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METHOD FOR THERMAL ASPERITY DETECTION AND
COMPENSATION IN DISK DRIVE CHANNEI'JS
BACKGROUND OF THE INVENTION
1. Field of the Invention
The present jnvention relates to a method and system for detecting and compensating for
therma] aspén'ties in magnetic dis.k drives, and more particularly to a method and system for

detecting a therma] asperity in real time and compensating for the thermal asperity.

2. Description of Prior Art

Data read from a disk is susceptible to errors cansed by media defects producing thermal
asperities (TA’s) in ihe read channe] electronics. For sxample, in disk drives using
megnetoresistive (MR) or giant magnetoresistive (GMR) heads which take advantage of the
resistrvity of MR material, a DC bias coyrent induces voltags across the sensor (MR stripe of the
head) which varies according to changes in the sensor resistance. When a head strikes a particle or
magnetic media d;afect, the temperature of the head can increase by more than 100° C, the
temperature risc is a TA. Due to the temperature coefficient of resistivity of the head (about
0.02% per degree C), a TA can cause a significant voltage transient, or DC baseline shift,
sanxaﬁng the analog read signal. Reading data from the disk is then either not possible or has a
large bit error rate (BERY) for about 0.5-5 microseconds (), until the head remperature returns to
an acceptable range. Typically, in order to recover the unteadable data, the channel controller

needs to initiate a re-read operation.
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One approach to TA detection involves detection at the analog-to-digital converter (ADC)
output of the channel input cireuit, Because the ADC output is typically late in the signal chain,
raore of the electronic circuits in the channel become saturated before the TA is detected. Delayed
detection can make compensation ineffective if the error camnot be contained to a relatively small
amount of data, typically that amount which an error cotrection code (ECC) can recover.

In non-programmable systems having a moveable AC coupling pole at the variable gain
amplifier (VGA) input, the frequehcy of the pole is simply elevated when a TA is deteoted and
decays at some future time. This can result in increased TA transient duration because the
remaining DC offset can decay slowly if the pole is moved back abruptly. In 2 syst;m whercin a
filter is applied prior to threshold deteotion in the digital domain and there is non-linear
rectification to improve detection reliability, the movement of the AC coupling pole at the VGA
input is adjustable only in two steps, “high squelch” and “low squelch”. This does not allow for
flexibility in the position (frequency) to which the AC pole is moved in response to a TA, or the
return 10 a normal position. |

In systems which work within the arm electronics module prior t6 fhe VGA input, a TA
transient is detected following low-pass filtering and “dead-zone™ rectification. An analog signal
is generated which moves an AC coupling pole in the Arm Electronics Module in a continuous
fashion. This is less desirable because the signal amplitude at that point in the signal chain has not
been acted upon by the automatic gain control (AGC) loop. Therefore, the normal amplitude of
data signals can vary widely, and therefore, needs to be considered when setting the TA detection

threshold. This makes reliable TA detection more difficult, Filtering prior 1o TA deteotion is
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simple first order, however, the first order filter provides less eﬁ’t;,ctive discrimination between TA
transients and normal signals, and thus TA detection is less reliable. Further, there is no formal
detection threshold besides that provided by the dead zone of the “dead-zons™ rectifier, The analog
compensation circuit must be adjusted with external pins on the package of the arm electronics
module.

In systerns where a TA tl:ansient is detected at the output of the channel continuous-tine
filter, the AC coupling pole frequency at the VGA input is elevated in response to the TA. The AC
coupling pole is allowed to gradually retumn fo normal following the TA, transient. Filtering prior
to TA dcxfection is only by way of the charmel continuous-time filter, there is no dedicated low-
pass filter for the TA detection circuit. This provides a less effective means of discriminating
between the TA transient and nommal data si;;nals, becanse the cutoff frequency of the
continnons-time filter is typically set at 0.3 to 0.6 of the channe] data rate. Accordingly, reliable
TA detection can be difficnlt.

Therefore, a need exists for a method of detecting a thermal asperity in magnetic disk
drives in real time and compensating for the asperity at the chamne! input, thereby shortening the

length of error caused by the TA.

SUMMARY OF THE INVENTION
A method according to one embodiment of the present invention is disclosed for detecting

a thermal asperity. The method amplifies a data signal having a thermal asperity, detects the

-
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therinal asperity in the data signal and adjusts a variable resistor prior to a:inpliﬁcation for
comypensating for the thermal asperity.

The method adjusts the variable resistor by setting a detection threshold with a threshold
comparator and transmitting an event signal to the variable resistor for adjusting a pole frequency.
The pole frequency decays at a predetermined frequency ratio at each step. The steps are taken at
fixed intervals of about two to about ei ght byles of data. The predetermined frequency ratio can be

expressed as;

R o] B A0 .
e B

where f; is a highest frequency to which the pole is adjusted after the thennal asperity is
detected, fvis & pole frequency prior to the adjustment, and nis the number of steps.

Detecting includes discriminating between the thermal asperity and the data signal using a
Jow-pass filter. The detection ocours within 1,2 bytes of the data signal, The low-pass filter
inchudes a third order Chebyshev filter with about % dB of passband ripple and a -3dB cutoff
frequency of about 5% of a data ate.

Ascording to another embodiment of the present invention, the metliod also includes
filtering the data signal with a continuous-time filter, converting the data signal using an
analog-to-digital converter, applying the date signal to a gain control for adjusting a gain of the
data signal t6 a constant signal amplitude, and emor correcting the data signal after conversion.

In yet another embodiment of the present invention, a system for detecting a thermal
asperity within a data signal is presented, including a variable gain amplifier for amplifying the

data signal, a thermal aspenity deteotor for detecting the thermal asperity within the amplified
4
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signal and'outputting' an event signal, and a programmable control unit for receiving the event
signal and adjusting a variable resistor accordingly, the variable resister located prior to the
vatiable gain amplifier in a channel.

The system also includes a continuous-time filter for preveuting distortion of the data
sigual, 2n anzlog-to-digital convertes for converting the data signal to a digital data signal, and
an automatic gain control for adjusting the gain of the variable gain amplifier.

The thermal asperity detector according to the present invention, includes a loss-pass filter
for discrinﬁnai;ing between the thenmnal asperity signal and the data signal, a non-linear rectifier for
selectively amplifying large amplitude portions of the data signal, and a threshold c-omparatOr for
setting a detection threshold and cutputting the event signal,

The non-linear rectifier includes a differential amplifier for transmitting a V I+ signal and
a V1- signal to a first differential source-coupled pair, and a Vem signal to 2 second differential
source-coupled pair, and a second differential amplifier for acoepting an output of said first and
second differential source~coupled pair and transmitting a signal to the ﬂm;shold comparator. The
Aifferential source-coupled pairs further include a pair of source degeneration resistors.

The varjable resistor according to the present embodirent includes at least one fixed
resistor, and a set of field effect transistors (FETs), each FET in series with a pair of fixed
resistors, for adjusting a pole frequenoy to the variable gain amplifier, the field effect transistor
switches controlled by the programmable control unit.

In still another embodiment of the present invention a system is disclosed for

compensating for a thermal asperity in an electronics channel. The system includes a variable
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resistor having a p'ole frequency for compensating for the thermal asperity and a variable gain
amplifier for receiving the compensated signal,

The pole frequency is set by a programmable control unit for controlling field effect
transistors in the variable resistor and accepting a event signal upon detection of the thermal
asperity after the variable gain amplifier in the channel electronics. The programimable control unit
sets a pole frequency decay rate to a predetermined frequency ratio at cach step. The steps are

taken at fixed intervals of about two to about eight bytes of data.

BRIEF DESCRIPTION OF THE DRAWINGS

Preferred embodiments of the present invention willl be described below in more detail,
with reference to the accompanying drawings: |

Fig. 1A is a diagram of a Chebyshe;v filter according to one embodiment of the present
‘invention; ‘

Fig. 1B is a diagram of 2 channel input cireunit according to one embodiment of the present

invention;

Fig. 2 is a diagram of the Rin and programmable digital controls of Fig. 1B;

Fig. 3 is a graph of the clipping point of a VGA according to anoth;r embodiment of the
present invention;

Fig. 4 is a graph of an output of a non-linear rectifier according to yet another embodiment
of the present invention;

-
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Fig. 5 is a set of graphs showing a signal as it exists at a VOA output, a low-pass filter
output, and a non-linear rectifier output as depioted in Fig, 1B;

Pig. 6 is a diagram of a non-linear rectifier according to still another embodiment of the
present invention;

Fig. 7 is a graph of an idealized transient resulting from a TA, shown as it appears at the
MR head output, and at a VGA output with and without compensation; and

Fig. 8 is a graph of a simulated disk data with a TA transient, shown with and without

compensation.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

A system and method is presented according to one embodiment of the present invention
for detecting a thexmal asperity (TA) in real time and compensating for the TA by filtering at the
channel input, thus shortening the length of the error that resulls from the TA. If the error can be
contained to less than about four bytes, standard error comrecting c;)des (BCC) used in the channel
controller can correct the error and thus, the need for a re-read operation is eliminated.

A cirouit is provided according to one embodiment of the present invention, as part of a
read chanuel electronics chip (the “channel”j;. The circuit includes a thermal asperity detector, a
digitally-variable resistor (Rin) at the input to the channel, and programmable digital controls that
adjust the value (resistance) of the Rin in response to detection of a TA. Ti';ese components are
shown in the block diagram of Fif_;. 1B. The purpose of the circuitxy is to reliably detect TA’s as
they happen, move the VGA. input pole to a higher frequency to shorten the resulting DC baseline

e
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shift, and allow the pole to decay.gradually back to its normal value, Referning to Fig. 1B, the pole
frequency is defined by the values of the capacitance (C) and Rin, given by the expression:
frequency=l/(2*1c*c*(Rin/2))=l/('tc*C*Rin;

One embodiment of the present imvention will now be described with respect to Fig. 1B.
Fig. 1B is a simplified block diagram of the channel input circuitry. The signal from the
MR/GMR head enters the channel at the left, coring via the arm electronics module (AE). The
signal is amplified by a variable gain amplifier (VGA) 104 and then passes through an analog
continuous- time filter (CTF) 106. In data transmission and disk drive applications, it is
advantageous to provide a continuous-time active filter with a constant group dela); characteristic
over a desired range of frequencies to prevent distortion of a signal waveform. The output of the
CTF 106 is applied'to an analog-to-digital converter (ADC) 108. The output of the ADC passes to
the channel’s digital finite impulse response filter (DFIR). Further, the ADC output is applied to
an automatic gain control eireuit (AGC) 110 that adjusts the gain of the VGA. 104 in such a way
as to maintain a constant signal amplitude.

The TA detector cirouit 112 accepts the signal from the output of the VGA 104 and
processes it through a low-pass filter 114 and a non-linear rectifier 116, both of which are
adjustable to provide reliable detection of a thetmal asperity. The cutput of the non-linear rectificr
116 is passed to the threshold comparator 118, which sets a detection threshold for TA’s. The
threshold comparator’s output is a digital signal (“TA event signal™) which indicates the
occurrence of a thenmal asperity in the data stream. The TA event signal triggers the

programmable digital controls 120, which are further detailed in Fig, 2.
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Fig, 2 shows the structure of the digitally varigble resistor (Rin) 202, including fixed
resistors 204 and a set of field effect transistor (FET) switches 205, each FET in series with a pair
of fixed resistors (206, 207), as well as the programmable digital controls 120. The TA event
signal triggers the bold timer 208, which in turn causes the decay sequencer 210 to tum on some
or all of the FET switches 205, lowering the VGA input impedance and inqreasing the pole
frequency at the VGA input. The pole is held at this higher frequency for a predctem]ﬁ:wd time sel
by the programmable hold timer 208, then it is allowed to decay at a predetermined rate set by the
decay timer 212. The decay sequencer 210 turns the FET switches 205 on or off in an appropriate
rnanner so that the pole frequency decays gradually to-its nominal value, In the present
embodiment, the pole frequency changes by the same predelennined ratio at each decay step.

When 2 thermal asperity is detected, the input pole frequency is moved to a faigher
frequency in order 1o minimize the du.ration of the transient Due to the high-pass filtering action
(of the C and Rin), moving the pole to a higher frequency filters out low-frequency components of
a transient, which is equivalent to saying the transient will decay at a greater rate. The
characteristic decay 1-:ime can be given by: T=Rin/2)C, where the decay time is inversely
proportional to the pole frequency.

The pole frequency decay is preferably gradual back to its normal value. I the pole
frequency decays too rapidly, a DC baseline shift occurs which can razse the channel bit error rate
(BER). However, if the pole frequency decays 1oo slowly, an unnecessarily high BER persists for

the duration of the decay time, since having the pole frequency set above its normal value also
-
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raises the channel BER. Thus, there is a cempromise involved in setting the pole decay rate and
pole decay method.

In the present embodim.ent, il was empirically determined that the optimum pole decay
method was to allow pole frequency to decay by the same predetermined frequency ratio al each of

a number of steps. The formula to calculate the predetermined ratio R can be written as;

e ox p[ ln(ﬁf);ln(ﬁv) ]

where fi is the highest frequency to which the pole is moved after the TA is detected, fu is the
normal pole frequency, and # is the number of steps. )

In the present embodirnent, f is 32MEE, fj is 0.5MHZ, n i eight steps, and R is 1.682.
Thus, the pole frequency decays in the sequence: 32MHz, 19MHz, 11.3MHz, 6.7TMHz, 4MEHz,
2.4AMHz, 1.4MHz, 0.84MHz, and 0.5MHz, Steps are taken at fixed time intervals equivalent to
roughly two to eight bytes of data. Other values of /i, fy, R, and n would be appropriate for
different channel data rates and magnetic head characteristics.

Reliable detection of TA’s in the thermal asperity detector shown in Fig: 1B is needed for
proper operation of the system described above. False detection of TA’s when they have not
actually occurred can increase ﬁxe channel BER or result in data loss. Failure to detect actual TA’s
will result in a failure to compensate for them, which can also increase BER, force re-read

operations, and/or result in data loss. A simulated TA superimposed on a typical data sequence at

200-Mb/s as it would appear at the VGA output is shown in Fig. 3.
[ —
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The clipping (or saturation) point of the VGA is depicted in Fig. 3 as 300 mVppd, and

under these circumstances the peak data amplitude can approach the clippfng point of the VGA

even without the occurrence of a TA. Simple threshold deception is thus inadequate because of the

high probability of false defection. Referring to the signal shown int Fig. 3, there is no level at

which to set & threshold which will reliably detect the TA without being close to the amplitude of

normmal data signals. Fourier analysis of the TA signal and typical data sequence signals indicates

that low-pass filtering can improve the detection reliability by discriminating between the TA

signal and the data signal. Table 1, below, summarizes simulations which were performed to

select the optimum filter for discrimination between a TA. signal and atypical data sequence at

200-Mb/s.
Table 1.
. SNR @ Jow-pass SNR @ non-linear lovv-pass filter
Filter type filtex onfput** rectifier outpust [atency*
no filter 1.06 1.09 (0.75dB) N/A
1* order -3dB @) 1.47 1.91 (5.64B) 0.33 bytes
10MHz
2" order Butterworth 1.59 2.32 (7.3dB) 0.65 bytes
-3dB @ 10MHz
3* order Butterworth 1.85 3.15 (10.04B) 0.95 bytes
-3dB @ 10MHz
3* order Chebyshev 2.13 4.27 (12.6dB) 1,10 bytes
1/2dB ripple -3dB @
10MHz
* To 75% of TA. peak amplitude
11 ,
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** SNR = peak TA amplitude/peak data amplitude

In general, filters with lower cutoff frequencies and sharper cutoff characteristics provide better
discrimination between the TA and the data. However, the filter is also constrained by the
maxirmum acceptable latency. Sin;:e the total error length must be held to less than four bytes in
order for ECC used by the controller 1o correct the error, the TA detector must operate within
approxirmately 1.2 bytes or less, allowing for additional Iatency in the TA compensation circuitry.
In the present embodiment, a third order Chebyshev filter with about % dB of passband ripple and
a -3dB cutoff frequency set at about 5% of the data rate. One with ordinary skill in the art would
recognize, in light of the present description, that other filters are within the scope of the invention.

In the present embodiment, the Chebyshev filter is implemented as a Gm-C
(transconductance-capacitancé) filter, as shown in Fig. 1A. This architecture is particularly
amenable to implementation as a complementary metal-oxide semiconductor (CMOS) integrated
circuit,

The third order filter is implemented as a cascade of a first order section and a second
order section. The transconductances (Gm) to Gmé6) and capacitances (C1 to C3) shown in Fig.
1A are chosen to give the desired Chebyshev characteristic. It should be understood that other
filter architectures would work as well. |

The reliability of the TA detection is further improved by the use of a non-linear rectifier
following the low-pass filter, as shown in Fig, 1B. The purpose of the non-~linear rectifier is to

further discriminate between the TA transient and the data signal. The Chebyshev filter

12
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disoriminates between the TA and the data on the basis of frequency. The non-linear rectifier
discrimimates between the TA and the ii;xta on the basis of voltage amplitude. TA’s have large
amplitudes, while data signals have small or moderate amplitudes. The non-linear rectifier is
designed to amplify large amplitude signals more than small or moderate amplitude signals. Thus,
signals associated with the TA events are amplified much more than normal signals. This
behavior of the non-linear rectifier is ilustrated by the juput/output characteristic of Fig. 4. The
non-linear reotifier is designed to have an input/output characteristic as shown in Fig. 4.

The purpose of this input/output characteristic is to attenuate small amplitude signals
while amplifying large amplitude signals. Since data signals typically have smaller amplitudes
than TAs, this is 2 method of discriminating between two signals in the amplitude domain. The
combination of the low-pass filter followed by the non-linedr rectifier is particularly beneficial,
resulting in more effective discrimination between data signals and TA's than could be achieved
by either technique alone. This is shown by the data in Table 1, where the highest signal-to-noise
ratio (SNR) is achieved by the signal which has passed through both the low-pass filter and the
non-linear rectifier, It cen also be seen visually in Fig. 5, which shows the signal as it exists at the
VGA. output, the low-pass filter output, and the non-linear rectifier output. The non-linear rectifier
output clearly shows the TA, transient 502 as distinot from other signals and noise,

Fig. 6 shows our implementation of the non-lincar rectifier 116. The signal comes from the
low-pass filer 114 (a third order Chebyshev in the present embodiment) at the left and passes
through a differential amplifier 602. The differential amplifier 602, in addition to the standard
differential outputs V1 + 604 and V1- 606, has a common mode output Vem 608 which is the

13 -
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quissoent point of the differential signal (((V1+)+(V1-))/2). The differential sighals are applied to
a differential source-coupled pair 610 with source degeneration resistors 612, An output signal
Vsig 618 is taken from the junetion of the source degeneration resistors 612. The common mode
signal Vem 608 is applied to both inputs of a second identical differential source- coupled pair
614 with source degeneration resistors 616, and a reference signal Vref 620 is taken from the
junction of the source degensratic;n resistors 616. The signal Vsig 618 and reference Vref 620 are
applied to a second differential amplifier 622. The output of the second differential amplifier
((V2H)-(V2-)) has the charactenistics shown in Fig. 4, with the gain and degree of non- linearity of
the rectifier determined by the transistor transconductances and the value of the source
degeneration resistors.

The output of the non-linear rectifier 116 pass'es to a threshold comparator 118, which in
the optimum embodiment has some form of hysteresis to further improve the detection reliabi]ﬁy.
Once the non-linear rectifier output passes above the TA detection threshold, the TA detector’s
digital output is asserted. The non-linear rectifier output must then pass below a second, lower
threshold for the TA detector’s digital output to be de-asserted.

The overall operation of the thermal asperity detection and compensation system is
illustrated in Figs. 7 and 8. In Fig, 7, the-idealized transient resulting from a TA (without any disk
data) is shown as it appears at the MR head output. It is also shown as it appears at the VGA
output, with and without compensation. These simulation results show how real time deteotion

and compensation can significantly shorten the duration of a TA transient. In Fig. 8, simulated

-
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disk data with a TA transient is shown with and without compensation, as it appears at the VGA
output. Again, the TA transient is significantly shortened by compensation.

Having described embodiments of a thermnal asperity detection and compensation system,
it is noted that modifications and variation can be made by persons skilled'in the art in light of the
above teachings. It is (herefore to be understood that changes may be made in the particular
embodiments of the invention disclosed which are within the scope and spirit of the invention as
defined by the appended claims. Having thus desoribed the invention with the details and
particularity required by the patent laws, what is claims and desired protected by Letters Patent is

set for in the appended claims.
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What 1s claimed is:

1. A method for detecting a thermal asperity comprising the steps of:
amplifying a data signal having the thermal asperity,
detecting the thermal asperity in the data signal; and

adjusting a variable resistor prior to amplification for compensating for the thexmal

asperity.

2. The method of claim 1, wherein the step of adjusting further comprises the steps of:
setting a detection threshold with a threshold comparator; and

trapsmitting an event signal to the variable resistor for adjusting a pole frequency.

3. The method of claim 2, wherein the pole frequency decays at a predetermined frequency

ratio at each of a plurality of steps.

4. The method of claim 3, wherein the steps are taken at fixed intervals of about two to about

eight bytes of data.

5. The method of claim 3, wherein the predetermined frequency ratio is expressed as:

R o R0
n

Y R

16
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Ju is a highest frequency to which the pole is adjusted after the thermal asperity is
detected;
Jwis the pole frequency prior to the adjustment; and

n is the number of steps.

6. The method of ¢laim 1, wherein the step of detecting further comprises the step of

discriminating between the thermal asperity and the data signal using a low-pass filter.

-

7. The method of claim 1, wherein step of detecting occurs within 1.2 bytes of the data

sigoal.

8. The method of claim 6, wherein the low-pass filter comprises a third order Chebyshev

filter with about }4 dB of passband ripple and a -3dB cutoff frequency of about 5% of a data rate.

9. The tethod of ¢laim 1, further comprising the steps of:
filtering the data signal with a continuous-time filter;
converting the data signal using an analog-to-digital converter;
applying the data signal to a gain control for adjusting a gain of the data signaltoa_

constant signal amplitude; and

etror correcting the data signal after conversion.

17
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10. A system for detecting a thermal asperity within a data signal comprising:
a variable gain amplifier for araplifying the data signal;
a thermal asperity detector for detecting the thermal asperity within the amplified signal

apd outputting an event signal; and

a programmable control unit for receiving the eveut signal and adjusting a variable resistor

accordingly, the variable resistor located prior {o the variable gain amplifier in a charmel.

11.  The system of claim 10, further comprising:
a continuous-time filter for preventing distortion of the data signal;
an analog-to-digital converter for converting the data signal to a digital data signal; and

an automatic gain control for adjusting the gain of the variable gain amplifier.

12, The system of clajm 10, wherein said thermal asperity detector comprises:

a Joss-pass filter for discriminating between the thermal asperity signal and the data

signal;
a non-linear rectifier for selectively amplifying large amplitude portions of the data signal;

and

a threshold comparator for setting a detection threshold and outputting the event signal,

13, The system of claim 12, wherein the non-linear rectifier comprises:

| AR N
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a differential amplifier for transmitting a V1+ signal and a V1- signal to a first differential
source-coupled pair, and a Vom signal to a second differential source-coupled pair; and
a second differential amplifier for accepling an output of said first and second differential

source-coupled pair and transmitting a signal to the threshold comparator.

14.  The system of claim 13, wherein the differential source-coupled pairs further comprise 2

pair of source degeneration resistors,

15. | - The systetn of ¢laim 10, wherein the variable resistor comprises:

at least one fixed resistor; and

a plurality of field effect transistor switches, ea;:ll in series with a pair of fixed resistors, for
adjusﬁng a pole frequency to the varable gain amplifier, the field effect transistor switches

controlled by the programmable contro] umit.

16. A system for compensating for a thermal asperity in an electronios channel comprising:
a variable resistor having a pole frequency for compensating for the thermal asperity; and

a variable gain amplifier for receiving the compensated signal.,

17.  The system of claim 16, wherein the pole frequency is set by a programmable confrol unit
for controlling field effect transistors in the variable resistor and accepting an event signal upon

detection of the thetrmal asperity after the variable gain amplifier in the channel electranics.

e
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18.

The system of claim 17, wherein the programmable control unit sets a pole frequency

decay rate to g predetermined frequency ratio at each of a plurality of steps.

190 The System of claim 18, wherein the steps are taken at fixed mtervals of about two to about

eight bytes of data.

—
This Sheet Hag Been Re

L

[

A

*

20



