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METHOD AND APPARATUS FOR FAILSAFING AND
EXTENDING RANGE FOR WRITE

BACKGROUND OF THE INVENTION

1. FIELD OF THE INVENTION

The present invention relates to data processing and data storage, and

more particularly to precoinpensation of write data signals.

2.  BACKGROUND AR

Computer systems employ data storage devices, for example, disk
drives, to store data for use by the computer system. A typical data storage
device includes storage media, in which data is stored, a read head, and a
mechanism, such as a motor, for imparting relative motion between the

~ storage media and the read head. The relative motion a_llows access to
various portions of the storage media, and, in the case of certain types of -
media, such as magnetic media, allows for the production of signals
representative of the data stored in the storage media. -

In general, disk inemories are characterized by the use of one or _morg -
* magnetic media disks mounted on a spindle assembly and rotated at a high
rate of épeed. Each disk typically has two surfaces of magnetic media. Ina
typical rotating medium as a étorage system, data is stored on magnet_ic or
magneto-optical disks in a series of concentric “tracks," with each track being
an addressable area of the memory array. A read/write head is provided for
each surface of each disk in the disk storage system. These tracks are_accessed



drives, to store data for use by the conputer system A typical data

st orage device includes storage nedia, in which data is stored, a read
head; and a mechani sm such as a notor, for inparting relative notion

bet ween the storage nedia and the read head. The relative notion allows
access to various portions of the storage nedia, and, in the case of

. certain types of media, such as magnetic nedia, allows for the production
of signals representative of the data stored in the storage nedia.

I n general, disk nenories are characterized by the use of one or nore
magneti c nedla di sks nounted on a spindle assenbly and rotated at a high

rate of spee%

typi cal rotat p'ng
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masa orage sys ta s on nagnetic or

magnet 0- opt i gRlk SiFkee.i N a series of concentric "tracks," with each track
bei ng an addressable area of the nenory array. Aread/wite.head is

provi ded for

each surface of each disk |n the di sk storage system These

tracks are accessed

To provide retrieval of stored data from a storage medium, the fixed
representation of the stored data in the storage medium must be converted
into signal that may be processed to yield data in a form usable with a system
such as a computer system. A read channel circuit is used to convert signals

from the storage media to usable read data.

Information is often provided to a read channel in a bit stream format.
A bit stream consists of a series of logical ones or zeros presented in serial
fashion. To accurately decode a serial bit stream, the read channel must be
able to detect each individual bit. To isolate each bit, a bit frame or bit
window is defined about each bit. A bit window should only contain a single
bit. If the window is too large, more tﬁan one bit of information may be
contained within the window and one or all bits inay be lost. If the bit
window is too small, no Qetectable information will result. Further, loss of
bit information at point locations may lead to error propagation throughout

the decoding process.

A read channel circuit is used to read data from a storage device, for

example a hard disk drive. A read channel circuit typically includes a pulse

“ detector, a filter, servo circuits, a data synchronizer, a window shift circui't, a

write precompensation circuit, an encoder/ decoder (ENDEC), and a control

circuit. The pulse detector detects and qualifies encoded read signals derived



2 by read/wite head that detects variations in the magnetic orientation
of the disk surface. To provide retrieval of stored data froma
stor.age nedium the fixed representation of the stored data in the storage
medi um nust be converted into signal that nmay be processed to yield data in
a formusable with a system such as a conputer system A read channel
cireuit is used to convert signals fromthe storage nedia to usable read
dat a. Information is often provided to a read channel in a bit
streamformat. A-bit stream consists of a segies of |ogical ones or zeros
presented in serial fashion. To accurately decode a serial bit stream the
read channelgdiStheReodBeaidvica eTRE FilRaGhrthee pybeisabs Md endsiddsaladl sigralsh
bit, a bit frame or bit window is defined about each bit. A bit w ndow
shoul d onl y te@misare freqaengy eangt and lphasé eelatiofshipsoftthe drapded read sigrwds
one bit of information may be contained within the wi ndow and one or all
bits may be dreappropriatectolrnliowiirearbdatasta be reqoyered fromyshe eneedied reAdbr mat i on
will result. Further, loss of _bit information at poi rg locc:fa\}i ons, may | ead
HRa erive m the

to error pr&ERAIST die IRFEQSHERMES: FRPREL RIVA] Qn ro
storage device which is used to assure that data to be read from the storage

device has been accurately located.

In the read mode, the data synchronizer performs sync field search and
data synchronization. The data synchronizer uses a phase locked loop (PLL)
to provide data synchronization and to develop a decode window. The
window shift circuit shifts the phase of the voltage controlled oscillator (VCO)
of the PLL to effectively shift the relative position of the read data pulse
within the decode window. In the write mode, the write precompensation
circuit uses the data synchronizer to provide data encoding and independent
late/early write precompensation for NRZ data. The ENDEC provides
encoding and decoding, preférably of run length limited (RLL) signals. The
control circuit coordinates and controls the operation of the aforementioned

circuits and subsystems.

A write precompensation circuit provides write precompensation.
Write precompensation compensétes for media bit shift caused by magnetic
nonlinearities. Specific write data patterns ar'e'rec':ognized and delays are
added in the time position of write data bits to counteract the effects of the
magnetic nonlinearities. The magnitude of the time shift required depends

on the specific nonlinearities of the particular magneticmedia involved.



A read channel circuit is used to read data froma storage device, for
exanpl e a hard disk drive. A read channel circuit typically includes a
pul se detector, a filter, servo circuits, a data synchronizer, a w ndow
shift circuit, a wite preconpensation circuit, an encoder/decoder (ENDEC),
and .a control circuit. The pul se detector detects and qualifies. encoded
read signals derived ' 3

- fromthe storage device. The filter further processes the encoded read
signals to ensure frequency range and phdse rel ationships of the encoded

read signal i, ar aé)ghoprl ate to allow reag dat %-to e L Ecov ered fromthe
encoded rea h§¥"§ﬂ5 sgneAtrount o4 PEEPRIRES AR 13 FEPIRIY °§ A% hati on deri ved
fromthe stor [ ' ' d from
t he stor agegﬁggﬁeacng&éggeeﬁdé@rllggc%%rr g;@%&g@%g&&%& :ﬂﬁbﬁﬂt ? ﬁggt?dea node,
the data sygphéifitiapplicRBbhS Pre-2¥fipenhsftich $°peBried only on the second of

two consecutive "ones" in a write data stream and shifts the time position of

the write data bits in only the late direction. If more than two consecutive

“ones" are written in a write data stream, all but the first are precompensated

in the late direction:

Figure 1 is a schematic diagram illustrating a typical write

precompensation circuit.

Circuit 101 is a portion of the circuit of Figure 1. Circuit 101 comprises
ransistors 106, 107, 111, 113, 114, 117, 118, 121, 122, 123, 124, 128, 129, 133, 134,
137,138, 139, 140, 146 and 147. Circuit 101 comprises resistors 108, 109, 112, 119,
120, 125, 126, 127, 11, 132, 136, 141, 142 and 148. Circuit 101 comprises

capacitor 115, current source 130 and variable current source 149.

The circuit of Figure 1 comprises timing generator 102 and comparator
103. Timing generator 102 comprises transistors 106, 107, 111, 113, 114, 117 and
118. Timing generator 102 comprises resistors 108, 109, 112, 119 aﬁd 120.
Timing circuit 102 comprises capacitdr 115. Comparator 103 comprises
transistors 133, 134, 135, 137, 138, 139, 140, 146 and 147. Comparator 103
comprises resistors 131, 132, '136,. 141, 142 and 148. Comparator 103 comprises

variable current source 149.



data synchroni zation. The data synchroni zer uses a phase | ocked | oop (PLL)
to provide data synchroni zati on and to devel op a decode w ndow. The w ndow
shift circuit shifts the phase of the voltage controlled oscillator (VCO
of the PLL to effectively shift the relative position of the read data

" pulse within the decode window. In the wite node, the wite
preconpensation circuit uses the data synchronizer to provide data encodi ng
and i ndependent late/early wite preconpensation for NRZ data. The ENDEC
provi des encodi ng and decodi ng, preferably of run length limted (RLL)
signals. The control circuit coordinates and®® control s the operation of the

Ci roul t pr ovi des. RPRECHRCROAALOA GRUPHY oty BRASS LSBT R 0B ADEL e
o e 2 01| S e auRec Y TRANEL s O DRI e L
Gate DLLS LouRUNG Y ahito ki ke bl aae Reiaus e by VIR |
of the parti qulsarisgaeReupfed RS h Firb¥ePhnYiesl of resistor 108 and to a first terminal of
resistor 109. A second terminal of resistor 108 is coupled to node 152, at which
signal .Vno is present, to the éollector of transistor 106 and to the base of
transistor 114. A second terminal of resistor 109 is coupled to node 153, at |
which signal Vpo is present, to the collector of transistor 107 and to the base of

transistor 113.

Input Vbias at node 110 is éoupled to the base of transistor 111, to the
base of transistor 123, to the base of trkmsistor 124, to the base of transistor 135,
to the base of transistor 139 and to the base of transistor 140. The emitter of
ransistor 111 is coupled to a first terminal of resistor 112. The second
terminal of resistor 112 is coupled to ground at node 151. The collector of
transistor 111 is couplgd to the emitter of transistor 106 and to the emitter of
transistor 107. |

Positive voltage supply V+ at node 150 is coupled to the collector of
transistor 113 and to the collector of transistor 114. The emitter of transistor
113 is ct-aupled to the base of transistor 122, to a first terminal of capacitor 115,
to the collector of tranSistqr 117, and to node 154, at which signal Vep is.
present. The emitter of transistor 114 is coupled to the base of transistor 121,
to the second !:enhinal of capacitor 115, to the collector of transistor 118, and to

node 155, at which signal Ven is present.



4 Therefore, the anount of preconpensation is typically be nade
programmabl e to allow users the flexibility to set the anmount needed in
specgific applications. Pre-conpensation is performed only on the second of
two consecutive "ones"” in a wite data streamand shifts the tinme position
of the wite data bits in only the late direction. If nore than two
consecutive "ones" are witten in a wite data stream all but the first
are preconpensated in the late direction. Figure 1 is a schematic
diagramillustrating a typical wite preconpensation circuit. '
Circuit 101 is a portion of the circuit of Figure 1. Crcuit 101 conprises
transistors 106,107,111, 113, 114,117, 118, 1214122, 123, 124, 128, 129, 133, 134,
137, 138, 139, 140, 146 and 147. Circuit 101 conprises resistors. .

108, 109, 112, 119, Voltage ¥xsis measured renoss3apagigon 115, mith nade Kt beingcther 101
conprises capacjitor 115, cufrent rge 130 and variable current source
Tag " "positive tepminAlians narlg 138 beinsthe negative feHE A OF 46 PUrBSseg

conpar at or 4035 Thiligh OORRE Whlkeed OF cRTRIbS 57 14 BOSHRMLIa He rebiinarlde
resistor 119. The second terminal of resistor 119 is coupled to ground at node
151. The emitter of transistor 118 is coupied to a first terminal of resistor 120.
The second términal of resistor 120 is coupled to ground at node 151. Input
VADYJ at node 116 is coupled to the base of transistor 117 and to the base of -

transistor 118.

Positive voltage supply V+ at node 150 is coupled to the collector of
transistor 121 and to the collector of transistor 122. The emitter 121 is coupled
to the collector 123, to the collector of transistor .128, and to a first terminal of
resistor 127. The emitter of transistor 122 is coupled to the collector of
transistor 124, to the collector of trgnsistor 146, and td a first terminal of
resistor 148. The emitter of transistor 123 is coupled to a first terminal of
resistor 125. The emitter of transistor 124 is coupled to a first terminal 126.
Thé second terminal of resistor 125 and the second terminal of resistor 126 are
coupled to gnoﬁnd at node 151. The emitter of transistor 128 and the emitter
of tra-msistor 129 are coupled to a first terminal of current source 130. The

second terminal of current source 130 is coupled to ground at node 151.

‘Current IE is measured through current source 130. The second
terminal of resistor 127 ls coupled to the collector of transistor 129, to the base

of transistor 133 and to node 156, at which signal Vin is present. The second



118. Tim ng generator 102 conprises resistors 108, 109,112, 119 and 120.
Timng circuit 102 conprises capacitor 115. Conparator 103 conpri ses
transistors 133, 134, 135, 137, 138, 139, 140, 146 and 147. Conparator 103
conprises resistors 131, 132, 136, 141, 142 and 148. Conparator 103
conprises variable current source 149.

5 = | nput CLK at node 104 is coupled to the base of transistor 106 and
to the base of transistor 129. Input CLK* at node 105 is coupled to the
base of transistor 107 and to the base of transistor 128. Positive voltage
supply V+ at node 150 is coupled to a first termnal of resistor 108 and to

a first terAainAlor rr@sﬁkt%trqr%]i@%ougle?ﬁ@ﬁﬁ bReBMRAnS5tor 434S iPthel 881dRor
coupl ed to node 152, at which sign Vno is present, to the collector of

transistor Jcﬁﬁrﬁiyilstbﬂ 147 carth 8¢ nolle 16786 whixh Sigfal mpwpﬂéi;eh&r m nal of
resistor 109 is coupled to node 153 at
Positive supply voltage V+ at node 150 is coupled to a first terminal of
resistor 131 and to a first terminal of resistor 132. A second terminal of
resistor 131 is coupled to the collector of transistor 133 and to the base of
transistor 137. The second terminal of resistor 132 is coupled to the collector
of transistor 134 and to the base of '(:r'at_\sistor 138. The emitter of transistor 133
. and the emitter of transistor 134 are coupled to the collector of transistor 135.
The emitter of transistor 135 is coupled to a first terminal of resistor 136. The

second terminal of resistor 136 is coupled to ground at node 151.

Positive supply voltage V+ at node 150 is coupled to the collector of
transistor 137 and to the collector of transistor 138. The emitter of gransistor
137 is coupled to a negative side of a second input of AND gate 143, to a
positive side of a first input AND gate 144, to the collector of transistor 139
and to node 166, at which signal Olis present. The emitter of transistor 138 is
coupled to a positive side of a second ihput of AND gate 143, to a negative
side of a first input of AND gate 144, to fhe collector of transistor 140, and to
node 167, at which signal O1* is present.

The emitter of transistor 139 is coupled to a first terminal of resistor
141. The emitter of transistor 140 is coupled to a first terminal of resistor 142.
The second terminal of resistor 141 and the second terminal of resistor 142 are

coupled to ground at node 151. Input WPL at node 158 is coupled to a



whi ch signal Vpo is present, to the collector of transistor 107 and to the
base of transistor 113. | nput Vbias at node 110 is coupled to the
base of transistor 111, to the base of transistor 123, to the base of
transistor 124, to the base of transistor 135, to the base of transistor
139 and to the base of transistor 140. The emtter, of transistor 111 is
coupled to a first termnal of resistor 112. The second terninal of
resistor 112 is coupled to ground at node 151. The collector of transistor
111 is coupled to the emtter of transistor®106 and to the emtter of
transi stor 107. Positive voltage supply V+ at node 150 is coupl ed

to the col | GohAivetfing sid@BE b T inhit HANI ghitP1£0! ISIONTLL- 4t el 3691s

114. The emtter o ransistor 1 i's coupled to the base of transistor
122, to a fipaplederon verehgaapacof ANDIgate 1480 the coll ector of transistor

117, and to node 154, at which signal Vcp is present. The emtter of
transistor 114 is coupled to the base of transistor 121, to the second
term nal of capacitor 115, to the collector of transistor 118, and to node
155, at which si §ie noppvesing eutpit of AND gate 143 at node 168 provides output

OL and is coupled to the base of transistor 147. The inverting output of AND

gate 143 at node 169 provides output OL* and is coupled to the base of

transistor 146. The emitter of transistor 146 and the emitter of transistor 147

are coupled to the output of digital-to-analog converter (DAC) 801 of variable

current source 149 at node 809. Current IL is measured through node 809.

Input WDT is at node 160 is coupled to a noninverting side of a second
input of AND gate 144. Input WDT* at node 161 is coupled to an inverting
side of a second input of AND gate 144.

The noninverting output of AND gate 144 provides signal WPT at
node 162 and 'is coupled to an noninverting input flip-flop 145. The inverting
output of AND gate 144 provides signal WPT* at node 163 and is coupled to
an inverting inf:ut of flip-flop 145. The noninverting output of flip-flop 145
provides output WDout at node 164. The inverting output ﬂip-ﬂop 145
provides output WDout* at nbde 165.

The emitter of transistor 146 and the emitter of transistor 147 are
coupled to node 809, which is coupled to the current output of DAC 801. The

current reference input of DAC 801 is coupled to a first terminal of current



6 Vol tage Vc is measured across capacitor 115, with node 154 being
the positive term nal and node 155 being the negative termnal for the
pur poses of neasurenment. The emitter of -‘transistor 117 is coupled to a
first termnal of resistor 119. The second term nal of resistor 119 is
coupled to ground at node 151. The emitter of transistor 118 is coupled to
a frrst termnal of resistor 120. The second term nal of resistor 120 is
coupled to ground at node 151. Input VADJ at node 116 is coupled to the
base of transistor 117 and to the base of transistor 118. Positive
vol tage supply V+ at node 150 is coupled tothe collector of transistor

121 and to t beuseRldoa G Hod¥ 80d. 2ATeeSM terfrtinall B cffeht ShurelsizSis @upléd to
ground 806 at node 807.

DAC 801 has a digital input 803 for receiving digital information. The
- digital information at digital input '8'0:-3 may be provided to any suitable digital

control means, for example a microcontroller, coupled to digital input 803.
Digital input 803 may be a digital input comprising one or more nodes, with
each node conveying at least one bit of digital h\fofmation. For example,
digital input 803 may include node 804, which conveys the most significant
bit (MSB) of digital information, and node 805, which conveys the least
significant bit (LSB) of digital information.

DAC 801. receives a reference current input from current source 802 and
digital information from digital input 803. DAC 801 provides a current -
output at node 809 that is a function of the current at the reference current
input and the digital information- at digital input 803. Thus, by varying the
digital information at digital input 803 while maintaining a constant
reference current at the reference current input at node 808, the circuit

comprising DAC 801 functions as a variable current source.

Figure 1 shows a typical circuit used in realizing write
precompensation. The magnitude of the prgcbmpenséﬁon is made
proportional to the time base generator’'s VCO period which sets the basic
write rate by duplicating a portion of time base generator’'s VCO as sﬁown in

timing generator 102 of Figure 1.



to the collector 123, to the collector of transistor 128, and to a first
termnal of resistor 127. The emtter of transi-stor 122 is coupled to the
col l.ector of transistor- 124, to the collector of transistor 146, and to a
first termnal of resistor 148. The emtter of transistor 123 is coupled to
a first termnal of resistor 125. The emtter of transistor 124 is coupled
to a first termnal 126. The second term nal of resistor.125 and the
second term nal of resistor 126 are coupled to ground at node 151. The
emtter of transistor 128 and the emtter of transistor 129 are coupled to
a first termnal of current source 130. The second term nal of current
source 130 is coupled to ground at node 1 Current IEis"
measured through current source 130. The second term nal of resistor 127 is

coupl ed to the cdFigaes Qrisaf tihtiﬂ??disgmlm 1IhSstrdting eavedoemefand dntdngt or 133
and to node 156, at which signal Vin is present. The second -
relationships of the signals of the. circuit of Figure 1.

Figure 2 shows waveforths at several internal riodes. Comparator 101
of Figure 1 compares Vip and Vin, both of which are offset from Vep and Ven
by IL*RL and IE*RE respecﬁvely. On the rising edge of clock signal CLK at
node 104, the early side, signal Vin at node 156, is set via transistors 128 and
129 and the late side, signal Vip at node 157, is set (reset) if the previous bit
signal WPL was 1(0) via transistors 146 and 147 and AND gate 143. As signal
Vin at node 156 ramps down, the condition of Vip>Vin is reached and the
comparator fires or resets and generafes a poéitive going transition which is
passed through AND gate 144 and causes flip-flop 145 to toggle. By varying
the current IL through variable current source 149, the trip point is changed
and the desired time délay is generafed. AND gate 144 prevents the transition
from passing through unless the data WDT is valid (i.e., “1"); AND gate 143
keeps signal' Vip at node 134 reset unless previous data bit signal WPLis a
logical *1". Again note that the first data bit is not precompensated or |
delayed.

On the falling edge of the clock signal CLK at node 104, with the late
side already reset by the regenerative action of tﬁe comparator via AND gate
143 and transistors 146 and 147, the early side is reset and the late side begins

to ramp down. When Vin>Vip, the comparator is set again, aided by the



7 termnal of resistor 148 is coupled to the base of transistor 134, to
the collector of transistor 147, and to node 157, at which signal Vipis
present. Positive. supply voltage V+ at node 150 is coupled to a .
first termnal of resistor 131 and to a first termnal of resistor 132. A
second termnal of resistor 131 is coupled to the collector of transistor
133-and to the base of transistor 137. The second term nal of resistor 132
is coupled to the collector of transistor 134 and to the base of transistor
138. The emitter of transistor 133 and the enitter of transistor 134 are
coupled to the collector of transistor.135.1¥he enitter of transistor 135
I's coupl ed tr@fganéﬂaﬁ%a aEﬁBH‘\Rﬁ'ANb% auascarndlé’rﬁns&nﬁs 1&8%9{1@14785%%&@;
resistor 136 I's coupled to ground at node Positive supply
vol t age V+ ahenesteditObits coupled to the” collector of transistor 137 and to
the collector of transistor 138. The emtter of transistor 137 is coupled
to a negative side of a second input of AND gate 143, to a positive side of
a first input AND gate 144, to the collector of transistor 139 and to node
166, at which si gwgllen@l qrgerpamt OfWélf%M@‘i‘l!RPémS%fm!ﬁ desiredi 38gnal Vip

| n f AND 14 n
coupl ed t O aatpr?oS e ié’?e is's g‘:fower e ay éjnel oé)currecx)\ce 0 thgattn% cor?dmon V1p>e at e

Under extreme conditions when Vip is set too low, the comparator may fail
to fire and a transition may be completely missed. This is a catastrophic
failure and, as such, must be avoided. Also no@ that the range of the
precompensation is limited by the duty cycle of the basic clock to less than
50% even under ideal conditions and to much less (typically about 30%) in a

real environment.

In the past, catastrophic failure has been avoided by limiting the
precompensation range to a fairly small range, such as 20%, thereby allowing

adequate margin for clock jitter and/or noise.



-

side of a first input of AND gate 144, to the collector of transistor 140,
and to node 167, at which signal 0l1* is present. The emtter of
transistor 139 is coupled to a first termnal of resistor 141. The emtter
of transistor 140 is coupled to a first termnal of resistor 142. The
"second terminal of resistor 141 and the second term nal of resistor 142 are
coupled to ground at node 151. Input WPL at node 158 is coupled to a

8 noninverting side of a first input of AND gate 143. |nput WPL* at node
159 is coupled to a inverting input of AN_ gate 143. The

noni nverting out put of AND gate 143 at node 168 provi des out put

SUMMARY OF THE INVENTION

The present invention provides a method and apparatus for
preventing caiastrophic failure (i.e., failsafing) and extending the range of a

write precompensation circuit.

The present invention prevents such catastrophic failures from
occurring without limiting the precompensation range to a small value and
also extends the range of précompénsation beyond limits imposed by the duty
cycle of clock signal CLK. Iﬁ some applications, particularly at high data rates,
the amount of precompensation needed might be greater than 30%. Thus,

the present invention provides advantages over the prior art.

The present invention prevents catastrophic failure of a write
precompensation circuit by ORing either the input (signals Vip and Vin) or
the output (signals O1 and O1*) of the comparator and the opposite phase of
complementary clock signals CLK and CLK*. The opposite phése of the clock
signals may be obtained by inferchanging (.e., swapﬁing) the complementary
clock signals with each other. | |

By ORing the input or output of the comparator with the opposite
phase of the clock signals, a transition is guaranteed. If the comparatdr fails to
generate a transition due to noise or clock jitter, the 180 degree delayed clock

will force a transition.



OL and is coupled to the base of transistor 147. The inverting output of
AND gate 143 at node 169 provides output O.* and is coupled to the base of
transistor 146. The emtter of transistor 146 and the em tter of transistor
147 are coupled to the output of digital-to-anal og converter (DAC) 801 of
vari abl e current source 149 at node 809. Current IL is neasured thr.ough

node 809. I nput WDT is at node 160 is coupled to a noninverting
side of a second input of AND gate 144. Input WDT* at node 161 is coupl ed
to an inverting side of a second input of ANIBgate 144. The

Coupl ed 0 an norRrther BfGEFrER SR OP PR e BECSeRE IRVRALIAT rAJBERBLAT D AND
gate 144 prqvides ;sjignal WPT* at node 163 and is _.coupled to an inverti

I bt o Tl el tiBrevat hasfiw diiises SomL bilertesr e Rtk pronetometiRbhi Ao
out put \WDout I_nv s L 145 provi des

- out put ' MDouttbgrg{’ﬂgggé&%ngxﬁdog 8E&fﬂghgm teraktk)l#é)ﬁ%ggﬁlgs% or 146 and the
emtter of t43BSMmYPeRbatidl cﬁfcﬁitq{é&boétﬁéef)ﬁb&oﬂﬁngﬁa,aﬂm{i&Er.i s coupled to the

current output of "DAC 801. The current reference input of DAC 801 is
coupled to a first term nal of current
The present invention extends the range of precompensation that a

write precompensation circuit is able to provide. The clock signal and the '
clock signal that has been delayed by a time td are ORed together to change the
duty cycle of the clock signal. By ORing together the clock signal and the
delayed clock signal, the present invention provides a new clock signal
having a greater duty cycle. The greater dﬁty cycle allows # write
precoﬁlpensaﬁon circuit according to the present invention to provide longer
precompensation. delay. The preferred embodiment of the present invention

also provides for a correction current to be inserted in the delay circuit to

maintain constant duty cycle over a broad range of data rates.

Thus, the presexit invention overcomes the disadvantages of the prior

art.



9 source 802 at node 808. A second terminal of current source 802 is

coupl ed to ground 806 at node 807. DAC 801 has a digital input 803

for .receiving digital information. The digital information at digital input

803 may be provided to any suitable digital control neans, for exanple a

m crocontroller, coupled to digital input 803. Digital input 803 may be a

digktal input conprising one or nore nodes, with each node conveying at

| east one bit of digital information. For exanple, digital input 803 may

i ncl ude node 804, which conveys the nost significant bit (MSB) of digital

I nformati on, and node 805, which conveys t he Ieast S|gn|f|cant bit (LSB) of

digital |nfornat|on AOE : 3 EcDRAMWENCGSIr rent 1 nput

fromcurrent source 802 and digital |nfornat|on fron1d|g|tal i nput 803.  DAC

801 provides a current output at node 809 that is a function of the current

at the reference Qs '
igure

en
lt is a schematic diagram illustrating a typical write

precompensation circuit.

Figure 2 is a tifning diagram illustrating waveforms and timing

- relationships of the signals of the circuit of Figure 1.

Figure 3a is a schematic diagram illustrating an embodiment of the

present invention.

Figure 3b is a timing diagram illustrating waveforms and timing

relationships of the signals of the circuit in Figure 3a.

Figure 3c is a schematic diagram illustrating an embodiment of the

present invention.

Figure 3d is a schematic diagram illustrating an embodiment of the

present invention.

Figure 3e is a timing diagram illustrating waveforms and timing

relationships of signals of the circuit of Figure 3d.

Figure 4a is a schematic diagram illustrating an embodiment of the

present invention for extending the range of precompensation and a



input and the digital information at digital input 803. Thus, by varying
the digital information at digital input 803 while maintaining a constant
reference current at the reference current input at node 808, the circuit
conprising DAC 801 functions as a variable current source. Figure 1
shows a typical circuit used in realizing wite preconpensation. The
magri t ude of the preconpensation is nade proportional to the tine base
generator's VCO period which sets the basic wite rate by duplicating a
portion of tine base generator's VCO as shd®n in tining generator 102 of
Fi gure 1. : 10
Figure 2 is ecotresponditigadmang idiagrsim dll ustya ting afaveformscartd tinnigng
rel ati onshi ps of the signals of the circuit of Figure 1.

relationships of signals of the circuit. .

Figure 4b is a schematic diagram illustrating a delay generator

~according to the present invention.

Figure 4c is a schematic diagram illustrating a timihg generator that
provides extension of the precompensation range according to the present

invention.

Figure 4d is a timing diagram illustrating waveforms and timing

relationships of signals of the timing generator of Figure 4c.



Figure 2 shows wavefornms at several internal nodes. Conparator 101 of
Figure 1 conpares Vip and Vin, both of which are offset from Vcp and Vcn by
| L*BL and | E*XRE respectively. On the rising edge of clock signal CLK at
node 104, the early side, signal Vin at node 156, is set via transistors
128 and 129 and the late side, signal Vip at node 157, is set (reset) if
the-previous bit signal WPL was 1(0) via transistors 146 and 147 and AND
gate 143. As signal Vin at node 156 ranps down, the condition of Vip>Vin
i's reached and the conparator fires or res#és and generates a positive
going transition which is passed through AND gate 144 and causes flip-flop

145 to toggle. By varyi RETAEEDDESCRIATION @ THRINMENTION ent source
149, the trip point is changed and the desired tinme delay is generated. AND

gate 144 prevents the transition from passing through unless the data WDT
is valid (i.e., " 1%\ ﬁN&) te 143 keéps si gnal \AE at node 134 reset

unl ess previ ous dét Hathe ﬁg@n%PP-WE‘ﬁ rpreygneng calastrophic faibwreclienat t he
first data bit,is not pre ensat ed or del ayed. the falling
edge of the tﬂ?@ﬁngfﬁﬂgl e’%:% e %8&8“568? a\ﬁﬁ%ﬂﬁ%“?‘&?é“&%&@ 5’|rF‘é§d§/ reset
by the regen%%&mé action of the conparator via AND gate 143 and

transi stors nd 147, the early side is.-reset and the | ate side begins
to ranmp down. Wien Vin>Vip, the conparator is set again, aided by the

In the following description, numerous specific details are set forth in
order to provide a more thorough understanding of the present invention. It
will be apparent, however, to one skilled in the art, that the present
invéntign may be practiced without these specific details. In other instances,
well-known features have not been described in detail in order not to

unnecessarily obscure the present invention.

In typicallwrite precompensation circﬁits, under extreme coﬁdiﬁom
when Vip is set tc;o low, the comparator may fail to fire and a transition may
be completely missed, causing a catastrophic failure of the write
precompensation. While the range of the precompensation is limited to less
than 50% even under ideal conditions, it is limited to much less (typically

about 30%) in a real environment.

To avoid catastrophic failure in the past, it has been necessary to limit
the precompensation fange to a fairly narrow range, such as 20%, but such a
“low limit impairs the overall system performance. Thus, a technique is

needed to prevent catastrophic failure of a write precompensation circuit and



regenerative action via AND gate 143 and transistors 146 and 147 and awaits
the next data bit. When a | arger anmpbunt of wite preconpensation is
desi.red, signal Vip at node 157 is set lower to delay the occurrence of the
trip condition Vip>Vin. Under extrenme conditions when Vip is set too | ow,
the conparator may fail to fire and a transition may be conpletely m ssed.
This is a catastrophic failure and, as such, nust. be avoi ded. Al so note
that the range of the preconpensation is Ilgted by the duty cycle of the
basic clock to |l ess than 50% even under conditions and to nuch less °
(typically about 309 in a real envi ronrrent In the past,

cat ast r ophi o fexteng Q‘%é@&ﬁa@ﬁera‘o@l%ﬂ‘%y’r}tﬁrﬁr@Fﬂ@lReﬁ‘éaBP@Géﬁﬁb@nW i on range

to a fairly small range, such as 20% thereby allow ng adequate margin for
clock jittePPsFtPor noi se. .

The present invention-avoids the disadvantages of the prior art, yet
provides a solution to the problems of catastrophic failure in a write
precompensation circuit and, furthermore, provides an extended operating

range for a write precompensation circuit.’

Figures 3a and 3b illustrate how the present invention avoids
catastrophic failure of a write precompensation circuit. Cafastrophic failure is
avoided by ORing either the input (signals Vip and Vin) or the output
(signals O1 and O1*) of the comparator and the opposite phase of the clock. If
th_e comparétor fails to generate a transition, the 1§0 degree (half clock period)
delayed clock will force a transition.

Figure 3a is a schematic diagram illustrating an embodiment of the

- present invention.

Figure 3a illustrates how the present invention avoids catastrophic
failure of a write precompensation circuit. Catastrophic failure is avoided by
ORing either the input (signals Vip and Vin) or the output (signals O1 and
O1*) of the comparator and the opposite phase of the clock. If the comparator
fails to generate a. transition, the 180 de_gfee delayed clock (or one half clock
period delayed clock) will force a transition.



12 : SUMMARY OF THE | NVENTI ON The present
i nvention provides a nethod and apparatus for preventing catastrophic
failure (i.e., failsafing) and extending the range of a wite
preconpensation circuit. The present invention prevents such
catastrophic failures fromoccurring without limting the preconpensation
range to a small value and al so extends the range of preconpensation beyond
limts inposed by the duty cycle of dock signal CLK. |In sone applications,
particularly at high data rates, the anobunggof preconpensati on needed m ght
be greater than 30% Thus, the present invention provides advantages over
the prior art. In Figure 3a, although not illustrated in detail, circuit 101 of Figure 1 is

included and indicated as a block. Complementary inputs CLK at node 104

and CLK* at node 105 are coupled to circuit 101. Nodes 301 and 302 preferably

pass complementary signals. Node 301, which may be coupled to node 166

(where signal O1 is present) or to node 157 (where signal Vip is present) of

circuit 101, is coupled to a non-inverting side of a first input of OR gate 303.

Node 302, which may be coupled to node 167 (where signal O1* is present) or

to node 156 (where signal Vin is present) of circuit 101, is coupled to an

inverting side of the first input of OR gate 303.

Nodes 304 and 305 preferably pass complementary signals. The non-
inverting output of OR gate 303 at node 304 is coupled to a non-inverting side
of a first input of AND gate 308. The inverting 6utput of OR gate 303 at nbde
305 is coupled to an invettiﬁg side of the first input of AND gate 308.

Nodes 306 and 307 preferably pass complémentary signals. Input WDT
at node 306 is coupled to a non-inverting side of a second i:iput of AND gate
308. Input WDT* at riode 307 is coupled to an inverting side of the second
input of AND gate 308. '

Nodes 309 and 310 prefefa_bly pass cdmplementary signals. The non-
inverting oufp_ut of AND gate 308 at node 309 is coupled to a non-inverting
input of flip-flop 311. | The inverting output of AND gate 308 at node 310 is
coupled to an inverting inpuf of flif:-ﬂop 311. . '



The present invention prevents catastrophic failure of a wite
preconpensation circuit by ORing either the input (signals Vip and Vin) or
t he .out put (signals OL and Ol*) of the conparator and the opposite phase of
conpl enentary cl ock signals CLK and CLK*. The opposite phase of the clock
signals may be obtained by interchanging (i.e., swapping) the conplenentary
cl oek signals with each ot her. , By ORing the input or output of the
conparator with the opposite phase of the clock signals, a transition is
guaranteed. If the conparator fails to genggate a transition due to noise
or clock jitter, the 180 degree delayed clock will force a transition.

13 Nodes 312 and 313 preferably pass complementary signals. The non-

inverting output of flip-flop 311 at node 312 provides output WDout. The
inverting output of flip-flop 311 at'node 313 provides output WDout*.

Node 167 of circuit 101 (where signal O1* is present) is coupled to a
non-inverting side of a second input of AND gate 143. Node 166 of circuit 101
{(where signal O1 is present) is coupled to an inverting side of the second
input of AND gate 143. Input WPL at node 158 is coupled to a non-inverting
side of a first input of AND gate 143. Input WPL* at node 159 is coupled to an
inverting side of a first input of AND gate 143. A _ﬁon—inverﬁrig output of
AND gate 143 at node 168 provides output OL and is coupled to circuit 101.
An inverting output of AND gate 143 at node 169 provides' output OL* and is
coupled to circuit 101.

Clock generating means 358 provides a CLK signal at node 104 and a

CLK* signal at node 105. The CLK signal and the CLK* éignal are
complementary. Node 104 is coupled to a second clock input of delayed signal

- generating means 359. Node'105l is coupled to a first clock input of delayed
signal generating means 359. Node 160, at which signal WDT is present, is
coupled to a first signal input of delayed signal generating means 359. Node
161, at which signal WDT* is present, is coupled to a second signal inpuf of
delayed signal generating means 359 Delayed signal generating means 359
provides a WPL signal at node 158 and a WPL* signal at node 159. The WPL
signal and the WPL* signal are (preferably) shown in complementary

manner.



In the preferred enbodi nent of the present invention, elenents are

i ncl uded to prevent narrow pulses frominterfering with proper operation of
the.wite preconpensation circuit, thereby naking the wite preconpensation
circuit less susceptible to noise and jitter. The present invention
extends the range of preconpensation that a wite preconpensation circuit
Is able to provide. The dock signal and the clock signal that has been

del ayed by a tinme td are ORed together to change the duty cycle of the
clock signal. By ORing together the clock signal and the delayed dock
signal, the present invention provides a new dock signal having a greater
duty cycle. The greater duty cycle allows &0wite preconpensation circuit
according to the present invention to provide |onger reconpensati on

del ay. The prefe plententane signeis WL pt BgdatISSmthlgw at BodeAd9jage she or
a correction current to be inserted in the delay circuit tQ maintain
constant duf§stlie r%smsweﬁ/,&?&&&masgem eperiaty,sighals WDT at npdacled and

Present 1 nvephnan  Rode"fETSy bie riFar A¥RYRicY, & iuBkhRi inEigure 2.

Delayed signal generating means 359 is preferably a D flip-flop clocked by the
complementary signals CLK* at node 105 and CLK at node 104.

Complementary clock signals CLK and CLK*.are provided to logic gate
902. The inverted CLK input at node 105 is coupled to a first input of logic
gate 902 and that the non-inverted CLK input at node 104 is coupled to a
second input of logic gate 902. A first output of logic gate 902 at node 903 is
coupled to a non-inverting terminal of a se¢ond input of OR gate 303.- A
second output of logic gate 902 at node 904 is coupled to an invefting terminal

of a second input of OR gate 303.

Node 804, which conveys the MSB of digital information to DAC 801, is
also coupled to an eﬁable input of logic gate 902. Logic gate 902 is an element
of circuit 901, which also comprises an OR gate, for example OR gate 303 or -
OR gate 328. When node 804 has a high logic level, the enable input of logic
gate 902 allows logic gate 902 to pass the failsafe clock signals from its input to
its output, thereby applying the failsafe clock signals to the input of an OR
gate, for example, OR gate 303 or 328. -

When node 804 has a low logic level, the enable input of logic gate 902

prevents the failsafe clock signals from being passed to the output of logic gate



14 BRI EF .DESCRI PTI ON. OF THE DRAW NGS Figure 1 is a

schematic diagramillustrating a typical wite preconpensation circuit.
Figure 2 is atimng diagramillustrating waveforns and tim ng
rel ati onshi ps of the signals of the circuit of Figure 1. _Figure 3a

is a schematic diagramillustrating an enbodi nent of the present
I nventi on.

21

902. Instead, the outputs of logic gate 902 a_t- nodes 903 and 904 are held at
levels representative of a low logic level at the second input of the OR gate.
By holding the second input of the OR gate in such a manher, the OR gate
becomes essentially transparent to signals between its first input and- its
output. Thus, as an example, when the enable input of logic gate 902 is
disabled, the signals at nodes 301 and 302 pass through OR gate 303 and appear

~at nodes 304 and 305, respectively, without being altered by signals at the

| second input of OR gate 303.

Therefore, when node 804 has a low logic level, the enable input of
logic gate 902 prevents the failsafe clock signals from influencing the output
of OR gate 303 at nodes 304 and 305, thereby disabling the failsafe clock feature
of the present invention. ' This feature may be safely and advantageously
disabled when node 804 has a low logic level, as node 804 has a low logic level
when only small amounts of precompensation are needed and the risk of
narrow puises occurring at the output of OR gate 303 is also small. Thus, the
failsafe clock feature may be selectively enabled depending upon the amount

of precompensation needed.

Figure 3b is a timing diagram illustrating waveforms and timing

relationships of the signals of the circuit in Figure 3a.

Waveform 342 represents the signal CLK at node 104. Waveform 343
represents the signal WDT at node 306. Waveform 344 represents the signal
WPL at node 158. Waveform 345 represents the difference between the signal



Figure 3b is atimng diagramillustrating waveforns and ti m ng

rel ati onships of the signals of the circuit in Figure 3a. Fi gure 3c
is a schematic diagramillustrating an enbodi mrent of the present '
i nventi on. Figure 3d is a schematic diagramillustrating an

enbodi nent of the present invention. Figure 3e is a timng diagram
illustrating waveforns and timng relationships of signals of the circuit
of Figure 3d. Figure 4a is a schematic diagramillustrating an

enbodi nent of the present invention for &&ending the range of

reco ensatlon and a
P P Vip at node 157 and the sxgnal Vin at node 156 (i.e., Vip-Vin). Waveform 346

represents the failsafe clock, which is opposite phase of signal CLK at node
104. Since the signal CLK at node 104 and the signal CLK* at node 105 are
preferably complementary, the failsafe clock rﬁay_ be obtained By interchanging
the signal CLK at node 104 with the signal CLK* at node 105. Waveform 347
represents the signal ORout at node 304. Waveform 348 represents signal
WPT at node 309. Waveform 349 represents signal WDout at node 312.

Figure 3b illustrates waveforms of the circuit of Figure 3a-when the
failsafe mechanism of the present invention is practiced. Pulses 360, 361, 362,
363, 364, 365, and 366 may be of varying width, depending upon the amount
of_ precompensation invoked. Pulse 362 labelled "narrow pulse #1" can be
very narrow if the failsafe mechanism is always invokeci and a small amount
of precompensation is invoked. Since it may be undesirable to leave the
failsafe mechanism enabled continuously and risk having narrow-plulses, the
present invention may be ﬁracticed with logic built into the circuit to enable

failsafe only when large piecompensaﬁon is required.

Figure 3c is a schematic diagram illustrating a superior

implementation based on the same principle as Figure 3a.

Figure 3c has the follow_ing differences from the circuit of Figure 1.
First, the fail safe clock is, for bettér control, generated internally by buffering
the CLK and CLK* Signa!s through a pair of emitter followers comprising |
transistors 316, 317, 318, and 319 and resistors 320 and 321. Second, AND gate



15 corresponding timng diagramillustrating wavefornms and tim ng

rel ati onships of signals of the circuit. Figure 4b is a schematic-
diagramillustrating a del ay generator according to the present invention.
Figure 4c is a schematic diagramillustrating a timng generator that
provi des extension of the preconpensation range according to the present

I nventi on. Figure 4d is a timng diagramillustrati ng waveforns and
timng relationships of signals of the timng generator of Figure 4c.
. 23 :

143 of Figure 1 is-moved inside the main body of the write precompensation
circuit by adding transistors 331 and 332. This helps speed up the regenerative
action of comparator 314. ANDihg' is accomplished with transistors 133; 134,
331, and 332. OR gate 328 in Figure 3c, in essence, becomes the comparator
whose positive going transition dictates the write iming. Third, to avoid the
occurrence of narrow pulse #1 in Figure éb, the MSB of the DAC is used to
enable or disable the failsafe mechanism. With this, the failsafe mechahism
is invoked only when the most significant bit (MSB) is high. Certainly it is
possible to choose to invoke the mechanism under a different DAC setting

_besides when the MSB is high.

Figure 3d is a schematic diagram illustrating an embodiment of the

present invention.

Figure 3d illustrates an embodiment of the present invention in which
the narrow pulse at nodes 329 and 330 (signal ORout) shown in waveform 347
of Figure 3b as pulse 367 ("narrow pulse #2") is avoided. This narrow pulse is
avoided by ANDing the failsafe clock (signal CLK* at node 105) with signal
WPL at node 158. By avoiding the narrow pulse -a_t the output or OR gate, the
present invention makes the write compensation circuit léss susceptible to

noise and jitter.

The circuit of Figure 3d has the following differences from the circuit
in Figure 3c. Complementary inputs CLK at node 104 and CLK* at node 105
are coupled to transistors 334, 106, and 129, and to transistors 333, 107, and 128,



16 DETAI LED DESCRI PTI ON OF THE | NVENTI ON A et hod
and apparatus for preventing catastrophic failure (i.e., failsafing) and
extending the range of a wite preconpensation circuit is described.

In the follow ng description, nunmerous specific details are set forth in
order to provide a nore thorough understanding of the present invention.. It
Wl k be apparent, however, to one skilled in the art, that the present

i nvention may be practiced without these specific details. In other

i nstances, well-known features have not be¥nh described in detail in order
not to unnecessarily obscure the present invention. In typica

write precqopsjietiaelyNnput LK sit noddd04 éxtowpledaorttietbasasf transistor 334 as
well as to tixe base of transistor 106 and to the base of transistor 129. Input
CLK* at node 105 is coupled to the base of transistor 333 as well as to the base
of transistor 107 and to the base of transistor 128. Positive voltage supply V+
'is coupled to the first terminal of resistor 339 and to the first terminal of
resistor 340.. The second terminal of resistor 339 is coupled to the base of

| transistor 316 and to fhe' collector of transistor 333. The second terminal of

resistor 340 is coupled to the base of transistor 317, to the collector of transistor
334, and to the collector of_ transistor 336. The emitter of transistor 333 and the
emitter of transistor 334 are coupled to the collector of transistor 335.
Complementary inputs WPL at node 158 and WPL* at node 159 are coupled
to the base of transistor 335 and to the base of transistor 336, respectively. The
emitter of transistor 335 and the emitter of transistor 336 are coupled to the
collector of transistor 337. Input Vbias at node 110 is coupled to the base of
transistor 337 as well as to the bases of transistors 111, 318, 319, 123, 124, 135,
139, and 140. The emitter of transistor 337 is coupled to the first terminal of
resistor 338. The second terminal of resistor 338 is coupled to ground at node

151.

. Figﬁre 3e is a timing diagram illustrating waveforms and timing

relationships of signals of the circuit of Figure 3d.

Figure 3e shows that the narrow pulse #2 of Figure 3b is no longer

present and has been avoided by the present invention.



when Vip is set too low, the conparator may fail to fire and a transition
may be conpletely m ssed, causing a catastrophic failure of the wite
preconpensation. Whi-le the range of the preconpensation is limted to |ess
t han 50% even under ideal conditions, it is limted to nmuch less (typically
about 30% in a real environment. To avoid catastrophic failure in
the-past, it has been necessary to |imt the preconpensation range to a
fairly narrow range, such as 20% but such a lowlimt inpairs the overall

. system perfornance. Thus, a technique is nesded to prevent cat astrophic
failure of a wite preconpensation circuit and

17 to extend thEiguade iswweschematic diagrami ﬂlexsp-aengrmensdiocbmmtrafwhe may

oper at e.
present invention for extending the range of precompensation by increasing
the duty cycle of the clock signal and a corresponding timing diagram

illustrating waveforms and timing relationships of signals of the circuit.

The circuit of Figure 4a éomprises circuit 441, which comprises delay
element 401 and OR gate 402. Input CLK 403 is coupled to a first input of OR
gate 402 and to an input of delay element 401. The output of delay element
401 at node 404 is coupled to a second input of OR gate 402. The output of OR

- gate 402 provides output OUT.

Figure 4a illustrates how the present invention extends the range of
precompensation. The clock signal CLK at node 104 and the clock signal
delayed by td at node 404 are ORed to change the duty cycle of the clock signal.
The extended period TH in Figure 4a is used to generate longer

precompensation delay.

Figure 4b is a schematic diagram illustrating a delay genérator '

according to the present invention.

Positive vol.tage supply V+ at node 150 is coupled to a first terminal of
curren.t source 406, to a first terminal of resistor 407, to the collector of
transistor 413, to the collector of transistor 414, to the base of transistor 409,
and to the collector of transistor 409. The second terminal of current source

406 is éoupled to the second terminal of resistor 407, to the base of transistor



The present invention avoids the disadvantages of the prior art, yet
provides a solution to the problens of -catastrophic failure in a wite
preconpensation circuit and, furthernore, provides an extended operating
range for a wite preconpensation circuit. Fi gures 3a and 3b
illustrate how the present invention avoids catastrophic failure of a wite
preeonpensation circuit. Catastrophic failure is avoided by OR ng either
the input (signals Vip and Vin) or the output (signals OL and OL*) of the
conparator and the opposite phase of the 2bock. If the conparator fails to
generate a transition, the 180 degree (half clock period) delayed cl ock

wi |l force #13; tatlse basmof-transistor flidgand t8ahe firat barivdnal oL cdliragt serrce
illustrating an enbodi nent of t'he present invention. Figure 3a

i1 lustratest0®w t he present invention avoids catastrophic failure of a
write preconpensation circuit. Catastrophic failure is avoided by ORi ng

ei ther the input (signals Vip and- Vin) or the output (signals Ol and O1*)

Pail s to gener at ML yoidk P BAE 4R 1P GARAEE ol BB B pranisitlf 412 ERE "1
clock peri ognGedyeRafsistor 4l is bApR & tHPERitteO8F transistor 410. The
collector of transistor 410 is coupled to thé base of transistor 410, to the base of
transistor 415, to the base of transistor 416, and to the collector of transistor
412. The emitter of transistor 412 is coupled to a first terminal of resistor 430.

A second terminal of resistor 430 is coupled to ground at node 151.

Positive voltage supply V+ at node 150 is coupled to the first terminal
of capacitor 417, to the first terminal of current source 419, to the first terminal
of current source 420, and to the first terminal of capacitor 418. The emitter of
transistor 413 is coupled to the emitter of transistor 415, to the second
terminal of capacitor 417, to the second terminal of current source 419, to the
collector of transistor 106, and to the base of transistor 423. The emitter of
transistor 414 is coupled to the emitter of transistor 416, to the second
terminal of capacitor 418, to the second terminal of current source 420, to the
collector of transistor 107, and to the base of traﬁsistor 422, The collector of
transistor 415 and the collector of transistor 416 are coupled to ground at node -

151.

Input CLK at node 104 is coupled to the base of transistor 106. Input
CLK* at node 105 is coupled to the base of transistor 107. The emitter of

transistor 106 and the emitter of transistor 107 are coupled to the collector of



18 In Figure 3a, although not illustrated in detail, circuit 101 of
Figure 1 is included and indicated as a bl ock. Conplenentary inputs CLK at
node 104 and CLK* at node 105 are coupled to circuit .101. Nodes 301 and 302
preferably pass conplenentary signals. Node 301, which may be coupled to
node 166 (where signal Ol is present) or to node 157 (where signal Vipis
present) of circuit 101, is coupled to a non-inverting side of a first

i nput of OR gate 303. Node 302, which may be coupled to node 167 (where
signal Ol* is present) or to node 156 (whe?@ signal .Vin is present) of
circuit 101, is coupled to an inverting side of the first input of OR gate
303. trahbiges 1304 lapeit 30ilj at abde @Rl \is paspledonpihertrse st traisistal 411,The
non- inverting output of OR gate 303 at node 304 is coupled to a

non-i nverti tuythe basecdf wansistor 42apand oo thee\brsea0ftra0gistoreSi rithe emikiernof put

of OR gate 303 at node

transistor 111 is coupled to a first terminal of resistor 112. The second

terminal of resistor 112 is coupled to ground at node 151.

Positive voltage supply V+ at node 150 is coupled to the collector of
transistor 422 and to the collector of transistor 423. The emitter of transistor
422 is coupled to the collector of transistor 424 and to output OUT at néde 428.
The emitter of transistor 423 is coupled to the collector of transistor 425 and to
output OUT* at node 429. The emitter of transistor 424 is coupled to the first
terminal of resistor 426. The emitter of transistor 425 is coupled to the first
terminal of resistor 427. The second terminal of resistor 426 and the second

terminal of resistor 427 are coupled to ground at node 151.

Figure 4b shows how the present invention generates the delay td
(with delay element 401 of Figure. 4a) in a controlled manner. By slaving the
current Jadj in Figure 4b to Vadj of the time base generator, td is made
approximately constant as a percentage of the basic clock period. The delay
td= AV/Iadj and, therefore, is inversely proportional to Iadj, or, simply put, .
tracks with the data rate. Thus, the duty cycie becomes data rate independent
to the first order. The duty cycle (TH/Ttotal), however will vary slightly as
data rate is increased. This is because the délay, td, is comprised of two parts,
one that tracks with data rate and the other which remains relatively
constant. A smali correct_ion. cufren-f can be inserted as showh in Figure 4b to

maintain constant duty cycle over broad data rate.



305 is coupled to an inverting side of the first input of AND gate 308.
Nodes 306 and 307 preferably pass conpl enentary signals. |nput WDT at node
306.is coupled to a non-inverting side of a second input of AND gate 308.

| nput WDT* at node 307 is coupled to an inverting side of the second i nput
of AND gate 308. Nodes 309 and 310 preferably pass conpl enentary
signal s. The non- inverting output of AND gate 308 at node 309 is coupled
to a non-inverting input of flip-flop 311.- The inverting output of AND gate
308 at node 310 is coupled to an inverting input of flip-flop 311.

19 Nodes 312 .and 313 preferably pass conplenentary signals. The non-
inverting output of flip-flop 311 at node 282 provi des output Wbout. The

Figure 4c is a schematic diagram illustrating a iming generator that
provides extension of the precompensation range according to the present

invention.

Circuit 440 comprises delay element 431, transistor 106, transistor 107,
transistor 432, &ansistor 433, transistor 111, resistor 108, resistor 109, and

resistor 112.

Input CLK at node 104 is coupled to the base of transistor 106 and to a
non-inverting input of delay element 431. Input CLK* at node 105 is coupled
to the base of transistor 107 and to an inverting input of delay element 431.
The non-inverting output of delay element 431 is coupled to the base of
transistor 432. The. inverting output of delay element 431 is coupled to the

base of transistbr 433.

?osiﬁve voltage supply V+ at node 150 is coupled to a first terminal of
resistor 108, to a first terminal of resistor 109, to the collector of transistor 113,
and to the collector of transistor 1'1_4. The second terminal of resistor 108 is
coupled the collector of transistor 106 and to the base of transistor 114. The
second terminal of resistor 109 is coupled -to the collector of transistor 107, to
the collector of transistor 433, and td the base of transistor 113. The emitter of
transistor 1.06 and the emitter of transistor 107 are coupled to the collector of
transistor 432. The 'emittér of transistor 432 and the emitter of transistor 433

are coupled to the collector of transistor 111. Input Vbias at node 110 is



i'nverting output of flip-flop 311 at node 313 provi des out put WDout *.

Node 167 of circuit 101 (where signal OL* is present) is coupled to a
non-inverting side of a second input of AND gate 143. Node 166 of circuit
101 (where signal Ol is present) is coupled to an inverting side of the
second input of AND gate 143. Input WPL at node 158 is coupled to a
non-inverting side of a first input of AND gate 143. |nput WPL* at.node
159 is coupled to an inverting side of a first input of AND gate 143. A
non-inverting output of AND gate- 143 at no@® 168 provides output OL and is
coupled to circuit 101. An inverting output of AND gate 143 at node 169
provi des outdpupléd to tdrelbase of aransistdr1d1.cTheuerhitidilof transistor 1dMawiupled to
generating means 358 provides a CLK signal at node 104 and a CLK* signal at
node 105. Thbe Eirkt targrinpl af gesister uK*Tgegne@m&mrmm@irplferndatoerrMZ isode 104
is coupled to a second clock | put of del ayed signal generating neans 359.
Node 105 is O¥RRIL 850‘&‘$PF§P gilgtk i nput of del ayed signal generating
nmeans 359. Node 160, at which si gnal VDT is present, is coupled to a first
signal input of delayed signal generating nmeans 359. Node 161, at which

e O i, DFREENadj3gFRIIY  Sotplecrdh ety uoRy ool fFay e
to the base of transistor 434, to the base of transistor 435, and to the base of
transistor 118. 'f'he emitter of transistor 113 is coupled to output 438 at node
154, to a first terminal of capacitor 115, to the collector of transistor 434, and to
the collector-of transistor 435. The emitter of transistor 114 is coupled to
output 439 at node 155, to the second terminal of capacitor 115, and to the
collector of transistor 118. The emitter of transistor 434 is coupled to a first
terminal of resistor 436. The emittér of tran'sistt_.)r 435 is coupled to a first
terminal of resistor 437. The emitter of transistor 118 is coupled to a first
terminal of resistor 120. The second terminal of resistor 436, the second

terminal of resistor.437, and the second terminal of resistor 120 are coupled to

ground at node 151.

Figure 4c illustrates the use of the present invention fo extend the
range of the write precompensa.tion circuit of Figure 1. OR gate 402 of Figure |
dais preferably built into the input stage of the timing generator. For charge
conservéfion, it is noted that I1*TL=I2*TH (where I1 is the current througﬁ
node 154, 12 is the current through node 155, TL is the time the clock Signal
CLK remains at a low logic level, and TH is the time the clock signal remains
at a high logic level) mugt hold, or else the bias point of the triangle timing

generator will shift out of the linear range. Typically, to get a predictable ratio



provi des a WPL signal at node 158 and a WPL* signal at node 159. The WPL
signal and the WPL* signal are (preferably) shown in conplenentary manner.
20 . Conpl ementary signals WPL at node 158 and WPL* at node 159 are
the results, respectively, of delaying conplenentary signals WDT at node
160 and WDT* at node 161 by one half of a clock period, as illustrated in
Figure 2. Del ayed signal generating neans 359 is preferably a Dflip-flop
cl ocked by the conplenentary signals CLK* af node 105 and CLK at node 104.
Compl enentary cl ock signals CLK and CLK*. are provided to |ogic gate 902.
The inverted CLK i nput at node 105 is coupled to a first input of logic
gate 902 anadftlhad I2héhenmatio shoadd de 1Gniedrouoneeasilyimpiementabbupl an to a

integrated circuit (IC), for example, 2. The swing AV should be adjusted to
yield such a duty cycle. (The ratio of 2 would correspond to 66.7% duty cycle.)
Typically the swing is generated off a bandgap voltage such that it is process

and temperature independent.

Figure 4d is a timing diagram illustrating waveforms and timing

relationships of signals of the timing generator of Figure 4c.

Waveform 446 represents the clock signal CLK at node 104. Waveform
447 represents signal WDT at node 160. Waveform 448 represénts the signal
across nodes 109 and 108. Waveform 449 represents the signal Vc across |
~ capacitor 115. Waveform 450 represents the signal WPT at node 162.
Waveform 451 represents the signal WOout at node 164.

Thus, a method and apparatus for preventing catastrophic failure (i.e.,
failsafing) and extending the range of a write precompensation circuit has

been provided.



second input of logic gate 902. A first output of logic gate 902 at node
903 's on- i ' ' of a second input of OR gate
out ut of logic gate 902 at node 904 is coupled to an
|nvert| WJ"E second i nput of OR gate 303. Node 804,
whi ch oo f digital information to DAC 801, is also coupled to
an enabl e |nput of Iogl c gate 902. Logic te 902 is an elenent of circuit
901, which also conprises an OR gate, for exanple OR gate 303 or OR gate
328. When node 804 has a high logic Ie%e enabl e input of logic gate
902 allows | ogic gate 902 to pass the ' e clock signals fromits input
to its output, therebMA%ﬁﬁ’ﬂe&ﬁr@@oxﬁ?@n&%ﬁrﬁﬁf&x%@&br&hﬂ%ﬁ' s to-the input of
an OR gate, for exanple, OR'gate 303 or . en node 804 has a
low | ogic Ievel, atdieclegemretdnfpupr@hdircgaclag,ésta;geai? prevents the failsafe

cl ock si gnal s from bei ng passed to the ou fUt of. logic gate -
a iming generator circuit coupled to said clock generator for receiving

said clock signal and for generating a timing generator output signal;

a comparator crcuit coul.yled to said timing generator for receiving and
performing a comparison on said timing generator output signal;

an failsafe clock generator for receiving said clock signal for providing a
failsafe clock signal based on the logical AND of said clock signal and a
delayed writé mode signal; |

an OR gate coupled to said comparator circuit and to said failsafe clock
generator for receiving a comparator signal from said comparator, for

receiving said failsafe clock signal, and for providing an OR output signal.

2.  The write pre_compensation circuit of claim 18 further

comprisingﬁ |

a v&rite mode signal generating means for providing a write mode
signal; ) |

an AND gate coupled to aid OR gate and to said write mode signal
generating means for receiving said OR output signal and said write mode
signal and for providing an AND output signal;

a ﬂip-ﬂbp circuit coupled to said AND gate for receiving said AND
output signal and for providing a flip-flop output signal. |

3.  The write precompensation circuit of claim 19 wherein said

comparator signal is derived from said timing generator output signal.



21 902. Instead, the outputs of Ibgic gate 902 at nodes 903 and 904 are

hel d at Tevel's Tepresentative of a low logic | evel at the second input of

the OR ' the second input of the OR gate in such a manner,

t he O?mmm”w&ﬂ#ﬂﬁential |y transparent to signals between its first

| nput amd ¢tst O re¥hus, as an exanple, when the enable input of logic
gate 902 is disabled, the signals at nodes 301 and 302 pass through OR gate
303 and appear at nodes 304 and 305, respectively, wthout being altered by
signals at the second i nput of OR gate 303. Ther ef ore, when node
804 has a low logic level, the enable input i | ogic gate 902 prevents the

fail saf e cl ock signalThd maitei prietorpensatidr eirouitpftclaim G ghiegeitGAidt nodes
304 and 305, thereby disabling the failsafe clock feature of the present

i nvent i on. cohiparabort pravidey almompdrator cutpuldignal agebudiereidi saidl ed when node
804 has a low logic level, as_node 804 has a low |l ogic |evel when only

smal | 'amuﬁP@Rﬁfaﬁﬁrédgﬂﬂ’eﬁs‘i?'PYﬂﬁi o8 srichermpatrtoR Outpuk signahar r ow pul ses
occurring at the output of OR gate 303 is also small. Thus, the failsafe
clock feature nmay be sel ectively enabl ed dependi ng upon the anmount of

beveror s and 11 Rng Yl SRR e e (A A T e
3a. comprising: : :
| a selection means coupled to said OR gaté for selecting séid OR output

signal when a large amount of precompensation is required and for
deselecting said OR output signal when a lesser amount of precompensation

is required.

6.  The write precompensation circuit of claim 19 wherein said
clock signal, said timing generator output signal, said delayed write mode
signal, said failsafe clock signal, said OR output signai, said write mode signal,
said AND output signal, and said flip-flop output signal are differential

signals.

7.  The write precompensation circuit of claim 18 wherein said
clock signal, said timing generator output signal, said delayed write mode
signal, said failsafe clock signal, and said OR oui:pué signal are differential
signals. | |

8. A write precompensation circuit comprising:

a clock generating means for providing a clock signal;



V\aveforW signal CLK at node 104. Waveform 343 represents

t he si gnal 6. Waveform 344 represents the signal WPL at node

158. V\av resents the difference between the signal :

22 \/pa g” signal Vin at node 156 (i.e., Vip-Vin). Waveform
346 repre§entcs e cl ock, which is opposite phase of signal CLK at

node 104. Since the si gnal CLK at node 104 and the signal CLK* at node 105
are preferably conplenentary, the failsafe clock may be obtai ned by
i nterchanging the signal CLK at node 104 wi tRsthe signal CLK* at node 105.
Wavef orm 347 represents the signal ORout at node 304. Wivef orm 348

represents signak Wm&genéﬁéoxsggcmmmép %Sﬁadr"é?ﬁl‘ég%%@hé‘lgg‘ﬁ‘%nﬁ/\%t at
node 312.

noe 12, reqiring Al edeohl 54 BB ey BB BBl oot Bl afhet
Pul ses 360, 361, a3c%2mparator circuit coupled to said timing generator circuit for
receiving and performing a comparison on said timing generator output
signal;
an oppdsite phase clock generatinlg means for providing an opposite
phase clock signal having a ;Shase opposite that of said clock signal;
a previous data bit storage means for storing a previous data bit and for
providing a previous data bit signal;
a first AND gate for receiving said opposite phase clock signal and said
previous data bit signal and for providing a failsafe clock signal;

an OR gate for receiving a comparator signal from said comparator, for

receiving said failsafe clock signal, and for providing an OR output signal.

9. The write precompensation circuit of claim 25 further
comprising: _
a write mode signal generating means for providing a write mode
signal; | | | |
a second AND gate for réceiving said OR output signal and said write
mode signal and for providing an AND output signal;
a flip-flop circuit coupled to said second AND gate for receiving said

AND output signal and for providing a flip-flop output signal. -

10. The write precompensation circuit of claim 26 wherein said

comparator signal is derived from said timing generator output signal.



363, 364-365,_and 366 may be of varyi ng' wi dt h, dependi ng upon the anount of
preconpensati on i nvoked. Pul se 362 | abelled "narrow pul se #1" can be very

nar r.ow mmmn;mﬁ chanismis always invoked and a snall anount of
preconp ) mgd. Since it nmay be undesirable to | eave the

fail saf e mechani $m &nabl ed continuously and risk having narrow pul ses, the
present invention nmay be practiced with logic built into the circuit to

enabl e failsafe only when | arge preconpensation is required. Fi gure
3c is a schematic diagramillustrating a superior inplenentation based on
the sane principle as Figure 3a. Fi ggue 3c has the follow ng .

differences fromthe circuit of Figure 1. First, the fail safe clock is,
for better control, generated internally by buffering the CLK and CLK*
signal s through Alpai Thef walte preompensaiensciseiip of Sl 20 wvhereinsaid

316, 317, 318, and 319 and.resistors 320 and 321. ecand ANDSg'a&e
comparator provides a comparator output signal'and wherein sai

comparator signal is derived from said comparator output signal.

12.  The write precompensation circuit of claim 26 further
comprising: | )
_ a selection means coupled to said OR gate for selecting said OR output
signal when a large amount of precompensaﬁon is required and for
deselecting said OR output signal when a lesser amount of precompensation

is required.

13.  The write precompensation circuit of claim 26 wherein said
clock signal, said timing generator output signal, said opposite phase clock
.signal, said previous data bit signal, said failsafe clock signai, said OR output
signal, said write mode sigrial_, said AND output signal, and said flip-flop
‘output signal are differential signals.

14.  The write precompensation circuit of claim 25 wherein said -
clock signal, said timing generator output signal, said opposite phase clock
signal, said previous data bit signal, said failsafe clock signal, and said OR

output signal are differential signals.

15, A write precompensation circuit comprising:

a clock generating means for providing a clock signal;



preco [ reuit by adding transistors 331 and 332. This hel ps
speed mm& |ve action of conparator 314. ANDing is acconplished
W|th 134, 331, and 332. OR gate 328 in Figure 3c, in
essence, " becones the conpar at or whose positive going transition dictates
thewite timng. Third, to avoid the occurrence of narrow pulse #1 in
Figure 3b, the MSB of the DAC is used to enable or disable the failsafe
mechanism Wth this, the fail safe nechani s®5 s i nvoked only when the nost
significant bit (MSB) is high. Certainly it is possible to choose to invoke
t he mechani sm unaeielay dieahefendelBpiigssid iclogklségnalesn dvfimmp tduuciiiBaidelayegh.

Figure 3d is a schematic diagramillustrating an enbodi nent of the present
i nventi on. clock signalj gure 3d illustrates an embodi nent of the pr esent

I nvention in which the narrow pul se at nodes 329 and 330 naI CRoutl)S
shown in wavef or At $2% g2k qurgmlglwaaé csksignaland ﬁ%ﬂrdr‘é@\'laﬁ slockzsigna

avoi ded. This.narrow.pulse is. av t he.failsafe clock (signal
CLK* at nod&" ‘18%5 PIPYRING R &<t edaquocé'&ﬁelggnlgé N&loi di ng t he narrow pul se
at the output or OR gate, the present invention makes the wite
conpensation circuit |l ess susceptible to

16. The'write‘ precompensation circuit of claim 32 further
comprising: _.

a compensation means for compensating said extended duty cycle dock
signal to maintain a constant duty cycle over a broad frequency range of said

clock signal.

17.  The write precpmpensation circuit of claim 33 wherein said
clock signal, said delayed clock signal, said extended duty cycle clock signal are
differential signals.

18. A write precompensation circuit comprising;

a clock generating means for providing a first clock signal and a second
clock signal, said first clock signal and said second clock signal being
complementary;

a first transistor coupled to said clock generating means for rece1v1ng
sa1d first clock signal and for providing a first transistor output signal;

a second transistor coupled to said clock generating means for receiving
said second clock signal and for providing a second transistor output signal;

a previous data bit signal generating means for generating a previous

da'ta bit signal;



' tran5| stor

noi se and jitter. The circuit of Figure 3d has the follow ng
differences fromthe circuit in Figure 3c. Conplenentary inputs CLK at node
104 .and CLK at node 105 are coupled to transistors 334, 106, and 129, and

to tran ﬂl“ﬂﬁll]ﬂﬁm and 128,
res CLK at node 104 is coupl ed to the base of
34

as wéll “as to the base of transistor 106 and to the base of.
transi stor 129. Input CLK* at node 105 is coupled to the base of transistor
333 as well as to the base of transistor 1036and to the base of transistor
128. Positive voltage supply V+ is coupled to the first termnal of -

resi stor 339 and 4 thitd éraiisistor ¢arpteddd seid fiestitsammistdd,0to sHid seeamdhd t er ni nal
of resistor 339 is coupled to the base of transistor 316 and to the

col | ector oftransistor.sanst t@3aid pravigucdai biésignal|gegerating means for receiving

a previous data bit signal and for providing a logical AND function;

a fourth transistor coupled to said first transistor for receiving said first
transistor output signal and for providing a fburth transistor output signal;

a fifth transistor coupled to said sécond transistor for receiving said
second transistor output signal and for providing a fifth transistor output
signal;

an OR gate having a non-inverting first differential input, an inverting
first differential input, a non-iﬁverting second differential input, an inverting
second differential input, a non-inverting differential output, and an
inverting differential outp\it, said non-inverting first differential input
coupled to said fourth transistor for receiving said fourth transistor output
‘signal and said inverting first differential input coupled to said fifth transistor

for receiving said fifth transistor output signal.

19.  The write precompensation circuit of claim 35 further
comprising an AND gate having a non-inverting first differential AND gate
input, an _iiwerting first differential AND- gate input, a non-inverting second
differential AND gate input, an inverfing second differential AND gate input,
a non-inverting differential AND gate output, and an inverting differential
AND gate output, said rion-inverting first differential AND gate.input
coupled to said nori-inverting' differential OR gate output and said inverting
first differential AND gate input coupled to said inverting differential OR gate

output.



resisLoL_349~L§_QQ%ELEQTtO the base of transistor 317, to the collector of
transistor 334, and to the collector of transistor 336. The emtter of
trans_lﬂﬂ"mmfm emtter of transistor 334 are coupled to the

col | el ﬂ"ﬂ'&@ﬁr 335. Conpl enentary inputs WPL at node 158 and WPL*
at node 159 are" couplked to the base of transistor 335 and to the base of
tramnsi stor 336, respectively. The emtter of transistor 335 and the emtter
of transistor 336 are coupled to the collector of transistor 337. Input

Vbi as at node 110 is coupled to the base of transistor 337 as well as to

t he bases of transistors 111, 318, 319, 1237 124, 135, 139, and 140. The

emtter of transistor 337 is coupled to the first termnal of resistor 338.
The second term nal of resistor 338 is coupled,

to_ g oung6 ?tmﬂgde 151.
Figure 3e is a t#% ngThe WFPrecompensatiag SEHEt 8f AR1ENHP frrthey
rel ationships of. signalss of the.circuit.of FEigure. 3d. . . - Fiqure 3e
Shows that SBPHSTIGA Hor Sep HYRs m tt-iSuarBrg HEhiel Aimfse. P And as
been avoi deg, Wv&ﬂﬁ\goafﬁ&%hti'apYl?_ﬁ'-tﬂo%ninput, said non-inverting differential flip-
flop input coupled to said non-inverting differential AND gate oui:put and
said inverting differential flip-flop input coupled to said inverting differential

AND gate output.

21. A write precompensation circuit comprising:

a clock generating méa_ns for providing a first clock signal and a second
clock signal, said first and second clock signals beiﬁg complementary;

a first transistor coﬁpled to said clock generating means for receiving
said first clock signal and for providing a first transistor output signal;

a second transistor coupled to said clock generating means for receiving
said second clock signal and for providing é second transistor output signa_l;

a delay means coupled to said clock generating means for receiving said
first dlock signal- and said second dock signal and for providing a delay output
signal; |

a third transistor coupled to said delay means for receiving said delay

output signal and for providing a logical OR function.

22.  The write precompensation circuit of claim 38 wherein said
delay means comprises:
a fourth transistor coupled to said clock generating means for receiving

said first clock signal and for providing a fourth transistor output signal;



25 _ Figure 4a is a schematic diagramillustrating an enbodi nent of
the present—tmvention for' extending the range of preconpensation by
|ncreas e of the clock signal and a corresponding timng
di agra |m“i‘mmmw eforns and timng rel ati onshi ps of signals of the
circuit?® ckrcuit of Figure 4a conprises circuit 441, which
conpri ses delay el enent 401 and OR gate 402. Input .CLK 403 is coupl ed to a
first input of OR gate 402 and to an input of delay elenment 401. The out put
of delay el enent 401 at node 404 is coupleédBto a second input of OR gate
402. The output of OR gate 402 provi des output OUT. Figure 4a

i Ilustrates how £ kigthperaasistori dvupidd esaidt docls geherating eneains for receiving
preconpensation. The clock signal CLK at node 104 and the cl ock signal

del ayed by said seconsticlotbssignal anefortprovidinge fifth wangistgrcowtpatt signalc| ock
signal . The extended period THin Figure 4a is used to generate |onger
preconpensati on del ay.

23.  The write precompensaﬁon circuit of claim 39 wherein said
delay means further comprises:

a sixth transistor coupled to said fourth transistor for receiving said
fourth transistor output signal and for providing a sixth transistor output
signal; |

a seventh transistor coupled to said fifth transistor for receiving said

fifth transistor output signal and for providing a seventh transistor output

signal.

24.  The write precompensation circuit of claim 40 wherein said
delay means further comprises:
a current injecting means for m]ecung a current into said sixth

transistor to prevent dity cycle variations over frequency of said first clock
signal. '

25. The write precompensaition circuit of claim 41 wherein said
delay means further comprises: |
a first current source coupled to sald first transistor;
a second current source coupled to said second transistor;
- a first capacitor coupled in parallel across said first current source;

a second capacitor coupled in parallel across said second current source.



Figure 4b is a schematic diagramillustrating a delay generator according
to t he_present |nventi-on- Positive voltage supply V+ at node 150 is
upledtoaflrst terqil of current source 406, to a first term nal of

resi stor‘mm] umc“ ect or of transistor 413, to the collector of
transi st 1l

se of transistor 409, and to the coll ector of
transi stor 409." The second termnal of current source 406 is coupled to the
second term nal of resistor 407, to the bagg of transistor

26 413, to the base of transistor 414, and to the first term nal of

current source 498. o e prglgmgé’s.saa%m%t aPEfF of ik oS phaf 10 11 bace
comprising: '

a digital-to-analog converter having a current output for ﬁroviding a
current for controlling the operation of said Write precompensation circuit
and a digital input for receiving'dig'ital information, said digital input
comprising a node for conveyihg a most “significant bit of said digital
information; | |

a logic gate having a non-inverting logic gate differential input, an
inverting logic gate differehﬁal input, an enable input, and a non-inverting |
logic gate differential output, and an inverfing logic gate differential outptit,
said non-inverting logic gate differential input coupled to said clock
generating means for receiving said first clock signal, said inveftin_g logic gate -
differential input coupled to said clock generating means f<'>r receiving said
second clock signal, said enable input coupled to said node for selectively
enabling said logié gate based on a status of said most significant bit of said
digital informaﬁon. "



emtter of transistor 409 is coupled to the emtter of transistor 410. The
collector of transistor 410 is coupled to the base of transistor 410, to

- the-base of transistor 415, to the base of transistor 416, and to the
collector of transistor 412. The emtter of transistor 412 is coupled to a
first termnal of resistor 430. A second termnal of resistor 430 is
coupled to ground at node 151. Positive voltage supply V+ at node
150 is coupled to the first termnal of capacitor 417, to the first

term nal of current source 419, to t he4Pirst terninal of current source
420, and to the firs of transistor
413 is coupled to thtgzé@{qﬂt tp%g%?ﬁi% %)ﬁ]f?l second term nal of
capacitor 417, to the secong; (¥B égq) rfdﬁﬂwﬁ¥*ﬁce 419, to the
col | ector of transistor 106 and to th ase of transistor 423. The emtter
of transistor 414 is coupled to the emitter of transistor 416, to the
second term nal of capacitor Ag8rrheTtHe pgeendstieenm nal of current source
420, to the collector of transistor 107, and to the base of transistor 422.

The col 'ector of (’]Ithaefﬁ sgﬂpfrh\éaﬁlo?lnlgre%ﬁtsc?Aéa?&&%&ﬁ.ofalfdrﬁg%’fsat Qritgl6 are

coupl ed to groun at node 104 1s coupl ed

.7 e e pao ci, ot 1afng s 5 12
transistor Hdedthpensutiyretarige tohe snall ealueraraf also extends the range of
| precompensation beyond limits imposed by the duty cycle of the clock signal.

The present invention prevents catastrophic failure of the write
precompensation circuit by ORing either the input or the output of the
comparator and the opposite phase of the clock. The 180 degree delayed clock
forces any transitions that would otherwise have been missed. The present
invention extends the range of a write precompensation circuit by ORing the
cdlock and the clock delayed by a time td. The extended duty cycle that results

is used to generate a longer precompensation delay. A technique is also

provided to maintain constant duty cycle over a broad range of data rates.

Figure 3a



27 transistor 111. Input Vadj at node 421 is coupled to the base of
transistor 111, to the base of transistor 424, and to the base of

transi stor 425. The emitter of transistor 111 is coupled to a first

term nal of resistor 112. The second term nal of resistor 112 is coupled to
ground at node 151. Positive voltage supply V+ at node 150 is
coupled to the collector of transistor 422 and to the collector of

transi stor 423. The emitter of transistor 422 is coupled to the col | ect or
of transistor 424 and to output OUT at nodéll28. The emtter of transistor
423 is coupled to the collector of transistor 425 and to output OUT* at
node 429. The enmitter of transi $T6r 7274 iS Coudpled to the fiTrst T&fmnal of
resistor 426. The emitter of transistor 425 .is coupled to the first '
term nal of resistor 427. The sécond &ernminal of resistor 426 and {he
second term nal of resistor 427lare coyphed _:'kro- Qund @t node-151.
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Figure 4b shows how the present invention generates the delay td (with
del ay el enent 401 of Figure 4a) in a controlled manner. By slaving the
current ladj in Figure 4b to Vadj of the tine base generator, td is nade
approximately constant as a percentage of the basic clock period. The del ay
td= [err]V/lad] and, therefore, is inversely proportional to ladj, or
-sinply put, tracks with the data rate. Thus, the duty cycle becones data
rate i ndependent to the first order. The duty cycle (TH Ttotal ), however
will vary slightly as data rate is increasetii This is because the del ay,
td, is conprised of two parts, one that tracks with data rate and the ot her

which.remains rel ati vel caonst ant . smal | correction curren cap, be
inserted as shown in Fi% res4bR o | nt ar$h consﬁant ﬁut Sevg e O-Ver br oad
~4 ~ :

data rate.
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28 Figure 4c is a schematic diagramillustrating a timng generator
that provides extension of- the preconpensation range according to the

present invention. Circuit 440 conprises. delay el enent 431
transi stor 106, transistor 107, transistor 432, transistor 433, transistor
111, resistor 108, resistor 109, and resistor 112. | nput CLK at

node 104 is coupled to the base of transistor 106 and to a non-inverting

i nput of delay elenment 431. Input CLK* at node 105 is .coupled to the. base
of transistor 107 and to an inverting input of delay elenent 431. The
non-inverting output of delay elg ?t 431 is.coupled to the base of

transi stor 432. The inverting outgﬁ of delay elenent 431 is coupled to the
base of transistor 433. Positive voltage supply V+ at node 150 is
coupled to-a first term nal of rE%iséor'lOB, to a first termnal of
resistor 109, to-the collector of ¥ ansigtor 1135 and to the coll ector of
transistor 114. The second terpinal Off rlesister *08 is coupled the

col lector of trapsrstor 106 and to thel Dase of transistor 114. The second
terminal of resilptfor 109 is coupled to the collectof of transistor 107, to
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the collector of transistor 433, and to the base of transistor 113. The
emtter of transistor 106 and the emtter of transistor 107 are coupled to
the collector of transistor 432. The emtter of transistor 432 and the
emtter of transistor 433 are coupled to the collector of transistor 111.

| nput Vbias at node 110 is :

29 “coupled to the base of transistor 111. The emtter of transistor 111
coupled to the first termnal of resistor 112. The second term nal of
resistor 112 is coupled to ground at node 1§} tnput Vadj at node
116 is coupled to an input of delay el ement 4%& and to the base of
transistor 434, to the base of transistor 435, and to the base of
transistor 118. The emitter of transistor 113 s coupled to output 438 at
node 154, to a first termnal of capacitor 115g%to the col |l ector of

transistor 434, and to the collector Qf twansi %boy, 435. The enitter of
. . . . - .
transistor 114 is coupled to = = '\‘:PF W
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out put 439 at node 155, to the second terninal of capacitor 115, and to the
collector of transistor 118. The enitter of transistor 434 is coupled to a -
first termnal of resi'stor 436. The emtter of transistor 435 is coupl ed
to a first termnal of resistor 437. The emtter of transistor 118 is
coupled to a first termnal of resistor 120. The second term nal of

restrstor 436, the second term nal of resistor.437, and the second term nal
of resistor 120 are coupled to ground at §igde 151. Fi gure 4c
illustrates the use of the present invention to extend the range of the
wite preconpensation circuit of Figupe¢ 1. OR gate 402 of Figure 4a is
preferably built into the input stage fflhe%ﬁiniﬁi generator. For charge
conservation, it is noted that I1*TL;E_'TH (Where-TL is the current through
node 154, 12 is the current throtgﬁigpde 15 I S=t & tiqre the cl ock

ko

signal CLK remains at a |low | ogi q | exel = [an _I—B<|s tlhe fti nme the clock
signal remains at a high |ogic |qvel st potd, |0% el sg the bias point of
the triangle timng generator mﬁll‘shih} ouf] &f t&e" | in T=Rnge.
Typically, to get a predictable rlatfo|ss r 55_;{‘“- s _
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30 of I1to 2, therratio should be Iimted to one easily inplenentable in
an integrated circuit (1C, for exanple, 2. The swing [err]V should be
adjusted to yield such a duty cycle. (The ratio of 2 would correspond to
66. 7% duty cycle.) Typically the swing is generated off a bandgap voltage

such that it is process and tenperature independent. Figure 4d is a -
timng diagramillustrating waveforns and timng relationships of signals
of the timng generator of Figure 4c. Wavef orm 446 represents the

clock signal CLK at node 104. Waveform 447 represents signal WDT at node
160. Waveform 448 represents the signal across nodes 109 and 108. \Wavef orm
449 represents the signal Vc across. capad/idr 115. Waveform 450 represents
t he signal WPT at node 162. Waveform 451 represents the signal Woout at

node 164. Thus, a nethod and apparatus for preven |ng qqtastrophlc
failure (i.e.; failsafing) andiéxtenqgng t he range Qﬂ;a ww 2
preconpensation circuit has be®n provbded <~
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31 ' CLAI VB 1. Awite

preconpensation circuit conprising: a clock generator for providing a
cl ock signal; a timng generator circuit coupled to said clock
generator for receiving said clock signal and for generating a timng
generator output signal; a conparator circuit coupled to said timng
generator for receiving and performng a corrgari son on said timng
generator output signal; an failsafd/ddck generator for receiving
said clock signal for providing a faiksafg gl ock signal based on the
| ogi cal AND of said clock signal and &-deMeyed Jrite nodg signal; an
OR gate coupled to said conparator ci cgi:t%t‘hd sai d j&il safe cl ock
generator for receiving a conparatory hal_1f n d Lopparator, for
receiving said fail safe dock signal, @T prsvgicig-en OR out put signal .
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2. The wite preconpensation circuit of claim118 further "conprising:

a wite node signal generating neans for providing a wite node signal

an AND gate coupled to aid OR gate and to said wite node signal generating
nmeans for receiving said OR output signal and said wite node signal and
for providing an AND out put signal; - a flip-flop circuit coupled to
said AND gate for receiving said AND out put signal and for providing a
flip-flop output signal. 3. The wite preconpensation circuit of
claim19 wherein said conparator signal i8yilderived fromsaid timng

generator output signal.
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32 4. The wite preconpensation circuit of claim19 wherein said
conpar at or provides a conparator output signal and wherein said conparator
signal is derived from said conparator output signal. 5. The
wite preconpensation circuit of claim19 further conprising: a

sel ection neans coupled to said OR gate for selecting said OR output signal
wher a | arge anount of preconpensation is required and for desel ecting said
OR out put signal when a | esser anount of preconpensation i's required.

6. The write preconpensation circuit | aim 19 wherein said clock
signal, said timng generator output S|gﬁa said del ayed wite node
signal, said failsafe dock signal, said OR output signal, said wite node
signal, said AND output S|gnal and said fIip-T+0ﬁ-9uLpuL-signal are
dlfferentlal si gnal s. |
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7. The write preconpensation circuit of claim 18 wherein said clock
signal, said timng generator output signal, said delayed wite nobde
sigral, said failsafe clock signal, and said OR output signal are

di fferential signals. 8. A wite preconpensation circuit

conpri si ng: a clock generating neans for providing a clock signal;
33 - atimng generator circuit coupled to said clock generating neans
for receiving said clock signal and for groviding a timng generator

out put signal ; a.conparator circuil9bupled to said timng generator

circuit for receiving and perform ng a conpparison on said timng generator
out put -
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si gnal ; an opposite phase clock generating neans for providing an
opposi te phase cl ock signal having a phase opposite that of said clock

si gral ; a previous data bit storage nmeans for storing a previous data
bit>and for providing a previous data bit signal; a first AND gate
fori.receiving said opposite phase clock signal and said previous data bit
signal and for providing a failsafe clock signal; an OR gate for
receiving a conparator signal fromsaid canpanator, for receiving said

fail safe clock signal, and for. providing an OR output signal. 9.
The wite preconpensation circuit of claim25 further conprising: a

write node signal generating nmeans for lﬁﬂading a wite node signal
- a second AND gate for_ receiving said out put_signal and said wite node

signal and for providing an AND out put signal;l a flippflop circuit
coupled to sai d second AND gate for receiving said AND o ut: si p@l and
for providingl a flip-flop output signal. 10. The writ
preconpensatipn circuit of clai MmZe vererTsaidconparator-—gfgnal i s
derived fron1Faid timng generator oytput Eigngl. '
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13. The wite preconpensation circuit of claim26 wherein said clock
signal,, said timng generator output signal, said opposite phase clock
signal ,» said previous data bit signal, said failsafe clock signal, said OR
out put signal, said wite node signal, said AND out put signal, and said
flip-flop output signal are differential signals. 14. The wite
preconpensation circuit of claim25 wherein §§hd clock signal, said timng
generator output signal, said opposite phase’Clock signal, said previous
data bit signal, said failsafe clock signal, and said OR output signal ate
differential signals. 15. " A wite preconpensation circuit

conpri si ng: a clock generating neans for providing a clock signal;

WPL=WDT DELAYED BY 1/2 CLOCK CYCLE
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<35 a delay neans for delaying said clock signal and for producing a
del ayed cl ock signal; an OR gate for receiving said clock signal and
sai d ‘del'ayed dock signal and for providing an extended duty cycle clock

'si gnal . 16. The wite preconpensation circuit of claim32 further
conpri si ng: a conpensation neans for conpensating said extended duty
cycle dock signal to maintain a constant 3gyyy cycle over a broad frequency

range of said clock signal. 17. The wite preconpensation circuit
of claim 33 wherein said dock signal, said delayegd ¢lock signal, said
extended duty cycle clock signal are differential 3i @als. 18. A

write preconpensation circuit conprising; ~ | ck~gener ati ng neans
for providing a first clock signal and a secong gnal , said first
cl ock signal and said second cl ock signal being ntary; - a

first transistor coupled to said clock generatin
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said first clock signal and for providing a first transistor output signal;
a second transistor coupled to said clock generating neans for receiving
sai d second clock signal and for providing a second transistor output

si gnal ; a previous data bit signal generating neans for generating a
previous data bit signal;
36 a third transistor coupled to said first transistor, to said

second transistor, and to said previous ddfblbit signal generating nmeans
for receiving a previous data bit signal and for providing a |ogical AND

function; a fourth transistor coupled to said first transistor for
receiving said first transistor output signal and for providing a fourth
transi stor output signal; a fifth transistor coupled to said second

transi stor for receiving said second transistor output signal and for
providing a fifth transistor out put ’
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signal ; an OR gate having a non-inverting first differential input,
an inverting first differential input, a non-inverting second differenti al
‘input, an inverting second differential input, a non-inverting differential
butput, and an inverting differential output, said non-inverting first
differential input coupled to said fourth transistor for receiving said
fourth transi stor output signal and saéﬂ@igverting first differential - input
coupled to said fifth transistor for r ing said fifth transistor output
si gnal . 19. The wite preconpensation circuit of claim35 further
conprising an AND gate having a non-inverting first differential AND gate

I nput, an inverting first differentil@ FIBNBc-gat e i nput, a non-inverting
second differenti A~AND gate rnpout.—arm-rhvert1 g second

r11orential AND
gate input, a non-iinverting differeptial AND g - n inverting
differential AND g4te output, said pon-j nveftinp i ifffed¢gntial AND
gate input coupledjto said non-invefting differ CR lgat ¢ jout put and
said inverting firgt differential AND ghte iin Lipl to 44id i nverting
differenti al Cngate out put . - =) —> C
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37 20. ‘The wite preconpensation circuit of claim36 further
conprising a flip-flop having a non-inverting differential flip-flop input
‘and an inverting differential flip-flop input, said non-inverting
Hifferential flip- flop input coupled to said non-inverting differenti al
AND gate output and said inverting differential flip-flop input coupled to
said inverting differential AND gate output. 2. A wite
preconpensation circuit conprising: | ock generating nmeans for
providing a first clock signal and a second clock signal, said first and
second cl ock signals being conpl enentary; a first transistor coupled
to said clock generating neans for receiy mg said first clock signal and
for providing a first transistor output

8 % | ; a second transistor
coupled to said clock generating neang fBr egsiving said second clock

signal and for providing a second tra&gsibt ob~&t put. si gnal

a del ay
means coupl ed to said clock generating jreans fo'_rn receiving said
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first clock signal and said second clock signal and for providing a del ay
.out put signal; a third transistor coupled to said delay neans for
“recei-ving said delay output signal and for providing a |logical OR function.
*22. ° The write preconpensation circuit of claim38 wherein said del ay

means conpri ses: a fourth transistor coupled to said clock
generating neans for receiving said firs

% ciock signal and for providing a
fourth transi stor output signal; /1
38 a fifth transistor coupled to said clock generating neans for
recei vi ng 10 FIG. 3d-2
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Sai d second clock signal and for providing a fifth transistor output

signal .. 23. The wite preconpensation circuit of claim39 wherein
said del ay nmeans further conprises: a sixth transistor coupled to
said fourth transistor for receiving said fourth transistor output signal
and for providing a sixth transistor output signal; a seventh
transistor coupled to said fifth transistor for receiving said fifth
transi stor output signal and for providin§/dlseventh transistor output

si gnal . 24. The wite preconpensation circuit of claim40
wherein said del ay neans further conprisgsis a current injecting

means for injecting a current into saidS8iXh transistor to prevent duty

cycle variations over frequency of satdi twnlock si gnal . - 25.

The wite preconpensation circuit of R Lwher ei n sai d del ay nmeans
further conprises: a first currentesolreg coupled to said first
transistor; a second current ‘sour¢e chbuHed to said set¥nd
transi stor;
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a first capacitor coupled in parallel across said first current source;

-a second capacitor coupled in parallel across said second current source.
39 - " 26. The wite preconpensation circuit of claim35 further
conpri si ng: a digital -to-anal og converter having a current output for
providing a current for controlling the operation of said wite
preconpensation circuit and a digital input for receiving digital

information, said digital input conprisi®gia node for conveying a nost
significant bit of said digital information; a logic gate having a.
non-inverting logic gate differential input, an inverting |logic gate

differential input, an &p@ble input. and a pon-inverting_logic gate
di fferential output,Cahd\gh iﬂverﬂ llo ic ate|d|ﬂferbntihl éutpht, sai d
non-inverting |ogic gatgsqlfferentlal I nput coupl ed to said clock
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«generating neans for receiving said first clock signal, said inverting
Jdogic gate differential input coupled to said clock generating neans for
‘recei.ving said second clock signal, said enable input coupled to said node

for selectively enabling said |logic gate based on a status of said nost
significant bit of said digital information.
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