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FULLY DIGITAL DATA SEPARATOR AND

data bit in the previous bit cell was a zero. Thus, the pulses

FREQUENCY MULTIPLIER

can be separated by one bit cell (data pulse followed by data
pulse, or clock pulse followed by clock pulse), 1.5 bit cells
(data pulse followed by clock pulse, or vice versa), or 2 bit
cells (empty cell between two data pulses). The data sepa

REFERENCE TO RELATED APPLICATION

This application is related to application Ser. No. 08/221,

rator must take this information and generate three outputs:
a non-return-to-zero clock (NRZCK), which indicates the

736, ?led on the same date as this application, now U.S. Pat.

No. 5,438,300, issued Aug. 1, 1995, which is incorporated

presence of a clock pulse in the bit cell, a non-return-to-zero

herein by reference ‘and also this application is a continua
tion of Ser. No. 221,618, ?led Apr. 1, 1994, now US. Pat.

data signal (NRZDA), which indicates the presence of a data
pulse in the bit cell, and a bit~cell clock signal. The ?oppy

No. 5,553,100.

disk controller can use this information to regenerate the

data in the form in which it was originally received from the
CPU.
Most conventional data separators use an analog phase

FIELD OF THE INVENTION

This invention relates to data separators and, in particular,
to a data separator which is constructed entirely of digital 15 locked loop (PLL) to generate the sampling clock. Analog

components.

PLLs have the potential of in?nite resolution, but they
require precise components such as resistors and capacitors,
either external or internal. In the latter case, the components
are susceptible to variations in the manufacturing process.

BACKGROUND OF THE INVENTION

Data separators are used in various applications, and 20 Moreover, analog circuits are susceptible to signal noise,
which limits their resolution in practice.
controller is a module that controls the data communication
between a central processing unit (CPU) and a ?oppy disk
SUMMARY OF THE INVENTION
drive (or a tape drive) in a personal computer (PC) system.
The communications between a ?oppy disk drive and a 25
The fully digital data separator of this invention includes
?oppy disk controller ?ow through two wires referred to as
an early and late logic unit, a frequency and phase correction

particularly in ?oppy disk controller designs. A ?oppy disk

“serial data out” (SDO) and “serial data in” (SDI). During
the write operation, the data ?ow through the SDO line. As

logic unit, a bit length register logic unit, a counter oscillator

is known, the data consist of a series of pulses that are
converted by the drive into magnetic ?ux reversals on the

register which keeps track of the cumulative phase di?er

and a data detector. The early and late logic unit contains a

ence (i.e., the difference in time) between the serial data

?oppy disk. The pulses are later read by the drive and
converted back to encoded pulses which can be decoded by

the ?oppy disk controller into the original data.
The data read from the disk are subject to three irregu
larities, referred to as bit shift, motor speed variation (MSV),

35

makes an appropriate adjustment or “correction” of the
clock signal output from the data separator. After a selected
number of such phase corrections in the same direction (i.e.,

and instantaneous speed variation (ISV). Bit shift arises
from the magnetic interaction of adjacent bits on the disk.
When the ?ux transitions are recorded close to each other,
the superposition of their magnetic ?elds causes them to
move apart. Thus, when the bits are read, the disk drive’s
peak detector likewise moves the peaks of these ?ux tran
sitions apart from each other. This is the major cause of bit

shift, otherwise known as “jitter”. While write precompen
sation circuitry can partially overcome this problem, a
certain amount of bit shift remains.
MSV is caused by an error in the speed of the spindle
motor in the disk drive, and it causes the data rate to vary
typically l—2% for each drive. ISV is an additional speed
error that is caused by disk-jacket friction and mechanical

received by the data separator and the clock signal delivered
at the output of the data separator. When the phase di?’erence
exceeds preselected upper or lower limits, the early and late
logic unit so informs the frequency and phase correction
logic unit, and the frequency and phase correction logic unit

45

early or late), the frequency and phase correction logic unit
adjusts the frequency of the clock signal output by the data
separator. After a predetermined number of phase advances,
the frequency of the output clock signal is increased; and
after a predetermined number of phase delays, the frequency
of the output clock signal is decreased.
The bit length logic unit includes a decrementing register
which is loaded with an appropriate digital word after each
countdown to zero to e?’ect a phase advance, a phase delay,
or no change in the phase of the output clock signal.
The data detector receives inputs from the other compo
nents of the data separator and delivers data and clock output

resonances. ISV causes the data rate to vary an additional

l~2%.
A data separator must be able to synthesize the average
frequency of the incoming serial data, which in turn mini

signals. In the preferred embodiment, the data detector
delivers a non-return-to-zero clock signal, and a non~retum

to-zero data signal. The counter oscillator delivers a full

data are recorded in the format known as modi?ed frequency

bit-cell clock signal.
The preferred embodiment also contains circuitry for
synchronizing the output signals with the serial data input at
the beginning of an operational cycle of the data separator.
The digital data separator is supplied with a “fast” clock
signal from a frequency multiplier. In the frequency multi
plier, arelatively slow oscillatory signal (e.g., a “slow” clock

modulation (MFM), which is currently the most widely used
recording format for ?oppy disks. MFM de?nes a bit cell for

signal) is delivered to a divide-by-K unit, and the output of
a ring oscillator is delivered to a divide-by-N unit, with N

mizes the problems caused by bit shift. The incoming data

55

on the SDI line represent both clock and data information.

For successful, error-free communication, the data separator
must regenerate the desired clock signal and synchronize it
to the rate of the received pulse stream.

The difficulty of doing this is particularly great when the

60

each bit of data, with each cell containing a position for a

clock pulse (clock window) and a position for a data pulse
(data window). A data pulse is present if the data bit is one.
A clock pulse is present only if the data bit is zero and the

65

being greater than K. The outputs of the divide-by-K unit
and the divide-by-N unit are delivered to respective inputs of
a frequency comparator. The output of the frequency com~
parator is used to generate coarse and ?ne tuning signals,

5,592,515
3

4

which are sent to the ring oscillator. The output of the ring

FIG. 18 illustrates a ?ow diagram of the state machine in

oscillator is a frequency-multiplied high-speed oscillating

control logic unit.
FIG. 19 illustrates a block diagram of the ring oscillator

signal.
When the output of the divide-by-N unit is at a frequency
which is different from an output of the divide-by~K unit, the
frequency comparator generates tuning signals which are

of this invention.
DESCRIPTION OF THE INVENTION

delivered to the ring oscillator. When the frequency com
parator indicates a match between the frequencies of the

The data separator of this invention operates by using a
“fast” clock signal to measure time differences between the

signals at its inputs, the digital frequency multiplier is locked

data received at the input of the data separator and the
signals delivered at the output of the data separator. The fast

and delivers an output signal which has a frequency greater
than the input signal by a factor equal to N divided by K. In

clock is preferably generated using a frequency multiplier of

the preferred embodiment, the coarse tuning signal increases
the frequency of the ring oscillator until the frequency
delivered by the divide-by-N unit exceeds the frequency of
the signal from the divide-by-K unit, and then the ?ne tuning
signal decreases the frequency of the ring oscillator until a

the kind also disclosed herein, although other methods of
generating the fast clock may also be employed.
FIG. 1 illustrates a frequency multiplier 1 which, as
hereinafter described, has inputs which deliver a reference
clock signal, a reset signal, an enable signal, and an N value

match within desired limits is achieved.
In accordance with another aspect of this invention, the

signal (which determines the multiplication factor). As out‘
puts, frequency multiplier i provides a frequency-multiplied
signal designated Ringout, an internal reset signal desig

ring oscillator includes a plurality of delay elements, each of

which has a characteristic delay. The delay elements are 20
nated Drst, and a signal designated Lock which indicates
connected in a “ring” con?guration. When the oscillator is
that frequency multiplier I is locked to a frequency.
enabled, a signal circulates around the ring at a rate which
FIG. 1 also shows a fully digital data separator 2 accord
is determined by the combined delays of the delay elements.
ing to this invention. Data separator 2 includes a ringout
The frequency of the oscillator is varied, in the coarse tuning
phase, by subtracting delay elements from the ring, thereby 25 divider 10, an early and late logic unit 20, a frequency and

phase correction logic unit 30, a bit length register (BLR)

increasing the frequency of oscillation. The ?ne tuning of
the ring oscillator is performed by adjusting a variable delay
element (e.g., a parallel arrangement of tri-state inverters)

logic unit 40, a counter'oscillator 50 and a data detector 60.

which is connected between two of the gates.
30

head of a disk or tape drive; and a signal designated DRATE,
which is delivered to ringout divider 10.
The purpose of ringout divider 10 is to frequency divide
the Ringout signal as necessary to provide the “fast” clock

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 illustrates a general block diagram of a data
separator according to this invention.
FIG. 2 illustrates a block diagram of the ringout divider.
FIG. 3 illustrates a logic diagram of the data detector.
FIG. 4 illustrates a logic diagram of the counter-oscillator.
FIG. 5 illustrates a logic diagram of the bit length register

35

The structure of ringout divider 10 is illustrated in FIG. 2.
Ringout divider 10 includes a divide-by-two unit 12, a
divide-by—three unit 14, a divide~by~two unit 16 and a

FIG. 6 illustrates a block diagram of the early and late

logic unit.
FIG. 7 illustrates a logic diagram of the control unit within
45

FIG. 8 illustrates a logic diagram of the limit detector

For example, if the data rate is 250 Kb/sec and the

FIG. 9 illustrates a block diagram of the frequency and

frequency of Ringout is 84 MHZ, the selection of the input
of multiplexer from divide-by-four unit 16 would yield an
Intclk frequency of 21 MHZ, and there would be 84 Intclk
pulses within each bit cell of the SDI signal. If the data rate
was 500 Kb/sec, and the input from divide-by-two unit 12 is
selected, there would likewise be 84 pulses in each bit cell.

phase correction logic unit.
FIG. 10 illustrates a ?ow diagram of the state machine

within the frequency and phase correction logic unit.

55

60

FIG. 17 illustrates a detailed view of a second gate

assumed that this ratio is maintained.
As shown in FIG. 1, the Intclk signal is delivered to early

and late logic unit 20 and frequency and phase correction
logic unit 30. The SDI signal is input to early and late logic
unit 20, frequency and phase correction unit 30, and data

FIG. 16 illustrates a detailed view of a gate combination

combination in the ring oscillator.

direct ringout input of multiplexer 18 is selected. The 84:1
required. For purposes of data separator 2, however, it is

mulator (PSA) register.

in the ring oscillator.

The same would be true if the data rate is l Mb/sec and the

ratio between the frequency of Intclk and the data rate is not

FIG. 13 illustrates the operation of the phase shift accu

FIG. 14 illustrates a block diagram of the digital fre
quency multiplier of this invention.
FIG. 15 illustrates a logic diagram of a preferred embodi
ment of the ring oscillator.

multiplexer 18. Multiplexer 18 has four inputs, which are
selected by the two-bit DRATE signal. As is evident from
FIG. 2, depending on which input of multiplexer 18 is
selected, Ringout is divided by one, two, three or four to

yield Intclk.

within the early and late logic unit.

FIG. 11 illustrates a logic diagram of the control unit
within the frequency and phase correction unit.
FIGS. 12A and 12B illustrates timing diagrams of several
signals generated or received by the data separator.

for data separator 2, designated Intclk. To simplify the
construction of data separator 2, Intclk should be a single
multiple of the “data rate” (i.e., the frequency of SDI), for all
data rates.

logic unit.

the early and late logic unit.

Data separator 2 has ?ve inputs: the signals designated
Ringout, Drst and Lock from frequency multiplier 1; the
incoming serial data (SDI), preferably from the read/write

65

detector 60.
FIG. 5 illustrates the structure of the bit length register

(BLR) logic unit 40. BLR logic unit 40 includes three
registers: a 7-bit increment/decrement bit length register

5,592,515
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(designated BLR), a 5-bit increment/decrement temporary
bit length register (designated TBLR), and a 5-bit decrement

data separator 2 is enabled, the binary equivalent of 48
(0110000) is loaded into the PSA register by activating a

quarter bit length register (designated QBLR). Whenever the

Load Const input. The contents of the PSA register are
incremented by activating an Inc PSA input and are decre
mented by activating a Dec PSA input. When a Load PSA
input is activated, the contents of the TPSA register are
loaded into the PSA register. When a Load TPSA input is
activated, the contents of the PSA register are loaded into the

data separator is enabled, the BLR register is loaded with the
binary equivalent of 84 (1010100). This occurs when the
Load BLR input is activated. The binary word stored in the

BLR register is incremented by activating the Inc BLR input
and the binary word stored in the BLR register is decre
mented by activating the Dec BLR input. When the Load
TBLR input is activated, the upper ?ve bits of the word

TPSA register.
As noted above, the binary equivalent of 48 is initially

stored in the BLR register are loaded into the TBLR register.
The word stored in the TBLR register is incremented by

loaded into the PSA register. As described further below, a
control unit 22 detects the relationship between the incom

activating the Inc TBLR input and decremented by activat
ing the Dec TBLR input. The contents of the TBLR register
are loaded into the QBLR register by activating the Load
QBLR input. The word stored in the QBLR register is
decremented by activating the Dec QBLR input. As noted
above, the QBLR register cannot be incremented. It will be
noted that initially the binary word for 21 (10101) will be

ing SDI pulses and the clock signal (FBC) currently being
delivered by data separator 2. If the incoming data pulses
arrive later than the clock output, the Inc PSA input is
activated; if the incoming data pulses arrive earlier than the
clock output, the Dec PSA input is activated. Thus, the PSA
register keeps a running indication of the cumulative phase
difference represented by a series of SDI pulses.

loaded into the TBLR register and then into the QBLR

register.
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The ?ve memory positions of the QBLR register are

highest bit of the PSA register is designated PSA[6], and
next highest bit of the PSA register is designated PSA[5].

connected to a NOR gate 42, a NOR gate 44 and a NOR gate

46. NOR gate 42 delivers a logic high output, designated
QBLR8det, when the QBLR register holds the binary
equivalent of 8 (01000); NOR gate 44 delivers a logic high

The two highest bits of the PSA register are delivered to
a limit detector 24, which is shown in FIG. 8. In FIG. 8, the

holds the binary equivalent of zero; and NOR gate 46

Limit detector 24 delivers two outputs, a Ucross signal,
indicating that an upper limit has been crossed, and a Dcross
signal, indicating that a lower limit has been crossed. Limit
detector 24 includes AND gates 240 and 242. AND gate 240

delivers a logic high output, designated QBLR246det when
ever the QBLR register holds the binary equivalent of two,

has as inputs the PSA[6] signal and the QBLROdet signal.
AND gate 242 has as inputs the inverted PSA[S] signal, the

four or six (00010, 00100 or 00110). Thus, assuming that the

inverted PSA[6] signal and the QBLROdet signal.

QBLR register initially holds the binary equivalent of 21, as
the Dec QBLR input is pulsed, NOR gate 42 will deliver
outputs when the binary equivalent of 8 is reached, NOR

FIG. 7 shows the structure of control unit 22. An AND
gate 202 is connected to the set input of a set-reset ?ip-?op
206, and an AND gate 204 is connected to the set input of
a set-reset ?ip-?op 208. The output of ?ip-?op 206 is an
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output, designated QBLROdet, when the QBLR register

gate 46 will deliver an output when the binary equivalents of
6, 4 and 2 are reached, and NOR gate 44 will deliver an
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output when zero is reached. The QBLR8det, QBLR246det,
and QBLROdet signals are illustrated for a single quarter of
a bit cell in FIG. 12B.

As shown in FIG. 4, the QBLROdet signal is delivered to
counter-oscillator 50, which contains a set-toggle ?ip-?op
52 and a toggle ?ip-?op 54. Counter-oscillator 50 delivers
two outputs: a half-bit cell signal (HBC) and a full-bit cell
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Early signal, and the output of ?ip-?op 208 is a Late signal.
The generation of the Early signal will ?rst be described.
As shown, the inputs of AND gate 202 are the SDI signal
and an inverted HBC signal. As shown in FIG. 12A, the
HBC signal is low during the ?rst half of each clock and data
window. Thus, ?ip-?op 206 is set whenever an SDI pulse
occurs in the ?rst half of a clock or data window. Since (as

described more fully below) the QBLROdet signal is deliv
ered at the midpoint of each window, the Early signal goes

signal (FBC). The output of ?ip-?op 52, which carries the
HBC signal, “toggles” (i.e., switches from high to low or 45 low at the midpoint of a clock or data window when it has
vice versa), each time the QBLR register reaches a zero. The
been triggered in the ?rst half of the window. Referring to
output of toggle ?ip-?op 54 toggles each time the output of
FIG. 12A, this is shown in the data window of bit #2, where
?ip-?op 52 goes from a high to a high, thereby producing the
the Early signal is high during the time between an SDI
FBC signal. The HBC and FBC signals during several bit
pulse, which arrives in the ?rst half of the window, and the
cells are illustrated in FIG. 12A. The synchronization (Sync) 50. midpoint of the window. Thus, the Early signal is asserted
input to counter-oscillator 50 is delivered during a synchro
high by the leading edge of an SDI pulse during the ?rst half
nization stage of data separator 2 and is described below. As
of a clock or data window and is deasserted at the midpoint
is apparent from FIGS. 4, 5 and 12A, the countdown time of
of the window.
the QBLR register represents a quarter of a bit cell (i.e.,
The inputs of AND gate 204 are the HBC and SDI signals.
one-half of an HBC cycle). Since the output clock signal 55 Therefore, referring again to FIG. 12A, ?ip-?op 208 is set
FBC is determined by the HBC signal, the counting of the
when an SDI pulse appears during the second half of a clock
QBLR register determines both the phase and frequency of
or data window. The HBC signal is high during the second
the FBC signal.
half of each window. This is shown in the clock window of
The early and late logic unit 20, illustrated in FIG. 6, is
bit #1, where the Late signal goes high during the second
responsible for determining and keeping track of the phase 60 half of that window. The reset input of ?ip-?op 208 is set to
diiference (time separation) between the SDI pulses and the
the QBLROdet signal. As described more fully below, the
current clock output of data separator 2 (i.e., the FBC
QBLROdet signal is delivered at the end of each window.
signal). Early and late logic unit 20 contains a phase shift
Thus, as shown in FIG. 12A, the Late signal goes low at the
accumulator (PSA) register. The PSA register is a 7-bit
end of the clock window in Bit Cell #1. Thus the Late signal
increment/decrement register. A temporary phase shift accu
is asserted high by the leading edge of an SDI pulse during
mulator (TPSA) register is a 7~bit latch, which is used to
the second half of a clock or data window and is deasserted
temporarily store the contents of the PSA register. Whenever
at the end of the window.

