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invention relates to the field of optimzing the performance of signal
channel s, and, nore specifically, to optimzing the performance of
integrated circuit disk drive read channels. 2. BACKGROUND ART
Comput er systens enpl oy data storage devi ces, for exanple, disk drives, to
store data for use by the conputer system A typical data storage device
I ncl udes storage NMMETHOD ANPhAPRARATHS FOR AMALEMENTING e dDISENd a

GENERATOR IN AN INTEGRATED CIRCUIT DISK

DRIVE READ CHANNEL

BACKGROUND OF THE INVENTION

1.  FIELD OF THE INVENTION

This invention relates to the field of optimizing the performance of
signal channels, and, more specifically, to optimizing the performance of
integrated circuit disk drive read channels. |

2 GRO AR

Computer systems employ data storage devices, for example, disk
drives, to store data for use by the computer system. A ty_pical data storage
device includes storage media, in which data is stored, a read head, and a
mechanism, such as 2 motor, for imparting relative motion between the
storage media and the read head. The relative motion allows access to
various portions of the storage media, and, in the case of certain types of
media, such as magnetic media, allows for the production of signals
represenuﬁv-e of the data stored in the storage media.

In general, disk memories are characterized by the use of one or more
magnetic media disks mounted on a spindle assembly and rotated at a high
rate of speed. Each disk typically has two surfaces of magnetic media. In a
typical rotating medium as a storage system, data is stored on magnetic or
magneto-optical disks in a series of concentric “tracks," with each track being



mechani sm such as a notor, for inparting relative notion between the
‘storage nedia and the read head. The relative notion'allows access to
various portions of the storage nedia, and, in the case of certain types of
medi a, such as magnetic nedia, allows for the production of signals
representative of the data stored in the storage nedia I n general
di sk menories are characterized by the uge of one or nore nmagnetic nedia
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Each di sk typi WO surface gnetic nedi a. Lypi cal
rotating ”E‘@hél{%tﬁ&a@ STlAER deskinthe diskklbrage Sy ﬁbﬁhf €Thegd tﬁ%ﬁ@@ﬁe‘ dccé¥sed
magnet o-optical disks in a series of concentrlc "tracks," with each track
bei ng by a read-write head that detects variations in the magnetig axfentatihrestthel e ar ea
of the nenory arrgaqcs A read-wite head is provided for each surface of each
di sk in thedds rage system These tracks are accessed by a read-wite
head that detects variations in the nagnetic orientation of the disk
surface. To provide retrieval of stored data froma storage medi um
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representation of the stored data in the storage medium must be converted
into a signal that may be processed to yield data in a form usable with a
system such as a computer system. A read chanrel circuit is used to convert
signals from the storage media, for example a hard disk, to usable read data.
A read channel circuit typically incdudes a pulse detector, a filter, servo
circuits, a data synchronizler, a windo;w shift dircuit, a write precompensation
circuit, an encoder/decoder (ENDEC), and a control circuit. The pulse detector
detects and qualifies encoded read slgnals derived from the storage device.
The filter further processes the encoded read signals to ensure frequency

. range and phase relationships of the encoded read signals arg appropriate to
allow read data to be recovered from the encoded read signals. The servo
circuits capture servo information derived from the storage device which is
used to assure that data to be read from the storage device has been accurately
iocnted. |

In the read mode, the data synchronizer performs sync field search and
_data synchronization. The data synchronizer uses a phase locked loop (PLL)
to provide data synchronization and to develop a decode window. The
window shift circuit shifts the phase of the voltage controlled oscillator (VCO)



into a signal that may be processed to yield data in a formusable with a
‘system such as a conputer system A read channel circuit is used to convert
signals fromthe storage nedia, for exanple a hard di sk, to usable read
data. A read channel circuit typically includes a pulse detector, a filter,
servo circuits, a data synchronizer, a window shift circuit, a wite
preconpensation circuit, an encoder/decoder (ENDEC), and a control circuit.
The pul se detector detects and qual ifies3encoded read signals derived from
the storage device. The filter further processes the encoded read signals
to ensure fr r c@qﬁ fe!éﬁ‘}ew i WL read
signals are ggg?@ogy}'atta%o a Y%\g{vﬁfgg ata to 1@?@%%%/%?& fr%ﬁﬁehe encoded
read signal swifhifi therdekodé witidow. Clapfherwritemodej tHeownité ipoecotigpensatiod r om t he
storage device which is used to assure that data to be read fromthe
storage devi circhitaises the datasyachronizesdatprdvide data encodingtand indépendent t he
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3 control circuit coordinates and controls the operation of the aforementioned

circuits and subsystems.

The trend towards higher storage media recording density and higher

data rates has placed heavy demands on the signal detection process in 2
magnetic recording channel. Information is often provided to a read channel
in a bit stream format. A bit stream consists of a series of logical ones or zeros
presented in serial fashion. To accurately decode a serial bit streain, the read
channel must be able to detect each individual bit. The size of the regionon a
magnetic recordii\g disk used to represent a single bit has been greatly
reduced. This has increased the density of information, and the storage
capacity of disk drives. As the magnetic media recording density has
increased signal processing techniques have been increasingly used to achieve
the accuracy and reliability reéording systems require. For example, in the
past signal detection in magnetic disk drive read channels was based on peak
detection. Peak detection has now been largely replaced by the partial
response maximum likelihood (PRML) approach. For a discussion of recent

' PRML channel developments see G.J. Kerwin, et al., “Performance
Evaluation of the Disk Industry's Second-Generation Partial Response
Maximum Likelihood Data Channel," IEEE Trans. Magn., Vol. 27, No. 6, 4005



of the PLL to effectively shift the relative position of the read data

v pulse within the decode window. In the wite node, the wite
preconpensation circuit uses the data synchronizer to provide data encodi ng
and i ndependent late/early wite preconpensation for NRZ data. The ENDEC
provi des encodi ng and decodi ng, preferably of run length limted (RLL)
signals. The control circuit coordi nates and controls the operation of the
aforementioned circuits and subsystens. 4 The trend towards higher
st orage medi @@ 099H)N IV diativnk in 3amtidondaetor prbeessingeechniques proshiiceeraad
dermands on the signal detection process in a magnetic recording channel.

| nf or mat i on icbanrelarirquits witl yarying cireuld performance.nTa compensatefar thesgat . A
bit streamconsjists of a series of, | ogica nes, or .zergs .presented in
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reduced. This has increased the density of infornmation, and the storage
capacity of disk drives. As the nagnetic nedia recording density has

i ncreased signal prhe performancecdfra sigeal dhanneliag fori examgple, ndisk driwes] is o
achi eve the accur_aca and reliability recording systens require.
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The expanded use of signal procésing techniques requires that more
parameters be determined in the optimization process. For example to
optimize an advanced signal read channel may require determining the
following signal processing parameters: continuous time cutoff frequency,
fréquency boost, transversal filter tap coefficients, and detector threshold
values. In the past, one way magnetic disk drive read chaifhels have been
optimized is by incorporating a mean-squared error (MSE) in the channel
electronics, and making bit error rate (BER) measurements of the disk drive.
The MSE only provides an indirect measure of the bit error rate performance.
This can cause the optimization process to produce less than optimum

- channel performance. The MSE measures the squared error between the
received samples and the ideal target samples. Minimizing the MSE may not
minimize the noise bandwidth. Th1s would cause the signal-to-noise ratio to

not be maximized, and a higher BER.



4 (Nov. 1993). Variations in sem conductor processing techni ques produce
‘read channel circuits with varying circuit performance. To conpensate for
t hese variations the performance of each read channel is characterized and
paranmeters are adjusted to optim ze the channel. The performance
of a signal channel in, for exanple, a disk drive, is optimzed by
characterizing the effects of the channel on a signal and defining
operating paraneters based on that charatterization. The optim zation
process is perfornmed during factory calibration. The expanded use

of 'si gnal pr ocesspopkRIEURIHEN MM §5 ubD OBz RhaRRIIGHS dhalph o1 i ned

in the optim zation proce exanple to opfimze an advanced si gnal

read channelpdgisd RGeS tHECi@hdl pirfismiai€e 0P Ithe thatthel! BER measmifiténts
paranmeters: continuous tinme cutoff frequency, frequency boost, transversal

filter tap carefdfien mate, withpsewdoerangom kigrahphtterral Udhen|the BER jsdsw, one
- way magnetic disk drive read channels have been optimzed is by

i ncor por at i rRgeasuringhitdakes tog ranely timeorhe practicel. diosixample.derapdimize a and
maki ng bit errqr,rate. (B a nents,of the.disk driye. The MSE only
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sanpl es and rdise toltitd testsignal. Shinhlegqsrodirbiioripzodegs, tihjectifig nstse frarh axi ni i ze
t he noi se bandw dth. This woul d cause the signal-to-noise ratio to
external source is undesirable because it requires providing a connector to an
external noise source or opehing the drive under test. Providing a connector
to an external noise source increases the disk drive manufacturing cost
because of the increased production handling costs and additional production
equipment. Injecting noise from an external source has the further drawback
that the disk drive cannot reddily be re-optimized in the field to compensate
for component drift. Therefore, it would be desirable to provide a noise .

source to increase the BER without the drawbacks of the prior art.



not be maxi m zed, and a hi gher BER

*5 _ The BER is an ideal neasure to use to optim ze channel performance
because it gives the actual performance of the channel. BER neasurenents
are often nmade with pseudo-random signal patterns. Wien the BER is | ow,
measuring it takes too nuch tine to be practical. For exanple, to optim ze
a hard disk drive with a |ow BER may take up to five hours. One way to
reduce optimzation time is to increaseghe BER, The BER can be increased
by adding noise to the test signal. In the production process, injecting
noi se-from an external source is undesirable because it requires providing
a connector to an external noise source or opening the drive under. test.
Provi di ng a connector to anxxviiAR) ks di y reases the disk drive
manuf acturi ng cost because of the |ncreased productlon handl i ng costs and
addi ti onal production equipnent. Injecting noise froman external source

" the field to domned andripsatfins lidblobftnERg I holsE onktardiful f,°p 1 M =
desirable t nfgPy te CiRultohaVAng Ates® chnidl &b Vptitnizh thEPRrfornbRe of ik -

dr awbacks o prior art.
' read channel is described. The present invention generates noise in an

integrated circuit read channel to more efficientljr optimize the read channel.

In the preferred embodiment of the piesent invention, resistors are
used as a noise generator. A buffer and pre-amplifier stage isolates the noise
generator and amplifies ti\e noise signal. The amplitude of the noise signal is
controlled by a programmable multiplier. The multiplier is programmed
through a differential current digital-to-analog converter. A filter circuit
limits the noise bandwidth. In an alternative embodiment, the filter _
bandwidth and frequenr.;y boost are programmable to vary the noise frequency
spectral content. A gate circuit connects and disconnects the noise signal to
the channel. A differential current output buffer buffers and interfaces the
noise generator sub-circuit to its load.

The signal channel optimization process comprises measuring the
performance of the channel and defining parameters to maximize the signal
recovery. In the preferred embodiment, the output of the noise generator
sub-circuit is summed with a pre-amplified read signal. The noise enhanced
read signal then passes through an automatic gain control block and an

equalizer before reaching the detector. The generated noise is combined with



6 - SUMVARY OF THE | NVENTI ON A met hod and
apparatus for inplenenting a noise generator in an integrated circuit
having a read channel to optim ze the perfornmance of the read channel is
descri bed. The present invention generates noise in an integrated circuit
read channel to nore efficiently optim ze the read channel. In the
preferred enbodi nent of the present invention, resistors are used as a

noi se generator. A buffer and pre-anplifi¢r stage isolates the noise
generator and anplifies the noise signal. The anplitude of the noise signal
i s control | edhéyead signal wnimetease the bit piroe rate THnrcreasing the bit ersormateyusinged
through a differential current dlgltal-to anal og conyerter. Afilter
circuit |im & internabpeisesouecs allgws fastexmeasusement okthe bib griessate ¢ he

fil bandwi_dth df bl h '
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and interfaces t noil se ge erator s circuit toiIts The
si gnal channgirotide dnidrei efficiphparttod MP appefati® AAUSPI@IZiNg read channels.



performance of the channel and defining paraneters to maxim ze the signal -
recovery. In the preferred enbodi nent, the output of the noise generator
sub-circuit is sumred with a pre-anplified read signal. The noi se enhanced
read signal then passes through an automatic gain control block and an
equal i zer before reaching the detector. The generated noise is conbi ned

W th 7 the read signal to
increase the bit error rate. Increasing %he bit error rate using an
internal noise source allows faster neasurenent of the bit error rate

w t hout having to open the drive under test or connect an external noise
source. Hence, the present invention uses an internal noise source to
provide a nore efficient Ei OESORIBTION OE THB DRAWINGS ng read channel s.

DRI

Figure 1 is a block diagram of a noise generator connected to a signal

channel.

Figure 2 is a block diagram of a noise generator according to the present

invention.

Figure 3 is a schematic diagram of the preferred embodiment of the

noise generator component of the present invention.

A



8 BRI EF DESCRI PTI ON OF THE DRAW NGS Figure 1 is a
bl ock di agram of a noi se generator connected to a signal channel.

Figure 2 is a block diagram of a noise generator according to the present
i'nventi on. Figure 3 is a schematic diagramof the preferred

enbodi ment of the noise generator conponent of the present invention.
9

9

A noise generator in an integrated circuit for optimizing signal
channels is described. In the following description, numerous specific detrils
are set forth in order to provide a more thorough understanding of the
present invention. It will be apparenti however, to one skilled in the art, that
the present invention may be practiced without these specific details. In other
instances, well-known features have not been described in detail in order not

to unnecessarily obscure the fresent invention.

In the past, one way magnetic disk drive integrated circuit read
channels have been optimized is by calculating the mean-squared error. The
mean-squared .error only provides an’indiréct measure of the drive's BER;
and therefore often produces less than optimum channel performance.
Measuﬁng the BER is a more accurate approach because it represents the
actual performance of the channel. For low bit exror rates measuring the BER
is impractical because it takes too much time. Therefore, a fast, cost efficient
way to increase the BER is needed that can be used to re-optimize devices in
the field.

The present invention avoids the problems of the prior art by
implementing a noise generator in an integrated circuit read channel device.
To optimize a signal channel without adding noise may take up to five hours.
The present invention can reduce this optimization time by a factor of 1000.

1N



DETAI LED DESCRI PTI ON OF THE | NVENTI ON A noi se generator in an
integrated circuit for optimzing signal channels is described. In the
foll owi ng description, numerous specific details are set forth in order to
provi de a nore thorough understanding of the present invention. It will be
apparent, however, to one skilled in the art, that the present invention
may be practiced wthout these specific details. In other instances,

wel | - known features have not been describggl in detail in order not to
unnecessarily obscure the present invention. In the past, one way

magnetic disk drive  integrated cjrqguit read, channe] s have been optimzed is
by cal cul aﬁﬁ@fﬁmtri@&ﬁng%aﬁ éHPtF# F_g@ﬁ@que% Vices & ‘gli‘}cgrs‘%&y provi des
an indirect, nmeasure, of the driyes.BER and therefore oft. odyges | ess
han opt | AHANEIEL TAGIAtoDS KaHAh Y theanannLiring pReeess SRRl At o
approach because .t  r.epresen h ctual. perfor f dde chanpel For
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much tine. . . f Ll - ARY i i S
necded ¢ naPrREhE fvehuich hithdeCuckls, Wipe BB nllbreRELBILA BReSSRA T,
present i nygRtdQyesivoi ds the problens of the prior art by inplenmenting a
noi se generator 1n an integrated circuit read channel device. To optim ze a
si gnal channel wi thout -addi ng noi se nay take up to-five hours. The present

invention can reduce this optinmization tinme by a factor of 1000.
In the present invention a thermal noise source is provided in an

integrated circuit that has a read channel. This avoids the problems
associated with an external noise source caused by having to open the device
being manufactured, or ha(ring to make an external connection to a noise
source. The circuit uses the thermal noise of resistors as the noise source.
The noise source is buffered and the noise is amplified by a pre-amplifier. A
multiplier controls the amplitude of the noise. A digital-to-analog converter
(DAC) controls the multi?licaﬁon factor of the multiplier. ‘;rhe multiplier
control input is exponential so that the DAC controls the noise level in log
decibel (dB) steps. A gate circuit is used as a switch to open and dlose the
coupling between the multiplier and an output buffer. The output buffer
stage provides a buffer and interface to the noise generator load.

Figure 1 is a block diagram illustrating how the noise generator of the
present invention is connected to a signal channel. A test signal 102 is
coupled to pre-amplifier 104. Pre-amplifier 104 is coupled through node 120
to summer 106. Noise generator 108 is coupled through node 122 to summer

106. Summer 106 is coupled through node 124 to Automatic Gain Control



10 The present invention is applicable generally to devices in which
'signal channel variations caused by the manufacturing process significantly
affect the.signal quality. Exanples of devices that may be inproved by
using the present invention include: nodens, tape drives, . mgneto-optical
drives, and disk drives. In the present invention a thermal noise
source is provided in an integrated circuit that has a read channel. This
avoi ds the problens associated with an external noise source caused by
havi ng to open the device being manufactdted, or having to make an external
connection to a noise source. The circuif uses the thermal noise OL
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is anplified by a pre- i fier. nul tijplie ontrolss the anplitude of the
noi se. A dtif lseﬂ"-‘ﬂ’ge‘i %Eﬂ%ﬁ%#’ ééﬁ%}"rc{)]rér ols the nultiplication
factor of the multiplier. The nultiplier control input is exponential so
that the DAC controls the noise level in |og decibel (dB) steps. A gate
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signal 102 and provides a pre-amplified output through node 120 to sumumer

106. The test signal is combined with the output of the noise generator 108 in
summer 106. In the preferred embodiment, noise generator 108 is in 2 signal
channel integrated drcuit. In an alternative embodiment noise generator 108
could be in a separate integrated circuit, but where noise generator 108 and the
signal channel are still inside of a single device, for example a disk drive. The
noise generator output is summed with the pre-amplified test signal 102
before the AGC 110 and channel equalizer 112 so that the channel
performance can be calibrated as a function of the equivalent input signal-to-
noise ratio. The AGC 110 amplifies the test signal 102 to a predetermined
amplifude independentlof the amplitude of the test signal 102 input to the
AGC. The AGC 110 compensates for variations in the read signal amplitude.
For example,.disk drive inside-track-to-outside-track amplitude tolerances.
Equalizer 112 narrows the signal pulse which is representative of a bit. The
equalizer 112 enhances the detector's 114 ébility to distinguish p{ﬂses from
noise. The test signal 102 is then detected by.detector 114 and is compared

with a test pattern to evaluate the performance of the signal channel..

Figure 2 is a block diagram of the noise generator. Resistor noise

source 202 is coupled through node 220 to pre-amplifier 204. Pre-amplifier



present invention is connected to a signal channel. A test signal 102 is
+ coupl ed to pre-anplifler 104. Pre-anplifier 104 is coupl ed through node 120

to summer 106. Noi se generator 108 is coupl ed through node 122 to sumrer
106. Summrer 106 is coupled through node 124 to Automatic Gain Control

(AGC) 110. AGC 110 is coupled through node 126 to equalizer 112. Equalizer
112 is coupl ed through node 128 to detector 114. The test signal
102 may originate froma magnetic storage nedia, for exanple a magnetic

di sk read back head. Pre-anplifier 104 anplifies the test signal 102 and
provi des 204isecqupled thedughinode 223rtougtltiplier 2060 Cengohsignal @98 isthe t est

signal is conbined with the output of the noise_gen tqr, 108 L n sunmer
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Resistor noise source 202 generates a noise signal. Preamplifier 204
amplifies the noise signal. Multiplier 206 is a programmable multiplier |
controlled through node 224 by differentia.l current DAC 210. Differential
current DAC 210 is in turn controlled by control signal 208. Hence, multiplier
206 allows a user to program the-amplitude of the noise signal. Filter 212
limits the noise bandwidth. In an alternative embodiment, the filter
bandwidth and frequency boost are programmable to vary the noise frequency.
spectral éonteﬁt. Gate 214 is controlléd by gate signal 216. Gate 214 is used to
connect and disconnect the noise signal to the channel. Thé noise source can

also be turned off by removing the circuit bias voltages.

Figure 3 is a schematic diagram of the preferred embodiment of the
noise generator component of the present invention. Resistors R1 and R2 are
an example of a noise generating means. R1 and R2 primarily generate
thermal noise caused by the random motion of electrons due to thermal -
agitation. The resistors exhibit electrical noise in the form of small ac voltage
fluctuations when a dc voltage is applied to them. The noise the resistors

generate is a function of the applied voltage, the physical dimensions of the



noi se rati o.

The AGC 110 anplifies the test signal 102 to a predeterm ned

‘anpl i tude i ndependent of the anplitude of the test signal 102 input to the

AGC. The ACC
For exanpl e,

110 conpensates for variations in the read signal anplitude.
di sk drive inside-track-to-outside-track anplitude tol erances.

Equal i zer 112 narrows the signal pulse which is representative of a bit.

The equal i zer

112 enhances the detector’'s 114 ability to distinguish pul ses

fromnoi se. The test signal 102 is then detected by detector 114 and is
conpared with a test pattern to eval uate 18he performance of the signal

channel .

gure 2 is a block diagramof the nqi se generator.

Resi st or msast@rm@ &\gbma&npémpanmMngﬁmeMm%e Bas aameans i er 204.

Pre-anplifier

12 204 is

coupl ed t RABAEhVABK(i2oaveragaRawey) igiven by the squagions gnal 208 is coupl ed

t hrough node

208 to differential current DAC 210. Differential current DAC

210 is coupled through node 224 to multiplier 206. Multiplier 206 is
coupl ed through nod 6 to filter 212. Filter 212 is coupled to gate 214

t hrough node
218.
Preanplifier

This

228. 24kRTE2 cfdpl ed through node 230 to output buffer

Resi stqr noi se source 202 8enerat es a n0| se signal .
204  k = Boltzman's constant s)

T = resistor temperature in degrees Kelvin
R = resistance in ohms

f7 - f{ = noise bandwidth in hertz

resistor noise (a.k.a. “Johnson noise") is "white" noise, since its root-

mean-square value per unit bandwidth is constant from dc to high

frequencies. Other noise genefaﬁng means besides resistors can be used. For

- example, alternative noise generating means include, diodes, Bipolar

Junction Transistors (BJTs), and Field Effect Transistors (FETs).

Transistors Q1, Q2, Q3, Q4, resistors R3, R4, and current sources I1, I2

and I3 form a buffer and pre-amplifier stage. Resistor R1 is coupled to the

base

of transistor Q1. The collector of transistor Q1 is coupled to VCC through

node 302. The emitter of transistor Q1 is coupled to current source 13 through

node 305. Resistor R2 is coupled to the base of transistor Q2. The collector of

transistor Q2 is coupled to VCC through node 302. The emitter of transistor

Q2 is coupled to current source I1 through node 324. Current sources I1 and I3

are coupled to ground through node 300. In an alternative embodiment, I3 is

a proportional to absolute temperature (PTAT) current source.



anplifies the noise signal. Miultiplier 206 is a progranmmable multiplier
‘controll ed through node 224 by differential current DAC 210. Differenti al
current DAC 210 is in turn controlled by control signal 208. Hence,

mul tiplier 206 allows a user to programthe anplitude of the noise signal.
Filter 212 limts the noise bandwidth. In an alternative enbodi nent, the
filter bandw dth and frequency boost are progranmable to vary the noise
frequency spectral content. Gate 214 is q@ntrolled by gate signal 216. Gate
214 is used to connect and di sconnect the noise signal to the channel. The

noi se source can al so be_turne ff by repoving the circyit bias vaqltages.
Figure 3 is a Mtqré(aﬁagﬂés'ig@m@ M@rrmleam-ni'hﬁ emltteﬁ@?noi se
generator conpanent, of th esent inventian Registors,RL an re an
Ol o ot RTRPE K1 fhsoibiech 5 B hase Ghttaiiites G Bhenohinds The e e
noi.se caused hy t r am tion of, electronsa.d r.al I fation.
.The resi stc8ﬂ-§dé{ mqﬁfaf“séﬁqgmé ﬁ“ﬂg‘f‘gg" ?ﬁ?‘ﬁtﬁﬁ i?o ﬁﬁsiﬁ%éggllg%g‘és&&t ?’age
fluctuati %d\‘. al ng J}egg | sistors
generate %ﬁgwﬁﬁncgl on ogo?hgﬁé%p I e éﬁﬁ?ﬁ%&i t el%—E(gg?fc}glsﬁ | _rre%zgﬁleons of
the source 12 and the emitter of transistor Q4 t_hrou%h node 3061 Turkést §ges 12 and
their material conposition. The thermal noi se has a nean-

is coupled to ground through node 300. The emitter of transistor Q2 is

coupled to the base of transistor Q4. The collector of transistor Q4 is coupled

to resistor R4 through node 307. Resistor R4 is coupled to VCC through node

302.

Transistors Q5, Q6, Q7, Q8, Q9, Q10, Q11, Q12, diodes D1, D2, resistors
RS, R6, R7, R8, and current sburces I4, 15, and 16 comprise a "Gilbert
Multiplier Cell." Generally Gilbert Multiplier Cells take two analog inputs
and produce an output ﬁroporﬁonal to their product. Here, _giﬁdes bS, D4, D5,
and D6 with transistors Q11 and Q12 form a coritrol section of the multiplier
that produces an exponential output dependence on the differential current
DAC control signal 354. The multiplier control section is relatively
temperature iﬁdependent. For a detailed discussion of a related temperature
compensation control circuit for an exponential gain fur_xétion see U.S. Patent
Number 5,162,678 Yamasaki. Multiplication (gain) control is provided from
the differential current DAC. One Gilbert Cell Multiplier input is formed by
nodes 307 and 304, and the other input is formed by nodes 320 and 321. The
Gilbert Cell Multiplier output is formed by nodes 310 and 316.



square value (i.e. average power) given by the equation:

Terr] = 4kRT(f[err] - flerr]) k = Boltzman's constant (1.38 X
10*23 W s) T = resistor tenperature in degrees Kelvin
R = resi stance in ohns flerr] - f[err] = noise bandwidth in

hertz This resistor noise (a.k.a. "Johnson noise") is "white" noise,
since its root- nean-square value per unit bandwidth is constant fromdc to
hi gh frequencies. O her noise generating ans besides resistors can be
used. For exanple, alternative noise genéggting means i ncl ude, di odes,

Bi pol ar Juncti ' , ] i T ' FETs) .

Tlr gnsi st org Qll,f%?:ﬁsysl @%?e%@‘sawlgg@éggﬁgn?ﬁggdlfr%%g{sfsI (1 I Z)
d13f : feSe - [ I B34 ' dtoth

base of {raRISE Q1S 8ued BT CollEtoF Hifansiftat QYOmrGhgh MR e e

t hrough n%é&&d&h@faﬁi&kﬁfr%is eaisled tardicle 1 andRbeHe basguf r ent source

| 3 through node 305. Resi stor Is coupled to the base of transistor Q.
The col | ectransisfortQ7 tluctigh néRe B68.c Dipde D1 is dstipled to MTC thumglofoddhe

emtter of transistor Q2 is coupled to current source |1 through node 324.
Current sc30%cEhe emitter p transiston Qb dsi coupledotornesisteroRih Thedeasead. |1 n an
alternative enbodi nent, 13 is a_proportional to absglute tgrrpe ature (PTAT)
current scaangistor Q6 is coupled to the collector of transistor Q3 through node 304.

The collector of transistor Q6 is coupled to diode D2 and to the base of

transistor Q8 through node 309. Diode D2 is coupled to VCC through node

302. The emitter of transistor Q6 is coupled to R6.

Transistors Q7 and Q8 form an emitter-coupled pair. The emitters of
transistors Q7 and Q8 are coupled through node 314. The collector of
transistor Q7 is coupled to resistor R7, capacitor C1, and to the base of
transistor Q9 throug!_l node 310. Resistor R7 is coupled to VCC through node

* 302. The collector of transistor Q8 is coupled to resistor R8, capacitor C1, and
to the base of transistor Q10 through node 316. Resistor R8 is coupled to VCC
through node 302. The collectors of transistors Q9 and Q10 are coupled to
vCC througli node 302.

Diodes D3, D4, D5, and D6 with transistors Q11 and Q12 form the
control section of the Gilbert Multiplier Cell. Transistors Q11 and Q12 form
an emitter-coupled pair. The collector of transistor Q11 is coupled to the
emitters of transistors Q7 and Q8 through node 314. The collector of
transistor Q12 is coupled to resistors R5 and R6 through node 318. The base of
traxisistor Q11 is coupled to differential current DAC 350, and to diode D3



14 Transistors @B and Q4 forman emtter-coupled pair. The emtter
of transistor QL is coupled to the base of transistor B through node 324.
The collector of transistor B is coupled to resistor R3. Resistor R3 is
coupl ed to VCC through node 302. The emtter of transistor B is coupled to
current source |12 and the emtter of transistor Q4 through node 306:

Current source 12 is coupled to ground through node 300. The emtter of

t ransi st or C2 is coupled to the base of trnéisistor Q4. The col |l ector of

transi stor Is coupled to resistor R4 through node 307. Resistor R4 is
coupled to u%ughmdgmzaowwnsxscoupled toldiade D& dPipdedM gougled @8, Q,
QLo, QL1, Q12,

| odes D1, D2, resistors R5, and cu t sources
14, 15, andnpéeémfpﬂ'hgmo qpﬁ&ﬂffem&ﬂl%eﬂ DAG bert
Mul tiplier naj Q t 0 rtional
to their prggéj bg&“%&&é'%geggg Btﬁﬁd%%& %gﬁ’?ec?% h%slﬁes[)%fr&ggml and
Ql2 forma ?jgﬁ% r&pﬁ thfb‘ﬁ_gmﬂdde@obem{emwawapm:ﬁa ponent i al
out put dependence 8 eﬁgl fferential current DAC control si g%ﬁ.i& 354. The .
mul tiplier aadiQIl areaoispled foscursdnt sowet ¥4 tavpgh aode$22.n aprerdsaurcefiér a

detailed discussion of a related tenperature conpensati Qqn control circuit
for an expommumedgasmm&rpaﬁhgeée% The ey é’t‘s‘#"l 878 Yanmasaki .

Mul tiplication control i ov de e ent
DAC ne’ i aapleltol dark shieed? e Indectek 6 kb hor

is coupled to cun'ent source 16 through node 334. Current sources I5 and I6

are coupled to ground through node 300.

Field Effect Transistors (FETs) M1 and M2 form a gate to open and close
‘the coupling between the Gilbert Cell Multiplier and the output buffer stage.
The drain of FET M1 is coupled to the emitter of transistor Q10 thi-ough node
334 Thé drain of FET M2 is coupled to the emitter of transistor Q9. The gates
of FETs M1 and M2 are coupled to gate signal 352, which is used to turn the

‘Q
gates on and off.

Resistors R9, R10, R11, R12, transistors Q13, Q14, and current source I7
form the output buffer. The source of FET M1 is coupled to resistor R9
through node 326. The source of FET M2 is coupled to resistor R10 through
node 328. Resistors R9 and R10 are coupled to ground through node 300.
Transistors Q13 and Q14 form an emitter-coupled pair. The base of transistor
Q13 is coupled to the source of FET M1 through node 326. The base of
transistor Q14 is coupled to the source of FET M2 through node 328. The

emitter of transistor Q13 is coupled to resistor R11. The emitter of transistor



nodes 307 and 304, and the other input is fornmed by nodes 320 and 321. The
-G lbert Cell Multiplier output is fornmed by nodes 310 and 316.

15 Transistors @ and Q6 forman emtter-coupled pair. The base of
transistor @ is coupled to the collector of transistor 4 through node
307. The collector of transistor @ is coupled to diode D1 and to the base
of transistor Q7 through node 308. Diode D1 is coupled to VCC through node
302. The emitter of transistor @ is coupked to resistor R5. The base of
transistor @ is coupled to the collector of transistor @ through node

3?4irlE§i °£L§‘éé3§¥ﬁ%a§ra“5'sﬁ§é99%as§aa ' Kias °3f%r§fﬂ9%%dﬁﬁsh§ﬁ node
302. T )/
and @ 1 0¥ ot %ﬁﬁmé&rﬁ@%{?}a & gw&ﬁ%‘f”g%‘ih‘%s@? £ sﬁéﬁé‘a@f‘g%é &
resi stor i@gdé 300 A it of tihailor isind 9%%2?*5??”"‘%"@? SEAR Cae
310. Resig %@711{ Ehéfi t%@@f‘%ﬁr@@&h@%ffe@iﬂm@%&ﬁﬂtor of

transi stor I's coupled to resistor capacitor Cl, and to the base of

transi st opufghtt sMiouald 16 dandhér 16&&1&@11 R8dég220upl ed to VCC

The Gilbert Multiplier Cell, gate, and output buffer are an example of a
control means for controlling the noise level that is coupled to the signal
channel. The control means may generally be implemented using some form

of an amplifier and control signal.

Thus, a method and apparatus for implementing a noise generator in

an integrated circuit having a signal channel has been described.

N e



t hrough node 302. The collectors of transistors @@ and QLO are coupled to
"VCC t hrotugh-—rnede—302. . Diodes D3, D4, D5, and D6 with transistors
QL1 and formthe control section of the Glbert Miultiplier Cell.

Tr ansi st Iuﬂﬁﬂmﬁlﬂor man emtter-coupled pair. The collector of

t ransi st it 8 to the emtters of transistors Q7 and B through
node 314. The col l'ecfor“of transistor QL2 is coupled to resistors R err]
and R6 through node 318. The base of transistor QL1 is coupled to
differential current DAC 350, and to di od8 D3

16 through node 320. Diode D3 is coupled to diode D4. D ode D4 is coupled
to node 300. The base of Rasistor QL2 is coupled to differential current
DAC 350 and di ode DS t hrough node S%A%gde D5 is coupled to di ode D6.

Di ode D6 is coupled to ground through node 300. The emitters of transistors
Q1 and QL2 are coupled to current source 14 through node 322. Current
source 14 is coupled to ground through node 300. The emtter of transistor
Q i's coupl ed We daiment source |5 through node 332. The enmitter of
transistor QLO is coupled to current source |6 through node 334. Current
sources |5 and 16 are coupled to ground through node 300.

1. An integrated circuit noise generator comprising:
a generating means for generating a noise signal to optimize a signal
channel, a control means for controlling said noise signal, and a signal
~ channel; ' '
said generating means coupled to said control means;
said control means coupled to said signal channel;
said generating means and said signal channel being part of a single

device.

2. 'fhe apparatus of dlaim 1 wherein said generatix?g means and at

least part of said signal channel are part of the same integrated circuit.

3.  The apparatus of claim 2 wherein said signal channel is an
integrated circuit disk drive read channel.

4. The apparatus of claim 3 wherein said control means controls

the amplitude of said noise signal.



Field Effect Transistors (FETs) ML and M2 forma gate to open and cl ose the
coupling between the GTbert Cell Miltiplier and the output buffer stage.
The drain ' pled to the emtter of transistor QLO through
node 334. ”“l"fﬁl"ﬂ“'""ﬂl M2 is coupled to the emtter of transistor .
The gates of FETis ML and*M2 are coupl ed to gatesignal 352, which is used to
turn the gates on and off. Resistors R9, R10, Rl11l, R12,
transistors QL3, Ql4, and current source 19 formthe output buffer. The
source of FET ML is coupled to resistor RO through node 326. The source of
PET M2 is couplgd t OTh@SipHaPituddt dbin® YMhBRAR s3Ed colfGdl Mdln: Binphsedz10
are coupled to ground thrdugh node 300. Transistors QL3 and Ql4 form an

enm tter-coupl eda Wwﬁhﬁeﬂ@&ﬂﬁpﬁéﬁ@dﬁf&éﬂ%ﬁcﬁﬁ'eﬁedﬁgiﬁl-foeaﬂdlégsOur ce
of FET ML t hrough node 326. The base of transistor Ql4 is coupled to the
sour ce of ddnkeyler; andugfiltenpde 328. The emitter of transistor QL3 is coupled
to resistor R11. The emtter of transistor

17 Q14 is coupsaid pre-amplifiev cowpled Resdid igenerating anehni®i2 are coupled to

current source |7 throggﬂ node 330. Current source |7 is coupled to ground
t hr ough said multiplier coupled to said pre-amplifier;

said differential current digital-to-analog converter coupled to said
multiplies; and
said filter coupled to said multiplier.

6. The apparatus of claim 5 wherein said control means further
comprises:

a gate; .

said gate coupled to said multiplier and said signal channel so that
when said gate is off said noise sighal is isolated from said signal channel, and
when said gate is on said noise signal can pass through to said signal channel.

7. The apparatus of claim 6 wherein said generating means
comprises at least one resistor, and said noise signal is primarily thermal

noise.



QL3 and Q14 forma differential
current t he enbodl ment shown in Figure 2, the differenti al
current mm,m ”!ﬂ" to summer 106 through node 122. The

G | bert ate, and output buffer are an exanple of a
control neans for control ling the noise level that is coupled to the signal
channel . The control neans may generally be inplenented using sone form of

an anplifier and control signal. Thus, a nethod and apparatus for
i npl ementing a noise generator in an in8grat ed circuit havi ng a signal

igannel has begn dexcilaBgfH for generating 1qisg fa.optimize a §jgnal channel on

an integrated circuit comprising the steps of: o

generating a noise signal to optimize a signal channel, using a noise
generator, wherein said noise signal is generated in a device which includes
said integrated circuit with said signal channel;

controlling said noise signal using control means;

combining said noise signél with a test signal;

transmitting said noise signal and said test signal to said signal
channel; and | '"

evaluating said test signal to optimize said signal channel.

é. The method of claim 8 wherein said step of generating a noise
signal to optimize a signal channe! comprises: | |

generating a noise signal and transmitting said noise s:gnal to sald
signal channel, wherein said noise signal is generated on saud mtegrated
circuit with said signal channel.

10. The method of claim 9 wherein said step of generating a noise
signal to optimize a signal channel comprises:
generating said noise signal to optimize an integrated circuit disk drive

read channel.

11.  The method of claim 10 wherein said step of controlling the

noise signal controls the amplitude of said noise signal.



1. An integrated circuit noise generator conprising: a generating

—_—g

means for genermﬁel—se signal to optimze a signal channel, a control
nmeans for i d noise signal, and a signal channel; sai d
generatin "m m "E sal d control means; _ sai d control neans
coupl ed to *salc sai d generating neans and said signal

channel bei ng part of a si ngI e devi ce. 2. The apparatus of claim
1 wherein said generating neans and at Izeiast part of said signal channel
are part of the same integrated circuit. 3. The apparat us of
claim 2 V\,hereln sald 5|gnal nnel is integrated circ drive
read channel . The methog, %?ﬁlﬂﬁﬁrle]t?! eggin g ﬁirﬁt@\ﬂﬁ F’ﬁ’& (ﬁh‘éontrol
nmeans controh%ué fsgm h’toysdeeﬂgg‘dsal d B |se si gnal .

pre-amplifying said noise signal;

multiplying said noise signal;

controlling said step of multiplying said noise signal using a
differential current digital-to-analog converter; and

filtering said noise signal.

13.  The method of claim 12 wherein said step of controlling the
a:hplitude of said noise signal further comprises:

controlling said noise signai with a gate, so that when said gate is off
said noise 51gnal is isolated from said signal channel, and when said gate is; on
said noise signal can pass through to said signal channel.

14.  The method of claim 13 wherein said step of generating a noise

signal comprises using a resistor to generate primarily thermal noise.



19 5——The apparatus of claim4 wherein said control neans
conpri ses: a pre-anplifier, a nmultiplier, a differential current

digital-to-aiﬂ“ and a filter; said pre-anplifier
coupled to sall ﬂ"ﬁlmm&ﬁm’ans; said nultiplier coupled to said

pre-anplifier; shi ¢ di*fferential current digital-to-anal og converter

coupled to said multiplies; and said filter coupled to said
mul tiplier. 6. The apparatus of claim5 wherein said contro
means further conprises: a gate;, 2o said gate coupled to said

nul tiplier and said signal channel so that when said gate is off said noise
noUSe i gnal Can pacaRipals (F SpUNZRRrin Mkeien ditul Bk Te fead T ¢
appar at us &gnﬁbphau?Mrgel n said generating means conprises at |east one
resistor, and said noise signal is primarily thermal noise.
an integrated circuit noise generator, a signal channel, and a detection
means for detecting a test signal;
said integrated circuit noise generator comprising:
a generating means for generating a noise signal to optimize a signal
channel, and a control means for controlling said noise signal;
said generating means coupled to said control means;
said control means coupled fo said signal channel;
said integrated circuit noise generator and said signal channel being
part of a single device;
said detection means coupled to said signal channel to detect test
signals in said signal channel.
: ®
16.  The apparatus of claim 15 wherein said generating means and at

least part of said signal channel are part of the same integrated circuit.

17.  The apparatus of daim 16 wherein said signal channel is an
integrated circuit disk drive read channel.

18.  The apparatus of claim 17 wherein said control means controls

the amplitude of said noise signal.



20

nerating noise to optimze a signal channel on

an int egra. | it conprising the steps of: generating a noise
to Hi ,@”M&ue&nﬁ" channel , using a noi se generator, wherein said
£ %* ’

si gnal

noi se si gna n a device which includes said integrated
circuit with said signal channel; controlling said noise signal using
control neans; conbi ning said noise signal with a test signal

transmtting said noise signal and said test signal to said signal channel;

and

eval uating said test signal to gptim ze said signal channel.

9. The met hod of claim8 wherein said step of generating a noise signal

to optim ze a si%nal ﬁg%g‘ﬁ&{%@gﬁ:m%&fdﬂ%&gﬁhﬁ%?ﬂ&?{sse si gnal and

transmtting sal

si gnal

10. The net 11

noi S€ Si ghal ~ chann erern said noise
ar. E%.d on said integrated circuit with said signal channel.
bd of claim9 wherein said step of generating a noise signal

»]

is

to optimze a sj arApAfes!a ﬁﬁﬂ&?ﬁ%ﬁsé differential ¢8RRN2diftaFRI-EnilopSe

si gnal

to optimZe an Tntegrated Circuit disk drive read channel.
converter, and a filter;

said pre-amplifier coupled to said generating means;

said multiplier coupled to said pre-amplifier;

said differential current digital-to-analog converter coupled to said
multiplier; and

said filter coupled to said multiplier.

20. The apparatus of claim 19 wherein said control means further
comprises:

a gate; : _

said géte coupled to said multiplier and said signal channel so that
when said gate is off said noise signal is isolated from said:signal channel, and
when said gate is on said noise signal can pass through to said signal channel.



11. The nethod of claim 10 wherein said step of controlling the noise
signal controls the anplitude of said noise signal

21 12. The nethod of claim 11 wherein said step of controlling the
anplitude of said noise signal conprises: pre-anplifying said noise-
si gnal ; mul tiplying said noise signal; controlling said step
of nmultiplying said noise signal using a differential current

di gi tal -to-anal og converter and fijgering said noise signal.

13. The net hod of 12 wherel n sal d step of controlling the anplitude
AN INTEGATED CIRCUIT DISK
DRIVE READ CHANNEL

B: CT D
A method and apparatus for implementing a noise generator in an
integrated circuit read channel to optimizé the performance of the signal
channel. In the preferred embodiment resistors are used to generate noise.
The noise source is buffered and the noise signal passes through a pre-

- amplifier stage. A differential current digital-to-analog converter controlled
multiplier cell controls the amplitude of the noise signal. A switch connects
the noise signal to a differential current output buffer, which is coupled to a
signal channel.

Figurt_a 1



IS

controlling said noise signal with a gate, so that when said gate is off
'said noise signal is isolated fromsaid signal channel, and when said gate
is on said noise signal can pass through to said signal channel

14. The nethod of claim 13 wherein said step of generating a noise

signal conprises using a resistor to generate primarily thermal noise.

22 15. An apparatus for optinizing an integrated circuit disk
drive read channel conprising: : % egraped circuit noi se generator,
a signal channel, and a detection neans or detecting a test signal;

said integrated circuit noise gen conpri si ng: a generating
means for generating a noise signpl b0 gptimze a signal channel, and a
control neans for ¢tontrolling saijd @i sg signal; sai d generating
means coupled to said control ne said control neans coupled to
sai d signal channel; said ijnt ¢4rafed CIrCUIt noi se generator and said

si gnal channel being
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pért of a single device; sai d detection neans coupled to said signal

channel to detect test signals in said signal channel. 16. The
apparatus of claim15 wherein said generating neans and at |east part of
said signal channel are part of the sane integrated circuit. 17.

The apparatus of claim 16 wherein said signal channel is an integrated
circuit disk drive read channel. 8. The apparatus of claim 17
wherein said control means controks the*/hplitude of said noise si gnal .

23 19. The apparatus of claim 18 wherein said control neans
conpri ses:
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a pre-anplifier, a multiplier, a differential current digital-to-anal og
*converter, and a filter; said pre-anplifier coupled to said
generati ng neans; said nmultiplier coupled to said pre-anplifier;
said differential current digital-to-anal og converter coupled to said

mul tiplier; and said filter coupled to said multiplier. 20.
The apparatus of claim 19 wherein said control nmeans further conprises:

a gate; said gate coupled to said gyktiplier and said signal channel
so that when said gate is off said noise signal is isolated fromsaid
signal channel, and when saig gate is on said noise signal can pass

t hrough to said signal channég. ‘
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