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1 . PHASE DETECTOR | N A CARRI ER RECOVERY NETWORK FOR
VESTI G AL JYOREAMES 5| GnaL 5 Fiol RoEpspygss.
| nventi on This invention concerns a digital signal
processi ng system |In particular, the invention concerns a phase.
.detector in a 10 carrier recovery network for a vestigial side band (VSB)
. si gnal such as may be nodul ated with high definition television (HDTV)
“information, for exanple. 1 Background of the
I nvention 15 The recovery of data froma VSB or a QAM
(Quadrature Anpl i PHIESEDBETECTOR BV A'EARRIER RECOVER Y RETWORK FOR Ahe

~inplementation of three functi V. ynbol

| synchroni zation, carrier recov%m&smﬁmcﬁﬁin) and 20

. equalizatid. Timng recovery is the process by which the receiver

clock (tinebase) is synchronized t &r@ rans | ock. This

permts the received signal to be €§ |8§ tg? ﬁ‘téérgtg?lﬁnum point in time
to reduce the chance of a slicing error associated with"

i deci sion-directed processmﬁg ﬂfvern’iﬁﬁi %cgﬁqg)q d{gitgg%lﬁﬁ:ﬂr rprgé?%gn ecovery

is the process mée 3 rece | ved RF, Si af t reqlienc
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modul ati ng basgbgﬂ as r};lgr t' Ondu'lz'cieﬁl At Ilngh definition television (HDTYV)

information, for example.

Background of the Invention
15
The recovery of data from a VSB or a QAM

(Quadrature Amplitude Modulated) signal at a receiver requires
the implementation of three functions: timing recovery for symbol
synchronization, carrier recovery (frequency demodulation) and

20 equalization. Timing recovery is the process by which the receiver
clock (timebase) is.synchronized to the transmitter clock. This
permits the received signal to be sampled at the optimum point in
time to reduce the chance of a slicing error associated with
decision-directed processing of received symbol values. Carrier

25 recovery is the process by which a received RF signal, after being
frequency “shifted to a lower intermediate frequency passband,
near baseband, is finally frequency shifted to baseband to permit
recovery of the modulating baseband information. Equalization is
a prdcess which compensates for the effects of transmissi_ori

30 channel disturbances upon the received signal. More specifically,
equalization removes baseband intersymbol interference (ISI)
caused by transmission channel disturbances including the low
pass filtering effect of the channmel. ISI causes the value of a given
symbol to be distorted by the values of preceding and following

35 symbols.
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For QAM signals, timing recovery is uspally the first function

inplemented in a receiver. The timngTs recovered from 5 _eitlrlef_t_he
baseband o gnal. wi t h Eotc IAM. MigpdlSu tinfink Treorey; st uswally he\listcar i or
recovery nfunetien implimemtedcinea teceivey.cThebtiming iestetoviesd dromi or to
daual 1y a Che e 8?'3%%5?@“ bRSsUHEe hkal, s%rbgﬁﬁﬁ'ﬁ 4 e Baiiin | o
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the recei vdcmtxﬁllamentprmpsal isz atsuallyi a peof sauepewgébm%slhlcﬁlrflgmgsgﬁand
| ?:aglng{}a -pasﬁ#aﬁfi‘i o %?/P{:} f3 %@&romﬁéﬁkiﬁgéﬁ‘?ﬁg@%&né qQuUsey ¢ o pr)c/)duce a
true shifter w lch uses a “best guess” as to what the frequency offset is
between the incoming passband signal and the desired baseband ‘
signal. This frequency shift is usually performed by analog
circuits; i.e.., 'prior' to analog to digital conversion in the receiver.
15 Next, equalization is performed on this near-baseband signal.
Finally, carrier recovery is performed which removes any residual
frequency offsets from the near-baseband signal to pfod_uée a true
baseband output signal. This function is performed by digital
receiver circuits. The equalizer is inserted between a first local
20 oscillator which performs the shifting to near-baseband and the
~ carrier recovery loop network. This is because the carrier
recovery process typically is a decision-directed process '(és"
known) that requires at least a partlally open “eye” which is
provided by the equalizer function. -
25 A QAM signal conveying digital mformanon is
represented by a two-dimensional data symbol constellation
defined by Real and Imaginary axes. In contrast, a VSB signal is
represented by a one-dimensional data symbol constellation
wherein only one axis contains quantized data to be ‘recovered at
30 a receiver. Synchronous demodulation of a VSB signal has usually
been accomplished with the aid of a pilot signal. The pilot signal
facilitates demodulanng the VSB signal to baseband in one step,
typically without residual phase or frequency errors. Performmg
the functions of timing recovery, demoduldtion and equalization in
35 the order they are performed for QAM signals does not work for
VSB signals using conventional techniques. For QAM signals,




baseband out put si gnal . Thi's function i 's"'pé”rfc')r med by digital receiver

circuits. g@ﬁﬁ |zer Is-inserted between a first | ocal ZOPCQQQQAgugw'
whj ¢h perforns e shifting to near-baseband and the carrier recovery
Ioop network. This is because the carrier recovery process typically
"is a decision- dlrected process (as known) that requires at |east a
partially open "eye" which is provided by the equalizer function. 25
A QAM signal conveying digital information is _represented by a
~two-di nensi onal data synbol constellation 3 defined by Real and

| magi nary axes. In contrast, a VSB signal is represented by a

- one- di mensi onal sei@fral SMIRE FatVerY |ﬁidtﬁ6ds are Misweh nwhitly aree axis

t d

demodul atf'on ot evs%ﬁ‘é‘pgnaf’e recﬁéﬁiﬁw oftSe, Befideit, e bl THLRAAR,
~aid of a pibot siggablandTithepbasebandgsignal. Hoveyet,i uauesg@mreuwl aceeptedhe
VSB signal to bﬁl%?bmggbﬁc?nﬁcfé]féﬁdent tm? \%& t8Ldvery! %‘Oﬁét "Rasibie! fahase

or frequency errors fons Of timng recovery,
dermodul at i on an¥S&qsignala: ifox fhis Fsasepe in, tsM%‘F%ea bsolgts ned fo?/ QAM

si gnal s does noaemam{@én 19 b¥§ébaﬁid§rﬁ’d§ historic41byvbeén ofmplémentediues.
For QAM signal s

PCT/ US95/ 03133 first. sever al
timng recgery nethods are knQae ekamplearaf a VSB rsgemmdanludmgtmqnlot

AT ooy BB I B HDTY o Sy
: recently proposed for the Umted States. This system employs a
VSB digital transmission format for conveying a packetized
datastream, and is being evaluated in the United States by the
15 Federal Communications Commission through its Advisory
Committee of Advanced Television Service (ACATS). A description
“of the Grand Alliance HDTV system as submitted to the ACATS
Technical Subgroup on February 22, 1994 (draft document) is
found in the 1994 Proceedings of the National Association of
20 Broadcasters, 48th Annual Broadcast Engineering Conference
Proceedings, March 20-24, 1994. The carrier recovery network in
an 8-VSB system, such as in the transmission system used by the
'Grand Alliance, may not be able to track carrier errors in the
presence of moderate phase noise such as may be associated with
25 oscillators found in consumer-grade receiver tumers. This
necessitates the use of a secondary carrier recovery network to
remove residual phase n01se
In passband dlgltal communications systems, the
carrier is typically tracked with a Phase Locked Loop (PLL). A
30 phase detector is an important part of the PLL. The phase detector
~ determines the amount of phase correction needed and produces a
corresponding error signal which, when multiplied with the
incoming signal, demodulates the signal to baseband. A decision-
directed phase detector (DDPD) is often used in QAM systems.
35 Such a phase detector measures the phase angle as the angular
error between the incoming signal and a quantized version of the



that frequency independent timng recovery is not feasible for ‘VSB
signals. For this reason, in VSB systens, absolute jon to
'basebaW99ﬁ’§§ i st ori cal | y been inpl enent ed first. fg-‘i}H&%}bﬁ&A ' .
One exanpl e of a VSB systemincluding a pil ot conponent is the G and
Al'liance HDTV transnmi ssion system . recently proposed for the United
States. This system enpl oys a VSB digital transm ssion.format for
conveyi ng a packeti zed datastream and is being evaluated in the
United States by the 1 5 Federal Commdini cations Conmi ssion through its
Advi sory Conmi ttee of Advanced Tel evision Service (ACATS). A
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~angl el &s tsubjectgdl 40 Nyquist rfiltetimgnaenthéetransmittery; Thenguadratuze quant i zed
version ofodfiSonent (the Imaginary component) is. subjected to VSB
filtering, which generally is not Nyquist filtering. The implication
of such filtering is that, even in the absence of ISI, the quadrature
channel contains a continuum of expected values at the optimum
20 sample point for the in-phase component. The use of a | ’
conventional DDPD (such as may be used in a QAM. system) is not
applicable to a VSB system since no discrete symbol. values, eg.,
quantized samples, are. available from the quadratute channel.
Accordingly, there is disclosed herein a phase detector that is
25 particularly useful in the carrier recovery network of VSB data
'~ communications systems. '

- Summary of the Invention

30 In accordance with the principles of the present
invention, a phase detector suitable for use in carrier recovery
- network of VSB signal processing systems is disclosed. The phase
detector includes a quantizer, a delay network for providing
delayed symbols, and first and second multipliers for producing
35 first and second symbols in response to combinations of input,
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4 | nwv@eseg1osi gnal . 1n a QAM signal, both the in-phase pOTHIS95/03133
quadrature conmponents convey data synbols, and both of these 5 conponents
are created using Nyquist filtering at a transmtter. This inplies
that when no intersynbol i nterference (rst) is " present, the expected

. values of both the in-phase and quadrature components of the QAM
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from the quadrature channel. Accordingly, there is di scl osed herein a
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Summary of the Invention

Figure 1 is a block diagram of a portion of an advanced
15 television receiver, such as a HDTV receiver, including phase
detector apparatus in accordance with the principles of the
invention.
Figure 2 is a block diagram of another embodiment of
a receiver system including carrier recovery phase detector
20 apparatus in accordance with the principles of the present
invention.
‘Figure 3 shows details of a phase detector circuit in
accordance with the principles of the present invention.
Figure 4 illustrates a symbol decision process
25 associated with a blind equalization process described in
connection with Figures 1 and 2. |

Detailed Description of the Drawings

30 “In Figure 1, a broadcast VSB modulated analog HDTV
signal received by an antenna 10 is processed by an input.
network 14 including RF tuning circuits, a double conversion tuner
for producing an intermediate frequency passband output signal,
and appropriate gain control circuits, for example. The received

35 VSB signal illustratively is an 8-VSB signal with a symbol rate of
10.76 Msymbols/second occupying a conventional NTSC. 6 MHz
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samples/symbol, for example. The received VSB srgnal in this
example does not include a pilot component or a training
component, and has been processed by unit 14 so that the center
of the 6 MHz band is nominally situated at 5.38 MHz. The
frequency spectrum of ' this signal at the input of ADC 16 occupies '
a range of 2.38 MHz to 8.38 MHz. When tlmmg synchronization
has been established by means of a timing recovery network 17,
ADC unit 16 samples this signal at 21.52 MHz, which is twice the
symbol rate. Timing recovery network 17 provides an output
symbol clock (CLK) that is synchromzed ‘with a corresponding
clock generated at a transmitter. Clock CLK is apphed to ADC unit
16 and other elements of the receiver system. Techniques for
achieving timing recovery are well known. One particularly
advantageous timing recovery technique suitable for use by
network 17 is disclosed in a copending US patent application
Serial No. (RCA 87,588) of C. Strolle et al. titled Carrier
Independent Timing Recovery System for a Vestlgxal Sideband
Modulated Signal.

In the system to be discussed, the carrier frequency of
the transmitted signal is nominally 5.38 MHz, the transmitted
symbol frequency is nominally 10.76 Msymbols/sec, and the
receiver sampling frequency is nominally' 21.52 Mhz. At timing
lock, the receiver sampling frequency is twice the transmitted
symbol frequency. At carrier lock when demodulation to
baseband results, the recovered carrier frequency is one-quarter
of the receiver sampling frequency. .

The digital signal from ADC unit 16 is applled to a
carrier processor '18. Processor 18 includes a carrier recovery

13



a ‘recei ver systemincluding carrier recovery phase detector 20 apparatus

in accorda | the principles of the present I nvent pSPuses/o31s3
Figure 3 shows details of a phase detector circuit in accordance with
the principles of the present invention. " Figure 4
illustrates a synbol decisign:process 25 associ ated wwth a blind

“equal i zation process described in connection with Figures 1 and 2.
Det ai | ed Description of the Drawings 3 0 . In Figure 1, a

“ broadcast VSB nodul at ed anal og HDTV gignal received by an antenna 10
-i's processed by an input network 14 including RF tuning circuits, a
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digi tal farOn babsolusnbasgbanddigigcebmplished by means of a blind equahzer
network together with a second carrier recovery network, without
reliance on a pilot signal to assist carrier recovery or a training
signal to assist equalization. The input VSB signal to be processed
is a complex signal with real and imaginary components, and may
15 be of the type used by the Grand Alliance HDTV transmission.
system. Only the real component of the VSB signal contains data
symbols to be recovered.
The near-baseband VSB output signal from processor
18 contains digital data as well as inter-symbol interference (ISI)
20 caused by transmission channel disturbances and artifacts. This
signal is applied to an input of a complex, adaptive feed-forward
passbahd equalizer 20, eg., a fractionally spaced equalizer, which
in this case is implemented as a digital FIR filter. Equalizer 20
operates in a “blind” mode during signal acquisition, and
25 afterwards operates in a decision directed mode. The coefficient
values (tap weights) of equalizer 20 are adaptively controlled by
an Error signal “E” applied to a control input as will be discussed.
Initial blind equalization of the input VSB signal from
processor 18 is performed on the VSB symbol constellation by
30 what may be considered to be a modified version of the RCA
algorithm. Specifically, the inventors have realized that blind
equalization of a VSB signal can be accomplished by using a one
dimensionsal version of the RCA algorithm which is appropriate
for a VSB signal. The algorithm which is employed determines
35 appropriate decision regions for a VSB decision device so as to



converter 16, which operates at a sanple rate of 2 sanples/srngol for
exanpl ceived VSB signal in this 10 exanple does not include a
.pilot c Régﬁghg or a training conmponent, and has begﬁTﬂﬁ%ﬂggg%d by
unit 14 so that the center of the 6 MHz band is nom nally situated at’
5.38 MHz. The . frequency spectrumof this signal at the input of ADC 16
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- declsxon glon A “decision device,” such as a quantizer,
15 determines which decision region an incoming symbol point is in,
and outputs a symbol corresponding. to that decision region. A
“step” is the distance between two adjacent symbols in a full |
constellation. As noted above, a VSB signal is essentially a one-
dimensional data constellation wherein only one axis contains
20 quantized symbol data to be recovered at a receiver.
- In a VSB system, a decision region typically spans one.
~data symbol of the full constellation. The upper and lower -bounds
of each decision region are set midway between the constellation
sample points. If these decision regions are used for initial
25 convergence of the equalizer, convergence will not occur because,
due to the presence of ISI, significantly less than 90% of the
decisions from the decision device will be correct. -
' A blind equalization algorithm, as will be discussed,
determines new upper and lower decision region boundaries in
30 the process of forcing some correct decisions to be made. The full
VSB constellation is clustered- into several sets, and upper and
" lower bounds for decision regions are determined. These first sets
are subdivided into smaller sets until each set contains only one
symbol and the decision regions correspond to typical VSB
35 decision regions. Decision boundaries are typically located half-
way between symbols within decision regions. Each decision stage,
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suitable for this purpose are known in the art. A particularly

suitably carrier recovery network for use in unit 18 is descri bed in a
-copendi ng US patent application of C. Strolle et al. Serial No. (RCA
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Signal. In the systemto be discussed, degmdulation to 10 absolute
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constel | altSOntH¥ largest symbol in the cluster (unless the symbol is the largest
valued symbol in the constellation, in which case the upper bound
is set to a value of positive infinity). If an output symbol from the
equalizer resides in one of these decision regions, the output of
the decision device is taken to be the arithmetic mean of the data
20 symbols of the associated cluster.
| When a locally generated error signal is less than a
predetermined quantizer threshold level, meaning that the
decision region evaluation can be refined, the decision regions are
changed by dividing each cluster of symbols in half. The upper
25 and lower bounds of the new decision regions and the decision
device output are recomputed in the manner described above.

The process described above is illustrated” by the
following example for an 8-VSB signal. The signal format adopted
by the Grand Alliance HDTV system employs an 8-VSB signal

30 having a one dimensional data constellation defined by the
following eight data symbols:

75 -3 -1 41 43 +5 +7

35 This one-dimensional constellation is conveyed by the real, in-
phase component of the VSB signal. With this symbol



30 what may be considered to be a nodified version of the RCA
al gorithm Specifically, the inventors have realized that blind
equal i ZWOI%A6WS a VSB signal can be acconplished by usi n§CI/USAF03133

di mensi onsal version of the RCA algorithmwhich.is appropriate for a’
VSB signal. The algorithmwhich is enployed determnes 3 5 appropriate
deci sion regions for a VSB decision device so as to WO 95/26105

PCT/ US95/ 03133 ' 8 gener at e
deci si ons which allow an adaptive equapi zer to conver ge . W thout using
a training signal. 5 It will be helpful to define several
ternms bef o S | S I z greater
detail. A afran emﬂﬁ tie?) sgﬁll%(ﬂg Rfé)(%ﬁfo%\%gn% k %drq;ﬁ)él @#iltgh%ﬁir}éal nunber

/ %I!SI on rh% P‘i
range a&ﬂddﬁ% {$p£AN btu sy Ebals: wenlmgmraagu 8 P& regi on”
s a degi sipffsgtegi on with either p05|t|ve infinity for an upper 10 bound

oF jnegati ve L i A Ehp A e Bl ‘dven pbhg 2iS '
great er tha&ncompasses:rthoesirstages,dori keivels,r iyi which inpuspdata” sgmbolbol poi nt
devi ce. Sy"ﬁ‘é“h ﬁ"‘*@edu?rﬁ olbeied " thi¥e difforthif, Bag® Bl Phpetutyely’ "
i nconi ng s§ |Fﬂ progressively finer oguantization ysteps byr raésm(hg to
that degi Sqﬁanhﬁﬁtléﬁ déclslon dé\h@és "l!het st @oarse) Qﬁiéﬁ@ﬁ g L9P dfeg acent
synbolsmafull bol V‘é%] nteeﬁ L not ed above, fa iga IS
essenti al | ggltoﬁgm constellatior pomts occurs at a first eve o
-equalization involving a coarse quantlzanon step, and produces |
two symbol clusters: ' . '
' . [-7,-5,-3,-11 and [1,3,5, '_7] .
15 For this operation the slice point of the quantizer is set to zero and
the data sign (+ or -) is detected. The coarse quantization step
. decision regions for each of these clusters are respectivély-
: [-infinity, O] and [0, +infinity].:
In this case the outputs of the coarse quantizer decision devices
20 are respectively .
| | [-4] [+4].
The next level of (finer) clustering at the next level of
equalization produces the following four symbol clusters:
[-7,-5) [3,-1] [1,3] I3,5] -
25 The finer quantization step decision reglons for these clusters are
respectively
- [-inf, -4] [4,0] [0, 4] [4,- inf]_
In this case the outputs of the finer resolution decision devices are
respectively |
30 - [-6] [-2] [2] [6] .
The last level of refinement at the last level of equallzatlon
produces symbol clusters
-71 (51 [31 (11 (1] 3] 5] [7]
with finest decision regions ' _
35 [-inf, -6] [-6, -4] [-4,-2] [-2,0] [0,2] [2,4] [4,6] I[6, inf].



dfnpnsional data constellation wherein only one axis contains 20 quantized

synhol data to be recovered at a receiver. - In_a VSB
system a d¥@9SREASregion typically spans one data synbBFTERIVILS ) |
constellation. The upper and | ower bounds ~of each decision region are
set m dway between the constellation: sanple points. If these decision
regions are used for initial 25 convergence of. the equalizer, convergence
wi || not occur because, -  .due to the presence of ISI, significantly |ess
than 90% of the deci sions fromthe dgdi sion device will be correct.

A blind equalization algorithm as wll be discussed, det er m nes new

upper and | owerTHgCfineN réﬁ&hgl@ngaeeméﬁ e&e\hﬂe?’gut\?ptls.\'g@cdgﬁg?ﬁﬁ tlti’é fidl oVSB
e atl on IS

sone correct deci S@,eif
clustered into €@% atRs, and upper and | ower bounds for decision
regi ons aresdet erm ned. These fifIst -Set8g -1 hre35uS)di‘X/i ded into smaller

cor respond to. t DA cAPEQIE 8utblsy Bllineed b5V IRE aBRGS HEC BrofgeEbY"
typically |ocataal input-to-outputamapperectookyupoladle).t The useief suchegi ons.

Each decision s .
Pt/ USE/ 03133 mAPper _is wel%ﬁ%ﬁuammer design. This example for an 8

quanti zer, allo¥YSB sighdlebegan withstwios clusters of - four sg@bpi,aqamgl%s tIFle
equal i zer @Or og6dlds atsd \tvecbégun Twith @@thﬁﬁ%ﬁbﬁnel%h@(;@mbols5 Ahhe blind

equal i zation PT ona %%ousxg r(‘)’ﬁésra onprpggta?x?ss'tgeaylé) R‘?@Bt gnal A 16-VSB signal
may begin with four clusters of four symbols or with two clusters
of eight symbols. As between successive coarse and finer regions,
decision region values are typically related by a factor of one-half,
15 but this relationship is not critical.
The process described above is summarized by Fxgure
4, which shows clusters, decision regions and decision device
outputs for blind equalization of an 8-VSB signal. These operations
are performed by a network 50 in Figure 1 as will be discussed,
20 including quantizers 52, 54 and 56 and a multiplexer (MUX) 58
for providing an output datastream of time multiplexed symbols.
A modification of the processes described above may
sometimes be necessary for VSB signals. A problem arises when
some but not all of the decision regions in a set of decision regions
25 are 'unbounded For VSB signals the outermost positive and
negative decision regions are unbounded. Due to transmission
channel disturbances, it is possible that more points may fall into
the unbounded regions than would normally be the case without
channel distortions. This situation creates a bias in the output of
30 the decision device. To overcome this bias, the range of the
unbounded decision regions are shortened slightly, and the range
of the bounded decision regions are simultaneously increased.
These regions are shortened and lengthened by an amount needed
to achieve the optimum offset values mentioned in the following
35 paragraph. These values are usually a small percentage of the




"eye" of the VSB signal as convergence is approached. | The .

~upper and | ower bounds of each deci sion region are determned in the .
f ol | owvinegesmssroser . For a given cluster of synbol s, tHCIWSIIM313Bound of _a:
gi ven decision region is set at a1 0 value that is one-half a step |ess
than the value of the small est synbol in that cluster. However, if the
smal | est synbol is the . smal | est val ued synbol of the constellation,
then the | ower bound is set to negative infinity. The upper bound of

t he deci sion region is set at a ,yalue that is one-half a step greater
than the value of 1 5 the |argest sll ol in the cluster (unless the synbol
I's the | argest val ued synbol in the constellation, in which case the

upper bourf@tal decisiorctegiona Thisuadjwstipent imakes rthenselgetions ofnaldut put

synbol frcugglgnﬁm re 6ﬂ§aEQ§ﬂjrdba§[éies in one of these decision regions,
t he ou%put of devi ce |s®ken t be t ; ar i hrretlc mean
trate

G
of the@data 20 synb is gﬁ‘ JH§§BS| Rrecedurgsis illus Wien a
| ocal |y gefotlowing examplej gnatheé comext idfathen 8-VSB psyxtemerdesonbeduant i zer

t hreshol d o can be
refined, t#tbe@ém Si gg f&g‘l 2’2‘?‘% tage foghg}rﬁg@gﬂ (Fbch 20 Z%gﬂ% uster of
synbol s i rvalues arehmadified by mtdnplymgebybgnn %ﬁ‘ scalarnfaotoe ¢1&7 on
regions a a};&hg deghRie®Blightly %@&aﬁﬁemﬁg;ﬂgg efé@g&gﬂgtggowiﬁueanner
il usl etﬂ@set maYoYWM‘Wéh ature, ang, requasgments, 0f arne si gnal
format ad j¢ular sybtenthTHS Ppuipdie i ghahe HoIFYe s st nmarrdwy thearafigd/SB

o0, 2 G et el cHions 148 GHARL S bt W B (", g
+7 3 5 Toutermost dtra}an&mathecpqsumel ando megativenestremesy ofhe real, in-
phase conpiisionCtedion, \e, Posidve of eghtivé AMTMEY. Thus in the case
15 of the second symbol clustenng dtscussed above, the decxston
regions are modified as follows: |
[-inf., -4*A] [4*A,0] [0,4*A] [4*A, +inf].
The decision device outputs are similarly modified: '
' -6*A - -2*A 2*A 6*A
20 The offset scalar value can be detormined by experimentation.
Optimum offset values for each stage of equahzatlon (clustering
level) are found by mlmmtzmg transients in the RMS error when
the quantizer switches from two clusters to four clusters and from
four clusters to elght clusters. These values are often empirically
25 determined. In some cases the offset value of the output device
and the offset value of the decision region may dtffer Analogous
observations apply to a 16-VSB signal.
The operation of the system shown in Figure 1 will
now be discussed. In this embodiment, equalizer 20 is
30 implemented as an FIR filter with adjustable taps, although other
adaptive filter ‘structures may be used. Equalizer 20 is a complex
unit with complex input and output However, equalizer 20 may
be a real-only filter which processes only the in-phase real
component of the input S1gnal and which has a single real output.
35 A real-only equalizer filter arrangement is shown in Fxgure 2 as
w1ll be discussed.
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10 . arrangenent, the synbols are all evenly spaced two units apart,

and data bweexuzeieHe mapped to synbols without incurring a RETESISOEIPset .
The blind equalization process exanple given above enconpasses three
stages, or levels, in which input data synbols are grouped or
"clustered" three different ways and respectively subjected to
progressively finer quantization steps by associated 10 guanti zati on
deci si on devices. The first={‘coarse) cl upgering of the - ei ght - synbol
VSB constel |l ation points occurs at a first |evel of equal i zati on

I nvol ving a coarse quanti zation step, and produces two synbol
clusters: [-7, -5, -3, -1] and [1, 3, 5, 7] 15

For this operation the sTheeoptputtsighat Heomusqualizer 20 distappliedeito and
(Lhe data sion fifsto{derorudC'2L! ShicNfs GT2taRvehabhal %h%&aﬁen and
~deci sion régions for €ach of ese clusters are respectiv
[-infinity, O]operaten in+ianfwellkpown manpgritq £qmpensate g@ﬁ Rhase, erEOrE
C?ere EZ?N | zgf ﬂefﬁﬁdtoﬁigiﬁ‘ﬂrir@g?%%(bnsegﬁgla E:?ﬁﬁ@_tts'igﬁéhllkotatorri 32, a
Lex]t I Eavel of complex, multipliet,, 1§, 195 tlﬂegf 8%%‘%&78 ?aﬁﬁérg;ﬁsgy&ty
clusters: network also including a[ phiase Sjete¢tos, newyork B0 2ind (@B, 5] 25
T eerT vl ek Y Sl i e TEEE Garkd @ﬁﬁﬁgeei .
In this case timagimapyt componcots jofethe coutputi signadcfromratatgrcd2. ar e
Networks for separating the real and imaginary components of a
complex signal are well-known. The secondary carrier recovery
network typically removes residual phase errors in the output

15 signal of equalizer 20 to produce a baseband signal. The secondary
carrier recovery network advantageously augments a prior carrier
recovery network in processor 18 which typically removes
frequency offsets, but which may lack the power to remove all
frequency and phase offsets.

20 o The separated real component from network 24 is
processed by a real phése detector 32 in network 30 as will be
shown and discussed in connection with Figure 3. An output signal
from detector 32 is representative of a phase error of the detector
input signal, which is related to the output signal of equalizer 20.

25 The detector 32 output signal is filtered by loop filter 34 (eg., an

) integrator) to produce a voltage proportional to the phase error. A
Voltage Controlled Oscillator (VCO) 36 produces a frequency
. proportional to this voltage. Thus the output of VCO 36 is a
complex signal whose frequency and phase are proportional to the

30 phase error of the output signal from the adaptive equalizer. The
output signal from VCO 36 controls the operation of derotator 22
to compensate for phase errors in the output signal of equalizer
20. Specifically, rotator 22 modifies the phase of the input signal
as a function of the VCO output signal so as to reduce the phase

35 error to zero.



respectively 30 [-6] [-2] [2] [6]. The -

last level of refinement at the last |evel of equalization pr oduces
synbol WOsR6105 [-7] [-5] [-3] [-1] [pCrnjs85m03133 [ 7]
with finest decisionregions 35 [-inf, -6] [-6, =4] [-4, -2] [-2, 0]
[0, 2]. [2, 4 1[4, 6] [6, inf]. WD 95/.26105 _

PCT/ US95/ 03133 ' 11 The fi nest
resol uti on decision device outputs are thus the full VSB _
constellation: 5 147 -5 -3 -1 13 5 7. The
deci si on outputs produced by the quantizers are provided by an

i nput -t o- out put mapper (| ook- up table). The use of such a mapper is
wel | known in quantiZ(i‘gs desi.g This exanple for an 8- VSB si gnal
began with two clusteF$iBg ‘P"&M" 99W[§bISISE%bII§'9°e$&m$0t%‘bhnlqllaasdhﬁave begun

Wi t1 2 S/gg cl coireol Qiglgalgﬁoxﬁyﬂﬁmdrk A0 is coxﬁ@g”dt@sﬁd? ?gﬁiaﬂ,: 8tsbt gfrtg; nfSOL?
gynbol S ofl %}ﬁ%ﬁ"?%&m %fé%éﬁé& comB?n%t?tgmf maplex; qontrol . si cessive
coarse and fmmarnﬂtt&g)rkn§0 The gesultingnrealeonly whtml signal yfrona| unitr el at ed
By %! s oro4TisoSpplehyo b Sonteh et 5625888 Qe iolr ) bt
clusters, oWalls sndi&ysgﬁé subsequent]yon museparated sealpwompoment i nd
equal i 2@ i ofrofd wifit 24/S8 apphed - toTAAS AR ORI AWOTk 50 for processing.
Unit 67 processes the separated imaginary component from unit
24 with an output real signal from network 50 to reconstitute a
complex signal. . : !
- Network 50 is a mulnstage decision device comprising
15 three parallel quantizer stages (decision devices) 52, 54 and 56
which. provide quanﬁ;ed data to a 3:1 time multiplexer 58.
Network 50 provides the symbol clustering, decision regions and
decision outputs described above as summarized in Figure 4. The
‘2-level quantizer 52 is used initially during ‘the " first (coarse) level
20 of equalization. When the RMS value of a passband error signal E
developed ‘at the output of second rotator 62 exceeds a
predetermined threshold as sensed by a comparator network in a
sensor 66, a Multiplexer (MUX) Control signal is generated by
sensor 66. This Control signal causes MUX 58 in network 50 to
25 select the output from the next (finer) level quantizer, eg., from 4-
) level quantizer 54 at the.-second level of equalization. The
equalizer responds to information derived from the use of this
quantizer until the RMS error exceeds a predetermined second
, threshold as also sensed by sensor 66. A Muldiplixer Control signal
30 generated for this condition causes network 50 to select the
output from the next and last (finest) level quantizer, 8-level
quantizer 56 at the third and final level of equalization in this
example. Quantizer 56 covers the full 8-VSB constellation. At this
point it is expected that equalizer 20 should be able to converge
35 fully.




are perforned by a network 50 in Figure 1 as will be discussed, 20

i ncl.udi ng quantizers 52, 54 and 56 and a nultiplexer (MUX) 58 . for
provi di ng aWOPSReWS dat astream of time nultipl exed synbol s. PCT/USISHO3133

A nodification of the processes described above may soneti mes be
necessary for VSB signals. A problemarises when sone but not all of
the decision regions in a set of decision regions 25 are unbounded. For
-VSB signal s the outernost p05| tive and negati ve deci sion regions are
-unbounded. Due to transm ssion . channed disturbances, it is possible
that nore points may fall into t he unbounded regi ons than woul d
normal |y be the case w t hout channel distortions. This situation

creates a bias in the output of 30 the decision device. To overcone this -
bi as, the range of the The unputmeedmjémrmmrmg. éh} inpat sobrcombiner

slightly, apd 60e is 6tﬁﬁecomple:@fs Hﬁl l&‘faﬁe Qiz%tn%ﬁ & gﬂé ﬁﬁﬁx t to the

si mul t aneousl y.i nc are sh rtene | engt hened

by an anount né%%@&mg% tlﬂp%kﬂ 98“{‘?‘1@ ’6p‘§| saﬂ%tloned in
the follow ng Quantiatiogr ofhtheTlreale compisrrer! él‘hl@slathbyo&tpuralsigmf éromage

IngT} 3295 /03 13\??90%13@}050 represents the before and after guaptization , ,
- deci si on regi odifferenceadprstheeroffsatiessor Hirope| the: idesiredl guantizatiosedevelon
.rle?:Jgtnfatecelém E;‘ﬂﬁ?' §ignaP rePresents a baseﬂihﬁ ?hﬁﬁe aéPrHFte;ﬂ(itBlofH %Qdéhgs
syst em descr i bEgtator 62 are s1mlla§J comp ex rotators w(fuc?h rotate in opposite
directions (i.e.., clockwise and counter-clockwise). The difference
in rotating direction is caused by the conjugation of the signal
applied to the control input of rotator 62 compared to rotator 22.
15 Error signal E developed at the output of rotator 62 represents the
- passband phase error that equalizer 20 is intended to remove by
adjusting its coefficients in response to error signal E.
Network 50 may use a single adaptive quantizer with
a controllable quantization level instead of three separate
20 quantizers 52, 54 and 56 as shown. An equalized baseband signal
is decoded by unit 76 and processed by an output processor 78.
Decoder 76 may include, for example, de-interleaver, Reed-
Solomon error correction, and audio/video decoder networks as
known. Output processor 78 may include audio and video
25 processors and audio and video reproduction devices. In a system
using a trellis decoder, an input to the trellis decoder may be
taken from terminal T1 at the output of first rotator 22.
The system shown in Figure 2 also performs blind
equalization of a near-baseband VSB signal, but uses a real-only
30 equalizer rather than a complex equalizer as used in Figure 1. In
Figure 2, the real component of a received VSB signal is applied to
an input of an adaptive real-only feed-forward equalizer 210. The
coefficients of equalizer 210 are adjusted in response to an error
signal E (as will be discussed). The real output signal of equalizer
35 210 is combined in adder 212 with a real output signal from a |



above. In the four cluster stage for exanple, the decision region _
values are nodified by nmultiplying by an offset scalar factor "[err]"
havi ng wowatemws sl i ghtly greater than unity, for exanple. pChasysé3sss 10 - of

the offset may vary with the nature and requirenents of a particul ar
system The purpose of the offset is to narrow the range of '
I nt ermedi ate deci sion regions. The offset is not used with the

out ernost val ues at the positive and negative extrenes of a ~deci sion

region, eg., positive or negative ing'nity. Thus in'the case 1 5 of the
second synbol clustering discussed a ove, t he deci sion regions are

. nodified i - 4* 4* 0] [o,
ZE[ Ierlria] acfelé;f’iérnﬂﬁe bagk equallzer.l.%%4 e‘éng lfﬁ’f ﬁ&g glo%&éut s[ :; re] simlarly

nmodi fi ed: reconstructs the 1magmaw[quac]rature phasg* component of2’ther r]

6*[erry 2Geal "eSH s alséahﬁfon\éﬁi%oﬁ?%ggre@ﬁ 51 96& l%}‘lu P2[3 M@t on.

Opti mum of f set val ues Lon (c er| ng

level ) ar FSFOUSHUGHOR; 13 n?‘i‘??fgpiﬁsg%& Hﬁ’c‘fg qQwe Hithert, gransform t he
quanti zer technigfues andnis wasedushetite tfac ahiat theSirphasé drefal OM four

f [ 5
et o ﬁqrﬁeéf"ﬁhﬂ%‘r‘r‘g' cg’;%it ﬂgf@?@ﬁ%a mss}ﬁaﬁf“ 2‘(;'{81’8!1? Lo 'fﬁgvms and
i oxima i ansfofm pain
E)Bge(r)ffflet ghal approx ¥i fomm ;eﬂ_ Ttrety p alhug ke of
V0l i QYomBiRsy the ?‘eé@ﬂéfﬁﬁ’cﬁ%ri Qﬁadrarl]tcl)lvrve mponent 5r&+1 - f?ﬁ?éaﬂ@

the system s in _Figure R I'scusse
enbod?/nentanég(}ngl real, ¢ mp@em frqmpumeMZdt@spmdmpRaf recenstovated

adj ust abl &cmplex NSBOSE@haDt\bﬁh an eqédldasd \teai 'cl or?éxftu%éf may be

ovever . GUPBERS o 28 oo fapensares, for, 4 SWOWFEM 435Reaied CHIty a@gsggip‘éﬁl y

t he in-phaperatioh of recomstructéion: dilten @ liGn ot assmathmdhmhimthas a single
real pyt eyt °fl dlef 298Widf k! bGindlGEAAZET=Nt (S shown in

Figure 2 as | SCUSS
The complex VSB signal from unit 218 is processed by

a multiplier (rotator) 224 which operates in the same manner as
rotator 22 in Figure 1, and likewise responds to a complex output
signal produced by a VCO in a secondary carrier recovery network

20 226 corresponding to unit 30 in Figure 1. As in the case of Figure
1, carrier recovery network 226 responds to the separated real
t.omponent of the output signal from rotator 224 as provided by a
‘real/imaginary component separator 228. The real component
from unit 228 is processed by a multi-stage quantizer decision

25 network 230 corresponding to network 50 in Figure 1. An
c*quallzed baseband VSB signal appears at the output of quantizer
230 and is conveyed to subsequent s1gnal processing  circuits  (not
shown). -

_The real input and output sxgnals of quantizer 230 are

30 dlfferenced by a subtractor 232, and the resulting real signal is
applied to an input of multiplier 234. The output signal of
subtractor represents the difference between the real input signal
to quantizer 230 and the quantized real output signal from
quantizer 230. Another input of multiplier 234 receives the real

35 signal output from subtractor 232. The imaginary component
separated by unit 228 and the equalized real component from the



WO 95/ 26105 ' PCT/ US95/ 03133

13, The output signal fromequalizer 20 is applied to a
5. first (dw09s@sWSor 22, which is of conventional configurafCaPSases133
operates in a well-known nmanner to conpensate for phase errors of an
_input signal in response to a control signal. Rotator 22, a  conplex
multiplier, is included in a secondary carrier recovery networ k al so

i ncluding- a phase detector network 30 and a 10 network 24 for separating
.the in-phase real and quadrature | mggy nary conponents of the output
.signal fromrotator 22. Net wor ks for separating the real and inmaginary

-conponents of a onplex_si ar e L-knqwn. T condary. carrier
Toobvery S °" Butmy, of Baited, 2 0k SodBbingil BY imalh 2 GO0 BRARGE i ot
1 5 signal of complex Z¥SBGignalpmdrich cisaapplied atod assignal .input ofe muldplier
carrier recpve ne a t age M1 gzm?t sl Qr r g3 '
recovery n?t)vxorml?oi nA}g[Bgicf‘egss r Wi‘gﬁ cﬁﬁ%l,;e/fli ca lr%c?.‘lgwhgvgsréa gil@?éqfagﬁlcya

of fsets, but wWEPBJISAHON R&IW piﬂr whiche igverts| the imaginagy ccempongnt
phase of fsets. ig0the complex outplitesighlPoft @it 226. conponent from network 24

oown ank SESoed B, @ TRl RIS SF RRURDIRE AH0%R R Bard i, o,
detector 32 is(omly ¢hental iowpat of gbayerr muitipliet fis used)ctThis signal risut
detect or "3 oueBRHEUTHES ‘FehaligbiC e 3eSin TepfOUR cializer 2, 06 o
i ntegrator) tocpnuelcinputyef teqpalizespdl4 i eegiveaso anhErpara output signad (E)
Vol tage Controlftifi madltiplro234YCPhis3EnmbP dkighal représentsICy¥ passband error
signal and is .also applied to input equalizer 210 as a coefficient |
control signal. The output of equalizer 214 is real and is combined
15 in a unit 212 with the equalized real output signal of equalizer
" 210. Feedback equalizer 214 removes remaining intersymbol
interference not removed by forward equalizer 210. Decision
feedback equalizers are well-known. Multi-stage quantizer 230
may be controlled by means of a MUX Control signal in the same
20 manner as shown in Figure 1, by sensing the Error signal to
develop the MUX Control signal which is applied to a multiplexer
associated with quantizer 230 as described in connection with
Figure 1.
Phase detector 32 of network 30 in the secondary
25 carrier recovery loop of Figure 1, and in the corresponding
network 226 in Figure 2, is shown in detail in Figure 3. Phase
detector 32 measures the phase error of the carrier using only the
real component of the VSB signal, and produces an output signal
that is proportional to the sine of the carrier phase error. Phase
30 detector 32 essentially detects any quadrature phase component
in the real component input to the phase detector. Any such
quadrature distortion of the real component represents a phase
offset error that is manifested at the output of phase detector 32.
The phase detector includes a quantizer 310, symbol
35 delay elements 312 and 314, multipliers 316 and 318, and a
subtractive combiner 320 arranged as shown. Quantizer 310 is an



proportional to this voltage. Thus the output of VCO 36 is a conpl ex
signal whose frequency and phase are proportional to the 30 phase error of
t he outwows/géghal from the adaptive equalizer. The pOTwSYs/sugnal from .
VCO 36 controls the operation of derotator 22 to conpensate for phase
errors in the output signal of equalizer 20. Specifically, rotator 22
nodi fies the phase of the input signal as a function of the VCO out put
signal so as to reduce the phase 35 error to zero. . WD 95/ 26105
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Usi ng well-known si gnal proce55| ng techni ques t he control signal from

of L e coms Ehe R MNAIY P*“"*“"%s%ﬁqfn% ' éﬂgﬁ'ﬁﬁ b RRHER YoVl oy
control si gHARUESH N the case ofga 1 |smaak.oamdcxmtfonh iDelay of a second

(de-)r & at glerhé, wm3qa d 314 | ohep S y separ at ed
r eal corrponeent g érl]n nit 24‘1: .S égis'ilfé’ i m?ﬁggit}h%fdﬁl—é wor k 50 for
7

ied {0
processi ngassocmtegm\YI cﬁp§§§'é9“ M%’&Fe 10559 that sighdlsnent from
uni t arrive t &t anultiplpers 344! andgB46 finotinietsy@ichrofishe. Phagestitute a

conpl ex sig Itlsta eci si on device

coggri si ng g?cuﬁurseze l?)ara | ellahengyeijﬁg é( qsg@‘ét?r( & 3”‘ \fgﬁ‘és) 52, 54

and’ 56 symbolh delayi bet\tqmnnmu and aoutput, aubdmcmg ngbod pheiser 58.
10 tracking.

The phase detector generates a Phase Error Output
s1gnal Ph(t) which is proportional to the sine of the phase
(angular) error of input.signal h(t). This signal is a rotated version \'

- of the adaptive equalizer output signal as can be seen from Figure

15 1. Phase detector output signal 'Ph(t): is defined by the expression -

- Ph(t) = h(t) * h’(t-T) - b°(t) * h(t-T) |
where h’(t) is the. output of quantizer decision device 310, h(v) is
the output of the adaptive equalizer after rotation, and T is a
symbol period. Phase detector output signal Ph(t) is proportional

20 to the sine of its input signal, not to a timing offset. The sine
function is not a mathematical sine function per.se, but results
from the shape of the input-output transfer function of phase
detector 32.



Net wor k 50 provi des the symbol clustering, decision regions and

deci si on outputs described above as summarized in Figure 4. The

2-1 evel quaMOI98861652 is used initially during the first (coa&EYUS98RIB3 20
of equal i zati on. When the RMVB val ue of a passband error signal E

devel oped at the output of second rotator 62 exceeds a predeter 1.ned
threshold as sensed by a conparator network in a

Mul tipl exer (MJUX) Control si gnal is generated by . se E ‘\ :
Control signal causes MJUX 58 in network 4@to 25 s?mﬂ“ﬁ%gﬁg“‘\" “ from
the next (finer) |evel quantlzer eg., from 4- L4 neizer *54 at
the second | evel of. equalization. The cpAque¢! i zer responds to

i nformati on derived fromthe use of this gquanti zer until the RVMS error

“exceeds a predeterm ned second threshol d as al so sensed by sensor 66. .
A Miltiplixger Control signalin3@ sggeﬁf Efbedreﬁeivlhgls v:esm@xall sidebandeVSB)

netuork 5010, 35088  iphal, formatiP sty 1 SAeSHEndribafl SRR o5F ook
equal i zation i sytﬂbois represemtipg edigitalniimage datx and subject! ao| eghildting
:ggnzhﬂal ?gl g(r)\m?e a_fgqgﬁ Off]s ﬁf%ﬁﬁdﬂls\,@ﬁ@?ﬁﬁgﬂ t hat equalizer 20 should
- PCT/ US95/ 03133 a camer recovery network (22,30);1for shifting said
The input i@ thecdiord wtsgﬁgﬁ ?]wwtba%bﬁﬂd‘b'aﬁﬂr 5 60 is the conplex
st gnal before quantizatien a phase deteeclt(r)] u(tBZSOm hsaud carrier recovery network,
including :
an input for receiving a near baseband VSB
signal;
15 . a quantizer (310) responsive to said mput VSB
signal for producing a quantized VSB signal;
a symbol delay network (312,314) for delaying
said input VSB signal and for delaying said quantized signal;
. ~a first multiplier (316) responsive to said
20 quantized VSB signal and to a symbol delayed signal
from said delay network, for producing a first signal;
a second multiplier (314) responsive to said
'input VSB signal and to a symbol delayed quimti_zed
~ signal from said delay network, for producing a second
25 _ signal; and
a combiner for subtractively combining said first
and second signals to produce a phase error
representative signal.

30 2. Apparatus according to claim 1, wherein
said input VSB signal exhibits a real component
exclusive of an imaginary component.



inverting (-) input of conbiner is the ¢ | ex signal after -
quanti zation of the re Thus the output signal from

conmbi newo®82é®pr esent s t he bef er quant i zat i onpcr/usesiesisxr ence,
or the offset/error fronln“ m% tlzation level. 1 0 This signal
represents a baseband ph . n Rot at*o

r 22 and rotator 62 are
simlar conplex rotators V\/m ch rotate in opposite directions (i.e..,
cl ockwi se and counter-clockw se). The difference . inrotating direction
is caused by the conjugation of the ? nal - applied to the control
i nput of rotator 62 conpared to rota 15 Error signal E devel oped
at the output of rotgtor, 62 represen passband phase error that
equal i zer 20 is int egdeoAPB arag 9931“8 toaﬂﬁat!@t ilngnd; furthes t i ci ents in
response teomprising:gnal E. Net work 50 may use a single

adapti. e quanti zer r l.e guantiz IOI’] | evel instead of
three §epar ate 20 V\% gmlf‘gefgc@‘g&&Siwg‘ng 6 Hs PLRY ﬁi zed :
baseband s¢lgekl in synchronismdwithoy mnsnﬁ&eancﬂqckosesﬂmt baidarinput put
processor el de-interl eaver,
Reed- # galorggnsélrﬂr: Cm?gﬁ?}%ﬂﬂ%ﬁhiﬁi‘s ; E?% '3’[?? decoder net wor ks as
known. Qutput processor 78 may include audio and video 25 processors and
" audi o and vi deo repréducApparatey iaeeording 20 SolaiM™ and Bsfthér 2 trellis
decodfro %c‘lﬂgﬁ lo the trellis decoder may be taken fromtermnal T1
at the output §irst rotator 22. The system shown in
Figure 2 aI so per f or assighahcequalizerq{20)i havingn anf impuedor heeeiving ¥SB
si gnal , r O0.n€ z alizer
2 lecd i rphBRfusy VSR %ﬁ*‘a'é an 9“@‘“ Roupltd % ?&@ngﬂrﬁgﬁﬁfwx@&ved v
signal is ngIWarke ang a congel |H}mtt meaumg iay sontrol - signal fthati-is oa war d

equal i zer fihetiohhof said eerirf lsf%ﬁ]ts of equal izer ‘210 are adjusted in

respopge to an error signal E (as will be discussed). The real output
si gnal “of equalizer 35 210 is conbined in adder 212 with a real output
signal froma 5. Apparatus according to claim 4 and further

including: |

-an additional - carrier recovery. network (18) with an
input for receiving a transmitted VSB sxgnal and an output
20 coupled to said equahzer mput -

6. Apparatus -according to claim 1, wherein
‘said input VSB signal is an N-level VSB signal; and
said quantizer -exhibits N quantization levels.
25 -
~ 7. Apparatus according to claim 1, wherein:
said delay network exhibits a one symbol delay.
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16 deci si on feedback equalizer 214. Afilter network 216
reconst r uctwobrgetosagi nary quadrature phase conponent of thePCHUSSHE13ISB
srgnal conponent fromthe real output of adder 212. This

.reconstruction is acconplished using known Hil bert transform

techni ques and is based on the fact that the in-phase real conponent
and the quadrature imagi nary conponent of a VSB si gnal approxi mately
forma Hilbert transformpair. Unit 218 1 O conbines the reconstructed
‘quadrature conponent from filter 21614p and the real cq ent fromunit
212 to produce a reconstructed | ex oy w.th equal i zed
real conponent. Del ay el enent 220 conpens gsE{ oy a 5 del ay
associated with the oper at | pr—ef—t-eeons i Gn FPpE=9816 to assure
that the input 1 5 signals arriyergt adder 218 wdh fine ci dence.

The conpl ex VSB si gnal fronrunrt 218 oy processed i a I'tiplier

i (rotator) 224 which opgretes $a e —gS rotator 22 in
Figure 1, and |ikew se |respopds.-ta.a-gonplex-oui dut nal produced by

| 226 responds to thefseparatey
‘rotator 224 as provijded by a!

a VCO in a secondary ca rrrer-r.wover network 20 | 226 corresponding to unit
30 in Figure 1. As in tlhe cabe & /Fi | 1 lcarrier recovery network

: co -cnent of the output signal from
' Yy [component separator 228.

|
The real conponent froniunrt 2284 s pr:cessed by a nulti-stage
guanti zer decision 25 [network 0 correspofding fto network 50 in Figure 1.
An equal i zed bgsebjand VB$_§|g a_Jacoeggs_a? e output of quantizer
230 and is conveyed|to subse{n%‘gi%@ F?E?Sf%i ngscircuits (not
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shown) . The real input and output signals of quantizer 230
are 30 differenced by a subtractor 232, and the resulting real sianal S

applied to WAMMRHEE of nultiplier 234. The output signal of PCTUSEMIB,ct or
represents the difference between the real input signal to quanti zer
230 and the quantized real output signal from qguanti zer 230. Anot her

I nput of nmultiplier 234 receives the real 35 signal output from subtractor
232. The imagi nary conponent separated by unit 228 and the equalized
real conponent fromthe =~ WO 95/22%&5 :

; PCT/ US95/ 03133 17 out put of
‘quantizer 230 are conbined by unit 236 to prodyce a conpl ex VSB si gnal

which is applied to a signal input of multiplig 5 240. Another input of’
-mul tiplier 240 recefves a rear_srgnal 1rgma “& conjugation network 236,
“which inverts the ipmgi nary conpo I n E%e conpl ex out put signal of

‘unit 226. The t gut | iplier 240 is a real passband
. si gnal (only the real out mul tiplier is used). This
'signal is 1 0 appljed to a si I sion feedback equali zer
214, and a congrol input ¢fL 18Nreceives an Error output
signal (E) frommltiplieq 2 ror signal represents. a

ccoefficient . coptrol signalf. The output of equaljlzer 314 is real and is
conbined 1 5 in.a pni {212 wii

. passband error signal and}is al s ted to iiggr-egualizer 210 as a
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210. Feedback equal i zer 214 renpves renaining intersynbol : interference
not “renoved by forward equalizer 210. Deci sion f eedback equalizers are
we) | - known WOAS126105t age quanti zer 230 may be control | ePENIHEISS of a
MUX Control signal in the sane 20 nanner as shown in Figure 1, by sensing
the Error signal to . devel op the MJUX Control signal which'is applied to
a nul tipl exer ~ associated with quantizer 230 as described in connection
W th Figure 1. ' Phase detector 32 of network 30 in the
secondary 25 carrier recovery loop of Figure 1, and in the correspondi ng
network 226 in Figure 2, is shown in detahy in Figure 3. Phase

detector 32 neasures the phase error of t 4carrier using only the

real conponent of the VSB signal, and produces an out put signal t hat
is proportional to the sine of the carrier phase error. Phase 3 0 .detector
32 essentially detects any quadrature phase conponent’ in the real
conponent input to the phase detector. Any such quadrature distortion
of the real conponent represents a phase of fset error that is
mani f ested at the output of phase detector 32. The phase
‘detector includes a quantizer 310, synbol 3 5 <delay elenents 312 and. 314,
multipliers 316 and 318, and a ~ subtractive conmbiner 320 arranged as
shown. Quantizer 310 is an WO 95/ 26105

PCT/ US95/ 03133 : 312 18 ei ght | evel
quantizer in the case of on 8-VSB signalj, a sixteen |evel

3
NPUTSGNL M9 [oNESYmBoL ] n-D

T T DELAY

310 | quaNTIZER

h'(t) l _ X "
2 ERROR OUT
32 Pht)
o
| o 318

FIG. 3
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guantizer in the case of a 16-VSB signal, and so forth. Delay 5 el enent s
312 and 314_conpensate for a transit tinme del ay associated with the
operation oV PR8Szer 310, so that signals arrive at mPCIMU$OFRHI3 314
and 316 in tinme synchronism Phase detector 32 is a |low | atency phase
detector with a small (one synbol ) del ay between input and out put,
produci ng good noi se 10 t racki ng. The phase detector
generates a Phase Error Qutput signal Ph(t) which is proportional to
the sine of the phase (angul ar) error of input signal h(t). This
signal is a rotated version of the a4ﬂ$tive equal i zer output signal as
can be seen from Figure 15 1. Phase detector output signal Ph(t) is.
defined by the expression Ph(t) = h(t) * h'(t-T) -

h* (t) * h(t-T) where h' (t) is the output of quantizer decision device
310, h(t) is the output of the adaptive equalizer after rotation, and
Tis a: synbol period. Phase detector output signal Ph(t) is
proportional 20 .to the sine of its input signal, not to a timng offset.

The si ne fﬂ“ﬂ lwm'mmrmn a mat hemati cal sine function per se, but
frem%%&ﬁg

égfthzr . IE ggiogf thp inpq;-oq%put_ﬁraaner éuncsion7of phase
PCT/ US95/ 03133 19
CLAIMS 5 1. Ina systemfor receiving a vestigial sideband
VSB id ' f tt ' - g ' tell ati f
((jat a) Vi eﬁRﬁ'CﬁJﬁRS or ma etll?as agone _gl mensy onzH cogst ekl a |7Pn 0

DECISION REGIONS | [-INF., 0] . [0, +INF]

DECISION DEVICE QUTPUTS -4 4

SECOND CLUSTERS 7 8 B -1 0 3 b 7

DECISION REGIONS [NF. 4 [4 0 [0 4 @ INF)

DECISION DEVICE QUTPUTS -6 -2 2 6

THIRD CLUSTERS (1 81 B8 H B Bl [

DECISION REGIONS - [-INF, 6][-6, -4][-4, -2][-2,0] [0,2] [2,4] [4,6] [6, INF]_

DECISION DEVICE QUTPUTS 7 5 3 4 1 3 5 7

FIG.4
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syr;bol S representing digital imge data g@"s%fae(ctﬁl‘fq.e I biti

carri-er offset,
netiwpr k (22, 30)
and

appar at us conpri si ng:
Tshi fting ¥eRLA

W“&@ﬁﬁ B
INTERNATIONAZ. AP TEAAONSY Tﬂrgﬂﬁ DERCTH

. AT

a carrier Watmt

TV SRGANIZATHON
d_carrier recove

PATENT CORRERATION.

I ncl uding

Si gnal | (511 Irffernational Patent Classification 6 : 3 quant
VSB HO4N 7/04 signal for produc
a synbpl delay network (312,314) for

| Ze1 ¥ hiQnatioRdl PRAGIKENdBers 2l 0 | WO95/26105 |
| 8¢ |a quanti zed VSB si gnal ; y/

del 4y43igternational Butilichtipn patet  YESRpteibgrisgs (28.09.95)

and fof

and 't 0| gy
produci(ng)j
responsi ve to said

del ay d%% signal _fr i d_del ay network, for

'pr OdU | ng a ) Olnd 2 5 21 March 1994 (21.03.92| gna?B’ and %{’Elmefmo lsearchreparr. a

conbi ner for subtractively conbining sai d/f/l rst and second”

Si gnal {971) appliragtifec @i dasigplna@isSesteeexceprUS): RCA THOM- repre Ive signal. 30

2. Apparat u %&@@'ﬂgﬂ?{l@%mﬂwlmwﬁ Psai d i nput VSB
. . nce Wa eton, NJ S). . J .

si gnal exhiBlis a rea corpone excl usive of an imagi hary conponent.
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Freehold, NJ 07728 (US).
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derayrng said quantized signal,
mul ti p| B inter@tional Appliqation Numbert 0 s HCHUSH/03133
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nput V
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TN, FeKR, iUg,rmprean patent
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a second nultiplier (314)
signal and to a synbol

Vél) Designated

5B

(54) Title: PHASE DETECTOR IN A CARRIER RECOVERY NETWORK FOR A VESTIGIAL SIDEBAND SIGNAV

MUX CONTROLy

DE-
ROTATOR

(57) Abstract

A television signal receiver for processing an HDTV

providing blind equalization without need of a “training"

data constellation includes a first carrier recovery network (18), an equalizer (20), and a second carrier recovery network (22, 30, 62).
A multiple stage quantizer network (50, 66) exhibiting progressively finer resolution is associated with the operation of the equalizer for

wherein a one-symbol delayed (312) input signal and a quantized (310) input signal are multiplied (316), and an unquantized input signal |
and a quantized (310) one-symbol delayed (314) input signal are multiplied (318). Signals produced by the multiplication are subtractively
combined (320) to produce an output signal representing carrier phase error. _

signal transmitted in a vestigial sideband (VSB) format with a one-dimensional

signal. The second carrier recovery network includes a phase detector (30)




20 - 3. Apparatus according to claim1 and further
conprising: 5 a timng recovery network for providing a
synbol .clock in synchronismw'th a transmtter clock so that said

i nput signal to said phase detector exhibits timng | ock.

4. Apparatus according to claim1 and further 10 i ncluding:

a signal equalizer (20) having an input for receiving a transmtted
VSB signal, an output coupled to said carrier recovery network, and a
control input for receiving a control signal that is a function of
said error signal. 15 5. Apparatus according to claim4
and further i ncludi ng: . : an additional carrier.recovery
network (18) with an input for receiving a transmtted VSB S|gnal and
an out put 20 coupled to said equalizer input. 6.
Apparatus according to claim1, wherein ' said i nput VSB
signal is an N-level VSB signal; and sai d quanti zer.
exhibits N quantization levels. 25 ' 7. Apparatus accordi ng
to claim1, wherein: sai d del ay network exhibits a one
synbol del ay. o :
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