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" FIELD OF THE INVENTION

This invention relates to computer systems and more particularly to data -

S storage and data communication devices within such cqimputer systems. Even more
- particularly, the invention relates to apparatus for recovering a synchronized clock
signal from an analog waveform being read from a recording medium of a data storage

device or being received from a data communication device.

BACKGROUND OF THE INVENTION

10 In a magnetic disk or tape data storage device, data is commonly stored on a
magnetic medmm by saturatxon recording in which each portion of the medium is
magnetlzed to the point of saturation in one of two directions. The data to be stored
is typically encoded to satisfy certain constraints and the encoded data is used to
modulate the direction of magnetization. In a coded representation known as NRZI,

15 each "one" bit of the encoded data causes a tranmsition in the direction of

' magnetization,lwhile each "zero" bit of the encoded data causes the magnetization
direction to remain unchanged. A clock signal is used to write a sequence of encoded
NRZI bits as a recording head moves along a track on the medium such that one bit

' is written at each clock tick. _

20 When a read head is passed over the recorded data track, a voltage pulse is
produced at each transition in magnetization. Successive voltage pulses have opposite
polarity since successive magnetic transitions are in opposite directions. The written
NRZI data sequence may be reconstrucied_ from the resulting voltage waveform by
associating a “one” bit with every clock tick at which a p'ulse occurs and a "zero" bit

25 with every clock tick 'at which no pulse occurs. The original user data may then be
decoded from the NRZI data. '

Similar waveforms composed of pulses sometimes occur'in other applications,
including data storage on optical media and data communications via modem, network,
radio, or fiber-optic link. - |

30 To recover the written or.transmitted data sequence, the receiver requires a
clock signal synchronized with the received waveform. At each tick of this
synchronized clock signal the receiver or read circuitry generates one bit of the NRZI

- data sequence by processing the surrounding waveform. It is often impossible or at
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the waveform. Peaks that meet a qualification requirement, such as exceeding a

threshold amplitude, are considered to have been caused by 4 magnetic transition and

10 are therefore associated with an NRZI "one” bit. The recovered clock divides the -
waveform into bit cells or wi.ndows where the nominal position of a peak ls at the
center of a window. A "one" bit is output for each window that contains a qualified
peak and a "zero" bit is output for each other window. The phase and frequency of

the recovered clock are adjusted in a phase locked loop so as to keep the windows

15 properly aligned with the peaks. - _

Inter-symbol interference (ISI) occurs when pulses are placed so close together

~ in a waveform that they'overlap significantly. The position of a peak in a waveform

can be shifted by ISI from other nearby pulses. Thus the recording density of a peak

detection channel is limited by the fact that ISI must not be permitted to move a peak

20 from one window to another. Peak shift due to ISI also causes apparent timing errors

that affect the performance-of the clock recovery circuit. '

To achieve higher recording densities and/or greater noise immunity than peak
detection channels, another class of detection methods is based on amplitude sampling
of the signal waveform. Many such sampling detection methods can be implemented

25  using either analog or digital signal processing devices. In either case, a synchronized
clock signal is required to control the sémple timing and a means must be provided
‘to recover such a clock signal from the data waveform. Thus there is a need for new
timing recovery methods suitable for use with sampled amplitude detectors at high

recording densities. The present invention meets this and other needs.

30 SUMMARY OF THE INVENTION
It is an aspect of the present invention to detect signal pulses caused by bit

transitions within data being read from a data storage device or data communicatjons

device. N
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2" It is another aspccl of the invention to compensate the phase error
measurement for asymmetry of the pulse being detected and to compensate for nearby
5 pulses. _ ' '
It is another aspect of the invention to adjust the frequency, and thereby the co
phase of the clock signal so as to drive the phase error measurement toward zero.
It is another aspect of the invention to measure a frequency error between a
fixed frequency pulse train and a clock signal used to sample the pulse train and adjust
10 the frequency of the clock sigﬁal so as to drive the frequency error measurement
toward zero. | |
The above and other aspects of the invention are accomplished in the
preferred embodiment in a mixed analog and digital timing circuit for timing the
conversion of an analog signal to a digital signal; The circuit has an analog to digital
15 converter for converting the analog signal to digital sample values at controlled
sampling times, and a variable frequency oscillator for controlling when the analog to
digital converter performs the conversxon A pulse detector detects pulses in the
dlgmzed signal. A phase error circuit subtracts one of two sample values for each
pqlse from the other to create a digital phase error measurement value. The two
20 sample values occur on either side of the peak of the pulse detected by the pulse
detector. The digital phase error measurement value is filtered using a digital filter
whose output is connected to the variable frequency oscillator to adjust the sample
timing to cause samples to be taken at the desired time instants. ‘
The system also contains a set point register that contains a value used to
25 adjust the desired sample phase. The set point may be used to compensate for the
pulse being asymmetrical. This value is always added to the digital phase error
measurement value.
. In addition to the set point register, the system contains compensation
registers for pulses that occur at two sample times on cither side of the detected
30 pulse, since these pulses are close enough to the detected pulse to change its shape.
These values are only added into the digital phase error value if a pulse is also
detected at these sample times. A third compensation register is also prcscﬁt for
pulses that occur three sample times after the detected pulse, and the value of this

register is added to the digital phase error value if this pulse is detected.
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g 3 invention, presented in conjunction with the following drawmgs, wherein:

Fig. 1 shows a block diagram of the environment of the invention and
illustrates thé' read channel that contains the invention;
10 Fig. 2 shows a block diagram of the analog and analog to digital conversion
" circuitry of the read channel containing the mventlon, '
Fig. 3 shows a block diagram of the digital circuitry of the read channel
containing the invention;
Fig. 4 shows a signal waveform and illustrates center sampling of the pulses;
15 - Fig. 5 shows a signa] waveform and illustrates side sampling of the pulses;
Figs. 6 and 7 show signal waveforms to illustrate bverlapping pulses;
Fig. 8 shows a block diagram of the timing recovery circuit of Fig. 3;
Figs 9-10 show a logic block diagram of the-acqui'sition circuit of the phase
: and frequency detector of Fig. 8
! 20 Figs. 11-12 show a logic block diagram of the tracking circuit of the phase and
i ~ frequency detector of Fig. 8; and
Fig: 13 shows a diagram of the loop filter circuit of the timing recovery block

of Fig. 3.

DESCRIPTION OF THE PREFERREDIEMBODIMENT

25 The following description is of the best presently contemplated mode of

| carrying out the present invention. This description is not to be taken in a limiting

sense but is made merely for the purpose of describing the general principles of the

invention. The scope of the invention should be determined by referencing the
appended.claims.

30 Fig. 1 shows a block diagram of a typical environment of the invention.

Referring now to Fig. 1,.a computer system 100 contains a processing element 102

which communicates to other elements of the computer system 100 over a system bus
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10 controller 114 to the disk drive.118, specifically connecting to a write channel 120 to
write data onto the disk through write heads and amplifiers 128. When data is being
read from the disk through the read head and amplifiers 128 the data comes back
through the read channel 122 which contains the timing recovery circuit of the present
invention. The read and write heads may be physically the same heads. The data first

15 .passes through the analog section 126 of the read channel 122 and then through the
digital section 124 of the read channel 122 before being sent on the bus 116 to the
disk controller 114. After being proeessed by the disk controller 114, the data is then
sent over the system bus 104 to the memory 110 and/or the processing element 102.

The disk controller 114 also connects to other circuits, not shown; within the

20  disk drive 118, such as a circuit which moves the read/write heads over the surface of

the data storage medla
Although not shown in Fig. 1, the digital timing circuit of the present
~ invention can be used for synchronizing a clock to pulses within data received from
a transmission line, such as a telephone line or local area network, in a data

25 communications receiver. It may also be used in any other device that must time and
detect pulses within a signal. '

Fig. 2 shows a block diagram of the analog circuitry 126 of the read channel
122. Referring now to Fig. 2, when a read head is passing over a track of the data
storage medium, it picks up a mgnal which is amplified by a preamplifier, not shown.

30  After this preamplification, the signal 201 is passed to a variable gain amphf‘ ier 202.
The signal is further amplified by the variable gain amplifier 202 and passed through
an analog multiplexer 203 and then to an analog equalizer circuit 204, which filters the
signal as desired, for example, so as to remove unwanted high frequencies and shape

the remaining spectrum, to an Analog to Digital (A to D) converter 206. The A to
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D converter 206 converts the analog signal into a sequence of digital values, providing
six bits of digital information per sample in the preferred embodiment, and then the
data is passed to a register/de-multiplexer 207. In the preferred embodiment, the
digital section 124 of the read channel 122 processes two samples in parallel. To
5 create these two 'samples, the 'regisier/de-multiplexer 207 stores every other sample
taken by thé A to D converter 206. After the second sample is taken, the data from
the two samples is passed to the data bus 230. The bus 230 is clocked by a single
half-frequency clock sxgnal '
The timing necessary for converting thc data, also called taking a sample, in
10 the A to D converter 206 is supplled by a variable frequency oscillator 222 which is
controlled by the output of a digital to analog converter (DAC) 220. The input to the
DAC 220 comes from the digital section of the read channel 124 as timing feedback
signal 234. Alternatively, the DAC 220 may be an integral part of the variable
frequency oscillator in such a way that the digital input controls the frequency directly.
15 - Areference signal 236 is created by a frequency synthesizér 240 running at the
frequency used for writing data, and dividing this frequency by four in the divide by
four circuit 238. The output of the divide by four circuit 238 is a square wave with
period 4T which is connected to the analog multiplexer 203. The filter 204 passes the
fundamental frequency of the square wave but rejects the higher harmonics, thus
20 converting the reference signal into a sinusoid with frequency 1/4T. This sinusoidal
reference signal is equivalent to the data signal typically produced by alternating -
transitions and spaces, i.e. 101010... in NRZI representation. It is often called a "2T"
pattern because the distance between transitions is 2 bit cells. The 2T pattern is a
pulse pattern often used for a preamble signal at the start of a data record. The
25 reference pattern signal 236 is used to set the VFO 222 to a nominal frequency before
locking to data preamble. o
The gain of the variable gain amplifier 202 is controlled through a gain
- feedback signal 232 which originatés in the digital portion 124 of the read channel
122. The gain feedback signal 232 is input to a summing junction 210 which has a
30 coarse gain control value as its other input. The coarse gain control can be set by the
disk controller 114, or a local microprocessor (not shown) within the disk drive, to
provide a nominal gain level which is then adjusted up or down by the gain feedback
signal 232. "After being summed with the coarse gain control value, the feedback

signal is sent to a digital to analog converter 212 and then to a filter 214. Because of
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10 connected to multiplexers 306 4nd 316, whose outputs are connected to multiplexers
310 and 318 respectively. Multiplexers 310 and 318 also receive signél 230.
Multiplexers 306 and 316 may be selected independently, however, multxplexers 310
and 318 are always selected together In thls manner, either the digital data s1gnal 230
or the filtered/delayed signals may be selected for input to both a pulse detector 312

15 anda timing recovery circuit 328. If the filtered signal is selected for either the pulse

. “detector 312 or the timing recovery 328, either the filtered signal or the delayed signal
must be selected for input to the other of these circuits. The filter 302 inserts a delay .
into the digital data signal 230, so if one circuit selects the filtered signal, the other
circuit input must be delay compensated by selecting the deléyed signal from circuit

20 ' 304 or by also selecting the filtered signal from filter 302. _

The output of the pulse detector 312 is connected to a gain control circuit 330
which provides the gain feedback signal 232 that connects to Fig. 2. The output of
the pulse detector 312 is also connected to the timing. recovery circuit 328 whose -
output 234 connects to the digital to analog converter 220 of Fig. 2. The output of

25 the pulse detector 312 may also be connected to a sync mark detector 322 and an
RLL decbder 320, as shown in Fig. 3, or a more sophisticated data detector (not
shown) may be connccted to the sync mark detector 322 and the RLL decoder 320.
The output of the RLL decoder 320 and the sync mark detector 322 are connected
to the disk controller 114 (Fig. 1) through the bus 116.

30 The pulse detector 312 and the timing recovery circuit 328 are designed to

| process pulses using one of two types of sampling methods, selected by the user. The
first sampling method is called center .sampling wherein one of the samples taken will
arrive at or near the center, or peak, of a pulse as shown in Fig 4. The location of

the sampling is controlled by the timing recovery block 328. In the other method of
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samples appears on the other side of the peak as shown in Fig. 5. The user of the
5 system determines whether center sampling or side sampling-is used by setting a bit
in a control register thrb.txgh the interface 116 (Fig. 1).

For either center or side sampling, sampling can occur during two different
time segments within a data record being read from the disk media. The first time
segment sampling occurs is called acquisition mode, because it occurs when the gain

10 control and timing control are acquiring the gain and timing relationships of the .
puises. This occurs when the read head is passing a preamble portion of the data
record which always has a known data pattern to facilitate acquisition of the timing -

. and gain. When data is being transferred, a different mode is used for the pulse
detector and timing recovery, called tracking, since data has an irregular and a prior
15 unknown pattern of pulses.

Therefore, the pulse detector and timing recovery circuits are designed to
process pulses under four separate conditions. The first condition is acquisition mode -
using side sampling, the second is acquisition mode using-center sampling, third is
tracking mode using side sampling, and fourth is tracking mode using center sampling.

20 - The timing recovery circuit analyzes the current sample of the amplitude of
the signal as well as the previous two samples of the signal amplitude. USing'these
three samples, Table 1 shows equations for the timing recovery circuit 328.

| In Table 1, n is the time of the current sample, n-1 is the first previous sample,
n-2 is the second previc;us sample and n-3 is the third previous sample. y, is the

25 samplé value for a sample taken at time x. SGN is the arithmetic sign of the sample
value. P, has a valﬁe of 1 if a pulse is detected during sample x, and P, has a value
of 0 is a pulse is not detected during sample x. t, is the acquisition timing set point,
and t, is the tracking timing set point. a, b, and ¢ are constants used to adjust for
nearby pulses The equations of Table 1 will be further described below. Also, the

30 equations of Table 1 assume pulse detection at time n of a pulse whose peak occurs
at time y,., for center sampling, or between y,,, and y, for side sampling. The circuits
of Figs. 9-12 processes two signal samples simultaneously. The equations for the

. second sample are the same as the equations of Table 1, with one time delay. Thus,

for example, y, in Table 1 would be replaced by Y., Ya. would be replaced by y,., and

PCI'IUS9Bﬂ}°110 .
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.containing the iVeidst @tent sample. Sample 410, at time n-1, is the-sample just prior to the most
 recent sample, sample 408 is the next previous sample and san’lple 406 is the oldest
of the four samples shown. Negative pulses would appear as a mirror image of Fig.
4. The samples taken of the pulée are also identified as "a", "b", "1, and “c". Sample -

occurs at time n-3 of each pulse, sample "b" occurs at time n-2 of each pulse,

10 sample "1", occurs at time n-1 of each pulse, and sample "c" occurs at time n of each
puise. The sample labeled "1" is so labeled because the gain circuit adjusts the level
.of this sample to a nominal value of 1.
Fig. 5 ‘shows a signal waveform of an isolated pulse and illustrates side
sampling of the pulse. Referring now to Fig. 5 a signal waveform 502 is shown as a
15 positive level above a baseline 503. Four samples are shown, with the most recent
sample being sample 510. Sample 508 is the sample previous to the most recent, 506
is the next previous sample and sample 504 is the oldest of the four samples shown.
These sambles are also identified by the time references n throﬁgh n-3.
‘ Figs. 6 and 7 show waveforms and sample times for a typical pulse for side and
20  center sampling, respectively, and will be used to illustrate the equations shown in
Table 1. ' ' _
Referriﬁg now to Fig. 6, a waveform 602 is shown with side samﬁling mode,
with the four samples of the waveforms, "a", "b". 1", and "c", being identified for the
value of the waveform'at sample times n-3, n-2, n-1, and n, respectively. Because of
25 the type of data recording code being used, pulses can never occur at two successive
sampling times, thus pulses must be separated by at least two sample times.
Therefore, the pulse illustrated by dashed line 604 is the closest a pulse could occur
prior to the pulse 602 and the pulse identified by dashed line 606 is the earliest
another pulse could occur after the pulse 602. ,
30 Considering the side sample tracking equation of Table 1, if pulse 602 is a
s'ymmetric isolated pulse, that is, neither pulse 604 nor pulse 606 occurs, the phasé
error will be zero if the value of t-hc sample taken at n-2, that is, the "b" sample, is
equal to the value of the sample taken at n-1, that is, the 1" sample. This result is

shown in the side sample tracking equation as y,. - y,... Where y, represents the sample



Fié 4 shows a si gnal f QL Eled R H&graips center_sanpling of the

pul ses; 15 : EormANg TIIUST ates side
sagpl i ng of W&%]’OS%S ﬂm“ mﬁ ana o - Shaw' srgﬁ\é\ wa PET6USES3/09110
dllustrate overl appi ng puI -.8-ghows.a._bl ock di agram of

the timng recovery circuit of Fig. 3; Figs 9-10 showaloglc
‘bl ock diagram of the acquisition circuit of the phase
and frequency detector of Fig. 8; 20 Figs. 11-12 show a | ogic

‘bl ock diagram of the tracking circuit -of the phase and
frequency det ect or ‘3luet fimegt Sifee pulses can occur ixpeth positivs 3Rd ngeative slisgrtions, the

the loop filter cirsiggaidfyQfis &hﬁlgﬁxéﬂﬂ%th“féﬁ@!ﬁéﬁ oRc8uht for negative samglc values. TR4t
Fig. 3. THE PREFERRED EMB |

The foll owi ng descrif$8¢ Waiflgnof the best presently contenplated node of

carrying out the presentscm gp } s description is not to be taken.in
alimting - sense but |s r’m'@yfor t he purpose of describing the
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be determ ned by r qf fil eprégfc htehpeulse occurs Q;Pacﬂy gfj thcelc:%ntmlS between the “b" and "1" samples,
and will be non-zero if the peak is offset from the center. If the peak is offset left
of center, the "b" sample value will be higher than the "1" sample value, resulting in
a positive phase error value, and if the peak is offset right of center, the "b" sample
10 value will be lower than the ';1" sample value, resulting in a negative phase error
 value. | | . |
: . There are many factors that may cause a pulse to be asymmetric, including
. magnetic, geometrical, and electronic factors. Because of this possible asymmetry, the
term t, is introduced into the equation. The value for t, will be established by
15 calibrating the device, however, Table 2 shows nominal values for t, for different types
of data patterns used during acquisition. Therefore, the equation
SGN (Yaa) * (a2 = Yau) + .
nges the phase error equation for an isolated, possibly asymmetrical, pulse.
Since pulse 604 mxght have occurred two sample times earlier than pulse 602,
20  the effects of this pulse must be considered in the equations. The term "+ ¢ * B,,"
accounts for the effects of the pulse 604. Sample "¢" of pulse 604 occurs at the same
time as sample “b" of pulse 602. Therefore, if there was é peak detected at time n-2,
i.. p, Is one, the phase error is corrected by adding a constant value ¢ to offset the
“c" sample of pulse 604. This constant value is determined by calibration of the device
25 and is input to the circuit through the interface 116 (Fig. 1).
| Similarly, a pulse could occur two safnple times after pulse 602, represented

in Fig. 6 by pulse 606. For this pulse; the “a" sample occurs at the same time as the

1" sample of pulse 602. Therefore, the phase error is corrected by subtracting a

constant "a" if there is a pulse at time n+?2, i.e. if P,,. is one. This constant value is
30 also determined by calibration of the device and input to the circuit through the

interface 116 (Fig. 1).
. ’ The equation for side sample acquisition mode is similar to the side sample.
tracking mode equation, except that.the corrections for the pulses 604 and 606 need

not occur. These corrections are unnecessary, because in acquisition mode the data



Fig. 1 shows a bl ock d| a

i nventi on. Ref err °f ﬂal S 9
processi ng WOS#EM39402 u‘ ni cat ﬁgp ‘chgﬁ Vel errent%CE/fUS{%éO”lO
conput er system 100 ove ?&\\104 A keyboard 106
and a display 108 allow a user of the computer system 100 to

comuni cate with the conputer system 100. A nenory- 110 contai ns prograns
and data whi ch cause the conputer system 100 to perform operations -

desired by the us?ﬁttern is knowi?o singe ¢ e il %gea%b‘fé Y Afifet bRiE by liSta record.

connected to the system bus stori _
Therefore the entire compensation for asymmetry and intersymbol interference can

be accomplished with a single term t,. Table 2 shows nominal values for t, for the
three types of acquisition patterns used in the present invention. This constant value

5 is also determined by calibration of the device and input to the circuit through the
interface 116 (Fig. 1). '

Fig. 7 shows waveforms when center sampling is being used. Table 1 shows
the center sampling equations, and the center sampled aequisi_tion equation is very
similar to side sampled acquisition equation, except that in center sampling the "b" and

10  "c" samples of each pulse are us;éd to determine phase error. Therefore, the center
~ sampled acquisition equation substitutes y, for the y,, in the side sampled acquisition
equation.. | o | _
_ The center sampled trackmg equation incorporates the same kind of
adjustments that were incorporated into the center sampled acquisition equation, but
15 the details differ. As shown in'Fi ig. 7, a pulse 704 can overlap the pulse 702, and 1f
_this occurs, the "c" sample of pulse 704 overlaps the "b" sample of pulse 702.
Therefore, the center sampled: tracking equation adds the term "+ ¢ * P, to
compensate for the pulse 704, where c is the same constant described for the side
éampling equations. Similarly, pulse 706 can overlap pulse 702 and the center sampled
20 tracking equation adds the term "- b * P,,," to compensate for the pulse 706, where -
b is a constant value determined by calibration of the device and inp'ut to the circuit
through the interface 116 (Fig. 1).

In center sampling, a third pulse,. 708, can also overlap the i)ulse 702. One

possible way to compensate for the pulse 708 would be to subtract a constant "a" times

25 P,.;. However, this recjuires that the detector wait at least three sample times before

determining the phase error for the pulse 702. As shown in Fig. 7, tﬁe value of the

a" sample for pulse 708 will typically be very small for center sampling. Because it

is very small. this term of the equation can be deferred to a later clock cycle without

much consequence. When deferred by three sample times, the correction "-a * P,,,"

30 may be included in the phase error equation for the next pulse (at time n+3), at

which time it is included as "- a * P,,,_\".. Therefore, the center sampled tracking
equation includes the term "- a * P_," to provide compcnéation for pulse 708.

Fig. 8 shows a block diagram of the timing recovery circuit 328 of Fig. 3

Referring now to Fig. 8, the timing recovery circuit 328 is shown having a
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- 10 read from the system, or whether the detector is in lock to reference mode.

Lock to reference mode is used to set the frequency of the VFO 222 (Fig. 2)
at a nominal frequency when data is not being read and thus minimize the initial
frequency error when reading of data is started. “This is accomplished by creating a
periodic reference signal at a precisely controlled frequency equal to one fourth of the

15 nominal sample rate. This signal is connected through analog multiplexer 203 (Fig.
2), into the normal data path. Thus, when not reading data, this reference signal may
be used to set the VFO at the nominal frequency.

Table 3 shows ihe equation for the frequency detection, when the
phase/frequency detector 802 is acting as a frequency detector. This equation is very

20 similar to the center sampled acquisition phase error equation, except that the sign of .
Y. is reversed and the t, term is absent. If the VFO 222 is sampling at the cﬁrrect- |
frequency, every other sample will have the same magnitude, but opposite in sign.
Therefore, if the VFO 222 is sampling at the correct frequency, y, + Y. will be zero.
if the VFO is low in frequency, the result is negative, and if the VFO is hxgh the

25 result is positive. | _

Figs. 9-12 show a logic block diagram of the circuit for the phase/frcqucncy
detector 802. Figs. 9-10 show the circuit for determining phase and frequency errors
during acquisition mode, and Figs. 11-12 show the circuit for detérmining phase errors
in tracking mode. Frequency errors are only determined during acquisition mode. In

30 .the preferred embodiment of the present invention, two samples are processed
. simultanedusly. Fig. 9 shows the processing of the first sample in acquisition mode,
Fig. 10 shows the proceksing of the second sample in acquisition mode, and Fig. 10

also combines the results of Fig. 9 and 10 for acquisition mode. Similarly, Fig. 11

shows the processing of the first sample in tracking mode, Fig. 12 shows processing
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-Fig. 2 shows a bl ock diagram of the anal og Bircurtry 126 of e read
channel 122. Referring nowto Fig. 2, when a read head is passing over
a track of the data st orage nedi um i t pi cks up a signal which is
anplified by a preanplifier, not shown. 30 After this preanplification,
the signal 201 is %@séacqné samplg/in titkingympde, ang Fig: 12 pls@ oombines the Frsults iof Fizs.

is further anplifi gain anplifier 202 and passed through
an_anal og nul tipl e?(g?m rf}(;a%‘#fg%{ot%o an anal og equal izer circuit 204, :

which filters the ' B.ﬁ@mahg aswctteﬁgr E,Okhefcucuxsmrrphmdedslry dashéd)lmeeﬂmlﬁmally _
unwant ed hi‘gh freq r emai.ni ng ectr
Anal og to Digital %X‘[Lgéﬁ%fa%aoﬁ%?@ ‘?dezﬁ%i %’ AmpPgne 30quifSa modk and fregiency
5 detection to produce the result of:
SGN (yn-l) * Yoo t ¢,
for phase error detection and
SGN (YII-I) * Yoz .
for frequency detection.

10 Multiplexer 912 selects- c_:ither ¥. or the inverted value of y, based on the sign

' of the data input y,,,. Adder 914 then adds this result to t, for phase error detection

| or zero for frequency detection, and delay circuit 916 delays the result by two time
periods so that s1gnal 918 becomes SGN (y,4) * ¥,: + t, or SGN (y,) * y,,._ + 0. |

The circuit surrounded by dashed line 931 produces the other part of the

15 equation: |

- SGN (Yor) * Yur
For side sampled acquisition and:

- SGN (v.) * ¥, .
for center sampled acquisition mode and:

20 +SGN(.)*y,
for frequency detection.

If side sampling read mode is being used, AND circuit 923 and multiplexer
circuit 928 select y,, for input to the EXCLUSIVE OR circuit 930. If center sampling
or lock to reference mode is being used, these circuits select y, for input to the -

- 25 EXCLUSIVE OR circuit 930. EXCLUSIVE OR circuit 927 uses the sign bit, that
is, bit five, of Yaa and the READ/LOCK signal 812 to determine whether the output
of multiplexer 928 should be inverted and a sign bit of one input to adder 934. If
read mode is being used and the sign of Y, is positive, the output of multiplexer 928
is ;nverted and a sign bit of one is input to adder 934. If frequency mode is being

30 used and the sign of y,, is positive, the multiplexer output is not inverted, and a sign
bit of zero is input to adder 934. The output of EXCLUSIVE OR circuit 930 and the
output of inverter 932 are input to the adder 934 which adds the output of
EXCLUSIVE OR circuit 930, and carry bit 933 to the signal 918 to produce the phase
error or frequency error value on signal 936. Because of the EXCLUSIVE OR
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: The previous sample inputs to multiplexer 1012 are y,, rather than the y,

inputs to multiplexer 912, as are the inputs to multiplexer 1028 and EXCLUSIVE OR
circudt 1027. The result is that signal 1036 is the phase/frequency error for the sample
previbus‘ to the sample processed by Fig. 9. The circuits of Fig. 9 and Fig. 10, in
"~ 10 combination, process two samples simultaneously. '
After the two phase/frequéncy errors are determined, the NAND circuits 1038,
1040, and 1042 combine the signals to produce the output 1044 which is sent to Fig.
12 to be combined with the tracking mode signals before being sent to the loop filter
808. The NAND circuits 1038, and '1040 select either the output 936 from Fig. 9 or
15 the output 1036 from Fig. 10 depending upon whether a pulse occurred at time n or
, attime n-1. These outputs are then connected to NAND circuit 1042 which produces
the output 1044, _
Figs. 11-12 show the phase/frequency detector circuit for tracking mode.
Referring now to Fig. 11, NAND circuit 1106 provides the term "-a * P, ;" for center
20, sampling. For side sampling the output of NAND circuit 1106 is zero. Multiplexer
1114 selects "t, + ¢'*¥ p,." if a pulse occurred at time n-2 or "t," alone if a pulse did not
occur at time n-2. There afc separate set points for acquisition.mode and tracking
mode. The ierm "a* P, is sﬁbtracted from the output of multiplexer 1114 by using _
 the output of NAND gate- 1106, which inverted the value of "a", and inserted a sign
25 bit of one into the adder 1118 through-signal 1107 as well as a ‘carry bit of one
through signal 1147. Therefore, signal 1120 represents "t, + ¢ * P, .- a* P,
although the term "-a * P_," will only be present for center sampling.
.Multipléxer 1124 selects the value y. for center sampling and y,, for side
sampling and inverts the value before sending it to adder 1122. A carry bit of one is
30 | input to the adder 1122 through signal 1121 to cause either y, or y,, to be subtracted
from y,., signal 1020. EXCLUSIVE OR circuit 1126 adjusts for the sign of y,, and
adder 1128 combines the result with signal 1120 to produce the partial equation: |
SGN Yoy * (Yaz-¥a) + 4 c*P.,-a “ Py,

Although the term "-a * P,," will only be present for center sampling. Delay circuit
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drive, to 10 delayed by one, and additional circuitry exists to combine the two phase errors. For

example, the inputs to multxplexer 1224 and adder 1222 are one sample behu}d the
inputs to the equivalent circuits in Fig. 11. Therefore, the output 1242 provides the
solution to the tracking equations of Table 1 delayed by one sample time..
| Fig. 12 then combines the phase error results 1142 and 1242 of Figs. 11 and
15 12, respectively, to provide the phase/frequency detector output 816 to the loop filter.
_The NAND circuits 1244 and 1248 select the output 1142 of Fig. 11 or the output
1242 of Fig. 12 depending upon whether a pulse occurred at time n-2 or time n-3.
This result is sent to NAND circuit 1246 which produces the output 1250 which is
- combined with the acquisition mode signals before being connected to the loop filter. .
20 NAND circuits 1260, 1262, and 1264 select the acqlrisition phaseffrequency
error signal 1052 or the tracking phase error signal 1250, depending. upon-_the
TRK/ACQ signal to create the phase/frequency circuit output 816 which is sent to
the loop filter. ' '
Fig. 13 shows a dtagram of the loop filter 808. The z-domain transfer function
25 of this ﬁlter is
F(z) = (¢, *z*(z-1) +¢) /(2 * (z-1))
* where z* represents a delay of two channel bit intervals ( each 1/€,) because this digital'
filter operates at one-half the channel sample rate. Coefficients c, 1302 and c, 1304 -
-are independently' prograrhmable for acquisition and tracking. For lock to reference
30 mode, .c, is set to zero and c, is independently programmable. A means is also
provided to change the significance of the loop filter output between acquisition and
tracking modes since the appropriate range and resolution of frequency control
depends on which mode is used. Separate registers are provided for each mode to

facilitate this change. Delay element 1306 is used for pipelining and has little effect
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val ue, the feedba S E[H[E tosardigital 19, analog converter ’
212 and then to a filter 2 116 ar » the nature of many
digital to anal og converters, the output of the DAC-212:-may-- contain
glitches when it is changing values. Therefore, the filter 214 may be
necessary to renove these glitches in the feedback-signal. After being

filtered, the signal ohshe filtef resgopgenti ated by the exponential converter-

block 216 and ) then con neckel?netalg distscrr]gte-time approximation to the open-loop transfer function of the
- loop is '
G@) =K *K*(*Z-c*z+ )/ (@ *(2-1))

5 where K, is the gain of the phase detector (which depends upon the pulse shape), K,
is the control gain of the VCO and n is the number of (2/f,) clock delays in the loop.
| Having thus described .a presently preferred embodiment of the present
invention, it will now be appreciated that the aspects of the invention have been fully
achieved, and it will be understood by those skilled in the art that many changes in
10  construction and circuitry and widely differing embodiments and applications of the
invention will suggest themselves without departing from the spirit and scope of the
present invention. - For instance the invention could be impleménted with analog
circuitry in place of much of the digital circuitry of the preferred embodiment. The
disclosures and the description herein are intended to be illustrative and are not in
15 anysense limiting of the iﬁve’ntic'm, more preferably defined in scope by the following

claims.
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122 (Fig. 1). F@fer g. 3, rﬁhe d|g|té1 “data’ si gnal. 230
fromFig.. 2 is input to a delay circuit 304 and a digital filter
circuit 302. The outputs of these two circuits are 10 connected to

mul tipl exers 306 and 316, whose outputs are connected to nultiplexers :
310 and 318 respectively. Miltiplexers 310 pgeh 18 al so receive signal 230. .
Mul tiplexers 306 and 316 may be sel ected i ndependently; however,

mul tipl exers 310 and 31&,@%@ il RS sel ected together. In thadkEMES,
either the digital data signal 230 " or the filtered/del ayed signals nay_
be selected for ingddet o both seny sg *dgt gevor,) 32 15 sen( & tiy=ngy ,
recovery circuit 3B+t [HcHme, filtered S|gnal i's sélected for "el ther Phe

pul se det ect or Saipled the timng recovery 328, either tha*Pp|l,tered
signal or the del ayed signal nmust be selected for input to the other of
these circuits. Th€ehtlerer 3@BN (et vy .8 byt, i nt® QR i gistlak data, =
signal 230, so if ORE+E{rERL, selects the filtered signal, the_ other
circuit input nust Se@pd&day conpensated by sel ecting 'the derhyﬁﬁesﬁgﬁgh
fromcircuit 20 304 or by also selecting the filtered signal fromfilter

5 Variabl e galn anpllfl nbsder si on nakeSfﬁggbsnall-5|gnal gai n
control - e input - ‘signal li tude
Fig.- S’ShOngg%Q ia “‘ﬂmﬁl

302. The out put of the pul se detector 312 is connected to a
gain control circuit 330 - whi ch prOV|des t he gain feedback S|gnal 232
that connects to Fig. 2. The output of -
Table 2
ACQUISITION PATTERN NOMINAL t, NOMINAL t,
1010... 1-b+c-a
1 Side
Sampled 100100... - 1-b _ 1-b
© 10001000... 1-b
_ 1010... . 2.% (c - b)
Center
Sampled| = 100100... c-b+a c -5
10001000... c -Db
fTable 3

Frequency Detector = SGN(YW1)*(Yd¥Ym2)



t e pul se detector 312 is also connected to the timng recovery circuit 328
whose _. out put ~234 cfMnects to the digital -to analog-: copverter 220 of ’
Fig. 2. The ga£08394 > the pul se det ect or 7812 nmay: al. so_bﬁ_};onﬁé@i/é@%/&)m .

sync mar RLL decod 320, .as:’'shown in Fig. 3, or
a nore sop @E?ﬂ tector (not : shomm) ‘fay-=be-connected to the
sync mark léﬁk& e gdtehe RLL decoder 320. The out put -of the RLL
decoder 320 rk detector 322 are connected to the disk
controller 1 rough the bus 116. 30 The pul se.
detector 312 and the timng recovery circuit. e designed to

process pul ses using one of tmn types of sanpling nethods, selected by the
user. The first aﬁnp ﬁEthOd S caIIed center sanpllng wherei n one
of the sanples taken 4 clain ©dis rive at or near the center, or peak, of a

pul se as shown i 4. The | ocation of t he sanplin |scntrolled_by
the timng recovgr y %I%@Rasgfgtechﬁ forTeafing dy Phass Froor ’ngure“g"m s‘gnq representative of

a difference in phase between a clock signal and pulses within an analog signal, said

3 phase detector comprising:

4 amplitude sampling means for receiving ;aid analog signal and for taking a
5 plut'ality of samples t)f an amplitude t)f said analog signél, said samples
6 ~ being taken at times determined by said clock signal;

7 puise detection means connected to said analog signal, wherein said pulse -

8 . detection means determines a location of each of said pulses;

9 sample selection means connected to an output of said amplitude sampling
10 means and an output of said pulse detection means, said sample
li ' selection means for selecting, for eéch pulse, at least two of said
12 plurality of Samplt:s, wherein s_aid at least two samples have a
13 | predetermined relationship to a location of said pulse;
i4 _ arithmetic mearts for cotnbining said at least two selected samt:les to c':rez_\te :
15 | said phase error nteasurement signal.

1 2. The phase detector of claim 1 wherein said sample selection means further

2  comprises:

3 means for selecting two samples for each of said pulses; and
4 means for selecting a first of said two samples on a first side of said pulse, and
S a second of said two samples on a second side of said pulse.
1 3. The phase detector of claim 2 wherein said arithmetic means further comprises:
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sanpl i ng,
the ti
are t Ak en

peak of the pulse and t
ot her side of the peak as shown |n F|g 5 eF—o
det erm nes whether center sanpling or side sanpling is used

cal | ed side sanpling, the t| n:ing recovery bl ock 328 wi |l adj ust
b 94708394 € suf] =0 nsecutlly &0
erern one of sanp 9 |de o; Hl

ars on the
system
py setting a

DD &
C 'y

bit. in a control register through the interface 116 (Fig. 1).
~ For either centZr or sinlearsdopiubtrgctingaaidifirstgample foome said skeond gamiple tolcfehtersaidt -
time segnents within a data record being read fromthe disk nedia. The

first tine

3 segnent S&W@haﬁgeﬁﬁﬁﬁé&unﬁnmkigﬁﬂ aigjui si ti on node, because

it occurs when the gain 10 control and timng control are acquiring the
gain and tim ngtrel ati omedsifor égatiRg said phaseliérisiSmeabliement Sighsl wikedNa pBRrityegd
head i s passing a preanble portion of the data record whi ch al ways has

a‘known data paggtern to facidaid gl gaeghieet i on of the timng

4. The phase detector of claim 1 wherein said amplitude sampling means comprises .

analog to digital converter means.

5. The phase detector of claim 1 further comprising:
at least one neighboring pulse compensation value corresponding to each
neighﬁoring pulse located within a distance sufficiently close to each
of said pulses to change a shape of each of said pulses when said
neighboring pulse is present;- and
‘arithmetic means for combining saici at least one neighboring pulse
compensation value with said phase error measurement signal when

said corresponding neighboring pulse is present.

6. The phase detector of claim 1 further comprising:
set point storage means for storing a constant value; and
arithmetic means for combining contents of said set point storage means to

said phase error measurement signal.

. 7. A phase locked loop for creating a clock signal in phase with pulses within an

analog signal. said phase locked loop comprising:

amplitude sampling xﬁcans _'for receiving said analog signal and for taking a

* [ L M S *



and gain. \Wen data is being transferred, a different node is used for the
pul se . det ect or dftimng recovery, gated-traicking—stce 3, 0as, an
ireegul a an&‘ggfﬁﬁﬁfls ‘unknown .patt'ert BISHUEEESAS BEEN | q%ﬁugysm_ A0
Therefore, the pulse detector and tining fecoyes elicuits gre designed to

H R e Ty—

process pul mgsepar at e condi tions. The FiTst=ctondition is
acqui siti Jmumml""mmm side sanpling, the second is acquisition node
using centet Sanpling,sthird is tracki ng node using side sanpling, and

fourth is tracking node using MERIE ofSARPIES Hn @fblitude of said andldg sight, §d samples -
recovery circuit analyzes the Igurrg\t ?gﬂ‘pl e of%?phleuarrpl I tude gfigh thénpes

Si I |1 th i : i i Usi
These " "Thressanpl 5. Tabs i SRALE Shetet it B8 KR SHHE overy
rcll r1(::J!s the first 6pr evi ousp dslga}rr%ﬁgé,tﬁn%egﬁI-czmll;’%??dh%aygaé%gﬁgggrsg\&/{%lgﬁéﬂeée;ﬁpqﬁg%um

Sampl e taken a e k. SN | SOREORATEbrT SR Psfien GPEinhe il el °

value. Plerr] hasg a value of /1 if a pulse is detected dur.i S I , and,
Prerr] has o varde o Grmipla sicpifn kan comstiedds o QUPH, AL RN ABRGREE sinpling
t[err], is the acquisition timng set, point, .and t, is the tracking
timng set point?a, b, and c '&?q?sc%‘fs?'hﬂ‘g’"ﬁs‘gclsa{dgp&'a? (figtectigp means, spid sgmple
pul ses. The equations of Table 1 will be further described bel ow, Al so, the,
30 equations of0 Tabl e 1 assuiiecon smeape{@cesiesting: forjgagh pubse, 3t Jeast dwqueb said
peak occurs ) '

11 plurality of éamples, wherein said, at least two samples have a
12 predetermined relatiqnship to a location of said pulse;

13 arithmetic means for combining said at least two s;elected samples to create a
14 phase error measurem.ent signal.

15 _clock signal- genera.t'ing- means having an input cdnnected to said phase error
16 measurement signal, and having said clock signal as an output, wherein
17 szﬁd phase error meésurement signal controls said clock signal
18 generating means to cause said clock signal output to sample said
19 analog signal at a predetermined time relationship to a location of each
20 of said p'ulses;

1 8 The phase locked loop of claim 7 further comprising filter means connected
2  between said phase error measurement signal and said input of said clock generating

3 means.

1 9. The phase locked loop of claim 7 wherein said amplitude sampling means

2 comprises analog to digital converter means.
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at tinme y[err], for center sarrb.ling, or between y[err] and y[err] for side

sanmpling. The circuits (\of Fi gs. 911 B-OCesSes—w al samples

si mul faneoygy Ya/083R equatl ons for the TIRISCIHEE TSP B et RETAISA3/0%110
t he equations of with one t| rre 'eI ay. RERURLE fior exanpl e,
y[err] in Tablel ﬂm\ \ ﬂ Ty ert] wouia be repl aced by’
y[err] and |‘ Id be replaced by y[err]

Fig. 4 shows a signal *wavefor th o an isol at ed pul se and illustrates center
sanpling of the pulse. Referring nowto Fig. 4, a S|q<nal wayvef orm 402 i.s
shown having 1 10. The phase locked loop of claim 9 w erein said cloc generatmg means comprises

2  variable frequency oscillator means, and wherein said phase error measurement signal

3 adjusts a frequency of said variable frequency oscillator to cause said clock signal |
4  output to sample said énalog signal at said predetermined time relationship to said
5 location of each of said pulses.

1 11. The phase locked loop of claim 10 further comprising digital filter means

2  connected between said phase error measurement signal and said input of said

[¥8 ]

variable frequency oscillator.

1 12. A frequency detector for creating a frequency error measurement signal
' 2 representative of a difference in frequency between a periodic analog signal waveform

3 and a clock signal, said frequency detector comprising:

4 amplitude sampling means for receiving said analog.signal and for taking a
5 plurality of Samples of an amplitude of said analog signal, said samples
6 being taken at times determined by said clock signal;
7 sample selection means connected to an output of said amplitude sampling
8 means, said sample selection means for selecting two of said plurality
9 of samplés séparated by a predetermined number of samples;
10 ' arithmetic means for combining said two selected samples to create said

11 frequency error measurement signal.

1 13. The frequency detector of claim 12 wherein said arithmetic means further
2  comprises:

3 means for adding a first of said two samples to a second of said two samples

e
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four sanpl es t aken withd;_he sanple identified by re]l‘(rge\grence 412, at tinme n,
being the 5 et sanple. Sanple 410, at tife n-1, is th
just prior tomt/?%g? : recent sanpl-e;=-sanppte-408=F5he. ﬂexfls épflg]\%ggﬁos 10
sanpl e and sanp 6.is the ol dest ' ofiz2he=Tour Sdmplies shown.

Negati ve pul ses ,MB”MH&MMa mrror imageof ‘Fig. " 4. The sanples
taken of the pul Oilident i fied as *a", "b", ™1", and "c". Sanple
"a" occurs at tine n-3 of each pul se, sanple "b" occurs at tinme n-2 of each
pul se, 10 sanpl€ "1", occur sttrestensidfrequedcyenon meabwementsignalpbe " c”
occurs at tine n of each pul.se. The sanple | abeled "1" is so | abeled .
because the gai nScircui t medpsfor aegf]alﬁﬁg k£d €lequency eftbr mehsurénieitIsipnhOwiRen P VAIBALE
val ue of 1. Fig. 5 shows a signal waveform of an isol ated

pul se and illustgates side  said paoalid viireRirmidd @ phetles?mifRaltffd beloeBPWid Selected
Fig. 5 a signal waveform 502 is shown as a 15 positive |evel above a

basel i ne 503. Fopur sanples ar @nillQwdessMhah al EddBlindheihold. sanpl e

bei ng sanple 510. Sanple 508 is the sanple previous to the nost recent, 506
is the next previous sanple and sanple 504 is the ol dest of the four -

sanpl es shown. These sanples are also identified by the tinme
references n thrpughyn-3. I gS. . 7 ef Q nd
sample tinmes for a ftypi%aflreqélﬁ??elof: lgc)efd lsologeﬂaznlggﬁﬁa%g%?g%ﬂ%\go\ép% icgl‘%’? s‘?gnal to a
rTSEf)gCtll. vely, arii_ be‘eldeég?mllﬁﬁg Cém;[lt?plé lolf Lﬁ% %r%tql?e,ntqt1 %f %qp%?itoldf_():nuslpu hv?Meféan signal, said

3 frequency locked loop compri:.‘»ing:
4 amplitude sampling means for receiving said periodic input waveform signal
5 and for taking a plurality of samplés of an amplitude of said periodic
6 : ~ input waveform signal, said samples being taken at times determined
7 by said clock signal; -
8 sample selection means connected to an output of said amplitude sampling
9 means, said sax’nple selection means for selecting two of said plurality
10 - of samples Separate& by a predetermined number of samplés;
11 ' larithmetic means for combining said two selected samples to create a
12 frequency error measurement signal; |
13 variable frequency oscillator means having an input connected to said
14 L frequency error x;leasqremeni signal, and having said clock signal as an
15 output, wherein said frequency error measurement signal adjusts a
16 frequency .of said variable frequency osciil_ator to cause said clock signal
17 output to sample said periodic input waveform signal at said
18 predetermined multiple- of the frequency of said input periodic
19 waveform signai.
—
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Referrlng now to Fi gmﬁvﬁn—ﬁe%ls shown Wlt_h

AR A N o

n=1, and-n, respectivel*y. cBecaus s
belng used, pul ses can never occur at tmo successi ve sanpling times,

t hus pulses must be separated by at |east two sanple tines. - Ther ef ore,

the pulse illustrated by dashed |ine 604 is the closest a pul se could occur

prior to the pul set560Pheafrdqueney putkakldogesttdldiinettt fuythda soraprising digBibfilter méans -
earliest anot her pul se could occur after the pulse 602. 30

Consi dering the sigdanétetd betwetn Glidngha8€l erfor fieRhirehfeht Sighal aid BaﬁHSﬁpﬁlOaf sgida
symmetric isolated pulse, that is, neither pulse 604 nor pul se 606 occurs,

t he phase 3er r@hamelﬁlqugw;@,gémdtér t he value of the sanple taken at n-2,
that is, the "b" sanple, is equal to the value of the sanple t aken at
n+1, that is, the "1" sanple. This result is shown in the side sanple

trracki ng equation as y[err] - y[err] where y[err] represents the sanple
' ' 1  16. A timing recovery circuit for determining a clock signal from a data signal from

2  adata storage device or a data signal from a data communications device, said timing -

3 recovery circuit comprising:

4 multiplexer means coﬁhected to select said data signal or select a
5 predetermined freqﬁ_ency periodic waveform signal;
6 ' signal selection means coﬁnected to said multiplexer means for causing said
7 ' multiplexer means to select either - said data signal or said
8 . predetermined frequency periodic waveform signal; .
9 ' amplitude sampiing means connected to an output of said mulfiplexelr means
10 for taking a plurality of samplés of said output of said multiplexer
11 means, said samples being taken at times determined by said clock
12 signal;
13 pulse detection means connected to an output .of said amplitude sampling
14 means, wherein said pulse detection means determines a location of
15 pulses contained in said input data when said signal selegtion means
16 | causes said multiplexer means to select said data signal;
17  sample selection means conngctcd to said signal selection means and an
18 output of said amplitudé sampling méans. wherein said sample
19 - selection means selects two samples for each pulse in said input data
20 when said sighal selection means causes said multiplcker means to
21 | select said daia signal, said two samp'les having a predetermined
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10 value at tine-x. Since pul ses can occur 4N both positive and

negative di r el 9res3gihd _ sign of y[err]= POTAUS93/C. 110 |
- equation tom sarrpl e val ugsTHiEhetE=T Has BEBN I he equation

SGN (y[err]) wiI'l gijee t heephaseperrorfifor a
symetric isol mﬂ ‘tll ﬁm phase error W-Hr—be—ZeFro =4 the peak
a

of the pul se oecurs eX the center between the "b" and "1" sanpl es,

and will be non-zero if the peak is offset fromthe center. If the peak is
of fset left 22 of center, t hedatiqnshipatopk dosativneofvsaid phlsehamthatherdimsaidhsample -
“1" sanple value, resulting in a positive phase error value, and if
the peak is off s ri ght of cesslestiontmheans belectsitwsl sanipdes\aflsaid nmditttemnd:d)ﬂnaquency
than the "1" sanple value, resulting in a negative phase error val ue.
24 periodic waveform signal when said signal selection means causes said
25 multiplexer means to select said predetermined frequency periodic
26 waveform signal, said samples being separated by a predetermihed
27 number of periods of said clock signal;
28 arithmetic means for combining said two selected samples to create an error
29 measurement'signal; and
30 variable frequency oscillator means having an input connected to said érror
31_ E measurement signal, and having said clock signal as an output, wherein
32 said error measurement signal adjusts a frequency of said variable
33 frequency oscillator to cause said clock signal output to sample said
34 periodic input waveform signal at a predetermined time relationship to
35 said output of said multiplexer means.
misllsﬂiﬁlilailfeinlieﬂliCEd




There are many factors tha('-may cause a pul se to. he aSLﬁmEtI’I ¢, including

nmagnet.i«, . 0¥On®e#/08394l , and ‘el ectronic factors. .Beca 'e,_?jf tjrns— $93409110
asymetry, the termt[err] is introducediinto T.he; 'e'qg“af*ré The val ue
for t, wll m n y 15  cali bratdsng lit-he--devi.ck .,..':':ho_vveve‘r Table 2
shows nom E[mﬂ I Imm rr] for different types of data patterns
used during ‘acdui i tfonsS Therefore, tNSENDGDALLAIMS SN (y[err])

* (y[err] - y[er [ 8 r
sol fted. poss: [Irr]e):exve;eqn% the tr?terﬁéfl%jaiez%rc?f@eiﬁc i) qf?éédgg)fg“gﬁfbht
have occurred two sanpl e t| rresr &d ]p Htects of
this pul se nust be considered in t e equat 1 ons eqr '+ c¢c * Plerr]™
accounts for the effects of the pul se 604. Sarrpl e "c" of pul se 604 occurs
at the sane 1 tli. fe phase sigieptor fothcreating puphsse OO, madstemERys elgnalfrepm@nenwasvf
a peak detected at tine n-2, i.e. p[err] is one, the phase error is'
corrected by addi ng differemnst mrphaseabemem 4 olook igedl and gulses withihah analog| signal, said
pul se 604. This constant value is determ ned by calibration of the device
25 and is inpgt tphadehdetédtor Cebmiprisingough the interface 116 (Fig. .1).
Simlarly, a pulse could occur two sanple tines after pulse 602

represent ed 4 1n Flgm@hﬁnepddinﬁﬁng?&@anﬁa& rbd2ivengP st Bnald §1g n#l"and P htfkin,

occurs at the sanme tine as sanpl e of pul se 6 Therefore, the |

phase error is gorrected by ?HHLI{@BH 162 of an am@ﬁﬁ&é ¥ baid ﬁ:'ialéé slgﬁﬁ,rs‘ixd' samples

pul se at tinme n+2, i.e. if Plerr onstant val ue |
6 _ _belng taken at times determined by said clock signal;
7 pulse detection means connected to an output of said amplitude sampling
8 ' means, wherein said pulse detection means determines a location of
9 | each of said pulses;
10 sample selection means eonnected to an output of said amplitude sampling
11 - means and an output of said pulse detection means, said sample
12 selection - means for selecting, for each pﬁlse, at least two of said
13 plurality of samples, wherein said at lcaet two samples have a
14 predetermined relationship to a location of said pulse;
15 .' arithmetic means for combining said at least two selected samples to create
16 - said phase error measurement signal.

-1 2. The phase detector of claim 1 wherein said sample selection means further

2 comprises:

3 means- for selecting two samples for each of said pulses; and
4 means for selecting a first of said two samples on a first side of said pulse, and
5 a second of said two samples on a second side of said pulse.

This Sheet Has Been Rep

a0 llll



30 al so determ ned by tion of the gevicegad-tpput..t o the circuit
through the y, 94/“1;98”4@!‘ ﬂlmm" ‘I THIS 5040 -The peaN 'P@I‘fUﬁ 2o
sanpl e ach|S|t|on node e S|@§ saHﬁPeAUED tragcki ng nna '
equation, except that the correctlons for 6 need

‘not occur. These corrections are unnecessar§6 because in acquisition node

‘the data pattern is known, since the sane preanble is

witten before every data record.
1 3. The phase detector of claim 2 wherem said anthmetxc means further compnses

2 means for subtracting said first sample from said second sample to create said
3 phase error measurement signal; and

4 | means for negating said phase error measurement signal when a polarity of
5 . said pulse is negative.

1 4. The phase detector of claim 1 wherein said amplitude sampling means comprises

2  analog to digital converter means.

1 5. The phase detector of claim 1 further comprising:

2 means for storing at least one neighboring pulse compensation value, one said
3 | -neighboring pulse compensation value corresponding to each
4  neighboring pulse located within a predetenﬁhed distance to each of

' 5 said pulses; and

: 6 . neighboring puise arithmetic means for. combining said at least one
7 neighboring pulse compepsation value with said phase -error
8 - measurement signal when said corresponding neighboring pulse is
9 present. |

1 6. The phase detector of claim 1 further comprising:

2 set point storage means for storing a constant value; and
3 set point arithmetic means for combining contents of said set point storage
4 means to said phase error measurement signal.

: 1 7. A phase locked loop for creating a clock signal in phas.e with pulses within an
—_— T
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THerefore, the entire conpensation for—asymetey_and izL o
i nt er f er encW@ a#/08394 Hﬂ,ﬂ ' i th allsthng s-tar g Beex] (PCTAUS23/89110
shows noninal val ues f 'mm" ,‘m m’ it hr eereEppaRGEDT "acqyi sition

*

patterns used in the présefit Fnvents or. Thi $ 5= is al so
determ ned by calibration of the device and input to the circuit through
~the interface 116 (Fig. 1). - Fig. 7 shows waveforns when
center sanpling,is _heing. used.. Tabl ows .. the center sanpling )
equations, and fhe ?ﬁgﬂg”éaﬁﬂﬂ %‘Hseai‘ﬁ%"r‘ép’@c?ﬂm@aﬂ%ﬁ'i on is very si.m | ar
to side sanpled,jacquisitio guation, except that in center sanpling the
"b and 10 "c"’sanples aﬁpﬁﬁgﬁﬁa‘ﬁ%mﬁ’é Eé?Pe’cVH‘gdﬁfdeW?&%es‘Hﬁééédégf gaking a
Therefore, the center sanpl ed acquisition equation _substitutes y[er rl]
for the y[err] fn the side sRialityobsagpiesiof apamplitude of said anplpg signal, said samples
The center sanpled tracking equation incorporates the sane kind of )
adj ust nents tha® were i ncor pbeiag daken rat times determinest by szipiclock signali si ti on
equation, but 15 the details differ. As shown in Fig. 7, a pulse 704 can
overlap the pul 6e 702, agnise idetection michmss carmecteds,totdneoutmit efisgid amplityde| samphfg
overlaps the "b" sanple of pulse 702. Therefore, the center sanpled
tracking equati®n adds the t efeans, wherein i@ palsé deection meaBNPR&ffhe & ddcatitie of -
pul se 704, where c is the sane constant described for the side
sanpling equati®ns. Simlarl yachpsflsald ptiies;can overlap pul se 702 and the
center sanpl ed '

9 sample selection means‘ 'coxmected to an output of said amplitude sampling
10 _ means and an output of said pulse detection means, said sample
11 selection means for selecting, fo; each pulse, at least two of said
12 plurality 6f samples, wherein said at least two samples have a
13 predetermined relatioﬁship to a location of said pulse;
14 arithmetic means for combining said at least two selected samplés to create a
15 ' " phase error measurement signal.
16 " clock signal generating means having an input connected to said phase error
17 ~ measurement signal, and having said clock signal as an output, wherein
18 ~ said phase error measurement signal controls said clock signal
19 generating means to cause said clock signal output to sample said
20 analog signal at a predetermined time relationship to a location of each

- 21 of said pulses. | |

1 8. The'phase locked loop of claim 7 further comprising filter means connected
2 berween said phase error measurement signal and said input of said clock generating

3 means.
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20" tracking equatlon adds the term"- b * P[ err. 1 tqﬂ*c;oqp &gte for the

pul se 706, Wheys94/08394 kuﬁmmmm”ﬁwe determ Regrhys raPttmusésxcauo
the device and input to t hr ough ..t-he- mte{f—aae-—lérﬁ )
1). In center sarrpl ing, & third. pail se, 708, can also overl ap
the pul se 702. One possi bl e vvay to conpensate for the pulse 708 woul d
be to subtract a constant "a" tinmes 25 P[err] However, this requires

that the detector wait at |east three sanple timnes bef or e detern ni ng
t-he phase error fbr PheTbm@ése?d@keMO%SRwlwn TFivherein spideamplitide spmpling means
"a" sanple for pulse 708 will typically be very small for center sanpling.
Because it i veompristniahalog bo digital canveiter msamsquat i on can be deferred to
a later clock cycle wthout : much consequence. \Wen deferred by three
sanple times, the correction "- a * Plerr]" 30 may be included in the .
phase error equation- for the next pulse (at tinme n+3), at. which time

it is included as1"- 1@ Theﬂiraser lockedTibey of elhitn 9 Whereinesaideslockageptrating nans cognprises
equation includes the term"- a * P[err]" to.provide conpensation for pulse

708. 2 Fi S}ana%lesﬁ'&gén@ RLidakr HeaB! il Wherdih Qaiti iphise Brio? afdQirdment signal
circuit 328 of Fig. ef erring now to Fi g. 8, the timng recovery

circuit 328 is shpwnfiayi ROfdquency of said variable frequency oscillator to cause said clock signal

4  output to sample said analog signal at said predetermined time relationship to said

5 location of each of said pulse:s.

1 11. The phase locked loop of claim 10 further comprising digital filter means
2  commected between said phase error measurement signal and said input of said

3 variable frequency oscillator.

1 12, A frequency detector for creating a frequency error measurement signal 7
2  representative of a difference in frequency between a-periodic analog signal waveform

3  and a clock signal, said frequency detector comprising:

4 émplitude sampling means for receiving said analog signél and for taking a
5 | plurality of samples of.an amplitude of said analog signal, said samp}es
6 _ being taken at ti;nes determined by said clock signal;

7 sample selection means connected to an output 6f said amplitude sampling
8 | means, said sample selection means for selecting two of said plurality
9 of samples separated by a predetermined number of samples;

10 o arithmetic means for combining said two selected samples to create said
11 frequency error measurement signal, said arithmetic means comprising
12 : means for adding "a first of said two samples to a second of said two
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12 ' phase/freque whi ch is_.connected to a |l oop
filter 808 twopyRg30e um . eedback gji gpal lZST S
phase/f?equency detecto I H e out put ?314’% SHEE ‘(’J‘FS BBEN 893/09110

détector 312 (Fig. 3). As di scussed above angh i Zrlte“e’é}hatlo 5 of

Table 1, this is the signal "P'. The phase/frequency det ector | so
receives the data 5 sanples 320 which may have been selected fromthe raw
data sanpl es 230 or after bei ng del ayed by the delay 304 or filtered

by the digital 18ilter 302. |n addisamples totcieate said frequiensyedrioranessuremente signdl ind
802 receives an acquisition/tracking signal 810.which tells the
phase/ frequency4det ect or 802 mdant firnegaringi siid frequendy errorc kessyremmesie -dignab @hew a

used. Al so, a read/lock signal 812 tells the phase/frequency detector
whet her data i 95bei ng : value of said periodic waveform at a predetenmned_ time
' 16 " between said selected samples is less than a predetermined

17 threshold.

1 13. A frequency locked fdop for Iocking the frequency of a clof:k signal to a
2  predetermined multiple of the frequency of a periodic input waveform signal, said

3 frequency locked loop comprising:

4 amplitude sampling means for receiving said periodic input waveform signal
S | and for taking a plurality of samples of an amplitude of said periodic
6 ' input waveform signal, said samples being taken at times determined
7 by said clock signal;

8- sample selection means connected to an output of said amplitude sampling
9 means, said sample selection means for selecting two of séid plurality
10 of samples separated by a predetermined number of samples;

11 arithmetic means for combining said two selected samples to create a
12 frequency error measurement signal, said arithmetic means comprising
13 means for adding a first of said two samples to a second of said two
14 ' : samples to create said frequency error measurement signal, aﬁd
15 _ means for negaﬁng said frequency error measurement signal when a
16 ' valge of said periodic waveform at a predetermined time
17 between said selected samples is less than a predetermined |
18 threshold;

19 variable frequency oscillator means having an input connected to said
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10 read fromthe system m'm H]m ete- " ﬁ &l eference
mode. w09410839ak t““ﬂ *Hll gg*st V\ﬁgﬁhég‘g S Fge%rwst i nggf'mm.

‘the VFO 222 (Fig. * c aLnomi na
‘féad and thus rrinlmze the initial fre cy error when reading of
data is started. This is acconplished by creating a periodic

"reference signal at a precisely controll ed frequency equal to one fourth of
“the 15 'nominal sanple rate.” This signal is connected through anal og

ful ti pl exer 203 2&ig. 2) , frequencyt eveor megaspment t fignshapd hamreassalwe& figral asan -
-readlng data, this reference signal my be used to set the VFO at the
moni nal frequencdl outpus b (whe®ins Isaidsfraguency gerser mwashirpment esignal adjusts -a
f.requency detection, when the - phase/ frequency detector 802 is acting

as a frequency d2 ector. This freguesdycof said vamabje f2Guendynostifiator to ¢alse saightlegk signal
sanpl ed acqui sition phase error equation, except that the sign of

y[err] is reverszz and the t[esuputt @5 Msantpler bsaintperiodic t inputVFAvVERZmi Signal at said

sanpling at the correct frequency, every other sanple w Il have the

sane nmagni tude, fyt opposite ipreddtdihined mulfﬂ?l@r 6f Qli@ fréqlfueﬂc?e of/Faid? 2rput Spenodlc
sanpling at the correct frequency, y[err] ylerr] be zero. :
the VFO is |ow igfrequency, t{gek S negatlve and if the VFOis

hi gh, the 25 result is pomhveeﬁ%énal Figs. 9-12 show a |l ogic

bl ock diagram of the circuit for the phase/ frequency det ect or 802.

Figs. 9-10 show the circuit for determ ning phase and frequency errors
1 14, The frequency locked ibop of claim 14 further comprising digital filter means

2 connected between .said phase error measurement signal and said input of said

3  variable frequency oscillator.

1 15. A timing recovery circuit for determining a clock signal from a data signal from
2 adata storage device or a data signal from a data communications device, said timing

3 recovery circuit comprising:

4 multiplexer meaﬁs connected to said data signal and a predetermined
.5 ﬁequeﬂcy periodic waveform signal;

6 signal selection means connected to said multiplexer means for causing said

7 : multiplexer means to select either said data signal or said

8 : . predetenﬁined frequency periodic waveform signal for output;

9 . amplitude sampling means connected to receive said output of said multipiexer
10 ' : means, said amplitude sampfing means for taking a plurality of samples
11 of said output of said multiplexer means, said samples being taken at
12 times determined by said clock signal;-

13 pulse detection means connected to an output of said amplitude sampling
14 - means, wherein said pulse detection means determines Ia locat_:ion of

-_—
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during acquisition node, and Figs—%+i-342-show the e =—fd-er-determ ni ng
phase e,rrorsivo94/08394tra uency err r$4 b e dg«%ﬁ?mgm
duyring”acqui sition node. HMH BH{,E’chrred enmb@di ment af_fntaa preslqh
invention, two sanples are proce si3tul t aneouSTy-=F st he
processing of the first sanple in acquisition node, Fi g. 10 shows the
processing of the second sanple in acquisition node, and Fig. 10 al so
conbi nes the results of Flg 9 and 10 for acquisition node. Simlarly, Fig.
11 shows t k& processing B sqsrr@nme@tm%ﬂma@ signal wher s#ig smelleselemxgx ne2ns -
shows processin?6

causes said multiplexer means to select said data signal;

17 sample selection means connected to said' pulse detection means and
18 : | connected to an output of said amplitude sampling means, wherein said
19 sample selection'.means selects two sa;mples for each pulse in said data
20 signal when said signal selectioﬁ means causes said multiplexer means
21 to select said data signal, said twd sambles having a predetermined
22 _ relationship to‘.a location of said pulse, and wherein said sample
23 selection means selects two samples of said predetermined frequency
24 i)eriodic waveform signal when said signal selection means causes said
25 | : multiplexer means to select said predetermined frequency periodic
26 ' wavefoﬁn signal, said samples being separated by a predetermined
27 number of periods of said clock signai;
28 arithmetic mean; for c'ombining said two selected sami)les to create an error
29 measurement si_g_nal; and
30 o variable frequency oscillator means having an input connected. to said eﬁor '
31 measurement signal, and having said clock signal as an outplit, wherein
32 ' said error measurement signal adjusts a frequency of said variable
33 frequeﬁcy oscillator to cause said clock signal output to sample said
34 predetermined frequency periodic waveform signal ata pfedetermined
35 time relationshipl to said output of said multiplexer means.
I —
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ok the second sanple in t(acklng node, and Fig. 12 aI?e conbi nes the
a

resul ts. of yid3/08394

nd 12 for tracki ng node. PCTRUS83/09h1)

now td | Flg 9, the circuits surrounded by dashed |ine 917 partially

sél ves the equations for side and center sargpling acquisition node and
frequency 5 detection to produce the result of: ' SGN (y[err])
* Ylerr] + tlerr] for phase error detection and SGN
(Y[err]) * Y[err] for frequency detection. 10 Mul ti pl exer
912 selects either y[err] or the inverted value of y[err] based on the sign’
of the data input y[err] Adder 914 then adds this result to t[err] for

phase error .det.ect.i.0n..ccccoeuvenns OF-- 28k 0.. £ 0k .. f requengy--det-eet-i-on;--anc-del ay
circuit 916 idel.ays. the Lesult. by, . Lwo. . LinE............ perlods so that signal 918
becomes SGNi(y[errl).x.ylerrl. .+ tlerrl. or. SGN (y¥[err]) * y[err]. + 0. |

The circuit
equatlon
acquisition:

gsurrounded by dashed line 931 produces t he other part of the 15

Do ﬁGN-éy%GLL+\ * y[erri 0P si de sanpled
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- =SGN (y[err]) * y[err] for center sanpled acquisition node and: 20

+ SGN (y]er A rr] (— for frequency detection.( '
sanpl i Hg re\gé)gr%%ﬁélsblgs bei ng used, AND circuit 923 and mul t-i pl expecr'TnJgg?jdﬁl?0
circuit 928 select y[err] for input to the EXCLUSIVE OR circuit 930. If
center sanpling or lock to referef€¥ node is being used, these.
circuits select y[err] for input -to the 25 EXCLUSI VE OR circuit 930.
EXCLUSIVE OR .circuit 927 uses the sign bit, that is, bit five, of -
y[err] and the READ/ LOCK signal 812 to detern ne whether the out put of -
mul tipl exer 928 should be inverted and a sign bit of one input to adder
934. "I f read node-is being used and the sign of Y[err] is positive,
the output of nultiplexer 928 | isqdnygrted.and a sign bit gicone is
i nput to adder 934. If frequenfy¥ nodem s|bei ng 30 used and é—’jsi gn of
ylerr] is positjve, the miltip er ofi is not inverted, a § sign
bi't of zero.is< nput to adder=f34.™The_ollput of EXCLUSI VE OR=dcuit 930
and the dut put- of invert *U-’938 FeiXput [to the adder 93Z|Which adds
t he out put of ¢p EXCLUSI VE iﬂci,rc t , @¢nd carry bit 938- t he
signal 918 to produce the p%sa 18 or [frequency err Jal ue on
si gnal’ 936. Bécause of the ®RJ US| VE [a) o~
N . (D g..oo---.--c-----co.-----.-. ®sccvccscsssccsrsrafeafeccsrserrnrasnancsnececsetsrssssscocnassorfecrnrnns
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14 circuit 930 inyerts the output of nultiplexer 928, and inverter
932 creat e§¥§ g@rsﬁ% bi t 933, adder 934 sonetimes perforns pgubtsesionPro -
Fi.g. 1D per P- e same function as Fig. 9 to- produce a -phase or

frequency error signal 1036, however, it uses the previous sanple as
input, and then it combines 5 the phas¥/'frequency error.outputs 936 of
Fig. 9 and 1036 of Fig. 10. The previous sanple inputs to
mul tiplexer 1012 are Y[err] rather than the y[err]
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imputs to multiplexer 912,~as are the inputs to nultyplexer 1028 and
EXCLUSL VE ORO 94/08394r cui t* 1027. The result is that signal 1036 F&IAUF83/09110
pHase/frequency error for the sanple previous to the sanpl e processed
by Fig. 9. The circuits of Fig. 9 and Fig. 492 in 10 conbination, process
two sanpl es sinmul taneously. : After the two phase/frequency

errors are determi ned, the NAND circuits 1038, 1040, and 1042 conbi ne
the signals to produce the output 1044 which is sent to Fig. 12 to be
conbined with the tracking node signals before being sent to the |oop

filter 808. The NAND circuits 1038, and 1040 sel ect eit.her the out put
936 fromFig. 9 or 15 the output 1036 fromFig. 10 dependi ng upon. whet her
a pul se occurred-at time n or at time n-1. These outputs are then

connected to NAND circuita1042 whikh producks the output 1044. .

Fi,gs. 11-12 show t he phasg/frequency detect
- Referring nowto Fig. 11,} NAND ci ricyi
for center 20 sanpling. For side
is zero. Miltiplexer 1114 sel
occurred at time n-2 or "{HO6G]" ajo

or circuif for tracki ng node.
the term"-a * Plerr]"
[ of NAND circuit 1106
efy{2if a pulse

;unot occur at

time n-2. There are separ@t’e set ppi (a on node and tracking
node. The term"a * Pl[err|' is subyracted ffomthe t put of . nultipl exer
inverted the val ue

1114 by using - t he output of KAND gate [L106, whi
of "a", and inserted a sigd402 . :

404
/\J

n—-3 n-2- n—1 n

FIG. 4

aQ b 1 c
504 -
/\I /\
502 510
506 ~
/J
508
. r~ )
/ 503 - \
n—-3 n—é - n—1 . n

FIG. 5



- 25 bit of one into the der 1118 through signal 1187 as well as a carr¥
bit of one wo 94/68308ugh $ignal 1147. Therefore, signal 1120 redCHa[H93/09110

."q[err] +c * Plerr] - a *P[err]" . al though the term™-a * Plerr]" wll
only be present for center sanpling. 5/12 Mul ti pl exer 1124 sel ects
the value y[err] for center sanpling and y[err] for side - sanpling and

inverts the value before sending it to adder 1122. A carry bit of one is 30
input to the adder 1122 through signal- 1121 to cause either y[err] or
ylerr] to be subtracted fromy[err] signal 1020. EXCLUSI VE OR circuit
1126 adjusts for the sign of y[err] and adder 1128 conbines the result
with signal 1120 to produce the partial equation:. SN y[err] *
(‘y[err] - y[err]) + t[err] + c * Plerr] - a * Plerr] Al t hough the
term"-a * Plerr]” will only be present|] for center sanpling. Delay circuit
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1130 delays this result b

subtracts wo 9g083var th
"R for center sanpl i ng,

1140. Mul ti pl exer

const ant a

two sanple tinmes and then

for side sanpl

out put -

T
before sending the result to nultiplexer

1140 sel ects either thé/12

der circuit 1138
or thpPCTAUSI3209110

of delay circuit 1130

or the output of adder circuit 1138 dependi ng upon 5 whether a peak

occurred.at tinme n.
adder 1128 by two cl ock cycl es,
Plerr} and therefore
shoul d be added in. Therefore, output
tracki ng equations of Table 1 for the
is identical to the circuit of Fig. 11

si- gnal

Since delay circuit 1130 has del ayed the out put

Pl[err] 1046 act

det erm nes whether the constant terns a or

1142 is the solution to the

current sanpl e.

of
ually represents
b

Fig. 12

except- that the sanpl €s used are 10

del ayed by one, and additronal circurt
errors. For
one sanpl e behind the
Ther ef or e,
equati ons of Table 1 del ayed by one sa

‘Xe

exanpl e, the inputs tp ultiplexer 12

inputs to the GQU|vaIent Ci

the out put 1242 provides the Qplutlon
1p|e tlﬁE\sU

Xr'sts to conbine the two phase

24 and adder 1222 are
rcuits in Fig. 11.
to the tracking

Fig. 12 then

conbi nes the phaseerror resufts 142
respectively, to provide the phase/fref
loop filter.

Mo~ 1242 or <1 gs.

mgncy det ectdK_

TT and 15 12,
outpup 816 to the
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.The NAND circuits 1244 and 1248 sel ect, t he out put 1;?2 of Fig. 11 or the

out put Fig. (12 dependi ng upon whet her pul se ocqqnyggggmgfuﬁe
n=2 or' tlﬁgaﬁaé%38 ThIS result is sent to NAND circuit-- 1246 which
produces the output 1250 which is conbined with the acquisition ‘mode
signal s before being connected to the | ddp2filter. 20 NAND -

circuits 1260, 1262, and 1264 sel ect the acquisition phase/frequency
~error signal 1052 or the tracking phase error signal 1250. dependi ng upon

t he TRK/ ACQ signal to create the phase/frequency circuit - output 816
which is sent to the loop filter. Fig. 13 shows a diagram -
of the loop filter 808. The z-domai n transfer function 25 of this filter

i*s : Flerr](2) (c[err] *.z * (z - 1) + cl[err]) / (z * (z - 1))
where z[err] represents a delay of t channel bit intervals ( each

1/f[err]) because this digital.......... fli.l.t.er...aper.at.es..at one-half the

channel sanple rate. Coefficients c[erfr] 1302 and c[err]. 1304 are

i ndependent |y programmabl & for acquisfti on and trackﬁng. For lock to
reference 30 node, c, isiset to ZrQ@land c[err] is iindependently

programuable. A neans is gl so EE leded to change the si gni fi cance of
the loop filter output betiween acqm&;on and tracki ng nodes since
the appropriate range and ‘resol uti frequency contr ol depends on

whi ch node i s used. Separqte regi stqiyq are provided for each node to
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facilitate this change. IZEe+ay el enent 1306 is used f?r\pl pelining and has
little,ef.f O 94/08394 . PCIZUS93/09110
onthefllter response. ’ A linear discrete-tine’ approxmatlon
to the open | oop transfer functi.on of the8/12 |oop is

Ferr](z) (K[err] * Klerr] * (c[err] * z[err] - cl[err] * 7z +.cl[err]) [/
(z[err] * (z -1)[err]) 5 where Klerr] is the gain of the phase detector
(whi ch depends upon the pul se shape), K[err] is the control gain of
the VCO and n is the nunber of (2/f[err]) clock delays in the |oop.
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Havi ng thus described a g;gsently preferred enbodine?L\of t he present :
I nventi on, } ] ow bd appreciated that the aspec{s of the | ' :
have béen Wlﬁ ?)ff"%“n achieved, and it will be understood by t hg?g?g%?ﬁp%l&o
in the art that many changes in 10 co ;iéuction and circuitry and.w dely

di ffering enbodi nrents and applications of the i nvention wi |l suggest

t hensel ves without departing fromthe spirit and scope of the " present

i nvention. For instance the invention could be inplenmented with anal og
circuitry in place of nmuch of the digital circuitry of the preferred :
“enbodi nent. - The di scl osures and the description herein are intended to

be illustrative and are not in 15 any sense Iinitkpg of the invention,
nore preferably defined in scope by the foll ey ng < cl ai ns.
' _ : < _
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17 Table 1 qui sition

Tr.acki ng S@r94/08394 SGI\G[ err])*(Y[err] Y[err])+t[err] SGN PETAU$93/09110
(YFerr]-Yerr] Sanpled ' -+ . -a*Plerr]
Cent er - SA\([err])*(Y[err]-Y[err])+t[erosh2 SGN (Y[err]) * (Y[err]

Y[err]) +t[err] +C*P[err] Sanpled
-b*Plerr]-a *Plerr] ' :
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. -
Tabl e 3 Freque
q ncy Detector = SON(Y[err])*(Y[err]+Y[err])
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ClAl M5 ‘\What is claimed is: 1 1. A phase detector for creating a

phase error neasurenent signal representative of 2 a di

. bt ween a cl ock signal and pul ses within an anal og si gnall ,ReFdind eMENT SHESE
s for receiving

detector conprising: 4 anplltqde sanpl i ng nea
said anal og signal and for taking a 5 |D&éﬂi.yggingﬁﬁ _____
sanpl es of an anpliitude of said anal og signal, said sanp :
bei ng taken at tines deternined by said clock signal; 7 _ pul se
det ect on means congififde RRbGYERY CREDETHBR SYRCARONBUS
WAVEFORM SAMPLING
FIELD OF THE INVENTION

This invention relates to computer systems and more particularly to data

5 storage and data communication devices within such computer systems. Even more
particularly, the invention relates to apparatus for recovering a synchronized clock
signal from an analog waveform being read from a recording medium of a data storage

device or being received from a data communication device.

BACKGROUND OF THE INVENTION

10 In a magnetic disk or tape data storage device, data is commonly stored on a
magnetic medium by saturation recording in-which each ‘portion of the medium is
magnetized to the point of saturation in one of two directions. The data to be stored
is typically encoded to'setisfy certain constraints and the encoded data is used to
modulate the direction of magnetization. In a coded representation known as NRZI,

15 each "one" bit of the encoded data causes a transition in the direction of
magnetization, while each "zero" bit of the encoded data causes the magnetization
direction to remain unchanged. A clock signal is used to write a sequence of encoded
NRZI bits as a recording head moves along a track on the medium such that one bit
is written at each clock tick.

20 When a read head is passed over the recorded data track,,e voltage pulse is
produced at each transition in magnetization. Successive voltage pulses have opposite
polarity since successive magnetle-transmons ax;e in oppos:te derCtlonS The written
NRZI data sequence may be reconstructed from 1he «resultmg voltage waveform by
associating a "one" bit with every clock tick at whxch a pulse; occursex*and a "zero" bit

25  with every clock tick at which no pulse occurs The ongmal user data may then be
decoded from the NRZI data. . ' L Ty *

Similar waveforms composed of pulses sometxmes occu.r in other applications,

including data storage on optlcal med;a and data commumcauons via modem, network,

clock sxgnal synchromzed wnh the recewe waveform At each tick of this

p synchromzeg ‘cloek sxg\nal the recelver orfrquc uxtry generates one bit of the NRZI

data sequence by processing the surrounding waveform. It is often impossible or at



8 neans, wherein said pul se detection neans dETéﬁnlnes a
| ocation of 9 each of said pul ses; CEPLacE prE=—
sel ection neans connected to an out put of said anpli tude i Sar Ilng 11 HEETY f/
means and an output of said pulse detectign nmeans, said: sa;% :@T
sel ection neans for selecting, for each pul se, at Ieast two of” *sar !9@5
plurality of sanples, wherein said at |east two sanples have a 14
predeterm ned relationship to a location of said pulse; 15
arithmetic means jdagf uﬁd&’i’%ﬁ?& B9sSfd Gr Fhnshfes Se nﬁea ?Ac‘ﬁ&frﬁgdst%@cl fohal Qitfi'thet €
16 sai d phase error neasurernent s

data waveform. Instead, constraints are applied to the encoded NRZI data sequence

to ensure that timing information may be extracted from the data waveform itself and
used to "recover" a synchronized clock signal. Such a system is referred to as "self
5 clocking" )

Prior art magnetic disk drives typically use a data detection system known as
peak detection, in which analog circuitry determines the time instant of each peak in
the waveform. Peaks that meet a qualification requirement, such as exceeding a
threshold amplitude, are considered to have been caused by a magnetic transition and

10  are therefore associated with an NRZI "one” bit. The recovered clock divides the
waveform into bit cells or windows where the nominal position of a peak 1s at the
center of a window. A "one" bit is output for each window that contains a qualified
peak and a "zero" bit is output for each other window. The phase and frequency of
the recovered clock are adjusted in a phase locked loop so as to keep the windows

15 properly aligned with the peaks.

Inter-symbol interference (IST) occurs when pulses are placed so close together
in a waveform that they overlap significantly. The position of a peak in a waveform
can be shifted by ISI from other nearby pulses. Thus the recording density of a peak
detection channel is limited by the fact that ISI must not be permitted to move a peak

20 from one window to another. Peak shift due to ISI also causes apparent timing errors
that affect the performance of the clock recovery circuit.

To achieve higher recording densities and/or greater noise immunity than peak
detection channels, another class of detection methods is based on amplitude sampling
of the signal waveform. Many such sampling detection methods can be implemented

25  using either analog or digital signal processing devices. In either case, a synchronized
clock signal is required to control the sample timing and a means must be provided
to recover such a clock signal from the data waveform. Thus there is a need for new

- timing recovery methods suitable for use with sampled amplitude detectors at high

recording densities. The present invention meets this and other needs.

30 SUMMARY OF THE INVENTION

It is an aspect of the present invention to detect signal pulses caused by bit

transitions within data being read from a data storage device or data communications

device.
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It is an aspect of the invention to measure a phase error between each pulse
in a signal waveform and a clock signal used to sample the waveform.

It is another aspect of the invention to compensate the phase error
measurement for asymmetry of the pulse being detected and to compensate for nearby

5 pulses. ' ]

It is another aspect of the invention to adjust the frequency, and thereby the -
phase of the clock signal so as to drive the phase error measurement toward zero.

It is another aspect of the invention to measure a frequency error between a
fixed frequency pulse train and a clock signal used to sample the pulse train and adjust

10  the frequency of the clock sigﬁal so as to drive the frequency error measurement
toward zero.

The above and other aspects of the invention are accomplished in the
preferred embodiment in a mixed analog and digital timing circuit for timing the
conversion of an analog signal to a digital signél. The circuit has an analog to digital

15 converter for converting the analog signal to digital sample values at controlled
sampling times, and a variable frequency oscillator for controlling when the analog to
digital converter performs the conversion. A pulse detector detects pulses in the
digitized signal. A phase error circuit subtracts one of two sample values fbr each
pu-lse from the other to create a digital phase error measurement value. The two

20 sample values occur on either side of the peak of the pulse detected by the pulse
detector. The digital phase error measurement value is filtered using a digital filter
whose output is connected to the variable frequency oscillator to adjust the sample
timing to cause samples to be taken at the desired time instants.

The system also contains a set point register that contains a value used to

25 adjust the desired sample phase. The set point may be used to compensate for the
puise being asymmetrical. This value is always added to the digital phase error
measurement value.

In addition to the set point register, the system contains compensation
registers for pulses that occur at two sample times on either side of the detected

30 pulse, since these pulses are close enough to the detected pulse to change its shape.
These values are only added into the digital phase error value if a pulse is also
detected at these sample times. A third compensation register is also present for
pulses that occur three sample times after the detected pulse, and the value of this

register is added 1o the digital phase error value if this pulse is detected.
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4. The phase detector of claim1 wherein Sai d anpl i tude sanpling neans
conpri ses
The system also contains a lock to reference mode that includes synthesizing

a fixed frequency data pattern, inserting the data pattern in place of the read signal
and locking the variable frequency oscillator to the synthesized frequency.
BRIEF DESCRIPTION OF THE DRAWINGS
5 The above and other aspects, features, and advantages of thé invention will
be better understood by reading the following more particular description of the
invenfion, presented in conjunction with the following drawings, wherein:
Fig. 1 shows a block diagram of the environment of the invention and
illustrates the read channel that contains the invention;
10 Fig. 2 shows a block diagram of the analog and analog to digital conversion
circuitry of the read channel containing the invention;
Fig. 3 shows a block diagram of the digital circuitry of the read channel
containing the invention;
Fig. 4 shows a signal waveform and illustrates center sampling of the pulses;
15 Fig. 5 shows a signal waveform and illustrates side sampling of the pulses;
Figs. 6 and 7 show signal waveforms to illustrate overlapping pulses;
Fig. 8 shows a block diagram of the timing recovery circuit of Fig. 3;
Figs 9-10 show a logic block diagram of the acquisition circuit of the phase
and frequency detector of Fig. 8;
20 Figs. 11-12 show a logic block diagram of the tracking circuit of the phase and
frequency detector of Fig. 8; and
Fig. 13 shows a diagram of the loop filter circuit of the timing recovery block
of Fig. 3.

DESCRIPTION OF THE PREFERRED EMBODIMENT

25 The following description is of the best presently contemplated mode of
carrying out the present invention. This description is not to be taken in a limiting
sense but is made merely for the purpose of describing the general principles of the
invention. The scope of the invention should be determined by referencing the
appended'claims.

30 Fig. 1 shows a block diagram of a typical environment of the invention.
Referring now to Fig. 1, a computer system 100 contains a processing element 102

which communicates to other elements of the computer system 100 over a system bus
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communicate with the computer system 100. A memory 110 contains programs and
data which cause the computer system 100 to perform operations desired by the user.
A disk data storage system 112 is connected to the system bus 104 for storing
5 data and programs within the computer system 100. A disk controller 114 within the
disk device 112 communicates to the system bus 104 and controls the operations of
a disk drive 118, possibly in conjunction with a local microprocessor (not shown)
within the disk data storage system 112. The disk drive 118 performs the storage
function, typically storing the data on magnetic media. A bus 116 connects the disk
10  controller 114 to the disk drive 118, specifically connecting to a write channel 120 to
write data onto the disk through write heads and amplifiers 128. When data is being
read from the disk through the read head and amplifiers 128 the data comes back
through the read channel 122 which contains the timing recovery circuit of the present
invention. The read and write heads may be physically the same heads. The data first
15  passes through the analog section 126 of the read channel 122 and then through the
digital section 124 of the read channel 122 before being sent on the bus 116 to the
disk controller 114. After being processed by the disk controller 114, the data is then
sent over the system bus 104 to the memory 110 and/or the processing element 102.
The disk controller 114 also connects to other circuits, not shown, within the
20 disk drive 118, such as a circuit which moves the read/write heads over the surface of
the data storage media. | _
Although not shown in Fig. 1, the digital timing circuit of the present
invention can be used for synchronizing a clock to pulses within data received from
a transmission line, such as a telephone line or local area network, in a data
25 communications receiver. It may also be used in any other device that must time and
detect pulses within a signal.
Fig. 2 shows a block diagram of the analog circuitry 126 of the read channel
122. Referring now to Fig. 2, when a read head is passing over a track of the data
starage medium, it picks up a signal which is amplified by a preamplifier, not shown.
30  After this preamplification, the signal 201 is passed to a variable gain amplifier 202.
The signal is further amplified by the variable gain amplifier 202 and passed through
an analog multiplexer 203 and then to an analog equalizer circuit 204, which filters the
signal as desired, for example, so as to remove unwanted high frequencies and shape

the remaining spectrum, to an Analog to Digital (A to D) converter 206. The A to
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D converter 206 converts the analog signal into a sequence of digital values, providing

six bits of digital information per sample in the preferred embodiment, and then the

data is passed to a register/de-multiplexer 207. In the preferred embodiment, the

digital section 124 of the read channel 122 processes two samples in parallel. To

5 create these two samples, the register/de-multiplexer 207 stores every other sample

taken by the A to D converter 206. After the second sample is taken, the data from

the two samples is passed to the data bus 230. The bus 230 is clocked by a single
half-frequency clock signal. '

The timing necessary for converting the data, also called taking a sample, in

10 the A to D converter 206 is sx.Jpplied by a variable frequency oscillator 222 which is

controlled by the output of a digital to analog converter (DAC) 220. The input to the

DAC 220 comes from the digital section of the read channel 124 as timing feedback

signal 234. Alternatively, the DAC 220 may be an integral part of the variable

frequency oscillator in such a way that the digital input controls the frequency directly.

15 A reference signal 236 is created by a frequency synthesizer 240 running at the

frequency used for writing data, and dividing this frequency by four in the divide by

four circuit 238. The output of the divide by four circuit 238 is a square wave with

period 4T which is connected to the analog muitiplexer 203. The filter 204 passes the

fundamental frequency of the square wave but rejects the higher harmonics, thus

20 converting the reference signal into a sinusoid with frequency 1/4T. This sinusoidal

reference signal is equivalent to the data signal typically produced by alternating

transitions and spaces, i.e. 101010... in NRZI representation. It is often called a "2T"

pattern because the distance between transitions is 2 bit cells. The 2T pattern is a

pulse pattern often used for a preamble signal at the start of a data record. The

25 reference pattern signal 236 is used to set the VFO 222 to a nominal frequency before

locking to data preamble.

The gain of the variable gain amplifier 202 is controlled through a gain

feedback signal 232 which originates in the digital portion 124 of the read channel

122. The gain feedback signal 232 is input to a summing junction 210 which has a

30 coarse gain controf value as its other input. The coarse gain control can be set by the

disk controller 114, or a local microprocessor (not shown) within the disk drive, to

provide a nominal gain level which is then adjusted up or down by the gain feedback

signal 232. After being summed with the coarse gain control value, the feedback

signal is sent to a digital to analog converter 212 and then to a filter 214. Because of
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the nature of many digital to analog converters, the output of the DAC 212 may -
contain glitches when it is changing values. Therefore, the filter 214 may be necessary
to remove these glitches in the feedback-signal. After being filtered, the signal is
exponentigted by the exponential converter block 216 and then connected to the

5 variable gain amplifier 202. This conversion makes the small-signal gain control
dynamics independent of the input signal amplitude. .

Fig. 3 shows a block diagram of the digital section 124 of the read channel 122
(Fig. 1). Referring now to Fig. 3, the digital data signal 230 from Fig. 2 is input to a
delay circuit 304 and a digital filter circuit 302. The outputs of these two circuits are

10 connected to multiplexers 306 dnd 316, whose outputs are connected to multiplexers
310 and 318 respectively. Multiplexers 310 and 318 also receive signél 230.
Multiplexers 306 and 316 may be selected independently, however, muitiplexers 310
and 318 are always selected togethér. In this manner, either the digital data signal 230
or the filtered/delayed signals may be selected for input to both a pulse detector 312

15 and a timing recovery circuit 328. If the filtered signal is selected for either the pulse
‘detector 312 or the timing recovery 328, either the filtered signal or the delayed signal
must be selected for input to the other of these circuits. The filter 302 inserts a delay
into the digital data signal 230, so if one circuit selects the filtered signal, the other
circuit input must be delay compenséted by selecting the delayed signal from circuit

20 304 or by also selecting the filtered signal from filter 302.

The output of the pulse detector 312 is connected to a gain control circuit 330
which provides the gain feedback signal 232 that connects to Fig. 2. The output of
the pulse detector 312 is also connected to the timing recovery circuit 328 whose
output 234 connects to the digital to analog converter 220 of Fig. 2. The output of

25  the pulse detector 312 may also be connected to a sync mark detector 322 and an
RLL decoder 320, as shown in Fig. 3, or a more sophisticated data detector (not
shown) may be connected to the sync mark detector 322 and the RLL decoder 320.
The output of the RLL decoder 320 and the sync mark detector 322 are connected
to the disk controller 114 (Fig. 1) through the bus 116.

30 The pulse detector 312 and the timing recovery circuit 328 are designed to
process pulses using one of two types of sampling methods, selected by the user. The
first sampling method is called center sampling wherein one of the samples taken will
arrive at or near the center, or peak, of a pulse as shown in Fig 4. The location of

the sampling is controlled by the timing recovery block 328. In the other method of
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two samples appears on one side of the peak of the pulse and the other of the two
samples*appears on the other side of the peak as shown in Fig. 5. The user of the

5 system determines whether center sampling or side sampling-is used by setting a bit
in a control register through the interface 116 (Fig. 1).

For either center or side sampling, sampling can occur during two different
time segments within a data record being read from the disk media. The first time
segment sampling occurs is called acquisition mode, because it occurs when the gain

10  control and timing control a.re acquiring the gain and timing relationships of the
pulses. This occurs when the read head is passing a preamble portion of the data
record which always has a known data pattern to facilitate acquisition of the timing
and gain. When data is being transferred, a different mode is used for the pulse
detector and timing recovery, called tracking, since data has an irregular and a prior

15 unknown pattern of pulses.

 Therefore, the pulse detector and timing recovery circuits are designed to
process pulses under four separate conditions. The first condition is acquisition mode
using side sampling, the second is acquisition mode using center sampling, third is
tracking mode using side sampling, and fourth is tracking mode using center sampling.

20 The timing recovery circuit analyzes the current sample of the amplitude of
the signal as well as the previous two samples of the signal amplitude. Using'these
three samples, Table 1 shows equations for the timing recovery circuit 328.

In Table 1, n is the time of the current sample, n-1 is the first previous sample,
n-2 is the second previo-us sample and n-3 is the third previous sample. y, is the

25 samplé value for a sample taken at time x. SGN is the arithmetic sign of the sample
value. P, has a value of 1 if a pulse is detected during sample x, and P, has a value
of 0 is a pulse is not detected during sample x. t, is the acquisition timing set point,
and t, is the tracking timing set point. a, b, and c are constants used to adjust for
nearby puises. The equations of Table 1 will be further described below. Also, the

30 equations of Table 1 assume pulse detection at time n of a pulse whose peak occurs
at time y,,, for center sampling, or between y,, and y,. for side sampling. The circuits
of Figs. 9-12 processes two signal samples simultaneously. The equations for the

. second sample are the same as the equations of Table 1, with one time delay. Thus,

for example, y, in Table 1 would be replaced by y,... ¥.. would be replaced by y, ., and
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Fig. 4 shows a signal waveform of an isolated pulse and illustrates center
sampling of the pulse. Referring now to Fig. 4, a signal waveform 402 is shown having
four samples taken with the sample identified by reference 412, at time n, being the

5 most recent sample. Sample 410, at time n-1, is the-sample just prior to the most
recent sample, sample 408 is the next previous sample and sarﬁple 406 is the oldest
of the four samples shown. Negative pulses would appear as a mirror image of Fig.
4. The samples taken of the pulse are also identified as "a", "b", "1", and "¢". Sample -

a" occurs at time n-3 of each pulse, sample "b" occurs at time n-2 of each pulse,

10 sample "1", occurs at time n-1 of each pulse, and sample "c” occurs at time n of each
pulse. The sample labeled "1" is so labeled because the gain circuit adjusts the level
.of this sample to a nomina] value of 1. '

Fig. 5 shows a signal waveform of an isolated pulse and illustrates side
sampling of the pulse. Referring now to Fig. 5, a signal waveform 502 is shown as a

15  positive level above a baseline 503. Four samples are shown, with the most recent
sample being sample 510. Sample 508 is the sample previous to the most recent, 506
is the next previous sample and sample 504 is the oldest of the four samples shown.
These samples are also identified by the time references n through n-3. '

' Figs. 6 and 7 show waveforms and sample times for a typical pulse for side and

20 center sampling, respectively, and will be used to illustrate the equations shown in
Table 1. '

Referring now to Fig. 6, a waveform 602 is shown with side sampling m(;:dc,
with the four samplies of the waveforms, "a", "b", "1", and "c”", being identified for the
value of the waveform at sample times n-3, n-2, n-1, and n, respectively. Because of

25  the type of data recording code being used, pulses can never occur at two successive
sampling times, thus pulses must be separated by at least two sample times.
Therefore, the pulse -illustrated by dashed line 604 is the closest a pulse could occur
prior to the pulse 602 and the pulse identified by dashed line 606 is the earliest
another pulse could occur after the pulse 602.

30 Considering the side sample tracking equation of Table 1, if puise 602 is a
symmetric isolated pulse, that is, neither pulse 604 nor .pulse 606 occurs, the phase
error will be zero if the value of the sample taken at n-2, that is, the "b" sample, is
equal to the value of the sample taken at n-1, that is, the "1" sample. This result is

shown in the side sample tracking equation as y, . - y,,. where y, represents the sample
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value at time x. Since pulses can occur in both positive and negative directions, the
sign of y,, is multiplied into this equation to account for negative sample values. That
is, the equation

SGN (Vo) * (Yaz - Yo)

5 will give the phase error for a symmetric isolated pulse. This phase error will be zero
if the peak of the pulse occurs exactly at the center between the "b" and "1" samples,
and will be non-zero if the peak is offset from the center. If the peaI:: is offset left
of center, the "b" sample value will be higher than the "1" sample value, resulting in
a positive phase error value, and if the peak is offset right of center, the "b" sample

10  value will be lower than the ';1“ sample value, resulting in a negative phase error
value. .

There are many factors that may cause a pulse to be asymmetric, including
magnetic, geometrical, and electronic factors. Because of this possible asymmetry, the
term t, is introduced into the equation. The value for t, will be established by

15 calibrating the device, however, Table 2 shows nominal values for t, for different types
' of data patterns used during acquisition. Therefore, the equation

SGN (Yot} * (Yaz = You) + & .

gives the phase error equation for an isolated, possibly asymmetrical, pulse.
' Since pulse 604 might have occurred two sample times earlier than pulse 602,
20 the effects of this pulse must be considered in the equations. The term "+ ¢ * P, "
accounts for the effects of the pulse 604. Sample "c" of pulse 604 occurs at the same
time as sample "b" of pulse 602. Therefore, if there was a peak detected at time n-2,
i.e. p,» is one, the phase error is corrected by adding a constant value c to offset the
"c" sample of pulse 604. This constant value is determined by calibration of the device
25 and is input to the circuit through the interface 116 (Fig. 1).

Similarly, a pulse could occur two sample times after pulse 602, represented
in Fig. 6 by pulse 606. For this pulse, the "a" sample occurs at the same time as the
"1" sample of pulse 602. Therefore, the phase error is corrected by subtracting a
constant "a" if there is a pulse at time n+2, ie. if P,,. is one. This constant value is

30 also determined by calibration of the device and input to the circuit through the
interface 116 (Fig. 1).

The equation for side sample acquisition mode is similfar to the side sample

tracking mode equation, except that the corrections for the pulses 604 and 606 necd

not occur. These corrections are unnecessary, because in acquisition mode the data
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Therefore, the entire compensation for asymmetry and intersymbol interference can
be accomplished with a single term t,. Table 2 shows nominal values for t, for the
three types.of acquisition patterns used in the present invention. This constant value
5 is also determined by calibration of the device and input to the.circuit through the
interface 116 (Fig. 1). .

Fig. 7 shows waveforms when center sampling is being used. Table 1 shows
the center sampling equations, and the center sampled acquisition equation is very
similar to side sampled acquisition equation, except that in center sampling the "b" and

10 "¢c" samples of each pulse are uséd to determine phase error. Therefore, the center
sampled acquisition equation substitutes y, for the y,., in the side sampled acquisition
equation. - ' _

The center sampled tracking equation incorporates the same kind of
adjustments that were incorporated into the center sampled acquisition equation, but

15  the details differ. As shown in Fig. 7, a pulse 704 can overlap the pulse 702, and if
_this occurs, the "c" sample of pulse 704 overlaps the "b" sample of pulse 702.
Therefore, the center sampled tracking equation adds the term "+ ¢ * P,," to
compensate for the pulse 704, where c is the same constant described for the side
sampling equations. Similarly, pulse 706 can overlap pulse 702 and the center sampled
20  tracking equation adds the term "- b * P,,," to compensate for the pulse 706, where
b is a constant value determined by calibration of the device and input to the circuit
through the interface 116 (Fig. 1).
In center sampling, a third pulse, 708, can also overlap the pulse 702. One
possible way to compensate for the pulse 708 would be to subtract a constant "a" times
25 P,,» However, this requires that the detector wait at least three sample times before
determining the phase error for the pulse 702. As shown in Fig. 7, the value of the
"a" sample for pulse 708 will typically be very small for center sampling. Because it

is very small, this term of the equation can be deferred to a later clock cycle without

n
n+d

much consequence. When deferred by three sample times, the correction "- a * P

30 may be included in the phase error equation for the next pulse (at time n+3), at

which time it is included as "- a * P,,". Therefore, the center sampled tracking
equation includes the term "- a * P_," to provide compensation for pulse 708.

Fig. 8 shows a block diagram of the timing recovery circuit 328 of Fig. 3.

Referring now to Fig. 8, the timing recovery circuit 328 is shown having a
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phase/frequency detector 802 which is connected to a loop filter 808 to provide the

timing feedback signal 234. The phase/frequency detector 802 receives the output 314
of the pulse detector 312 (Fig. 3). As discussed above and shown in the equations of
Table 1, this is the signal "P". The phase/frequency detector 802 also receives the data
5 samples 320 which may have been selected from the raw data samples 230 or after
being delayed by the delay 304 or filtered by the digital filter 302. In addition, the
phase/frequency detector 802 receives an acquisition/tracking signal 810 which tells the
phase/frequency detector 802 whether acquisition or tracking mode is being used.
Also, a read/lock signal 812 tells the phase/frequency detector whether data is being
10 read from the system, or whether the detector is in lock to reference mode.

Lock to reference mode is used to set the frequency of the VFO 222 (Fig. 2)
at a nominal frequency when data is not being read and thus minimize the initial
frequency error when reading of data is started. This is accomplished by creating a
periodic reference signal at a precisely controlled frequency equal to one fourth of the

15 nominal sample rate. This signal is connected through analog multiplexer 203 (Fig.
2), into the normal data path. Thus, when not reading data, this reference signal may
be used to set the VFO at the nominal frequency.

Table 3 shows the equation for the frequency detection, when the
phase/frequency detector 802 is acting as a frequency detector. This equation is very

20  similar to the center sampled acquisition phase error equation, except that the sign of
¥» is reversed and the t, term is absent. If the VFO 222 is sampling at the cbrrect
frequency, every other sample will have the same magnitude, but opposite in sign.
Therefore, if the VFO 222 is sampling at the correct frequency, y, + ,. will be zero.
if the VFO is low in frequency, the result is negative, and if the VFO is high, the

25 result is positive.

Figs. 9-12 show a logic block diagram of the circuit for the phase/frequency
detector 802. Figs. 9-10 show the circuit for determining phase and frequency errors
during acquisition mode, and Figs. 11-12 show the circuit for determining phase errors
in tracking mode. Frequency errors are only determined during acquisition mode. In

30 .the preferred embodiment of the present invention, two samples are processed
simultaneously. Fig. 9 shows the processing of the first sample in acquisition mode,
Fig. 10 shows the processing of the second sample in acquisition mode, and Fig. 10
also combines the results of Fig. 9 and 10 for acquisition mode. Similarly, Fig. 11

shows the processing of the first sample in tracking mode, Fig. 12 shows processing
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of the second sample in tracking mode, and Fig. 12 also combines the results of Figs.
11 and 12 for tracking mode. _-

Referring now to Fig. 9, the circuits surrounded by dashed line 917 partially

solves the equations for side and center sampling acquisition mode and frequency
5 detection to produce the result of:

SGN (1) * Yoz *+ t,
for phase efror detection and

SGN (Ya4) * Yaa

* for frequency detection.

10 Multiplexer 912 selects either Y. Or the inverted value of y, based on the sign
of the data input y,,,. Adder 914 then adds this result to t, for phase error detection
or zero for frequency detection, and delay circuit 916 delays the result by two time
periods so that signal 918 becomes SGN (¥,,) * ¥az + t, Or SGN (¥,.) * V.2 + 0.

The circuit surrounded by dashed line 931 produces the other part of the

15 equation: -

- SGN (Ya1) * Yo
For side sampled acquisition and:

- SGN () * ¥a
for center sampled acquisition mode and:

20 +SGN{,)*y.
for frequency detection.

If side sampling read mode is being used, AND circuit 923 and multiplexer
circuit 928 select y,, for input to the EXCLUSIVE OR circuit 930. If center sampling
or lock to reference mode is being used, these circuits select y, for input to the

25 EXCLUSIVE OR circuit 930. EXCLUSIVE OR circuit 927 uses the sign bit, that
is, bit five, of y,, and the READ/LOCK signal 812 to determine whether the output
of multiplexer 928 should be inverted and a sign bit of one input to adder 934. If
read mode is being used and the sign of Y,,, is positive, the output of multiplexer 928
is inverted and a sign bit of one is input to adder 934. If frequency mode is being

30 used and the sign of y,, is positive, the multiplexer output is not inverted, and a sign
bit of zero is input to adder 934. The output of EXCLUSIVE OR circuit 930 and the
output of inverter 932 are input to the adder 934 which adds the output of
EXCLUSIVE OR circuit 930, and carry bit 933 to the signal 918 to produce the phase
error or frequency error value on signal 936. Because of the EXCLUSIVE OR
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circuit 930 inverts the output of multiplexer 928, and inverter 932 creates a carry bit

933, adder 934 sometimes performs subtraction.

Fig. 10 performs the same function as Fig. 9 to produce a phase or frequency

error sign;l 1036, however, it uses the previous sample as input, and then it combines
5 the phase/frequency error outputs 936 of Fig. 9 and 1036 of Fig. 10.

The previous- sample inputs to multiplexer 1012 are y,,,; rather than the y,
inputs to multiplexer 912, as are the inputs to multiplexer 1028 and EXCLUSIVE OR
circuit 1027. The result is that signal 1036 is the phase/frequency error for the sample
previous to the sample processed by Fig. 9. The circuits of Fig. 9 and Fig. 10, in

10 combination, process two samples simultaneously.

After the two phase/frequency errors are determined, the NAND circuits 1038,
1040, and 1042 combine the signals to produce the output 1044 which is sent to Fig.
12 to be combined with the tracking mode signals before being sent to the loop filter
808. The NAND circuits 1038, and 1040 select either the output 936 from Fig. 9 or

15  the output 1036 from Fig. 10 depending upon whether a pulse occurred at time n or
; at time n-1. These outputs are then connected to NAND circuit 1042 which produces
the output 1044.

Figs. 11-12 show the phase/frequency detector circuit for tracking mode.

Referring now to Fig. 11, NAND circuit 1106 provides the term "-a * P,," for center
20 sampling. For side sampling the output of NAND circuit 1106 is zero. Multiplexér

"t "

1114 selects “t, + ¢ * p,." if a pulse occurred at time n-2 or "t;" alone if a pulse did not
occur at time n-2. There are separate set points for acquisition mode and tracking
mode. The term "a * P,_," is subtracted from the output of multiplexer 1114 by using
the output of NAND gate 1106, which inverted the value of "a", and inserted a sign

25 bit of one into the adder 1118 through signal 1107 as well as a carry bit of one
through signal 1147. Therefore, signal 1120 represents “t, + ¢ * P, - a * P_,",
although the term "-a * P_," will only be present for center sampling.

Multiplexer 1124 selects the value y, for center sampling and y,, for side
sampling and inverts the value before sending it to adder 1122. A carry bit of one is

30 input to the adder 1122 through signal 1121 to cause either y, or y,, to be subtracted
from y, ., signal 1020. EXCLUSIVE OR circuit 1126 adjusts for the sign of y,, and
adder 1128 combines the result with signal 1120 to produce the partial equation:

SGN Y. * (Y2 -Ya) + L+ Cc*Pa-a*P,,

Although the term "-a * P,," will only be present for center sampling. Delay circuit
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before sending the result to multiplexer 1140. Multiplexer 1140 selects either the

output of delay circuit 1130 or the output of adder circuit 1138 depending upon
5 whether a peak occurred at time n. Since delay circuit 1130 has delayed the output
of adder 1128 by two clock cycles, signal P, 1046 actually represents P,,, and therefore
determines whether the constant terms a or b should be added in. Therefore, output
1142 is the solution to the tracking equations of Table 1 for the current sample.
Fig. 12 is identical to the circuit of Fig. 11 except that the samples used are
10 delayed by one, and additional circuitry exists to combine the two phase errors. For
example, the inputs to multiplexer 1224 and adder 1222 are one sample behind the
inputs to the equivalent circuits in Fig. 11. Therefore, the output 1242 provides the
'solution to the tracking equations of Table 1 delayed by one sample time.
| Fig. 12 then combines the phase error results 1142 and 1242 of Figs. 11 and
15 12, respectively, to provide the phase/frequency detector output 816 to the loop filter.
~The NAND circuits 1244 and 1248 select the output 1142 of Fig. 11 or the output
1242 of Fig. 12 depending upon whether a pulse occurred at time n-2 or time n-3.
This result is sent to NAND circuit 1246 which produces the output 1250 which is
. combined with the acquisition mode signals before being connected to the loop filter. . |
20 NAND circuits 1260, 1262, and 1264 select the acquisition phase/frequency
error signal 1052 or the tracking phase error signal 1250, depending upon-_the
TRK/ACQ signal to create the phase/frequency circuit output 816 which is sent to
the loop filter. ”
Fig. 13 shows a diagram of the loop filter 808. The z-domain transfer function
25 of this filter is
F@)=(*z*@-1)+c)/(z*(z-1)
- where z* represents a delay of two channel bit intervals ( each 1/) because this digital
filter operates at one-half the channel sample rate. Coefficients c, 1302 and c, 1304
.are independently programmable for acquisition and tracking. For lock to reference
30 mode, c, is set to zero and c, is independently programmable. A means is also
provided to change the significance of the loop filter output between acquisition and
tracking modes since the appropriate range and resolution of frequency control
depends on which mode is used. Separate registers are provided for each mode to

facilitate this change. Delay element 1306 is used for pipelining and has little effect
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A linear discrete-time approximation to the open-loop transfer function of the

- loop is

G@) =K *K* (20 z+c)/ (" *@z-1))
where‘K, is the gain of the phase detector (which depends upon the pulse shape), K,
is the control gain of the VCO and n is the number of (2/f,) clock delays in the loop.

Having t};us described a presently preferred embodiment of the present
invention, it will now be appreciated that the aspects of the invention have been fully
achieved, and it will be understood by those skilled in the art that many changes in
construction and circuitry and widely differing embodiments and applications of the
invention will suggest themselves without departing from the spirit and scope of the
present invention. For instance the invention could be implemented with analog
circuitry in place of much of the digital circuitry of the preferred embodiment. The
disclosures and the description herein are intended to be illustrative and are not in
any sense limiting of the invention, more preferably defined in scope by the following

claims.
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Table 1
Acquisition - Tracking
Side SGN (Y1) *(¥.2=Ypo1) +tE, SGN (¥, q) * (Y427 Y,
1 R T :
Sampled _ -a*P .,
Center SGN (Yp.q) * (¥,.2~Y,) +E, SGN (Y, .1)*(¥Y,.2~
Y,) tt +C*P '
Sampled ~b*P_—-a*P
Table 2
ACQUISITION PATTERN | NOMINAL t, NOMINAL t,
1010... l1-~-b+c-a2a
Side
Sampled 100100... 1-D) l1-5b
10001000... 1 -5
1010... 2 * (¢ - b)
Center '
Sampled 100100... c~-b+a ¢c-b
10001000... c-b
Table 3

Frequency Detector = SGN(Y ,)*(Y +Y )
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1 1. A phase detector for creating a phase error measurement signal representative of

CLAIMS

What is claimed is:

2  adifference in phase between a clock signal and pulses within an analog signal, said

3  phase detector comprising:

4 amplitude sampling means for receiving said analog signal and for taking a
5 plux.'ality of samples of an amplitude of said analog signal, said samples
6 being taken at times determined by said clock signal;

7 pulse detection means connected to said analog signél, wherein said pulse

8 detection means determines a location of each of said pulses;

9 sample selection means connected to an output of said amplitude sampling
10 means and an output of said pulse detection means, said sample
1 selection means for selecting, for each pulse, at least two of said
12 plurality of samplés, wherein said at least two samples have a
13 predetermined relationship to a location of said pulise;

14 _ arithmetic means for combining said at least two selected samples to create .
15 said phase error measurement signal.

1 2. The phase detector of claim 1 wherein said sample selection means further

2 comprises:

3 means for selecting two samples for each of said pulses; and
4 means for selecting a first of said two samples on a first side of said pulse, and
S a second of said two samples on a second side of said pulse.

1 3. The phase detector of claim 2 wherein said arithmetic means further comprises:
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4 means for negating said phase error measurement signal when a polarity of

A}

5 said pulse is negative.

1 4. The phase detector of claim 1 wherein said amplitude sampling means bomprises :

2  analog to digital converter means.

1 5. The phase detector of claim 1 further comprising:

2 at least one neighboring pulse compensation value corresponding to each
3 | neighboring pulse located within a distance sufficiently close to each
4 of said pulses to change a shape of each of said pulses when said
5 neighboring pulse is present; and

6 - arithmetic means for combining said at leastl one neighboring pulse
7 compensation value with said phase error measurement signal when
8 ' | said corresponding neighboring pulse is present.

1 6. The phase detector of claim 1 further comprising;

2 set point storage means for storing a constant value; and

3 arithmetic means for combining contents of said set point storage means to
4 said phase error measurement signal.

1 7. A phase locked loop for creating a clock signal in phase with pulses within an

2 analog signal, said phase locked loop comprising:

3 amplitude sampling means for receiving said analog signal and for taking a
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selectlon means connected to said, pulse
4 plurality of samples of an amplitude of said analog signal, said samples -
5 being taken at times determined by said clock signal;
6 pulse detection means connected to said analog signal, wherein said pulse
7 detection means determines a location of each of said pulses;
8 sample selection means connected to an output of said amplitude sampling
9 means and an output of said pulse detection means, said sample
10 selection means for selecting, for each pulse, at least two of said
11 plurality of ;amples, wherein said at least two samples have a
12 predetermined relationship to a location of said pulse;
13 arithmetic means for combining said at least two selected samples to create a
14 phase error measurement signal.
15 clock signal generating means having an input connected to said phase error
16 measurement signal, and having said clock signal as an output, wherein
17 said phase error measurement signal controls said clock signal
18 generating means to cause said clock signal output to sample said
19 analog signal at a predetermined time relationship to a location of each
ZQ _ of said pulses.
1 8. The phase locked loop of claim 7 further comprising filter means connected

2  between said phase error measurement signal and said input of said clock generating

3 means.

1 - 9. The phase locked loop of claim 7 wherein said amplitude sampling means
2 comprises analog to digital converter means.
/i
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wavef orm signal, said sanples being separated by a predetermn ned

2 variable frequency oscillator means, and wherein said phase error measurement signal

3 adjusts a frequency of said variable frequency oscillator to cause said clock signal
4  output to sample said analog signal at said predetermined time relationship to said

5 location of each of said puises.

1 11. The phase locked loop of claim 10 further comprising digital filter means
2  connected between said phase error measurement signal and said input of said -

3 variable frequency oscillator.

1 12 A frequency detector for creating a frequency error measurement signal
2  representative of a difference in frequency between a periodic analog signal waveform

3  and a clock signal, said frequency detector comprising:

4 amplitude sampling means for receiving said analog signal and for taking a

5 plurality of samples of an amplitude of said analog signal, said samples

6 : being taken at times determined by said clock signal;

7 sample selection means connected to an output of said amplitude sampling -

8 means, said sample selection means for selecting two of said plurality

9 of samples separated by a predetermined number of samples;
10 ' arithmetic means for combining said two selected samples to create said
1-1 " frequency error measurement signal.

1 - 13. The frequency detector of claim 12 wherein said arithmetic means further

2 comprises:

3 means for adding a first of said two samples to a second of said two samples

heet Has Been Rerlaced

Hliﬂll v
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said error neasurenent signal adjusts a frequency of Said variable 33
frequency oscillator to cause said clock signal output to sanple said 34

predeternm ngd frequency Wré&é'sﬁd‘fﬁ&ﬁ’ér&&@h%f %aduraﬁerﬁ singEehgr m ned 35
time relationship to said output of said nultiplexer neans.

5 means for negating said frequency error measurement signal when a value of
6 said periodic waveform at a predetermined time between said selected
7 samples is less than a predetermined threshold. ,

1 14, A frequency locked loop for locking the frequency of a clock signal to a
2  predetermined multiple of the frequency of a periodic input waveform signal, said

3 frequency locked loop compriéing:

4 amplitude sampling means for receiving said periodic input waveform signal

5 and for taking a plurality of samplés of an amplitude of said periodic

6 input waveform signal, said samples being taken at times determined

7 by said clock signal';

8 sample selection means connected to an output of said amplitude sampling
-9 _ means, said sample selection means for selecting two of said plurality
10 _ of samples separated by a predetermined number of samples;

11 ‘arithmetic means for combining said two selected samples to create a
12 frequency error measurement signal;

13 variable frequency oscillator means having an input connected to said
14 frequency error measurement signal, and having said clock signal as an
15 output, wherein said frequency error measurement signal adjusts a
16 frequency of said variable frequency oscillator to cause said clock signal
17 output to sample said periodic input waveform signal at said
18 predetermined multiple of the frequency of said input periodic
19 waveform signal.
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15. The frequency locked loop of claim 14 further comprising digital filter means
2 connected between said phase error measurement signal and said input of said

3 variable frequency oscillator.

-

1 16 A timing recovery circuit for determining a clock signal from a data signal from

2  adata storage device or a data signal from a data communications device, said timing

3 recovery circuit comprising:

4 multiplexer means coﬁhected to select said data signal or select a

5 predetermined frequency periodic waveform signal;

6 signal selection means connected to said multiplexer means for causing said

7 : multiplexer means to select either said data signal or said

8 predetermined frequency periodic waveform signal;

9 amplitude sampling means connected to an output of said multiplexer means
10 for taking a plurality of samples of said output of said multiplexer
1 means, said samples being taken at times determined by said clock
12 signal;

13 pulse detection means connected to an output of said amplitude sampling
14 means, wherein said pulse detection means determines a location of
15 pulses contained in said input data when said signal selection means
16 causes said multiplexer means to select said data signal;

17 sample selection means connected to said signal selection means and an
18 output of said amplitude sampling means, wherein said sample
19 selection means selects two samples for each pulse in said input data
20 when said signal selection means causes said multiplexer means to
21 select said data signal, said two samples having a predetermined
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each of said pul ses; 10~ .. sanpl e sel ection nmeans connected to an

out put of sZ& d anplitude wlatipinship told location of said puls€, antemhereim daidrsaopleput
of said pul se detection neans, said sanple

23 selection means selects two samples of said predetermined frequency
24 - periodic waveform signal when said signal selection means causes said
25 ) multiplexer means to select said predetermined frequency periodic
26 waveform signal, said samples being separated by a predetermined
27 : number of periods of said clock signal;

28 arithmetic means for combining said two selected samples to create an error
29 _ measurement. -signal; and

30 variable frequency oscillator means having an input connected to said érror
31 measurement signal, and having said clock signal as an output, wherein
32 said error measurement signal adjusts a frequency of said variable
33 frequency oscillator to cause said clock signal output to sample said
34 periodic input waveform signal at a predetermined time relationship to
35 said output of said multiplexer means.
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1 1. A phase detector for creating a phase error measurement signal representative of
2 a difference in phase between a clock signal and pulses within an analog signal, said
3  phase detector comprising:

4 amplitude sampling means for receiving said analog signal and for taking a
5 plurality of samples of an amplitude of said analog signal, said samples
6 being taken at t.i.mes determined by said clock signal;

7 pulse detection means connected to an output of said amplitude sampling
8 means, wherein said pulse detection means determines a location of
9 each of said pulses;
10 sample selection means connected to an output of said amplitude sampling
11 means and an output of said pulse detection means, said sample
12 selection means for selecting, for each pulse, at least two of said
13 plurality of samples, wherein said at least two samples have a
14 predetermined relationship to a location of said pulsé;
15 arithmetic means for combining said at least two selected samples to create
16 said phase error measurement signal.

1 2. The phase detector of claim 1 wherein said sample selection means further
2 comprises:

3 means for selecting two samples for each of said pulses; and

4 means for selecting a first of said two samples on a first side of said pulse, and
5 a second of said two samples on a second side of said pulse.

\
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1 3. The phase detector of claim 2 whe_rein said arithmgtid means further comprises:
2 means for subtracting said first sample from said second sample to create said
3 phase error measurement signal; and

4 me;ns for negating said phase error measurement signal when a polarity of
5 said pulse is negative.

1 4. The phase detector of claim 1 wherein said amplitude sampling means comprises

2  analog to digital converter means.

1 5. The phase detector of claim 1 further comprising:

2 means for storing at least one neighboring pulse compensation value, one said
3 | -peighboring pulse compensation value corresponding to each
4 : neighboring pulse located within a predetermined distance to each of
5 said pulses; and

6 - neighboring pulse arithmetic means for combining said at least one
7 neighboring pulse compensation value with said 'phase - error
8 measurement signal when said corresponding neighboring pulse is
9 present. |

1 6. The phase detector of claim 1 further comprising:

2 set point storage means for storing a constant value; and
3 set point arithmetic means for combining contents of said set point storage
4 means to said phase error measurement signal.

1 7. A phase locked loop for creating a clock signal in phase with pulses within an
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2  analog signal, said phase locked loop comprising:

3 amplitude sampling means for receiving said analog signal and for taking a
4 plurality of samples of an amplitude of said analog signal, said samples
5 ) being taken at times determined by said clock signal;

6 pulse detection . means connected to an output of said amplitude sampling
7 means, wherein said pulse detection means determines a location of -
8 each of said pulses;

9 | sample selection means. -connected to an output of said amplitude sampling
10 means and an output of said pulse detection means, said sample
11 selection means for selecting, for each pulse, at least two of said
12 plurality of samples, wherein said at least two samples have a
13 predetermined relationship to a location of said pulse;

14 arithmetic means for combining said at least two selected samples to create 2
15 phase error measurement signal.

16 clock signal generating means having an input connected to said phase error
17 measurement signal, and having said clock signal as an output, wherein
18 said phase error measurement signal controls said clock signal
19 generating means to cause said .clock signal output to sample said
20 analog signal at a predetermined time relationship to a location of each
21 of said pulses.

1 8. The phase locked loop of claim 7 further comprising filter means connected
2 berween said phase error measurement signal and said input of said clock generating
3 means. |
-
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6. The phase jdetgctgy, Blfxasgl BE]EQd1looi)”c§fh§15imcgn9ﬁér§ihn95id amplitude sampling means
2 comprises analog to digital converter means.
1 10. The phase locked loop of claim 9 wherein said clock generating means comprises
2 variable frequency oscillator means, and wherein said phase error measurement signal
'3 adjusts a frequency of said variable frequency oscillator to cause said clock signal
4  output to sample said analog signal at said predetermined time relatioﬁship to said

5 location of each of said pulsés.

1 11. The phase locked loop of claim 10 further comprising digital filter means
2  connected between said phase error measurement signal and said input of said

3  variable frequency oscillator.

-1 12, A frequency detector for creating a frequency error measurement signal
2  representative of a difference in frequency between a periodic analog signal waveform

3  and a clock signal, said frequency detector comprising:

4 amplitude sampling means for receiving said analog signal and for taking a
5 pluraiity of samples of an amplitude of said analog signal, said samples
6 being taken at tiﬁxes determined by said clock signal;

7 sample selection means connected to an output of said amplitude sampling
8 means, said sample selection means for selecting two of said plurality
9 of samples separated by a predetermined number of samples;

10 arithmetic means for combining said two selected samples to create said
11 frequency error measurement signal, said arithmetic means comprising
12 : means for adding a first of said two samplés to a second of said two
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13 samples to create said frequency error measurement signal, and
14 means for negating said freq.uency error measurement signal when a
15 value of said periodic waveform at a predetermined . time
16 ‘ between said selected samples is less than a predetermined
17 - threshold.

1 13. A frequency locked loop for locking the frequency of a clock signal to a
2  predetermined multiple of the‘ frequency of a periodic input waveform signal, said
3 frequency locked loop comprising:

4 amplitude sampling means for receiving said periodic input waveform signal
5 and for taking a plurality of samples of an amplitude of said periodic
6 input waveform signal, said samples being taken at times determined
7 by said clock signal;

8 sample selection means connected to an output of said amplitude sampling
9 means, said sample selection means for selecting two of said plurality
10 of samples separated by a predetermined number of samples;

11 arithmetic means for combining said two selected samples to create a
12 frequency error measurement signal, said arithmetic means comprising
13 means for adding a first of said two samples to a second of said two
14 samples to create séid frequency error measurement signal, and
15 means for negating said frequency error measurement signal when a
16 value of said periodic waveform at a predetermined time
17 between said selected samples is less than a predetenqined
18 threshold;

19 variable frequency oscillator means having an input connected to said

-
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22 frequency of said variable frequency oscillator to cause said clock signal
23 output to sample said periodic input waveform signal at said
24 predetermined multiple of the frequency of said input periodic
25 waveform signal.
1 14. The frequency locked i'oop of claim 14 further comprising digital filter means
2  connected between .said phase error measurement signal and said input of said
3  variable frequency oscillator.
1 15. A timing recovery circuit for determining a clock signal from a data signal from
2  adata storage device or a data signal from a data communications device, said timi_ng
3 recovery circuit comprising:
4 multiplexer means -connected to said data signal and a predetermined
_5 frequency periodic waveform signal;
6 signal selection means connected to said multiplexer means for causing said
7 multiplexer means to select either said data signal or said
8 predetermined frequency periodic waveform signal for output;
9 amplitude sampling means connected to receive said output of said multiplexer
10 means, said amplitude sampling means for taking a plurality of samples
11 of said output of said multiplexer means, said samples being taken at
12 times determined by said clock signal;
13 pulse detection means connected to an output of said amplitude sampling
14

means, wherein said pulse detection means determines a location of
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sai d phase error neasurenent signal controls said clock signal 19
generating h®ans to causec%lattsdsa(ﬂ oulkiplkekeymeans e pelect said slatapsignadiai d

17 sample selection means connected to said pulse detection means and
18 ) connected to an output of said amplitude sampling means, wherein said
19 sample selection means selects two samples for each pulse in said data
20 signal when said signal selection means causes said multiplexer means
21 to select said data signal, said two samples having a predetermined
22 relationship to.'a location of said pulse, and wherein said sample
23 selection means selects two samples of said predetermined frequency
24 periodic waveform signal when said signal selection means causes said
25 multiplexer means to select said predetermined frequency periodic
26 waveform signal, said samples being separated by a predetermined
27 number of periods of said clock signal;

28 arithmetic means for combining said two selected samples to create an error
29 measurement signal; anci

30 | variable frequency oscillator means having an input connected to said error
31 measurement signal, and having said clock signal as an output, wherein
32 said error measurement signal adjusts a frequency of said variable
33 frequency oscxllat?lf__ togcause said clock: sxg»ngl output to sample said
34 predeten;;ned fre:iueﬁcy perxoéhc Wéveform signal at a predetermined
35

time relationship - to said output of said multiplexer means.
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;28 1 9. The phase | ocked | oop of claim7 wherein said anplitude sanpling
nmeans 2 conprises analog to digital converter neans. 1 10. The phase
| ocked | oop of claim9 wherein said clock generating neans conprises 2

vari abl e f rTEHMENGRECOVERVICIREUTE FOR 8§ YWEHRONOUSAWANVEEORM SAMPLING

measurenent signal 3 adjusts a frequency of said variable frequency
oscillator to cause said clock signal 4 output to sanple said anal og
signal at said predetermned tine rel gggasip to said

A timing circuit having an analog to digital converter (206) to sample an analog signal, a
controlled oscillator for coqtrolling sample times of the analog to digital converter, a circuit
(312) to detect pulses in the analog signal, a phase error circuit to subtract one of two samples
from the other to create a phase error measurement and a frequency error measurement. The
two samples are taken from either side of a pulse. The phase error measurement is used by the
controlled oscillator to adjust the sample timing to take samples at desired locations on the
pulse. The circuit also contains constant values used to compensate for the pulse being
asymmetrical and to compensate for other pulses that occur close to the detected pulse. The
circuit also inserts a known frequency in place of the analog signal to establish a frequency of the

controlled oscillator.

Figure 3
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5° location of each of said pul ses. 1 11. The phase | ocked | oop of
claim 10 further conprising digital filter means 2 connected=1H i d
phase error neasurenent signal and-said input of said -3 -LagaticafBE=ET
frequency oscillator. 1 12. A frequency detector f-or cr?ﬂilr‘gl? '
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ABSTRACT

A timing circuit having an analog to digital converter (206) to sample an analog signal,

a controlled oscillator for controlling sample times of the analog to digital converter, a circuit

(312) to detect pulses in the analog signal, a phase error circuit to subtract one of two samples

from the other to create a phase error measurement and a frequency error measurement. The

two samples are taken from either side of a pulse. The phase error measurement is used by the
controlled oscillator to adjust the sample timing to take samples at desired locations on the

— pulse. The circuit also contains constant values used to compensate for the pulse being
asymmetrical and to compensate for other pulses that occur close to the detected pulse. The

circuit also inserts a known frequency in place of the analog signal to establish a frequency of

the controlled oscillator.

Figure 3



4. L anpl i tude sanpli rfg means for receivingsaid énal og signal and
far HH—Hg—a——5————— pl urallfytg sanpi—gs of
)'h—

sé#t d anal id sarrpl es 6 ires &'c,-!) bei
det erﬂl!u ﬂ lﬁﬂﬂ ﬂilck signal; 7 -‘—Z;—%aﬁﬂ&l:e sel
conne of said arrpl“r‘t‘trdé"s’a'rrpl ing 8

sai d sarrpl e sel ectlon nmeans for selecting two of said pl =t
of sanpl es separated by a predeterm ned nmgf sanples; 10
arithmetic means for conbining said two sefected sanples to create said 11

frequency error urenent. signal, said arithmetic means conprising 12
means for addi ngr@ﬂﬁt s elimpd i§57d two sanples to a second of said two

Ak e N Sttt SPRSET
t1on neans

1. JUNiggs.

1 1. A phase detector for creating a phase error measurement signal representative of

2  a difference in phase between a clock signal and pulses within an a_tnalog signal, said

3  phase detector comprising:

4 amplitude sampling means for receiving said aﬁalog signal and for taking a
5 plurality of samples of an amplitudé of said analog signal, said samples
6 being taken at times determined by said clock signal;

7 pulse detection means connected to an output of said amplitude sampling
8 means, wherein said pulse detection means determines a location of
9 each of said pulses;

10 | sample selection means connected to an output of said amplitude sampling
11 means and an output of said pulse detection means, said sample
12 selection means for selecting, for each pulse, at least two of said
13 | plurality of samples, wherein said at least two samples have a
14 predetermined relationship to a location of 'said pulse;

15 arithmetic means for combining said at least two selected samples to create
16 ' said phase error measurement signal.

1 2. The phase detector of claim 1 wherein said sample selection means further

2 comprises:

3 means for selecting two samples for each of said pulses; and
4 means for selecting a first of said two samples on a first side of said pulse, and
5 a second of said two samples on a second side of said pulse.
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1 3. The phase detector of claim 2 wherein said arithmetic means further comprises:

2 means for subtracting said first sample from said second sample to create said
3 _ phase error measurement signal; and

4 means for negating said phase error measurement signal when a polarity of
5 said pulse is negative.

1 4. The phase detector of claim 1 wherein said amplitude sampling means comprises

2  analog to digital converter means.

1 5. The phase detector of claim 1 further comprising:

2 means for storing at least one neighboring pulse compensatioh value, one said
3 neighboring pulse compensation value- corresponding to each
4 neighboring pulse located within a predetermined distance to éach of
5 said pulses; and
6 neighboring pulse arithmetic means for combining said at least one
7 neighboring pulse compe:nsation. value with said phase error
8 measurement signal when said corresponding neighboring pulse is
9 present.

1 6. The phase detector of claim 1 further comprising:

2 set point storage means for storing a constant value; and
3 set point arithmetic means for combining contents of said set point storage
4 means to said phase error measurement signal.

1 7. A phase locked loop for creating a clock signal in phase with pulses within an
_—
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3 amplitude sampling means for receiving said analog signal and for taking a
4 plurality of samples of an amplitude of said analog signal, said samples
5 being taken at times determined by said clock signal;

6 pulse detection means connected to an output of said amplitude sanipling
7 means, wherein said pulse detection means determines a location of

8 . each of said pulses;

9 sample selection means connected to an output of said amplitude sampling
10 means and an output of said pulse detection means, said sample
11 selection means for selecting, for each pulse, at least two of said
12 plurality of samples, wherein said at least two samples have a
13 predetermined relationship to a location of said pulse;

14 arithmetic means for combining said at least two selected samples to create a
15 phase error measurement signal.

16 clock signal generating means having an input connected to said phase error
17 measurement signal, and having said clock signal as an output, wherein
18 said phase error measurement signal controls said clock signal
19 genefating means to cause said clock signal output to sample said
20 analog siénal at a predetermined time relationship to a location of each
21 of said pulses. |

1 8. The phase locked loop of claim 7 further comprising filter means connected

2  between said phase error measurement signal and said input of said clock generating

3 means.
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1 10. The phase locked loop of claim 9 wherein said clock generating means comprises
2 variable frequency oscillator means, and wherein said phase error measurement signal
3  adjusts a frequency of said variable frequency oscillator to cause said elock signal
4  output to sample said analog signal at said predetermined time relationship to said
S  location of each of said pulses.

1 11. The phase locked loop of claim 10 further Comprising digital filter means
2 connected between said phase error measurement signal and sdid input of said
3  variable frequency oscillator.

1 12. A frequency detector for creating a frequency error measurement signal
2  representative of a difference in frequency between a periodic analog signal waveform
3 and a clock signal, said frequency detector compr_ising:

4 amplitude sampling means for receiving said analog signal and for taking a
5 plurality of samples of an amplitude of said analog signal, said samples
6 being taken at times determined by said clock signal;

7 sample selection means connected to an output of said amplitude sampling
8 ‘means, said sample selection means for selecting two of said plurality
9 'of samples separated by a predetermined number of samples;
10 arithmetic means for combining said two selected samples to create said
11 frequency error measurement signal, said arithmetic means comprising
12 means for adding a first of said two samples to a second of said two
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13 samples to create said frequency error measuremeﬂt signal, and
14 means for negating said frequency error measurement signal when a
15 value of said periodic waveform at a predetermined time
16 between said selected samples is less than a predetermiged
17 threshold.

1 13. A frequency locked loop for locking the frequency of a clock signal to a
2  predetermined multiple of the frequency of a periodic input waveform signal, said
3  frequency locked loop comprising:

4 amplitude sampling means for receiving said periodic input waveform signal
5 and for taking a plurality of samples of an amplitude of said periodic
6 input waveform signal, said samples being taken at times determined
7 by said clock signal;

8 sample selection means connected to an output of said amplitude sampling
9 means, said sample selection means for selecting two of said plurality
10 of samples separated by a predetermined number of samples;
11 arithmetic means for combining said two selected samples to create a
12 frequency error measurement signal, said arithmetic means comprising
13 means for adding a first of said two samples to a second of said two
14 samples to create said frequency error measurement signal, and

15 means for negating said frequency error measurement signal when a

16 | value of said periodic waveform at a predetermined time
17 between said selected samples is less than a predetermined
18 threshold;

19 variable frequency oscillator means having an input connected to said

This Sheet Has Been R

M



21“'““Reut put, (Wnerel n said frequencyﬂ
adJ frequency :93‘,:5"&1 d \TEI,JEﬂlb\

osc' i&" Hlsal d cl ock signal \. 235 B {
sai d= pEEI wavef orm signal ‘at s%?:ﬁi 24;_,,/-"
predetermned nultiple of the frequemer odi G e e
wavef orm si gnal . 1 14. The frequency | ocked [oop of claim 14 furt her

conpri si ng dlaltal filter nmeans 2 connected between said phase error
measur ement 3Pgnal and sai dreAvRRGY erpr megsuremsnt sigaal; anf having said elgek;signal as an

oscill ator.
output, wherein said frequency error measurement signal adjusts a

asur ement Si gnal
edtsmcy . «
ngtﬁut to sarrpl e

Cl =

—

22 frequency of said variable frequency oscillator to cause said clock signal
23 output to sample said periodic input waveform-signal at said
24 predetermined multiple of the frequency of said input periodic
25 | waveform signal.

1  14. The frequency locked loop of claim 14 further comprising digital filter means

2  connected between said phase error measurement signal and said input of said

3 variable frequency oscillator.

1 15. A timing recovery circuit for determining a clock signal from a data signal from

2  adata storage device or a data signal from a data communications device, said timing

3  recovery circuit comprising:

4 multiplexer means connected to sai_d data signal and a. predetermined

5 frequency periodic waveform signal;

6 signal selection means connected to said multiplexer means for causing said

7 multiplexer means to select either said data signal or said

8 predetermined frequency periodic waveform signal for output;

9 amplitude sampling means connected to receive said output of said multiplexer
10 means, said amplitude sampling means for taking a plurality of samples
i1 .of said output of said multiplexer means, said samples being taken at
12 times determined. by said clock signal;

13 pulse detection means connected to an output of said amplitude sampling
14 means, ,w.herein said pulse detection means determines a location of
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6 . . S|gnal sel ecti on neans connected to said nﬁTtlﬁrexeT“ﬁeaﬁs‘for
causing said

said data §|Sgn al or said pulse%contau% in Pau{3 data sﬂggnﬁ i s?ud ﬁé‘l&? diecRtbh Midans

re uency
eriodi c wavef orm signal f
P 16 g C)crauses sgl H multiplexer means to select said data signal;

17 sample selection means connected to said pulse detection means and
18 connected to an output of said amplitude sampling means, wherein said
19 | sample selection means selects two samples for each pulse in said data
20 ' signal when said signal selection mcans causes said multiplexer means
21 to select said data signal, said two samples having a predetermined
22 relationship to a location of said pulse, and wherein said sample
23 selection means selects two samples of said predetermined frequency
24 periodic waveform signal when said signal selection means causes said
25 multiplexer means to select said predetermined frequency periodic
26 waveform signal, said samples being separated by a predetermined
27 number of periods of said clock signal;
28 arithmetic means for combining said two selected samples to create an error
29 measurement signal; and
30 variable frequency oscillator means having an input connected to said error
31 measurement signal, and having said clock signal as an output, wherein
32 said error measurement signal adjusts a frequency of said variable
33 frequency oscillator to cause said clock signal output to sample said
34 predetermined frequency periodic waveform signel at a predetermined
35 time relationship to said output of said multiplexer means.
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What is claimed is:
1 1. A phase detector for creating a phase error measurement signal representative of

2 a difference in phase between a clock signal and pulses within an analog signal, said

3  phase detector comprising:

i

4 amplitude sampling means for receiving said analog signal and for taking a
5 plurality of samples of an amplitude of said analog signal, said samples
6 ' being taken at times determined by said clock signal;

7 pulse détection means connected to an output of said amplitude sampling
8 means, wherein said pulse detection means determines a location of
9 each of said pulses;

10 sample selection means connected to an output of said amplitude sampling
11 means and an output of said pulse detection means, said sample
12 selection means for selecting, for each pulse, at least two of said
13 plurality of samples, wherein said at least two samples have a
14 predetermined relationship to a location of said pulse;

15 arithmetic means for combining said at least two selected samples to create
16 said phase error measurement signal.

-1 2. The phase detector of claim 1 wherein said sample selection. means further
2  comprises:

3 means for selecting two samples for each of said pulses; _gnd

4 means for selecting a first of said two samples on a first side of said pulse, and

5 a second of said two samples on a second side of said pulse.
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means for subtracting said first sample from said second sample to create said
phase error measurement signal; and

means for negating said phase error measurement signal when a polarity of

said pulse is negative.

4. The phase detector of claim 1 wherein said amplitude sampling means comprises

analog to digital converter means.

5. The phase detector of claim 1 further comprising:
means for storing at least one neighboring pulse compensation value, one said
neighboring pulse compensation value- corresponding to each
neighboring pulse located within a predetermined distance to each of
said pulses; and
neighboring pulse arithmetic means for combining said at least one
neighboring pulse compensation value with said phase error

measurement signal when said corresponding neighboring pulse is

present.

6. The phase detector of claim 1 further comprising:
set point storage means for storing a constant value; and
set point arithmetic means for combining contents of said set point storage

means to said phase error measurement signal.

7. A phase locked loop for creating a clock signal in phase with pulses within an

to



retati onbhip to a | ocation pFESAAHE E"':F"ge",'"';’-a":ﬁd*iv\,herei n

sal d s sel ecti on.nmeans sel ecLs arrplies of
sai‘d p Wmllm HIII ,H“‘uency 24 ' 1 Daﬁéii-zdpt‘maDTMm si gnal
when sar slgna Sel eeti on neans causes sajpfl 25

mul tipl exer means to select said predetermned frequency periodic 26

. waveform signal, said sanples being separated by A predetermned. 27

nunber of per|9dsagjloﬁsggﬁla]c§a a§é $H3Rdd loog Bomprising: arithmetic nmeans for
conbining said two sel eCted sanples to create an error 29

measurement signal; angp, ﬁtgde sam meahl fof PdcBiving &didemakg Aisal bt B ERAES

; . ;c)jlmg
havi ng an i npu connecte to sal rror

4 plurality of samples of an amplitude of said analog signal, said samples
5 being taken at times determined by said clock signal;

6 pulse detection means; coﬁnected to an output of said amplitude sanipling
7 means, wherein said pulse detection means determines a location of

8 each of said pulses;

9 sample selection means connected to an output of said amplitude sampling
10 means and an output of said pulse detection means, said sample
11 selection means for selecting, for each pulse, at least two of said
12 plurality of samples, wherein said at least two samples have a
13 predetermined relationship to a location of said pulse;

14 arithmetic means for combining said at least two selected samples to create a
15 ‘ phase error measurement signal.

16 clock signal generating means having an input connected to said phase error
17 ' measurement signal, and having said clock signal as an output, wherein
18 said phase error measurement signal controls said clock signal
19 generating means to cause said clock signal output to sample said
20 analog signal at a predetermined time relationship to a location of each
21 | of said pulses.

1 8. The phase locked loop of claim 7 further comprising filter means connected

2  between said phase error measurement signal and said input of said clock generating

3  means.



output
a f'fequen

cause said clock signal output to sanple sagd 4Dme
. predeterm ned frequency periodic waveform signal- , ,
. time relationship to said output of said nultiplexer neans.

enéht signal, and havimps
“\!\L“!\‘\ : said error
var i ébl e 33 o -

1

2

10

11

12

WB&SUA@EHENT%I—@EQ‘
frequency oscil| §

i 2 QLT. ]997

9. The phase locked loop of claim 7 wherein said amplitude sampling means

comprises analog to digital converter means.

10. The phase locked loop of claim 9 wherein said clock generating means comprises
variable frequency oscillator means, and wherein said phase error measurement signal
adjusts a frequency of said variable frequency oscillator to cause said clock sighal

output to sample said analog signal at said predetermined time relationship to said

location of each of said pulses.

11. The phase locked loop of claim 10 further comprising digital filter means

connected between said phase error measurement signal and sdid input of said

variable frequency osciilator.

12. A frequency detector for creating a frequency error measurement signal
representative of a difference in frequency between a ﬁeriodic analog signal waveform
and a clock signal, said frequency detector compr'ising:
amplitude sampling means for receiving said analog signal and for taking a
plurality of samples of an amplitude of said analog signal, said samples
being taken at times determined by said clock signal; '
sample selection means connected to an output of said amplitude sampling
means, said sample selection means for selecting two of said plurality
.of samples separated by a predetermined number of samples;
arithmetic means fot combining said two selected samples to create said
frequency error measurement signal, said arithmetic means comprising

means for adding a first of said two samples to a second of said two
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samples to create said frequency error measuremeﬁt signal, and
means for negating said frequency error measurement signal when a
value of said periodic waveform at a predetermined time
between said selected samples is less than a predetermined

thresholgi.

13. A frequency locked loop for locking the frequency of a clock signal to a
predetermined multiple of the frequency of a periodic input waveform signal, said
frequency locked loop comprising:
amplitude sampling means for receiving said periodic input waveform signal
and for taking a plurality of samples of an amplitudeé of said periodic
input waveform signal, said samples being taken at times determined
by said clock signal;
sample selection means connected to an output of said amplitude sampling
means, said sample selection means for selecting two of said plurality
of samples separated by a predetermined number of samples;
arithmetic means for combining said two selected samples to create a
frequency error measurement signal, said arithmetic means comprising
means for adding a first of said two samples to a second of said two
samples to create said frequency error measurement signal, and
means for negating said frequency error measurement signal when a
| value of said periodic waveform at a predetermined time
between said selected samples is less than a predetermined
threshold;

variable frequency oscillator means having an input connected to said
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fréqtiency error measurement signal, and having said clocic signal as an
output, wherein said frequency error measurement signal adjusts a
frequency of said variable frequency oscillator to cause said clocklsignal
output to sample said periodic input waveform-signal at said

predetermined multiple of the frequency of said input pefiodic

waveform signal.

14. The frequency locked loop of claim 14 further comprising digital filter means

connected between said phase error measurement signal and said input of said

variable frequency oscillator.

15. A timing recovery circuit for determining a clock signal from a data signal from
a data storage device or a data signal from a data communications device, said timing
recovery circuit comprising:
multiplexér means connected to said data signal and a. predetermined
frequency periodic waveform signal;
signal selection means connected to said multiplexer means for causing said
multiplexer means to select either said data signal or said
predetermined frequency periodic waveform signal for output;
amplitude sampling means connected to receive said output of said multiplexer
means, said amplitude sampling means for taking a plurality of samples
.of said output of said multiplexer means, said samples being taken at
times determined by said clock signal;
pulse detection means connected to an output of said amplitude sampling

means, wherein said pulse detection means determines a location of
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15 pulses contained in said data signal when said signal selection means
16 causes said multiplexer means to select said data signal;

17 sample selection means connected to said pulse detection means and
18 ' connected to an output of said amplitude sampling means, wherein said.
19 . sampie selectiopn means selects two samples for each pulse in said data
20 _ signal when said signal selection m;aans causes said multiplexer means
21 to select said data signal, said two samples having a predetermined
22 relationship to a location of said pulse, and wherein said sample
23 selection means selects two samples of said predetermined frequency
24 periodic waveform signal when said signal selection means causes said
25 multiplexer means to select said predetermined frequency periodic
26 waveform signal, said samples being separated by a predetermined
27 number of periods of said clock signal;

28 arithmetic means for combining said two selected samples to create an error
29 measurement signal; and

30 - variable frequency oscillator means having an input connected to said error
31 measurement signal, and having said clock signal as an output, wherein
32 said error measurement signal adjusts a frequency of said variable
33 frequency oscillator to cause said clock signal output to sample said
34 predetermined frequency periodic waveform sign;l at a predetermined
35 time relationship to said output of said multiplexer means.



