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METHOD AND APPARATUS FOR ADAPTIVELY PROCESSING THE READBACK

SIGNAL IN A READ CHANNEL DEVICE FOR DIGITAL STORAGE

CROSS-REFERENCE TO RELATED APPLICATiONS

This application relates to the co-pending
application serial no. 08/693,587 (Attorney Reference
No: M-3712), filed_Angust 1, 1996, entitled "METHODS
AND STRUCTURE FOR SAMPLED-DATA TIMING RECOVERY WITH
REDUCED COMPLEXITY AND LATENCY" of Shih-Ming Shih,
Tzu-wang Pan, and Jenn-Gang Chern, owned by the
assignee of this application and incorporated herein by

" reference.

This application relates to the co-pending
application serial no. 08/695,327 (Attorney Reference
No: M-3711), filed August 1, 1996, entitled "METHODS
AND STRUCTURE FOR SAMPLED-DATA TIMING RECOVERY WITH
REDUCED COMPLEXITY AND LATENCY" of Shih-Ming Shih,
Tzu-wang Pan, and Jenn-Gang Chexn, owned by the
assignee of this application and incorporated herein by

reference.

BACKGROUND OF THE INVENTION
Field of Invention

This invention relates to a method and system for
equalizing a readback signal to a partial response
target. More specifically, this invention relates to a -
method and system for optimizing a combined
equalization and receive filter with programmable -or '

adaptive parameters that can be adjusted for multi-rate
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and system for optimzin i zation and receive
filter with progrann@®f@Rsed by noise, 1nt§J§EFF%e'pa"‘r“§rr§f‘§F‘§r‘H%ﬂ cdhepe
adj usted for nultl-rfunﬁamental design goal is to achieve the highest

recording density per unit area while maintaining an

acceptable probability of error between the recorded
sequence and the retrieved sequences. In order to
achieve the design goal, read/write channels use a
combination of coding and equalization approaches.'
Each of these functions are reviewed below.

Run-Lenath Limited (RLL) Codes

bigital maénetic and optical storage devices use
RLL codes to improve signal detectability or insure
frequent updates to the timing and gain loops, oxr both.
The RLL codes are generally characterized by two
parameters, d and k, which control, respectively, the
minimum and the maximum number of symbol intervals
between successive transitions in the binary input
signal. For a given value of d, the RLL code insures
that there are at least (d+1l), and at most (k+1),
symbol intervals between successive transitions.
Commonly used codes in magnetic and optical storage
products include codes with (d,k) constraints of (1,7)
and (2,7). These codes are typically used with the
peak detection method. The k constraint insures that a
non-zero channel output is produced with some minimum
frequency to maintain robust operation of timing and
gain loops. The 4 constraint helps signal
detectability with peak detection. With the growing
interest in Partial Response Maximum Likelihood (PRML) -
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-2-' operation and for slow time-varying channel s. Description of Rel ated
Art Digital magnetic and optical storage applications involve the
recording of digital sequences onto the nedia and the retrieval of such
sequences from an anal og signal, sensed Ry_the readback head and corrupted

by noise, interferenc n I stortion. e q%ngt gesi Ls to
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retri'eved sequences. In order to achieve the design goal, read/wite

channel s use a conbination of codigyg.q9¢ & AZakl 9, PRy oaches. Each of
t hese functions are revi ewed bel ength Limted (RLL)

OW. -
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. :is due to the bandlimited nature of the head/media
combination and results in the overlap of responses due
to séquentially recorded transitions on the media.

That is, at a given instant in time, the output signal
from the medium is composed of not only the response
due to. the input symbol at that instant, but also the
responses from some previously recorded symbols. The
amount and the span of this overlap increases as the
linear recording density is increased, giving rise to
overlap patterns among symbols that.are generally very
complex and difficult to unravel with a simple device.

In order to reduce the complexity requifed to
unravel the ISI effect, the readback signal is first
equalized to a prescribed Partial Response (PR) signal.
PR signals have the feature that allows for controlled
overlap {(or interference) of responses in the output
signal due to successive input symbols. The a priori
knowledge of the controlled ISI after the equalizer
results in a significant reduction in the complexity of
the required detector relative to that for the
unequalized signal. -

As shown in FIG. 1, analog readback signai on
output terminal 104 of head/media/preamp 102 is sent to
an input terminal of equalizer 106. Equalizer 106,
also known as the PRML receiver, eqﬁalizes_the readback
signal to create an equalized signal on output
terminal 108 of equalizer 106. The equalized signal
should be a suitable PR signal.

A commonly-used PR target :signal in data .
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pararreters d and k, which control, respectively, the mninmmand the
maxi mum number of synbol I nterval s between successive transitions in the
bi nary input signal. For a given value of d, the RLL code insures that
there are at |east (d+1), and at m)st (k+1)4 _synbol intervals between

successive transitions. Commuonly o% L0 nett I ¢ _and ggt | cal storage
products include co‘d@@m‘&ﬁ‘{%t(l(?nﬁ) aE EhRS o‘f‘a%ie A Z&GOF These
codes are typical | ysuseensiitsh chheapeakiztet byt kbe tetrivder iihéykommlbt raint

insures that a non-gepp Channek, QiHeput pi SePrasliicad chbt br SQIR N JiEMUmL
conatraint. hel ps i BRAT TEREY 5%&?%%5‘%"%%%222%“’ B3R5 ER ¢ he- gr owi ng
interest in Partial cRespuohseefrxredntdidel"iChesd [WPHN) or modified
-3- techni ques, d=056686%4 ®igaRNLAY. | AMHRORBL 861 fvederRpse Phspiid at
lnherently hi gher COde {éggiy prescribed sampling instant for Class IV PR
*is given by y(kT) = a(kT) - al(k-2)T), n=2,3,....,
where a(kT) is the input symbol at time instant kT,
usually picked from a binary alphabet, {0,1} or {1,-1}.
That is, the output sample at time instant nT involves
the overlap of two input symbols, a(nT) and a[(n-2)T].
The'equalized signal on output terminal.loa of
equalizer 106 is detected using a sequence detéector
. such as Viterbi detector 110, which is based on the
Viterbi'algorithm. This combination of Class IV
partial response with Viterbi detection is commonly
referred to in the magnetic recording community by the
acronym PRML for "Partial Response Maximum-Likelihood".
The choice of the PR target signal is not unique,
but dictated by the operating linear density. Many
well known PR targets exist for the magnetic recording
application. These targets are now commonly referred
to as the "Extended Class IV" family of PR signals.
The Extended Class IV family of signals is defined by
the polynomials P{D) = (1-D) (1+D)", where n is a
suitably chosen non-negative integer. Note that n=1
yields the standard Class IV PR signal; n=2 is commonly
referred to as EPR4; and n=3 is referred to as E!PR4,

and so on.

Equalization Methods
As shown in FIG. 2, typical methods to 1mplement

equalizer 106 use continuous-time filter 210 as a
receive filter which performs anti-aliasing and
"coarse" equalization in conjunction with linear -
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Partial Response Signaling . One of the fundanental effects that limts
the recording density in magnetic and optical recording systens is

i ntersynbol interference (1SI). This effect is due to the bandlimted
nature of the head/media conbination and results in the overlap of

responses due to seqqﬁrgezétteyttlﬁ&afﬁ%} 5@65&'&{‘%%%1&9% i@er NEhikR

at a given instant in tine, the output signa from mis conposed
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span of this overlap idMi6asas-afd N 1kiBeato reay 4 BQsQP@ﬁé tdirleS signal.

I ncyeased, giving ri e}her overl ap patterns i’lm)n at_are generally
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to reduce the conpl exdppyiedquorechtioiuomsayihe thid teSl 220f ecthartchd imeadbaek
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detector relative to t_f the ualize gnal In FIG
1, anal og readback S|£ rlgfa gﬁo per % %{1 q:.ual equalization f?mc\éqo

which is a key proce551ng step in PR receivers. Linear
discrete-time filter 230 can be implemented by various
means, including finite impulse response (FIR) fllters,
tapped-delay-lines, or transversal filters.
Increasingly, PRML read channels for magnetic
disk-drives have used an FIR filter for equalization.
The FIR filter takes a pre-determined number of
successive sample values of readback signal 104, scales
each sample value by a prescribed amount, and then sums
up the scaled values to form the filter output. The
scaling factor is often referred to as the tap weight
or the filter coefficient.

The FIR structure allows the filter response to be
changed easily by changing the filter coefficients.
Indeed, the coefficients may be changed in
near-real-time or in real-time using an adaptive
algorithm. This feature renders the FIR structure
well-suited for applications involving multi-rate
signal processing and "time varying" channels, as is
the case in magnetic disk-drive systems.

The complexity of the PRML read channel depends
heavily upon the implementation of equalizer 106. If a
FIR structure is used the complexity of the PRML read
channel depends upon the number of tap weights
required, which depends on the operating linear density
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out but term nal 104 of head/ nedi a/preanp 102 is sent to an input term nal
»0f equalizer 106. Equalizer 106, also known as the PRM. receiver, equalizes
t he readback signal to create an equalized signal on output term nal 108 of

equal i zer 106. The equalized signal shoulgl be a suitable PR signal. A
comonl y-used PR taf£5¥ SigdReh h@a&?ﬂéﬁlum combination and the transfer - 4-
communi cati ons and |€ tg‘:tal eficre ordlg}ﬁ Q'St%.r I s characteri zed

By the transfer pol yngHi%i°™peDH) © rlmu‘fis e OherE B épresents the

transformof the unit syr’fb’@llcaéllny operiamopa - t ing £ iPRegi ghal is sclerramtby
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032 IUEIPS A Lt RO i
the input synbol at tthwquﬁétlaﬁthmr i peaitPymed cked-Her sampléedranalad FRAbet ,
{0 1} or (1,-1). Thatilter WHAEhOWH PLo 13ﬁfﬂabewéigﬁtiéf.e iTAS bafér Ndo | Feauckes
‘the number of tap weights, the equalization function

may be pértitioned between the continuous-time filter

and the FIR filter.

The use of an FIR filter creates many
difficulties. For example, a digital FIR requires a
large area on an integrated circuit which reduces the
level of integration possible. Furthermore, the -
digital FIR has high power usage making it unsuitable
for use with power constrained devices such as portable
computers. In addition, to obtain the necessary
resolution, a large number of tap weights is required.
Optimization of all of the tap weights is very complex
and time consuming, which renders a FIR filter
unsuitable for real time adapfive uses. '

The cénventional continuous time filter and the

. conventional linear discrete-time filter can be
replaced with an equalization and receive (ER) filter,
which is a single continuous-time filter performing the
functions of the conventional continuocus time filter
and the conventional linear discrete-time filter. By
using the ER filter, the FIR filter used in previous
architectures to equalize the readback signal is
eliminated, thereby simplifying the method and system
of generating the EPR4 signal.

The ER filter is characterized most ggnerally by
the transfer function, H(s):

H(s) = 11872 (1 T
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the'overlap of two input synmbols, a(nT) and a[(n-2)T]. The equal i zed
'si gnal on output term nal 108 of equalizer 106 is detected using a seguence
detector such as Viterbi detector 110, which is based on the Viterbi

al gorithm This conbination of Class IV partial response with Viterbi

detection is comonl ferred g I ng mayH by
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shown in FIG 2, typikRA SREEREISUERE npInSAR B SRLESr PY08 ?u%%lng a :
continuous-tine fil tewitlleaspainibzation ftlelchexqudnltnh mgedforesamairoa i asi ng

and "coarse" equal i ZatiQfd N &80 AGhA N Wnkhchh NE@limize the mean
squared-error between H(jw) and the desired transfer
function, D(jw), given by

. T(jw
?(jm) = ngw; (2)
where T(jw) is the target EPR4 pulse response spectrum,
given by 2sin (0T) cos (wT/2), and C(jw) is the overall
pulse resporise spectrum of the channel
(head/medium/preamp/VGA) at the input of the ER filter.
The function C(jw) may be determined using a suitable
channel identification method.

In disk-drive applications, the function C(jw) is
generally not available and it is also not feasible to
explicitly determine C(jw) during manufacturing.
However, the simplified means of generating the EPR4
signal using a single continuous-time filter still
'applies with a modified procedure for determining the
poles and zeros of the transfer function in near
real-time. "

FIG. 3 shows a system capable of optimizing'ER
filter 310, having a transfer function H(s) given in
equation (1}. A known signal'a(kT) is written to the
storage device, which could be for example a disk
drive. Known signal a(kT) is a discrete time signal
having an interval T betheen samples. Known signal

a(kT) should be aperiodic and relatively random to
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-5 discrete tinme filter 230 as an equalizing filter, which perforns

‘equal i zation to the desired target response. Cpanflzer 220 is used to
convert the output of continuous-tinme filter 210 into a discrete tine
signal. The readback signal fron1head/ned|a/preanp 102 is applied to

continuous-tinme fil ? useé quanf\l?gz}g; E%‘g grg éag,g,%snmﬁ Ségdos%gghgg anal og

si gnal processing i [s.a sa circuit. For
dirgi-tal signal procedSnad £aBhre diredtgdantiye %%Fsr%%lsatrﬁ 85% 8- di gi t al
converter. Linear digetiegheihdnmpolyrdmenl280cpers oF' X e, adkinean ey@md} zati on

function, which is o] step I [ r
discrete-tine fil te?a (g(% (E:z%n8 Jnt%detﬁgn]fgwyal\?gl%?oﬁgk%agr?}s@%nc Pg

finite inpul se respéﬁ§€°PFF?§ef?¥ﬁ%§1§ FRp oy U e Fofrgﬁ Br<al
filters. | ncreasi nglin EPRM A(kEM ichgrinehsby orheregmetiendi sk-drives have
used an FIRfilter for equalization. The FIRfilter takes a pre-determ ned

nunber of
d(xT) = alkTl+al[(k-1)T]l-al(k-2)T]l-a{(k-3)T] (3)

s . Known signal a(kT) is read from the storage device
as a known unequalized signal on input terminal 305 of
ER filter 310. The unequalized signal is equalized by
ER filter 310 to produce an equalized signal on output
terminal 315 of ER filter 310. The equalized signal is
received on input terminal 321 of analog to digital
converter 320. The equalized signal is sampled and
digitized by analog to digital converter 320 to produce
a discrete time digital equalized signal on output
terminal 325 of analog to digital convertexr 320. The
discrete time digital equalized signal is also called
digital equalized signal y(kT) and has the same
interval T between samples as known signal a(kT) and
known signal d(kT). Adder 330 subtracts known signal
d(kT) on negative input terminal 331 of adder 330 from
digital equalized signal y(kT) on positive input
terminal 332 of adder 339 to produce error signal e (kT)
on output terminal 333 of adder 330.

s Exrror signal e(kT) is used by optimizer 340 to

Raal calculate the mean square error of digital equalized

_:_ - signal y(kT). Optimizer 340 then optimizes the

I location of the poles and zeros of ER filter 310 based

o on the mean square error using standérd gradient

methods. Alternatively, optimizer 340 can optimize the

coefficients of the polynomials of the numerator and

denominator in equation (1). 1Initial estimates of the

poles and zeros (or coefficients) are given to
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successi ve sanpl e val ues of readback signal 104, scales each sanple val ue
‘by a prescribed anount, and then suns up the scal’ed val ues to formthe
filter output. The scaling factor is often referred to as the tap weight or
the filter coefficient. The FIR structore allows the filter response
to be changed easil ydrimihangsag drhe npukt eermiaedlls gaenss. ogtidaedr A6
coefficients may be | -real. -t oe. N e I ng, an
adapti ve aIgori?hn1%%ﬂ?gg?gg%g?gqég% g@ém%%ggfﬁkcgtF%C?%%%é%&%#ﬁfsugpgd for
appl i cations invol vidig gttt pSEirares @lafPpreiassiang antes tdarengaepi Agch
channel s, as is the fcasersnagagadid chdrakterista c3ySheas. charactER@stics,

conpl exity of the PRy kfgdathaniale deRROOS LU PO e chitRbe RO at | on
of equalizer 106. If a FIR structure is used the conplexity of the

read channel depend$uSsh ERe PRIASeANGT 285D IRGAGHEESr 8yeedapfAven depends

-on 'the operating |i my@tedensan)be used for the initial estimates of an
adaptive systems.

Optimizer 340 calculates the new poles and zeros
(or coefficients) and sends the new estimates to a Bank
of digital to analog converters (DAC) 350 on output
terminal 345 of optimizer 340. Bank of DACs 350
converts the new poles and zeros (or coefficients) to
ana}og signals to move the poles and zeros of ER
filter 350. Adder 330, optimizer 340, and bank of
DACs 350 can be implemented completely in hardware or
firmware, software with a microcontroller or a
microprocessor, or any combination thereof.

Regardless of how the optimization procedure is
implemented, the ER filter parameters, namely, the
poles and zeros, can be customized for a givéh channel
(head/media combination) and data rate using the above
approach. Thus, the system given in FIG. 3 can be used
in multi-rate applications, such as magnetic
disk-drives with constant density recording.

The design of a typical ER filter according to
Equation (1) has two major shortcomings. First, the.
number of variable parameters might become too large.
Eight to twelve parameters (2-4 zeros + 6-8 poles) are
required in the ER filter for each data zone and each
head/media combination. Even for the simplest
disk-drive configuration with one disk/two heads and
sixteen data zones, the determination and sﬁorage of so
many parameters is time-consuming and expensive.
Therefore, conventional systems are not suited to adapt
to changing conditions of the disk drive during actual.
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sconti nuous-time filter 210. Typically, continuous-tinme filter 210 is
chosen to be a lowpass filter and linear discrete-tinme filter 230 is a
sanpl ed-analog FIR filter. Thus all of tige_equal i zation is performed in the

sanpl ed- anal og FIR fbhé?%ti’%& R L 1th Jieights. In order to reduce the
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possi bl e. Furt hernor t hi gh power usage | ngsl t
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conplex and tine consunmn whi renders, a F |ter unsuitable for real,
time.adaptive uses. urin r@r&ﬂﬁ\?éﬁt PR Z38APruous tire filter and the
conventional |inear discriimhermere|tise RRafibeer epd acephiwetihtanbe

equal i zation and recehy&ndddnt! bt Bhyi Mirehthal éhéﬁé@ es‘bQBEEEJEQ}'ﬁyt' e

filter performing the functions of the convenijonal. continuou filter
changes in the p051t1ve supply voltage V. an

temperature. Unfortunately the devices typically used
to implement circuits in an integrated fashion have
voltage and temperature dependencies. Therefore,
simple integrated filters have responses dependent on
voltage and temperature. To overcome this problem two
main compensation schemes are used. One uses a master
slave approach whereby the required filter is slaved to
a separate master filter.whfch.is in turn controlled by
a tuning loop with a constant input. The disadvantages
of master slave tuning inclﬁde the extra circuitry and
power required for the master filter, generation of the
known input signal, and temperature dependent
mismatches between the master and slave filter
characteristics.

The other compensation scheme often employed
requires knowledge of the filter response as a function
of voltage and temperature. The filter tuning —
variables are then distorted as an inverse'funétion of
temperature and voltage. The overall filter
characteristic then becomes largely independent of
voltage and temperature. The problem with.thié method
is in achieving the appropriate distortion of the
tuning variables in a simple fashion.

Thus there is a need for a system or method of
processing the readback signal of a read channel device
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and the conventional linear discrete-tine filter. By using the ER filter,
the FIR filter used in previous architectures to €qualize the readback -
signal is elimnated, thereby sinplifying the method and system of
generating the EPR4 si gnal The Eleli Lter is characterized nost-

?gp?{ally by the tra éH Q%Eh? ( 51ly optimized, and self a&iﬁ%ﬁve 7.

where's is the conpl@‘)krlllﬂ)laif@éa%a?f’%ﬁfﬂte“{“—ﬂfelthf)St%ﬁ?@ezfléf’}feand plerr]
are, respectivel y, t herzeimmrandthéesydeds sabul decdnpmmsher fonction. The
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of pol es, usual I y SiX bl em 1 nvol ves
t he

SUMMARY
In accordance with this invention, the ER filter
‘of a readback system of a storage device is optimized.
Typically the storage device is a magnetic disk drive;
however, the readback system can be applied to other
storage devices. The ER filter equalizes an input
signal to create an equalized signal which ideally
matches the characteristics of a target signal.
Therefore, optimization of the ER filter reduced an
error measure between the characteristics of the target
signal and the characteristics of the equalized signal.
Optimization of the ER filter is accomplished by
reading sample values from the storage device and
calculating én error measure between the sample values
and ideal values. In one embodiment, a pole parameter,
such as the cutoff frequency, is modified to minimize
- the error measure. Other embodiments also modify the
' zeros of the ER filter to minimize the error measure.
Furthermore, the optimization can occur over several
samples and use the mean square error of the samples as
the error measure.

In another embodiment, the pole parameter is
converted into a tuning current which is then adjusted
into a bias voltage. The bias voltage is then'applied
to the tail transistors of the ER filter to modify the
pole location of the ER filter.

The characteristics of components used to create
the ER filter typically vary with temperatufe and
supply voltage. The temperature dependency impede the
optimization of the ER filter. Therefore, in some
embodiments of the readback system, a



determ nation of the poles and zeros to achieve the EPR4 target output. It
‘can be sol ved by choosing a suitable optim zation-technique to mnimze an
error nmeasure. For exanple, one can minimze the nean squared-error between
H(j[err]) and the desired transfer functhen, D(j[err]), given by [err]

wh T(j the t t
2ai n(Lor 1] T) con([ or rITEAFStitg  Fo] 1485 [P PEREREL Gy SRATT pul S0 fhse
spect rum of the charﬂmel(alt@aa/ hias e ldeganphyveiy) campeniseteapfer of t he ER

filter. The functi on:&iger@ithalk arﬁa gt oblt Ags dtedencSdd t @bl heC RaNNE!
i dentification nmetho I'n sk-drive applications, the funetion C(jw)

i s general | y not ava&r]attﬁ & and |t Is also not feasible to explicitly
determne C(j[err]) duri®genanbedinent of. thovwkswgerathzedvaptadd ed neans of

generating the EPR4 &:@aisaus.bﬂgcﬂr@nrtglzecew&é rwmlhgnaui—i—édterarﬁ ial |

applies with a nodifjed oggdHE ro tLeLm ei ol es .and Zer 0s of

the transfer function’in a%nearpr gal? r‘flep %Jl% 5% ﬁ% S &Spabl e

of optimizing ER fileuprises ﬁﬂvlﬁgﬂ%?rttr BASTers fYitdy itda Fﬂ@éngglqmem
entering the first current terminal of the first
current mirror. The second current terminal of the
first current mirror is coupled to a third current
terminal of the second current mirror. A fourth
current-terminal_of the second current mirror is
coupled to the first power terminal of a matching
transistor which is biased by the input voltage. The
control terminal of the matching transistor is coupled
to the first terminal of the first current mirror. The
bias voltage is taken from the control terminal of the
matching transistor.

Functionally, the matching transistor is biased to
match the biasing conditions of a target transistor in
the ER filter. The current mirrors force the tuning
current through the matching transistor. The voltage
at the control terminal of the matching transistor is
then forced to the voltage of necessary to force a
current equal to the tuning current in the target
transistor. Therefore, the voltage at the control
terminal of the matching transistor is used as the bias,

voltage output.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 shows a very high level block diagram of
a partial'response'maximum likelihood (PRML) read back
system. .

Figure 2 shows a block diagram of a conventional
equalizer. ' '
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equation (1). A known signal a(kT) is witten to the storage device, which
could be for exanple a disk drive. Known signal a(kT) is a discrete tine
si.gnal having an interval T between sanples. Known signal a(kT) should be
aperiodic and relatively randomto - 8-

provi de a diverse range of,.sanples. A _ps Q [ I n . creat ed
using a shift register angl%u%%nj’qrsqoiwﬁggpo ycr%{)%qgg%ﬁcﬂpgas c%?é’??%(f%%?] .
Knownsi gnal a(kT) i $uahyeey ePRigigashA" sSYfit®™-d(kT) by the appropriate

Class IV PR transfer functighre FOrshexanyl @etdileBRE1dék idgragi vE€Nabyrihe
equat i on: d( @idﬁﬁ k%‘%n;ttae[ﬁg_k- I)T]-a[(k-2)F -a[(k-3)T] =~ (3)
r e

Known signal a(kT) is§Trea storage device )
Figure 5 shows a block diagram of an ER equalizer

optimization system for initialization mode.
Figure 6 shows a contour plot of the mean sgquare
‘error as a function of Z, and w..

Figure 7 shows a block diagram of an ER equalizer
optimization system for tracking mode .

Figure 8 shows a block diagram of an ER filter
block such as ER Filter block 410 in FIG. 4 and FIG. 5.

Figure 9 shows a. circuit diagram of a portion of a
GmC filter.

Figure 9(a) shows a circuit diagram of one
embodiment of a Gm Block.

Figure 10 shows a transistor level circuit diagram
for a conventional temperature/voltage compensation
.circuit. _

Figure 11 shows a gate level circuit diagram for a
conventional temperature/voltage compensation circuit. .
Figure 12 shows a circuit diagram for a novel

temperature/voltage compensation circuit.

Figure 13 shows a transistor level circuit diagram
of a novel temperature/voltage compensation circuit.

Figure 14 shows a transistor level circuit diagram
of a novel temperature/voltage compensation circuit.

DETAILED DESCRIPTION

According to the principles of this invention, the
limitations imposed by conventional processing of
readback signals have been overcome. An ER filter is
optimized with a minimal set of parameters so that the
optimal values of the parameters can be determined in
real time during actual operation of the storage
device. The parameters are chosen so that no localized
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as a known unequal i zed signal on input termnal 305 of ER filter 310. The
‘unequal i zed signal is equalized by ER filter 310 t© produce an equalized
signal on output termnal 315 of ER filter 310. The equalized signal is
recei ved on input ternminal 321 of anal og ¥b-digital converter 320. The
equal i zed signal is sanpled and digitized by angl tg digital converter
320 to produce a di s%‘?a}:ét"? PRE™GT %|Pr§583¥r22§‘e§%§ﬁgf'ogh%ut put term nal
325 of analog to di gintdimicenientret!BRD isThbldi ke rdatermine Hrgidlabadqual i zed
si gnal : sTaIbso cal | ngg:,rgﬂlt @lalﬁgyaﬁd'rzlees%;gga,hewéﬂg)gfﬁl&ﬂehms t il esane

I nterva et ween es as_known-signal a(kT n nQwn _ Si. gn. T).
Adder 330 subtracts 0 rg‘i?éﬁal taﬁaggﬁen%éét%%lgtﬁgﬁpﬁ m?%liér#{n%? %%% of
adder 330 from di gi tdte Eudilted 15 pravidef TYigh HEOVELlveCTPRRA2Y S i nal
332 of adder 339 to @iaaldee reer efie BrYFNterkT) on output term nal 333 of
adder 330. Err.or si | (k). i d._hy P4 3 cal cul ate
the nmean square error of qzll%gﬁgaglie%%u%u:%gdtgi%%g%f%y@?%? _Q:'f"lz%lzer 340 then
optinmi zes the | ocatixaFRsmseheigarksisfd sigde eFntHRUOUBr BENg 15 15:8Ted on the
mean square error usrThy filaedat dagsfuld EuhciRohosS .thal ERr falterelgan el i m zer
340 can optim ze thefOCZO%%J imgil(?nts of the polynom als of the nunerator and
denom nator in equation ﬁ nitial estimtes of the. poles and zeros (or.
coe.f ficients) are .gl Yen to §24(Z,-7,) 8-2,2, -

N
II (s-p)

n=1

H(s) = (4)

where Z, and Z, are non-negative and P, are the poles of .
a low-pass filter transfer function. H(s) can be
viewed as a cascade of an Nth-order low-pass filter
with a second-order all-zero filter. The value of N
may be selected to achieve a prescribed stop-band
attenuation characteristic. . )

- Assuming unit dc gain, an N-th order low-pass
filter is commonly characterized{by.ﬁ parameters. In
order to reduce the design complexity, the low-pass
filter may be chosen from a variety of available
filters, including Butterworth, Chebyshev, or
Elliptic. Such filters are commonly characterized by
one or two parameters, independent of the order of the
filter. For example, any N-th order Butterworth filter
is characterized by two parameters: the cutoff
frequency w, and the passband roll-off. By prescribing
the roll-off value, one only needs to then determine
the cutoff frequency to specify the filter response.
The overall design problem is, in this way, greatly
simplified. '

Using this principle, *the implementation of the ER
filter for generating a EPR4 partial response becomes

-
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- 9 - optimzer 340 on input termnals 342 of optimzer 340 to initialize
the optimzation of ER filter 310. The initial estimates of the poles and
zeros depend on such factors as nedia characteristics, head

characteristics, and the data rate. The Sgge conventional nethods used to

set the poles and zerQd;Qeat}ofs: iu} JA0NaFZP e SYSLETE p@gﬁgﬁ_ ed for the
' I m 340 calc

set | . S

initi.al estimates of an_adaptive systens. ) Opt’r m zer ) ul ates the
new pol es and zeros @@Pléﬁégf?%1éﬁF@%egﬁém§%Hﬂ§*Fﬁ§ REWPRRTS rket &4MPSta Bank
of di-gital to anal og ldoruert e€fs (dDACEY3EDBe coventatljufliheam ptadse348spbnse

optim.zer 340. Bank gftAESn3R0 SOMKEN EBRE NehABM1P0L e So@pul £ /103t At e
coefficients) to analog85|g£%is to he poles and zeros of ER filter

nmoye t
350.  Adder 330, opti fi*28r233 atmlya?ﬂkna?r S3FESRARSH AT Msienefit ed -
conpletely in hardwaneedr fSpewidiicaldytt waranenembodinest arbrheoplresent a
m croprocessor, or aﬂ%y@ﬁﬁ?bﬁ?hﬂﬁﬂEhh%if@@r is a Regasdhass Ofs gw the.

9pt|n1zat|on procedu%%ukgipple filter having a transfer function P(s)

given by

- P(s) =1/ (-f;)udsc-‘-“i)nds(ﬁ)%ds(micw (5)

dy (=2)3+d, (-Z.)2+4d, (-2.) +d, ]
J_mc 2 o, 1 o, o

where d; are known constants. The transfer function in
Equation (5) requires the determination of only one
pole parameter, w,, the cutoff frequency. Based on
Equation (4) and P(s), the ER filter design and
optimization problem is reduced to the optimization of
three parameters: Z,, Z,, and w,. These parameters can
be determined using an optimization procedure described
below.

Optimization of Z,, 2, and o

The Optimization of the ER filter parameters is
performed in two modes. Initialization mode, which
uses a known data signal, can be performed, for
example, during manufacturing of the storage device, at
prescribed intervals after manufacturing, at power on,
or at prescribed intervals after power on. Tracking
mode, which uses unknown user data, is performed in
real time during normal operation of the storage
device. .

FIG. 4 shows the block diagram of an EPRML



i npl emented, the ER filter parameters, nanely, the poles and zeros, can be
custom zed for a given channel (head/nedia conbination) and data rate using
t he above approach. Thus, the systemgiven in FIG 3 can be used in

multi-rate applications, such as magnetT dbdrsk-drives with constant density

recording. T The deslancl s9eLuRl floF S ELbbsra ARCoRd! BpnbaFaaon (1)

has two maj or shortcom ngs. nu paraneters m ght
become ‘too | arge. Ei ghte tH%‘etS\ﬁ@Fvénb%ﬁ%ﬁrﬁé’t er §h€23%%rr§§dbaﬁk8slﬁﬂ@s)lsar e
required in the ER fiidetlliyosudaed flat anagmreiandi sacirikead)sesha, Read

combi nation. Even fordfie sohpbeal sllsk-die ¥ GONd GWLLOR- 1Ak e

di sk/ two heads and sixteen data zones, eterm nation st orage of so
many paraneters is tifRASOEEARAN @l%‘exﬁéﬁs?ﬂ%hgrﬁﬁaéf §ignat ok aifGedvgs

systens are not suit esh timpatapertinahart}i of cantidleogaiaf anpki flieak drive

during actual . (VGA) 405. A VGA output” s%&hal(y%? %Ebﬁ@ Egrﬁfﬂaldh%%

drive. : of variable gain ampllfler 405 is sent -to
Equalized/Receive (ER) filter block 410, which creates
an equalized signal on output terminal 412 of ER filtex
block 410. Sample and hold circuit (S/H) 415 samples
the equalized signal on input terminal 414 of Sample
and hold circuit 415 to provide a stable signal on
output terminal 416 of sample and hold circuit 415 for
flash comparators 420. The output of flash
comparators 420 is decoded.by analog to digital (ADC)
decoder 425 to produce a discrete time digital
equalized signal on output terminal 426 of analog to
digital decoder 425. - The discrete time digital
equalized signal is also represented as y(kT) where T
is the interval of sampling and k is an integer.
Digital equalized signal y(kT) is used by filter
optimization block 433 to provide filter optim;zation
parameters to ER Filter block 410 on output .
terminals 434 of filter optimization block 433. 1In one
embodiment the optimization parameters are w, Z,, and
Zy,. Viterbi Detector 495 performs the maximum "
likelihood detection required to transform the digital
equalized signal into user data.

Analog gain acquisition block 430, gain loop
filter 490, digital gain acquisition circuit 450,
digital gain tracking circuit 455, digital to analog
converter 465, and digital to analog converter 470 form
an automatic gain control loop to adaptively tune
variable gain amplifier 405 to regulate the amblitude
of the VGA output signal on output terminal 406 to a

7



In addition, the optim zation procedure used to determne the filter
*paraneters does not, in general, exhibit a global -mnimumfor the cost
function, typically chosen to be the nmean squared-error (MSE). The initial
pol e/ zero val ues nust therefore be chosen-carefully to avoid getting stuck

in a local mnim durin araneter optiJnization., . Furt(ger re, the ER
filter is required t(Prbe%cigﬁéggg% jert” o#@éﬁ\"?‘%%bncr%gﬁfléﬁsm%rh e BEEFi cal 1y
changes in the positififr $apgplytavinagrevheiel ehdheeppbemtke.gain loop
Unfortunately the dewreesekypisad | ld:%@dnaﬂngﬂpicﬁﬂﬁﬁuércfipéa,t %_Ir_irclin a][l

I.nt egrated fashi on haye v age_and er [ ependenci es. Therefore,
sinple integrated fi %’tog‘?gg%%vgssr'l npeoérgjg’g“dg%%%n e%"ggﬁc‘i’}g’r nagseeralr?g

tenmperature. To over dBhre—t-his—prvlidhetnWOMRHIPST AP ASRYEBIRE E9Bres ar e
used. One uses a nastoeMBINED e myFIOEGINDWHEGEIRL. tAveomagLd redoy idoNeroLSIN

slaved to a separat eéﬁ@hﬁb-%’léi ngéggiv%ﬁsi' Sot s 'lﬁ%giﬁgpéﬁzfﬂ | %%[m%. @, tuning

| oop with a constant |nput, sadvant ages o S ST-dve tunin
include the extra ci Réfrt RyCRME fowontEqte r cipd Jenpheanm<inersi MEER,
generation of the knewmornpytDsdlgitalNo.amd3 TEnpemhdichr £s dbpeigiratedsmat ches

between the master anpd,8haVeyfidddlentRaiACiEL icHtiGaty. The other
conpensati on schene often errfl oyed requires know e gﬁ of .the filter
response as a function of V% "E%@éé"%ﬁ&#@ﬁp’%‘?‘h‘ﬁﬁt@? @ fdigigalt FAmipg

tracking circuit 445, digital to analog converter 460,

- loop filter 475, zero phase restart circuit 480, and
voltage controlled oscillator 435 form a phase lock
loop to adaptively tune sample and hold circuit 415 so
that the output of ER filter block 410 is sampled with
a clock synchronized to the write. clock, which was used
to place data on the storage device. Methods, '
circuits, and techniques for facilitating operation of
the phase locked loop are described in copending,
commonly filed, and commonly assigned U.S. Patent
Application serial No. . entitled "METHODS AND
STRUCTURE FOR SAMPLED-DATA TIMING RECOVERY WITH REDUCED
COMPLEXITY AND LATENCY" of Shih-Ming Shih, Tzu-wang
Pan, and Jenn-Gang Chern, with Attorney Docket No.
M-3711, which is incorporated herein by reference in
its entirety.

In one embodiment of the invention, the various
blocks of FIG. 4 are implemented on a single ihtegrated
circuit with the exception of filter optimization
block 433. 1In this embodiment, filter optimization
block 433 can be implemented in hardware, firmware,
software with a microcontroller or a microprocessor, or
any combination thereof. .

The initialization mode begins by writing a known
data signal a(kT) onto the storage device. Known data
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variabl es are then distorted as an inverse function of tenperature and

‘vol tage. The overall filter characteristic then betones | argely independent
of voltage and tenperature. The problemw th this nmethod is in achieving
the appropriate distortion of the tuning var| abI es in a sinple fashion.

Thus there is a needglor.p sysheqygl FddTe epBb CEERRT S bIE e bk

signal of a read chann dev 'S accurat
optimi-zed, and sel f aﬂﬁmWWPFnéa%t%naépér(hFl oks gfregfiedsusinge device.

Furthernore, the sysgeneshoifg p@)@?ﬁ@tﬂﬁaﬁi ex @y dari atdiensli faledPerat wha and

vol t age supply | evel 1%l(J | n, acg orda W|t t hi,s |nv ntion,
the ER filter of a rgad% s saframet 2 c"§tor’age %%’l e rbe chtl 8
conventional off-line characterization of the fllter

input signal to be fairly close to the optimum
settings. The readback signal from the storage device
is obtained by an EPRML readback system such as the one
illustrated by FIG. 4. In some embodiments of the
invention, known data signal a(kT) is stored in’
dedicated tracks on the storage media. In other
embodiments portions of a set of tracks are reserved
for the initialization mode.

FIG. 5 shows a block diagram of the portion of
filter optimization block 433 to optimize the ER filter
using parameters w,, %, and 2, during the initidlization
mode. The ER filter optimization problem may be solved
in a variety of ways. In the embodiment of FIG. 5, the
minimum mean-squared error (MMSE) criterion is used as
an error measure, which is commonly used for adgptive
digital signal processing, is used. Another embodiment
might use the mean of the absolute value of the error
difference for the error measure. .

The mean-squared error (MSE) is defined as

- (1/mk§1 ly (kT) -d (KT) ] 2 (e

where y(kT) the equalized sampled signal from analog to
digital converter 425, the 4(KT) is the.known ideal
EPR4 response of the known data signal a(kT) on the
storage device, and M is the number of sample points
used in the averaging operation. Since equalized
sampled signal y(kT) is generated from the equalized
signal on output terminal 412 of ER filter block 410,
equalized sampled signal y(kT) depends upon the
optimizing parameters Z,, 2,, and .. Therefore,



Typically the storage device is a magnetic disk drive; however, the
‘readback system can be applied to other storage devices. The ER filter
equal i zes an input signal to create an equalized signal which ideally

mat ches the characteristics of a target Siggnal . Therefore optim zation of
the ER filter reduced ran errog bgtwfen §hara teristics 2 t he
target signal and t h&TERIFASL ??sﬁﬁr&?so t he’ eaUaFP % SPPEFS st VAFYETI on
of the ER filter is &éc@hplms*nﬁFqHPrﬁéaérﬁ@Fsanple val ues fromthe storage

devi ce and cal cul ating ans@éé@fid&&@urie bxactwesen ktnbensa&mi %l\gallamea(a@ﬂ igleal

val ues. In one enbodrnent pol.e paranet e as t f ency,
Is nodified to ni ni m2e Fﬁge%rr%ﬁ né%&ﬁré %iher enﬁ%%a Fgoﬁggglfy

the zéros of the ER fOenesaten Mhi mEPR4t Generater ﬁéasemmﬂemamteheQHerzpn1:he
optim zation can occum)oyetves emesa. sa&aéessmeuu&ea&he R Sgeal eEsd or

of the sanples as the sure., t odi ne he pol e
paraneter is converte&grn?o deinput £ %ﬁ#ﬁ E %T%é??gdﬁégt% Tnto a

uni urren
bi as vol tage. The bi &ﬁ“@é%%%esﬁ@lﬁ%eﬁlﬁw |Ye‘d='1‘c)o°¥1henﬁleﬁ |teppinal s$? PhHf
the ER filter to nodiaBigerhs2pate de@r@&bteneﬂfort hﬁ.gER].fétli'ﬂr on outpibe

characteristics of cg_gmgﬁgi 5[,55%% ga?%e%tda %%éreart ygkgan%‘ydlya%y

wWith tenperature and su ure é%ncy

optim zation of the ERrPFI?%HnalﬂﬁéFE?oF%F ﬁqmmeeﬁeoperator 570. ° Summing
operator 570 takes the squared error signal and
calculates the mean square error for M data samples.
Parameter scanner 590 receives the mean square error on
input terminal 592. Control variables are pfovided to
parameﬁer scanner 590 on control input terminal 591.
Various control variables include which parameter to
modify, the range of the parameter, or the scanning
increments of the paraﬁeter; Parameter scanner 590
modifies the value of the parameter by adding or
subtracting the scanning increment of the parameters
from the parameters in order to minimize the mean
square error. The new value of parameter w, is written
to storage element 530, the new value of parameter Z, is
written to storage element 540, and the new value of
parameter 2, is written to storage element 550. The new
optimizing parameters are then passed to ER Filter
block 410. In a hardware implementation storage
element 530, storage element 540, and storage
element 550 could be for example latches or registers.
In one embodiment the optimizing parameters are
digitized to eight bits.

In one embodiment of filter optimization

block 433, only one parameter is optimized at a time.
‘Specifically, o, is optimized to minimize the mean
square error on input terminal 592 while Z, and 2, are
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enbodi ments of the readback system- a ' -12-

‘t enper at ure/ vol t age conpensation circuit is used 0 generate a bias voltage
whi ch conpensates for tenperature and supply voltage dependencies in the ER
filter. One enbodi ment of the tenpergture/voltage conpensation circuit

receives a tuning CULLERt a@Nthe YAk 29CLiiii 3Ndr Ot RSz A birgs, VoI § age.
The circuit conpri ses two,current myrrors wth the tuni ng current enteril ng

the first current tePRFAREZYE Th&PiPLZe Jdis BFANNFAVRTe SEROTsBRohEPur r ent
term nal of the firstecuinght538 mhdlei g endpledreocheld iongtentrent term nal

of the second currenkiRhiiQr z,ALE bt ihiGea" €9t nidiliBak hof nd fif SRGQRd

current mrror is cougl ed to the first ,I[l)ovver te;lr_qr%al of _a matckglﬁg

tr-ansi stor which is BFASECHYE TRETHIRbIPZgEDL 4R &%cBRS Bl 2F8r | of

t.he mat chi ng transi sconstantoudhed opbimimatfiions taneberipeatfocgfnethbyf $etstting

current mrror. The the value of the parameter to one low end of a possible-

' ' ‘range and then increasing-the parameter by a step size
to the high end of the possible range. At each step,
the error measure is computed. The value of the
parameter producing the smallest error measure is
selected as the optimal value.

In another embodiment of filter optimization
block 433 parameter scanner 590 is simplified to test
only prespecified sets of the optimizing parameters.
For example, the designer of the storage device ‘can
specify a few sets of'parameters then parameter
scanner 590 would test each prespecified set of-
parameters to determine which prespecified set of
parameters is optimal to produce the minimum mean
square error. The preselected sets are determined by

- conventional methods based on such factors as
characteristics of the media, characteristics qf the
head, and the data rate.

FIG. 6 shows a contour plot of the mean square
error values as a function of Z, and w, for a Lorentzian
channel model under the assumption that z,,'=z,. Note
that the MSE is a convex function of 2%, and w,. -The
optimum values of 2, and w, are defined to be the point
where the mean square error is minimized. These values
may be found iteratively by choosing an initial
starting point and then refining the vaiues of Z, and o,
until the minimum mean square error is achieved. The .
slope of the mean square error with respect to each
parameter defines whether the parameter should be
increased or decreased. When the slope becomes zero,
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bias voltage is taken fromthe control termnal of _the nmatching transistor.
‘Functionally, the matching transistor is biased to match the biasing
conditions of a target transistor in the ER filter. The current mrrors
force the tuning current through the_ngfching transistor. The voltage at

the control termnal \gf ;fhe Iatching t&ansl Hadbmbbetdieniorsed:t o the
vol tage of necessary to force a_current eciualdtto the tuning current in the

| h
target transistor. TREFRILIRE ElEe§oFPEGE 8 E%‘T’lt'?ﬂlmflg‘r RFAZI Bt The
mat chi ng transi stor esrosed Te peibiasvalble afeZputspdetermBRIERIDESERLPTI ON

O'; t.THEl DRAW NGS _Fi gtk{;@rilnlgs %%\efgaﬁpegﬁ%ﬂlio&hogem dHRekedbagiadn of a
pertial fesponse mexiqun [UKCHl R00d | S0 lad o3 DBE S oyl 2
) FIG. 4 should compensate for slow variations in the
readback signal due to component aging, non-uniformity
“in the media, or mechanical tolerances. Therefore, the
ER filter should be made adaptive to changing

conditions during actual use of the storage device with
customer data during tracking mode.

FIG. 7 shows a block diagram of the portion of
filter optimization block 433 to optimize ER filter
parameters w., Z,, and 2, during tracking mode. The ER
filter optimization problem may be solved by minimizing
a variety error measures. In the embodiment of FIG. 7,
the minimum mean-squared error (MMSE) criterion is used
again. However, since tracking mode uses customer data
instead of the known data signal a(kT), the calculation
of signal A(kT) must be modified. Instead of a known
ideal -EPR4 response, signal d(kT)} is created as an
estimated EPR4 response.

As shown in FIG. 7, equalized sampled signal y(kT)
is used by EPR4 estimation 710 to calculate estimated
EPR4 response signal d(kT). Specifically, each data
sample y(nT) is rounded to the nearest ideal EPR4
signal value. The ideal EPR4 signal values are -2,

-1, 0, 1, and 2. Adder 720 subtracts estimated EPR4
signal d(kT) from equalized sampled signal y(kT) to
produce difference signal e(kT). Square operator 730
squares error signal e(kT) for summing operator 740.
Summing operator 740 takes the squared error signal and
calculates the mean square error for M dafa samples.
Storage-element 750 stores the mean square error for M
sampling interval so that adder 760 can calculate the

change in the mean square error signal for parameter



- 13 - Figure 3 shows a bl ock di agram of a conventional equalizer

‘optim zation system Figure 4 shows a detail ed bl ock diagram of a PRWML
readback system Figure 5 shows a bl ock diagram of an ER equali zer
optim zation systemfor initialization node. Figure 6 shows a contour

pl ot of the mean squ error_as a functionéﬁ?ZZ[err] and [err].

ar
Figure 7 shows a bl OBRSﬂF%gTé%%’FIXnMEﬁ‘%eq‘G’ i

Zer optim zation systemfor
tracki ng node. Fi gurRaamdtews upddtock/ dicadcahaoés arheERpeicht &rg bl ock

such as ER Filter bl ggkafld@ertd alsea dnatitk [iGfePence bethledi €h8 SHOMEA
circuit diagramof a_portion of a GiC f%:ﬂﬁter. -Fllgqtire Qé_a% shows a
circuit diagram of oRERnEBM et 8f G JER™ STUATHSFFPE 26 Ehows a
transi stor | evel cirpueYiensadgampliog dneermadnt | 6petifignddivat bhe/ vol t age
conpensat | on fi rcui tcalculad%_idlg@faea&étéhgmeﬁogaaebyQ},;ggl(n,ci)rqqqi }: di agr (ilrzn for
a conventional tenpe r t tion.circuit. i gure
shows a circuit di agr%gtlrﬁfllfkgé?fg' n%\%glze’?gr?rr‘belgrﬁjt’qug}SOI’f%reesggﬁp"éﬂ%at I on
circuit. Fi gur ecRBimimiig Parpmatess At (tdpel (e+3Wi argi dgrived by

. the following formulas:

(e, (nT) e, [ (n-1)T]]

Aw,(nT) (7

@, [ (n+1)T] =0, [nT] -Aw [ (n+1) T] *

ey (nT) -, [ (n-1)T]]

AZ, (nT) (8)

7, [ (n+1)T) =2, [nT) ~AZ, [ (n+1) T] »

le, (nT) -€, [ (n-1)T]]

Az, (nT) (9

Z, [ (n+1)T] =2, [nT] -AZ, [ (n+1)T] *

where ey (nT) is the mean square error at time nT,
Aw. (nT) is the value of a step size update function for
w, at time nT, AZ,(nT) is the value of a step size
update function for 2, at time nT, and AZ,(nT) is the
value of a step size update function for 2, at time nT.
The step size update functions control the speed of
convergence., In one embodiment the step size update
functions are simply constant functions. Another
embodiment can use a monotonically decreasing function.
In another embodiment of the invention parameter
update 770 is simplified to calculate the operating
parameters using the following formulas:
@, [ (n+1)T] =w_[nT] - [ Aw_[(n+1)T] * (10
signle, (nT) ~e,[(n-1)T] I *sign(Aw,(nT)) ]

Z,[(n+1)T) =Z,[nT] - [ AZ,((n+1)T]=* : (11)
sign e, (nT) -¢,[{n-1)T]] *sign(AZ,(nT)) ]



of a novel tenperature/voltage conpensation circuit. Figure 14 shows
transistor level circuit diagramof a novel tenperature/voltage
conpensation circuit. DETAI LED DESCRI PTI ON According to the
principles of this invention, the limtatjons inposed by conventional
processi ng of readback signals have been Gvarcome. An ER filter is
optinmized with a nini fel (058P TorZpaTnet eAL St WA % he optinmal val ued1d?
t'he paraneters can be determ ned in sl (e {m® ayf (mgL)adtluvaligopaeatnmn of
t he storage device. The paraneters are chosen so that no |ocalized

- 14 - optimal poin e.. nt . Jherefore, timzation nethod is
able to determ ne th%ﬁ%ﬁ%ﬁggﬁg%?i%%IJgglﬁgga ongﬁgagaraneters of the ER
filter. Furthernore, tenperat §l&nanY=vblt ddeXeBnpensation for

sign(x)= 0 : if x=0;
sign(x)=-1 : if x<O0.

Since the ER filter must be adapted in real time
during tracking mode, the optimizing parameters are
normally calculated in parallel. The new value of
parameter w. is written to storage element 530, the new
value of parameter Z, is written to storage element 540,
‘and the new value of parameter Z, is written to storage
element 550. The new optimizing parameters are then
passed to ER Filter block 410.

While the ER filter optimization procedure for the
parameters can compensate for non-ideal effects due to
process variations and circuit imperfections,. once the
optimum parameter set ié determined, the ER filter must
still compensate for power supply and temperature
variations over a prescribed range. -

FIG. 8 shows a detailed block diagram of ER filter
block 410. The ER filter itself is formed by GmC
filter 810, GmC filter 820, GmC filter 830, and GmC
filter 840. Each of the GmC filters comprises multiple
Gm blocks of conventional design and capacitors of
conventional design. A pole of the ER filter requires
two Gm blocks and one capacitof, while a zero of the ER
filter requires one Gm block and one capacitor:
However, in some embodiments a zero can share a
capacitor with a pole. In the embodiment of FIG. 8,
the ER filter is a seven pole two zero filter;
theréfore, 16 GmC filter blocks are required. The
embodiment of FIG. 8, also uses shared capacitors for
the zeros; therefore, only seven capacitors are
required. Each Gm block receives the common mode



the ER filter is provided with a novel conpensation circuit for the ER
Tilter. The ER filter used to generate the partial response signal is
a single continuous-tinme filter. The filter transfer function of the ER
filter can be, for exanple: H(s) =

s[err]+(Z[err]- Z[err])s Z[err]Z[err] - 24 - é 4)

N tage VO gfmopy Biapirg (qipcuifhgpe. z[%ey eddahdoz| the |
are-non-negative andch| Lotk esddEopotRe led bEWMtRASER fiililtek keaBsé&ra

function. H(s) can be. }zig }é\gdvc?lsﬁ @bslg_ag% ogegge#\g%r%ﬁgge §W— pass filter

wi-th a second- order he Val e el ected to
achi eve a prescribed CWBE“’E)%‘F&P‘&tctlé“ﬁHaFl 0 APacgEt BhRe s<f‘+fc9ff frequereyTi ofy
unit dc gain, an N-tlther HRrriyempaspréséiesd ity epnmeaky ehaﬁe@t@ro E&dtby N

parameters. I n ordeg,;{a)Ledus ‘f gao\t%gl dg%%(gnﬁ cﬁ%qmegxgtyi# 3,‘% k,g%vi f ilter

may be chosen froma variety ters, inc erworth
Chebyshev, or Ellipt FEntSﬁ%htlT‘? I]1°€P§laﬁ‘e°fcd:rﬂ?0ﬁF§°§harl%ﬁf-'taéfllszé‘ 89€one or
two paraneters, indépehdéixterof dﬂmherdnrblﬁcmsharél désrridedy bexewpé@d any

N-th order Buttermorhgpgb{:é&rm FIG. 9.

Input term1na1 406 (FIGS. 5 and 8) of ER filter
block 410 is coupled to input terminal 801 of
preamp 805. Preamp 805 further amplifies the VGA
output signal received on input terminal 406 to provide
a differential output vblﬁage signal on output
terminal 806 and output terminal 807 of preamp 805.
GmC filter 810 has input terminal 811 coupled to output
terminal 806 and input terminal 812 coupled to output
terminal 807. GmC filter 810 comprises five Gm blocks
and two capacitors of conventional design. Each Gm
block receives the common pode voltage VCM from biasing
circuit 855. In addition the first four Gm blocks of
GmC filter 810 receive a biasing voltage from
temperature/voltage compensation circuit 870. The
first four Gm blocks of GmC filter 810 are used to
control two poles of the ER filter. The fifth Gm block
of GmC filter 810, which is used to control a zero of
the ER filter, is controlled by digital to analog
convertexr 890. .

GmC filter 820 also cowmprises five Gm blocks and
two capacitors of conventional design. Input
terminal 821 of GmC filter 820 is coupled to output
terminal 813 of GmC filter 810. Input terminal 822 of
GmC filter 820 is coupled to output terminal 814 of GmC
terminal 810. The Gm blocks of GmC Filter 820 are
configured similarly to GmC filter 810 except that the
fifth Gm block of GmC filter 820 is controlled by



is characterized by two paraneters: the cutoff frequency [err] and the
‘passband roll-off. By prescribing the roll-off value, one only needs to
then determine the cutoff frequency to specify the filter response. The
overal |- design problemis, in this way, %%g?tly sinmplified. U;kng this
rinciple, the inplengntation of the ER fPlier far generating a_E
BartiaP responsenEecgﬁﬁégai to ana}og converter ?gaf gge{%g?re’eggf r°Fo
opti nize. For the nafheckcof el dildgerappl ixendions the ¢mapnnedda phase
response is al rm?]t Moneage WM SBidnS by akheg avierclik bijfl.ea{Trll'féhﬁi%sEteﬁ@@Pse
requiyenent of the ERR4 npe cture w are Lvely
Iigear phase response'aﬁaks)ﬂ\?vglf%| %fs G%‘gsg\é\'gééée%df’ :{ggﬁﬁf ?lnafolﬁl .gﬁ%gﬁ?'ﬁe £ of
the present inventi &AMt RempErFiunedivol sage mampegsabion izcyBteddf rippl e
filter having a transbacrdlnoid @olReSpfJtNELIER¥ilter. The fifth Gm block

of filter 820 controls the second zero of the ER
‘filter.

_ GmC filter 830, which is used to control two poles
of the ER filter, comprises four Gm blocks and two

capacitors of conventional design. Input terminal 831
of GmC filter 830 is coupled to output terminal 823 of
GmC filter 820. Input terminal 832 of GmC filter 830
is .coupled to output terminal 824 of GmC terminal 820.
Each Gm block of GmC filter 830 receives the common
mode voltage VCM from biasing circuit 855. The Gm
blocks of GmC filter 820 also receive a biasing voltage
from temperature/voltage compensation circuit 870 to
control two poles of the ER filter.

GmC filter 840, which is used to control a single
pole of the ER filter, comprises two Gm blocks and one
capacitor of conventional design. Input terminal 841
of GmC filter 840 is coupled to output terminal 833 of
GmC filter 830. Input terminal 842 of GmC filter 840
is coupled to output terminal 834 of GmC terminal 830.
Each Gm block of GmC filter 840 receives the common
mode voltage VCM from biasing circuit 855. The Gm
blocks of GmC filter 820 also receive biasing Yeltage
Vias Erom temperature/voltage compensation circuit 870 to
control one pole of the ER filter.

Output Amplifier 850, of conventional design,-has
input terminal 851 coupled to output texrminal 843 of
GmC filter 840 and input terminal 852 coupled to GmC
filter 850. Output terminal 853 of output
amplifier 850 is coupled to output terminal 412 of ER
filter block 410. The equalized signal is provided by
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P(s) =1/ [ [err] where d[err] are known constants. The transfer
function in Equation (5) requires the determ nation of only one pole
parameter, [err], the cutoff frequency. Based on Equation (4) and P(s), the
ER filter design and optim zation problergis reduced to the optim zation of
three paraneters: Z[ esudputZbapilsiandgdeeos] outﬂ'&k?&%r&ahamﬁéﬁs can be
determ ned using an opti mfazatlon I oce urgsdescr

optimization of Zz[err], Z[&Ff o Terr prov“%? CE’)BFO%'E%% 0 5f9%€he ER
filter paraneters is ‘fFé’HO@r REEPRH ‘IW e§56 1 niGammonz aedenvaigdae WEMchs
uses a known data si giaiple@aBobeveer faar BREckf &6 teanehery dth ividbck has

ranufacturing of the EH sggg ggyéféhce@&oREgagrltg%mmbﬂtsg gjégfﬂgﬁngCM is

manuf acturi ng, at powe
also used by temperature/voltage compensation

circuit 870. The common mode voltage is typically tied -
“to the supply voltage level; therefore, common mode
voltage.VCM varies with the supply voltage. For
example, in one embodiment, the common mode voltage VCM
could be set to the positive subply voltage minus one
volt. Since biasing circuit 855 does not compensate
for temperature variations, the common mode voltage VCM
also varies with the temperature.

As explained above, the ER filter can be tuned by
adjusting only the three parameters ., 2Z,, and 2,. The
poles are controlled solely by the cutoff frequency
parameter w,, while parameter Z, and parameter 2, each
control one of the zeros of the ER filter. Parameter o,
is received by digital to analog converter 860 on input
terminal 861. Digital to analog converter 860 is
designed to be insensitive to temperature and supply
voltage variations using well known conventional
techniques. Parameter o, is converted to an analog
tuning current I,, on output terminal 862 of digital to
analog converter 860. In some embodiments of the
invention several digital to analog converters are used
for parameter w, to create several tuning currents so
that the loéd on each tuning current is reduced.
Temperature/voltage compensation circuit 870 uses
tuning current I,, on input terminal 871 of
temperature/voltage compensation circuit 870 and common
mode voltage VCM on input terminal 872 of
temperature/voltage compensation circuit 870 to
generate a temperature and supply voltage compensated
bias voltage V,, on output terminal 873 of
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or at prescribed intervals after power on: Tracking node, which uses
‘'unknown user data, is perforned in real tine during normal operation of the
storage devi ce. FIG 4 shows the block diagram of an EPRM.

- 16 - readback system which |ncor porate one enbodi nent of the present

i nvention. The EPRM eﬁgggg ure V 1 ?g%: r?qeéaﬂ%%l% Iéfg%';lﬂ{ gmaneri ¢ dl sk

drive systens. Read hea provi & an
anal og read signal . ‘H@étaﬁalbgs FéaﬂS%ql ditaladiystecehe aples PﬁpEﬂPe t%¥ ni nal

401 of- vari abl e gai nfanpkifb&sed YAk hd0bal e \é(ﬁbxpﬁha‘hﬁélteﬁlcgnﬁh tﬁﬂa @t put
term-nal 406 of vari %lgl gal N0 f'f]:a'c@roéqf?lé\ gp_ qugl .El% "&
N | ze Yer m naI

(ER) fi#lter block 41 creatés an on ou
412 of. ER filter bl ocfk’eﬂenCBa?ﬁpltéleaﬁB Flblﬁf%llfscGP‘Ple}M‘{} b$ﬂ5’wsarr&%% t he
equal i zed signal on iweptagéev,yi Bal aldd wiedSapplsgand hel dnaisguit 415 to

provide a stable sigRahy@Pter 890 so that input terminal 891 of digital to
' ‘analog converter 890 is coupled to input terminal 873
of temperature/voltage compensation'circuit 870.
Similarly, input terminal 881 of digital analog
converter 880 is coupled to output texrminal 873 of
temperature/voltage compensation circuit 870 to provide
bias voltage V. to digital to analog converter 880.

Digital to analog converter 890 converts zero
parameter Z, on input terminal 892 of digital
converter 890 into a first filter zero bias voltage on
output terminal 893 of digital to amalog converter 890.
The first filter zero bias voltage adjust one of the
zeros in the ER filter. Similarly, digital to analog
converter 880 converts zero parameter Z, on input
terminal 882 of digital converter 890 into a éecond
filter zero bias voltage on output terminal 883 of
digital to analog converter 890. The second filter .
zero bias voltage adjust the other zero in the ER
filter. Like digital to analog converter 860, digital
to analog converter 880 and digital to analog
converter 890 are designed to be insensitive to
variations in temperature and supply voltage using
conventional techniques. "

FIG. 9 shows a portion of GmC filter 810 in
accordance with one embodiment of the present
invention. Specifically, FIG. 9 shows first Gm
block 810-1 of GmC filter 810, one pole capacitor 910,
and second Gm block 810-2 of GmC filter 810. Since the

functionality of first Gm block 810-1 is identical to
second Gm block 810-2, only f£irst Gm block 810-1 is



out put termnal 416 of sanple and hold circuit 415 for flash conparators

"420. The output of flash conparators 420 is decoded by analog to digital

(ADC) decoder 425 to produce a discrete time digital equalized signal on
output term nal 426 of analog to digital decoder 425. The discrete tine
digital equalized si gnal

is also represéfted as (kT) where T is the
interval of sanpling Sﬁ‘dr’kb‘?‘g ’dhdieﬁgég::r .E"ﬁq’gf;f“a¥ qbats f‘eglgifﬁﬁ%ﬁ‘tﬁ%ﬂ i's
used by filter optintzarserndliackcs3sdmpbifrgyicdecényvertriamptli Argagnon
pt | M 28t 0n bl OCk 433, | n o e et e anr o o i desp e el
opti m 2ot Lon bl ook 433,10, ity SpHod [ETY (Lhg 9RTLI) 221/ BRLapEters are
li kel i hood det ect i oniprelidesdumrentansiagendsBiie cdipledibesyeshi zpds st gl
I o g v s Ly
455  digital to anal SHRSHUEH r6°4g5,&“%%e CAEGEFSE 110 AfaloSh CEBhVES 08 470
form.an automatic gavalergr Alas sépovit ARt | FenyreliiewdinaibPe2 gof n
amplifier 405 to regutaheidtvr 36pl iLkussuglied B8 ¥{Ps®OUinpilt $blbade ON out put
termnal 406 to a terminal 921. Second power términal 963 of
transistor 960.is coupled to second pbwer terminal 973
of transistor 970 and first power terminal 981 of tail
transistor 980 in tail portion 930. Control
terminal 972 of transistor 970 is coupled to second
voltage input terminal 922. First power terminal 971
- of transistor 970 is coupled to positive supply voltage
V. through current source 940. Current source 940 is
controlled by voitage bias circuit 950. The voltage
level of first power terminal 961 of transistor 960 is
controlled by voltage bias circuit 950 by adjusting the
current through current source 930. Similarly, voltage
bias circuit 950 also controls the voltage level on
first power terminal 971 of tranmsistor 970 by adjusting
the current through current source 940. Voltage bias
circuit 950 also of conventional design is controlled
by common mode voltage VCM on input terminal 951 of
- voltage bias circuit 950. Control terminal 982 of tail
transistor 980 is coupled to bias voltage V,, éutput
terminal 873 (FIG. 8) of temperature/voltage
compensation circuit 870. Second power terminal 983 of
tail transistor 980 is coupled to ground. The output
of the Gm block is provided on first current output
terminal 923, which is coupled to first power
terminal 961 of transistor 960, and second current
output terminal 924, which is coupled to first power

terminal 971 of transistor 970.



- 17 - prescribed level. Methods, circuits, and techniques for
‘facilitating operation of the automatic gain |loop -are described in
copending, commonly filed, and commonly assigned U S. Patent Application
serial No. , entit | ed " METHODS ANRPg STRUCTURE FOR COVBI NED AI\lAhOI\G/I
AND DI G TAL AUTOVATI C GAl g:(g}l SAVR AT, Shi ng
Shi h, James W. Rae, Ri chzl}r R%“b?%éma é#ggjee ng\GaPtE&I;‘ér\g;B§ 92? He @
Attorney Docket No. MP3Fabar \HiaR§ 155 OF nc oFsarAPER h%’r"eﬁitn Beyeref erence in
its entirety. Di gei—:ainatlo Sib'flahégaC@dSll/.&l’dt&ﬁ:' 449mlzﬁhlg| ts@lcohlinpdrge r acki ng

circuit 445, digital ]ggﬁ?aio opye | ter 4 o0 phase
restart circuit 480, an vol%sg c%nt%oﬁ‘%gt OSCI %ir]i%)lr ?ﬁ‘g fz'g?tr:ng(gf phase
| 6ck 1 oop to adaptiveF§Ehinf: & ﬁpFLé ARG TRERRL t Sir31eslyhafizste out put
of ER filter block 4lfover samiedlwp?h is ¢l ecokleybtahruEymdedl] osédndvite
clock, which was used &@eplé%ﬂa&as?@ ideS LR egey fi%a 1'\/'5‘;3(9%% tro}

e phase. oc

circuits, and technlques for aC| I tating operation
| oop afe described i n“CopEdi 72 (’:ﬁn?m]?ﬂﬁ% t'-l"’F"'@EI"‘a‘]and Iébrﬁ‘i’ﬁn?@%‘%%‘i‘%d’fu S.

Pat ent FI1G. 9, tall transistor 980 is a MOSFET; therefore,

first power terminal 981 is a drain terminal, second
power terminal 983 is a source teérminal, and control-
terminal 982 is a gate terminal. In other embodiments,
the transistor types can vary. Furthermore other
embodiments of amplifiers can also be used. Techniques
used in and examples of suitable conventional filters
are discussed in H. Tanimoto, M. Koyama, and Y.
Yoshida, "Realization of a 1-V Active Filter Using a
Linearization Technique Employing Plurality of
Emitter-Coupléd Pairs," IEEE J. Solid-State Circuits,
vol. SC-26, no. 7, pp. 937-945, July 1991 which is
incorporated herein by reference.

A more detailed Gm block is shown in FIG. 9(a).
In FIG. 9(a), transistor 960 (FIG. 9) is functionally
replaced with block of transistors 960a. Specifically,
block of transistors 960a contains transistor 964,
transistor 965, transistor 966, and transistor 967
within block 960a. Similarly, transistor 970 (FIG. 9)
is functionally replaced with block of transistors
970a. Specifically, block of transistors 970a contains
transistor 974, transistor 975, transistor 976, and
transistor 977 within block 970a. Tail transistor 980
is functionally replaced with block of transistors
980a. Specifically, block of transistor 980a contains
transistor 984 and transistor 985. Transistor 968
having a control terminal coupled to first voltage .
input terminal 921 serves as a buffer for the voltage
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Application serial No. , entitled "METHODS AND STRUCTURE FOR

"SAMPLED- DATA TI M NG RECOVERY W TH REDUCED COWVPLEXI'TY AND LATENCY" of
Shi h-M ng Shi h, Tzu-wang Pan, and Jenn-Gang Chern, with Attorney Docket No.

M 3711, which is mcorporated herein by_ rgference inits entirety.
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usi ng The ER filter has a response, H(jw),
‘controlled as explained above by changing cutoff

|tiaI-ization

st orage device.
larly, tranSlsmr 982 %ﬁq",‘{ﬁgfesa@kﬂl}er&'—hé‘ﬁ%%éﬂ%

is created
that is

frequency, ., and zero positions via the parameters z,
and Z,. The cutoff frequency of the ER filter is
directly proportional to the collector currents of

transistor 960 (or transistor 970).

Tail

bias current

Isas, Which is the current through the tail transistors
of the various Gm blocks, is proportional to the

emitter current of transistor 960; therefore, tail bias

current I, is proportional to the collector current

multiplied by the o parameter of transistor 960.

Unfortunately the o parameter of a transistor varies

with temperature which causes bias current Iy £O vary

with temperature. The variation of bias current I,

caused by temperature would cause a temperature

dependence on the ER filter unless the temperature

dependence of bias current I, is compensated for by

removing the dependence on the a parameter.

Digital to analog converter 860 generates tuning

current I,, which is the appropriate tail current for

the particular o, received by digital to analog

converter 860. Tehperature/compensation circuit 870

then creates bias wvoltage V,, which is coupled to the

control terminal of each of the tail transistors to

regulate the tail bias current I, to be equal to tuning

current I,,. However since the o parameter varies with

temperature, temperature/voltage compensation

circuit 870 must compensate for o.

Consequently, tail

bias current I, should be matched to tuning current I,,

divided by a. A circuit to accomplish the matching is
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generating polynonial Xerr]Xerr]. Initial values for the ERfilter
‘paraneters [err], Z[err], and Z[err] can be chosen~by conventional off-line
characterization of the filter input signal to be fairly close to the

opti mum settings. The readback signal f+8inthe storage device is obtained
by an EPRM. readback syste uch as the one illustrated I 4. In sone
enbodi nents of the i ﬁ?éﬁf?‘g]ﬁ(? Jrghé%rra&gt Beg?"bn%dug%‘ﬁﬁ f%bés&t or g&‘i n

dedi cated tracks on the sfoneepsimedilaterhnignins cenbbei weed Sporenrbas of a
set of tracks a][e L e&afnpeelaﬂ‘;@f? tafaﬂl sQppL @l iMﬁi@ﬁtnﬁglﬁcuikts BSélEhGa.SSt§é19m a
bl ock.di agram of the portipn_ o Il ter._optimzatign o] to optim ze
Che ER 11 1tar using SaBakeforS qRenep cof et gerh, aBorares fhiiey t ho

i ni tialization node. tPEENERIES |REOAUSH FRY R OFhBEoBFRNVSTRY dostdyl ¥od in a
vari ety of ways. In themenbpdidiliexdtyFaka dhig ReeHl Ni TAERJTRAR, SgHAr ed g
error (MVBE) criteri ' a e rch i use
for adaptive digital, Q:g Pg%%#f%gaolcggg?ﬁg%ﬁ%s_ d%?é%Aﬁ%%ﬂ%@e?%o%?%ﬁ@%ﬁ ght
use the nean of the SPE¥FHERLS ANFePOF ERrsithofodi FPREEMNEE G0 LhehdaEde or
nmeasure. The neanmbgrat®idl ériker cibbints usddf inetha €l @ilker. wWhere

y(kT) the equalized sapplege stdjRh LE8MaREAAL 80 circuit 870 forces the

tail bias currents of the ER filter to match tuning

circuit I,,, which is insensitive to temperature and
supply voltage variation. In most embodiments of
temperature/voltage compensation circuit 870, tuning
circuit I, is forced through a matching.transistor
which has the same transistor characteristics of tail
transistor 980. Furthermore, the drain to source
voltage of the matching transistor is matched as close
as possible to the drain to source voltage of tail
transistor 980. The resulting gate to source voltage
of the matching transistor is used as bias voltage Vi
at the gate terminal of tail transistor 980 to cause
tail bias current I, to equal tuning current I,

FIG. 10 shows a conventional design for
temperature/voltage compensation circuit 870 coupled to
first Gm block 811-1. Tuning current I,, on input
terminal 871 is forced through matching transistor 1010
since drain terminal 1011 and gate terminal 1012 of
matching transistor 1010 are coupled together to input
terminal 871. 'The voltage on drain terminal 1011 of
transistor 1010 is held to the bias voltage V,, on input
terminal 872. Matching transistor 1010 is. created with
similar transistor characteristics as tail
transistor 980. Since, gate terminal 1012 is connected
to the gate terminal of tail transistor 980 and source
terminal 1013 of matching transistor 1010 is connected
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digital converter 425, the d(kT) is the known ideal EPR4 response of the
known data signal a(kT) on the storage device, and”M i s the number of
sanpl e points used in the averaging operation. Since equalized sanpled
signal y(kT) is generated fromthe equal i zed signal on output termnal 412

of ERfilter block 4 ual ized Sa Si gnal kT e upon the
opt| ni zi ng par aneteri:ngggr%mrﬁ F’qu;B fe%r 1 )I{%%?)‘éi‘sgtroo 183, VBRE gate
19*-" ‘changi ng t he V8Pfes Yﬁl@[g@r Vs OZ[ @??ﬂ}hl%c}rﬁéﬁi‘ft@hm&s andetgal ues

of t he mean- squar ed eraﬂglstor ssoSaesléq@ﬂl |y TherEE&e D, tH@WQ\éﬂildBws si gnal

a(kT) is converted ipfo,kno gﬁgéégf@iﬁl g?%‘z;ldétk'l;) glaéov ]Acggegfr tor

510. EPR4 generator 510, 1 npl é’f‘?en I'ven~a
subtracts Enovvn i deaFUERDrE QgieRt dek BlowAngnp 0493? watghingl of adder 520

from equal i zed sanpl edassigtadr WOkD) iONthe@taihetsi Sabkr&22Atagddey, 5§20 to
generate error signalhg(jd QAnQYEPHEs are equal. )

: However the drain to source -voltage of tail
tran51stor 980 is common mode voltage VCM minus the
voltage drop across transistor 960 or transistor 970
(FIG. 9) in head portion 920. If transistor 960 and
transistor 970 are bipolar transistors, the voltage at
the drain terminal of tail transistor 980 is common
mode voltage VCM minus the base to emitter voltage Vg,
which is temperature dependent. Furthermore, the
embodiment of FIG. 10 does not compensate for the «
factor of transistor 960. Therefore, the conventional
system of FIG. 10 can only be used if temperature
compensation is not critical.

FIG. 11 shows another conventional embodiment of
temperature/voltage comparison circuit 870, which
provides a better match between tuning current I, and
tail bias current I, than provided by the embo@iment of
FIG. 10. Input terminal 872 is coupled to base
terminal 1111 of transistor 1110 so that common mode
voltage VCM is placed on base terminal 1111 of
transistor 1110. The voltage at emitter terminal 1113
of transistor 1110 is held to.a voltage of commen mode
voltage VCM minus base to emitter voltage Vas of
transistor 1110. If transistor 1110 is matched to
transistor 960 and transistor 970 (FIG. 9), the voltagé
at emitter terminal 1113 should equal the voltage at
the drain terminal of tail transistor 980.

- Emitter terminal 1113 of transistor 1110 is

coupled to positive input terminal 1122 of op-amp 1120.
Output terminal 1123 of op-amp 1120 is coupled to gate
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term nal 523 of adder 520. Square operator 560 squares error signal e(kT)
for summi ng operator 570. Sunming operator 570 takes the squared error

signal and cal cul ates the nmean square error for M data sanples. Paraneter
scanner 590 receives the nean square errgr on input term nal 592. Control

vari ables are provid to r ter. scanfAer- 590 on contrql input term nal
591. Various control ?%ETPJT% elg@?nefuﬂﬁt%ﬁ%iﬁgpﬁﬁﬁ%? Jtlgionndﬁﬁ?t’t‘ﬁ’e range
of the paraneter, orPPet skermiingg PLhgt epleribsagp Lhe3 py ampded Pardmstrer
scr:]anner 590 nodi fi eStéheifrVﬂIhtmﬁf othﬂa@@{i?@ttQERQYst%LdilﬁQOQr suRtL agtd iRg
t he scanning increme t raneter m t he raneters_in order to
i ni ni ze the nean sqg%?gmearlr girl?irﬁé %%Wslveé{ 88 6?p-lﬁ)tg?taer%-e e Ii‘[ 8??] S witten
t'o storage el enent 53PUrEhdar@yngal i3dfoharsrbiny Zansistor W3dtien to -

storage el ement 540, cansl écheongwouad perwfingacapeésy Z[ebh] imsupwitten to
~storage el ement 550. Qﬁnﬁgws%t Lo %&P&f%@%&ﬁrﬁa@&%the” passed to ER
raware | nmpl enen

Fitter block 410. In a ha atron storagengl enent 530, storage

el ement 540, and st oFZRRFIAtOFeAL3850 2 dinedbBEKS BRtI A Flosmedt £ qutput
registers. In one enbadiimmlt 11b8 6Pt dpHampNg1par BoRiAes tatpidhDi 1iFe b 0

eight bits. I n ' faiqlahet 0RLi 41 ' | 433, only
ong paraneter is optt?én?}g(%g?!lrgﬁtg%%%gr gpléitc?l ??cgﬁ{;ﬂ Zt%te‘tjrm(rl?a?s?g%]ti%ézed to

mnimze the nean sqWRFE &G SFABRLFHRKIIIEr hPnBeITIVaviFPEEZ[ err] and
Z[er] are terminal 1121 of op-amp 1120. Due to the feedback path

op-amp 1120 causes the voltage at negative input
terminal 1121 of op-amp 1120 to equal the voltage at
positive input terminal 1122 of op-amp 1120, which is
equal to the voltage at emitter terminal 1113 of
transistor 1110. As expléined above, the voltage at
emitter terminal 1113 is equal to the voltage the drain
terminal of tail transistor 980. Therefore, the drain
to source voltage, Vps, of matching transistor 1130 and
tail transistor 980 are equal. Since tuning current
Tune is forced through matching transistor 1130, the
voltage at gate terminal 1132 of matching

transistor 1130 is at the appropriate Vg to allow
tuning current I,,. to flow through matching

transistor 1130. Since the gate terminal 1132 is
coupled to the gate terminal of tail transistor 980 the
tail bias current I, is equal to the tuning -
current I,,.. However, as explained above the « factor"
of transistor 960 requires that tail bias current I, be
matched with tuning current I,, divided by'a.
Furthermore, the feedback loops of the embodiment of
FIG. 11, becomes unstable if the capacitance on output
terminal 873 is large. Due to the large number of tail
transistors in the ER filter output terminal 873 has a
large capacitance; therefore, the embodiment of FIG. 11
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- 20 - held at the initial estimates of Z[err] and Z[err]. Then Z[err] is
‘optimzed to minimze the nean square error on i nput termnal 592 while
[err] and Z[err] are held constant. Finally, Z[err] is optimzed to

m nimze the nmean square error on input_ Lﬁrm nal 593 \thletgerr]tﬁgd gl[ﬁ(rar]
are held constant. Th tign, can: be perto y setting %

of the paraneter to oﬁ% odwmeeng J'te‘ilofscsrl b%e%%a%ggteand then increasing the
paraneter by a step size tHF%- hé2hls§%w%rﬁj Wetlhémb@%ls@%teorfange At each
step, the error rreasutenp@:mm@ubeﬂtag]r@&:d@leueaaioﬁ hei Raianeyer prrqd}tCl ng

the s+allest error nE@g,qulals 898! gg}gflh%ﬁtb gp%l i val ue;

anot her enbodi nent of _filter opftimz par amst 7 scgnn r 890
is sinplified to testfdty cﬂJ‘Fé@ﬁEcF?’F@dlasletlg?‘Bf of Wel xsift icHFZERY par aneters.
For exanple, the desigirrorofi2Bhe sFixstgeude¢heemiatvispesiof Hag 4 ewwat s of

parameters then paranglffinal 1233 coupled to ground. First current
‘mirror 1230 also has second current 1231 coupled to

first current terminal 1242 of second current
mirror 1240. Second current mirror 1240 has power
terminal 1243 coupled to positive supply voltage Ve«
Second current mirror 1240 also has second current
terminal 1241 coupled to collector terminal 1211 of
transistor 1210. _

Input terminal 871 is also coupled to output
terminal 873 and gate terminal 1222 of matching
transistor 1220. Output terminal 873 is coupled to the
gate terminal of tail transistor 980. Since source
terminal 1223 of transistor 1220 is coupled to ground,
the source terminal of tail transistor 980 is coupled
to ground and gate terminal 1222 is coupled to the gate

.terminal of tail transistor 980, matching
transistor 1222 and tail transistor 980 have the same
gate to source voltage. '

Input terminal 872 is coupled to base
terminal 1212 of transistor 1210 so that common -mode
voltage VCM is placed on base terminal 1212. The
voltage at emitter terminal 1213 of transistor 1210 is
held to a voltage of common mode voltage VCM minus base
to emitter voltage Vg of transistor 1210. As explained
above with respect to FIG. 11, the resulting voltage on
emitter terminal 1213, which is coupled to. drain
terminal 1221 of matching transistor 1220, matches the
drain to source voltage of matching transistor 1220 to
the drain to source voltage of tail transistor 1220

Since matching transistor 1220 and tail
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scanner 590 woul d test each prespecified set of paraneters to determ ne

‘whi ch prespecified set of parameters is optimal to produce the mini num nean
square error. The presel ected sets are determ ned by conventional methods
based on such factors as characteristics 3 -the nedi a, characteristics of

the head, and the data - fal&tor 980H i;%:%hg‘éﬁ QPé‘tt%“rsoBL:Q% \951&%% ean

square error values ag a function o err|] err] or ent
channiél” model under tPERHEEPSONERS t Fattagsar FRLY[RYFY CuRsERt t hat eﬁHélﬁ/BE i s
a convex function of Zherajrramd Feowing Frerooghi natehialguesantifer rij22and

Lert] are defined 1o benddiqpahll HBALR: e FRAIL SRUB! 85 FLL MurlrBnll NI m zed
These val ues may be foun Jd@glera Lvely cfhoosi nég initral starting point
and then refining the*%&t £37[ ek rﬁ d CPEFER d‘h’t‘?zlort Ae3fi nf4RiR%ean

square error i s achi esextkenthd,g| openiofrorhé omasegudarereentoreaemiinal espert

to each paraneter defdnes Mhetlieredhenilaica b8, Shoied 8L NCEGASRA OF

ZzerqQ
decreased. \Wen the's'%P ngonf¥iows ihto first current terminal 1242 of

second current mirror 1240. Consequently, second
current mirror 1240 mirrors tuning current I,, on
second current terminal 1241 of second current

mirror 1240. Therefore, the collector current of
transistor 1210 is equal to the tuning current I, and
the emitter current of transistor 1210 is the tuning
current I, divided by the o of transistor 1210. Thus,
the current flowing through transistor 1220 is tuning
‘curxent I, divided by the o of transistor 1220. Since
tail bias current I, is forced to equal the current
flowing through matching transistor 1220, tail bias -
current Iy, is equal to tuning current I,, divided by
the o of transistor 1220. By matching transistor 1220
with transistor 960 the a factors cancel out to
properly tune the cutoff frequency of the ER filter.
Furthermore, the embodiment of FIG. 12 is actually
stabilized by increasing the capacitance on output
terminal 873.

The particular implementation of first current
mirror 1230 and second current mirror 1240 is -
unimportant so long as the implementation proéides
matching currents on the first current terminal and the
second current terminal. FIG. 13 shows one embodiment
of temperature/voltage compensation circuit 870 with
transistor level implementations of the current
mirrors. Specifically, first current mirror 1230
comprises NMOS transistor 1330 and NMOS
transistor 1340. Gate terminal 1332 of NMOS
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- 21 - no change is nmade to the paraneters, and their resulting val ues

» correspond to the m ni mum nean square error. The Optimum value of Zerr] is
determned simlarly. During actual operation of the storage device,

al so called tracking node, the EPRM reagback system of FIG 4 should

compensate for sl oweuarkatlons i theckgarbasl shapale 0 99apgpent

agi ng, non-uniformt nic erances refore,
the ER filter shoul e FagRs bt Va0t o iy |tﬁ§n%b?l‘iﬁ”f ilord &fir "™MYS act ual
use of the storage dewneeswbi nizwstienmesupltdid wughng teadlaalg 168dect

FIG 7 shows a bl ock di,agran 01f33toh%n805éé61{!i @ur‘}éhé eInLSIRI t’é‘zﬁ%hi’“l?ﬁf’c‘(

433 -to optimze ER filter paraneters [err % H% [err, urlng
tracki-ng node. The BR3P FeFmgil ds4t ?Bﬁllmso & ?1%9"5&354& ¢8dcpypled
m ni m zi ng a vari et yoefiost neaswends teimindie 1@320di femtcofteEmGnal, 133

M ni mum mean- squar e¢reffes € MERstokl 1856 O.Ihd Soused @&ﬁﬁﬂral"ki‘é@’éeére si nce
tracki ng node uses.. custgns dat a msteadq%zld e knoy\giE lat a S|g a(kT),
the cal cul ation of §PYRAF kP Hrdstpe icdd. YEHR Sy SoEP nB?vn i deal
EPR4 response, signglkodfdT) is created as an estimated EPR4 response.

As' shown in FIG 7, equakbd&sh %%'i&&'eﬁ@ ALY 186l Teodysr ikead phins EPRA
estimation 710 to calcul ate estl g 54 4 res onse Siaq{bal %:EDI

Specifically, each §&pEsistor 1318° transistor
terminal 1311 of PMOS transistor 1310 and drain

terminal 1321 of PMOS transistor 1320 are coupled to
power terminal 1243 which is coupled to the positive
supply voltage V.. Source terminal 1323 of PMOS
transistor 1322 is coupled to first current
‘terminal 1242. Source terminal 1313 .is coupled to
second current terminal 1241, gate terminal 1312 of
PMOS transistor 1310, and gate‘terminal 1322 of PMOS
transistor 1320. _ .
FIG. 14 shows another embodiment of

temperature/voltage compensation circuit 870 in which

i

second current mirror 1240-14 incorporates cascode
transistors to increase the output resistance of the
transistors in current mirror 1240-14. Due to the
cascode transistors second current mirror 1240-14
requires biasing terminal 1244 and second power
terminal 1245. The basic function of second current
mirror 1240-14 is to cause the current on first current
terminal 1232 to be equal to the current on second
current terminal 1241.

In second current mirror 1240-14, first current
terminal 1242 is coupled to source terminal 1453 of
cascode PMOS transistor 1450. Drain terminal 1451 of
cascode PMOS transistor 1451 is coupled to 1423 of PMOS
transistor 1420. Drain terminal 1421 of PMOS
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sanple y(nT) is rounded to the nearest ideal EPR4 signal value. The ideal
"EPR4 signal values are -2, -1, 0, 1, and 2.. Adder--720 subtracts esti mated.
EPR4 signal d(kT) from equalized sanpled signal y(kT) to produce difference
signal e(kT). Square operator 730 squargg error signal e(kT) for summ ng

operator 740. Sunmi operator_740 takes the squared error signal ,a

cal cul ates the neanr‘kg:&ﬁlzfﬁ(?%&crb‘zzc}oﬁs Wﬂﬁiﬁgsﬁ%ﬁgg. %?’égteexg'\lé‘ﬁén?gdﬁo
-stores- t he mean squathecdr der chbopled sanphenpes ¥ticeyaPwed supRlYad®etage0 can
ca‘lz'gul at edt he chgngazwi.n E;Eeoﬁgaéh;&%l A Ce BRIQHL &izgmaisg@csugla;da@at lﬁbufce

- - update 770 every .Min als. P ter update 77Q ca ates
t he .operating par anetteé%énﬁgséggcy)nofﬁgsﬁf’??Zé@r;géetr gf\gﬁg%rt%g%duﬁrag%t mean
square error and théarmdnasqlbte af PYOSotraprishcayvléy. snpIgat§ i nterval .

Specifically, the calezwiabedipas BEEMOS, tESMOibrbYabel I ]sdurrel) T],

' ’ terminal 1431 of cascode PMOS transistor 1430 is

‘coupled to source terminal 1413 of PMOS

transistor 1410. Drain terminal 1411 of PMOS
transistor 1410 is coupled to power terminal 1243.
Biasing terminal 1244 is coupled to gate terminal 1462
of NMOS transistor 1460. Source terminal 1463 of NMOS
transistor 1440 is coupled to output terminal 1245
which is coupled to ground. Drain terminal 1461 of
NMOS transistor 1460 is coupled to source terminal 1443
of PMOS transistor 1440, gate terminal 1442 of PMOS
transistor 1440, gate terminal 1432 of cascode PMOS
transistor 1430, and gate terminal 1452 of PMOS cascode
transistor 1450. Drain terminal 1441 of PMOS
transistor 1440 is coupled to power terminal 1243.

As explained above with respect to FIG. 12, the
current on first current terminal 1242 should equal
tuning current I,,.; therefore, both cascode PMOS
transistor 1450 and PMOS transistor 1420 must be biased
to drive tuning current I,,. Furthermore, the current
on second current terminal 1241 should also equal
tuning current I,,; therefore, both cascode PMOS
transistor 1430 and PMOS transistor 1410 must be biased
to drive tuning current I,,. The required biasing is
accomplished by NMOS transistor 1460 and PMOS
transistor 1440. Specifically, NMOS transistor 1460
has matching transistor characteristics with matching
transistor 1220; furthermore, NMOS transistor 1460 has
the same gate to source voltage as matching
transistor 1220. Therefore, NMOS transistor 1460

begins to sink any charge that may exist on gate

.-
R4
e
e
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Zlerr][(n+1)T], and Z[err][(n+1)T], which represent the optim zing
paraneters at tine (n+l) T, are derived by the foll-ewi ng fornmul as: [err]
[err] [err] where [err](nT) is the nean square error at tinme nT,
[err](nT) is the value of a step size updgte function for [err] at time nT,
[err]Z[err](nT) is the value of a step size update function for Z[errleat
time nT, and AZb(nT) SPE™ARL VHi47e vhich €ikh agtixafpdBes HFRosishoF ok4%d at
time nT. The step si zesgpdatMdluncknehstoom430l, thé cspsadieofPMOSNVer gence.

In one enbodi ment therahsPs©dZa dspdat g EeiingNsnar SuSidiley cBQBELAN he
functi.ons. Anot her enbodi nent can use a ng t Oni ca {lj%‘gecream ng functi on.
In anot her embodi ment 2btOthHe-TNPSFEPER Fhrams: EAUahHERL P¥7FhesCUrRent i ed

to calcul ate the opemart¥exs so that the current through the transistors
will equal tuning Current I,, or tuning current I,
divided by the o of transistor 1210.

: The various embodiments of the structure and
method of this invention that are described above are
illustrative only of the principles of this invention
and are not intended to limit the scope of the
invention to the particular embodiments described. In
view of this disclosure, those skilled-in-the-art can
define other filters, error measures, partial response
signals, current mirrors, Gm amplifiers, GmC filters,
storage elements, gradients, hardware implementations,
firmware, and use these alternative elements to create
a method, circuit, or system according to the
principles of this invention.
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paréneters using the following fornulas: [err] sign[err]

“*sign([err](nT)) ] [err] sign[[errt(nT) _
-[err][(n-2)T]]*sign([err] (nT)) ] - 23 -
[err] sign[[err](nT)-[err][(n-21)T]]*sign([err](nT)) ]
where sign(x) is defined as follows: -~ 39 - sign(x)=1 : if x>0;
sign(x)=0 : if x:O;QLA—"W—‘§ sign(x)=-1: if x<0. Since the ER
filter nmust be adapted i We edlaiti:me

' 1. A method for optimizing an ER filter having a

pole parameter and a zexro in a readback system of a
storage device comprising:
reading a sample value from said storage
device;
determining an ideal value;,
calculating an error measure between said
sample value and said ideal value; and
modifying said pole parameter to minimize
said error measure. '

2. The method of Claim 1, further comprising
modifying said zero of said ER filter to
minimize said error measure.

3. The method of Claim 1, wherein said sample
value is a customer datum.

4. The method of Claim 1, wherein said pole
parameter is a cutoff frequency parameter of said ER
filter. '

5 An apparatus for optimizing an ER filter

having a pole parameter and a zero in a readback system
of a storage device cowmprising: _
means for reading a sample value from said
storage device;
means for determining an ideal value;
means for calculating an error measure
between said sample value and said ideal value;
and .
'means for modifying said pole parameter to

minimize said error measure.

e

o

L
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during tracking node, the optim zing paraneters are normally calculated in
paral l el. The new val ue of paraneter [err] is witten to storage el enent
530, the new value of parameter Z[err] is witten to storage el enent 540,
and the new val ue of paraneter Zb is wi tben to stor age eI enment 550. The

new optim zi ng par arreters are asse ck 410. ., . Wile
the .ER filter optim zation éﬁdﬁ? ??ﬁust ﬁ’g gi?h’f‘re% erfél 5 AT ORI f or
non-rdeal effects due to proce!@smsaf@atmqm§yand sa¥t Aero ppesddtERONS, once

the optinum paraneter setfisedetsl MiAaMhzd RAiERFidt GleaBst Still
conpensate for power supply and tenperature variati ons over a prescribed

range. FIG 8 shows a detailed block diagramof ER filter block 410.
The ER filter itself is for meFheyapprdtius of 818im GhCwhiekreén 820] s@wple
filter 830, and GC $alderiB40 cuEtshe®fadthe . GC filters conprises nultiple
Gm bl ocks of conventional design and capacitors of conventional design. A
pole of the ER filter requires two Gn bl ocks and one capaC|tor while a
zero of the ER filter re%n re?henépmétﬂl’@cl@faﬁélameﬁ'ca'pacnnrsa%ml@r in

sone enbodi ments a zparamstershiare eutcimdErequenty baxapeker obf 411 ER

embodi ment of FIG 8g;4{ ER filter is a seven pole two zero filter;
therefore, 16 GiC fifte | ocks are required. The enbodi nent of FIG 8,

al so uses shared capacitors.for the zeros; therefore, -only seven capacitors
are . -9, A method for optimizing an ER filter having a

cutoff frequenéy and a plurality of zeros in a readback
system of a storage device comprising:

determiﬁing a cutoff value for said cutoff
freqﬁency and a filter zexo value for each of said
zeros to form a plurality of filter zero values;

reading a plurality of sample values from
said storage device, wherein said plurality number
M; )

determining an ideal value associated for
each of said sample values to form a plurality of
M ideal values;’

calculating a mean square error measure
between said sample values and said ideal wvalues;

modifying said cutoff value and each of said
filter zero values to minimize said mean square
error measure; : -  ;

converting said cutoff value to a tuning-
current; .

transforming each of said filter zero values
to a filter zero voltage;

altering said tuning current to a bias
voltage;

applylng said bias voltage and each of said
filter zero values to said ER fllter to adjust

R
TR
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~required. Each Gm bl ock receives the comon node

©-24 - voltage VCM from biasing circuit 855. In addition the Gm bl ocks used
for the poles of the ER filter receive a biasing voltage V[err] from

t enper at ure/ vol t age conpensation circuit l870 to set the cutoff frequency of
the ER Filter represented by [gLL} ﬁaquegt tg‘zﬁd C%‘g;(df LLLSL %o S ed for
a zero receives a biasing voltage %o control the Jocation ol the zeros.
Detai'l s of one enbodi menttidtefhe Gm bl ocks are described bel ow and depi ct ed

in FIG 9. Input termnal 406 (FIGS. 5 and 8) of ER filter block 410
is coupled to input term,pal 0 §9Paad™ 890; drdher s
anplifies the VGA out put lsi gnal '_}?rgé:eel v%%gzﬁ ?nab%t te mnnal l406 J:touﬁr ovi de a

differential output RAMgE SPRHBY BHEHpIPPYe tRIR24062 AfR: A IAPUE
term nal 807 of prearpn@al end 4&ivdleragelOuhpst ityputingér nsaad 811 coupl ed
1o output temperature compensation circuit comprising:

. a first current mirror having a first current
terminal coupled to said tuning current input
terminal, a first power terminal coupled to
ground, and a second current terminal;

a second current mirror having a third
current terminal coupled to said second current
terminal of said first current mirror, a second
power terminal coupled to a positive supply '
voltage, and a fourth current terminal; and

a matching transistor having a first power
terminal coupled to said'voltage input terminal
and said fourth current terminal of said second
current mirror, a control terminal coupled to said
tuning current input terminal and said voltage
output terminal, and a second power terminal
coupled to ground.

11. The temperature/voltage compensation circuit
of Claim 10, further comprising a second transistor
having a second control terminal coupled to said
voltage input terminal, a third power terminal coupled
to said fourth current terminal of said second current
mirror, and a fourth power terminal coupled to said
first power terminal of said matching transistor;
wherein said first power terminal of said matching
transistor is coupled to said voltage input terminal
and said fourth current terminal of said second current
mirror through said second transistor.

-

) O R
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termnal 806 and input term nal 812 coupled to output termnal 807. GrC
filter.810 conprises five Gn bl ocks and two capacitors of conventi onal

desi gn. Each Gm bl ock.receives the comon node voltage VCM from bi asi ng
circuit 855. In addition the first four. @gnblocks of GrC filter 810 receive
a biasing voltage fromte rely nsation circyit 870. The
first four Gm bl ocks of flajltht te g‘ﬁﬁgare L()rgé%tagecﬁ?t‘t‘?ed}satt\kﬁnpﬁt’é%u’cﬁ t he
ERfitter. The fiftho&nfbrbeid Gf WG‘?E:eHllﬁﬂfd Frgchihg ctramssisted e @ontrol a
zero of the ER filtemMosFercontrolled by digital to anal og converter 890.
GrC filter 820 al so-conprjses fiv I cksa capaci tqrs of
conventional design. Ln u:%fter'Ifn}‘llengfeg\aé%€a f"??e?o SAE1eBupB ERH %

out put termnal 813 8f %ﬁ}‘? |311t'ef"h8I91nl$ﬁﬂt§3t sesppfintrasdiztor Eathipdlaar. 820
i's coupled to output terminal 814 of GiC terminal 810. The Gm bl ocks of GrC
Filter 820 are configured simlarly to GhC filter 810 except that the fifth
Gmbl ock of GrC filter 820 is controlled by

\
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el

= 25 - digital to anal og converter 880. Therefore, each Gm bl ock of GiC
filter 820 receives the conmmon node voltage VCM from biasing circuit 855.
The first four Gnblocks of GrC filter 820 receive biasing voltage V[err]
from tenperature/voltage conpensation circuit 870 to control two pol es of
the ER filter. The fifth Gmblock of filter 820 controls the second zero of

the ER filter. GrC filter 830, whi484is used to control two pol es of
the ER filter, colr'xri ses four Gm bl ocks and two capacitors of conventi onal
desi gn. | MAFETH@PMNR ABBARSTUEHECQR ADAPBMELY PB&%EJE&%N@THE BEADRBAGKnal

823 of GrC filter 820. Input terminal 832 of GnC filter 830 is.coupled to
out put ternmi nal SESNAJs INACREAD CYAANBIL. DEYIGEEGDR IJGITAL SFORAGE r 830

receives t@gﬁg@g node voltage VCM from biasing circuit 855. The Gm
bl ocks of r 820 al so receive a biasing voltage from

rer o AP EE FRE N ok ofsitba raghitRB e R iR i e
e b 7 g ot g e, A IO 4RO oSBTV Bl
833 of G di the5tofidR- del 2B 4hd af'efi? Fhealihe iOEal&Hhtel beivilen I sample value and

an ideal value. Pole parameters and zeros of the ER filter (410) are modified to

minimize the ER filter (410). The apparatus and methods disclosed can function with

customer data to adaptively optimize the ER filter (410) in real time during normal

operation of the storage device. Furthermore, temperature compensation circuits are

disclosed to compensate for temperaﬁ:re dependencies in the ER filter.

Fig. 4



is coupled to output termnal 834 of GiC terminal 830. Each Gm bl ock of
filter -840 recei ves the conmmon node voltage VCM from biasing circuit 855.
The Gm bl ocks of GrC filter 820 al so receive biasing voltage V[err] from
t enper ature/ vol tage conpensation circuit 870 to control one pole of the ER
filter. Qut put Anplifier 850, of conventional design, has input
termnal 851 coupled to output termnal 843 of GiC filter 840 and i nput
terminal 852 coupled to GrC filter 850. Qutput termnal 853 of output
anplifier 850 is coupled to output termnal 412 of ER fil.ter block 410. The
equal i zed signal is provided by - 26 - output
anplifier 850 o? t put terninaI1Qf§. Bi asi ng i@cuit 855 provi des
comon node vol 32 VCM on out put rm nal 856. Co node voltage VCM i s
ck so_that Severv Gn bl ogk _hag the same reference

coupled to
vol tage. G4 ltage|VCM i s al sq used [by §qpgr at yre/ vol t age
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circui &~ 8%0. ‘The common node voltage is typically tied to the supply

vol tage | evel; therefore, common node voltage VCM varies with the supply
vol tage. For exanple, in one enbodi nent, the commobn node vol tage VCM coul d
be set to the positive supply voltage m nus one volt. Since biasing circuit
855 does not conpensate for tenperature variations, the conmon node voltage
VCM al so varies with the tenperature. As expl ai ned above, the ER
filter can be tuned by adjusting only the three paraneters [err], Zferr],
and Z[err]. The poles are controlled solely by the cutoff frequency
paranmeter [err], while paraneter Z err] and paranmeter Zb each control one
of the zeros of the ER filter. Paraneter [err] is received by digital to
anal og converter 860 on input termnal 861. Digital to anal og converter 860
is designed to be insensitive to tenperature and supply vol tage vari ati ons
usi ng well known conventional techniques. Paranmeter [err] is converted to
an analog tuning current I[err] on outputeterm nal 862 of digital to anal og
converter 860. In sonedgnbodinents of the*invention several digital to
anal og converters are ysed for paraneter Jerr] to create several tuning
currents so that the | @ad on each tunigg Eur’ent i s reduced.
Tenperat ure/ ol t age conpensasion circyit 870fusgs tuning current I[err] on
i nput term na 871 of erat ur e/ vol tageg coppewsation circuit 870 and
conmon node !t age! i"hput ternlnah4872 of?
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t enper at urre/ vol t age conpensation circuit 870 to generate a tenperature and
suppl'y vol t age conpensated bias voltage V[err] on output term nal 873 of

- 27 - tenperature/voltage conpensation circuit 870. The bias voltage
V[err] is used to adjusts the poles of the ER filter based on the val ue of
[err] in the Gm bl ocks. The effect of bias voltage V[err] on the

par anet er )
cutoff frequency of the ER filt ‘_)g_gf'ai ned bel ow. Bias voltage V[err]
i's al so used by digit to anal pg, a@n\ erter 890 so that i nput term nal 891
of digital to anal verter 880 ks fcoupled to input termnal 873 of
t enper at ur e/ vol ensatli ohgggc it 870. Simlarly, 1qput term nal 881
of digital analeg fpMmelter §80| P& Tofpl ed to output ternifal 873 of
t enperature/voltag ensat]i o i it 870 to provide bigs voltage V[err]
to digital to anal ogfconvert ¢r F‘w—— <@Digital to anal og{converter 890
converts zer a <
1
as
w b T
N 8 e
kX 8 i Egg
-~ &2 =6~
T |a~<E
2 B
T N
- |35
© o o~ 4
~ o . &o V) o
-r — S
o "« - .
e i bt Mol e | o <t
=0 - < < <C
WG - O () [a) .
-r 4
& - ®
d e——
L4 ‘fﬂ..-------, 1 u.
h%4 2] fmuned
Q - (] }
= N I
1 i
- - .
~ wr <
- B
- R
<
a L]
JB 1We_ | 2
=g | |2=8] -
- L -
2 oan
[ -] - ~r
<
<« AN E
[ ]
i <
o o I |" i_,.,: ﬁ =
- ) I i - o 8
1 ] ] ] =
- S ! =
o <2 -t
<> o
had - -«

This Sheet Has Been Replaced

M

i



paraneteer[err] on input- term na
first ‘filter zero bias voltage on output termnal 8
converter 890. The first filter zero bias voltage adjust one of the zeros

to anal og converter 880 converts zero

inthe ERfilter.
paranmeter Zb on input term nal
filter zero bias voltage on output term na

Simlarly,

di gi tal
882 of digital
883 of digital

892 of digital c

conve

onverter 890 into a
93 of digital to anal og

890 into a second
to anal og

rter

converter 890. The second filter zero bias voltage adjust the other zero in

the ER filter.
converter 880 and digital

810-1 is

Li ke digital

t echni ques.

to anal og converter 860, digital

to anal og

to anal og converter 890 are designed to be
insensitive to variations in tenpergtjuse and supply vol tage using
conventi onal

FI G

shows a portion of GrC filter 810 in

accordance wi th one enbodi nment _ nt4 fgvention. Specifically, FIG
9 shows first Gmnblock 810-1 of [GrC filter pol e capacitor 910, and
second Gm bl ock 810-2 of &b yty of first
Gn bl ock 810-1 is identrT only fifst Gm bl ock
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- 28:- described in detail. Each Gnblock is a differential
transconduct ance anplifier of conventional design. First Gm bl ock,
[ portion 930. Head

810-1 can be divided into a head portion 920 and a tai
portion includes current source 930 coupl ed between positive supply voltage

Mlerr] and first power termnal 961 of transistor 960. Current source 930

Is control |l ed by vol tage bias circuit 950. Control term nal 962 of
transistor 960 is coupled to first input voltage term nal 921. Second power

termnal 963 of transistor 960 is coupled to second power term nal 973 of
transistor 970 and first power termnal 981 of tail transistor 980 in tai
portion 930. Control term nal 972 of transistor

970 is coupled to second
voltage input termnal 922. First power terminal 971 of transistor 970 is

coupled to positive supply voltage V[err] through current source 940.

Current source 940 is controlled by voltage bias circuit 950. The voltage
961 of transistor 960 is controlled by

| evel of first _power term na
vol t age bi ag 950 hy j.usting the current throughgcurrent source
vol tage | evel on

930. Sim | aj voltage bi as irCLwt 50 [arsptoptrots
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first power termnal 971 of transistor 970 by adjusting the current through
current source 940. Voltage bias circuit 950 al so of conventional design is
controll ed by common node voltage VCM on input term nal 951 of voltage bias
circuit 950. Control termnal 982 of tail transistor 980 is coupled to bias
voltage V[err] output termnal 873 (FIG 8) of tenperature/voltage
conpensation circuit 870. Second power term nal 983 of tail transistor 980
is coupled to ground. The output of the Gmblock is provided on first
current output termnal 923, which is coupled to first power termnal 961
of transistor 960, and second current output term nal 924, which is coupled
to first power termnal 971 of transistor 970. -
29 - In the enbodiment of FIG 9,1 0ransistor 960 is a bipol ar
transi stor. Therefore, first power teﬁninal 961 is a collector term nal
second power terminal 963 is an Emtrer—tertni ndll 2and control

e
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term-nal 962 is a base terminal. Simlarly, first power termnal 971 is a
collector termnal, second power termnal 973 is an emtter termnal, and
control terminal 972 is a base terminal. In the enbodinment of FIG 9, tai
transistor 980 is a MOSFET; therefore, first power termnal 981 is a drain
term nal, second power termnal 983 is a source termnal, and contro
termnal 982 s a gate termnal. In other enbodi nents, the transistor types
can vary. Furg@hgrnore ot her enbodi nents of anplifiers can also be used.
Techni ques us&dj &n and exanpl es of suitable conventional filters are

di scussed in K JJaninoto, M Koyama, and Y. Yoshida, "Realization of a 1-V
Active Filterudbing a Linearization Technique Enploying Plurality of
Emtter-Coupl ®8APairs,"” IEEE J. Solid-State Crcuits, vol. SC 26, no. 7,
pp. 937-945, JALY 1991 which is incorporated herein by reference. A
nore det ald ¥ Q| ock is shown in FIG 9(a). In FIG 9(a), transistor 960
(FIG 9) ms ffuBtNonal |y replaced with block of transistors 960a.

[ of transistors 960a contains transistor 964, transistor
3 QGSY and transistor 967 within block 960a. Simlarly,
tran5|stor oFq (LG 9) is functloﬂally repl®aced with bl ock of transistors
970a. Specj fdal Iy bl ock of trand'stors 970a contains transistor 974,
transi st 0979, transi stor 976, anfl transis{or 977 within bl ock 970a. Tai
transi st omt@
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Is functienally replaced with bl ock of transistors 980a. Specifically,

bl ock of transistor 980a contains transistor 984 and transistor 985.
Transi st or 968 having a control ternminal coupled to first voltage input
termnal 921 serves as a buffer for the voltage

- 30 - input. Simlarly, transistor 978 having a control term nal coupled
to second voltage input termnal 922, also serves as a buffer. Transistor
969 provides current drive and biasing to transistor 968. Simlarly,
transi stor 979 provides current drive and biasing to transistor 978.

The ER filter has a response, H(j[err]), that is controlled as explai ned
above by changing cutoff frequency, [err], and zero positions via the
paranmeters Zerr] and Z err]. The cutoff frequency of the ER filter is
directly proportional to the collector currents of transistor 960 (or
transistor 970). Tail bias curpent
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I[err], whaich is the current through the tail transistors of the various
bl ocks, is:proportional to the emtter current of transistor 960;
therefore tail bias current I[err] is proportional to the collector
current>nmultiplied by the a paraneter of transistor 960. Unfortunately the
a paraneter of a transistor varies wth tenperature which causes bias
current I[err] to vary with tenperature. The variation of bias current
I[err] caused by tenperature woul d cause a tenperature dependence on the ER
filter unless the tenperature dependence of bias current I[err] is
conpensated for by renoving the dependence on the a paraneter. Digital
to anal og converter 860 generates tuning current I[err] which is the
appropriate tail current for the particular [err] received by digital to
anal og converter 860. Tenperature/conpensation circuit 870 then creates
bi as voltage V[err] which is coupled to the control term nal of each of the
tail transistors to regulate the tail bias current I[err] to be equal to
tuning current I[err]. However since the a paranmeter varies with
t enper at ur e, tenperatgge/voltage conpensation circuit 870 nust conpensate
for a. Consequently,gtail bias current I[err] should be matched to tuning
current I[err] di%ﬁﬂgdgqg a. Acircuit to acconplish the matching is
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- 31+ ‘described in detail below and shown in FIG 12. Convent i onal
technlques*can be used to create tenperature and supply invariant circuits
such as the digital to anal og converters. However, these techniques produc
circuits that are very costly in terns of coaneX|ty and chip area.
Therefore, the conventional techniques used in the digital to anal og
converters are not feasible for control.ling the |arge nunber tail bias
currents used in the ER filter. Tenperature/voltage conpensation circuit
870 forces the tail bias currents of the ER filter to match tuning circuit
I[err], which is insensitive to tenperature and supply voltage variation.

I n nost enbodi nents of tenperature/voltage conpensation circuit 870, tuning
circuit I[err] is forced through a matching. transistor which has the sane
transi stor characteristics of tail transistor 980. Furthernore, the drain
to source voltage of the matching transistor is nmatched as close as

possible to the drain to source voltage of tail transistor 980. The
resulting gate to source voltage ’
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of the -matching transistor is used as bias voltage V[err] at the gate .
termnal«of tail transistor 980 to cause tail bias current I[err] to edua
tunimg current I[err] . FIG 10 shows a conventional design for

t enper at ure/ vol t age conpensation circuit 870 coupled to first Gm bl ock
811-1. Tuning current I[err] on input termnal 871 is forced through

mat chi ng transi stor 1010 since drain terminal 1011 and gate terminal 1012
of matching transistor 1010 are coupled together to input termnal 871. T
voltage on drain term nal 1011 of transistor 1010 is held to the bias
voltage V[err] on'input term nal 872. Matching transistor 1010 is created
wth simlar transistor characteristics as tail transistor 980. Since, gat
termnal 1012 is connected to the gate termnal of tail transistor 980 and
source termnal 1013 of matching transistor 1010 is connected

- 32 - to the source term nal of taLE transi stor 980, the gate
9 1
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source ‘voktage V[err] of matching transistor 1010 and tail transistor 980
are. equal * Therefore, the tail bias -current I[err] through tail transisto
980 should equal tuning current I[err] flow ng through matching
transistor 1010 if the drain to source voltage V[err] of the two

transi stors are equal. However the drain to source voltage of tai
transi stor 980 is common node vol tage VCM m nus the voltage drop across
transi stor 960 or transistor 970 (FIG 9) in head portion 920. If

transi stor 960 and transistor 970 are bipolar transistors, the voltage at
the drain termnal of tail transistor 980 is common node vol tage VCM m nus
the base to emtter voltage V[err], which is tenperature dependent.
Furthernore, the enbodi nent of FIG 10 does not conpensate for the a factor
of transistor 960. Therefore, the conventional systemof FIG 10 can only
be used if tenperature npensation is not critical. FIG 11 shows
anot her conventional e di ment of tenperature/voltage conparison circuit
870, which provides a bElter match between tuning current I[err] and tai
bias current I[err] than/}provided by the enbodi nent of FIG 10. Input

termnal 872 i ase termgal 1111 of transistor 1110 so that
common node vgl t age V@&Iis pl aced on se term nalj,,1111 of transistor 1110.
The vol:t age at enitEQF:ternrﬁa+“&iT31gf“rraﬁ§T§Tﬁi“1110 is held to a
vol tage of cofmon mifdL T
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vol tage YCM minus base to enitter voltage V[err] of transistor 1110. |f
trams+stor 1110 is matched to transistor -960 and transistor 970 (FIG 9),
the veltage at emtter term nal 1113 should equal the voltage at the drai
termnal of tail transistor 980. Emitter termnal 1113 of transistor
1110 is coupled to positive input termnal 1122 of op-anp 1120. CQutput
termnal 1123 of op-anp 1120 is coupled to gate

- 33 - termnal 1132 of matching transistor 1130. hbgatlve i nput termn
1121 of op-anp 1123 is coupled to drain termnal 1131 of matching
transistor 1130. Since drain termnal 1131 is coupled to input term nal
871 and source termnal 1133 of matching transistor 1130 is coupled to
ground, tuning current I[err] on input termnal 871 is forced through
natchig? transi stor 1130. A feedback path is formed fromoutput term nal

1123 ogf op-anp 1120 to gate term nal 1132 of
@ R
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mat chi ng ¢ransi stor 1130 to drain termnal 1131 of matching transistor 113
to negative input termnal 1121 of op-anp 1120. Due to the feedback path
op:any” 1120 causes the vel ttage at negative input term nal 1121 - of op-anp
1120 to equal the voltage at positive input termnal 1122 of op-anp 1120,
which is equal to the voltage at emtter termnal 1113 of transistor 1110.
As expl ai ned above, the voltage at emtter termnal 1113 is equal to the
voltage the drain terninal of tail transistor 980. Therefore, the drain to
source voltage, V[err], of mtching transistor 1130 and tail transistor
980 are equal. Since tuning current I[err] is forced through matching
transistor 1130, the voltage at gate termnal 1132 of matching transistor
1130 is at the appropriate V[err] to allow tuning current I[err] to flow

t hrough matching transistor 1130. Since the gate termpgal 1132 is coupl ed
to the gate termnal of tail transistor 980 ohg tail bmMas current I[err] is

equal to the tuning current I[err]. Howevergs fas explaﬁéed above the a
factor of transistor 960 requires that tail Bids currentdI[err] be matched

wWith tuning current I[err] divided by a. Fur hernn{er'thé'feedback | oops of
t he enbodi nent of FIG 11, becones unstable §f thejcapacithnce on out put
terminal 873 is large. Due to_the |arge—frumy “ﬂ?f+ijf7

] rphsistors in the
ER filterpeutpor—Termnal 873 has a | arge capaciiamcefTEBaFefore, t he
embodi mar{t of FIG 11 I " |‘ .
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Al Is not well suited for an ER filter.

"’enbog:li ment of tenperature/voltage conpensatiop ciRERPLACEMENT! SYETS
termnal 871 carrying tuning current I[err] is cgt;pésegpﬁ&,:ﬁdggé’g:q r —
termnal 1232 of first current mrror 1230. F erCl%g)ent.ﬂgg&w Zgaﬁg as.
a power termnal 1233 coupled to ground. Firshgpﬁﬁﬁﬁﬁ %yﬁéééﬂifi é@g% iﬁ—

: or’ Ll

has second current 1231 coupled to fli[#‘?t curre
current mrror. 1240. Second current

coupl ed to positive supply voltage Vferr].
has second current term nal 1241 coupled to co
Input termndl 0&71 is al so couplied o output term na

transi stor

12101 0 2

873 and gate ter

i s coupl ed

Si nal 1222 of matchizg transi stor 1220.
to—the—gate—fer m na ' nsi st gF—986-

I
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term nal 1223 of transistor 1220 is coupled to ground, the source term nal
‘of tail transistor 980 is coupled to ground and gate term nal 1222 is
coupled to the gate terminal of tail transistor 980, matching transistor
1222 and tail transistor 980 have the sane gate to source voltage.

Input termnal 872 is coupled to base termnal 1212 of transistor 1210 so

t hat common node voltage VCMis placed on base term nal 1212. The vol tage
‘at emtter termnal 1213 of transistor -1210 is held to a voltage of conmon
node voltage VCM minus base to emtter voltage V[err] of transistor 1210.
As expl ai ned above with respect to El/g4 11, the resulting voltage on
emtter termnal 1213, which is coupled to drain termnal 1221 of matching
transi stor 1220, matches the drain to source voltage of natching transistor
1220 to the drain to source voltage of tail transistor 1220. Si nce

mat chi ng transistor 1220 and tail :
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- 35 - transistor 980 have the same gate to source voltage and drain to
‘*source voltage, tail bias current I[err] equals the current flow ng through
mat chi ng transistor 1220. Since tuning current I[err] flows into first
current termnal 1232 of first current mrror 1230, tuning current I[err]

is mrrored on second current termnal 1231 of first current mrror 1230.
Therefore, tuning current I[err] flows intdMirst current termnal 1242 of
second currént mrror 1240. Consequently decurrent mrror 1240
mrrors tuning current I[err] @n second ¢ur (,erill"gerrri nal 1241 of second
current mirror 1240. Therefo e coll Bt & lurrent of transistor 1210 is

equal to the tuning currelt ém andl—?ﬁiﬁn‘i ter current of trapsistor
1210 is the tuning current I[teger] di vi|dep"BY tjhe a of transistor [210.
Thus, the current flowing t transi 220 is tuning currept I[err]
di vi ded by the a of transistor{1220. Sinte taj®ias current I[[erf] is
forced to equal the cur tTHwi ng thro mgt chi ng transi stor 1p20, tail
bias current I[err] is b t uni ng—CUgzentft+ferri—divhded by [he a of
transi stor 1220. By matiching Yfansistqr [=20 Jith transistjor 960 fhe a
factors cancel out to roperly,:ttne the | frequency dqf the ER filter.
Furthernore, the enbodimefnt of§FIlG 12 ims—actgaldy stabili|zed by | ncreasing
t he capacitance on outputvterr@ncl 873. |, g -
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The particular inplenentation of first current mrror 1230 and second
‘current mirror 1240 is uninportant so long as the inplenentation provides
mat ching currents on the first current term nal and the second current
termnal. FIG 13 shows one enbodi nent of tenperature/voltage conpensation
circuit 870 with transistor level inplenentations of the current mrrors.
Specifically, first current mrror 123@4conprises NMOS transistor 1330 and
NMOS transistor 1340. Gate term nal 1332 of NMOS

- 36 - transistor 1330 is coupled to gate term nal 1342 of NMOS transistor
1340. Drain transistor 1331 of NMOS transistor 1330 is coupled to gate
termnal 1332 of transistor 1330 and %ébnd current input termnal 1231.
Drain termnal 1341 of -NMOS transistor 31340 is ggugled to first current
term nal 1232. Source term nal 1333 of NMOS fransiStor 1330 and source
termnal 1343 are coupl ed 4,0 ROVET Eﬁ?ﬂhﬁ?l }233, _which is coupled to
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gr ound Second current mirror 1240 conprises PMOS transistor 1310 and

" PMOS transistor 1322. Drain termnal 1311 of PMOS transistor 1310 and drain
term nal 1321 of PMOS transistor 1320 are coupled to power term nal 1243
which is coupled to the positive supply voltage V[err]. Source term na
1323 of PMOS transistor 1322 is coupled to first current term nal 1242.
Source termnal 1313 is coupled to second current termnal 1241, gate

term nal 1312 of PMOS transistor 1310, and gate term nal 1322 of PMOS
transi stor 1320. FI G 14 shows anot her enbodi nent of

t enper ature/ vol tage conpensation circuit 870 in which second current mrror
1240- 14 i ncor porates cascode transPBdors to increase the out put resistance
of the transistors in current mrror 1240-14. Due to the cascode

transi stors second current mrror 1240-14 requires biasing term nal 1244
and second -power term nal 1245. The basic function of second current mrror
1240-14 is to cause the curfEnt on first current term nal 32 to be equal
to the current _on_second.curtent termnal 1241 _ln seebnd current
mrror 1240-14, first curregk ter 'naﬂ 1242 ils co pl ed to] Source term nal
1453 of c §b de PMOS transi stpr 14b0N Praln tlermfnal 1451 of cascode PMOS

transi stofglp51 is coupled tof 1423 08 PMOB
o ol
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transi stor 1420. Drain term nal 1421 of PMOS -
* 37 - transistor 1420 is coupled to first power term nal 1243 which is
coupled to the positive power supply voltage V[err]. Second current
termnal 1241 is coupled to source term nal 1433 of cascode PMOS transistor
1430, gate termnal 1412 of PMOS transistor 1410, and gate term nal 1422 of
PMOS transi stor 1420. Source term nal 1431 of cascode PMOS transistor 1430
is coupled to source termnal 1413 #14PMOS transi stor 1410. Drain term na
1411 of PMOS transistor 1410 is coupled to power term nal 1243. Biasing
termnal 1244 is coupled to gate term nal 1462 of NMOS transistor 1460.
Source term nal 1463 of NMOS transd 4t®r 1440 is coupled to output term nal

1245 which is coupled to ground. Dr§in term nal 1461 of NMOS transi stor

1460 is coupled to source terin PMO$ 2 ransi stor 1440, gate

term nal 1442 of PMOS transisfor 1440, gat } 1432 of cascode PMOS
406 ER FILTER
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transi stor 1430, and gate term nal 1452 of PMOS cascode transi stor 1450.
Drain termnal 1441 of ..PMOS transi'stor 1440 is coupled to power term nal
1243. As expl ai ned above with respect to FIG 12, the current on first
current term nal 1242 should equal tuning current I[err]; therefore, both
cascode PMOS transistor 1450 and PMOS transi stor 1420 nust be biased to
drive tuning current I[err]. Furthernore, the current on second current
term nal 1241 should al so equal tuning curtent I[err]; therefore, both
cascode PMOS transistopr 1430 and PMOS transi stor 1410 nust be biased to
drive tuning current IEgrr]. The required biasing is acconplished by NMOS
transi stor 1460 and P Pransi stor 1440. Specifically, NMOS transistor
1460 has matching transifstor characteristics with matching transistor 1220;
furthernore, NMOS trangistor 1460 has the sane gate to source vol tage as

mat chi ng transistor 1259\ Therefore, NMOS transistor 1460 begins to sink
any charge that naxzexi on gate .
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- 38 -

" transi stor

t er m nal
1430, and cascode PMOS transi stor

1442 whi ch

wil |

activate PMOS tr-ansi stor

t hrough the various transistors wll

that the current through the transistors wll

or tuning current I[err] divided by the a of transistor

1440,

cascode PMOS
1450. Eventually the currents

be equalized by the current mrrors so

equal

1210.

tuni ng Current

[[err]
The

various enbodi nents of the structure and nethod of this invention that are
descri bed above are illustrative onl814f the principles of this invention

and are

enbodi nents descri bed.

mrrors,

not

i nmpl enent ati ons,

net hod,

can define other filters, error neasures, partial response signals, current
Gnanplifiers, GirC filters, storage elenents, gradients, hardware
firmvare, and Qse these alternative elenments to create a
%chuit, or systen1acciﬁﬁing to the principles of this invention.
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A

-39- CLAI M5 W claim 1. A nmethod for optimzing an ER filter
having a pole paranmeter and a zero in a readback system-of a storage device

conpri si ng: readi ng a sanple value from said storage devi ce;
determ ning an ideal val ue; cal cul ating an error neasure between
sai d sampl e val ue and said ideal value; and nodi fyi ng said
pol e paraneter to mnim ze sai d9g4r or neasure. 2. The net hod
of Caim1, further conprising nodi fying said zero of said ER
filter to m ni mze said error mneasure. 3. The met hod of C aim

1, wherein said sanple value is a custonmer datum
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4. The nethod of Claim1, wherein said pole paranmeter is a cutoff

frequency paraneter of said ER filter. 5 An apparatus for
optim zing an ER filter having a pole paraneter and a zero in a readback
system of a storage device conpri sing: nmeans for reading a sanple
value fromsaid storage devi ce; ‘ means for determ ni ng an
| deal val ue; nmeans for cal culating an error neasure bet ween
said sanpl e value and said ideal val ue; and means for
nodi fyi ng said pole paraneter to mnimze said error neasure.
- 40 - 6. The apparatus of O aill8fd further conprising
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means for nodifying said zero of said ER filter to mnimze said error

- measure. 7. The apparatus of Caimb5, wherein said sanple value is
a customer datum 8. The apparatus of Caim5, wherein said pole
paranmeter is a cutoff frequency paraneter of said ER filter. 9. A

met hod for optimzing an ER filter having a cutoff frequency and a
plurality of zeros in a readback system of a storage device conprising:

determ ning a cutoff value for said cuijf frequency and a filter zero
val ue for each of said zeros to folifa plurality of filter zero
val ues; reading a plurality of sanple values from sai d
storage device, wherein said plurality nunber determ ni ng an
i deal val ue associated for each of said sanple values to forma
plurality of M i deal val ues; Scal cul ating a mean square error
measur e e
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~

bet ween sai d sanpl e values and said ideal val ues; nodi fyi ng said

cutoff value and each of said- filter zero values to mnimze said nean
square error nmeasure; converting said cutoff value to a tuning
current; transform ng each of said filter zero val ues to a
filter zero voltage; altering said tuning current to a bias

vol t age; appl ying said bias voltage and each of said filter
zero values to said ER filter to adjugy - 41 -
said cutoff frequency and said zeros of said ER filter. 10. A

t enper ature/ vol tagé conpensation circuit
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~

having a tuning current input termnal, a voltage input termnal and a

‘vol tage output terminal, said‘tenperature conpensation circuit conprising:
a first current mrror having a first current term nal coupled to said
tuni ng current input termnal, a first power termnal coupled to
ground, and a second current term nal; a second current mrror
having a third current termnal coupled to said second current

termnal of said first current mrror, a . second power term nal coupled
to a positive supply vol t age, i&ﬁ a fourth current termnal; and

a matching transistor having a firs Gwer term nal coupled to said
vol tage i nput term nal and said fourth current term nal of said second
current mrror, a control termnal coupled to said tuni ng current

i nput teOmn nal and said voltage output termnal, and a second power

t er mi nal B: coupl ed to ground. 11. The tenperature/voltage
conpensaglpn circuit of Claiml0, fuﬁgher conprising a second transistor
havi ng a sécond control term nal couﬁ?ed to said voltage input termnal, a
third powpld-t-ef ft -Rat € oupl-ed +o—- sata-|[Fourth- r-ept—+ eri-rat—ef—sai d second
current mrror, and a fourth power tgrm nal Nupled to said |
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v

_first power terminal of said matching transistor; wherein said first power
‘termnal of said matching transistor is coupled to said voltage i nput
terminal and said fourth current termnal of said second current mrror

t hrough said second transistor. -42- 12.
The tenperature/voltage conpensation circuit of Caim10, wherein said
mat ching transi stor is a MOSFET. 13. The tenperature/voltage

conpensation circuit of Claim1ll, wherein said second transistor is
bi pol ar .
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