receiver (110) of claim 12 wherein the esti mted
channel correlation value is averaged according to: 10-k(n) =(1-g)-k
(n) + (mM where /3 is a predeterm ned known paraneter. 14. A nethod
for conputing channel estimates of a transm ssion channel 15 (115)
used to Bndnsnit an orthogonal frequency division nultiplexed, OFDM
digital video broadcast, DVB, signal including OFDM synbol sets

i ncludi ng data synbols and pilot synmbols transmtted using a
plurality of sub-carriers, the nethod conprising:

receiving the OFDM DVB si gnak-at a_peeéiver (110) via the

transmni ssion 20 channd?ﬁm}%) o‘}e ¢a) c ) gtang Mhaninel estinmates of
t he transm ssion channel (11 in the frequency domain by

perform ng Fourier transfornms on OFDM synbol sets to produce
transborned synbols sets in the frequency domain, by updating

T e FOAL FuRr S B el oL e 0k P Dy sanal
transf or ped s el ré@ﬂe%ehfgﬁ@de%h SekgespratRah CORAIMGIHRANGFDM DVB

correl ation estinates. he method of cl'aim 14 wherein cal cul ating
channel eigniaket é5 a nenbeeseprgsariting e daaynepreast oheeshaynel 115, m is

per form gﬂ i%tésder}q}a?ug Or%{)'reesrenttsrnagngfqouranﬂt@f o e &é’r%ﬁg%%'\r/tlnse\@%@twggﬁ two

10 selected channels of which correlation is being calculated, and
E{Q k() [’} =of

where (k) is the channel impulse response at time k of the M path of the

15 transmission channel.

9. The receiver (110) of claim 1 wherein the channel estimation module
(190) is configured to calculate an interchannel interference, ICl, value, in the
frequency domain, related to the transmission channel.

20
10. The receiver (110) of claim @ wherein the channel estimation module

(190) is configured to perform the channel estimation using the [Cl value.

11.  The receiver (110} of claim 10 wherein the channel estimation module
25 (190) is configured to perform MMSE equalization after subtracting the [Cl
value from the received OFDM DVB signal.

12. The receiver (110) of claim 1 wherein the channel estimation module
(190) is configured to calculate channel estimates by estimating a channel

30 correlation value according to:
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R(m) =-§.—- S A (k)AK),

(kyky)yy oo

where K is the number of cases that satisfy (ko — ki) = m and M is a total

number of sub-carriers present in the OFDM DVB signal.

13. The receiver {110) of claim 12 wherein the estimated channel

correlation value is averaged according to:

R(m) = (- BYR(m)+ pR(m),
where 8 is a predetermined known parameter.

14. A method for computing channel estimates of a transmission channel
(115) used to transmit an orthogonal frequency division multiplexed, OFDM,
digital video broadcast, DVB, signal including OFDM symbol sets including
data symbols and pilot symbols transmitted using a plurality of sub-carriers,
the method comprising:
receiving the OFDM DVB signal at a receiver (110) via the transmission
channel (115);
calculating channel estimates of the transmission channel (115) in the
frequency domain by
performing Fourier transforms on OFDM symbol sets {o produce
transformed symbols sets in the frequency domain, by updating
changing channel correlation estimates in time and by
performing minimum mean square error, MMSE, equalization on
the transformed symbol sets based on said updated changing channel

correlation estimates.
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15. The method of claim 14 wherein calculating channel estimates inciudes
calculating channel estimates by performing a single Fourier transform per

received OF DM symbol set.
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