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BLI ND MULTI PATH CORRECTI ON FOR DI G TAL COMVUNI CATI ON CHANNEL 5 The
present invention relates to a blind nultipath correct- ing equalizer for

use in a _high capacity digital communication channel such as will be
requi red”for an advanced digital television (ADTV) broadcast or cable
channel. 1 0 " Terrestrial high definition televi.sion (HDTV) systens have

been ptoposed using quadrature anpli tudq nodul ation (QAM with a
constellation of 32 synbols (a 32QAM systen), and with as high as a 256

synbol constellation (a 25 0 fﬁ;aée syst ens.
Alternatively, an 8 |evel S@F‘@@ﬁ@ﬁgﬁa‘ﬁ@f‘%&% ul ati on schene has
been proposed for a terrest PIGITAL GOMMUNIGATNON/GCGHANNEL a 16 | evel VSB

nodul ati on schene for a cable ADTV system The nodul ati on schenes used by

such high capacit igital communication channel s require high qualit
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equal i zer (DFf8levisienr{ART V) heroasoasicor calphal ciannelhe ef fects of both :

mul tipath and i ntersynbol interference. For exanple, a proposed DFE
includes a 128 tap_filter, having conplex taps, in which the conplex
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i ncl ude nore ©apablen ALNEV system. e modulation schemes used by such high
capacity digital communication channels require high quality
reproduction of the received signal. In particular, uncorrected

20 multipath (ghost) signals can degrade the received signal to the
point where the transmitted symbols cannot be recreated and

communications is impossible.

Proposed ADTV systems use a conventional decision

25 feedback equalizer (DFE) to correct the received signal for the
effects of both multipath and intersymbol interference. For
example, a proposed DFE includes a 128 tap filter, having complex
taps, in which the complex coefficients of the taps are adjusted
using a least mean square (LMS) algorithm. Such a filter provides

30 ghost cancellation in a time displacement range of up to 25 sec,
depending upon the magnitude of the ghost signal the larger the
magnitude of the Ghost, the -larger the delay necessary’ fo
sufficiently attenudte it, and-the closer in'time it must be to the
main signal. However, because ghost signals can occur at larger

35 time displacements from the main signal than can be corrected by
the proposed 128 tap FIR DFE filter, the use of such a filter will



but this is an expensive solution. Furthernore, the LMs algorithm5 .
converges slowy. The presence of a rapidly changi ng ghost signal (such as
airplane flutter) will not be corrected by such a system regardless of the
nunber of taps in the FIRfilter. To provide nultipath correction, sone
current. NTSC 10 receivers include an FIR and IIR filter to correct for
ghost . signals occurring at larger tinme dpsplacenents fromthe main signa
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IR filter may be specified, thus, canceling the ghost signal. Such
20 a system can correct a relatively large magnitude ghost signal at
a relatively large time displacement from the main signal, and
can react quickly to cancel a rapidly changing ghost signal.
However, in an ADTV signal, there may be no training signal to
determine the time displacement and magnitude of a ghost signal.
25 '

A multipath ghost signal cancellation system which will
permit the cancellation of potentially rapidly changing ghost
signals at relatively large time displacements from the main
signal in an ADTV system, without requiring a very large and

30 expensive DFE filter, or a training signal, is desirable.

In accordance with principles of the present invention, a
blind multipath equalizer for a digital communication channel
~includes a sparse digital filter, responsive to- a received signal
35 including a digital data signal, and including a plurality of taps,
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autocorrel ation, and supplying a tap coefficient and tine displacenent to
one of the plurality of taps to cancel the detected nultipath signal. 10

In the dramnng Fig. | is a block diagramof a portion of an advanced
digital television receiver including a blind mul ti path equalizer according
to principles of the present invention;, 1 5 Fig. 2 is a nore detailed bl ock
di agram of the blind nultipath equallzem illustrated in Fig. 1; Fig. 3is a
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Fig. 6; 4 HeRected S {g#gﬂ{( ggﬁ jam of a portion of an advanced digital
tel evision receiver iInc ng a bl ind multipath equalizer according to

princi ples of the present invention. The disclosed blind nmultipath

equal i zer wig | be dasthe thawirgow as enbodied in 5 a QAM system One
skilled in the art of advanced digital television and digital comrunication
systens design will understand how to embody.the blind nultipath equalizer
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Fig. 2 is a more detailed block diagram of the blind
multipath equalizer illustrated in Fig. 1;

Fig. 3 is a more detailed block diagram of the filter control
20 circuit for the blind multipath equalizer illustrated in Fig. 2;

Fig. 4 is a block diagram of an embodiment of a filter
control circuit in which all calculations necessary to generate
complex tap coefficients and time displacements are performed

25 by a dlgltal signal processor;

Fig. 5 is a flow diagram illustrating the process of
calculating the complex tap coefficients and time displacements
of the blind multipath equalizer illustrated in Fig. 2;

30 _ ' '
Fig. 6 is a logic diagram illustrating a filter section “which
may be used in the blind multipath equalizer illustrated in Fig. 2;

Fig. 7 is a flow diagram illustrating the process of
35 operating filter sections as illustrated in Fig. 6;



shown), coupled together in a known manner to produce internediate
frequency in-phase (1) and quadrature (Q received signals. The front-end
of the receiver may also include a timng 1 5 reference generator and a
clock recovery circuit (also not shown), coupled together in a known
manner, to produce the various clock signals required by the various
circuitry in the receiver in synchronismwth the received signal. It is
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synchronism with the received signal. It is also possible tor the
timing reference generator and clock recovery circuit to be

20 located after the blind multipath equalizer (described below).

The | and Q input terminals of input terminal 5 are coupled
to pulse shaping filters 10 and 12, respectively. The filters 10
and 12 are square root Nyquist filters of known arrangement. The
25 pulse shaping filters 10 and 12 are coupled to a serial connection
of a blind multipath equalizing filter 20, an FIR decision feedback
equalizer 30 and video and audio processing circuitry 40.

In operation, the pulse shaping filters 10 and 12 supply
30 digital signals of known characteristics to the remainder of the
receiver for processing. The blind multipath equalizing filter 20
analyzes its input signals, and processes those signals to cancel
multipath ghost signals. The multipath filter 20 will be
described in more detail below. The deghosted signals are then
35 processed by the FIR equalizer 30 to eliminate intersymbol
interference effects introduced by the transmission channel and



to produce the video i mage and audi o sounds on a display screen and
speakers, respectively. Aternatively, the video and audio 15 processing
circuitry 40 may provide videb and audio representative signals to other
circuitry, such as a video cassette recorder. Fig. 2 is a nore detailed

bl ock di agram of the blind 20 multipath equalizing filter 20 illustrated .in
Fig. 1" In Fig.. 2, thin signal lines cardy conplex nultibit digital data
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Fig. 2 is a more detailed block diagram of the blind

20 multipath equalizing filter 20 illustrated in Fig. 1. In Fig. 2; thin
signal lines carry complex multibit digital data signals, which in
the present embodiment comprise successive complex data
samplés made up of a real and an imaginary component, each being
a ten-bit, two's complement digital number. The real component

25 is illustrated in Fig. 1 as the | signal, and the imaginary
component as the Q signal. Signal lines illustrated by wide
arrows carry tap coefficient values, which in the illustrated
embodiment are also complex values made up of a real and an
imaginary component, each being a ten-bit, two's complement

30 digital number, and time displacement values, which in the
illustrated embodiment are real integer values between 1 and
152. All components illustrated process complex samples, unless
explicitly stated otherwise. |

35 In Fig. 2, an input terminal 25 is coupled to a first input
terminal of a complex adder 22, and to a first input terminal of a



and an offset (OS) signal (which may also be a zero-valued 1 5 signal) is-
coupled to a summation input termnal of the sparse FIRfilter 26.
Respective filter control output termnals of the filter control circuit
28, which may include a known digital signal processor (DSP) or
m'cropr_ocessor ( P) (not shown), are coupled to control input termnals of
the sparse IIR filter 24 and the 20 spar#e FIRfilter 26. In operation, the
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all of a control circuit 28, which may include a known digital signal '
processor (DSP) or microprocessor ( P) (not shown), are coupled
to control input terminals of the sparse (IR filter 24 and the
20 sparse FIR filter 26.

In operation, the DSP in the filter control circuit 28
analyzes the signal from the input terminal 25 to detect
multipath interference ghost signals. When the magnitude and

25 phase of a ghost signal, and its time displacement, are
determined by the DSP, control signals are generated for the
sparse IR filter 24 and sparse FIR filter 26 to condition them to
attenuate the ghost signal. As is known, pre-ghosts (multipath
signals which arrive at the receiver before the main signal) are

30 attenuated by allocating a tap in the sparse FIR filter 26 located
at an appropriate time displacement and having an appropriate tap
coefficient; and post-ghosts (which arrive at the receiver after
the main signal) are attenuated by similarly allocating a tap in
the sparse lIR filter 24. Algorithms for calculating appropriate

35 time displacements and tap coefficients of allocated taps from



fixed predeterm ned I ength. The inventors have further realized that -an
autocorrelation perfornmed on such a signal will produce data indicating the
time di splacenment and magni t ude and phase of any multipath ghost signals
existing in the input signal. 20 Fig. 3 is a nore detailed bl ock di agram of
the filter control circuit 28 for the blind nultipath equalizer 20
illustrated in Fig. 2. In Fig. 3 a first 7data input terminal 281 is coupled

to receive datghe tipme tdlsplarwmme@mnaiag?ﬁtu&e el ﬁshhtsepaf hhéi ghest 20 25
(of Fig. 2), and a,second data input termnal 283 Is coupled tO receive

data fromthe %'Qpﬁﬁtarteemw 29 of the nmultipath filter 20. The first data
i nput term nal 281 and second.data input termnals are coupled to
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representing t hkat an autocorrelatlon performed on such a sngnal will produce

data indicating the time displacement and magnitude and phase of
any multipath ghost signals existing in the input signal.

20

Fig. 3 is a more detailed block diagram of the filter

control circuit 28 for the blind multipath equalizer 20 illustrated
in Fig. 2. In Fig. 3 a first data input terminal 281 is coupled to
receive data from the input terminal 25 of the multipath filter 20

25 (of Fig. 2), and a second data input terminal 283 is coupled to
receive data from the output terminal 29 of the multipath filter
20. The first data input terminal 281 and second data input
terminals are coupled to respective input terminals of a
correlator 282. An output terminal of the correlator 282 is

30 coupled to an input terminal of a tap control signal generator 284.
An output terminal of the tap control signal generator 284 is
coupled an output terminal 289 of the filter control circuit 28.
Output terminal 289 supplies data to the respective control input
terminals of the sparse IIR filter 24 and sparse FIR filter 26

35 defining complex tap coefficients (COEFS) and time
displacements (N) for allocated taps in these filters. A control



ghost signal, in which the tine displacenent of the peak relative to the
mai n signal peak represents the tine displacenent of the ghost signal from
the main signal, and the conplex value of the peak represents the nagnitude
and phase of the ghost signal. 20 Qther ghost signals will produce other
correspondi ng peaks. The output signal fromthe correlator 282 is processed
by the tap control signal generator 284 8whi ch anal yzes the autocorrel ation
result, and al tiecuit 286 amhich may spaprisd IERDSP] ds Sdupled s@aes ettite
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sparse 1R fil signad4gendratosr@84FI R filter 26 to allocate the indicated

taps are generated by the tap control signal generator 284. 30 Fig. 4
is a block diagram of an enpodi pent of afllter cont cgircuit 28 in which
al'| cal cul at?ons neﬁ'és%ﬁ'&a maggﬁ%r%rée@é%)l FP"WWnF@'Q}ﬁG iq igh

:1: fﬁgﬁfgfﬁﬂtstﬁ“ﬁ’mémw dfy tive ltﬁanaar@thfhg qustl Enpmf kernitialo28M an ;
roce a, Cul a CQ
i di el acenBitdEoteaafio: o “trp " <bpRf ot "fhel F5R0Rk 1B8uf Seirniri 253, Bt
goggl ((adf tlc; recai aeosﬁt@orfrelahdrhe)fl theitsignahiatatheSirst inpautntérmipat 12811t er
(0] |

data from the QUDifle abfablt 438 Sectld msitehinat 2ad %ﬁ“eéﬁ‘%%ﬁ ae8e
i nput terni h& byoghcarﬁpntn@l SeYd 286t a Ewp@wamﬁm rifI theo goxredatasugs d to
respective inpghldiafedahe %Iutacsﬁbfatfoﬁa&t Yhe btgrfairaﬁome lits® mpaferred

enbodi nent, the dag f 302 t d

2045 compl ex s ISNER! (281 ke T JECENGM G n ST RISRIATSOLP AR
si mul Itanteousl ys alahavm astrain 2648 repredenti rthéemaﬁm nale dtltaput '
Signal at 1In u :
bu?fer 302 |g ‘E‘ﬁ’g&ﬁ éhiggé:'t'@?log%%%g%ﬁ#qh ?qjecég&%o‘%gﬂi 'da apgﬂ'[ Sut
terminal of 1theutset 3gnab widufugbennincludaitanethernppagpgepresenting| the
control circui ey éﬁpﬁa@uwwht&f rfheahm%o%uf;slaebmtdatathteog@akl faw%tlve

control input term na

| ter
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ghost signal from the main signal, and the complex value of the

peak represents the magnitude and phase of the ghost signal.

20 Other ghost signals will produce other corresponding peaks. The
output signal from the correlator 282 is processed by the tap
control signal generator 284, which analyzes the autocorrelation
result, and allocates taps in the sparse IR filter 24 and sparse
FIR filter 26 with appropriate time displacements and tap

25 coefficients in a manner described in more detail below. Signals
which will configure the sparse IIR filter 24 and sparse FIR filter
26 to allocate the indicated taps are generated by the tap control
signal generator 284.

30 Fig. 4 is a block diagram of an embodiment of a filter
control circuit 28 in which all calculations necessary to- generate
‘complex tap coefficients and time displacements are performed
by a DSP, and Fig. 5 is a flow diagram illustrating the process of
calculating the complex tap coefficients and time displacements.

35 In Fig. 4, a first data input terminal 301 is coupled to receive
" data from the input terminal 25 of the multipath filter



di spl acenents (N) for allocated taps in'these filters. A control output
termnal of the DSP 306 is coupled to a control input termnal of the data
capture buffer 302,. and controls the extraction and storage of data
sanples fromthe respective data 20 input termnals 301 and 303. The
operation of the filter control circuit illustrated in Fig. 4 may be better
under st ood by reference to Fig. 5 Al mat hemat i cal operatlons are conpl ex
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output terminal of the DSP 306 is coupled to a control input
terminal of the data capture buffer 302, and controls the
extraction and storage of data samples from the respective data

20 input terminals 301 and 303.

The operation of the filter control circuit illustrated in Fig.

‘4 may be better understood by reference to Fig. 5. All
mathematical operations are complex operations, unless

25 explicitly stated otherwise. In Fig. 5, the process is begun in
step 502 in which the DSP 306 commands the data capture buffer
302 to extract and: store 2048 complex samples from the input of
the muitipath equalizer 20 (of Fig. 2) through input terminal '301.
In step 504, the autocorrelation of the input samples just

30 captured is calculated. There are three steps performed in
calculating the autocorrelation of the input samples. First, in
- step 506, the DSP retrieves the 2048 captured input samples
representing the time domain input signal x(t) from the data
capture buffer and transforms them to the frequency domain by

35 performing a fast Fourier transform (FFT) on them in a known
manner, to generate the frequency spectrum X(F) containing 2048



signal, and the conpl ex value of that ghost peak sanple represents the
magni t ude and -phase of the ghost signal. 20. In step 512, the DSP 306
| ocates the ghost peaks in the autocorrelation ac(t). The DSP 306 first
normal i zes the magni tude of each sanple in the autocorrelation ac(t) to the
magni tude of the sanple representing the main peak. Then those sanples with
resul ting normalized nagnitudes above altthreshold 25 are identified as
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: signal, and the complex value of that ghost peak sample :

represents the magnitude and phase of the ghost signal.

20 In step 512, the DSP 306 locates the ghost peaks in the
autocorrelation ac(t). The DSP 306 first normalizes the
magnitude of each sample in the autocorrelation ac(t) to the

~ magnitude of the sample representing the main peak. Then those
samples with resulting normalized magnitudes above a threshold

25 are identified as representing ghost signals. This threshold may
be set at a fixed predetermined level, e.g. 12'dB below the
magnitude of the main peak. The threshold may also depend upon
the quantization step size of the signal. In other words, the
threshold must be lower when a larger symbol constellation is

30 transmitted, i.e. a 256QAM system will require a lower threshold
(thus, cancellation of weaker ghost signals), than a 32QAM
system. Alternatively, the threshold may be varied in response to

- the current signal-to-noise ratio. '

35 in step 514, the DSP 306 determines if there are any ghost
signals represented in the autocorrelation ac(t). If there are



peaks nmore than 5 sec fromthe main signal are nost |likely post- ghosts. In .
step 520, the DSP 306 nakes a decision as to whether 20 a ghost peak
represents a pre-ghost or post-ghost based on the tinme displacenent from
the main peak. If it is less than 5 sec fromthe nmain signal, it is
considered a pre-ghost, otherwise it is caonsidered a post-ghost. The
characterization of a ghost peak as rep[@sentlng a pre or post-ghost wll -
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unlikely more than 5 sec in advance of the main signal. Thus,

peaks more than 5 sec from the main signal are most likely post-
ghosts. In step 520, the DSP 306 makes a decision as to whether

20 a ghost peak represents a pre-ghost or post-ghost based on the
time displacement from the main peak. If it is less than 5 sec
from the main signal, it is considered a pre-ghost, otherwise it is
considered a post-ghost. The characterization of a ghost peak as
representing a pre or post-ghost will be checked, and if

25 necessary, corrected, in a following step (described below). It is
also possible to design a fuzzy logic circuit, or expert system, to
provide a characterization of a ghost peak as representing a pre
or post-ghost.

30 In.step 522, the sparse IR filter 24 and sparse FIR filter 26
(of Fig. 2) are configured to cancel the ghost. If the ghost signal
was characterized as a post-ghost in step 520, then a tap is.
allocated in the sparse lIR filter 24 having the same time
displacement as that of the sample in the autocorrelation ac(t)

35 representing the ghost signal from the sample representing the
main signal. The value of the complex tap coefficient of the



If the sparse IIRfilter 24 and sparse FIR filter 26 (of Fig. 20 2) are
configured correctly, the output fromthe nultipath equalizer 20 should
include only the main signal, with all ghost signals attenuated. A cross
correlation of such a signal with the input signal will include peaks only
at the locations of the ghost signals. If, however, a pre-ghost were
treated as if it were a 25 post-ghost, oravice versa, then the cross
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step 534, the rQ%QI’F tPrﬁQe(?ﬁSgs tggf‘r ﬂ?%ttrﬁﬁHhtE@( sparge c‘ﬁécﬁk@l" 4 and sparse
FIR filter 26 are tested in step 526.

If the sparse 1IR filter 24 and sparse FIR filter 26 (of Fig.

20 2) are configured correctly, the output from the multipath
equalizer 20 should include only the main signal, with all ghost
signals attenuated. A cross correlation of such a signal with the
input signal will include peaks only at the locations of the ghost
signals. If, however, a pre-ghost were treated as if it were a

25 post-ghost, or vice versa, then the cross correlation
would include corresponding peaks on both sides of the main peak.
The step 526 tests the resulting sparse IIR filter 24 and sparse
FIR filter 26 by performing this cross correlatlon and evaluating
the result.

30 _

In step 527, the data capture buffer 302 (of Fig. 4) is
commanded by the DSP 306 to extract and store 2048 samples
from the input terminal 301 coupled to the input signal to the
multipath equalizer 20 (of Fig. 2) and simultaneously to extract

35 and store another 2048 samples from the input terminal 303
coupled to receive the output signal from the multipath equalizer



by the DSP 306 in a simlar manner as in steps 512 and 514, by 20
normal i zi ng the magnitudes of the sanples to the magnitude of the sanple
representing the main peak. |f the correct decision as‘to pre-ghost or post
ghost signals was made in step 520, then there will be ghost peaks on one
side only of the main peak at the tine displacenents of the previously
detected ghost signals, as 25 described jabove. In this case the processing
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In step 534, the resulting cross correlation cc(t) is checked

by the DSP 306 in a similar manner as in steps 512 and 514, by

20 normalizing the magnitudes of the samples to the magnitude of
the sample representing the main peak. |f the correct decision as
to preégh_ost or post ghost signals was made in step 520, then
there will be ghost peaks on one side only of the main peak at the
time displacements of the previously detected ghost signals, as

25 described above. In this case the processing by the remainder of
the receiver may continue, as illustrated in step 536. If there are
twin peaks on either side of the main peak at a time displacement
of a previously detected ghost signal, then the characterization
of that ghost signal as a pre or post-ghost was wrong, and, in

30 step 538, the allocated tap is switched by the DSP 306 between
the sparse lIR filter 24 and the sparse FIR filter 26. The
operation of the sparse IR filter 24 and sparse FIR filter 26 is
tested again in step 526 until all ghost signals have been properly
canceled.

35



coupled to a first input termnal of a conplex nultiplier 604. A second

i nput terminal of the nultiplier 604 is coupled to a source of a tap
coefficient ClL for this tap. An output termnal of the nultiplier 604 is
coupled to a first input termnal of a conplex 25 adder 606. A summation
i nput termnal 608 receives summation S|gnals fromprevious filter taps.
The summation input termnal 608 is couphed to a second i nput term nal of

t he adder 606 (thro i .ch e.described bel op). An
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illustrated 1h or me cri be coefTicients
generated by the Fig. 5 process are supplled to the nmultiplier 624 in

middle tap T2 of eachhfFigt @, the right hand portion of the logic diagram

illustrates a standard filter tap. A data input terminal 602 is
coupled to the source of the signal to be filtered, which consists

20 of successive complex valued samples. The input terminal 602 is
coupled to a first input terminal of a complex multiplier 604. A
second input terminal of the multiplier 604 is coupled to a source
of a tap coefficient C1 for this tap. An output terminal of the
multiplier 604 is coupled to a first input terminal of a complex

25 adder 606. A summation input terminal 608 receives summation
signals from previous filter taps. The summation input terminal
| 608 is coupled to a second input terminal of the adder 606
(through other elements, which will be described below). An
output terminal of the adder 606 is coupled to a data input

30 terminal of a variable delay element 610. A control input
terminal 612 is coupled to a source of a time delay signal N for
this tap. The control input terminal 612 is coupled to a delay
control input terminal of the variable delay element 610. An
output terminal of the variable delay element 610 is coupled to

35 an output terminal 616 of the filter section 600. In a normal
arrangeme"nt, the output terminal (616) of one section is coupled



section 600 as the coefficient C2, and the coefficients of the adjacent
sections, Cl1L and C3, are set to 0. The tine displacenent supplied to the
vari abl e delay elenment 610 in each filter section 25 600 is adjusted to
account for the single clock delay elenment 630. Then the output of the
resulting multipath equalizer 20 (of Fi (I:; 2) is further checked after .
conpletion of the process of Fig. 5. An Autocorrelation is performed on the
out put si gnal tor the thuemmatiopdnputdesinadr (608) ofica nsghsequiest sectiba.
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sanpl es representing, the préviously detected corrected .ghost signals
are checked. Imsthépf‘?'i%‘{"ﬁ]g MABRCExceed

First, the process illustrated in Fig. 5 is performed, as
20 described above. The coefficients generated by the Fig. 5 process
are supplied to the multiplier 624 in middle tap T2 of each filter
section 600 as the coefficient C2, and the coefficients of the
adjacent sections, C1 and C3, are set to 0. The time displacement
supplied to the variable delay element 610 in each filter section
25 600 is adjusted to account for the single clock delay element
630. Then the output of the resulting multipath equalizer 20 (of
Fig. 2) is further checked after completion of the process of Fig.
5. An autocorrelation is performed on the output signal from the
multipath equalizer 20. The magnitudes of the samples in the
30 resulting autocorrelation at time displacements immediately
adjacent to those of the previously detected and corrected ghost
signals are checked. If a strong ghost signal is present, the
magnitudes of these adjacent samples may rise to a level above
_ the threshold, and further cancellation of that ghost may be
'35 required.



the threshold, then the conpl ex values of those sanples are supplied as
coefficients ClL and C3 to the appropriate 25 i medi atel y adj acent taps of
the corresponding filter section 600. Use of the adjacent filter taps
further attenuates a strong ghost signal. A nultipath equalizer as

descri bed above will cancel ghost 30 S|aé?ls froma received signal even if
they are displaced relatively far in ti fromthe main signal. In

a??i tion, this nultFjgt 7 éswlfiower diagramesihusteating cthley proodss hefs i s
effective at c
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15 fime autocorrelatlon ac(t).

in step 712, the magnitudes of all the samples in the

autocorrelation are normalized to the magnitude of the sample
representing the main peak', corresponding to the main received -

20 signal. In step 714, the normalized samples immédiately
adjacent to the samples representing the previously detected and
corrected ghost signals are checked. In step 716, if they exceed
the threshold, then the complex values of those samples are
supplied as coefficients C1 and C3 to the appropriate

25 immediately adjacent taps of the corresponding filter section
600. Use of the: adjacent fllter taps further attenuates a strong
ghost signal.

A multipath equalizer as described above will cancel ghost
30 signals from a received signal even if they are displaced
relatively far in time from the main signal. In addition, this
multipath equalizer can respond quickly, and thus is effective at
cancelling rapidly changing ghost signals, such as airplane
flutter. This multipath equalizer does not require a training
35 signal or a large DFE filter to perform these functions, however.



than the main peak, representing a nultipath signal, the 25 nulti path.
signal representative peak being displaced in tinme fromthe main peak and
havi ng a val ue, and supplying to the one of the plurality of taps a tap
coefficient having a value equal to the negative of the value of the

mul tipath signal representative peak and a tine di spl acenent having the

val ue of the displacenent in 30 tine of Itthe multipath signal representative

peak fromthe pphat peaklaimed isThe equalizer of claim2 wherein the
detecting circui- try in the tap control signal generator conprises: :
circuitry for calculating the magni tude of the main peak 35 circuitry

the mai n peak: ol roj ”gggl%cdgag%g@w b ﬁ‘?@f “E%{;‘%Pl 2238 o
autocorrelatlon to g oqf ! ‘1 7 3

circuitry for %ng a peak in the autocorrelation when the magnit ude of
t he nornmal i z§d aut o@oﬁp@lf&el digital ctikes respansivehto dtheq receivied é@gmll,zer of
claim 1 wher ei anthindluting ac pluratity of tapsongacts aespanditen toapttape buffer,
responsive to bbéfffﬁéﬁtVéﬁdstlﬁfél'dlsbfﬁcé?ﬁéﬁﬁqéﬁ réﬂﬁ d@fa NgtipRH 1 on of
the received siy g‘g%%l Pé’lnﬁ‘ﬁtbﬁ’t %QRQIL 5| gnal ; a signal

26, g
bui T er ol y na o diféey GOPbiolgre gspes SR B, SIGhAIG 1 on 1 ne

buf fer, |nclud|nq
dat a capt ur & bingluding eirehitet fanqcalaa meapo'atut@ﬁowatr@nr@tet ede-

signal , retrieceived tsignabr datenting @n méltipath rsigaal dshssdyron theoautdeordat a
capture buffer relaioh)! ahdnsupplyangoaowpeloﬁefﬁae@aft ahe ftielg lcﬁS’pI@c@WiéMOWOOf

the 1 5 t I
ropr esent | ng Yggﬁfg.”‘?*a Ffaiy; SFARRE &) cBhaeh it Rishicy Midkingtn,

| ocating a pea ‘he autocorrel ation, other than the mai n peak,
representing the nmultipath signal, the nultipath signal representative peak

being di spl ?%Ed ' té e fff?em étﬁ‘&alm51 e%ﬁaim 1 wherein the filter controller
comprises:

a correlator, responsive to the received signal, for calcu-
lating the autocorrelation of the received signal, the autocor-
relation having a main peak representing the digital data signal;

20 and

a tap control signal generator, responsive to the autocor-
relation of the received signal, including circuitry for detecting a
multipath signal by locating a peak in the autocorrelation, other
than the main peak, representing a multipath signal, the

25 multipath signal representative peak being displaced in time from
the main peak and having a value, and supplying to the one of the
plurality of taps a tap coefficient having a value equal to the
negative of the value of the multipath signal representative peak
and a time displacement having the value of the displacement in

30 time of the multipath signal representatlve peak from the main
peak.

3. The equalizer of claim 2 wherein the detecting circui-
try in the tap control signal generator comprises:
_ circuitry for calculating the magnitude of the main peak;
35 circuitry for normalizing the magnitude of the autocorrela-
tion to the magnitude of the main peak;
circuitry for comparing the magnitude of the normalized
autocorrelation to a threshold; and
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20 and having a value, and supplying to the one of the plurali- ty of taps
a tap coefficient having a value equal to the negative of the value of the
mul ti path_signal representative peak and a tine displacenent having the
val ue of the displacenent in tinme of the nultipath signal representative
peak fromthe nmain peak. 25 5. The equal i zer of claim4 wherein .the
circuitry for calculating an autocorrel at§ on conprises: circuitry for

cal culating the faséu&?i@' 96r tbaafh 51 Eakhfh Br h%*(&%ﬂ?ara&i o viled Nfhe

por t Xﬁdofs'?ﬂi'lnra@” d5|gna|'“’&%ﬁé Soi by, Sk g o

spectrum tine rrpl ex conjugate of the spectrumto produce a product;
circuitry for caI cuI ating the inverse fast Fourier transform of the product

to produce the auto orrelation of the yetrjiev ortjon,of the received
signal . 35 4. Thelrgﬁuéﬂu?éhzebfo Mamﬁ eth tthe é'ﬁﬁ%u??ﬁvoﬂgf
detecting a M@WS\GST gnal conprises: circuitry for calculating the

ma?nl t udeI of the naand?wlclapturebbdffer,fWSfmm Itol tﬂ%emﬂéigﬁﬂl ofort he
aut ocorrel a- n
u %ﬂ*&éﬁn% and Lstbng bl pbHidh éﬁ the fecived s@ﬂt A ng@%ﬁé&je

of the main pe a Wol t§| praﬁa aring the magnltude 0 | zed
autocorrel atio toa and f]lrcwtryfor Iglg E.Salgeaklﬁdwthe
aut ocorrel ati on wheft Qbe! 5¥"191@ datadnp Rl FPEPIRg §
exceeds thelﬂhﬂtﬂskdﬂté capture feguinaludingocireuitryn fornpeeducingha si gnal
processor is acontrobmignatdor cofditionTtheedatd icapturd lbutiemtd ektraet rande
si gnal prOCGSSQforé thé spertibrpi dfakhéi eitdlived osagﬁaprreﬁnevmg’hméa%&é@er of
claim1l vvherel rtﬁg bcg“t,@a &P ? S&éta&bl f| | ter
havi ng a data er m na ',a} Pl qej dumf ht he
mul ti path equaf:?l g ?QI % e %‘af# ‘?\Cﬁ HF’HS ?gl p 3 & taps
each responkPvELGYVE gna t aufocorreiatlon having a maln peak
representlng the dlgltal data signal, detecting a multipath signal
by locating a peak in the autocorrelation, other than the main
~ peak, representing the multipath signal, the multipath signal
representative peak being displaced in time from the main peak
20 and having a value, and supplying to the one of the plurali-
ty of taps a tap coefficient having a value equal to the negative of
the value of the multipath signhal representative peak and a time
displacement having the value of the displacement in time of the
multipath signal representative peak from the main peak.

25 5. The equalizer of claim 4 wherein the circuitry for
calculating an autocorrelation comprises:
circuitry for calculating the fast Fourier transform of the
retrieved portion of the received signal to produce a spectrum
corresponding to the retrieved portion of the received signal;
30 circuitry for multiplying the spectrum times the complex
conjugate of the spectrum to produce a product;
circuitry for calculating the inverse fast Fourier transform
of the product to produce the autocorrelation of the retrleved
portion of the received" S|gna|

35 6. The equalizer of claim 4 wherein the circuitry for
detecting a multipath signal comprises: '
circuitry for calculating the magnitude of the main peak;
circuitry for normalizing the magnitude of the autocorrela-
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coefficient and tinme displacenent; and a sparse IIRfilter including a
plurality of taps, each responsive to a tap coefficient and tine

di spl acenent, and an adder having a first input term nal coupled to the
recei ved signal 20 source, a second input term nal responsive to the
plurality of sparse IIRfilter taps and an output term nal coupled to the-
sparse IIR filter taps and the data inpyg term nal of the sparse FIR
filter. 10. ' ' rej he filter controller 25 is
further respoﬁ@‘vgggg{ét.f}ﬁé%@lfuf(?égéfm% \tgﬂﬁnzggagt i tal ,oytput sigpal, and
further conprises: GIFHHVt fcar‘)'"pﬁf'f‘arﬁ}?et@@gpﬂg'dg A th‘%d?‘?f’%gyﬁﬂ,
charac- terizidWjocaerelatien; anjhfﬁﬁ@'ﬂ; saRghal as one of a pre-ghost signal
and a post-ghost siaircuitry36or locating cai pegk fior thepautocoyrelation sdedri i thieent
and time di $ rphgpitodet of tHeenoTRthingd QuURoBbAelieh &xddds ttheone of the
plurality of HapsshBidhe sparse FIRfilter and a tap coefficient and tine
di spl acenent corresponding to a post-ghost signal to one of the plurality
of taps in the sparse IIRfilter; and 3 5 cirfcuitry for, after

Croustor el atign ot pe {Recrgdaizé Y dniR A GRERS, 175 HoRRL HoBasspr .o

crosscorrel ati.gn_of_the rec Ssrgnal w mu
digital out put'ss?gﬁﬂproﬁ'a%oﬁg_ a nultipath signal which was incorrectly
characterized as one of a pre-ghost signal and a post-ghost signal based on

the crosscorrelatio ,_cot ectlx ﬁhara telrizi g the .deh cted incor- 5 rectly
characteri zed rrultlg'ath BnRuadsRs r?@t’f‘lg Wt&'ﬁﬁ?m 6eas'95'ﬁ“ JIOCLBEPENL
and time dil®ligcangigitalosignalopieerRsee. a corrected pre-ghost signal to the
sparse FIRfilter and a tap coefficient and time displacenment correspondi ng
to corrected post-ghost signal to the sparse IIRfilter. 10 11. The .
equal i zer of clai m30 whEhei equatizer rafuctaim flowhgreimdher sparse tdigitdbt ect ed
nmul t! pat h s! grﬁlltepommpﬁSesi:_rcui try for characteri zi ng each det ect ed
mul tipath signal asyagpirele FIRSHIEF Wafing ¥ dat@Cinpatdbrmftialohng! &1 dath0
wher ei n: output terminal producing the multipath equalized digital signal,
.15 and including a plurality of taps, each responsive to a tap
coefficient and time displacement; and
a sparse IR filter including a plurality of taps, each
responsive to a tap coefficient and time displacement, and an
adder having a first input terminal coupled to the received signal
20 source, a second input terminal responsive to the plurality of
sparse IR filter taps and an output terminal coupled to the
sparse IR filter taps and the data input terminal of the sparse
FIR filter.

. 10. The equalizer of claim 9 wherein the filter controller

25 is further responsive to the multipath equalized digital output
signal, and further comprises: :

circuitry for, after detecting- a multipath signal, charac-
terizing the detected multipath signal as one of a pre-ghost
signal and a post-ghost signal;

30 circuitry for supplying a tap coefficient and time dis-
placement corresponding to a pre-ghost signal to one of the
plurality of taps in the sparse FIR filter and a tap coefficient and
time displacement corresponding to a post-ghost signal to one of
the plurality of taps in the sparse lIR filter; and

35 circuitry for, after supplying the tap coefficient and time
displacement, calculating a crosscorrelation of the received

) 0



15 the autocorrelation has a main peak representing the digital data
signal; the circuitry for detecting a nultipath signal conprises circuitry
for locating a peak in the autocorrelation, other than the main peak,
representing a multipath signal, the nmultipath signal 20 being displaced in
time fromthe main peak; the circuitry for charact'erlzmg t he detected

mul tipath signal conprises circuitry f o2 &haracteri zi ng the detected

mul tipath signsignad wittr ¢hghasultipath hequalizedadigitilgoatpits signal,aced | ess
than 5 sec in tdeféz:tfrfg)nathmmpafh pﬁ%aﬁf\dhfdrarwaaﬁrﬁfdﬁée “Shéﬂfbté gqt ed

mul tipath signgk @}%eaofpas reg GASS SidiRli-anl 52 T SGHA1 bask rg M 10
wherein the CI r Ccro é)corrga ] a 0 g n
circuitry fo ‘ﬂfzfé# %rﬁ%m ‘?}f‘n 93 @Y P{: d indor-
circuitry.for BGtHachaf 056 di widpath esignal.i Hé‘dh(‘é’(ﬁ[%ﬁﬂy i suRplying tal

out put si gnal ; tap reaefficiertoandatiog atisplpaement gorfeapordingr dmsé or m of t he
portion of t hecomreetad re-ghest tsigmaloth theasparsy rFHFi ¢idter eandng-tapng to the
portion of thecééﬁﬁilé‘ﬁ éﬁ@nﬁﬂne Hispl acerﬁéﬁr&drfé/ dirng 44! éﬁf"gé;%t%?e fast

Fourier transf j {0 equal | zed out put
signal to p_rodﬁég{ Qﬂs‘?ﬁtécgﬂﬁ% cec?r ?E hg?%ém' % ﬁﬁé ‘portion of the multipath
equal i zed digital output signal; 21 circuitry for nultlplylng t he

spectrum co espond t h cel v nal s .t he
conpl ex con* af_‘e t’heq. ggr?gﬁ%‘?ﬁ f] ﬁ?t FUFI”@E tfﬂé

mul tipath equafN2ERC@MHAIRG ﬂ@ﬁl gtectegh o&&ﬂ;@aa BU@?S gircuitry
circuitry for fof @hﬂ&[abt&;mhg eachr detécted mmltlpathtslgnai 0asn a)fp0$teghosduct
to produce thesigmalscorrel ati on of the received signal with the nmultipath
equal i zed digital output signal. 14. The equalizer of claim 10 wherein the
circuitry for detecting a nultipath signal which was incorrectly

characterized 10 | oq@, es TheP@rjudlizet hef et=ifsCly "héidian and conpri ses:
circuitry fpi cal cuhRdi AGidddtrdlBEBh! HAE 8T midif PBAR RéHeskhting the digital
data signal;
the circuitry for detecting a multipath signal comprises
circuitry for locating a peak in the autocorrelation, other than the
main peak, representing a multipath signhal, the multipath signal
20 being displaced in time from the main peak;
the circuitry for characterizing the detected muitipath
signal comprises circuitry for characterizing the detected
multipath signal as a pre-ghost if the multipath signal is
displaced less than 5 sec in time from the main peak and char-
25 acterizing the detected multipath signal as a post-ghost other-
wise.

13. The equalizer of claim 10 wherein the circuitry for
calculating a crosscorrelation comprises:
circuitry for extracting a portion of the received signal;

30 circuitry for extracting a portion of the multipath equal- -

ized digital output signal;

circuitry for calculating the fast Fourier transform of the
portion of the received signal to produce a spectrum correspond-
ing to the portion of the received signal; .

35 circuitry for calculating the fast Fourier transform of the
portion of the multipath equalized digital output signal to
produce a spectrum corresponding to the portion of the multipath
equalized digital output signal;
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the crosscorrelation; circuitry for normalizing the magni tude of the
crosscorre- |lation to the magnitude of the main peak; 1 5 circuitry for
conparing_ the nmagnitude of the nornalized crosscorrelation to a threshold;
and circuitry for locating a peak in the crosscorrelati on when the

magni tude of the. normalized autocorrel ation exceeds the threshold. 20

15. The equalizer of claim1 wherein: thd sparse digital filter includes

respective data i npmitguitiyt Jloolmplulplymgj themspieictirurm npotrespondiag sto atid each
of the plural igortioh of | ther rée@ﬁredo raetimes thé t ¢dnipts xfb’bh 0gate fdfr fe

LQEEEthLL“u[‘ai {&"‘%“ e e 53”“@@“ éﬁ?t I L o‘ﬁdﬁ'@d ]
term nal ; hé‘\’f’g{% ﬁhrq&%ﬁgﬁ% to t he su tion

i nput term inverse HeF (trAR$lOrBuL put
term nal of tmf tﬁ’ﬁmt@i cpradusatmﬁ qr@smw&elatmm cvt irgeelvetk| ay

el enent havi ngigndhtwithnphe mudtipath equalized tdigitab outpuit sigraii nal of the
adder, an output termnal coupled to the filter data output 35
termnal, and a delay control input termnal responsive to a tine

di spl acerment; and a14;ubs‘EheoéquhEzet wfakldimn A0 fwlhéﬂsmt ths cifcuity f@d | y
ga% iefjo‘r'lmfh o éxdichingy tapwtnuu aim ; A& Gwri#ého ufdb?ré%{g %@63 Zod
SyLien IE‘ZL‘QF?%T]%% %«@é@ioﬁu P EBL .
mul tiplier and the %!Eﬁfé' rmagf“t"‘d?né) mfalmﬂlsﬂ rﬁpﬁaﬁwa. m 1
wherei n: the sﬁb@r s@rQﬁﬁﬁQf&ﬂ&tlQmer further conprises a plurality of 5 :
filter sections, eacincsitotifon hemnagziresdbet imagnitudei oputhe derossootnest and
summat i on i npuatio®r B thlks mairitude |ofdthed reaip! peaki t y
15 circuitry for comparing the magnitude of the normallzed
crosscorrelation to a threshold; and
circuitry for locating a peak in the crosscorrelation when
the magnitude of the normallzed autocorrelation exceeds the
threshold.

20 15. The equalizer of claim 1 wherein:
the sparse digital filter includes respective data input, data
output, and summation input terminals, and each of the plurality
of filter taps comprises:
a multiplier having a first .input terminal
25 coupled to the filter data input terminal, a second
input terminal responsive to a tap coefficient and an
~ output terminal;
an adder having a first input terminal coupled to
“the summation input terminal, a second ihput terminal
30 coupled to the output terminal of the multiplier and an
output terminal; and
a variable delay element having a data input
terminal coupled to the output terminal of the adder,
an output terminal coupled to the filter data output
35 . terminal, and a delay control input terminal
responsive to a time displacement; and
a subset of the plurality of filter taps are serially coupled
with a data output terminal of each one of the subset coupled to a
- summation input terminal of a successive one of the plurality of
40 taps.
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of filter taps, each tap having respective data input, data output, and
summation input termnals, and conprising: a nultiplier having a first:

i nput termnal 10 coupled to the tap data input termnal, a
second input term nal responsive to a respective tap coefficient and an
out put termnal; an adder ‘having a fi rs?ilnput term nal coupled to the tap
summat i on i nput term nal, a second in term nal -coupled to
the output termnal16¢ tlhe maualizeree! glrimar Huoviperein cthe maultipied ia del ay

el enent havi ngcamgdarx maoltipliereandnthie adderdd aocomplextaddert er mi nal of the
adder, and an output termnal coupled to the data output term nal of 20
t he tap the del ay el enent of at |east one tap of each section is a

vari abl e del ay el ent?t aWHef equhﬁzer ofl olkdm 4 (mia:mrpont roI [ nput t er m nal

responsive to a resm@tg pérded Mg p{hppm YeRther W? P ﬂP n each
Dt

section are § 'é’e egaé@ %H'g %
t b
ap being COU ation, Hépl(!i etm|nals, AFG daf 1 B wali

and the pl uraI
with the sect.@h rataﬁﬁ.peact\etaﬁ rﬁawag eespeactiver idata binipad, cdﬂlﬁl eutput t he
section summatand summatienrinput térnainals,sandesomprisiagti on. 18. The

1(Zaﬂual héer of claim I17 wher ei ngt hﬁumﬂ,@,—phaemg saaf”(‘sqrrm Hetrhird)l er andh
e aader |1 a Cco ex a V4 Cc
filter sect?gn harsma degﬁbledl% J{aéetgﬂ th ql{}e ?]roglgé%r?@éfs qﬂPﬁﬁ
responsive to the nulti ‘?rﬁ“'@%@aﬁ%‘%’ %Iao{ﬁs&ﬁc Q’egntﬁp c?ﬂi‘i'?ﬂtllllll
11111 11111 111111 * é“ an output teriinal; 23 the supplying circuitry
inthe filter controller suppRneg@ddes hayingoaf firsti inputatetrminak (mtmlﬂ;dct@ment
to the mddle tap of onetisé tape sommatiohyinputstarminal; aagdcond input
15 terminal coupled to the output terminal of the
multiplier and an output terminal; and
a delay element having a data input terminal
coupled to the output terminal of the adder, and an
_ output terminal coupled to the data output terminal of
20 the fap;
the delay element of at least one tap of each section is a
variable delay element and further includes a delay control input
terminal responsive to a respective time displacement;
the plurality of taps in each section are serially coupled
25 with the tap data output terminal of each tap being coupled to the
tap summation input terminal of a successive tap; and
the plurality of sections in the digital filter are serially
coupled with the section data output terminal of each section
being coupled to the section summation input terminal of a
30 successive section.

18. The equalizer of claim 17 wﬁerein the multiplier is a
complex multiplier and the adder is a complex adder.

19. The equalizer of claim 17 wherein:
each filter section has a middle tap;
35 the filter controller is further responsive to the multipath
equalized digital output signal;
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the filter controller further includes circuitry for, after 5 supplying the
tap coefficient and tinme displacenent to the mddle tap of the one of the
plurality of sections, calculating an auto- correlation of the nmultipath
equal i zed digital output signal, the output signal autocorrelation having a
mai n peak representing the digital data_signal, detecting respective peaks
in the output 10 signal autocorrelati on2a times adj acent the tine
di spl acenent repr esthe i supplyingr eivewittyl yindthecfiker nedritrplieh supplies thed
suppl yi ng respt%@t lddéfﬁ@llén‘w&ﬁ(ﬂlﬁm%nﬂ'isﬁlﬁéeMérﬂe(fo tResmiddiec tap ofhena ol e
\t/ﬁp of thﬁ oney ﬁUF‘a bil sbtich s enid ons. 20. The equali zer of claim 19
erein the CIrCUIt
circuitry for extr @{? ftg 8§ﬁ rg)aegf h[']'ﬂ W(Ergﬁﬁlggg% % yﬁg @ff%l
output si gnab ; SUPPBANG e $RPCSPE cienty gy dmg. 4 o dhe Fig ne
retrieved porttam off th&leom%ch the plugality ob saatianse qaby&aitn@mmcauto-
correspondi ng correlwumt of ethed muoitipath efualized edigiteld ositpunalsigral, cthe ry

for mul tiplyi ngyifit SRAMIN Hld¢FPElatioh FaVHG A Crﬁﬁlrvq%aﬂ( G Fé@erﬂi’&jtth%m to
produce a prod (C o | sge f ier
transform o ﬁ;@ gégf %gy, gﬁg&tﬁﬁe%sﬁgc" PB§R§ i tﬁ he re r| eved 25
portion of Qe r?lt tifpes eiﬁ ﬁb &“5"1 a\ﬁﬁé‘i’%ﬁ"h t he
circuitry for a@p@aemtgwg se@re\f@q@é\akféeﬁeﬁt@ emslitipath §lgnal an -
aut ocorr el at i osuppiyingseespectivei tapy c¢aefficidnts| for rfijtehdapsgaidjacentofthehe

mai n peak in 3¢hitlke QpPBf theobhe afttheoplahiity @f; séctiong.try for
normal i zing the magnitude of the output signal autocorrelation to the

magni tude of the main peak; circuitry for conparing the magnitude of the

2;);23! itfgd out ;é;ﬁiﬂal éﬁxdgﬁeﬁtﬁ bférrrfggiinﬁghmfé?@ird Vmé”@{r@ﬁltry for
i r ti "‘ Eﬁg § 1 on en he magni tude
of the nor %thry nra exiracu Correl a(t)ltlor'l gf?ﬁe mur]?pa reg(%)élszed

dlgltal output signal;
circuitry for calculating the fast Fourier transform of the
retrieved portion of the received signal to produce a spectrum
20 corresponding to the refrieved portion of the received signal;
circuitry for multiplying the spectrum times the complex
conjugate of the spectrum to produce a product;
circuitry for calculating the inverse fast Fourier transform
of the product to produce the autocorrelation of the retrieved
25 portion of the received signal.

- 21. The equalizer of claim 19 wherein the circuitry for
detecting respective peaks in the output signal autocorrelation
comprises:

circuitry for calculating the magnitude of the mam peak in
30 the output signal autocorrelation;
circuitry for normalizing the magnitude of the output signal
autocorrelation to the magnitude of the main peak;
circuitry for comparing the magnitude of the normalized
output signal autocorrelation to a threshold; and
35 circuitry for detecting a peak in the crosscorrelation when
the magnitude of the normalized output signal autocorrelation
exceeds the threshold.
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