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CHANNEL ESTI MATI ON ARRANGEMENT The present invention rel ates
generally to estimator 5 circuitry for a digital receiver operable in a
di gi tal wd-Pasgi cation system More particularly, thernsoeeass

I nvention relates to channel estimator circuitry, and an associ at ed
nmet hod, for estimting channel characteristics of a transm ssion
channel, including transmtter and 10 receiver filter circuitry,

upon which a digital comuni cation signal is transmtted.

The channel estimator circuitry, and the associ ated met hod of channel
estimation, provides a channetHAWELESTIMATION ARRANGEMENPVEd qual ity. Because
the quality of the channel 15 estimate is inproved, recovery of the

i nf ormati onal

The present invention relates generally to éstimator

5 circuitry for a digital receiver operable in a digital

communication system. More particularly, the present

invention relates to channel estimator circuitry, and an

associated method, for estimating channel characteristics

of a transmission channel, including transmitter and

10 receiver filter circuitry, upon which a digital
communication signal is transmitted.

The channel estimator circuitry, and the associated
method of channel estimation, provides a channel estimate
of improved quality. Because the quality of the channel

15 estimate 1is improved, recovery of the informational
content of the communication signal is facilitate. The
circuitry and method can be advantageously utilized in a
satellite communication system in which intersymbol
interference introduced upon a communication signal

20 transmitted between a transmitter and a receiver is
introduced only by filter circuitry of the transmitter and
receiver. The circuitry and method is also advantageously"
utilized in other communication systems, such as a digital
cellular communication system.

25
BACKGROUND OF THE INVENTION

A communication system is formed, at a minimum, of
‘a transmitter and a receiver interconnected by a
communication channel. The communication system is

30 operable at least to transmit communication signals,
having an informational content, generated at, or applied
to, the transmitter upon the communication channel. The
receiver 1is operable to receive the transmitted,
communication signal and to recreate the informational .

35 content of the communication signal.

A radio communication system is a communication
system in which the communication channel is formed of one



content of the comunication signal is facilitate. The circuitry and

net hod can be advantageously utilized in a satellite comrunication
systemin which |ntersynbol i nterference introduced upon a

conmuni cat 5o 952! transmitted between a transnipg
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receiver :‘g |ntroduced only by filter circuitry of the transmtter

and ‘receiver. The circuitry and nmethod is al so advantageously
utilized in other conmunication systens, such as a digital cel lul ar
comuni cation system 25 BACKGROUND THE | NVENTI ON A
communi cation systemis forned, at a mnintim of a transmtter and a

receiver interconngehed f9¥§ﬁency bar iﬂH@:EqactQBﬁ:i:?tlc fRuency

communi cation system operable at .l east to Lransmt
comuni cati on sigpRAtEum. A tIANAMGLER ¢ MBrfalr tgﬁ?‘mmblecnaerlé’fled at,
or applied s)trsr.ent enératsid cemmupivaititn ségnahiafachenackermimtiicsThe

;?Sﬁ:ﬁ/er s rean&Jtr{?o rt%ge't\i%nshE%51Bﬁanﬁﬁbﬁt ethe comm&fFRERogAt i ON

_ and to r rmat 1 ona content of the co nlcatlon
signal . 5 chameladi oaft%mﬁhﬁ c XS Vst ReLA1g ¢ dfmutifEat it
systemin whi ch ¢bamePieatiiceat i opstdannes | spepabkel otoongeceive the

communication signal transmitted upon the communication
channel.

Typically, the radio receiver includes tuning

10 circuitry tunable to the frequencies of the communication

' channel upon which the communication signal is

transmitted, down-conversion circuitry for down-converting

a receive signal formed of the communication signal from

a transmission frequency into a lower frequency, or

15 baseband, signal, demodulation, and decoder circuitry
which permit the informational content of the
communication signal to be recreated. A radio

communication system is advantageous for the reason that
a fixed, or hard-wired, connection is not required to form

20 the communication channel extending Dbetween the
transmitter and receiver. Communication can be
effectuated between remotely-positioned transmitters and
receivers without the need to form the hard-wired or other
fixed connection therebetween.

25 Technological advancements in communication
technologies have permitted communication systems to
utilize digital communication techniques. Some existing
communication systems have been converted to permit the
utilization of digital communication techniques; other

30 communication systems have been planned, or have been made
possible, as a result of such technological advancements.
Utilization of digital communication techniques is
advantageous as information can be more efficiently
transmitted upon a communication channel than by utilizing

35 conventional, analog communication techniques. Also, some
tranemission difficulties which distort the communication

signal as the communication signal is transmitted by a
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-2- or nore frequency bands of the el ectromagnetic frequency
spectrum A transmitter operable in a radio comunication system
generates a G¥Hmegati on signal of characteristics pararvesorioges t S
transm ssi on upon the conmmunication 5 channel, and the receiver
operable in the radio comuni cation system is operable to
receive the comuni cation signal transmtted upon the comunication
channel . Typically, the radio recgiver includes tuning 10
circuitry tunable to the frequencies of the comunication channel
upon which the teaABMItESE it8) a H@iVer icdn sometihéfsHe thefe readily
down- conversi on cireullry f errg‘r)n"‘&éﬁ%\igr Hcg\gunicatignreggél){r?i@l%flloaljaeornEd

. O
of the conmuni cation” Stgnal nsm ssron fréquenc

| oner frequency, ®8Filbzedpaseband, signal, denodulation, and decoder
circuitry whi ch apefafisinittéhperabler iRisudhab coffitliRationOystdie
communi catiog  signal ;19 einfEMEAEIsignal ) £o3 § digital signal.

Once digitized, the digital signal can be modulated by a

digital modulation technique, such as by a Gaussian

Minimum Shift Keying (GMSK) modulation technique. The

digitized signal, once modulated, is transmitted upon a
10  communication channel.

A receiver operable to receive the signal transmitted
upon communication channel includes circuitry to
demodulate the signal received thereat and to form a
digitized signal which can then be converted into another

15 form, if desired, such as by a decoding process.

Distortion is sometimes introduced upon the signal
transmitted by the transmitter. The distortion can, for
instance, be caused by filter circuitrxry of the .
transmitter, or filter circuitry of the receiver, or the

20 communication channel. The filter circuitry of the
transmitter, the communication channel, and the filter
circuitrxry of the receiver shall, at times, be together
referred to as the “transmission channel” below. '

One type of distortion which is sometimes introduced

25 on the signal is referred to as intersymbol interference.
The causes of intersymbol interference and the distortion
caused therefrom is well-known. _ '

Receivers operable to receive signals in a digital
communication system sometimes include circuitry, referred

30 to as channel estimator circuitry, which estimates the
channel characteristics, namely, the channel impulse
response, of the transmission channel. Such channel

estimators generate an estimate of a channel impulse
response of the transmission channel. The channel impulse
35 response estimated by the channel estimator is used by
receiver equalizer circuitry to counteract for the
intersymbol interference, thefeby to permit the receiver
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communi cati on systemis advant age hd51§ SHEET, HASBEEM| t hat a fixed, or

hard-wi red, connection is not reqpired REPLAGER 20 t he conmuni cati on
channel extending bet ween t he fransmtiter and receiver.

Comuni cat i Qi o9 be ef fectuat ed between renotel y- %&% 16’43
transmtters an receivers without the need to form ard-wired or
ot her fi xed connection therebetween. 25 Technol ogi cal
advancenent s in comuni cati on t echnol ogi es have pernitted
conmuni cation systens to utilize digital conmunication techniques.
Some exi sting communi cati on systens ﬁ‘ave been converted to permt the

uti|ization of desidale CAmTHREALLRN-LECHP! GHESin iRk 13001 coAEMNIGEAL ] O

systens have been glanne or have been result of
such technol ogi cEP€adFoRPEREAREIOD  sigpai| | f‘&ttf-lanlﬁf drgmed é&mn}nﬁecat i on
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transmission di f FERGTt s ARTEFRLR sF&FPmFHéOEorHﬁJnFE‘ét iGgnnel impylees) as
t he connunlcatlonequnsé iss detamsuinatédebyf athe ability of the receiver

equalizer to counteract for intersymbol interference, a
high-gquality channel estimator able to accurately estimate
the channel impulse response is necessary.

10 Any manner by which to improve the quality of the
channel estimate would therefore be beneficial to
facilitate better the recreation at the receiver of a
signal transmitted thereto.

It is in light of this background information related

15 to digital communication systems, and channel estimator
circuitry operable therein, that the significant
improvements of the present invention have evolved.

SUMMARY OF THE INVENTION

- 20 The present invention advantageously provides channel
estimator circuitry, and an associated method, of
obtaining a channel estimate of improved quality. When
embodied to form a portion of a digital receiver operable
in a digital communication system, the accuracy of an

25 estimate of the channel characteristics of the
transmission channel upon which signals are transmitted
to the receiver is improved, thereby facilitating the
accurate recreation of the informational content of the
signal transmitted to the receiver.

30 The circuitry and method is advantageously utilized
to form a portion of the receiver circuitry used in a
satellite communication system in which intersymbol
interference introduced upon a communication signal
transmitted between a transmitter and a receiver operable

35 therein is introduced primarily by filter circuitxy of a
transmitter which transmits the communication signal and

a receiver which receives the communication signal. When

Sheet Has Been R
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-3 - transmtter to a receiver can sonetines be nore readily
overcome when digital comunication techniques are utilized.

A transm ttegoneisee! € i N such a conmmunication system5  wit@iseresdes an
information signal to forma digital signal. Once digitized, the

digital signal can be nodul ated by a digital nodul ation techni que,
such as by a Gaussi an M ni mum Shi ft Keyi ng (GVBK) nodul ati on

t echni que. The digitized signal, onge nodulated, is transmtted
upon a 10 communi cati on channel . A receiver operable to

receive the signakinte2sgiibél ednterferdfoe ONMABAI CRLtuciANDpbn the

[ nojudes - cireul thhnohOrreq ol dBIPAMLALS (hanshaBaof cagb o, Lhpran. and

to forma Ize hen be conve i nt o anot her
15 form if de§PF‘E‘Hn1§aEh°Iasc*EﬁP%Fldeé¥3’dﬁ FGtPescds§sintroduced only at
Distortion is sonehenesamﬁiﬁmﬂuﬁe&duaeaeihers|mhuﬂparameCetéaﬁGQtif@ﬂthy t he

transmtter. sThe g 2%’4%&1%1:%%“%;{ % he cthtanhQit Hktima atB® & f fare

filter C|rCU|try ansm er C|rcw
receiver, or the ZGduceéonnE#ﬁﬁﬁhM<3ﬁ°bh&ﬁﬁ€?ve th?maeﬂﬂlpﬂéﬂctlr%ﬁltWHP of

t he estimation. An uplink of a satellite communication system
is exemplary of a communication system having a
communication channel upon which 1little intersymbol

10 interference is introduced during its transmission
thereupon. In such a system, intersymbol interference
introduced upon the communication signal is introduced
primarily by the filter circuitry of the transmitter and

receiver. Because the characteristics of the filter
15 circuitry of the fixed devices are determinable, viz.,
essentially known quantities, advantage of this

determinable quantity is made to improve the quality of

channel estimation, thereby to facilitate subsequent

operation of equalizer circuitry to correct for

20  distortions caused by intersymbol interference introduced
upon a signal during its transﬁission to the receiver.

The circuit;y and method is also advantageously

utilized in a communication system, such as a cellular

communication system, in which intersymbol interference

25  is introduced also upon a communication channel during

transmission of the communication signal between a

transmitter and a receiver. By decomposing the distortion

introduced upon the communication signal into distortion

component portions, the component portions of the

30 distortion caused by the transmitter and receiver filters
‘are, again, essentially known quantities, and are
therefore determinable. Advantage is taken of the

determinability of the intersymbol interference introduced
upon the communication signal by the transmitter and
35  receiver circuitry to improve the quality of the channel
estimator circuitry. The circuitry and method is further
also advantageously utilized when just the component



transmtter, the communi cation channel, and the filter circuitry of

the receiver shall, at tinmes, be together referred to as the
"transm ssi on channel " bel ow. One type of distortion which is
someti mes i ry?ﬂ%%?d 25 on the signal is referred to as, ﬁﬂ?/ﬁdﬁﬁbm

I nterference. The causes of intersynbol interference an i

di stortion caused therefromis well -known. Recei vers
operable to receive signals in a digital comuni cati on system
sonetinmes include circuitry, referred 30 to as channel estimator
circuitry, whi ch estimates the chanidl™ characteri st i cs, nanely,
the channel !r%gon of dilsReRPISE cdilsedN® tfﬁé'stmaﬁﬁnﬁ'ﬂt%?a@i‘ffer is Such
channel es I'mators__generate an estlna¥e of a channel i nmpul se

response of the Fﬁ&ﬁ§#ﬂ§§?5nac*ﬁﬁﬁﬂﬂquanFﬁéychannel i mpul se 35 response
estimated by the channal onet iaspeet of thed phgsent inveseiaes aqohbnuzel

g'e; (r:nu![ t [ Ket (r)egg:J\r/éEesﬁ: ﬂ\%kogroreé%astg?FS?; U RLRETDO iR f FEEDGRse t Qﬁr epy to
PCT/ US97/ 04968 transmission channel upon which a communication 51gna1'
having synchronization symbols is transmitted by a
transmitter. The communication signal is transmitted at .
a communication symbol rate to a receiver. A symbol"
sampler is coupled to receive signals representative of
10 the communication signal received by the receiver. The
symbol sampler samples values of synchronization symbols
of the signal, 'such as portions of the signal
corresponding to a synchronization word, at a sampling

rate greater than the communication signal symbol rate.

15 Each of the synchronization symbols is thereby sampled at
least at a first sampling point and at a second sampling .
point. At least a first sampled signal and a second

sampled signal of <values representative of the

synchronization symbols sampled at the first and second

20 sampling points is generated. Correlator circuitry is

coupled to receive the sampled signals generated by the

symbol sampler. The correlator circuitry correlates:

portions of the sampled signals with a stored data word.

The stored data word is of values representative of the

25 synchronization symbols modified by a selected level of

distortion introduced upon the communication signal by the

transmitter and the receiver, prior to transmission and

subsequent to reception, regpectively, of the

communication signal. The correlator circuitry further

30 selects which of the first sampled signal and the second

sampled signal correlates most closely with the stored

data word, thereby to estimate the channel impulse
response.

In another aspect of the present invention, a channel

35 estimator estimates a channel impulse response of a

transmission channel upon which a communication signal

having synchronization symbols is transmitted by a



to r.e.create nore accurately the informti%ﬂ%lsﬁﬁt%ﬁ BEEN t he
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separate channel estimator is provi ded for each of N possible
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Patent Application No. EP 0 604 209 di scl oses a maxi num
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Correlator circuitry is coupled to receive the sampled

10 signals generated by the symbol sampler. The correlator
circuitry correlates portions of the sampled signals with
stored data words. The stored data words are of values
representative of the synchronization symbols modified by

_ - selected levels of distortion introduced upon the
15 communication signal by the transmitter and the receiver,
prior to transmission and subsequent to reception,
respectively, of the communication signal. The levels of
distortion correspond to different sampling points. The
correlator circuitry further selects which of the stored

20 data words correlates most closely with the stored data

word, thereby to estimate the channel impulse response.

In these and other aspects, a channel estimator, and

an associated method, for a digital receiver is disclosed.

A symbol sampler is coupled to receive signals

25 representative of a communication signal received by the
receiver. The communication signal includes
synchronization symbols, and the symbol sampler samples
values of at least the synchronization symbols of the
signal and to generate sampled signals representative

30 thereof. Metric calculating circuitry, such as correlator
circuitry, is coupled to receive the sampled signals
generated by the symbol sampler. The metric calculating
circuitry calculates metrics upon portions of the sampled
signals with a stored data woxrd. Responsive to such

35 metric calculations performed by the metric calculating
circuitry, the channel impulse response corresponding to,

e.g., best metric is estimated.
o m
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25 channel estimate would therefore be beneficial to

facilitate better the recreation at the receiver of a si gnal
transmtted thereto. It isinlight of this background

i nformatio to digital comrunication syste nﬁgg?@@@nnel
esti mat or ggb%%ggﬁgcuitry operabl e therein, t hat theqﬁg]gni I cant

| nprovenents of the present invention have evol ved. SUMVARY OF THE
| NVENTI ON The present invention advantageously provides channel
35 estimator circuitry, and an assogiated nethod, of

obtaining a channel estimate of inproved quality. Wen enbodied to

forma portion of a digidal céﬂ%féé@'épﬁ?@éﬁéﬂi%n of the pré3eRt/ 3ddbttion
-4a- PCT/ US97/ 0496 ]

an the scope thereof can be obtained from the

accompanying drawings which are briefly summarized below,

the following detailed description of the presently-

5 preferred embodiments of the invention, and the appended

claims.

BRIEF DESCRIPTION OF THE DRAWINGS
FPigure 1 illustrates a functional block diagram of
10 a ‘communication system in which an embodiment of the
‘present invention is operable.
Figure 2 illustrates a functional block diagram of
a digital receiver which includes the channel estimator
circuitry of an embodiment of the present invention.

15 : Figure 3 illustrates a functional block diagram,
similar to that shown in Figure 2, but of a digital
receiver which includes the channel estimator circuitry
of another embodiment of the present invention.

Figure 4 illustrates a flow diagram listing the .

20 method of operation of an embodiment of the present
invention.

DETAILED DESCRIPTION
Referring first to Figure 1, a communication system,

25 shown generally at 10, permits the communication of a

communication signal transmitted by a transmitter 12 to

a receiver 14 by way of a communication channel 16. The

communication system 10 is a digital communication system

wherein the transmitter 12 forms a digital transmitter and .
30 the receiver 14 forms a digital receiver.

The transmitter 12 includes transmitter circuitry 18
which is operable here to digitize an informational signal
applied to the circuitry 18 by way of the line 22. 1Imn
other embodiments, of course, an already-digitized signal

35 can instead be applied to the circuitry 18 on the line 22.
The transmitter circuitry further is operable to modulate



in a digital conmmunication system the accuracy of an estimte of
the channel characteristics of the transm ssi on channel upon
whi ch signals are transmtted to the receiver is inproved, thereby
facilitati ngwdwsrdes accurate recreation of the infornmatimsomentent of
t he signal transmtted to the receiver. The circuitry
and nethod i s advantageously utilized to forma portion of the
receiver circuitry used in a satellite comunication system in
which intersynbol 10 interference introguced upon a conmunication
si gnal transmtted between a transmtter and a receiver operable
therein is introduted qilgitdkzely siynkil| hecoglingi tbyaoldigital molubasitit er
which transmts the goapyni cation signal and a receiver which

receives the communicafi-on’signal. Wien WO 97/ 37468 .
PCT/ US97/ 04968 A modulated signal is generated by the transmitter

circuitry on line 24 which is coupled to a transmitter
5 filter 26, such as a portion of a duplexer filter. The

transmitter filter 26 filters the modulated signal applied

thereto to form a transmit signal on line 28. While not

separately shown, the transmit signal is formed by an

antenna device which transduces an electrical signal into
10 electromagnetic form in conventional manner.

The transmit signal 1is transmitted upon the
communication channel 16 to the receiver 14. The receiver
14 is tunable to the frequencies encompassed by the
communication channel 16 to receive the transmit signal,

15 referred to as the receive signal, once received by the
receiver. Again, while not separately shown, the receiver
includes an antenna device to convert the receive signal
into electrical form.

The receiver 14 includes a receiver Zilter 34 which

.20 receives- the receive signal applied thereto on line 32.
The receiver filter generates a filtered, receive signal
on line 36 which is applied to <receiver circuitry 38.

The receiver circuitrxy 38 includes demodulator
circuitry corresponding to the modulation circuitry of the

25 transmitter circuitry 18. The demodulation circuitry is
operable to demodulate the receive signal, once filtered
by the receiver filter 34. The receiver circuitry 38 also
includes equalizer circuitry and decoder circuitry for
equalizing and decoding the receive signal, once

30 demodulated by the demodulator circuitry thereof.

As described previously, intersymbol interference is
sometimes introduced upon the signal generated by the
transmitter circuitry 18. In some communication systems,
such as a satellite communication system, the intersymbol

35 interference is not introduced primarily during
transmission of the transmit signal upon the communication
channel 16. Instead intersymbol interference is primarily



I ntersynbol interference is not introduced upon the transmtted signal

during transm ssion upon a variabl e, communi cati on channel, but rather
i's i_ntrgduced only at eu the transmtter and receiver, the paraneters
required to 4?{ cal cul ated by the channel estimator ci | e
reduced, th¥ 7 | nprove the efficiency of the estllr(ﬁrrliaqs%%g&rm
uplink of a satellite comunication system I s exenplary of a

comuni cation system having a comuni cati on channel upon which little
i ntersynbol 10 interference is introdyced during its transm ssion

t hereupon. In such a system intersynbol 'ilfﬁt'erference I nt roduced

upon the communi GaLi-gR,sl@R dik bILGANYEEL, citced T YnbYrebbirdi | ter

circuitry of the transm : . receiver. Because the )

characteristics SAltRE PRI fBF11g Cheiy¥ cHPIRS iof'a He 58X 2894 epPERE e

?ﬁ_term nabl 3, Vi Spchblinterggam iisiteyfekanon dijsteoutd itde, infadmaniempl of
S eternmn u i | {03 1HPNNE Lol | L&

channel estinati gr?fl%feﬁgrggz.%?% g%lillﬁt e su séeB(:q)utceh\r{ﬁ 1%gpg?gf?£%ry of

equal i zer &ircudfrgn the ke et&- for 20 di stortions caused by

i ntersynbol interfereghanhelrestdribion cimpoitry Sisgrwimedimeagintiuded
transm ssion to 2&?:{3§$%$§gn of the recengrpbifyﬁii%%fggugﬁtQggihét I so

advant ageousl y zed Th a comuni cati on syst as a_ cellular

communi cati on systhemneiln ipprdre; FEEPIYRPD | T faftEas egsare proyHEdduced
al so upon a conMyy CéduaN Adanetculitiyg operativeanssi dsseorvfon hehich

Connunlcatlﬂp SI€H¥§tof?§N%%g dnformational content of the communication
signal.

The channel estimator circuitry of an embodiment of
the present invention takes advantage of the determinable -
nature of the intersymbol interference caused by ‘the

15 transmitter and receiver filters 26 and 34 to simplify the
calculation required to estimate the channel impulse
response of a transmission channel 40, defined to be
formed of the communication channel 16 together with the
filters 26 and 34. Such estimations permit distortions

20 introduced wupon ~the communication signal to -be
counteracted by equalizer circuitry.

In a communication system in which intersymbol
interference is caused primarily by the transmitter and
receiver filters, by knowing the characteristics of the

25 transmitter and receiver filters, the quality, i.e.,
accuracy, of estimations formed by the channel estimator
is improved. In communication systems - in which
intersymbol interference is additionally introduced upon
the transmit signal when transmitted upon the channel 16,

30 the channel estimator circuitry of an embodiment of the
present invention is also operative to estimate the
channel impulse response, thereby to facilitate the
effects of the intersymbol interference to be counteracted
by equalizer circuitry, by decomposing the components of

35 the intersymbol interference into channel-introduced
component portions and filter-induced component portions.

Because the channel estimator is able to estimate the



transmtter and a receiver. By deconposing the distortion I nt roduced

upon the comruni cation signal into distortion conponent portions, the
conmponent portions of the 30 distortion caused by the transmtter and
receiver fil 4’5 &sr46s8 are, again, essentially known quanti pd-fGse704vds ar €
therefore determ nable. Advantage is taken of the
determnability of the intersynbol interference introduced upon the
comuni cation signal by the transmtter and 35 receiver circuitry to
i mprove the quality of the channel es{jator circuitry. The circuitry
and nethod is further al so advantageously utilized when just the
conponent e8¢t 2EA68caused by intersymbol interference usi?g
PCT/ US97/ 04968 . . - 6-, portion of
di stortion causedcﬁ%cpﬁgt%?%%sﬁ%%?e$e¥?Ft%ﬁr§ﬁ§ters’ é@?@ﬁYFgIF§CEF%§1%%
quantity. ~ of the transmitted signal is facilitated.
Figure 2 illustrates the receiver 14 of an embodiment
5 of the present invention. Receive signals 44 are
detected by an antenna device 46 and converted into
electrical form on line 48. Line 48 1is coupled to a
demodulator 52 which demodulates the signals applied
thereto on 1line 48. The demodulator 52 generates"
10 demodulated signals on line 54 which are applied to a

symbol sampler 56.

The symbol sampler 56 samples the signals applied
thereto on line 54 at a rate in excess of the symbol ratée
of the signal. : Here, a clock 58 is coupled to the symbol

15 sampler 56 by way of line 62 to sample the symbols of the
signal applied thereto, for example, on each rising or
falling edge of the clock signal generated by the clock
58. In one embodiment, the symbol sampler 56 is operable
to oversample the signal applied thereto at eight times

20 the symbol rate. '

The symbol sampler 56 generates sampled signals on
the 1lines 64-1 through 64-n which are applied to
correlators 66-1 through 66-n. The sampled signals"
generated on different ones of the lines 64 correspond to

25 sampling positions of each symbol at which the symbol is
sampled. For instance, a first sampled signal generated
on line 64-1 is of values corresponding to first sampling
position of each of the symbols sampled by the symbol
sampler 56, and the sampled signal generated on line 64-n

30 is of a sampled signal sampled at the nth sampling
position of the symbols at which each of the symbols is
sampled. '

Each of the correlators 66-1 through 66-n correlate
synchronization words which form portions of the sampled

35 signals with stored synchronization words stored in memory
elements 68-1 through 68-n. The stored synchronization

words are of values of the synchronization word known to
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72-1 through 72- n whlch are applied to a comparator 74.
In other embodiments, other metric calculating circuitry -
is substituted for the correlator circuitry.

The comparator 74 compares levels of correlation

15 determined by the correlators and pass a sampled signal
on line 76 corresponding to the sampled signal applied to
the correlators 66-1 through 66-n which exhibits the
greatest correlation with the modified synchronization
word stored in the memory elements 68-1 through 68-n.

20 Line 76 is coupled to an equalizer 78 and a decoder 80
which is operable in conventional manner. The decoder 80
in turn, is coupled to a transducer, here a speaker 82,
also in conventional manner.

Figure 2 further illustrates a counter 84 coupled to

25 receive clock signals generated by the clock 58 to cause
resetting of the comparator 74 at selected times.

The symbol sampler 56, the correlators 66-1 through
66-n, the memory elements 6B-1 through 68-n, and the
comparator 74 together form equalizer circuitry, referred

30 to by reference numeral 86 in the figure.

Figure 3 illustrates a receiver 14 of another
embodiment of the present invention. Again, receive
signals 44 are detected by an antenna device 46 and are
converted into electrical form on line 48. Line 48 is

35 coupled to a demodulator 52 which demodulates the signals
applied thereto and generates a demodulated signal on line

54.
Thllslliiii]t |i1ii"Been Reﬂ




30  sel ‘ects whi ch of the first sarrpl)ieﬂ“"%i' T HARBEEN | second

sanpl ed signal correlates nost closely} with EPAEDor ed data word,
thereby to estinmate the channel i npul se response. In
anot her aspgd odhagghe present invention, a channel 35 EBCT/USHTO4968
estimtes a channel inpulse response of a transm ssi on channel
upon whi ch a communi cation signal havi ng synchroni zation synbols is
transmtted by a WO 97/ 37468 -7-

PCT/ US97/ 04968 transmtter. Thejgamunication signal is
transmtted at a communi cation signal synbol rate to a receiver.

synbol sanpler is Limeu4edis toupledcebve swilpial sampler 56 which

representative Of GOPRUNLE é Nl rcﬁe%vsd byné h&mid1l sahBeeirver.
The synbol sarrp ﬁesa% aﬁ a?};ﬂ nchronizat i or?asﬁgbol S,
such ‘as portions §ﬁ=1§h§o§p |to a clock 58 by way o line 62 and sam

the demodulated signals applied thereto responsive, for
5 example, to rising or falling clock edges of clock pulses
generated by the clock 58. In this embodiment, the symbol
sampler 56 samples each symbol of the signal applied
thereto one time. That is to say, in contrast to the
embodiment illustrated in Figure 2, the symbol sampler 56

10 of the embodiment shown in Figure 3 does not oversample
the symbols of the demodulated signal.

The symbol sampler 56 generates a sampled signal on
line 64 which is applied to correlators 66-1 through 66-n.
The correlators 66-1 through 66-n are also coupled to

15 memory elements, here memory elements 88-1 through 88-n.
The memory elements 88-1 through 88-n store different
values in contrast to the same values stored in the memory
elements 68-1 through 68-n of the embodiment shown in
Figure 2.

20 The correlators generate signals on 1lines 72-1
through 72-n which are applied to a comparator 74. The
comparator 74 is again operable to cbmpare the levels of
correlation determined by the correlators and to pass the
signal on line 76 corresponding to the greatest, exhibited

25 level of correlation. Line 76 is again coupled to a
decoder 78 and, in turn, to a transducer 82.

The clock 58 is further coupled to the comparator 74

to cause resetting of the comparator 74 at selected times.

30 The symbol sampler 56, correlators 66-1 through 66-n,
comparator 74, and memory elements 88-1 through 88-n
together form equalizer circuitry, here represented by
reference numeral 186.

The channel impulse response of a signal received by

35 the receiver 14 is represented by the following equation:
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correspondi ng to a synchronization word, of the signal and gener at es
a-sanpl ed signal representative thereof. Correlator circuitry is
coupled to receive the sanpled 10 signal s generated by the synbo

sampl er.  TRe, &RikG at or circuitry correlates porti opé.r,%,., sanpl ed
signals with stored data words. The stored data words are of val ues

representative of the synchroni zation synbols nodified by sel ected

| evel s of distortion introduced upon the 15 comuni cation signal by the
transmtter and the receiver, prior to transm ssion and subsequent to
reception, respectively, of the conmitfication signal. The |evels of
distortion correspond to different sanpling points. The correl at or
circuitry further selects which of the st®fed 20 data words correl ates
nost closely with the stored data €{%) =4y @, &tekdby to estimate the
channel inpul se response. I n ¥hese and ot her aspects, a channe
estimator, and an associ ated nethod, for a digital receiver is

di scl osed. A synbol sanpler is coupled to receive signals 25
representative of a conmuni cation signal received by the receiver.
The communi cati on Wheg@dlh: i ncludes synchroni zati on synbol s, and

the synbol sanpler sanples, ;o 5 ¥3h{Es 1&feBt dn@ast the synchronization
synbol s of the signaF and to generate Sanpled signals representative
30 thereof. Metric cal Cul 3¥F ntpteee fh APPudgenrasrense diapsparising
circuitry, is coupleddur teceheettrhnsuait | @abtrddedviel fillters. sanpl ed

signal and tgre second SatbedoaLa pke SRR “hiblort ion HRE-SHITY wBBIP €

The metric calculating cifcul; ) : ) _
a communication signal by the transmitter and receiver

filters is determinable. Because the transmitter and
receiver filters, such as the filters 24 and 36 shown in’
Figure 1, are essentially fixed devices having fixed

10 characteristics, values of ¢, are essentially known
quantities for any samplirig point k. Advantage is taken
of the determinable nature of the values of c,. Thereby,
only the quantity a of the above equation is required. to
be estimated and such estimation can be performed by

15 utilizing the available information concerning c,.

The ewmbodiment shown in and described with respect
to Figure 2 utilizes an oversampling receiver in which
sampling at a plurality of sampling positions, within a
symbol period, are correlated with a known synchronization

20 word passed through a preferred set of c¢."s. In the
embodiment of Figure 2, the sampling position at which an
optimal correlation is detected is chosen, and the
corresponding value of a is determined from the
correlation.

25 In the ~embodiment illustrated in Figure 3,
oversampling is not utilized. Instead, a receive signal
is sampled at a rate of one sample per symbol. In this
embodiment, the memory elements 88-1 through 88-n store
multiple models of c¢,. The best estimate of the multiple

30 models is chosen responsive to correlations performed by
the multiple member of correlators. The best estimate is

chosen responsive to the correlations performed thereat.



cal cul ates netrics between portions of the at |east the 35 first sanpled

signal and the second sanpled signal with a stored data word.
Responsive to such netric calculations performed by the netric
cal cul ati ng 931468 VO 97/ 37468 - [ @CTUSITI04968
PCT/ US97/ 049 g circuitry, the channel inpul se response
correspondi ng to, e.g., best netric is estinated.

-15-

Again, in other emwbodiments, other metric calculations can
be substituted for correlation operations of correlators.
In another embodiment, conventional correlation
operations can be performed with an estimated value of the
5 combination of a and c,. Thereafter, a choice of sampling -
positions and the value of a is made to fit the model of
a, ¢, for different values of c.
When intersymbol interference is introduced upon the
communication channel, such as the communication channel
10 16, decomposition of the actual transmission channel, into
the communication channel 16 and including the filters 26
and 34 is made. The channel impulse response of a signal
received by the receiver 14, is, instead, represented by
the following convolution equation:

c(t) =LZ§ a, d(t-1T) *§ ¢, 8(t-kT)
i=0 k=0

15 Wherein the terms are as described previously. Analogous
such decomposition can be performed when only the
characteristics of the transmitter filter are

determinable.
Calculation of the channel impulse response is again
20 simplified as the values of c are determinable and need
not be calculated. For instance, if the contribution due
to the transmit and receive filters 26 and 34 give rise
to taps (co, ¢, and c,), and the contribution due to the
fading channel might be represented by (a;,a ), the

25 combination is (cpay, C;a0 + Coa;, C;3p + Cia,, C,a.) because
there are only two independent taps since the channel only
produces two taps. The estimator circuitry is thereby

required only to estimate a, and a,, thereby reducing the
complexity of calculations required to be performed by the

30 channel estimator circuitry.
Figure 4 illustrates a method, shown generally at
110, of an embodiment of the present invention. The
method 110 illustrates the method of operation of the
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-8- A nore conpl ete appreciation of the present invention

and the scope thereof can be obtained fromthe acconpanyi ng draw ngs
whi ch are j umrari zed bel ow, the following d '

descri ptiolr?(’% I'Jf-’%‘gspresently- 5 preferred enbodi nents o the imention,
and t he appended cl ai ns. BRI EF DESCRI PTI ON OF THE DRAW NGS
Figure 1 illustrates a functional block diagramof 10 a comuni cation
systemin which an enbodi nent of the resent invention is operable.
Figure 2 illustrates a functional bl ock dflggram of a digital recei ver

whi ch i ncl udes E;E{%a‘ﬂé@f‘%f a3l Eﬁis&ilment shSJuﬁCiH Figupl 20 SFHOHLER

the present inv I.on ustrates a functi Qnal bI ock

ur
di agr am &SSHimateso ﬁ?@ﬁ&mﬁ%"ﬁ??gﬁr&épﬁnsﬁu?fo? Frapgmigpion
recei ver which icdidmgds tipercharigh est i nadmoundicatibhr y signal ohammogher

grgogggfrf ?TntgﬁmEBQEEQEaLEHEQ%hﬂQﬂs is Fransm%EEQNﬁﬁ%%hkhgﬂﬁhE?ES§ a flow
pr egent % 94 he communication s:Lgna(.) G::Lrsatlrgpxsglttaérzi gt g écqn?n?un:n.%attiorex )

signal symbol rate to a receiver. First, and as indicated -
by the block 112, values of at least the synchronization
symbols are sampled. The values are sampled at a sampling
rate greater than the communication signal sywmbol rate,

10 - thereby to sample each of the synchronization symbols at
least at a first sampling point and at a second sampling
point.

Then, and as indicated by the block 114, at least a
first sampled signal and a second sampled signal are
15 generxrated. The sampled signals are of wvalues
representative of the synchronization symbols sampled at
the at least first and second sampling points.
Thereafter, and as indicated by the block 116,
" portions of the sampled signals are correlated with the -
20 stored data word. The stored data word is of wvalues
representative of the synchronization symbols modified by
a selected 1level of distortion introduced upon the
‘communication signal by the transmitter and the receiver.
Then, and as indicated by the block 118, the sampled

25 signal which correlates most closely with the stored data
word is selected, thereby to estimate the channel impulse
response.

The channel estimator circuitry and its associated

method of channel estimation improves the quality of

30 channel estimation. Because of such improvement, the
informational content of a signal transmitted to =a
receiver including such circuitry is more accurately
recreated. The circuitry and method of the present
invention 1is advantageocusly utilized in a satellite

35 communication system in which only minimal amounts of
intexrsymbol interference are introduced upon a

communication channel upon which a communication signal



i nventi on. DETAI LED DESCRI PTI ON Referring first to

Figure 1, a communi cation system 25 shown generally at 10, permts the
comuni cation of a comuni cation signal transmitted by a transmtter
12 to wo'egeeyer 14 by way of a communi cati on channelpchfpuseoFibdss
comuni cation system 10 is a digital comrunication system wherein the
transmtter 12 forns a digital transmtter and 30 the receiver 14 forns
a digital receiver. The transmitter 12 includes transmtter
circuitry 18 which is operable here tg-digitize an informational

si gnal applied to the circuitry 18 by way of the line 22. In

ot her enbodi ment s,isof coanseittad.al r eatye di gresesel siguehtBn isanalsstead

0% 0L 5,0 b AR S Le 8 onnqy el 2B LGl

PCT/ US97/ 04968 communication systems, such as a digital, cellular
communication system.

5 Operation of the present invention further
facilitates tracking of a dynamic channel having changing
characteristics as calculations are performed with fewer
parameters. Better equalizer operation is permitted even
when larger sequences of data, although transmitted upon

10 a dynamic channel, are equalized because of the improved
tracking ability provided by the present invention.

The previous descriptions are of preferred examples
for implementing the invention, and the scope of the
. invention should not necessarily be limited by this

15 description. The scope of the present invention is

defined by the following claims.



'Ez;:hnl unl“ml "“HIHI "'I!H,IH gnal accor di nBiﬁ@ EdiRAS BFENmdul at i on

ul ated signgl_is ed bytthe transmtter
circuitry on I|ne 24 which is coupled to a transmtter filter 26,
as a portha uplexer filter. The transmtter fj Bl 111
t he nndulateg S|gna appl i ed thereto to forma transm 5|gn£P on

28. VWhil e not

el ectromagnetic formin conventional manner.

The receiver

conmuni cati on channel

such
ers
i ne

separately shown, the transmt signal is forned by an
antenna devi ce which transduces an electrical signal into 10

The transmt signal

s transmtted upon t he connunlcatloﬁ channel 16 to the receiver 14.
%s Px 40 the frequenci es enconpassed by the
0 recelve the transmt signal, 15 referred to

as the receive signal 1-onc® F@8PreédeFyipARor for egtamyeing Agarhanpfi| e
not separately showulseheespoasgedf a transitlsgliem ahantiednnpotewhieht 8
convert the recei . : 4o I h

recei ver 14 |ncIJ%ﬁm§hg?%%éfeefl hg%zﬁahs@%cgggggk?%%%?vggm?%e recelve
si gnal appl i*ed t HeR@sPigRed kY 2. transmltFﬁé'r \RETmunicarigangigras a
filtered, recei vargingmikted at @n ddmiindGavhiofihsignappbieitol ordteetves .

circuitry 38.
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receiver, | 8818 SO WdelHatby §§mLP££H%§§ denodul at or

a symbol sampler coupled to receive signals
representative of the communication signal received by the
receiver, said symbol sampler for sampling values of a
portion of the signal corresponding to at least the
synchronization symbols of the signal at a sampling rate
greater than the communication signal symbol rate, thereby
to sample each of the synchronization symbols at least at
a first sampling point and at a second sampling point, and
for generating at least a first sampled signal and a
second sampled signal of values representative of the
synchronization symbols sampled at the first and second
sampling points, respectively; and

metric calculating circuitry coupled to receive the
sampled signals generated by said symbol sampler, said
metric calculating circuitry for calculating metrics
between portions of the sampled signals and a stored data
word, the stored data word of values representative of the
synchronization symbols modified by a selected level of
distortion introduced upon the communication signal by the
transmitter and the receiver, prior to transmission and
subsequent to reception, respectively, of the
communication signal, said metric calculating circuitry
further for selecting which of the at least first sampled
signal and the second sampled signal corresponds most
closely with the stored data word, thereby to estimate the
channel impulse response.

2. The channel estimator of claim 1 wherein said
metric calculating circuitry comprises correlator
01rcu1try for correlating portions of the sampled signals



circuitry corresponding to the modul a-[H'§r1S’iE|ErTcHLﬁ$ B{}E%f the 25

transmtter circuitry 18. The deno ul at i BEPEA |try S operable to
denodul ate the receive signal, once T 'tTered by the receiver filter
34. The recew@g-,,?,(-;-“gcw i ncl udes equal i zer pErsioey and
decoder circuitry for “mﬁmamﬁl“rlmnand decodi ng the receive signal,
once 30 denodul at ed tthetdemodul at or circuitry thereof. As
descri bed previously, |ntersynbol interference is sonet i mes

i ntroduced upon the signal generated by the ,g._ transmitter circuitry 18.
I n some communi cation systens, such as a satellite comunication

system the intersyiwlthb storedt aat&rehee and Eorngélecffﬁg(whiﬁﬂjof the
DO Lo e fenah USSR el MO bl
primrily signady correbates most closely with the stored data word.
PCT/ US97/ 04968

' 5 3. The channel estimator of claim 2 wherein the
- sampling rate at which said symbol sampler samples the
values of at least the synchronization symbols comprises
a sampling rate at least twice as great as the

communication signal symbol rate. '

10 _

4. The channel estimator of claim 2 wherein said
symbol sampler generates numbers of sampled signals
corresponding to numbers of sampling points at which each
of the synchronization symbols is sampled.

15 | | |

5. The channel estimator of claim 4 wherein said
correlator circuitry correlates portions of each of the
sampled signals with the stored data word and selects the

_ sampled signal which correlates most closely with the
20 stored data word.

6. The channel estimator of claim 2 wherein the
stored data word is representative of the synchronization
symbols modified further by a selected level of distortion

25 introduced upon the communication signal by the

transmission channel.

_ 7. The channel estimator of claim 2 further
comprising memory circuitry for storing the stored data

30 word to which said correlator circuitry correlates the
portions of the sampled signals.

8. The channel estimator of claim 2 wherein said

symbol sampler comprises an analog-to-digital converter.
35
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-10- |ntroduced by the trans Tﬂl%,S ET HAS BEENuhd t he recei ver
filter 34 during their respect (R dA&ﬁQrat|o1s. Such

i ntersynmbol interference distorts the infornational content of the

si gnal ~ apphy,&ehd-gest e m mﬂ““m‘itmry 5 38 on the | ppfrudfrodoss

Channel estination ci mﬂ i ncl uded as a portion of the
receiver circuitry 38 to ésttndte channel inpul se responses. Such
estimates are provided to equalizer circuitry, operative to distortion
whi ch 10 di storts the informational cont2 nt of the conmunication

si gnal . The channel estimator ci rcwtry of an enbodi nent of

the present invention tak%ﬁea@lﬁﬁﬁﬁégeeghﬁ@@oﬂe&ﬁréﬁa['ﬁ.@rb'ﬁ whereinn@htge of
t he intersynbol |nterference .caused by the transm tter and recel ver

filters 26 and IJPYTEIAYN | fGLHHETTY C°E‘EF&3F§t i 8n PIGEEPELt o PEYE M Hat e

t he channel inpukerithms egspobadeleftleraiansm ssion channel 40, defined to
be formed of the communi cation channel 16 together with the

filters 26 and 34. Such estlnatlons permt dlstortlons 20 in uced
upon the %onmunicati%n Asigifamel gptiggtor forcs@ttdpaPed abf 3 i zer
circuitry. J_mpulsé rre%ptmmbtfcat ItQ‘ﬂnS\yl$§§:hﬁ>m nchemrgdl iupicsr swailodl a

interference is ri [
! & l%?. A “S“CS g@r%méxﬁ%&uata@mn symbSEET Y&

filters, by know ng the aract nsm fter and
recei ver f||terstraqqm; |q%,a Fr@nsmltter, the communlcatlon signal

transmltted at a communication signal symbol rate to a

10 receiver, said channel estimator comprising:

a symbol sampler coupled to receive signals
representative of the communication signal received by the -
receiver, said symbol sampler for sampling values of at
least each of the synchronization symbols of the signal

15 and for generating a sampled signal representative
thereof;

' metric calculating circuitry coupled to receive
the sampled signal generated by said symbol sampler, said
metric calculating circuitry for calculating metrics:

20 between portions of the sampled signal and stored data
words, the stored data words of values representative of
the synchronization symbols modified by selected levels
of distortion introduced when the communications signal
by the transmitter and the receiver, prior to transmission

25 and subsequent to reception, respectively, of the
communication signal, said metric calculating circuitry
further for selecting which of the stored data words
corresponds most closely with the sampled signal, thereby
to estimate the channel impulse response.

30
11. The channel estimator of claim 10 wherein said
metric calculating <circuitry comprises correlator
circuitry for correlating portions of the sampled signals
with stored data words and for selecting a stored data
35 word of the stored data words which exhibits best levels
of correlation.
il
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i nterferehce®is addi fionally introduced upon the transmt signal when
transm tted waysy3zhe channel 16, 30 t he channel esti mat opcriussviousicsy of
an enbodi ment of the present invention is also operative to estimte
t he channel inpul se response, thereby to facilitate the effects

of the intersynbo

interference to be counteracted by equal i zer

circuitry, by deconposing the conponents of.235 the intersynbol
interference into channel-introduced conponent portions and
filter-induced conponeniz.porheotisannel estBaaaoseof helairarelwhesteinabaidi s

able to estimte tgg%red datavw%§g¥325@€r1se a plurall&%o?f stored data

PCT/ US97/ 04968
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words, each of a different value.

i nterference

13. The channel estimator of claim 10 further
comprising memory circuitry for storing the stored data
word to which said correlator circuitry correlates the
portions of the sampled signals.

14. The channel estimator of c¢laim 10 wherein said
symbol sampler comprises an analog-to-digital converter.

15. The channel estimator of claim 10 wherein said
correlator circuitry comprises a processor having
algorithms executable therein.

16. A method for estimating a channel impulse
response of a transmission channel wupon which "a
communication signal having synchronization symbols is
transmitted by a transmitter, the communication signal
transmitted at a communication signal symbol rate to a
receiver, said method comprising the steps of:

sampling values of at least the synchronization
symbols of the signal at a sampling rate greater than the
communication signal symbol rate, thereby to sample each
of the synchronization symbols at 1least at a first
sampling point and at a second sampling point;

generating at least a first sampled signal and
a second sampled signal of values representative of the
synchronization symbols sampled at the at least first and
second sampling points, respectively, during said step of
sampling;

calculating metrics between ﬁortions of the
sampled signals and a stored data word, the stored data
word of wvalues representative of the synchronization
symbols modified by a selected level of distortion
introduced wupon the communication signal by the

\
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cal cul e““ﬂ“ “l\!WLpar anet ers,| ThMSr QER] AT BEBNi{on of the
trans cilitated. REPLACHD gure |2 illustrates the

recei ?/er44 an errbodldmant 5 0 The present Tfmvention. Recei ve
signal s etected by an antenna device 46 a ed into
el ectrical ‘?’orm on |ine 48. Line 48 is coupled to a Ii‘é'rgg§r:'v06§?ﬁaator 52
whi ch denodul ates the signals applied thereto on Iline 48. The
dermodul ator 52 generates 10 denodul ated signals on |ine 54 which are
applied to a synbol sanpl er 56. The synbol sanpler 56
sanpl es the signals applied thereto @8 line 54 at a rate in excess of

the synbol rate tlransnﬂ.fttteg'eaﬁligEﬂE rE'@é?ve?- P 38 ISrr2MRL88chOahde
synbol 15 sanpl e

i ne to sa le th nmbol f
si gnal applied tfRssguens, e¥8rrpl §ecﬁﬂté%‘&h ri’s n;?p %ei\} 0f %FFI ngﬁ%dge

of the clock signaimmeniention djgnak; Amtk I n one enbodi ment, the
symbol sanpler 56 is OperaQE?ectlng &Rl@Heéﬁa@Kgféﬁtﬁ%éﬁdﬁfﬂrsﬂpﬂbhgged
thereto at eight tines 20 t he 8 | er
56 gener at es sanpiighad @i sthe seton tﬁémpiﬁés Ségniltﬁ’l%ﬁﬁﬁp%‘i i f}\'ﬂFEh are
applied to dlysediyairDEls tk%stotédaiagh ®6xrd, thelebysaopéstdimstgnshe
generated on di ffcq{a%teloqﬁ?u%e #ﬁg\é 64 correspond to 25 sanpl i.ng
positions of each synbol a IC synbol is sanpl ed. For

i nstance, a first sanpled signal generated on line 64-1 is of val ues

corresponding to firsti7sanfhengethod qibsclaion Dé wheheini baid syphepl of
sanpl ed by fd1e SXﬂ¥f§ulating metrics comprises correlating portions of the
- sampled signals and the stored data word.

18. A method for estimating a channel impulse
‘response of a transmission channel wupon which a
15 " communication signal having synchronization symbols is
transmitted by a transmitter, the communication signal
transmitted at a communication signal symbol rate to a
receiver, said method comprising the steps of:
sampling wvalues of at 1least each of the
20 - synchronization symbols of a signal representative of the
communication signal;
generating a sampled signal representative of
the values sampled during said step of sampling;
calculating metrics between portions of the
25 sampled signal and stored data words, the stored data
worde of wvalues representative of the synchronization
symbols modified by selected levels of distortion
introduced upon the communication signal by the
transmitter and the receiver, prior to transmission and
30 subsequent to reception, respectively, of the
communication signal; and
selecting which of the stored data words
corresponds most closely with the stored data word,
thereby to estimate the channel impulse response.
35
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sarrp] er Iﬂﬂwﬂuﬂlu”‘ﬂl&&m ed si gnal 35”1% f%é’%ﬁ HAs BEENe| 64-n 30 is of a
sanpl ed L . the nth ganpl.i posf tion of the synbols at

whi ch each of the synbols is : sanpl ed. Each of the
correl ators Q@obstdssough 66-n correl ate synchroni zat i mor/ussv/ou968\hi ch
formportions of the sanpled 35 signals with stored synchronization
words stored in nenory el ements 68-1 through 68-n. The stored
synchroni zati on words are of val ues of the synchronization word known
to WO 97/ 37468 -2312-
PCT/ US97/ 04968 be transmtted by a transmtter, such as the
transmtter 12 ishowThei metHogluref dlaimul8 whdréimdsaby svepuos
representative of u n

p ng§¥1aEhH &éﬁ fyl %SggPyééguﬁffEQT§giﬁgeﬁort1oq3 g% the

receiver filters, ters ure 1.
sampled 31gnals and the stored word -

5 20. The wethod of claim 19 wherein said step of
selecting comprises selecting which of the stored data
words correlates most closely. '
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The correlators 66-1 through 66-n correl ate val ues of the nodified
synchroni zati on words stored in the nenory el ements 68-1 through
68-n with correspondi ng sanpl ed signals generated on the Ilines
64-1 througlyodhrfs 10 respectively. The correl ators gpdRusdhe4968 gnal s
on lines 72-1 through 72-n which are applied to a conparator 74.

I n other enbodi nents, other netric c&tnqiging circuitry i's
substituted for the correlator circuitry. The conparator 74
conpares |levels of correlation 15 determ ned by the correlators and pass
a sanpl ed signal on line 76 corresponding to the sanpl ed signa
applied to the correlators 66-1 through 66-n which exhibits the
greatest correlation with the nodified synchronization word stored
in the nenory elenents 68-1 through 68-n. 20 Line 76 is coupled to an
equal i zer 78 and a decoder 80 whi ch is operable in conventional
manner. The decoder 80 inturn, is coupled to a transducer, here a
speaker 82, al so in conventional nanner. Figure 2 further
illustrates a counter 84 coupled to 25 r%eeekve-t+pck si gnal s generated
by the clock 58 to cause resett;ggluf t he. copparator 74 at sel ected
tinmes. The synbol sanpler ,||he.g relpt s 68-n, and the
conparator 74 together form equali zer cirf‘it = Figure 3
illustrates a receiver 14 of anotheNJ30 aenbggifrent of the present

i nvention. Again, receive si gnaj § tected by an antenna
device 46 and are converted into efectri rmon |ine 48. Li ne
48 i s r“l "1
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coupfed to a denodul ator 52 whi ch denodul ates the signal s appl i ed

thereto and generates a denodul ated signal on line 35 54.
97/ 37468 -13- PCT/ US97/ 04968
Line 54 is g&pg%@% 0 a synbol sanpler 56 which sampicEysy¥M8| gnal s
appl i ed ther . e synbol sanpler 56 is coupled to a clock 58 by
way of line 62 and sanpl es the deppgdul ated signals applied thereto
responsive, for 5 exanple, to rising or falling clock edges of clock
pul ses generated by the clock 58. In this enbodi nent, the synbol
sanpl er 56 sanpl es each synbol of the signal applied thereto one
tinme. That is to say, in contrast to the enbodi nent illustrated in
Figure 2, the synbol sanpler 56 10 of the enbodi mrent shown in Figure 3
does~not over sanpl e & he synbol s of the denodul ated signal .
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The éynbol sanpl er 56 generates a sanpled signal on line 64 which is

applied to correlators 66-1 through 66-n. The correlators 66-1

t hrough 66-n are al so coupled to 15 menory el ements, here nenory

el enents 88- Lyd MPlgh 88-n. The nmenory el enments 88- 1pthyisei@imedS- n
store different values in contrast to the sanme values stored in the
menory el ements 68-1 through 68-n 393 t he enbodi nent shown in

Figure 2. 20 The correlators generate signals on lines 72-1

t hrough 72-n which are applied to a conparator 74. The conparator 74
is again operable to cogpare the |evels of correlation determ ned by
the correlators and to

ass the signal on line 76 corresponding to
evel of correlation. Line 76 is again

and, in turn, to a transducer 82.

to the conparator 74 to cause

the greatest, exhibited
coupled to a decod
The clock 58 is further

resetting of the conparatores4 sel ected tines. The synbo
sanpler 56, correlat@s|66-& thrppugh 66-n, 30 conparator 74, and nenory
el ements 68-1 through\6§-n Q together formequalizer circuitry.
The channel inpul se redponsé of g signal received by the receiver 14
is represented by the f J equat i on: 35
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WD 97/ 37468 PCT/ US97/ 04968
- 14- [err] - VWher ei n: ais a fading | evel;
and c[err] are values of inpulse response taps arising

due to the W?gﬁﬁh& and receive filters. 5 As nent i pefUsyredssB OUS| Y,
di stortion introduced upon a communi cation signal by the transmtter

and receiver filters is determ nabl e. Because the transmtter and
receiver filters, such as the filters 2%and 36 shown in

110

SAMPLE VALUES
OF THE 112

SYNCHRONIZATION
SYMBOLS

|

ST A FReT
LEA 114
SAMPLED SIGNAL |
AND A SECOND
SAMPLED SIGNAL

|

CORRELATE THE

SAMPLED SIGNALS |~ 116

WITH A STORED
DATA WORD

|

SELECT THE
SAMPLED SIGNAL
WHICH CORRELATES |~ 118
WITH THE STORED
DATA WORD
MOST CLOSELY

FIG. 4



Fi gure 1, are essentially fixed devices having fixed 10 characteristics,

values 'of c[err] are essentially known: - - quantities for:any sanpling-.
poi nt k. Advantage is taken of the determ nable naturé.of .the values,,
of c[err]. Thereby, only the quantity a of the above equation’is

requi redwo 97/37468¢ estimated and such est+#mti on can be peptqr/UsW/b,yg{sS
‘utilizing the available information concerning c[err].

enbodi ment shown in and described with respect to Figure .2 ut|I|zes an
oversanpling receiver in which sanpling at a plurality of sanpling
posi tions, w thip %ecreat%y%EQ% %%Eh&%te@&eﬂH@”ﬁﬂfﬂfﬁ&ﬂMdﬂhﬁiéﬂﬂ%@ﬁt of
synchroni zati on 20 wor d passed throy preferred set_ of errg I n
th enbodithént S?mﬁPabFét2°ntrr ﬁéﬁﬁ& i ngChBit Y rléﬁ chagn the

‘opt'iTél " corr el atiramsnsitdeirected is chosen, and the™ =cor r espondi ng

val ue of ais determungq %%@g}a&hﬁo 5 43£°§£flé’itéﬁ%se 5ar{19 IV{LSSEhO(?mémliquﬂ&ed;

enbodi nent il lustraté rgure ‘oversanp
| nst ead, a5receﬂu$GQMQQQd SequeBCSaWﬁS&imﬂtQ¥hﬁh&$Qﬁ odetsaangqance

symbol . I thi S est.imaflpdisRiten t e Arege@ére' RTeBhsnf8: 1 é@e%e

store rrultlple els of . The bes stimate o
nodel s is chose@ﬁQ¥HQW%|©%rt%a%BrPgl§hHﬂﬁ? FWERLYQrs of atﬁ@QﬁHW%rﬂe

nmenber of correlsdigfs.. Theepesdt&ShéeBiEsi Eomputat E§BABEAreePRYTIMRA @d he

correlations perforqﬁgathf{e 3% the transition metrics for each of the

10 survivors for a particular transition timé.' _

' European Patent Application No. EP 0 604 209
discloses a maximum 1likelihood data detector which
includes channel impulse response estimators. Preamble
sequences are autocorrelated and the channel impulse

15 response estimator can be constituted by a circuit for
calculating the correlation between a receive signal and
a preamble sequence.

The quality of the channel estimate is importent
since an accurate estimation ‘of the channel impulse

20 response is determinative of the ability of the receiver
equalizer to counteract for intersymbol interference, a
high-quality channel estimator able to accurately estimate
the channel impulse response is necessary.

_ Any manner by which to improve the quality of. the

25 channel estimate would therefore be beneficial to
facilitate better the recreation at the receiver of a
signal transmitted thereto.

It is in light of this background information related
to digital comﬁunication sYstems, and channel estimator 

30 - circuitry operable therein, that the significant
1mprovements of the present invention have evolved

. SUMMARY OF THE INVENTION
The present invention advantageously provides channel
35  estimator circuitry, and an associated method, of
obtaining a ‘channel estimate of improved quality. °When
embodied to form a portion-of a digital receiver operable

AMENDED SHEET
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. -15- Again, in other enbodinents, other netric cal culations can. .
be substituted for correlation operations of correlators. ~..° ln*",,"
anot her enbodi nent, conventional correlation operations can be
per f or nedwﬂmh/:ﬂms&s_ti mat ed val ue of the 5-4a-conbi nati on of PETAISY7A(4968 ] .
~Thereafter, a choice of sanpling - positions and the value of a is.nmade
to fit the nodel of a, cl[err] for different values of cl[err].

When intersynbol interference is introduced upon the conmuni cati on

channel , such asjhhe C@ﬂ@ﬂﬂaﬁabbﬁlﬂtuﬁh&&'&&bnlcéystér@,, daéOWruc@n &rf ahe
" actual transn1SS|oE chgnnel |n%%§ t he coqgﬁ%} qélon channe
i ncludi ng the fifE&erE2 34°PaRgYe R APul & reagﬁnse

of a signal transeigsdohy chhenedc eiposr wiich ssigmsleaarer epansebteddby
the fol I ow ng Cogngﬂécgeggygéfoqé improved, thereby facilitating the
5 accurate recreation of the informational content of the

signal transmitted to the receiver.
Thé circuitry and method is advantageously utilized
to form a portion of the receiver circuitry used in a
satellite communication system in which intersymbol
10 interference introduced upon a communication ' signal
transmitted between a transmitter and a receiver operable
therein is introduced primarily by filter circuitry of a
transmitter which transmits the'communicétidn'signal and
a receiver which receives the communication signal. When

AMENDED SHEET



ferr] 15 Wierein the terms are as descri bed previodsly. Analogous_
such deconposition can be perforned when only ~the : -

characteristics of the transmitter filter are . detern1nab|e
Cal cul ation of t he channel inpul se response is again 20 - S|an|f|ed as
t he vaIuQ@ %? 4¢8€ _determ nabl e and need -7- not be calc {g 3
| nst ance, |f the contribution-due to the transmt and recelve q ters
26 and 34 give rise to taps (c[err], c[err], and c[err]), and the
contribution due to the . fading- channel m ght be represented by

g?é?ﬁig[err] th?er?fmfe %Fb %%err err g&r%g[g;g%alc r%%%&%&rkted at

there are onIy ﬁmﬁ¢@@@§éﬁé§h?ntéﬂgﬂﬁ (ﬁwmh@chQM%ﬂt@nayIecelvqnoduées
two taps. The @skigsat or s%.'n{ﬁl‘é'rt ryiiss thepghed to reqwcreeldv-eonl r-fg?lals
estimate aferr] and a errg é q%%redu0|n - Iexuﬁi

cal cul ations redGPFESSRB2bRVHLE dr ‘¥¥ﬁéa§60n séﬂﬁﬂ%e¥e€E&Y tRyf the

circuitry.s receiverfi gurerHel I byﬁibbat eeampmmocbarsﬂsnm@ geagnak! y ot
110, of an enbodlnent of, t JHrese i nventi,on. glons ofn%%hod 110

il lustrates the NECHEPHE %) r%ﬂ% %ﬁ ¢ HRuch as por e signal

corresponding to a synchronization word, of the signal and
generates a sampled signal representative thereof.
Correlator circuitry is coupled to receive the sampled

10 signals'generated by'the symbol sampler. The correlator
' c1rcu1try correlates portions of the sampled signals with
stored data words. The stored data words are of values
representative of the synchronization symbols modified by
selected levels of distortion introduced upon the

15 communication signal by the transmitter and the receiver,
| prior to transmission and subsequent to reception,
respectively, of the communication signal. The levels of
distortion correspond to different sampling points. The
correlator c1rcu1try further selects which of the stored

20 data words correlates most closely with the stored data

word, thereby to estimate the channel impulse response.

In these and other aspects, a channel estimator, and

an associated method, for a digital receiver is disclosed.

A symbol sampler is 'coupled to receive signals

25 representative of a communication signal received by the
receiver. . The commﬁnication signal includes
synchronization symbols, and the symbol sampler samples
values of at least the synchronization symbols of the
signal and to generate sampled signals representative

30 thereof. Metric calculating circuitry, such.as correlator.
circuitry, is coupled to receive the et_least the first
sampled signal and the second sampled signal generated by

the symbol sampler. The metric calculating circuitry
calculates metrics between portions of the at least the

35 first sampled signal and the second sampled signal wi;h
a etored data word. Responsive to such metric
calculations performed by the metric calcuieting

AMENDED SHEET



WD 97/ 37468 PCT/ US97/ 04968

-16- equal i zer of the enbodi ment shown in Figure 2. The met hod-
estimates a channel inpul se response of a transm ssion . €hannel upon
whi ch a comuni cati on signal having synchroni zation synbol's’is °°
transmit tQeyy/Pqpgansmtter. 5 The commmpaication signal peThiSeEeR 9k§ed
at a communi cati on signal synbol rate to a receiver. First, and as

i ndi cat ed by the block 112, values of at |east the synchronlzatlon
symbol s are sanpled. The values are sanpled at a sanpling rate

~greater than the EEQHHEE atyon n%ﬂaﬁﬂ?élt $¥Re'se r%‘époﬁge CPIE:E}EFSQ}SdEﬁ?S@gpl €.

each of the sync ronlza on sy sanp

- point and at a see8nd baﬁﬁlmﬁgrlc is pstamated. Then, and as

i ndi cated by the block 114, at |least a first sanpled signal and a
second sanpl ed signal are 15 gener at ed. The sanpled signals are
of val ues representative of the synchronization synbols sanpled at
the at least first and second sanpling p0|nts

AhﬂvaED SHE
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'fhereafter, and as indicated by the block 116, portions of the

sanpl ed signals are correlated with the 20 stored data word. The. I~
stored data word is of values .representative of the synchronizati‘gn
synbol s nodified by = ° a selected level of distortion introduced upon *°*
t he Lcation si.gnal by the transm,tter and the r ' '
Then, and“éggyﬁﬁﬁggted by the block 118, thgﬁsanpled 25 ?&ghéﬁkaﬂpeﬁs
correlates nost closely with the stored data word is sel ected,
thereby to estimte the channel inpulse response The
-channel estimator circuitry a its associated - of channe
estimation i nproR®st ¥ﬁ%8ﬁh§P?33bxfaseranS%hEBﬁEr %%F?nﬁﬁlBhe trapsnitEeyt
such mproverrentlz t lghown  innf @inptdeonal, couant wmbdafsegdnalbyt ranabuésed
to a rece| [ y r.at el .
recreat ed. The ]F%%&Jtl%lg%dso@t 1%509? &%’h lﬁ?]eés]aeéfeécbcy % )eéﬁtnsg'?itt?r
advant ageous| y uamd|2QQB1Vﬁniﬁmh&§na t eugh as bbﬁnﬁnlb@t&oﬁGSysdeaﬁlahmhnch
only mnim amyptp;ghre 1. InNtersynbol interference ~are introduced
upon ~ a communi cati on channel upon which a conmuni cation signal

The correlators 66-1 through 66-n correlate values
of the modified synchronization words stored in the memory
elements 68-1 through 68-n with corresponding sampled
signals generated on the lines 64-1 through 64-n,

10 respectively. The correlators generate signals on lines
72-1 through 72-n which are applied to a comparator 74.
In other embodiments, other metric calculating 01rcu1try
is substituted for the correlator circuitry.
- The comparator 74 compares levels of correlation
15 determined by the correlators and pass a sampled signal
on line 76 corresponding to the sampled signal applied to
the correlators 66-1 through 66-n which exhibits the
- greatest correlation with the modified synchronization
word stored in the memory elements 68-1 through 68-n.
20 Line 76 is coupled to an equalizer 78 and a decoder 80
which is operable in conventional manner. The decoder 80
in -turn, is coupled to a transducer, here a speaker 82,
also in conventional manner. _

Figure 2 further illustrates a counter 84 coupled to

25 receive clock sighals generated by the clock 58 to cause
resetting of the compafator 74 at selected times.

The symbol sampler 56, the correlators 68-n, and the
comparator 74 togethér form equalizer circuitry.

Figure 3 illustrates a receiver 14 of another

30 embodiment of the present invention. Again, receive
signals 44 are detected by an antenna device 46 and are
converted into electrical form on line 48. Line 48 is
coupled to a demodulator 52 which demodulates the signals

applied thereto and generates a demodulated signal on line -

35 54.
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transmtted. The present invention is also

advant ageously utilized in other types of digital ' conmuni cation, -

- systens, such

as a digital, cellular conmuni cation system 5

Oper at i ORyP97/374d%c . Present i nvention -3t her f agpidT/U8H2084968
tracki ng of a dynam c channel having changing - characteristics as

cal cul ations are perforned with fewer paraneters. Better equalizer
" operation is permtted even when | ar ger sequences of data, although

transmtted upon 10 g y@@mfsceaﬂgﬁgd UF sq%@m begaise 8% Lificn

| mpr oved

tracklng abi I'i prOVI nt|o

The previ ous deé%*ﬂ 9% %u%iﬂ? . hefﬁymbqﬁﬂ%ﬁﬁﬁﬁﬁ#u;-

the invention,
be limted by

i s defi ned PR
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thls, 1 811001 4 TS 1000° (9., RISREI, JVeRt on

J.té1eoz§ﬂea eb rahelock 53 FMEFWay)rbﬁhpiﬁéi EWlaie CasHsTdd ¥
example, to rising or falling clock edges of clock pulses
generated by the clock 58. In this embodiment, the symbol
sampler 56 samples each symbol of the signal applied
thereto one time. That is to say, in contrast to the
embodiment illustrated in Figure 2, the symbol sampler 56
of the embodiment shown in Figure 3 does not oversample
the symbols of the demodulated signal.

The symbol sampler 56 generates a sampled signal on
line 64 which is applied to correlators 66-1 through 66-n.
The correlators 66-1 through 66-n are also coupled to
memory elements, here memory elements 88-1 through 88-n.
The memory elements 88-1 through 88-n store different
values in contrast to the same values stored in the memory
elements 68-1 through 68-n of the embodiment shown in
Flgure 2. |

The correlators generate signals on 1lines 72-1
threugh 72-n which are applled to a comparator 74. The
comparator 74 is again operable to compare the levels of
correlation determlned by the correlators and to pass the
signal on line 76 corresponding to the greatest, exhibited
level of correlation. Line 76 is again coupled to a
decodef 78 and, in turn, to a transducer 82.

The clock 58 is further coupled to the comparatdr 74
to cause resetting of the comparator 74 at selected times.

The symbol sampler 56, correlators 66-1 through 66-n,
comparator 74, and memory elements 68-1 through 68-n
together form equalizer circuitry.

The channel impulse response of a signal recelved by
the receiver 14 is represented by the following equation:
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V\HAT | I\FF SHEET A hTHIS SA—!EET HAS tBEEN; 18- ‘i et - CLAI VB
anne or for -estimating a -
chann ﬂlmﬂ"rﬂﬂ““’ response of a trenss JE@OE‘E‘AIS upon whi chs-a “+»°

connunlcatlon S|gnal *havi ng synchroni zation synbols is 5 transmtted by
~a transmtter, the communi-cation signal transmtted at a
communi cation signal synbol rate to a -gecei ver, said channel
estimator, conprising by: a synbol sanpler coupled to
recei ve signals Lve of the communi cation signal received -
by 10 t he rech§ér sar§ﬁ§§%§§r sanpl er for sanpling val ues of a
portion of the signal 16orr espARMING e tanateAstror est iinbe i U EALl on
symbol s of the S|gnal at a sanpling rate greater than the

communi cati on si gh@ulsenirsispotse of a tramemdlssin sdhagineleaperofwhtivh a
synchr oni zati on E%%%'nﬁc]a%lon #\%@Stha%n fd n%hzﬁﬂyéﬂ%xf%ﬁboﬁ@ & a

second. sanpl'i ng pol nt, gener ast a
sanpl ed si ghal afdtaa soddded Mm@l e'ctasnsg\mteaf, \réiajwmmunlcatlon signal.

transmitted at a communication signal symbol rate to a
:eceiver, said channel estimator, characterized by:
a symbol sampler coupled to receive signals
representative of the communication signal received by
10 - the receiver, said symbol sampler for sampling values
of a portion of the signal corresponding to at least
the synchronization symbols of the signal at a sampling
rate greater than the communication signal symbol rate,
thereby to sample each of the synchronization symbols
15 at least at a first sampling point and at a second
sampling point; and for generating at least a first
sampled signal and a second sampled signal of-valﬁes
representative of the synchronization symbois sampled
at the first and second sampling points, respectively;
20 and | '
metric calculating circuitry-coupléd to
receive the at least the first sampled signal and the
seéond_sampled signal sampled signals generated by said
symbol sampler, said metric calculating circuitry for
25 calculating.metrics between portions of the at least |
the first sampled signal and the second sampled signal
sampled signals and a stored data word, the stored déta
word of values'representative of the synchronization
symbols modified by a selected level of distortion
30 introduced upon the communication éignal by the
transmitter and the receiver, prior to transmission and
subsequent to reception, respégtively,.of the
communication signal, said metric calcu;ating circuitry

. further for selecting which of the at least first:
T _ ' R

This Sheet Has Been Replaced
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representative of the synchronization synbols sanpled at t he flrst

. and second sanpling points, respectively; 20 and : : netrlc
galculating circuitry coupled to recei ve the at | east- the firsgs »-
sanpl ed signal and the second sanpl ed signal sanpled signals
generated by said synbol ‘sanpler, said netric calculating circuitry
for 25 cal cul ating metrics between portigegs of the at | east t he

: flést sanplgddsignal and the second sanpl ed signal sanpl ed signal's

- and a store at t0r, lj4e3 representative
of the synchroni %gtq@g%d tsrl%n%ly a%gi gﬁtr?l? slefconcct]l %&% ggl Z% ed | evgl of

distortion 30 comnespered ment Hesedymiitdattinen ssioged dara werd,
transmtter and the lg &g't\ée stFlr a(%re el IHANHIS i AL resporiisequent

‘to reception, respectively, of comuni cat'i on S|gnal sai d netrlc :
calculating circuitry further for selecting which of the at | east :
first 5 2. = The channel estimator of claim 1 wherein said

metric calculating-circuitry comprises correlator
circuitry for correlating portions of the sampled
signals with the stored data word and for selecting
which of the at least first sampled signal and the

10 second sampled signal correlates most closely with the

stored data word.

3. The channel estimator of claim 2 wherein the
sampling rate at which said symbol sampler samples the
15 values of at least the synchronization symbols

comprises a_sampling-rate at least twice as great as
the communication signal symbol rate.

4. The channel estimator of claim 2 wherein said
20 symbol sampler generates numbers of sampled signals
corresponding to numbers of sampling points at which
each of the synchronization symbols is sampled. |

5. The channel estimator of claim 4 wherein said
25 correlator circuitry correlates portions of each of the
sampled signals_With the stored data word and selects
the sampled signal which correlates most closely with
the stored data word.

30 6. The channel estimator of claim 2 wherein the
stored data word is representative of the _
synchronization symbols'modified further by a selected
level of distortion introduced upon the communication
signal by the transmission channel.

35 .
7. The channel estimator of claim 2 further

comprising memory circuitry for storing the stored data

w0




clo- sanpl ed signal and the second HHSISHEET HASBEEN corresbonds

nost TbiSS S\Dbetnhte IE@dStored data word, RBPL!@% to eptimate -the:-
qhann nse 5 2. - —Fhe—chanmet—est¥ mat or of ebaim 1
where| tri c calculating circuitry conprises correlator
CII‘CUItI‘y or corr ating-portions of the sanpled signal's with the
~stored data word and for sel ecting whipoh of the at |east first
sanpl ed signal and the 10 second sanpl ed™si gnal correl ates nost cIoser
with the store channel Stl tor of

dat
claim2 wherein t%& %Egﬁbﬁ%ﬁfr%ﬂﬁf%%ﬁﬁﬂﬁ Q+r%ﬂ{}%?rﬁﬁﬁr%ﬁt ?e
sanpl es the 15 poralivess aff athd essiplicke ssigrairsoni zati on synbol s

conprises a sanpling rate at |east twice as great as t he -
comuni cation signal synbol rate. The channel esti mator
of claim?2 V\,herel n salad» 20 The ﬁme%@{ﬂﬂw%@%t@samrﬁ)é*@ﬁﬁl%aﬁﬁﬂ%d
signal s cor, p LS HHRA i a‘-i'ﬁrEQiatl%-&QiJHfgﬂialml ch
each of the synch onlzatlor synbol s 1 s sanpl ed
converter.
9. A channel estimator for estimating a channel

impulse response of a transmission channel upon which a
10 communication signal having synchronization symbols is
transmitted bj’a transmitter, the communication signal
transmitter at a communication signal symbol rate to a
receiver, said channel estimator, characterized by:
‘a symbol sampler coupled to receive signals
15 representative of the communication signal received by
the receiver, said symbol sampler for sampling values
of at least each of the synchronization symbols of the .
signal at a rate at least corresponding to the
communication signal symbol rate and for generating a
20 sampled signal representative thereof;

' metric calculating circuitry coupled to
receive the sampled signal generated by said symbol
sampler, said metric calculéting circuitry for |

"calculating metrics between portions of the sampled

25 signal and stored data words, the stored data words of
values representative of the synchronization symbols
modified by selected levels of distortion introduced
when the communications signal by the transmitter and
the receiver, priof to transmission and subsequent to

30 reception, iespectively, of the communication signal,
said metric calculating circuitry further for
selecting, responsive to the metrics,-a stored data
word which of the stored data words which corresponds
most closely with the sampled signal, thereby to

35 estimate the channel impulse response.

NN R A D | . —




5 Thechannel—estimator of clai m 4 {\iH8 SHEEF AL BEEN| correlator

circuit %: I tes ortions of eachjof thREp sanpled ‘signals with the
stored \ dect s t he—sanpt ba"AgEgm whi-ch correl ates st
. closely stored data word. 30 6. The channe
estimto erein the. stored data word is representative
of the. synchronlzatlon synbol s nodi fi further by a selected
- level of distortion introduced upon t he co nfuni cati on signal by the
transni ssi on channel . é. he channel .esti
further conprlsFHg meRsr Fhenne iF§§lW8F°§t8 ﬁ&aﬁﬁb %F ¥EaF§l

metric calculating circuitry comprises correlator
circuitry for correlating portions of the sampled
signals with stored data words and for selecting a
5 stored data word of the stored data words which
exhibits best levels of correlation. \

11. The channel estimator of claim 9 wherein said
stored data words comprise a plurality of stored data
10 words, each of a different wvalue.

12. The channel estimator of claim 9 further
comprising memory circuitry for storing.the stored data
word to which said correlator circuitry correlates the

15 portions'of the sampled signals.

13. The channel estimator of claim 9 wherein said
symbol sampler comprises an analog-to-digital
_ converter.
20
14. A method fqt estimating a channel impulse
response of a transmission channel upon which a
communication signal having synchronization symbols is
transmitted by a transmitter, the communication signal
25 transmitted at a communication signal symbol rate to a
'réceiver, said method characterized by the steps of:
sampling values of at least the
synchronization symbols of the signal at a sampling
rate greater than the communication signal symbol rate,
30 thereby to sample each of the synchronization symbols
at least at a.firsﬁ sampling point and at a second
sampling point;
generating at least a first sampled signal
and a second sampled signal of values representative of
35 the synchronization symbols sampled at the at least

first and second sampling p01nts,_respectively, during
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220- word to which said corre] 88 SHEETCHAS BFEN]r rel ates t he

PO t 11 he@ Had Bien R ged signals. . REPLAGD The {channel esti.-mat o+ :of
¢l ai m | 5 synbol satpter—conprises—ad anal og-to-digi-tal .-
conve r“llem 9. A channel estimator for estimating a channel

I mpul a transm ssion channel - upon which a 10 conmuni cati on
si gnal "havi ng synchroni zation synbols is transmtted by a
transrittﬁg,lthe comuni cati on signal “Yransnmitter at a conmuni cation
signal synmbol rate to a receiver, said channel estimator, conprisin
by: said, sEaR AT SR %oupl ed to receive signal s 15rrp ’

rePgese%alt ive 0}‘ t h]ga Comnmsilgmﬂiamlrﬁj aRir ieec ek dly portiondef edes ver,
sai d synbol sanpler for sa ng val ues of at |east each of the
synchroni zati on Sy §ac5‘qu1perﬁJe S%gnal ERE S&O%Oflﬁaetaatwq%‘%‘sﬁngthe

cor respondi ng_t 0 delt®nd sampIRENKIiGrALl Ot 1Y Grrey rhala sl &l Yalues

generating a 20 sanpl ed signal_representative thereof; and .
metric caldhlatim&HﬁQﬁﬁHQQE}Wﬂnﬂﬁ(ﬁPq(?YnChroq%ﬁﬁﬁﬁﬂ?t?ﬁ?%éhﬁﬂ%ﬂpkﬁﬂﬂﬁl

?gperat ed by sai ¢ syhliected SV &F A tbIEldH Gradsalddd Ngpdn rend try
communication signal by the transmitter and the -
receiver, prior to transmission and subsequent to
reception, respectively, of the communication signal;

10 and
' éelecting which of the at least first sampled
signal and the second sampled-signai corresponds most
closely with the sampled signal, thereby to estimate
the Ehannel impulse response. |

15 |

15. The method of claim 14 wherein said step of

calculating metrics comprises correlating portions of
the sampled signals and the stored data word.

20 16. A method for estimating a channel impulse
- . response of a transmission channel upon which a _
communication signal having synchronization symbols is
transmitted by a transmitter, the communication signal
‘transmitted at a communication signal symbol rate to.a
25 receiver, said method characterized by the steps of:

' sampling values of at least each of the
synchronization symbols of a signal representative of
the communication signal at a rate at least :
‘corresponding to the communication signal symbol rate;

30 generating a sampled signal representative of
the values sampled during said step of sampling;'_
calculating metrics between portions of the
sampled signal and stored data words, the stored data
words of values representative of the synchronization
35 symbols modified by selected levels of distortion
' introduced upon the communication signal by the

—_—
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cdaltul ating nmetrics between portions of the sanpled 25 si gnal and stored
data words, the stored data words of val ues representative of the
synchroni zation synbol s nodi fied by selected |levels of distortion

i ntroduced upon the comuni cations signal by the transmtter and

the receiver, prior to transm ssion and subsequent to 30 reception,

. respectively, of the comunication signal, 23- said netric cal cul ating
s circuitry further for sel ecting, responsive to the nmetrics, a stored

- data wor d i f r i Q%WE nost
- closely with the@a%@ldpés%nﬁ? %ﬁ%%%migﬁéﬁt e ch%rﬁ%el

i npul se response.Subsequent to reception, respectively, of theoq.

- 10. The channel ednaBiFatfork! sidadl whaiei n said metric cal cul ating
~circuitry conprisés correl atoy Circuit for correlatin ortions of
" the sarrp?/ed P selecting thI.ch e} ythe storeg gatagwgrés

5 corresponds most closely with the sampled signal,

thereby to estimate the channel impulse response.

17. The method of claim 16 wherein said step of
calculating metrics comprises correlating portions of
10 the sampled signals and the stored word.

18. The method of claim 17 wherein said step of
selecting comprises selecting which of the stored data
words correlates most closely.
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stgnals with stoﬁfp ADEMENT, SH ETa d for selecting a 5 stored data word
of the stored datia words which exhi bits best |evels of correlation.
11. The channell gst3 &B&R 1989 cjaijm 9 wherein said” stored data words
conprise a plurdallity of storedidata 10 wor ds, each of a different val ue.
12. The channel} estimator of clafm9 further conpri sing nmenory
circuitry for o | dat a .1g-Wword to which said correlator

circuitry correbphemst he 15 portions of the sanpled signals.
13. The channe aim9 wherein said synbol sanpl er
conprises an. anal 0g- gl ) converter. 20 14. A met hod

for estimating a channel A ramahs@l estima@TROFY @fsta rlatamyNias dHihridiannel
upon which a comuni cation signal having synchronization synbols is
transmtted bylapudgesaesponset pé eotmamisadsisgiensicheaineds upon minisit ta ed at

a conmmuni cati Ogoﬁhﬁ%ﬁ'ca%wg%o 16358 H3vAng syncrh%%'l‘é%rmo%a' %?3'8 104 5
conpr|5|q? by the steps of: anpl 1 ng val ues Ieast t he
transmitted by a transmitter, the communication signal

transmitted at a communication signal symbol rate to a
receiver, said channel estimator, ehé%gggggiggéLbyz
a symbol sampler coupled to receive signals
representative of the communication signal received by
10 the receiver, said symbol sampler for sampling values
of a portion of the signal corresponding to at least
the synchronization symbols of the signal at a sampling
rate greater than the communication signal éymbol rate,
thereby to sample each of the synchronization symbols
15 at least at a first sampling point and at a second
sampling point, and for generating at least a first
sampled signal and a second sampled signal of values
representative of the synchronization symbols sampled
at the first and second sampling points, respectively;
20 and
metric calculating circuitry coupled to
receive the at least the first sampled signal and the
second sampled signal sampled signals generated by said
symbol sampler, said metric calculating circuitry for
25 calculating metrics between portions of the at least
the first sampled signal and the secénd sampled signal
sampled signals and a stored data word, the stored data
word of values representative of the synchronization
symbols modified by a selected level of distortion
30 introduced upon the communication signal by the
transmitter and the receiver, prior to transmission and
subéequent_to reception, respectively, of the
communication signal, said metric calculating circuitry

further for selecting which of the at least first
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synchroni zati on s@ﬁBUNENENTﬁ%gE I gnal at a sanpling rate greater than
t he comuni cati qn{si gnal synbol {rate, 30  thereby to sanple each of the
synchroni zati on santgiI;sSEP 1999 af lleast at a first sanpling point and at a
second . sanpl}i qg point; generating at least a first
sanpl ed signal - and - a second sanpl ed signal of values representative
of 35 t he syrichroni zation sy | s sanplgd at the at | east first

- and second sanpling poi nts, respectively, during

- 22- r%% &R thl%afl ’correla‘tog c1rcu1t§ﬁ)d@£rgég%§%tﬂﬂés

- bet ween portlons Ir sanpl ed _si gnal ata word

and t he §@66ﬁ@n§a@EIé@@yﬁﬁmﬂleQIﬁégﬂﬁéﬁbd data word of values 5
. representative of the synchronization synbols nodified by a sel ected
- level of di r n
level of distortio |ntr%%Pce anne %g%imator of claim 2 wherein said

5 symbol sampler comprises an analog-to-digital
converter.
9. A channel estimator for estimating a channel

impulse response of a transmission channel upon which a
10 communication signal having synchronization symbols is
transmitted by a transmitter, the communication signal
.transmitter at a communication signal symbol rate to a
ieceiver, said channel estimator,-ehaégggggfgégibya
a symbol sampler coupled to receive signals
15 representative of the communication signal received by
the receiver, said symbbl sampler for sampling values
of at least each of the synchronization symbols of the
signal at a rate at least corresponding to the
communication signal. symbol rate and for generating a

20 sampled signal representative thereof;_and

metric calculating circuitry coupled to
receive the sampled signal generated by said symbol
sampler, said metric calculating circuitry for
calculating metrics between portions of the sampled
25 signal and stored data words, the stored data words of
values representative of the synchronization symbols
modified by selected levels of distortion introduced
+&£§E¥he communications signal by the transmitter and
the receiver, prior to transmission and subsequent to
30 reception, respectively, of the communication signal,
| said metric calculating circuitry further for
selecting, responsive to the metrics, a stored data
word whieh of the stored data words which corresponds
most closely with the sampled signal, thereby to

35 estimate the channel impulse response.
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communi cati on si ‘nBEPWEME@TtS%EEm tter and the receiver, prior to
transm ssion and|sdbsequent to reception, respectively, of the
conmmuni cation si gnal ;2 4&gp 1gm0d sel ecting which of the at
| east first sanplied signal |apd the second sanpl ed signal corresponds
nost cl oseljy ~w efl data word, thereby to estimate

t he channel inpuljse response. 15 15. The nmethod of claim 14
wherein said step of calculating met4li cs conpri ses correlatlng
portions of t he sanpl ed.s Is and the stored . data

16. A nethod for estd rra?llf"r‘?g of’ ela% p&&%&%n a?ald

transm ssi on cmmmnmclqammuMauﬂmgac1rcu1uryﬂnmmpnﬂsas1cnqyyﬂaﬁﬁmwng
' synchronlzat|0% E%QB%! lf%r correl %Q%. &k&%ﬂ@hsa&f*ﬂﬁﬁﬂééﬁa

conmuni cati on Si ANS A 1L conmuni cation si gna syrrbol
‘rate to a 25 smwwtmat@rﬁdt Hdada womes sindg fior sed esttding of -

sanpl i ng yal ueg ol da8aSWwoRACB Ot HNStored ERNACKIEL i Synbol s of a

signal representative of the communi catign signal at a rate at | east
~correspondi ng €& tEo MR é&f"@éﬁ ity FRrreld@bdri-at e: 30
generating a sanpled signal representative of t he val ues sanpl ed

_ Sg“ ingnial)g tSL:p of 1$.La.rrp"1"hrég;channel estimator %%l Cc'i'.laé:}.tmI @gw[ﬁ%r[ellcris sbae:i:[cil\een
stored data words comprise a plurality of stored data

10 words, each of a different value.

12. The channel estimator of claim 9 further
comprising memory circuitry for storing the stored data
word to which said correlator circuitry correlates the

I5 pbrtions of the sampled signals.

13. The channel estimator of claim 9 wherein said
'symbol sampler comprises an analog-to-digital
converter.
20
14. A method for estimating a channel impulse
response of a transmission channel upon thch a
communication signal having synchronizatioﬁ'symbols is
transmitted by a transmitter, the communication signal
25 transmitted at a communication signal symbol rate to a
receiver, said method.e%aé%%%%%ﬁ%ggiby-the steps of:
sampling values of at least the
synchronization symbols of the signal at a sampling
rate greater than the communication signal symbol rate,
30 thereby to sample each of the synchronization symbols
at least at a first sampling point and at a- second
sampling point;
generating at least a first sampled signal
and a second sampled signal of values representative of
35 the synchronization symbols sampled at the at least

first and second sampling points, respectively, during
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sanpl ed signal ang &EBF@ZEM@HaSH\EerS, the stored data wor ds of val ues

representative of |tHe synchronizafi ¢gn 35 synbol s nodi fied by sel ected

| evel s of _distortijor] 23 Scrrwggmhmed upon the communi cation signal by the
ter

-23- transni tjt receiyeq, prior to transm ssion and

subsequent to recgptTom—respect+¥ely, of the conmmuni cati on signal;
and sel ecti ng whi ch}of tgﬁ stored data words 5

corresponds nost closely with the sanpl ed“si gnal , thereby to estimte
t he channel |rrpul se respons 17. The nmet hod of claim 16

wherein said Seéf 5P °of samPddingring metrics conprises correl ating
portions of 10  the saankeda%i@Raketandst bR tHene@or@idns of the

first sampled signal and a stored data word and the
second sampled signal, the stored data word of values
5 representative of the synchronization symbols modified
by a selected level of distortion introduced upon the
communication signal by the transmitter and the
receiver, prior to transmission and subsequent to
reception, respectively, of the communication signal;

10 and
selecting which of the at least first sampled

signal and the second sampled signal corresponds most
closely with the sgégiggzégégggfrgﬁereby to estimate

the channel impulse response.

15 .

15. The method of claim 14 wherein said step of
calculating metrics comprises correlating portions of
the sampled signals and the stored data word.

20 16. A method for estimating a channel impulse

response of a transmission channel upon which a
communication signal having synchronization .symbols is
transmitted by a trahsmitter, the communication signal
transmitted at a communlcatlon‘31gna1 symbol rate to a
25 receiver, said method-Ghé¥¥2£%§§gg§;by-the steps of:
sampling values of at least each of the
synchronization symbols of a signal representative of
the communication signal at a rate at least
corresponding to the communication signal symbol rate;
30 generating a sampled signal representative of
the values sampled during said step of sampling;
calculating metrics between portions of the
sampled signal and stored data words, the stored data
words of values representative of the synchronization
35 symbols modified by selected levels of distortion

introduced upon the communication signal by the
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18. The method of claim17 wherein said step of sel ecting conpriisest ?W"}\’EXES
sel ecting which of the stored.data words correl ates nost cl osel yiﬁ'gg“f&”am
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