; xye3enBj (6T8FL) 9 JAN 2004 DI G TAL SYMBOL TI M NG RECOVERY NETWORK Thi s
I nvention concerns a digital synbol timng recovery network. 5 The recovery

of data from mdut\\mm\mm“\s conveying digital informatiam igansyppol form

usual l'y requires ons at a receiver: timng recovery for synbol
synchroni zati on, carr igficsf ecovery (frdaquency denodul ati on to baseband)) and
channel equalization. Timng recovery is a to process by which a receiver
clock (timebase) is _synchronized to a transmtter clock. This permts a
recei ved signal to @{@Hﬁ& SYMBObpIIMING REGOVERY INEEEWIQRKeduce sl i cing
errors associated with decision-directed processing of received synbol
values. Carrier recovery is a process by which a received RF signal, after

bei ng frequenThisiinwentinty eovheerrisoa aligicabsymbo tif@igateRolery hEAWSAEY .
passband (eg., near baseband)) is frequency shifted to baseband to permt

recovery of the nodul ati ng baseband i nformation. Adaptive channel
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coaction of a synbol timng recovery networ
det et or priieasis byewpuols recedverocibphit(tisiehmsle) 15 synehiogséd ebantiahsaatalri zer .
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15 frequency passband (eg., near baseband), is frequency shifted to baseband to
permit recovery of the modulating baseband information. Adaptive channel
equalization is a process by which the effects of changing conditions and
disturbances in the sighal transmission channel are compensated for. This
process typically employs filters that remove amplitude and phase distortions
20 resulting from frequency dependent time variant characteristics of the

transmission channel.

In accordance with the principles of the present invention, symbol
timing recovery is enhanced by coaction of a symbol timing recovery network
25 with a segment sync detector which responds to an output signal from a local

channel equalizer.

Brief Description of the Drawing
30 |
Figure 1 is a block diagram of a portion of a high definition television
(HDTV) receiver including timing recovéry apparatus according to the

‘principles of the present invention.
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timng recovery network in Figure 1. Figure 4 depicts a signal waveform

hel pful in understanding the t0O operation of the network in Figure 3. In
Figure®l, a terrestrial broadcast anal og |nput HDTV signal |J‘Np?’§essed by
an input network 14 including radio frequency (RF) tuning |rcu and an
internedi ate frequency (I F) processor 216 i ncluding a double t5 conversion
tuner for producing an |F passband output signal, and appropriate automatic
gai n contr ol EAGC) circuits. In this enbodi ment the received si ghal is a
carrier suppr &%ﬂ%icqseﬂ/éﬁt%fmerf@’émaétf@daé@aanodalq:tcdmgmﬂ by the

G and Al L} f Uni te B si gnal
is repreégn ed gqga@%gg} %e‘“ﬁfs‘?%{ﬁgﬁ@zw% 5%%({1%a}§tas“s &1‘31 n onI y
one 20 aUmt&chtaaUeBs quantized data to be recovered by the receiver.
simplify the Figure, signals for clocking the illustrated functi onal bI ocks
are not shown As described in the Gand Alli ance HDTV System Speci fication

dated April r nv dat.a ,wit
prescri bed 2s @a“fr%g'#’rsgtr?eu%f %@%511 as Sghnge%:ﬂns % SC% #@ b%ql%‘?km gnal
at the stippngseedvery netwofk tyBegase Is added to the transmtted signal to

hel p achieve carrier lock at a VSB receiver. Referring to Figure 2) each
data franme conprises two fields with each field including 313 segnents of

832 multil evep-é%bgl SUFERH Lald.s teferred to as a
field sync Seg1 nt, d%pi@i%ea% rér‘fel ni ng ﬁ@p@%ﬁ@eﬁbgegetgigﬁ%ﬁgd to as
dat alGegoperagioTbé theretsegkentBgtuypidcal | y contai n MPEG conpati bl e data

packets: Each data segnent conprises a four synbol segnent sync conponent
foll owed by 828 data synbol s. Each field segnent includes a four synbol

segnent sync n 0 I%@ zonponent
conprising a Slre terfgn%ze{ %qggﬁgg%d%%éu orgﬁzéﬁﬁ nngg?%é’ﬁ]%I equence and
t hree prpx:re:te@sndrbedaﬁanypmmmmsqududsngthdidﬁzﬂqheanmm twhirggh 1S
inverted jn éucce SI Ve ontrol signpal (defining the VSB
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is conveaueunaﬂcgaﬁngtqmrob(ﬁ%) cirauitst Enahisbszrrﬂmchxm:lmg_hta'edegnedemgnal
nvert to T t tr ADC. 19 t

o basebiit CBPIEr duRERF bR UdHeRer BREH i ielbrenss as miopored donthny
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recei ved VSB datastream Unit 22 produces an out put ase deno
synbol degpresentad byrd ong ﬁm‘eqnmmahdeteasﬂmhmwomwnaﬂom Whergire odbs onebed
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synbol cl ock recovery network 24 in accordance with the present invention.

Network 24 20 recovers the repetitive data segnent sync conponents of each

egoner ate a SF sisacryegin B CRRHRAMBNRe HETY SIS SRBsAdh BREL Usea
to contrAprilllet, 1994, the VSB transmission system conveys data with a prescribed

25 data frame format as shown in Figure 2. A small pilot signal at the

suppressed carrier frequency is added to the transmitted signal to help
achieve carrier lock at a VSB receiver. Referring to Figure 2, each data frame
comprises two fields with each field including 313 segments of 832 muitilevel
symbols. The first segment of each field is referred to as a field sync segment,
30 and the remaining 312 segments are referred to as date segments. The data
segments typically contain MPEG compatible data packets. Each data
segment comprises a four symbol segment sync component followed by 828

.data symbols. Each field segment includes a four symbol segment sync




dat'astream synbol sanpling by analog to digital converter 19. As will be

di scussed in connection with Figures 3 and 4, network 24 uses aiﬁvu synbol
2s correlation reference pattern and associ ated synbol dat@& o B ator to

detect the segnent sync. Unit 28 detects the data field sync conponent by

conparing every received data segnent3with an ideal field reference signal
stored i componentifolldwethey adisil wyhc dompodeht @Bnif;ﬁisfihg':ﬂ POABRRIFhEAQL | on,
the fiel ync signal provides a training signal for a ap?ive channe
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Tel evi si ?ﬁp@d o alglfe@? I n Consuner El ectronics) August s
1995. EQE%]JS zer 1%?"31‘%%%55% é%éjpélpde) descri bed in copendi ng US Pat ent

application Serial No. 09/ 102,885 of Shiue et al. The output of equalizer
34 advant ageoys! y. assi st 1e operation of network 24 as will be discussed.
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(de-random zed) by unit 46 using we nown proc terwards) a
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discussed in connection with Figures 3 and 4, network 24 uses a four symbol

25  correlation reference pattern and associated symbol data correlator to detect

the segment sync.

Unit 28 detects the data field sync component by comparing every
received data segment with an ideal field reference signal stored in memory in
30 the receiver. In addition to field synchronization, the field syhc signal provides
a training signal for adaptive channel equalizer 34. NTSC co-channel
interference detection and rejection are performed by unit 30. Afterwards, the
signal is adaptively equalized by channel equalizer 34 which operates in blind



5 synbol clock timng recovery unit 24 as shown in detail in Figure 3. Wen

the repetitive data segnent sync pul ses are recovered fromthe random data

pattern of the received datastream the segnment syncs are us@djigQ hi eve

proper synbol timng by regenerating a properly phased synbol rate sanpling

5 clock for controlling the sanpling operation of analog to digital
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1 characteristic 20 is applied to a reference input of the correlator for
conparison with the denodul ated data. The correl ator produces reinforcenent
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832 synbol correlator 320 in a segnment sync recovery si gnal
i nput  of KpREGEPEEekuLss. Afteresdsy adlegadedidatastiegmlis subjactediemudipne

generato 8.1 . rLec r h i.ncl udi.ng corcel at or 320.
Correl at f’ig%% raél?@rdé%ﬁlg ﬁ%&ﬁ%@ﬁ%@l‘%@éﬁiﬁﬂbﬁ%&#%&g@ Pgﬁré@érr?cé'-i nput
of corr ettlpth&2Rception s aiRmg re¢ R} itwdfR B 64 bR é@?ccdi’%fasfc%nce
pattern generator 330 provides the 1 -1 -1 1 segnment sync reference pattern

(see Fi gWith Hye principlaspef the preseotiaventdenaaty smplopgiraits afithe type
accugyll ahied e thlthe Grand Alliance HDTV System Specification of April 4, 1994,
and in the Bretl, et al. article mentioned above.

Demodulation in unit 22 is performed by an automatic phase control

(APC) loop to achieve carrier recovery using known techniques. The phase

25 locked loop uses the pilot component as a reference for initial acquisition, and
a normal phase detector for phase acquisition. The pilot signal is embedded in
the received datastream, which contains data exhibiting & random, noise-like
pattern. The random data is essentially disregarded by the filtering action of
the demodulator APC loop. The 10.76 Msymbols/sec input signal to ADC 19

30 is a near baseband signal with the center of the VSB frequency spectrum at
5.38 MHz and the pilot compori_ent situated at 2.69 MHz. In the demodulated
datastream from unit 22 the pilot component has been frequency shifted

down to DC. The demodulated datastream is applied to segment sync and




10 '324. Segnent sync generator 328 includes a conparator with a

predeterm ned threshold and responds to the output of unit 324 by
generating segment sync conponents at appropriate tinmes in 4fejaab@stream
correspondi ng to segnment sync intervals. This occurs when the accunul ation
of reinforced data events (segnment sync appearances) exceeds the ~s

predet erm f | d. ner.a | f. S t, S t b gni f.i es
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timng error. This error signal is |ow pass filtered by automatic phase
control (APC) filter 334 to produce a signal suitable fox controlling a

10. 76 MHz vo I yst ad i)l r : ' 336
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out put gf  Jempgilgator 22 or the output of equalizer 34 to correlatar 320 in
the sync recovery path. In the illustrated preferred enbodi nent, switch 318
is progranmed to continuously couple the output of adaptive equalizer 34 to

correlator 320. Jn anothey systemwi th different eratjng requir nt.s,
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pr edet edsrapplietirtocausaferenaa gaputrnf the correlatar fog compayison vwjitheant | y

of fset fromthe desjred nbol timn requ r '
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t he operﬁtévmugy oscillator 336 via filter 334 and control voltage

30 Figure 3 shows details of segment sync and timing recovery network 24.
The output datastream from demodulator 22 is applied to one signal input of
phase detector 310, and to a switch 318. Switch 318 may be programmed to
convey either the output signal from demodulator 22 or the output signal



I nput 349 of oscillator 336. Oscillator 336 begins operation fromthe
initial (reset) predeterm ned frequency condition nentioned above. -9
Jan 2004 8 The described control mechani sminproves the perfornance of the
tinmng recovery network because its input data has had chanrf 4ANpaDknents
such as nmultipath imges significantly reduced or renoved by equalizer 34.
Specifically) this timng caontrol pe anisn1iE?roves the ability of the 5

net wor k fremhequrlzenadd toan 882 siEnbpg RArTelM@s o2 o A aEMeRHSME EeARNErY ons.
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begi ns, adaptlveg’ﬁ?‘(&al i zer 34 operates in a blind node using, a known blind
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consider enough to assist t segnent sync an I'mng recovery
pr ocesseg2fipRefteelcepaterangenpraipr B30epicridestihe np <l odk 1f segmentidyrat or
336. After_ synbol tim rlg and the appropriate sanpling clock for ADC unit 19
have beerefeEengs patiean (Bes figyre- conti nues to receive the equal i zed out put
signal fromequalizer 34 to inprove tracking performance, eg., in the
presence of strong nultipath signal conditions. At this tine equalizer 34
typi cal | y opeThtesitiputdremeesiyektar 8 20eisi isitegraded ectedc@onmbatted by unit
accordan with a feature of the_Eigur arrangenent, a,DC control voltage
335 18 onSah Segmen SRG BeReratht PRE HETBRES BSHTUPRTEERLS & ange of

osci |l at @fe&&féﬁnméa theeeAaPRhd $BS5bRYs 2o RRE Witkuk BE Uit BZadsy ect or 340,

2s mcrocontroller 344, and voltage |evel shifter 348. This network

i npr ovesgepeatxding sqginsntisymcpeshpeonants abappropriatsitimesfutle datastreage as
expl ai ned bel ow. ,Detector 34Q essent.i al | ects the,steady- st .

oper at i n§OESHRPRATHE g? SSSEW&a%YS’rC gr‘f)ayﬂsgﬁiq %@C‘gsp‘?@%@? rﬁ%cé%}’%tfoe%el
at the ogf peiinfoicell HARI eviifts (B¥BRcaRnSR! Hipadlnees)erardsitheut put signal

331 indicating that signal 30 acquisition has been achieved. Contrgller 344
r esponds predetesminegd threskeld. Gennrationcek spgmant ayvac compansntssignitiesss1

from syn erator 328 for c A I i £ . trol
ol tage S8 ik Slefial it bEGa RN S eyl g Mloridted By RALUAGAL B0
range untégistersinegéiyersitat 828. THis +48ist&0h ﬁlo@ﬁ&fraﬂitggcénﬁquenmém

achi eved. The signhal acquisition process is repeated after each tine the
osci | | at detempeine whetherguaet slgnalaequisiifon hag oqussed. %Wlﬁ&@ si gnal
acquisiti Zn Li)ro ess involves resetting the network el enents and setting VCO
336 to 051 YAPS a predeterm ned initial frequency, as discussed s above.

20
Phase detector 310 performs a timing recovery function. Phase detector

310 compares the phase of segment sync generated by unit 328 with the
phase of segment sync appearing in the demodulated datastream from unit
22, and produces an output phase error signal which represents symbol

25 timing error. This error signal is low pass filtered by automatic phase control
(APC) filter 334 to produce a signal suitable for controlling a 10.76 MHz
voltage contrdlléd crystal ostillator (VCXO) 336. Oscillator 336 provides the
10.76 MHz symbol sampling clock for ADC 19. This sampling clock exhibits
proper timing when the phase error signal is substantially zero by APC action,

30 indicating that synibol timing (clock) recovery is complete. The segment sync
produced by unit 328 is also applied to other decoder circuits and automatic
gain control (AGC) circuits (not shown). The output of filter 334 is applied to a
an input of detector 340. Output 331 of sync generator 328 indicating



- Vol'tage controlled crystal oscillators (VCXGs) such as enpl oyed by

oscillator 336 often have a Iimted frequency range over which the
oscillator can operate with suitable linearity in the contrel§ ygitage vs.
out put frequency transfer function, or response curve. To increase This

| i near frequency operating range) if &ignal acquisition has not been

achi evedwhitlémornot weghdl loek (REqamiion] husHeageadidvEa o &g%ﬁec?%@ ITs
the oscillator_transfer functionto a different frequency range w thout
changi nde fasicregontralleri344.characteristic. This frequency range
shifting ability adjusts the oscillator is steady state operating voltage
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The freqiifergt 398 predebidhfittd (programmed) amount of time, eg., 50

25  milliseconds. This interval is chosen to correspond to a time required for the

equalizer to exhibit sufficiently stable operation. This interval may be
determined empirically in accordance with the requiremehts of a particular
system. At this time, when equalizer operation has stabilized, the phase
control network including units 320, 324,328 and 310 is reset and permitted
30 to control the operation of oscillator 336 via filter 334 and control voltage
input 349 of oscillator 336. Oscillator 336 begins operation from the initial

(reset) predetermined frequency condition mentioned above.



signal acquisition is not achieved within a predetermned "time out"

period. As 20 noted above, controller 344 nonitors the output of filter 334
and a register in sync generator 328 to determine if signak3ad&NiZ80sti on has
been achieved, ie. as manifested by the sync recovered by generator 328
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Cont;ol ler 344 will use this control voltage value as the default value the
next intémldﬁ'rs channel is acquired.

In accordance with a feature of the Figure 3 arrangement, a DC control
voltage 349 from unit 348 is used to shift the operating frequency range of
oscillator 336. This is accomplished by a network including detector 340,

25 miérocontroller 344, and voltage level shifter 348. This network improves
symbol acquisition performance and frequency acquisition range as explained
below. Detector 340 eéser;ti‘ally detects the steady-state operating condition of
oscillator 336 by sensing a predetermined DC level at the output of filter 334.
Sync generater 328 provides an output signal 331 indicating that signal

30 acquisition has been achieved. Controller 344 responds to the output signal

~ from detector 340 and to output signal 331 from sync generator 328 for
causing level shifter 348 to produce a control voltage 349 which causes
oscillator 336 to shift its operating frequency range until a steady state



Théeé described shifting operati on advant ageously expands the range of synbol
frequenci es that can be acquired. Al so, a best estimte nay be used 30
after the first acquisition, rather than starting the searche § QAN hg,
optimal oscillator control voltage vs. frequency centering voltage fromthe
same poi nt when acquiring a channel. ¢n addition) the oscillator control
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equalizer is responsive to said denodul ated signal for producing said
equalized s naEI: ;arrangement of detector 340, microcontroller 344 and level shifter
348 permits symbol timing to be acquired over a wider frequency range than
20 would otherwise be possible in a conventional configuration without these
elements, ie., with oscillator 336 being controlled by the output of filter 334
alone. In a conventional configuration, if the range of frequencies produced by
oscillator 336 in response to the output of filter 334 did not include the actual
symbol frequency of the received symbols, the timing loop would not lock and
25 sampling provided by ADC 19 would be compromised. Furthermore, the
linearity of the oscillator frequency vs. control voltage response may be
- degraded as t-he*control voltage deviates from its mean value. This effect may
result in degraded acquisition performance of the timing recovery network
when steady state oscillator operation requires a frequency control voltage
30 (from filter 334) close to its extreme (maximum or minimum) values. Thg

network including elements 340, 344, and 348 significantly reduces or

eliminates these performance degradations, as follows.
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segment sync intervals. If signal recovery is not achieved within the “time out”

period, a different oscillator frequency range is selected as discussed above

25 and the signal acquisition process is repeated. The frequency range will not be
shifted if, after the predetermined time, the output of filter 334 indicates that
oscillator 336 is in a steadystate operating condition and control voltage 331

indicates that segment sync has been recovered.

30 In an alternative embodiment, failure to acquire the signal may
indicated by a high error output from Reed-Solomon error detecting and
correcting unit 44 (Figure 1), which may monitored by microcontroller 344.

Signal acqt:usition'would be indicated when the Reed-Solomon error detector
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| When symbol timing is first acquired for a particular channel, the
5 symbol timing frequency will be unknown. Although the transmitter and
receiver symbol frequencies should be the same, significant variations can
occur at the receiver. In this case, after each acquisition failure, a
predetermined search instruction, or algorithm, is implemented by controller
344 to determine the next centering control voltage to be used, ie., greater or
10 less than the initial value. For example, in a simple case, only two control
.voltages will be available from level shifter 348 in response to instructions
from controller 344. Acquisition is first attempted using the initial, or default,
control voltage. If that attempt fails to achieve timing lock, the second control
voltage and associated frequency range will be used in response to a
15 command from controller 344. In more complex systems, three or more
control voltages and associated frequency ranges may be available from
-shifter 348.

After a channel signal has been acquired the first time, detector 340

20 compares the steady state voltage output from filter 334 to a locally provided
reference voltage that represents the optimal voltage within a small
predetermined operating range. Controller 344 stores in memory the direction
the oscillator voltage vs. frequency transfer function should be adjusted to
place the control voltage from unit 348 closer to a predetermined optimum

25 value. Controller 344 will use this control voltage value as the default value
the next time this channel is acquired.

The described shifting operation advantageously expands the range of
symbol frequencies that can be acquired. Also, a best estimate may be used
30 after the first acquisition, rather than starting the search for the optimal
| oscillator control voltage vs. frequency centering voltage from the same point
when acquiring a channel. In addition, the oscillator control voltage is shifted

toward its optimal value for acquisition, removing some dependency on the
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equalization, and to a recovered sync component of said received signal for producing a
symbol sampling signal;
a channel equalizer responsive to said received signal for producing an equalized signal;
and
10 async recovery network responsive to said equalized signal for producing said
recovered sync component, wherein
said received signal comprises a Vestigial Sideband (VSB) modulated signal containing
high definition video data represented by a symbol constellation, said data having a data
frame format constituted by a succession of data frames comprising a field sync
15 component prefacing a plurality of data segments having an associated segment sync

component; and

said recovered sync component is said segment sync component.

2. In a system for processing a received datastream containing an image representative
20 signal, apparatus comprising

a signal timing recovery network responsive to a recovered sync component of said

received signal for producing a symbol sampling signal;

a channel equalizer responsive to said received signal for producing an equalized signal;

a sync recovers network responsive to said equalized signal for producing said
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output signal from said converter for producing a demodulated signal; wherein

5  said channel equalizer is responsive to said demodulated signal for producing said
equalized signal;
said received signal comprises a Vestigial Sideband (VSB) modulated signal containing
high definition video data represented by a symbol constellation, said data having a data
frame format constituted by a succession of data frames comprising a field sync

10 component prefacing a plurality of data segments having an associated segment sync
component;
said recovered sync component is said segment sync component;
said sync recovery network responds to said demodulated signal for recovering said
sync component and additionally responds to said equalized signal; and

15 said symbol timing recovery network responds to said demodulated signal and to said

recovered sync component for producing said sampling timing signal.

3. A method for processing a received datastream containing an image representative
signal, said method comprising the steps of:

20 channel equalizing said received signal;
recovering a sync component of said received signal in response to an equalized signal
produced by said equalizing step; and
generating a symbol sampling signal in response to a pre-equalized signal produced

prior to said equalizing step, and in response to a recovered sync component produced
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5 component prefacing a plurality of data segments having an associated segment sync

component; and

said recovered sync component corresponds to said segment sync component.



