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15 BACKGRO F T 2 ENTION
The present invention is generally related to
digital phase locked loops for controlling the frequency
and phase of a clock. 1In particular, the present
invention relates to digital generating an error signal
20 from data being recovered from a storage system to be
used in controlling the frequency and phase of a clock in
the storage system.
The use of phase locked loops to control the
frequency and phase of a clock in storage systems is well
25 known and understood in the art. In such systems as
magnetic disk drive systems and magpetic tape system,
phase lock loops are used to control the freguency and
phase of a voltage controlled oscillator as a function of
signals read from the magnetic media. The output of the
30 voltage controlled oscillator is the clock which is used
to recover data from the signals read from the magnetic
media.
Generally, the disk drive system records data on the
magnetic media in the form of data blocks or sectors.
35 The data blocks or sectors are usually formatted with a
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been developed to’ dlgltally generate digital correction

15 signals for correcting any phase or frequency error
between the clock ‘and the read data. At present data can
be recorded at frequen01es greater than the than the
response time of the d1g1tal loglc processing the read
signals. Some dlgltal data decoders therefore split the

20 sequence of digital samples into a sequence of even
numbered samples and a sequence of odd number samples.
The even data bits recovered from the sequence of even
samples were then combined with the odd data bits
recovered from the sequence of odd samples to form the

25 original sequence of data bits. N

While the splitting of the data 1nto sequences of
even and odd samples has allowed data to be detected at
half the clock frequency used to sample the analog
signal, the information necessary for determlnlng any

30 phase or frequency error between the clock and the data
was destroyed. The dlgltal phase detectors needs more
than one consecutive ‘sample to obtaln the relative
frequency and phase error, if any, between the clock and
the data and therefore has to be operated at the clock

35 frequency used to sample the analog S1gna1 Therefore the
response time of the- loglc employed in the dlgltal data
phase detector remains as a major llmltlng factor of the
overall response t1me ‘of the digital phase locked loop.
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frequency of to thean advantage of the invention -is that the digital
15 data phase detector and the digital data detectors can
both be operated at one half the clock frequency used to
sample the analog signal thereby allowing the digital
phase locked loops to be used with higher data
frequencies without requiring improvement in the response
20 time of the logic used in the phase locked loop.

BRIEF D RIPTION OF THE DRAWINGS
The invention will be described with respect to the
particular embodiments thereof and reference will be made
to the drawings, in which: '

25 FIGURE 1 is a block diagram of the digital data
phase detector of the invention; °

FIGURE 2 is a diagram illustrating the waveform of a
signal read from the magnetic medla which embodies
encoded data;

30 FIGURE 3 is a chart showing the sequences of
predicted sample values used in generating a correction
signal, the slope associated with each sequence, the
logic statement used to test each sequence, the logic
element of Fig. 5 which implements each logic statement,

35 the formula for generating the correction value for each
sequence and the logic element of Fig. 5 that generates
the correction value .in accordance with the formula from
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this invention could be used as the data digital phase
' detector 36 of Fig. 2 of this cross referenced patent
15 application. |

Flgure 2 is an illustration of a typical analog
signal read from the magnetic media. Prior to the
sampling of the analog signal by one or more analog to
digital convertors, the analog signal is processed to

20 have a baseline value of Rb such that the samples will
have a value of Rl, Rb or R2 if the phase and frequency
of the clock is the same as the data. One such apparatus
that performs such processing is disclosed in the crossed
referenced patent application entitled "APPARATUS FOR

25 COMPENSATING FOR NON-LINEAR CHARACTERISTICS OF
MAGNETORESISTIVE HEADS". _

In many system that empioy a digital phase locked
| loop, the clock is square wave whose rising edge is used
to initiate the sampling of the analog signal to obtain a

30 digital sample.

Figure 2 also shows 15 samples of the analog
waveform taken in the sequence of S1, S2, S3, S4, S5, Seé,
s7, s8, s9, sio, Si1, S12, S13, S14 and S15 with values
of R2, R2, R1, Rl R2, R2 R1, R1l, R2, R2 'Rb, R1, R1, R2

35 and R2 respectively.

'_ - Assuming that an encoding scheme encoded the data
such that a transition occurred in the magnetic field of
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15 Table A demonstrates the contents of shift register
15 and which samples will be evaluated during consecutive

clock A periods.

Table A
20
Clock A Shift Register 15 Evalu.
Period Ya Yb Yc Yd Yb Yc
25 1 s2 S1 S1
2 S4 S3 S2 S1 S3 S2
3 S6 S5 sS4 S3 S5 sS4
30
4 S8 S7 S6 85 S7 S6
5 S10 Se S8 87 S9 S8
35 6 812 | s11 | s10 | s¢o S11 | s10
7 Si4 S13 Si12 811 S13 S12

Table A shows the order in which samples are shifted
40 through the shift register 15 and that each samples will
be effectively evaluated in the séquence that the samples
 are stored in shift register 15. It should be noted that
each stage of shift register 15 stores a multi bit
positive or negative binary number. |
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Figure 1 shows a bl ock diagram of the di §i tal phase detector of the
i nvention. The digital sanple S generated during each clock period is

presented via |irfstimatess thsiTs I2@nd k9 1Srergenerages ashift
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Si“ ° aa.nd 66 respeagfivelysand agze progilder t:qsseachng the 3

S6 S5 e¥timattkrs 16, 37, 1854nd 19 via buses 67 and 68

10 respectively. Figure 2 illustrates that threshold value

T1 has a value between the value of Rb and R1 and that
- threshold value T2 has a value between the value of Rb

and R2. Each estimator 16, 17, 18 and 19 has three
outputs labeled R1, Rb and R2, one output will be high

15 and the remaining two outputs will be low during any
given period of clock A.

Referring to Figure 4, each of the estimators 16,
17, 18 and 19 is comprised of eomparators 80 and 81 and
NOR 82. Comparator 80 generates the output labeled R1

20 which will be high only when the value of the sample
received from the stage Y of shift register 15 has a
value greater than threshold value Tl. Comparator 81

- generates the output labeled R2 which_will be high only
when the value of the sample received frbm_the stage Y of

25 shift register 15 has a value less than threshold value
T2. NOR 82 generates the output labeled Rb which will be
high only when both of the outputs labeled Rl and R2 are
low, that is when the value of the sample in stage Y is
equal to or less than the threshold value T1 and is equal

30 to or greater than the threshold value T2.

Error detector 20 genera:es a correction signal at
terminal 10 which is provided to adder 22 via bus 47. The
correction signal is indicative of the magnitude and the
direction of the error between the phase of the clock and

35 the data encoded in the analog signal. The correction
signal is derived from the value of the sample stored in
stage Yb received via bus 32 at terminal 0. The sign of
the correction signal is obtained from the slope of the
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33 or 34 5 bﬁgpﬁt&l E@loyh eiltanﬂtwscmd \w:c @md 48t dla \aises vms,chas,s

t he sanpl e sho el Tt ency.
of the clock aHé'tﬁ ?a §PéR£%éRg‘ n%243 tﬁ%%‘%?ﬁlg (?I\'/ea%[l}gcsélﬁeqyand T2
are stored in ae-gitsmﬂ.ga%l, 2, énd4665r.e§pec‘/‘t.| \Be [aynda i9d respeatowelar. t o
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respectively. _Figure i [Tustrates at threshol d val ue has a
val ue between PRedpd &8 édeBrﬁnH’rRYlQﬁd tohSrror detectato 4P W&I%é’uﬁf%as a

val ue between tbe wval Bad062REt termame1B211Faalz asd mat Qresb%ccﬂrelzgﬁ and 19
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terminal 10 which is provided to adder 22 wvia bus 48. The
correction signal is indicative of the magnitude and the
direction of the error between the phase of the clock and
15 the data encoded in the analog sigmal. The correction
signal is derived from the value of the sample stored in
stage Yc received via bus 33 at terminal 0. The sign of
the correction signal is obtained from the slope of the
analog signal when the sample stored in stage Yb was
20 obtained from the analog signal. The slope is determined
from the sequence of predicted values established by the
raised output of estimators 17, 18 and 19. The three
outputs from estimators 17, 18 and 19 via buses 38, 39,
40, 41, 42, 43. 44, 45 and 46 respectively are received
25 at terminal 1, 2, 3, 4, 5, 6, 7, 8 and 9 respectively.
The values for Rb, R1 and R2 are stored in registers 57,
58 and 59 and are provide to errox.detector 21 via buses
60, 61 and 62 at terminals 11, 12 and 13 respectively.
Figures 5 shows the logic ingluded within error
30 detectors 20 and 21. FIGURE 3 is a chart showing'the
sequences of predicted sample values which can be used in
generating a correction signal, the slope associated with
each sequence, the encoded value for each sequence, the
logic element of Fig. 5 which tests for each sequence and
35 the formula for generating the correction value for each
sequence.
Commonly used values are 1 for Ri, 0 for Rb and -1
for R2 and are so used in PFPigure 3 and in the discussion
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15 generated for those sequences.

Referring to Figure 2, 1f-thefphase;of the clock
lags the phase of the data, that is the clock’is:runniﬁg
slow, then the analog'wavefdrm would be shifted to the
left. Using for example the samples S2, S3, S4 and S5,

20 such a shift to the left results in the sample value for

- samples S2 and S3 on the pOsitive-slqpe being more-
positive than R2 and Rl respectively and the sample value
for samples S4 and S5 on the negative slodpe being less
positive than Rl and R2 respectively. The correction

25 value is obtained on the positive siope'by'Subtracting
from the measured sample value the predicted sample
value, that is either R1, Rb or R2, for that measured
sample value and on the negative slope by subtracting the
measured sample value from the predicted sample value,

30 that is either R1, Rb or R2, for that measured sample
value. The resulting correction value.wlll ‘have positive
sign which causes the voltage controlled oscillator in
the digital phase locked loop to ‘increase in frequency
thereby effectively moving the analog signal to the

35 right. ' . : '

Conversely, if the phase of the clock leads the
phase of the data, that is the clock is running fast,
then the analog waveform would be shifted to the right.
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It should be remembered that the samples can be
either a positive or negative number and that the wvalue
of R2 is a normally a negative number.

20 As can be seen in Figure 3, the measured sample
value Y for all sequences having a negative slope is
subtracted from the predicted value Yb for the sequence
of Ya Yb Yc or from the predicted value Yc for the
sequence of Yb Yc Yd to obtain the correction value for

25 the voltage controlled oscilliator. In like manner for
all sequences having a positive slope, the predicted
value Yb for the sequence of Ya Yb Yc or the predicted
value Yc for the sequence of Yb Yc Yd is subtracted from
the measured sample value Y to obtain the correction

30 value for the voltage controlled oscillator. '

The calculations for obtaining the magnitude and
sign for the correction value for a measured sample value
Y where R1 is a positive number, Rb is equal to zero and
R2 is a negative number, are as follows:

35 Y - R1 if the slope is positive and the predicted
value is R1;

Y - R2 if the slope is positive and the predicted
value is R2;
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operation of error detectors 20 and 21. equence
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output will be designated as a 0. The predicted values
generated by each estimator is encoded into two bits M
and L as set forth in the following truth table:

20 —
M | L
R1 (1) 1 S
25 @ o | 1
R2 (-1 |0 | o

The encoding is obtained by.psing the output R1 as
30 bit M and the inverted output of R2 as bit L for each of
the estimators used in determining the slope and if a
- valid sequence for providing a valid correction value is
present in stages Yb, Yc and Yd of shift register 15.
_ Inverter 102 inverts the R2 output from estimator 17
35 appearing at terminal 3 6f_error_detector 21. Inverter
'107 inverts the R2 output from estimator 19 -appearing at
terminal 9 of error_detectdr 21.. _
It is only necessary to investigate the first énd
third sample values.o: a sequence in.brder to determine
40 the slope of the sequence and whether the sequence is a
valid sequence. Referring to Figure 3, the ENCODED
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15 : The predicted value Yc as determined by estimator 18
is provided on bus 132. Transmigsion gate 112 will pass
the value of 1 (R1} at terminal 12 from register (R1l) 58
onto bus 132 if the R1 output received at terminal 4 from
estimator 18 is a 1. Transmission gate 115 will pass the

20 value of 0 (Rb) at terminal 11 from register (Rb) 57 onto
bus 132 if the Rb output received at terminal 5 from of
estimator 18 is a 1. Transmission gate 119 will pass the
value of -1 (R2) at terminal 13 from register (R2)} 59
onto bus 132 if the R2 output received at terminal 6 from

25 of estimator 18 is a 1. Therefore the proper predicted
value will be present on bus 132 for the calculation of
the correction value. The sample value Y stored in stage
¥Yc of shift register 15 is transferred from bus 33 at
terminal 0 to bus 135 within decoder 21.

30 When the output of OR 110 is'a 1 {positive slope)
the sample value Y on bus 135 will pass through
transmission gate 114 onto bus 133 to input A of
subtractor 123 and the predicted value on bus 132 will
pass through transmission gate 116 onto bus 134 to input

35 B of subtractor 123. When the output of OR 110 is a 0
(negative slope) the sample value ¥ on bus 135 will pass
through transmission gate 121 onto bus 134 to input B of
subtractor 123 and the predicted wvalue on bus 132 will
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Qﬁed%gl%h%I%HD§51$°014ﬁhe %P%Hl%?%dOVEPH sof OR 111 1s a
1, indicating a valid sequence, the outputs of ANDs 140-

145 will be equal to the correction value of subtractor
123. When the output of OR 111 is a 0, indicating a
invalid sequence; the outputs of ANDs 140-145 will be a
correction value equal to zero. The outputs of ANDs 140-
145 are connect to bus 136 which exits error: detector 20
at terminal 10 and continues on via bus 47 to adder 22.
In a similar manner, for each cycle of operation, error
detector 21 will provide a correction value on bus 48 to
adder 22. While the subtractor.123:of error detector 26
is shown to have an output containing six binary bits, it
is well understood by those skilled in the art that the
number of binary bit in the output of subtractor 123 is
not limited to:six but rather will be defined by the
designer of the spedific-embodiment-of the invention to
met the specific-requi:ementé of the designer.

Adder 22 algebraically adds together the two
correction values to generaté'a total correction value
and places the total correction value on bus 49 for use
in the phase locked loop to control the phase of the
voltage controlled oscillator. -

Effectively the dlgltal phase detector prov1des a

total correction value every other clock cycle thereby

35

allowing the digital phase detector to operate at one
half the clock frequency while deriving phase information
from each sample which are generated at he clock
frequency. '
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12 second digital sample and a second c0rrection_value

13 generated from said third digital sample, said first and

14 second corréction values being generated in parallel

15 wherein said digital phase detector operates at a

16 frequency equal to one half of said ¢lock frequency.

2. The digital phase detector of claim 1 wherein
said clock comprises:

a voltage controlled oscillator in a digital phase
locked loop where said clock frequency of said voltage
controlled oscillator is a function of said total
correction value generated by said correction means.

()Y ¥ B N VS B .G I

3. The digital phase detector of claim 1 wherein:
said storage means, after the generation of said

total correction value during a cycle of operation,
receives and stores a fifth and sixth digital sample from
said sequence of digital samples where said fifth and
sixth digital sample immediately follows said'first,
second and third and fourth digital samples in said
sequence of digital samples, wherein after said fifth and
sixth digital samples are store in said storage means:

said third generated digital sample now becomes said
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of the speeificoerbedisaniradtiet he i nvention to net.the specific
requi renents of the designer. Adder 22 al gebraically adds together

the two correction values to generate a total correction value 30 and
pl aces the total correction value on bus 49 for use in the phase
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Ef fectively the dlgltal ase etect rovi es a
val ue ever% ot faid cP@EKe§§éP§ mﬁéﬁ§b9°@Br1§EB@mnng the digital phase

detector t® operatecéhtPHE means for generating control signals as a
function of said first, second, third and fourth digital
samples stored in said storage means; and

phase detection means for generating said first
correction value and said second correction value in
response to said control signals and said second and
third digital samples stored in said storage means.

W oo 9 60 0 b
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5. The digital phase detector of Claim 4 wherein
said phase detection means comprises:

third means for generating a predicted second
digital sample from said second digital sample and a
predicted third digital sample from said third digital
sample;

fourth means for generating im response to said
control signals generated by said control means said
first correction value from said second digital sample
and said predicted second digital gample and said second
correction value from said third digital sample and said
predicted third digital sample.
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1 6. The digital phase detector of Claim 5 wherein
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2 said control means comprises:

3 first means for generating a flrst slope signal and
4 a first valid sequence signal as a function of said

5 first, second and third digital samples; and

6 second means for generating a second slope signal

7 and a second valid sequénce signal as a function of said
8 second, third and fourth digital samples.

1 8. The digital phase detector of Claim 7 wherein
2 said phase detection means comprises:

3 third means for generating a predicted second

4 digital sample from said second digital sample and a

5 predicted third digital sample from said third digital

6 sample;

7 fourth means in response to said flrst slope signal
8 generating a first: intermediate correctlon value from

9 said second digital sample and said predicted second

10 digital sample and in response to said second slope

11 signal generating a second intermediate correction value
12 from said third digital sample and said predicted third
13 digital sample;
14 fifth means for generatlng a thlrd correctlon value;
15 and _ o

16 sixth means in response to said first valid éequence
17 signal selecting either said first intermediate

18 correction value or said third correction value as said
19 first correction value and in response ‘to said second
20 valid sequence signal selecting either said second
21  intermediate correction value or said third correction
22

value as said second correction value.
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said cl ock frequency. The digital phase detector of claim1
wherein 2 sai d cl ock conprlses. 3 a voltage controlled oscillator
in a digital phaseib. lorkeaidicen Wielis sEtbalaclof reiancy Birsket

vol tage 5 controlled oscillator is a function of said total 6

correcti of valS &‘Pg‘&ﬁéf‘a% ‘ed by said correction neans. 1 3. The
digital pBase detediastofregister] fvwestoring a digitsdl drastue R wisens,
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oper ati on, ecei ves and stores sanple from5
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said third gesadat edlduegmallssanwla&umowﬂaenmmﬂcta:ad expected for a
9 generated digital sample when data encoded in said analog
10 signal is in phase with said clock frequency;
11 third register for storing a digital value R2 where
12 said value R2 is a value that would be expected for a
13 generated digital sample when data encoded in said analog
14 signal is in phase with said clock frequency;

15 fourth register for storing a first digital
16 threshold value Tl where R1 > Tl > Rb; and
17 fifth register for storing a second digital

18 threshold value T2 where Rb> T2 > T2,

11. The digital phase detector of Claim 10 wherein
said third means comprises:

first selecting means for selecting, as said first
predicted value as a function of said second digital
sample S2, said value Rb when said Ti> 82 > T2, said
value Rl when S2 > Tl and said value R2 when S2 < T2; and

second selecting means for selecting, as said second
predicted value as a function of said third digital
sample S3, said value Rb when said Tl> S3 > T2, said
value R1 when 83 > Tl and said value R2 when 83 < T2.
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1 12. The digital phase detector of Claim 10 wherein
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- 15 - t red in said storage
said fOl}?'t&%%*ezﬁgraﬂm,luﬂunlm]ﬂu[umg now becones 13 sai SeC%gr?Q&%iggi tal
sanpl e now stored i sdid'stbrage* 14 neans, 15 said fifth digital

sanpl e nOMIbECOHES said third 16 di git &8 Sanple stored in said storage
nmeans sai d ﬁIXth dig{tal .sanpl e now becones said fourth 18

d|g|talzsanﬁﬁédn5®n§F8 cJePRS; TOFPEIFESGe neans, and 19 _ “wherein said
digital 3phase deestioaterameansd feac lgen2iratiigigt fFors @xaahe digitaild sequence
of digi S of 0 n | o St e ue or
second 22 c%&?g%tFO%Eeg%a 14 %hﬂf %t%r%@% ﬁ%a%hengE%%E]%hﬁggg eF%%tor of
d ai m 15wheBepnT1l2 a §§F@n605#6@ﬁﬁowh#@aﬁs<c§ﬁpﬁmge§ third signadntr ol

means f@r genahatrthng gort rel. S|gnals as a 4 function of said first,
second, _third and,fourth digital 5 sanmples stored.,in said stqrage neans;

and 6 7 phaldT§Et SEPESRtIBINNCRTS JO%cORReRgLtinad Troms said
correct Bon fdlrse,aseceaddandcehdrdosignuilen ofaksadd ESt&malt@iptflaﬁe to said

contr o 951 9hata #99.eblaoeRe0d A0k, ghllad it el Stoed I,
wher ei 40 2 Stgaﬁgepmagasdeaedtfemsneahopeoﬁpgngés1ndicat1ng atbﬂm@eneans
for geperat b@gsalarsﬂa%sdsa f880ynn rgag' 58ona ngﬁEE‘?rom piesepand

digital _sa e an I.cte |ta
J rrBenerated from sald analog signal and said first valid

dlgltaF'2
13 sequence signal indicating the validity of said first
14 intermediate correction value; and
15 second generating means for generating from said
16 first, second and third signals of said estimator for
17 said second and fourth genefated digital sample stored in
18 said storage_meane said second slope signal indicating a
19 slope of said analog signal when said third digital
20 sample was generated from said analog signal and said
21 second valid sequence signal indicatihg the validity of

22 said second intermediate correction value.

13. the digital phase. detector of Claim 12 wherein

1

2 said first generatlng means comprises:

3 first encoding means for encoding said first and

4 second signals generated by said estimator for said first
5 digital sample stored in said storage means into a first
6 two bit code and encoding said first and second signals

7 generated by said estimator for said third digitai sample
8. stored in said storage means into a second two bit code;
9 and
10 first decoding means for generating said first slope
11 signal and said first valid sequence signal as a function
12 of said first two bit code and. said second two bit code
13 generated by said first encoding means; and
14 said second generating means comprises:

15 - second encoding means for encoding said first and

¥



6 sanple; 7 fourth nmeans for generating in response to said 8
control si gnal s generated by said control means said 9 fir i on
val ue from % ‘g@éond digital sanple 10 and said predi cted %gr gé{g&%

di gi tal sarrpl e and said second 11 correction value fromsaid third
digital sanple and said 12 predicted thitrd®igital sanple. 1 6.
The digital phase detector of aimb5 wherein WO 96/ 18241

PCT/ US95/ 1%©79 second signals generated by said ggtimatoy,fgrpfade detector

means furtper cgé@ém@eélgﬁzal sampﬂeaéid@feaoinaéﬂﬁ&rétéﬁééé ﬁ\ééh@glﬁﬁbda
first 4 corre fion vaI an ald gecond correct

0 0
sai d totall®or rEtAFon YR codqe and encoding S Y ?hrf's%hﬁgé ﬁ@?@ﬁ?or of
d ai m 4 whed ei nsZgnabsii ghm@mm@d hysasazldoe@timsor?)for saidf foatrtheans for

generating, g 1| &als SlOPE Al A0olc an 42 LLIS! VO o SFOUERCEnRL002LeBnA

function sal , Secon d|g| sanple
second nmeads f dEwedmkl a&¢¢@ aﬁ%@cond sl ope signal 7 and a second valid

sequence szzgnal as asééwdl&sw&l ifledns SESP e néf&wndqngai@%éeoﬂagltal

sanpl es. .. The di phase et ect or of aimy7 wherein 2
sai d phasezz‘blet hIRM W&l &ﬂfg °ng val %‘ﬂl?%ﬂﬁ’@%ﬁ% b?nﬁén%?a?l ng a

predi ct ed z2contlinction of said flrst two bit code and said second two
25 bit code generated by said second encoding means.
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4 digital sanple fromsaid second digital sanple and a 5 predicted third
digital sanple fromsaid third digital 6 sanple; 7 fisd sin
rresponse t QUMY st ) ope signal 8 generating a first internedi ate
correction value from9 said second digital sanple and said predicted
second 10 digital sanple and in respgnge to said second slope 11 signal
generating a second internedi ate correction value 12 fromsaid third

digital sanple and said predicted third 13 digital sanple; 14 fifth
means for generating a third correction value; 15 and 16 si xt h nmeans
In response to said first valid sequence 17 signal selecting either said
first internediate 18 correction value or said thir! Cékg val ue as
said 19 first correction value and in response to sal & qn valid
sequence signal selecti ng it ISMIFTREGISTERJ 181 i n} ﬂr [ a@a Spr rection
val ue or sgARIAUES & W OTT 2¢ Vo UE as d secp nr c%' pbn val ue.
VO 96/ 18241 Ya | Yb| Yect/ Yok 1627 65 66
- 17 - 1COCKA i githl phase detector of Trarm elein 2
sai d phase ’det ect f UTther__gonpr 5&3:[ 3— 34 gyd 68or
al gebrai cal l y adding | t‘§33 cofyestion varue apd saifd second
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4 said value Ro is a value that woul d be expected for a 5

sanpl e when _d coded in said anal og signa
cJ ock freqag%§§ﬁnsg second register for
where 8

generated digital
in phase with said clock frequency;

sanpl e when data enc
11

digital value R2 where 12
expected for a 13 generated digital
analog 14 signal is 'n;p ase w

fourth register for stofi

ngia ¢l t di gi{
P ! i 4

RlL > T1 > Rb; and - H
18 threshold value T mg
phase detector of Claiml

first selecting neans f
a function of said ggcgrdi-di

T1> S2 > T2, said Mal
and 7 second sdl e
predi cted value as a func

val ue Rb when said T&—S3+
val ue R2 when S3 < T2.

t:h eaidsclpck fir equenay; »
rg : Nestol H val ue T1 where

di gi tal
is 6 inp 1 aid
storing a digita %gépﬁg R1

said value Rl is a value that would be expected for a 9
dd in said anal og

10

si gnal

is

third register for storing a
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- 18 - 2 said control means conprises: 3 estimator neans for
generati ng r digital 4 sanple S stored in said stora

first si gna{vg\?/ﬁéﬁﬁ% S > T1, a second signal when S < T2 angég@ﬂé)ﬁ;éﬁ
signal 6 when Tl < S > T2; st generating neans for generating
fromsaid 8 first, second and third séfﬁals of said estimator for 9 said
first and third digital sanple stored in said 10 st orage neans said
first slope signal indicating a slope 11 of said anal og signal when said

second digital 1 2—geherat-ed—f+gm-sai-d—anal-og—signal—and sai d
first valid 13 SE Q@M sign ENQ@QEQng the vallidity of saiq first 14

internediate c rY@cb/boancll ue; Ma L3 Mc lLc | TESTEDD CORRECTIONMEans for

generating fro

sai [ , Se d and tRi/d g f jld
estimator for éga sesrl:'(gl and fourth gengy;t ed;g?‘glbtﬁall‘%gg)ﬂgl e stored
in 18 said $ a}ﬁﬁ ns sai d MitbbhMdldde NOBnall i ndicating 4 19
sl ope of said dnal o nal when said thirdldigital | 20 sanpl e |was
generated from sdl ana og¢ sign I de' sdi d1 |21108 sedond val i d sequence
signal indicatin the val i ﬂlééé sai d second i nternedi ate jcorrection
val ue. 1 -1 131 i |t@1l Ophise detl®8t or [of - m 12 fherein 2
said first genera g ams conpri first encodi ng feans for
encodi ng said |F tqang’E I? second @ zlnaps be*né|0§t ed [by said estirmator for
said first 5 i sanmplre stqr | ai age [means tnto ajfirst 6
two bit code ah EH-:A 3odi g sai d fli 3 §ec ﬁsm gnals 7 generated by
id estimat L I t d i id st
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€14 sai d second generating neans conprises: 15 second encodi ng
nmeans for encodi nIg said first and WO 96/ 18241 PCT/US95/16279

PCT/ US95/ W0 96/1824 - 19 - 16 second signals
denerated by said estimator for said 1474 second digital sanple stored in
said storage neans into a 18 first two bit code and encoding said first

and second 19 signal s generated by said estipatqr for said fourth 20
digital sample stored in said storage neans intiV§ seqere—31 two bit
code; and 32 SeCond decodi ng mgans 1 or > ptoGTarinyQRyj d second 23
sl ope signgl—and said second valid sequence signal asla ranct) on of
said first bit code and said second two {25 It ceﬁg‘enerat GP by said
second encqgding neans. INV INV
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