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DIGITAL TV RECEIVERS WITH POLY-PHASE ANALOG-TO-DIGITAL
CONVERSION OF BASEBAND SYMBOL CODING

The invention relates 1o digital television receivers and, more panticularly, to
analog-to-digital conversion and equalization filtering that are carried out in digital

television recetvers prior to symbol decoding,
BACKGROUND OF THE INVENTION

A Digitl Television Standard published 16 September 1995 by the Advanced
Television Subcommittee (ATSC) specifies vestigial sideband (VSB) signals for
transmitting digiral television (DTV) signals in 6-MHz-bandwidth television channels
such as those currently used in over-the-air broadcasting of Nationa! Television

Subcommittee (NTSC) analog television signals within the United States.

Symbol deceding in digital television receivers s effected by a pracedurs
known as "data slicing”. Data slicing can be carried out using an analog bin -
comparator responsive to the amplitude of symbol coding as synchrodyned to
baseband in the analog realm, with the bin numbers being sampled at symbol rate in
optimum phasing. It iy expected, however, that in most DT receivers data slicing
will be'carried out in the digital realm, using a digital bin comparatos responsive to
the digitized amplitude of symbol coding as synchrodyned to baseband either before
or after digitization. The invention concems circujtry related to data slicing
performed in the digital realm, which type of data slicing is preferable in digital
television receivers. This is because filtering of the symbol coding is generally
necessary in order to provide amplitude and phase equalization (and in the case of
over-the-air recepticn to correct for mulripath problems), and these types of filtering
are better realized in the digital realm.

Th2 rate at which analog-to-digital conversion must be carried out in 2 digital
television receiver is penerally at least twice the 10.76 million samples per second
symbol rate.. The common practice has been to use a type of analog-to-digital

converter (ADC) referred to as a "flash converter” when arranging for digital
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operation in an NTSC analog television signal teceiver, usually using sample rates
(such as 14.32 million samples per second) harmonically related to color subcarrier.
The bit resolution afforded by these fiash converers is typically eight to ten bits. This
experience tends to bias a television receiver designer towards the use of flash
converters ia digital television receivers for use with the ATSC standard. The flash or
parallel analog-to-digital converter uses (2~ -1) comparators and a resistive ladder
with (2" -1) taps to achieve N bits resolution. There i3 4 considerable amount of
hardware in the flash converter, and it consumes considerable power. The
justification for the use of the flash converter is its capability for providing high
analog-to-digital conversion rate on a continuing basis, without the need for _
oversampling. Oversampling at larger multiples of 10.76 mitlion samples per second
is difficult to do; this makes oversampling analog-to-digital converters such as sigma-
delta converters unattractive to perate at sampling rates greater than 10.76 miilion
samples per second. The use of multiple-phase analog-to-digital conversion using a
plurality M in number of ADCs of successive binary approximation type has been
rejecred in analog television receiver design owing to the difficulties in matching the

individual analog-to-digital conversion characteristics of the ADCs.

The ATSC standard grew out of earlier proposals by Zenith Elecrronics
Corporition for designing a digital high-definition television (HDTV) signal from
which co-channel interfering NTSC analog TV signal could be removed by comb
hitering using 12-sample differentia) delay. Zenith proposed precoding at the DTV
transmitter to complement posicoding caused by such comb filtering in the DTV
receiver, The signal to be symbol coded was subjected to 12-independent-paths trellis
coding, so that comb filtering would not affect the independence of the wellis coding
paths. This trellis coding scheme persists in the current ATSC standard, even though
the standard no longer provides for precoding at the DTV transmitter to omplement
comb filtering using 12-sample differential delay in the DTV receiver. The inventor
has the insight thas the12-independent-paths trellis coding, which provides for the
operation of twelve treilis decoders independently from each other, can be exploited to
avoid the difficulties in matching the individual analog-to-digital conversion
characteristics of a plurality M in number of ADCs of successive binary
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approXximation type, used for implementing multipie-phase analog-to-digital

conversion.

The DTV receivers Zenith provided for field testing the ATSC standard used a
single analog-to-digital converter, presumably a flash converter, for digitizing symbol
coding for application to a single-path equalization filter and a single-path baseband
phase-corrector (or symbol synchronizer). The equalized and phase-corrected
symbols wers then supplied to o de-interleaver for separating the twelve
time-interleaved independent trellis codes to their respective trellis decoders.
Following trellis decoding, the twelve data bit substreams were interleaved by an
interleaver to supply a bit stream to byte-building circuitry for supplying bytes of
Reed-Solomon code to a Reed-Solomon error correcting circuitry. U. S. patent No,
5,636,251 issued 3 June 1997 to R. W. Citta et alit, entitled RECEIVER FOR A
TRELLIS CODED DIGITAL TELEVISION SIGNAL, and incorporated herein by

reference is descriptive of such DTV receiver construction.

Skilled digital filter designers are aware of the concept of poly-phase filtering
and know in a general way that single-phase filters with high sample clockthrough
rates can often be replaced by N-phase filers with ¢lockthrough rates N times lower.
Replacing the single-phase equalization filter and single-phase baseband
phase-;:on'ector by 12-phase filtering eliminates the need for a de-interleaver for
applying the twelve-time-interleaved independent trelis codes to their respective
trellis decoders, the inventor discemns. Furthermore, rather than using a de-interleaver
between a flash converter and the 12-phase filtering vsed for equalization and symbel
synchronization, the inventor discems that the single flash converter can be replaced
by twelve ADCs of successive binary approximation tyi:c arranged for staggered
sampling to provide twelve-phase analog-to-digital conversion with up to eleven or
twelve bits' resolution without need for clock rates above DTV symbol rate, The
match filtering used to recover response to data field synchronizing codes and data
segment synchronizing codes can also be performed on a poly-phase basis, without

need fora flash converter.
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Altemnatively, replacing the single-phase equalization filter and single-phase

baseband phase-corrector by degenerate 24-phase filtering with twelve output ports
also eliminates the need for a de-interleaver for applying the twelve-time-interleaved
independent trellis codes to their respective trellis decoders, the inventor discemns.
Rather than using a de-interleaver between a flash converter and this degenerate
24.phase filtering, the single flash converter can be replaced by twenty-four ADCs of
suceessive binary approximation type acranged for staggered sampling to provide
24-phase analog-to-digital conversion. The 2:] oversampling by the twenty-four
ADCs of successive binary approximation type foliowed by 24-phase equalization
filtering simplifies phase-correcter design, as compared to using only rwelve ADCs of
successive binary approximation type followed by 12-phase equalization filtering, the

invetttor points out,

Clockthrough rate of each ADC is one-twenty-fourth the 21.32, 32.28 or 43.04
mitlion samples per second rate that would be typically used with the flash converter,
which tends to reduce power consumption by the square of twenty-four in each ADC
with an overall reduction of power consumption by a factor of twenty-four. Each
ADC of successive binary approximation type has only one to twelve comparators
therein depending on the specific type of ADC being used, this is no more than the 2°
cornpﬁrators used in a flash converter with 8-bit resotution and is far less than the 2'°
to 2'% comparators used in flash converters of 10-bit to 12-bit resolution. The twenty-
four ADCs of successive binary approximation type arranged for staggered sampling
will usually take up less room on a monolithic integrated circuit die than even the
flash converter with 8-bit resolution, because the resistive ladder used for voltage

division in the flash converter takes up considerable room on the die,

Each phase of a poly-phase equalization filter will require as many multipliers
as in a single-phase equalization filter, since samples from all phases may have to be
combined in sach phase of the filter in order to effect optimal equalization. Upon
initial consideration this may lead a digital filter designer to reject the use of such
equalization filtering as requiring excessive hardware. However, the multiplications
int a 24-phase filter can eath take place over an interval twenty-four times as long as

the multiplications in a single-phase filter without pipeline data flow being
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compromised. Since symbol rate is 10.76 million symbols per second, sampling at
rates more than a very few times symbol rate is imprectical. So, in a single-phase
equalization filter successive multiplications must commence within a single clock
interval or at most a very few clock intervals and progress through a data pipeline
without faltering. High-speed multiplication tends to expend considerable power,
powrer consumnption tending 10 go up as the square of speed. These considerations
tend 1o force multiplicarions at 10,76 samples per second or multiples thereof to be
done using respective read-only memories (ROMSs) rather using digital multiptiers
constructed from logic elements. If there are no substantial restrictions on the ranges
of multiplier and multiplicand signals or the products resuiting therefrom, multiplier
ROMs require many times more hardware than digital multipliers constructed from
logic elements. Multiplications on 10-bit to 12-bit input signals can be performed in a
24-phase equalization filter by digital multipliers constructed from logic elements and
operated at a clock ratz reduced 24-fold. So, the hardware costs and power
coasumption of the 24-phase equalization fitier operated at 445 kHz clock rate can
compare favorably with a single-phase equalization filter operated at 10.76 million

sampies per second clock rare,

Rather than using a 24-phase equalization filter after the twenty-four ADCs of
successive binary approximation type, the output results of the ADCs can be
converted to parallel-bit form and time-interleaved for application to a single-phase
equalization filter as its input signal, the inventor points out. The equalized response
from the single-pbase equalization filter must be supplied to a de-interleaver for
separating input signals to the twelve trellis decoders. This altemnative construction of
the digital television receiver retains the advantage of reduced power consumption in

apalog-to-gdigial conversion, the inventor points out.
SUMMARY OF THE INVENTION

The invention is embodied in a digital television signal receiver including
circuitry for converting a received digital television signal to baseband symbol coded
signal; a plurality N in number of trellis decoders supplying respective trellis

decoding results; circuitry for assembling the respective trellis decoding results into a
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forward error-correction code; and a forward emror-cotrection decoder TESPONSive to
said focward error-correction code for supplying a data stream portions of which are
descriptive of television images. In a digital television signal receiver for receiving
digital television signals transmitted in accordance with the ATSC standard, N is
twelve, the forward error-correction code is a one-dimensional Reed-Solomon code,
and the forward error-correction decoder is a Reed-Solomon decoder. A digital
television signal recziver embodying the invention characteristically includes, instead
of a single flash converter as in prior-art digital television teceivers, MN analog-to-
digitai converters of successive binary approximation type sampling baseband symbol
coded signal on an MN-phase basis to provide a respective digital output signal, each
of which sampling phases is of one-M™ symbol time durarion, M being a positive
integer at least one. The MN analog-to-digital converters are identifiable by
consecutive ordinal numbers first through MN™, inclusive, assigned in order of their
successive input sampling. An equalization filter responds o the output signals of the
MN anaiog-to-digital converters to supply equalized input signals to the N trellis

decoders.

A dighal television signal receiver embodying the invention in preferred form
characteristically includes, instead of a single flash converter as in prior-art digital
television receivers, 2N analog-to-digital converters of successive binary
approximation type sampling baseband symbol coded signal on an 2N-phase basis to
provide a respective digital output signal, each of which sampling phases is of one-
half symbol time duration. The receiver also characteristically includes a 2N-phase
filtar responsive to the digital ontput signals of the 2N analog-to-digital converters
received as respective input signals thereto, connected for applying N output signals
to the N trellis decoders as their respective input signals, the 2N-path filter being an
adaptive filter for providing equalization to the digital output signals of the 2N
analog-to-digital converters, connected for generating de-interleaved baseband symbol
coding without employing the de-interleaver of prior-art digital television receivers.
The receiver further charactenstically includes first and second N-phase match filters
fora prescﬁbad pseudo-noise sequence and a symbol synchronizer that responds to

differences in those maich filter responses for adjusting the phase of sampling by the
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2N analog-to-digital converters of successive binary approximation type. The fiest
match filter responds to the digital output signals of the oddly ordinally numbered
ones of the 2N analog-to-digital converters as equalized by the 2N-phase equalization
filter; and the second match filter responds to the digital output signals of the evenly
ordinally numbered ones of the 2N analog-to-digital converters as equalized by the

2N-phase equalization filter.
BRIEF DESCRIPTION OF THE DRAWING

FIGURE 1 is 2 schematic diagram of a portion of a digital television receiver,
which portion extends from the receiving antenna to the Reed-Solomon decoder and

embodies the invention in certain of its aspects.

FIGURE 2 is a schematic diagram of another portion of the digital weievision
receiver depicted in part in FIGURE 1, illustrating how symbol synchronization is

preferably effected in a further aspect of the invention,

FIGURE 3 is a schematic diagram of sampling clock generation circuitry that
is preferred to be used in the portions of the digital telavision receiver depicted in
FIGURES | and 2,

" FIGURE 4 is a schematic diagram of sampling clock generation cireuitry that
can be used in the portions of the digital television receiver depicted in FIGURES 1

and 2 instead of the FIGURE 3 sampling clock generation circuitry.

FIGURE 3 is a schematic diagram of a modification of the portions of a digital
television receiver shown in FIGURES 1 and 2, which portions of a digital receiver as

so modified embcedy the invention in certain other of its aspects,
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

Symbol coding is recovered at baseband by known circuitry depicted in the
portion of a digital television receiver shown in FIGURE 1 as being of the following
plural-conversion type. A selected one of DTV signals as from a receiving aptenna 1,

for example, is received for amplification by a radio-frequency amplifier 2.
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Amplified DTV signal from the RF amplifier 2, which is still at frequencies within a

channel allocated for television broadcasting, is converted by an upconverter 3 to first
intermediate frequency signal in a portion of the ultra-high-frequency (UHF) band
somewhat above the portion of that band allocated for television bg’oadcasting. The
RF amplifier 2 and the upconverter 3 have adjustable tuning and together function as a
tuner for selecting a digital telsvision signal from one of channels at different
locations in a frequency band allocated for television broadeasting. A UHF
intermediate-frequency amplifier 4 selectively amplifiss the first intermediate
frequancy signal for applicatipn to a downconverter 5 responding with second
intermediate frequency signal in a portion of the very-high-frequency (VHF) band
somewhat below the portion of that band allocated for television broadcasting. A
VHF intermediate-frequency amplifier 6 selectively amplifies the second intermediate
frequency signal for application to circuitry 7 for synchrodyning the twice-convered
DTYV signal to baseband and thereby recovering symbol coding at baseband. The
synchrodyning circuitry 7 includes an in-phase synchronous detector, a quadrature-
phase syncb.ronous'detector, and a controlled oscillator supplying synchrodyning
signals to the synchronous detectors (none of which elements are explicitly shown in
FIGURE ! or 2). The quadrature-phase synchronous detector provides an imaginary
component Im of synchrodyne respouse, which component is used for developing
automatic frequency and phase control (AFPC) signal for the controlled oscillator
supplying synchrodyning signals to the synchronous detectors. The in-phase
synchronous detector detects the vestigial-sideband amplitude-modulation of the data
carrier to provide a real component Re of synchrodyne response, which component is
descriptive of baseband symbol coding and is supplied from the synchrodyning
eireuitry 7 for analog-to-digital conversior{. Alternatively, symbol coding is recovered

at baseband by other known radio reception ¢ircuitry of single-conversion type.

In the portion of a digital television receiver shown in FIGURE 1, rather than
symbé[ coding supplied from the synchrodyning circuitry 7 being digitized by a flash
converter as in the prior a‘ﬂ, the symbol coding is digitized by a plurality 8 of analog-
to-digital converters, each of successive binary approximation type. The input
sampling of the symbol coding by the various ones 8A, 8B, 8C, 8D, 3E, 8%, 8G, 8H,
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8J, 8K, 8L, 8M, 8N, 8P, 8Q, 8R. 8S, 8T, 8U, 8V, 8§W, 8X, 8Y, 8Z of this plurality 8
of ADCs takes place in successive ones of sample clock intervais, each of which

sample clock intervals has a duration half as long as a symbol code symbol.

Sampling clock generation circuitry 9 supplies clocking for the ADCs 8A, 8B,
8C, 8D, 8E, 8F, 8G, 8H, 87, 8K, 8L, 8M, 8N, 8P, 8Q, 3R, 8S, 8T, 8U, 8V, 8W, 8X,
8Y, 8Z. The connections tor doing this are not explicitly shown in FIGURE 1 or 2, s0
as not to clutter the drawing and malke it difficult to understand, but are readily
designed by a skilled digital electronics designer. Also, the exact natures of these
connections depend on the specific design of the ADCs 8A, 8B, 8C, 8D, 8E, 8F, 3G,
8H, 8J, 8K, 8L, 8M, 8N, 8P, 8Q, 3R, 8S, 8T, 8U, 8V, 8W, 8X, 8Y, 8Z with regard
10 the way successive binary sampling is carried out. The synchrodyning circuitry 7 is
shown supplying the imaginary component Im of synchrodyne response o the
sampling clock generation circuitry 9 for implementing the determination of sample
clock frequency. The imaginary component Im of synchrodyne response is
substantially free of direct component resulting from synchronous detection of pilot
carrier in the DTV signal, so is preferred for squaring to generate a signal from which
symbol frequency can be extracted by narrowband filtering. As will be explained in
more detail further on in this specification, symbol synchronization is carried out by
adjusting the phase of the sample clock so that each consecutive pair of sample clock

intervals concurs with a respective symbol in the symbol coding.

The conversion results from the ADCs 8A, 8B, 8C, 8D, 8E, 8F, 8G, 8H, 8J,
8K, 8L, 8M, 8N, 8P, 8Q, SR, 88, 8T, 8U, 8V, 8W, 8X, 8Y, 8Z are applied as the
input signal to a 24-phase equalization filter 10. Bit-serial 1o parallel-bit conversion
of the successive binary approximation analog-to-digitz;.l conversion results from the
ADCs 8A, 8B, 8C, 8D, 8E, 8F, 8G, 8H, 8J, 8K, 8L, 8M, 8N, 8P, 8Q, 8R, 8S, 8T,
8U, 8V, 8W, 8X, 8Y, 87Z is done at the outputs of these ADCs, and the filter 10 is
constructed to operate with parallel-bit arithmetic. (Alternatively, the conversion
results are supplied in bit-serial form to the 24-phase equalization filter 10, the filter
10 is constrycted in bit-serial form for operation using serial-bit arithmetic, and
bit-serial to parallel-bit conversion is carried out afier the filter 10 prior to trellis

decoding.)
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- The 24-phase equalization filter 10 forms the leading portion of a degenerate
24-phase filter, the trailing portion 11 of which comprises twelve digital adders 114,
11C, 11K, 116G, 11J, 11L, 11N, 11Q, 118, 11U, 11'W, 11Y connected for supplying
their respective sum signals 1o a plurality 12 of trellis decoders. The adder 11A adds
together the equalized responses of the ADCs 8A and 8B to provide input signal for
the teellis coder 124, so, far as the tretlis coder 12A is concerned, the ADCs 8A and
8B and their respective phases of the 24-phase equalization filter 10 in effect operate
as a single ADC followed by a respective phase of a 12-phase equalization filter, with
that single ADC performing input sampling in a respsctive one of the twelve phases,
The adder 11C adds together the equalized responses of the ADCs 8C and 8D to
provide input signal for the trellis coder 12C; so, far as the trellis coder 12C is
concerned, the ADCs 8C and 8D and their respective phases of the 24-phase
equalization filter 10 in effect operate as a single ADC followed by a respective phase
ot a 12-phase equalization filter, with that single ADC performing input sampling in a
respective one of the twelve phases. The adder 11E adds together the equalized
responses of the ADCs 8E and 8F 1o provide input signal for the trellis coder 12E; so,
far as the trellis coder 12E is concerned, the ADCs 8E and 8F and théir respective
phases of the 24-phase equalization filter 10 in effect operate as a single ADC
followed by a respective phase of a 12-phase equalization filter, with that single ADC
performing input sampling in a respective one of the twelve phases. The addsr 11G
adds together the equalized responses of the ADCs 8G and 8H to provide input signal
for the wellis coder 12G; so, far as the wrellis coder 12G is concemed, the ADCs 8G
and 8H and their respective phases of the 24-phase equalization filter 10 in effect
operate as a single ADC followed by a respective phase of a 12-phase equalization
filier, with that single ADC performing inbut sampling in a respective one of the
twelve phases. The adder 11.J adds together the equalized responses of the ADCs 8J
and 8K to provide input signal for the trellis coder 12J; so, far as the trellis coder 12
is concerned, the ADCs 8J and 8K and their respective phases of the 24-phase
equalization filter 10 in effect operats as a single ADC followed by a respective phase
of 2 12-phase equalization filter, with that single ADC performing input sampling in a
respective one of the twelve phases. The adder 11L adds together the equalized
responses of the ADCs 8L and 8M to provide input signal for the trellis coder 12L;
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su, far as the trellis coder 12L is concerned, the ADCs 8L and 8M and their respective

pbases of the 24-phase equalization filter 10 in effect operate as a single ADC
followed by a respective phase of a 12-phase equalization filter, with that single ADC
performing input sampling in a respective one of the twelve phases. The adder 1IN
adds together the equalized responses of the ADCs 8N and 8P to provide input signal
for the tretlis coder 12N; so, far as the teellis coder 12N is concerned, the ADCs 8N
and BP and their respective phases of the 24-phase equalization filter 10 in effect
operate as a single ADC followed by a respective phase of a 12-phase equalization
filter, with that single ADC performing input sampling in a respective one of the
twvelve phases. The adder 11Q adds rogether the equalized responses of the ADCs 8Q
and 8R to provide input signal for the trellis coder 12Q; so, far as the tretlis coder
12Q is concerned, the ADCs 8Q and 8R and their respective phases of the 24-phase
equalization filter 10 in effect operate as a single ADC followed by a respective phase
of a 12-phase equalization filter, with that single ADC performing input sampling ina
respective one of the twelve phases. The adder 118 adds together the equalized
responses of the ADCs 88 and 8T 0 provide input signal for the eellis coder 128; so,
far as the trellis coder 128 is concerned, the ADCs 85 and 8T and their respective
phases of the 24-phase equalization filter 10 in effect operate as a single ADC
followed by a respective phase of n 12-phase equalization filter, with that single ADC
perforx.ning input sampling in a respective one ;f the tweive phases. The adder 11U
adds together the equalized responses of the ADCs 81 and 8V 10 provide input signal
for the trellis coder 121!; so, far as the trellis coder 12U is concerned, the ADCs BU
and 8V and their respective phases of the 24-phase equalization filter 10 in effect
operate as a single ADC followed by a respective phase of a 12-phase equalization
filter, with that single ADC performing input sampling in a respective one of the
twelve phases. The adder 11W adds together the equalized responses of the ADCs
8W and 8X to provide input signal for the trellis coder 12W; so, far as the trellis coder
12W is concemed, the ADCs 8W and 8X and their respective phases of the

24-phase equalization filter 10 in effect operate 25 a single ADC followed by a
respective phase of a 12-phase equalization filter, with that single ADC performing
input sampling in a respective one of the twelve phases. The adder 11Y adds together
the equalized responses of the ADCs BY and 8Z to provide input signal for the trellis
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coder 12Y; 50, far as the trellis coder 12Y is concemned, the ADCs 8Y and 8Z and
their esspective phases of the 24-phase equalization filter 10 in effect operate as 2
single ADC followed by a respective phase of a 1 2-phase equalization filter, with that

single ADC performing input sampling in a respective one of the twelve phases.

The trellis decoders 124, 12C, 12E, 12G, 12J, 121, 12V, 120, 128, 12U,
12W, 12Y in the plurality 12 are of a known form, such as one of those described in
U. S. patent No. 5,636,251, The trellis coders can be of a type that uses "soft"
decoding, such as described by Viterbi, or can be of a type that uses "hard" dacoding
using data-slicers with fixed boundary values. The trellis decoders 124, 12C, 12E,
12G, 124, 121, 12N, 12Q, 12§, 12U, 12W, 12Y supply their respective trellis
decoding results to an assembler 13. The assembler 13 interleaves the trellis decoding
results and builds bytes from the interleaved trellis decoding results for application to
an error-correcting Reed-Solomon decoder 14. Error-corrected data are supplied from
the Reed-Solomon decoder 14 to the remaining portions of the DTV signal receiver,

which are not shown in FIGURE 1.

Plural-phase analog-to-digital conversion using a plurality of ADCs cyclically
operated and sampling input signal on a time-division-multiplex basis nommally has
problems with matching the conversion characterisiics of the ADCs and gating their
inputs. at regular intervals in order to avoid the introduction of pattem noise. The
visibility of such pattern noise in images recovered from analog video signals that
have been digitized in this way is a reason that a single flash converter is preferably
used for digitizing analog video signals. DTV signals do not map into images on a
viewscreen in such direct way that pattemn noise is ewdem in images as viewed by a
human being, of course. I-Iowever, pattern noise as a source of error in recovering
data is not a significant problem either, becanse of certain characteristics of the DTV
receiver cc;nstruction per FIGURE 1. Unless ghosting is severe, most of the energy in
the input sipnal of each one of the trellis decoders 124, 12C, 12E, 12G, 123, 12L,
12N, 12Q, 128, 12U, 12W, 12Y originates in only two of the ADCs 84, 8B, 8C, 8D,
8E, 8F, 3G, 8H, 8J, 8K, 8L, 8M, 8N, 8P, 80, 8R, 85, 8T, 8U, 8V, 8W, 8X, 8Y, 8Z.
Moreover, if it is arranged for the weights in each of the individual phases of the 24-
phase equalization filter 10 1 be adjusted independently of the adjustmenrs.. of weights
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in the other phases, the adaptive filtering provided by the 24-phase equalization filter

10 inherently corrects the pattern noise generated by the plurality 8 of ADCs 8A, 8B,
8C, 8D, 8E, 8F, 8G, 8H, 8J, 8K, 8L, 8M, 8N, 8P, 8Q, 8R, 3, 8T, 8U, 8V, 8W, 8X,
8Y, 8Z before it is applied to the wellis decoders 124, 12C, 12E, 12G, 12J, 12L,
12N, 12Q, 128, 12U, 12W, 12Y.

The design of the 24-phase equalization filter 10 can take a variety of forms as
those skilled in the art of equalizer design know. However some observations
concerning preferable approaches to design are offered. An equalization filter can be
constructed as 2 finite-impulse-response (FIR) digital filter with a long kemel, but the
kemel becomes quite long if multipath terms exhibiting many symbot intervals of
delay are to be suppressed. Consequently, equalization filters often are constructed as
a cascade of a finite-impulse-response (FIR) digital filter used to suppress short-delay
multipath terms and an infinite-impulse-response (IIR) digital filter used to suppress
long-delay multipath terms. Such an HR filter has a large number of zero weighting
coefficients, and is better placed late in the cascade, if it is used. FIR filters with
kernels having few zero terms, which appear in each of the twenty-four phases of
preferred constructions of the 24-phase equalization filter 10 are preferably of the
mverse canonic form in which samples are weighted before being delayed and
combined with other weighted samples, An ADC of successive binary approximation
type initially generates its conversion results in serial-bit format, and these serial-bit
conversion results are suitable for direct admission into a digital multiplier apparatus
as a digital multiplier signal to multiply a weighting coefficient multiplicand stored in

an icand register.

FIGURE 2 shows details concerning how symbé»l synchronization is done in
the portion of the DTV receiver shown generally in FIGURE 1. The twenty-four
output signals from the equalization filter 10 are supplied to respective ones 154,
158, 15C, 15D, ISE; 15F, .15G, 15H, 157, 15K, 15L, 15M, 15N, 13P, 15Q, 13R,
158, 15T, 15U, 15V, 15W, 15X, 13Y, 15Z of a plurality 15 of serial-jn/parallel-out
registers, the output signals from which are supplied to a pair 16 of filter beds that
map two interleaved-in-time PN311 sequences. Each filter bed of the pair 16 isa

weighted summation network, as can be constructed from simple adders, and supplies
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its respective weighted summation response to sampling clock generation cireuitry 9

to adjust the phase of the sample clock timing input sampling by the ADCs 8A, 8B,
8C, 3D, BE, 8F, 8G, 8H, 3J, 8K, 8L, 8M, 8N, 8P, 8Q, 8R, 8S, 8T, 38U, 8V, 8W, 8X,
8Y, 8Z. Supposing that correct symbol synchronization obtains, a first filter bed of
the pair 16 generates an advanced-phase or leading match filter response, and a second
filter bed of the pair 16 generates a retarded-phase or trailing match filter response one
holf symbol periad later in time. These match filter responses pulse high when the
PN511 sequence occurs in the field synchronization data segment of each data field of
the DTV signal. When symbol synchronization is correct, theoretically both
responses pulse equally high responsive to the PN511 sequence occurring in the field
synchronization data segment, this pulse occurring during just one half-symbol

period. When symbol phase is advanced from correct symbol synchronization, the
advanced-phase or leading match filter response still pulses as narrow and high as
during correct symbol synchronization, but the retarded-phase or trailing mateh filter
response pulses only to reduced heights during two consecutive half-symbol periods.
When symbo! phase is retarded from correct symbol synchronization, the retarded-
phase or trailing match filter response still pulses as narrow and high as during correct
symbol synchronization, but the advanced-phase or leading match filter response

pulses only to raduced heights during two consecutive half-symbol periods.

FIGURE 3 shows a specific, currently preferred embodiment of the sampling
clock generation circuitry 9 shown generally in FIGURES 1 and 2. The imaginary
component Im of synchrodyne response supplied at baseband frorn the synchrodyne
circuitry 7 is supplied both as multiplicand input and as multiplier input to a two- or
four-quadrant analog multiplier 17 for squaring. An analog bandpass filter 18 extracts
10.76 WiHz energy at symbol frequency from the resulting product that the multiplier
17 supplies. This energy is injected into an injection-lock oscillator 19 which
responds to supply sustained 10.76 MHz oscillations of substantially constant
amplitude to a synchronous detector 20 as a reference carrier for heterodyning with
the response of a digital-to-analog converter 21. The response of the synchronous
detector 20 is lowpass filtered by a filter 22 1o generate an automatic frequency and

phase control (AFPC) signal for a master clock oscillator 23 oscillating at a high
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harmonic of 10.76 MHz the frequency of which is an integral power of two times

10.76 MHz. The sixteenth harmonic of 10.76 MHz at 172,16 MHz is suitable, falling
between the lower and upper VHF television broadcast bands, and having a second
harmeonic between the upper VHF television broadcast band and beiow the UHF
television broadcast band. The master clock oscillator 23 is preferably a sinusoidal
oscillator generating @ sinusoidal output signal that is substantially single-frequency in
character. A zero-crossing detector 24 detects average-axis crossings of this
sinusoidal output signal, which detected crossings are then counted by a zero-crossing
counter 25. The four most significant bits of the count from the zero-crossing counter
25 furnish binary-coded count to modulo twelve, used for symbol counting. This is
most sitnply done by making the two most significant bits of the count fumish a
binary coded count 1o modulo three and making the thirdmost and fourthmost
significant bits of the count binary count to modulo four. The fourthmost significant
bit of the count from the zero-crossing counter 25 toggles at a frequency that is
nominally symbol frequency and is applied to the digital-to-analog converter 21 as a
sign bit, together with a wired ONE as the less significant bit of a two-bit input signal
to the DAC 21. This closes the AFPC feedback loop for the master clock oscillator
23, which regulates its frequency of oscillation to be a phase-locked harmonic of the

10.76 symbol frequency as recovered by elements 17 - 19.

The count from the zero-crossing counter 25 is applied a3 an addend to a
digital adder 26, recetving a phase offset signal used for symbol synchronization as
another addend and preserving modulo twelve wraparound in the four most significant
bits of its sum ourput signal. The adder supplies its sum output signal to decoders for
generating various ¢clocking and timing signals used with digital operarion, such as
those used by the ADCs 84, 8B, 8C, 8D, 8E, 8F, 8G, 8H, 8J, 8K, 8L, 8M, 8N, 8P,
8Q, 8R, 88, 8T, 8U, 8V, 8W, 8X, 8Y, 8Z for clocking their respective operations. By
way of example, FIGURE 3 shows a bank 27 of decoders each responding to the
count from the zero-crossing counter 25 to generate a respective gating signal for
determining the time that a respective one of the ADCs 84, 8B, 8C, 8D, 8E, §F, 8G,
8H, 8J, 8K, 8L, $M, 8N, 8P, 8Q, 8R, 8S, 8T, 8U, 8V, 8W, 8X, 8Y, 8Z perforrns its
inpur signal sampling.
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The phase offset signal applied 1o the digital adder 26 o implement symbol

synchronization is derived in the following manner from the leading (advanced-phass)
and trailing (retarded-phase) match filter responses supplied from the pair 15 of
mterleaved PN511 filter beds of FIGURE 2. The leading PN511 match filter response
is supplied to a delay cireuit 28 to be delayed one-half symbol interval to align that
response temporatly with the trailing PN511 match filter response. The delay circuit
28 preferably provides clocked delay, by way of example being a clocked latch
regaster. The resulting delayed leading PN511 mach filter response is supplied to a
threshold detector 29 which supplies logic output ONE when and only when that
match filter response pulses above a prescribed threshold that is more than half the
maximum height of that response, the logic output of the threshold detector 29
otherwise being ZERQ. The resulting trailing PNS511 match filter response is supptied
to a threshold detector 3% which supplies logic output ONE when and only when that
match filter response pulses above a prescribed threshold that is more than half the
maximum height of that response, the logic outpur of the threshold detector 30
otherwise being ZERO. The threshold detectors 29 and 30 are preferably similar in
construction and prescribed threshold, An OR gate 31 detects when one or both of the
responses of the threshold datectors 29 and 30 pulses to ONE, generating 2 logic ONE
response at such time and otherwise generating a logic ZERO response. Logic ONE
reSpox;sc from the OR gaie 31 commands a latch register 32 to update its temporarily
stored contents with the cwrent value of delayed leading PN511 match filter response
supplied from the delay circuit 28. Logic ONE response from the OR gate 31 also
commands a latch register 33 to update its temporarily stored contents with the current
value of trailing PN511 match filter response. A subtractor 34 differentially combines
the trailing PNS1{ match filter response temporarily stored in the latch register 33
with the leading PNSI1 match filter response temporarily stored in the latch registat
32, supplying the r=sulting difference as input signal to an accumulator 35 for
accumulation, which accumulation is clocked responsive ta the OR gate 31 response
returning to logic ZERO condition. The integra] of ervor signal which is aceumulated
in the accumulator 35 is scaled down in its connection 36 to the digital adder 26 for
applying the phase offset signal for implementing symbol synchronization. This

scaling down is preferably accomplished by wired division or right shift,
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The symbol synchronizing procedures described above are believed to be

novel. The adjustment of symbol phase by adding phase offset to a count that wraps
around, then decoding the sum to develop timing and clocking signals that can be
advanced or retarded in time is advantageous in avoiding occasionz! symbol loss.
Schemes that adjust symbol phasing solely through delay must experience a
discontinuity at some point when adjusting between retarded symbol phasing and

advanced symbol phasing, resulting in loss of a symbol.

In alternative embodiments of the invention, arrangements can be made to use
PN63 signals, rather than PN311 signals, for symbol synchronization. Selection of
the PN63 signals to be used for symbol synchronization introduces additional
complication, and synchronization is somewhat less precise than with PN511 signals,
For these reasons the inventor currently prefers embodiments of the invention that use

PNS511 signals for symbol synchronization,

FIGURE 4 shows sampling clock generation circuitry that can be used instead
of that of FIGURE 3. In FIGURE 3 the fourthmost significant bit of the count from
the counter 23 is converted to a square-wave analog signal in the single-bit
digital-to-analog converter 38 for application to the synchronous detector 20 as a
description of the local oscillator signal to be AFPC'd. In FIGURE 4 the fourthmost
significant bit of the count from the counter 25 and less significant bits of that count
are used (o address a read-only memory 37 that supplies a plural-bit digital-to-analog
converter 38 description of local oscillator signal to be AFPC'd in terms of digital
samples thereof each having a plurality P in number of parallel bits. The local
oscillator signal to be AFPC'd which is described by those digital signals can be such
that the DAC 38 recovers a sinusoidal signal or recovers a mangular wave, by way of
specific examples. Generally, the cut-off frequency, of the AFPC filter 22 is s0 low in
frequency that the local oscillator signal to be AFPC'd may as well be described as a

square wave, which simplifies the hardware.

Modifications of the sampling clock generation shown in FIGURE 3 are
possible in which the real component Re of synchrodyne response supplied ar
baseband from the synchrodyne circuitry 7 is supplied both as multiplicand input and
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as multiplier input to the two- ot four-quadrant analog multiplier 17 for squaring,

erther directly or after highpass filtering to remove direct and low-frequency
componenis. Similar modifications of the sampling clock generation shown in
FIGURE 4 are possible. The advantage of squaring the imaginary component Im of
synchrodyne response is that it has substantially no direct component to increase the

dynamic range required of the multiplier.

FIGURE 5 is a schematic diagram of a modification of the portions of a digital
television receiver shown in FIGURES 1 and 2, which replaces the 24-phase
equalization filter 10 with other equalization circuitry. Respective s;xial~bit
analog-to-digital conversion results from the ADCs 8A, 8B, 8C, 8D, SE, 8F, 8G, 8H,
8J, 8K, 8L, 8M, 8N, 8P, 8Q, 8R, 8S, 8T, 8U, 8V, 8W, 8X, 8Y, 8Z are supplied to
respective ones 394, 39B, 39C, 39D, 39E, 39F, 359G, 394, 39J, 39K, 39L, 39M,
39N, 39P, 354, 39R, 39S, 39T, 39U, 39V, 39W, 39X, 39Y, 39Z of a plurality 39 of
serial-in/paraliel-out registers operan;.d as serial-bit 1o parallel-bit converters, the
parallel-bit ouzput signals from which are successively polled by a multiplexer 40
funetioning as a time interleaver 40 to apply a continuous flow of parallel-bit datato a
single-phase equalization filter 41 as input signal. Output samples from the phase
equalization filter 41 are delayed a half symbol period in-a delay circuit 42, and the
resulting differentially delayed are summed in a digital adder 43 to supply input
samples to a 2:1 decimator 44. The decimator 44 selects alternate input samples to
time de-interleaver circuitry 43, which supplies 12-phase equalization filter response
to the trellis decoders 12A, 12C, 12E, 12G, 12J, 12L, 12N, 12Q, 128, 12U, 12W,
12Y. Output samples from the equalization filter 41 are supplied to the cascade
connection of PN511 match filters 46 and 47, which supply leading (advanced-phase)
and trailing (retarded-phase) match filter responses to the sampling clock generation
eircuitry 9; specific forms of which sampling clock generation circuitry are depicted in
FIGURES 3 and 4.

Using the single-phase equalization filter 41, rather than a plural-phase
equalization filter, means that there is no longer the possibility of compensating for
individual variations among the plurality of ADCs as part of the equalization process.
Since ADC characteristics can be reasonably well-matched, loss of this possibility
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generally can be tolerated. Using the single-phase equalization filter 41, rather than a

plural-phase equalization filter, simplifies the equalization filier being followed in
cascade by a filter for suppressing artifacts of NTSC ce-channel interference, such as
one of the filters described by the inventor in U. S. patent application serial No,
08/746,520 filed 12 November 1996 or in U. S. patent application serial No.
08/839,691 fled 15 April 1997, both of which applications are entitled DIGITAL
TELEVISION RECEIVER WITH ADAPTIVE FILTER CIRCUITRY FOR
SUPPRESSING NTSC CO-CHANNEL INTERFERENCE.
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WHAT IS CLAIMED IS:

1. A digital television signal receiver comprising:

cireuitry for converting a received digital television signal to baseband symbol

coded signal;

a plurality N in number of wellis decoders supplying respective trellis

decoding results;

cireuitry for assembling said respective trellis deceding results into a forward

error-cosrection code;

a forward error-correction decoder responsive to sald forward error-correction

code for supplying a data stream portions of which are descriptive of television

images;

2 plurality MN in number of analog-to-digitat convertars of successive binary
approximation type sampling baseband symbol coded signal on an MN-phase basis to
providé a respective digital owutput signal, each of which sampling phases is of one-
M™ symbol time duration, M being a positive integer at least one and MN being the
product of M times N, said MN analog-to-digital converters identifiable by
consecutive ordinal numbers first through MN™ assigned in order of their successive

input sampling; and

an equalization filter responsive 1o the digital m.xtput signals of said first
through MN"' analog-to-digital converters received as raspective input signals thereto,
for supply.ing N output signals 1o said N trellis decoders as their respective input
signals, said equalization filter being an adaptive filter for equalizing said digital
ourput signals of said MN analog-to-digital converters to condition said N trellis

decoders for generating de-interleaved symbol decoding results.

IR
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2. The digital television signal receiver of claim 1, waerein said equalization

filter comprises:

an MN-phase filter responsive to the digital output signals of said first through
MN" analog-to-digital converters received as respective input signals thereto, said
MN-phase filter connected for supplying N output signals to said N trellis decnders as
their respective input signals, said MN-phase filter being an adaptive fiter for
equalizing said digital output signals of said MN analog-to-digital converters to
condition said N wellis decoders for generating de-interleaved symbol decoding

results,

3. The digiral television signal receiver of claim 2, wherein M is two, further

comprising:

a first N-phase match filter for a prescribed pseudo-noise sequence, said first
match flter responding to the digital ontput signals of the oddly ordinally numbered

ones of the 2N analog-to-digital converters as equalized by said MN-phase filter;

- a second N-phase match filter for said prescribed pseudo-noise sequence, said
second match filter responding to the digital outpur signals of the evenly ordinally
numbeted ones of the 2N analog-to-digiral converters as equalized by said MN-phase

equalization filter; and

a symbol synchronizer that responds to differences in the responses of said
first and second match filters for adjusting the phase of sampling by the 2N analog-to-

digital converters of successive binary approximation type.

4, The digital television signal receiver of claim 3, wherein said prescribed

pseudo-noise sequence is a PN51{ sequence, as used in the field synchronization

IO

codes of broadcast digital television signals.
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3. The digital television signal receiver of claim 3, further comprising:

circuitry for determining from said baseband symbol coded signal the symbol

frequency thereof;

a master oscillator for supplying ostillations of a frequency and phase

controlled by an automatic frequency and phase control signal;

a counter for counting zero-crossings of the oscillations of said master

oscillator to generate a multiple-bit count;

a digital-to-analog converter for converting one of the bits of said multiple-bit

count to a square wave of a frequency nominally the same as said symbol frequency;

a synchronous detector for generating said automatic frequency and phase
control signal responsive to said square wave and to the symbol frequency of said
baseband symbol coded signal as determined by said circuitry for determining:from

said baseband symbol coded signal the symbol frequency thereof;

an adder for combining said count with a phase offset signal supplied from

said symbol synchronizer, thersby to generate an adjusted count; and

decoders responsive to preseribed values of said adjusted count for generating

timing signals for operating said plurality MN in number of analog-to-digital

converters of successive binary approximation type. T

A

6. The digital television signal receiver of claim 5, wherein said circuitry for
determining from said baseband symbol coded signal the symbol frequency thereof

comprises:
circuitry for squaring a component of said baseband symbol coded signal:

a narrow bandpass filter for extracting symbol frequency components from the

resulting squared baseband symbol coded signal; and
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an injection-locked oscillator into which said symbo! frequency components

extracted by said narrowband pass filter are injected, for supplying oscillations of
substantially constant amplitude at said symbol frequency for application to said

synchronous detector,

7. The digital television signal receiver of claim 6, wherein said symbol

synchronizer comprises:

circuitry for temporally aligning the responses of said first and second match

filters;

first and second threshold detectors respectively responsive 1o the temporally
aligned responses of said first and second match filrers, with output signals logically
combined for detecting when either of the temporally aligned responses of said first
and second match filters is a substantial portion more than halt of its maximum

possible peak response;

4 first latch register for temporarily storing the response of said first maich
filter, as temporally aligned with the response of said second match filter, in response
to detécting either of the temporally aligned responses of said first and second match
filters currently being a substantial portion more than half of its maximum possible

peak response;

a second latch register for temporarily storing the response of said second
match filter, as temporally aligned with the response of said first mateh filter, in
response to detecting either of the temporally aligned responses of said first and
second match filters currently being a substantial portion more than half of iis

maximum possible peak response;

a subtractor for differentially combining the responses of said first and second
matceh filters as temporarily stored in said first and second latch registers to generate a
difference signal as an output signal from said subtractor; and

(L
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an accumulator for said difference signal, which supglies an accumulator

output signal scaled for application to said adder as sa:d phase offset signal,

8. The digital television signal receiver of claim 5, whersin said symbol

synchropizer comprises:

cireuitry for temporally aligning the responses of said first and second match

filters;

first and second threshold detectors respectively responsive to the temporally
aligned responses of satd first and second match filters, with output signals logically
combined for detecting when either of the temporally aligned responses of said first
and second match filters is a substantial portion more than haif of its maximum

possible peak response;

a first latch fcgister for temporarily storing the response of said first m:;tch
filter, as temporally aligned with the response of said second march filter, in response
to detecting either of the temporally aligned responses of said first and second match
filters currently being a substantial portion more than half of its maximum possible

peak résponse;

a second latch register for temporarily storing the response of said second
match filter, as temporally aligned with the response of said first match filter, in
response to detecting either of the temporally aligned responses of said first and

second match filters currently being a substantial portion more than half of its

maximum possible peak response;

a subtractor for differentially combining the responses of said first and second
match filters as temporarily stored in said first and second latch registers to generare &

difference signal as an output signal from said subtractor; and

an accumulator for said difference signal, which supplies an accumulator

output signal scaled for application to said adder as said phase offset signal.

A
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9. The digirtal television signal receiver of claim 3, further comprising:

circuitry for determining from said baseband symbol ¢coded signal the symbol

frequency thereof;

a master oscillator for supplying oscillations of a frequency and phase

controlled by an sutomatic frequency and phase control signal;

a counter for counting zero-crossings of the oscillations of said master

ostillator 1o generate a multiple-bit count;

read-only memory addressed by bits of said multiple-bit count for generating a
read-out signal having a repetition frequency norninally the same as 3aid symbol

frequency;

a digitai-te-analog converter for converting the read-out signal from said read-

only memory to an analog signal having a repetition frequency nominally the same as

said symbol frequency;

a synchronous detector for generating said automatic frequency and phase
control signal responsive to said analog signal and to the symbol frequency of said
baseband symbol coded signal as determined by said circuitry for determining from

said baseband symbol coded signal the symbol frequency thereof;

an adder for combining said count with a phase offset signal supplied from

said symbol synchronizer, thereby to generate an adjusted count; and

decoders responsive to prescribed values of said adjusted count for generating
timing signals for operating said plurality MN in number of analog-to-digital

converters of succassive binary approximation type.
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10.  The digial television signa! receiver of claim 9, wherein said circuitry for
determining from said baseband symbol coded signal the symbol frequency thereof

comprises:
circuitry for squaring a component of said baseband symbol coded signal;

& narrow bandpass filter for extracting symbol frequency components from the

resulting squared baseband symbol coded signal; and

an injection-locked oscillator into which said symbol frequency components
extracted by said narrowband pass filter are injecred, for supplying oscillations of
substastially constant amplitude at said symbol frequency for application to said

synchronous detector.

'l The digital television signal receiver of claim 10, wherein said symbol-

synchronizer comprises:

circuitry for temnporally aligning the responses of said first and second match

filters;

first and second threshold detectors respectively responsive to the temporally
aligned responses of said first and second match filters, with output signals logically
combined for detecting when either of the temporally aligned responses of said first

and second match filters is a substantia) portion more than half of its maximum

possible peak response;

a first latch register for temporarily storing the response of said first match
filter, as temporally aligned with the response of said secend match filter, in response
to detecting ither of the temporally aligned responses of said first and second march

filters currently being a substantial portion more than half of its maximum possible

peak response;

I
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a second latch register for temporarily storing the response of saic second
match filter, as temporally aligned with the response of said first maich filter, in
response to detecting either of the temporally eligned responses of said first and
second match filters currently being a substantial portion more than half of its

maximum possible peak response;

a subtractor for differentially combining the responses of said first and second
match filters as temporarily stored in said first and second latch registers 10 generate a

difference signal as an output signal from said subtractor; and

an accumulator for said difference signal, which supplies an accumulator

output signal scaled for application to said adder as said phase offset signal.

2. The digital television signal receiver of claim 9, wherein said symbol

synchronizer comprises;

circuitry for temporaily aligning the responses of said first and second match

filters:

- first and second threshold detectors réspectively responsive to the temporally
aligned responses of said first and second match filters, with output signals logically
combined for detecting when either of the temporally aligned responses of said first
and second match filters is a substantial portidn more than half of its maximum

possible peak response;

a first latch register for temporarily storing the response of said first match
filter, as temporally aligned with the response of said second match filter, in response
to detecting either of the temporally aligned responses of said first and second mateh

filters currently being a substantial portion more than half of its maximum possible

peak response;

' I
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a second latch register for temporarily storing the response of said second

match filter, as temporally aligned with the response of said first match filter, in
response to detecting either of the temporally aligned responses of said first and
second match filters currently being a substantial portion more than half of its

maximum possible peak response;

a subtractor for differentially combining the responses of said first and second
match filters as temporarily stored in said first and second fatch registers to generate a

difference signal as an output signal from said subtractor; and

an accumulator for said difference signal, which supplies an accumnulator

output signal scaled for application to said adder as said phase offsat signal,

13, The digital television signal receiver of claim 1, wherein each of said plurality
MN in number of analog-to-digital converters of successive binary approximation

rype has a respective serial-bit to parallel-bit converter for its output signal.

14.  The digital television signal receiver of claim |3, wherein said equalization

filter comprises:

an interleaver for time-interleaving the output signals of said analog-to-digital

converters of successive binary approximation type as converted to parallel-bit form;

a single-phase filter connected for supplying a response to the digital output
signals of said first through MN™ analog-to-digital converters as converted to parallel-
bit form and then time interleaved by said interleaver, said single-phase filter being an
adaptive filter for equalizing said digital output signals of said first through MN™

AN

analog-to-digital converters;
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a de-interleaver for supplying respective input signals to ones of said plurality

N in number of trellis decoders, as selected from said response of said single-phase

filter,

5. The digital television signal recaiver of claim 14, wherein M is two, further

comprising:

a first match filter for a prescribed pseudo-noise sequence, said first match
filter responding to the digital output signals of the oddly ordinally numbered ones of

the 2N analog-to-digital converters as equalized by said single-phase filter;

a second match filter for said prescribed pseudo-noise sequence, said second
mateh filter responding to the digital output signals of the evenly ordinally numbered
ones of the 2N analog-to-digital converters as equalized by said single-phase

equalization filter; and

a symbol synchronizer that responds to differences in the responses of said
first and second march filters for adjusting the phase of sampling by the 2N analog-to-

digital converters of successive binary approximation type.

16.  The digital television signal receiver of claim 15, wherein said prescribed

pseudo-noise sequence is a PN511 sequence, as used in the field synchronization

A

17.  The digital television signal receiver of ¢laim 15, further comprising:

codes of broadcast digital television signals.

circuitry for determining from said baseband symbol coded signat the symbol

frequency thereof;

a master oscillater for supplying oscillations of a frequency and phase

controlled by an automatic frequency and phase control signal;
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a counter for counting zero-crossings of the oscillations of said master

oscillator to generate a multiple-bit count;

a digital-to-analog converter for converting one of the bits of said multiple-bit

count to a square wave of a frequency nominally the same as said symbol frequency;

a synchronous detector for generating said automanc frequency and phase
control signal responsive to said square wave and to the symbol frequency of said
baseband symbol coded signal as determined by said circuitry for determiring from

said baseband symbol coded signal the symbol frequency thereof;

an adder for combining said count with a phase cffset signal supplied from

said symbol synchronizer, thereby to generate an adjusted count; and

decoders responsive to prescribed values of said adjusted count for generating
timing signals for operating said plurality MN in number of analog-to-digital

converters of successive binary approximation type.

18.  The digital television signal receiver of claim 17, wherein said circultry for
determining from said baseband symbol coded signal the symbol frequency thersof

comprises:
circuitry for squaring a component of said baseband symbol coded signal;

a narrow bandpass filter for extracting symbol frequency components from the

resulting squared baseband symbol coded signal; and

an:injection-locked oscillator into which said symbol frequency components
exwracted by said narrowband pass filter are injected, for supplying oscillations of
substantially constant amplitude at said symbol frequency for application to said

synchronous detector.

K O R
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19.  The digital television signal receiver of claim 18, whersin said symbol

synchronizer comprises:

circuitry for remporally aligning the responses of said first and second match

filters:

first and second threshold detectors tespectively responsive to the temporally
aligned responses of said first and second match filters, with output signels logically
combined for detecting when either of the temporally aligned responses of said first
and second match filters is a substantial portion more than half of its maximum

possible peak response;

a first latch register for temporarily storing the response of said first match
filter. as temporally aligned with the response of said second match filter, in response
10 detecting either of the temporally aligned responses of said first and second maich

filters currently being a substantial portion more than half of its maximum possible

peak response;

a second latch register for temporarily storing the respanse of said sscond
match filter, as remporally aligned with the response of said first match filter, in
response to detecting either of the temporally aligned responses of said first and
secoad match filters currently being a substantial portion more than half of its

maXimum poessible peak response;

a subtractor for differentially combining the responses of said first and second
match filters as temporarily stored in said first and second latch registers to generate a

difference signal as an output signal from said subtractor; and

t

an accumulator for said difference signal, which supplies an accumulator

output signal scaled for application to said adder as said phase offset signal.

_

0
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20, The digital television signal receiver of ¢laim 17, wherein said symboi

synchronizer comprises:

circuitry for temporally aligning the responses of said first and second match

filters;

first and second threshold detectors respectively responsive to the temporaily
aligned responses of said first and second match filters, with output signals [ogically
combined for detecting when sither of the temporally aligned responses of said first
and second match filters is a substantial portion more than half of its maximum

possible peak response;

a first latch register for temporarily storing the response of said first match
filter, as temporally aligned with the response of said second match filter, in response
to detecting either of the temporally aligned responses of said first and second match
filters currently beibg a substantial portion more than half of its maximum possible

peak response;

a second [atch register for temporarily storing the response of s2id second
matceh filter, as temporally aligned with the response of said first match filter, in
res por;se to detecting either of the temporally aligned responses of said first and
second match filters currently being a substantial portion more than half of its

maximurm possible peak response;

a subtractor for differentially combining the responses of said first and second
match filters as temporarily stored in said first and second latch registers to generate a

difference signal as an output signal from said subtractor; and

an accurnulator for said difference signal, which supplies an accumulator

output signal scaled for application to said adder as said phase offset signal.

AR R
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21, The digital television signal receiver of claim 15, further comprising:

circuitry for determining from said baseband symbol coded signal the symbol

frequency thereof’

a master oscillator for supplying oscillations of a frequency and phase

controlled by an automatic frequency and phase control signai;

a counter for counting zero-crossings of the oscillations of said master

oscillator to generate a multipie-bit count;

read-only memory addressed by bits of said multiple-bit count for generating a
read-out signal having a repetition frequency nominaily the same as said symbol

frequency;

a digital-to-analog converter for converting the read-out signal from said read-
only memory to an analog signal having a repetition frequency nominally the same as

said symbao! Frequency;

a synchronous detector for generating said automatic frequency and phase
control signal responsive to said analog signal and 1o the symbol frequency of said
baseband symbol coded signal as determined by said ¢ircuitry for determining from

said baseband symbol coded signal the symbol frequency thereof,

an adder for combining said count with a phase offset signal supplied from

said symbol synchronizer, thereby to generate an adjusted count; and

decoders responsive to prescribed values of said adjusted count for generating
timing signals for operating said plurality MN in number of analog-to-digital

converters of successive binary approximation type.
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22.  The digial television signal receiver of claim 21, wherein said circuitry for
determining from said baseband symbol coded signal the symbol frequency thereof

comprises;
circuitry for squaring a component of said baseband symbol coded signal;

a narrow bandpass filter for extracting symbol frequency components from the

resulting squared baseband symbol coded signal; and

an injection-locked oscillator into which said symbol frequency components
extracted by said narrowband pass filter are injected, for supplying oscillations of
substantially constant amplitude at said symbol frequency for application to said

synchronous detector,

23.  The digital television signal receiver of claim 22, wherein said symbol:

synchronizer comprises:

cireuitry for temporally aligning the responses of said first and second match

filters;

first and second threshold detectors respectively responsive to the temporally
nligned responses of said first and second match filters, with output signals logically
combined for detecting when either of the temporally aligned responses of said first
and second match filters is 2 substantial portion more than half of its maximum

possible peak response;

a first latch register for temporarily storing the response of said first match
filter, as temporally aligned with the response of said second match filter, in cesponse
to detecting either of the temporally aligned responses of said first and second match
filters currently being a substantial portion more than half of its maximum possible

peak respaonse;

O



15

10

-35-
a second latch register for temporarily storing the response of said second
match filter, as temporally aligned with the response of said first match filter, in
response to detecting either of the temporally aligned responses of said first and
second match filters currently being a substantial portion more than half of its

maximum possible peak response;

a subtractor for differentially combining the responses of said first and second
match filters as temporarily stored in sajd first and second latch registers to generate a

difference signal as an output signal from said subrractor; and

an accumulator for said difference signal, which supplies an accurnulator

output signal scated for application to said adder as said phase offset signal.

24.  The digital television signal recejver of claim 21, wherein said symbol

synchronizer comprises:

circuiuy for temporally aligning the responses of said first and second match

filters;

" first and second threshold detectors respectively responsive to the temporally
aligned responses of said first and second match filters, with output signals logically
combined for detecting when either of the temporally aligned responses of said first
and second mazch filters i3 a substantial portion more than half of its maximum

possible peak response;

a first latch register for temporarily storing the response of said first match
filter, as temporally aligned with the response of said second mateh filter, in response
to detecting either of the temporally aligned responses of said first and second match
filters currently bcing a substantial portion more than half of its maximurn possible

peak response;
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a second Jatch register for temporarily storing the response of said second
match filter, as temporally aligned with the response of said fitst match filter, in
response o detecting either of the temporally aligned responses of said first and
second match filters currently being a substantial portion more than half of its

maximum possible peak response;

a subtracter for differentizlly combining the responses of said first and second
match filters as temporarily stored in said first and second latch registers to generate a

difference signal as an output signal from said subtractor; and

an accumulator for said differenice signal, which supplies an accumulator

output signal scaled for application to said adder as said phase offset signal.
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