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INFORMATION THEORETICAL 
CONCEPTS 

Recording Channel :$Infonnation Channel 

* CHANNEL: Physical means for transmitting or 
. , .. ;:;;wcc ...-. ... 

storing information. 

- 2- O.'/H9 (lCR. f<llIlI~~C'n) 



INFORMATION needs a PHYSICAL 
CARRIER 

o Active Information: 

~I nformation---1 

(mapping) 
). 

Active~~(/ 

Passive 

lL 
Active 

Grafted onto energetic carrier (power) 

o Passive Information: 

Non-energetic carrier (ordered state of matter) 

ACTIVE INFORMATION - SIGNAL 

PASSIVE INFORMATION - PATIERN 
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UTILIZATION 

Active Information 

• Easily transmitted 
(as electromagnetic power) 

• Dissipates away 
(eventually drowns in thermal ;noise) 

181 Ideal for communication between systems 

Passive Information 

Ii Not readily transmitted 
(shipping of matter) 

IilI Little long-term decay 

Ii1 Ideal for information storage 
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Digital 
Data 

I 
I 
I 
I 
I 
I 
I 
I 
I ,'" 

(mapping) 
I 
\ , \ , \ 

I \ , \ 

I \ 
I \ IL------______ \ 

\ 
\ , 

\ 
\ 

\ 
\ 

(do ma i ns) :~:~--I------------ -_.I-J Electric 
./ 

Digital 
Output 

Write Read 

~MEDIUM~ 
ELECTRONICS ELECTRONICS 
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Physical Channel 

Active Information is contained in: 

o Signals 
• Energetic physical carriers of desired information 
• Waveforms we want to see 

These are always accompanied by: 

o Noise C1 .. \tfY~l > '~'I/~VccL\JJ) 
• Unpredictable, random perturbations 
• Generated in channel hardware 
• Theoretically inescapable 
• Thermal noise, shot noise, etc. 

o Interference 
• Undesirable garbage signals 
• Avoidable 
• Environment generated 
• Electromagnetic interference, cross-talk, etc. 

o Distortion 
• (trace) average of difference between waveforms 

we get and those we want 
• Linear distortion: channel frequency response not 

adequate 
• Non-linear distortion: channel dynamic range not 

adequate 
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Basic Contributors 

o Magnetic Medium 

o 

o 

Transition 
DC-erase ~ Noise 
Track edge 

Overwrite 
Adjacent track ~ Interference 
Texture 

Intersymbol Distortion 

Head 
Coil/sensor resistance 
Eddy current damping 
Barkhausen 

Tri bo-electric 
Thermal asperity 
Cond uctive contact 

Noise 

Interference 

MR head asymmetry Distortion 

Electronics 
Thermall 
Shot j Noise 

Electro-mag netic Interference 
T A dynamics Distortion 
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WHY ENCODING-PROCESSING? 

At write-read process (mappir}.g) we los~ some 
information . 

This is due to: 

Noise Contamination 

Interference Injection 

Signa I Distortion 
linear 

-... non-I i nea r 

This can be counteracted by: 

• Encoding 

• Signal Processing 

-/0- 0.1/R9 (K.n. Klaa~scn) 



Channel Front-End 

o Definition 
The components ahead of the channel data 
module form the channel front-end 

o Front-End Components 

Read/Write transducer 

Tra nsd ucer-electron ics i ntercon nect 

Flex cable (input) 

Electronics module 

Flex cable (output) 

Disk enclosure connector 

Traces on drive electronics card 

o Two Signal Paths 

IIST-96 

The front-end comprises two data signal paths: 

* Read path 
* Write path 
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Front-End is a System 

o The components of a front-end form a system 

o 

o 

o 

'" 

• 
The mutual matching of these components becomes 
important for high data rates 

This system approach is needed because the physical 
dimensions and the signal frequency content in the 
front-end necessitates the design of a component in 
the context of its environment 

A good understanding of Recording Physics is 
important to arrive at the design specifications of the 
front-end components 
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includinq 1st, 3rd, 5th harmonics 
Date/Time run: 02/23/95 13:05:25 First three harmonics: 1 st, 3rd , 5th Temperature: 27.0 
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30 aeq phase shift in 5th harmonic 
Date/Time run: 02/23/95 13:09:13 o 

Fifth harmonic 30 phase shifted Temperature: 27.0 
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Electronics Role in Information 
Conversion 

( A- 5/)-e.f~;.1 --
f~~r~~ I - ') 

• Signal Conditioning //. t 

(Gain, filtering, TA suppression ... ) 

• Transducer-Electronics Interface 
(Impedance, biasing ... ) 

• I nterference Rejection 
(CMRR, PSRR ... ) 

-/5- 05/91 (Klaassen) 



Interference Rejection 

o Input Interference Pick-up 

• Capacitively coupled into head 
• Couples equally into both head leads 
• "Common-mode" type of int~rference voltage Vem 
• Head signal is "differential-mode" type signal voltage Vh 

1/2Zn 
I 

f 
~/2Vhl 

...---+11 t:::J c::J CI CJ CJ 

Vem 
11/2Vnl 

I 
~ 

1 /2Z h I 

Sillgie-Ellded Illput Amplifier 
(No CM interference rejection) 

Differential Input AI11plifier 
(Rejects CM interference) 

Measure of amount of rejection: 

Common-Mode Rejection Ratio ~~m I same r"m 
h 

CMRR 
Adnl 

Acm 

Adm 

Aem 

Vdm 

Vh 

Vdm 

Vem 

r 
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Interference Rejection 

• Cause: Any left/right input impedance imbalance causes 
CMRR to be finite (> 60 dB) "--/ ~ .[l£J <- "k.},,-

• Parasitic capacitances cause high-frequency CMRR roll-off of 
6 d B/ oct &-." .::. 5 .c/ ,) f (./'-/ e £.- £,1 ( .-Fr'e fIt ~ S . 

o Power Supply Interference 
• Feedthrough of power supply interference to signal output 
• Decouple power supply lines at side of module 

Measure of amount of rejection: 

J/ps 

Power Supply Suppression 
dm 

VPS 
+Vs 

Vdm 

• -vs 

1 
Aps 

Most often Ilreferred to inpurl (similar to CMRR) 

V, 
Power Supply Rejection Ratio ;: 

Vdm 

PSRR 

IlST-Y(' 

Adm 

Aps 

Adm == V 
h 

Aps 

- IS \b)-

Vdm 

Vps 

I sameVdm 

,'f(, I ".E. "L..\.·\SS r '\ i 



Interference Rejection 

• Cause: Finite impedance of (vertical) amplifier 
branches connected between the two supply lines. 
Supply voltage affects branch current and feeds 
through into signal output. .r 5'( "-~ li- er-ili 

• PSRR is usually worse in SE amplifiers 
• High frequency roll-off 6d8/oct 

IIST-96 -IS (c)-
3/96 (K.B. KLAASSE)\) 



Front-End Electronics 

Nomenclature: 

Pre-amplifier 
Head electronics 
Arm electronics 

Port-Dedicated Port-Common 

Dedicated- - - - - - - - - -

Head 0 

Head 1 

Head n 

IIST-t}6 

Amplification 

Common 

Signal 
Processing 

Switching 

- J b-
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Noise/Bandwidth Comparison 

Comparing an 

• Inductive read head 
• MR read head 

read-out by the same voltage sensing (high input 
impedance) pre-amplifier, shows that the 

• Number of turns n 
• (Inverse of) the sensor height h 

have equivalent roles in the 

• Signal amplitude 
• Bandwidth 
• Signal-to-noise ratio 

IIST-96 -23-
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Noise and Bandwidth 

( 
Inductive Read Head 

Comparison 
MR Read Head . 

Read out by same voltage sensing preamp. 

Input referred noise voltage Van 
- Input capacitance C 

* Scale inductive head: turns ratio 1] 

( "74 '''1 .. ' .. ' .. L -<.. £. (l. '? '('7r ,v 

V 
Rh == 1]Ro, Lh == 1]21-0, Vh == 1] Vo 

* Scale MR head: inverse sensor height 
ratio 11' 

Rmr 1]' R' 0, V mr 1]' V' 0 

- 21-,- 07/94 (K.B. Klaassen, J.CL. van Peppen) 



Noise, Bandwidth Cont. 

• Inductive Head 
Input circuit bandwidth of critically 

. damped head: 

1 1 
f_ 3dB == 

2nJ112LoCt 2ntl)LoCt 
~,~~ 

t( 
(Spot) Signal-to-Noise Ratio (b"f == 1 Hz) 

SNR == 

SNR == 

. V2 
h 

. 2 
4kTRh + Van 

~ '\ ._-1> f\v-r ~l . (v'" - \ 

2,/2 
tl va 

2 
4kTtlRa + Van 

<) 5 _ 07/94 (K.B. Klaassen, J .c.L. van Peppen) - ..... 



Noise, Bandwidth Cont. 

• MR Head 
Input circuit bandwidth: 

1 
2nn'R' C " 0 t 

Spot SNR: ~-f l}tb VL.JJ 

SNR 

SNR 

2 
Vmr 

2 
4kTRmr + Van 

l1,2V,2 
o 

'-- t1 II 

4kTr(R' 0 + V~n 

I<,o'f -)l

,'. Ie, f "') (;/o ~' I a,,'" It "'.) 

_ 2 b - 07/94 (K.B. Klaassen, J.CL. van Peppen) 



Noise, Bandwidth· Cont. 

Hence, the inductive and the MR head have 
the same scaling factor dependence 

Signal: V == 1JVo 

Bandwidth: f_ 3dB 
1 

2n1JTo 

SIN Ratio SNR == 
112V~ 

4kTl1Ro + V~n 

. The role of number of turns n in an inductive 
head is equivalent to the role of (the inverse 
of) the sensor height h in an MR head 

-17 - 07/94 (K.B. Klaassen, J.c.L. van Peppen) 



Some Recording Physics 

o Single-Element Inductive Read/ Write Heads 

• Advantages 
Self-generati ng 
Simple servoing 

(need no bias) 
(single element) 
(symmetrical track profile) 

Linear reader 
Robust (in view of ESD and corrosion) 
No thermal asperities (when flying low) 

• Disadvantages 
High velocities only 
Large N 
High inductance 

- Limited bandwidth 

(Faraday, d<.Djdt sensitive) 
(narrow trackwidths) 
(high speed writing requires 
large electronics supply 
voltage, dissipation) 
(coi l-electron ics resona nce) 

• Probably not extendable beyond 
(12.5 MB/s, 5 pm tracks) 

IIST-96 -18- 3/96 (K.B. KLAASSE,\) 



Inductive Heads 

Single-element read/write transducer 

• Scale head turns N 
Vh = NVo 
Rh = NRo Leads: L = L, 
Lh = N2Lo 
Ch = NCo Extra, parallel port: 
Iw = MMFjN C = Ce 

• Critically damped head band-end: 

1 1 
Wo fLC 

"I JN3LoCo 

• Degrades quickly for increasing N 
(needed for decreasi ng trackwidths) 

• Extra burdened by parallel port (Ce ) 

For higher data rates/narrower tracks an MR 
head is unavoidable 

IIST-96 - 28 tc\)- 3/96 (K.B. KIAASSE,\) 



Some Recording Physics (Cont) 

o MR Read/Inductive Write Heads 

Position i ng of the two elements: 

Side-by-side, piggy back, merged, integrated 
" 

• Advantages 
[:; 1t'V\. et "'i- r-S ~~ 

po> f cO'--7-' 
Large signal/unit trackwidth 

Velocity independent (flux-sensing) 

Very large bandwidths possible 

vvO "' > l , 

Separately optimized read and write heads 
Low N write head 
Write-wide, read-narrow 

Isolated pulse shape with no undershoot 

• Disadvantages 

IIST-96 

Active read element exposed at ASS 
Thermal asperities 
Electro-erosion 
Corrosion 
Smearing 

- 2q- 3/96 (K.B. KLAASSE:\) 



Some Recording Physics (Cont) 

IIST-96 

. ~? rx~'? 
( Jll---- . -5 .y~fr 'D. (j~ ( (iA.rrtJ--

11 tiX > ~ A 1,t-"'-. ( ) 
ESD sensitive / {j t>~~~"-'~ 1'~ ~..k~ t\r1\1l<A 

Electromigration (sensor temp., current density) 

Interdiffusion (sensor temp.) 

Non-linear read sensor (amplitude asymmetry) 

Needs shields for high resolution 

Asymmetrical track profile 

Write-to-read offset (skewed slider, micro jog) 

Complexity (e.g. lapping) 

-30- 3/96 (K.B. KLAASSEN) 
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ESD Discharge 

! 
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Electro-Static Discharge (ESD) 

• MR sensor failure due to electicaloverstress caused 
by accidental electrostatic discharge (tools, people) 

• Simulated by Human Body Model 

I ~~!;l ~ ~ 
V l~~~~- C DUT 

h \:,,"1\ I h b \'Y\ ~ _----' 

Chbm = loopf, Rhbm= I.skn. 

• Energy release into MR head 

I iJ <J :>,£ ~i}j.,{D 
() 'p j-L ~ +";5 IY-v.fs 
.~.1 ,I. f 't:.<Wv-"';' 5 Ln· e._", 

M R \-\ eo.d rlp' ~ ,J~':7 k~?4 
C(,d'r{;v+-~) 

(T ::::: \ so \"'IS '\ 
nbM J 

2 Thbm 
EMR RMR 10 2 (RMR ~ Rhbm) 

10 VhbmlRhbm 

RMR 
EMR 0 Ehbm , 

hbm 
Ehbm 

1 2 
2ChbmVhbm 
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-------------------------------

ESD Discharge 
--- ----. 

100 rnA Idiv ESD Current 

A 
~V\ ~ ---

I 
100 ns/div i 

ESD Charge 

10 nC Idiv V 
I,.--

V 
-~ -

Vertical Horizontal Acquire Graticules Page Rem 
Oesc Oesc Oesc to Wfm 2 

Avg (Intg ( Main Avg#=172 All Wfms Avg ( 
h Pr OM kw . h 

Input FFT Act on Main Pan/ Main 
Parameters Control Delta Size Zoom Position 

Volts None i00n Off -110n 
HanninQ s/div s 

-33-



.-----------------------
I-

ESO Discharge 

ESD Current 

100 rnA /div 
f\ 

If\ 1 

~ V\ i'---.. 
I 

I t---.. 1 

JJ 

50 ns/div 

~ per div V- I--

~ 
0.8 nJ/Q 

Vertical 
Oesc 

Avg (Intg ( 
HO h Prec 

Input 
Parameters 

/ 
v 

ESD Energy 

/ 

Horizontal Acquire Graticules Page Rem 
Oesc Oesc 
Main Avg#=228 

kw ° h 
FFT Act on 

Control Delta 
Volts None 

Hannin 
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St M On 
Main Pan/ Main 
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Electro-Static Discharge (ESD) 

• Lethal sensor MR peak voltage 
Heat flow study: 

Vp,MR == K1RMR + K2TW 

K1 ~ 33mA, 
5 K2 ~ 1.7 x 10 VIm 

• Typical values 
For RMR == 30 Q head, track width TW == 7.5 jim, we 
expect: 

Vp,MR == 2.28 V 

'p,MR == 74.5 rnA 

EMR == 13 nJ 

• Counter Measures 

Vhbm 114 V 

QMR == 11 nC 

Ehbm 650 nJ 

ESD protection devices across electronics port similar 
to those in place to protect the module from ESD 
damage 

IIST-96 

C' h 07 CCI rTV\~'~7 ,- CO~ v\4 ,\0 If 
n~'It~ rL.~ J""v'~"7 
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Electromigration 

• Mean Time To Failure: 

MTTF = cJ - n eEalkT 

c constant (cross sectional sensor area) 
J sensor current density 
n experimentally determined exponent 
fa activation energy 
k Boltzmann's -constant 
T absolute temperature 

• Self-accelerating void/crack formation 
....-
C ---Q) 80 
o 
c 60 
ro 
+-' 
.(/) 40 
(/) 

Q) 20 
~ 

o 0 
(/) 1200 c 
Q) 

Cf) 

1220 1240 

Test Time (h) 

, 

-~ --
1260 

• Keep MR hias low enough (T and J), turn offwhen 
not needed 
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Base Line Disturbances 

Base line disturbances (ABS exposed MR heads): 

• Thermal Events 
- Additive to data signal 

A. Classical "'Thermal Asperity" (TA) 
o Fast rising (electronics BW limited) 
o Compound, fixed exponential decay 
o Mono-polar (positive) 
o Heating, hard asperity frictional contact 

B. Proximity "Thermal Interference" 
o Mono-polar 
o Cooling by lube and proximity of disk "summits" 
o "Wandering base line" type of disturbance 

• Conductive Events (CE) 
- Mono-polar (negative for SE inputs) 
- Short lasting (contact time) 
- Fast rise/fall times (electronics BW limited) 
- Amplitude can be large 
- No data during event 
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Base Line Disturbances 

• Smearing Events 
- Conductive smears across read gap 
- Intermittent contacts 
- Fast rise/fall time (electronics BW limited) 
- Random signal, ''Telegraph Noise" (TN) 

N.B: High-pass nature of MR front-end electronics affects 
observed waveshapes 

~--
fv.e.-o..V\I\r. ou.t 

UCE w 
1 TN ILJ 

\. ) fJo k I; Yl,L f1.,.<r·-·- I 

a ~ i::l{j--\ +-\ <-.. '7 (e_1 e· (( € (- u,f.A) 
• 
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Base Line Disturbances 

• Counter Measures 

o Thermal Events 
Flag and remove TAs 
Restore base line variations 

o Conductive Events 
Turn MR bias off (landing/resting/taking off) 
Minimize voltage difference (sensor-disk) 
Limit ground return current (compare: Ground 
fault interruptor) 

o Smearing Events 
Remove condl,Jction path 

I1ST-96 

Ground shields, apply potential to MR sensor 
(flying heads only) 
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Why Dual Stripe Design? 

• Double the signal 
(for same bias current '8 ) 

• Cancelling of even harmonics 
(on track)-V\ot cJfA·-~·nL~.K 

• Thermal asperity suppression 
(100/0 tolerance ~ 20 dB) 

\.. fL'5 t- ,d"'~l -e:.. • 

• Symmetrical track profile 
(servo advantage) 

• Interference rejection 
(100/0 tolerance ~ CMRR = 20 dB) 

lfLtd 1h .... u 
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Issues Dual Stripe Design 

• Interstripe shorting 

• Alignment tolerances 

• Needs matched MR sensors 

• Needs 3 MR leads 

• Temperature rise limited biasing 
~ Y21S per stripe ~ same signal 

• Disk flux shared between sensors 
~ smaller signal 

__ 0 ~ tj C<J') t 9"'''> 

..t7:> e;>c -k ('"'~~ ~I 
5,,.. (L5 
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Asperity Reduction Circuit (ARC) 

signal + disturbance in 
Delay 

+ Envelope 
Detector + Nonlinear 

Filter 
- Envelope + 

Detector 

;:~'- pr~ v~\ LZ i r-lJf d it fA) 50 C( () Co f'rf: c 
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signa lout· 
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[57] ABSTRACT 

A method and circuitry are disclosed for suppressing 
additive transient distu.r'Qances in a data channel: e.g .. 
due to thermal transients caused by an MR transducer 
contacting moving a storage surface. Positive and nega
tive envelope detectors each have their inputs con
nected to the channel. and provide respective outputs 
which are summed and contain an envelope component 
and a residue component. A buffer interconnects the 
detectors to allow both detectors to follow rapid posi. 
tiv:: excursions of the data channel signal. A nonlinear 
signal-adaptive nIter is connected to the summed outpUt 
to further reduce the residue component. The data 
channel signal (or preferably the output from a delay 
means connected to the channel) is summed with the 
output from the ruter. The relative amplitudes of these 
two outputs is set such that the resulting summed output 
signal is free of additive disturbances. 
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TA Base Line Restoration 

Detect base line variation, subtract from signal. 

Asperity Reduction Circuit -(ARC) 

Subtractive restoration also provides restored T A 
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Asperity Reduction Circuit (ARC) 

Electronic Thermal Asperity Removal: 

f \' ~.vtl1/ 
Ct~~ .. '\ 
lO'J'7 ,~V~ t 

. "ve,t\ 
Lfl rf (.& . .' 

L lll-lLP/, 

USc o\- k'" ~) 
Cftovl4 

r Electronically corrected. 
-< 

- i Magnitude 2 times 
j 
'-

- 4q- 199:1 ,\,~,o~S=!l) 



M R Sensor Edge Erosion 

Observed phenomenon 

"- -. 
\£, 
-- s 

Electro-erosion creates recessed sensor 
Loss of sensitivity 

Counter measures: 

• Keep disk at potential of sensor 
(floating, biased Disk Enclosure) 

• Keep MR sensor at ground potential 
(requires dual power supply) 

(' " f'-' 

j r '5 /(..,-''''' .. .I' 

t 'J" ':I,' tI:(, L.ylv Y
/' 

. ,/. J #rt~ 
~ ~" 7.g., 

cL'9~ . 

• Keep one sensor lead at ground potential 
(single supply, single-ended amplifier input) 

"---' Y\. () C. f'"'t f2.. 

• Limit ground return currents to safe values 
(ground fault interruptor analogy) 

115T-96 -50- 3/96 (K.B. KLAASSEN) 



Sensor Erosion Protection 

• Module detects relative resistance variation 

i1R/R (Less sensitivity scatter due to tolerances) 

• Maintains center of MR sensor at ground 
potential 

• Limits peak ground return current to less than 
100 f.iA for short-lasting conductive events 

SLAVE tIt. 
n"/ t tot' .k.!'" 

>{L r/· ... 

'vJ' v.. 'J 
t \ L . 

\l v"J \l J . ~() ().. IV~ 
0\' ,,:lrC/lc ... · ( . 

....1'-\ ( " 
,. IN- r 
I.- 1:1'~ 

~o ,~). 
MASTER 

lb! 
Voltage bias Vb' == I RE las 
I == constant ~ 5 mA 

Bias current I b == Vb" IR las 

Output V == A Vb' L.\R/R, gain A 
o . las 

IIST-96 -51-

......---..,..- + Vs 

~2[ 
-V5 

RL/re 

3/96 (K"B" KLAASSEN) 



Conductive Asperity Current 

~ 

t (Cf) 
, 4" ~ 

'. . t. t i ·I'V"AIV"'····· 
.; {AD . I .' 

\ . (JtLCt...tJ':J~ J • 

+-J ,fj{ p~-t' . 

:; T-: : i /' .- 4 •• " ""'" ::..... 
~ :: 1 11: 1 l 1 .,." ::::::: 
~ i i j i i ~ ; 
:::L . _-1 .L __ -l ___ .: I .---~-.. ----+_--_+-. -~--'--I 

~ T- ! Short-Ia~ting ~o'ntact (E4 o • 2 AJ) 
: :: . 1: e : ---t--.-: ~---:------.-:-~ 

'. '. '. '. 

':::s 
U 
"'C c:: 
:::s 

------~~~\----T_----

o __ . a.;.. ..... __ I 
C) ol 'A 

IIST-96 

'.. .. '. .. . '. .. . '. .. . '. '. '. '. '.. ... ... '. .. '. 
I: :: '. . '. '. 

--' -.-.-.~ . ---_.: --.~ .--

l Continuous contact c: 
-~ : : : [)_. , . :0 

Time (100 ns/div.) 
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Noise Modelling Results 

• Noise versus bandwidth dilemma 

• Forces compromise value for the input transistor bias 
current 

• For high bandwidth and low noise: 

parameter Current Performance 

high ft (5 GHz) 

high f3 (80) For n == 36 

low rbb, (2.5 Q) BW == 100 MHz 

I Zh I < < 2Rdamping (2 1<0) ven == 0.5 nV/JHz 

low K, ~ (~~~~,l ~ (1.25 nH) at bias current 
\L 

low K --...., 'fl £Y! '7 ~.A"'J (1 Q) 2.5 - 5 rnA 
r .\- .v-fA. 
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Noise Matching 

Often mistaken for "Impedance Matching" 

(Transmission lines, reflection free: Z; = ZTL) 
(Maximum power transfer: Z; = zt) . f.. { . 

. " J.-t L"I-" T-n..{'~ a-t.-c- <-

ltGLA-'vt ~ 
Deft ne "optimal source resistance" 

Ropt = 
Van 

Ian 

(Just a ratio, non-physical resistance) 

• Low Electronics Noise Design 

o Make Van and Ian as small as economically feasible 
(large area, low-noise input devices) 

o Put most effort into reducing largest contri butor: 

Van, Ian I Zh I 
(scale Zh by chdoging turns N, scaling limited by 
write fuction of the head) 

o If I Zh I =1= Ropt further reduction of electronics 
noise is possible by /I Noise Matching" 

IIS1'-96 -62.- 3/96 (K.B. KlAASSEN) 



Noise Matching 

o Insert reactive components (no noise contribution) 
for noise matching: 

- Transformer N = J Ropt! I Zh I 
- Series/parallel reactances (finite band) 

".. \JV'It- ./vo/t-!/ ~ Lt (, /\ -\-(r..ftvt¥'L L 

IIST-96 - b3- 3/96 (K.B. KIAASSE:'';) 



--> .-
-0 -.... 
co 
-0 
N --
Q) 
(/) 

0 
J Z 

c;--... 
+-' -t'-- :::J 

I 0.. 
+-' 
:::J 
0 

o 

Example: IBM 3380 channel front-end obtains 6 dB 
Signal-to-Electronics-Noise improvement by noise 
matching , 

. +0 ~'N~ vJ ( 1 r ~ it{ ({J C f jt;. s·{ ) & j C? 5) /J -f ,· .. ··,ff<:;;", .--·4· 

: : i ...... j ... _ .... _ 

Frequency (lin) 
30 MHz 0 

Frequency (I i n) 
30 MH. 

Transformer N == 23/4, 

Total noise (top), Head and electronics noise (bottom) 

. . \ ,, __ ~ r~ ,\" ~\ .. {. .. V"J O~50\- t) v--

'~<N {\; 

~ o'\) ,\Y, \ t 



Magnetic Head Instability 

• Write Instability 

Definition: Delayed relaxation of head 
yoke, immediately after write 

• Read Instability 

Definition: Domain wall instability in 
head yoke, long after last write 

- b S" - (Klaassen I Van Peppen) 
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MR Front-Ends 

General 
Front-end read/write electronics combined in a 
stand-alone analog integrated circuit 

•. Bipolar or SiCMOS technology 
• Trend SiCMOS because: 

Bipolar 
Higher currents 
larger transconductance 
higher gain-bandwidth product 
lower noise (for low source resistance) 
virtually ideal current switches 
tolerances can be kept small 
good Vbe matching 

CMOS 
virtually ideal voltage switches 

- allows low-power CMOS logic 
- very good packing density 

Location 

• Inside disk enclosure 
• As close as possible to read/write transducers 

Read signals small: 150 - 700 J1Vpp 

IIST-96 

Write signals: require wide-band interconnections 
Usually on the side of the head actuator arm 

- b~- 3/96 (K.B. KLAASSE;\) 
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MR Front-End Architecture 

MR Head n 

r-~d~!-~~OO:---------I 
I I , . , DE Bias Voltage 

MR Head 0 rtJ I 
i V 

~ 

I 
Dummy I 

Head 'I 
~/ 

rite Head n I 

Write Head 0 

~."\ ' /I~L' L i} ""I V • "') 

~--tv"'-' vl '7 0 

~i I~ c",cv~-r 
w~.~A, ,r.t, 

Ib 
post 

amplifier 

protection, ~ : Write Unsafe 

~afe~y _ _ Thermal Asperity 
CircUits . 

1....----.,--4 ... Head Resistance 

Readback 
;:> I conditioning I .. Signal Out 

bias I.. I ?A? I ': Set MR Bias 

write 

12 

'-------r---..,j, Range Resistor 

1---------..:-. ... Data In 

L I I • Range Resistor 

,..-_________ --l/ nAr.1 .: Set Write 
Current 



MR Front-Ends 

Various Design Considerations 

A - MR Head Signal Amplitude 

Magnetic transitions in disk cause a magnetic flux impinging on 
the MR sensor which produces a flRMR which increases 

1 - Li nea rly with track width (TW) 
2 - Invers' y proportional with sensor height (h) 
3 - (Approximately) linearly with disk Mrt 

\........"". j ()V'~ l1r+ . c/..,.,.t.w,..ic 

Electronically detecting !1RMR/RMR instead of flRMR , iht;e1~;~:[Ir'IV-e (:'rc.~, 
makes the pre-amplifier output insensitive to variations in CD 
and ® 

N.B: Especially the sensor height (defined by lapping) varies 
strongly 

ARMR/ RMR Detection 

provides inherent or self-AGC, relieving the dynamic range 
requirements of the channel AGC. 

IIST-96 -70 - 3/96 (K.B. K1AASSE1\;) 
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MR Front-Ends 

B - Biasing and Sensing Architectures 

Four Possible Architectures 
Different forms of providing electrical bias to the MR sensor 
and sensing the read signals lead to four different front-end 
electronics architectures 

ilRMR/RMR Detection 
Only those architectures where biasing and sensing have the 
same physical dimension give ilRMR/ RMR detection 

€ I <5 '\ c. If>Ir r L"", \- ~ '1 C'":) , '5 -LOA,.',)\ -v; , 

Sensor Temperature/Current Density 
o MR sensor output increases with bias 
o Bias limited by electromigration/interdiffusion 
o Maxima for sensor current density and temperature 
o For maximum head output approach these maxima as 

closely as possible 
o Largest head-to-head variation due to sensor height h 
o Voltage biasing allows sensor current density and 

temperature rise independent of h 
o Voltage biasing allows biasing closer to the limits 

,-- ------
IIST-96 

f\(L. !...). ! .-:--
(l 

(\ 
'j 
V 

j + "'-.j 1( 5£"-'5 f '') 
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Biasing 

Current (Ia) 

Voltage (Va) 

MR Front-End Configurations 

Sensing 

Current Voltage 

I Zin I ~ Rmr I Zin I ~ Rmr 

!.lIs = lJ.Rmr la 
Rmr II Vs = llRmrlB 

l:l.1 s = lJ.Rmr V 
llVs = lJ.Rmr Va 

- R2 a Rmr mr 
\ 

oJ / r { "J ... r.f t -l-L,·1 
bJ ? / Il--j~ 



Biasing 

"Constant" = independent of Rmr 

Constant Current (IB) Constant Voltage (VB) 

1 
Jc = 'a tl!JJ 

Sensor Current Density: 

1 
Jv = Va pI 

Sensor Power Dissipation 
2 2 --.!.. 

Pc = 'aRmr = laP tlfj} I 2 1 
Pv = VaF? 

mr 

v~ ~ tfiil 
P I 

Sensor Temperature Rise: 

L1 Tc Pc X Rthermal 

L1 T = 12 pI gK 
c a-x 

th 

2 9 
AT = lapK t:-2l 
Ll c 2tl!1J 

L1Tv Pv X Rthermal 

/). T. = v2 th gK v a- x -
pI 21h 

/). T = v2 K gt v a-
p 21 

"-- or" 1/ ~ (J { 
:>.:, v'''~ i c,. 

d.{/'-s")·~ 

-7'-t - 07/94 (K.B. Klaassen, J.CL. van Peppen) 
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VB 

Biasing 

Va 

18 

Biasing 

la 

Paradox 

L ~ CX) 

Illustration 

z· ~ CX) In 

Vout 
.c C!f -' Rmr ~ :1 ~ \ 1---1 ---.. 

L ~ CX) 

Sensing 

~Vs 

Rmr~8 

Sensing 

~/s 

Sensitivity Equation 

Vout 
!1Rmr VBA 

Rmr 

Zin ~ a 
I 

I 

Vout 
c 0' 

Sensitivity Equation 

~Rmr 
Vout == - R laRA 

mr 

-7:; - 07/94 (K.B. Klaassen, J.CL. van Peppen) 



MR Front-Ends 

Differential Output Configuration 
Output signal is differentially coupled to the drive's circuit 
board. 
o Zout = Zrans.line for bandwidth 
o High Zout when not reading 

IIST-96 

Smaller write-read recovery transients 
(AC coupling caps remain charged during sector servoed 
writing) 
Hardwired multiplex of modules into single port 

-7b- 3/96 (K.B. K1AASSEl') 



MR Front-Ends 

C - Amplifier Configurations 

Differential Input Configuration 

,-lr~ 
Dp\0)':"~"tr f-,,'i-f( / 
.J ? ... ( 1 

C 
J 

Pre-amplifiers with a differential input exhibit high CMRR and 
PSRR; are more interference robust. 
o MR-to-disk potential must be zero 
o Dual power supply needed 

(DC-to-DC convertor: 80 % power efficiency, needle 
impulse interference, filter components) 

o Floating Disk Enclosure (Only AC grounded) 
1; Pre-amplifier biases DE at head potential 
2: DE is held at fixed DC potential, pre-amplifier biases 

heads at this potential. 
Needs fail safe: Customer shorting DE to ground 
automatically shuts off bias to MR heads 

Single-Ended Input Configuration 
One i;nput terminal is (virtually) grounded. No CMRR; lower 
PSRR. 
o Smaller package, common ground 
o Single supply voltage 
o MR head one side grounded 
To not cause interference problems the DE must be designed 
as a /I cage of Faraday" 

IIST-96 -77- 3/96 (K.B. KlAASSEN) 
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MR Front-Ends 

D - Basic Design Examples 

• Differential/Single Ended 

• Voltage/Current Biasing 

• Voltage/Current Sensing 

• Comments 

IIST-96 -79 - 3/96 (K.B. KlAASSE'i) 
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Biasing Sensing 

18 ~/s 

Sensitivity Equation 

~Rmr 
Vout = 2. Q IBARe 

mr 

Comments: 

• Differential input 

• High CMRR possible 

• Lowest possible sensor-disk potential 

• Needs dual power supply and 218 

• Low-frequency band end: 

f_ 3dB == 
1 2goRc 

,., · ·'mr 

• Settling time upon head switch: 

~VB 

M = ClOT A,max 

• Fast settle mode (enlarge 10 into OTA) 

• f- 3dB will move up proportionally 

-82-



+Vs 
Rc Rc 

...... + 
<:: n 

..,., 0 out 

, + V2 V be .. --+I~--':=--1 

~J' \~~\, OV--:J.. 

~ -V2Vb 

Vs •• 

Biasing Sensing Sensitivity Equation 

Va 11 Is 
I1Rmr 

Vout 2 2 RcA 
Rmr 

-83-



Biasing Sensing Sensitivity Equation 

Va ~/s ~Rmr 2RA 
R2 c 

mr 

Vout 

Comments: 

• Dual supply needed 

• Different lot; . high CMRR 

• Current drain: 218 

. ~Rmr 
• Output proportlona I to R~r 

- f:) ~ - 07/94 (K.B. Klaassen, J.CL. van Peppen) 
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Biasing Sensing 

la !lIs 

- 6)5-

Vret 

"" 0 + out 
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\)L4-";~ k-<~ls: 
.- If (J~A c· C,1 flo S ,./ 

C !,"\(Lit.. 

Sensitivity Equation 

llRmr 
Vout 2 p laReA 

mr 



Biasing Sensing Sensitivity Equation 

dRmr 12RA 
R B c 

mr 
Is Ll/s VOLlt 

Comments: 

• AC-coupled version of previous circuit 

• Does not need feedback loop 

• Current drain: 21a 

• Settling time: 

~VB ) 
Llt == C. C(Rmr,max - Rmr,min 

B 

• Low-frequency band end: 

1 
'- 3dB = 2nCRmr 

'5--" ... ~ +~ ~ 
"'-Lfv./'l~ ~ ......... 
k.i ,.:.)., 

_ <9 b - 07/94 (K.B. Klaassen, J .c.L. van Peppen) 
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Biasing Sensing Sensitivity Equation 

Va ~Vs Vout 

Comments: 

• MR sensor at + 5V! 

Conductive asperities 
Flash-overs 

ilRmr VBA 
Rmr 

• Bias entire Disk Enclosure at + 5V 

Customer induced shorts 
Detect/monitor DE potential 

• Low-frequency band end: 

1 goRmr 
2n eRe f_ 3dB 

_ ~8 - 07/94 (K.B. Klaassen, J.CL. van Peppen) 
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Biasing Sensing Sensitivity Equation 

/a l1/s 

Comments: 

• Single-ended input 

No CMRR 

Vout 
L1Rmr I AR 
R a d 

mr 

Sensitive to interference pick up 
Use Disk Enclosure as Faraday Cage _ 

• Low-frequency band end: \.d~b' k-~~ .. {.,~?c-,kl / 4 ,,-Iv , 
p""'- t:-~e i./"QV\r( V\... 4--

V J 

1 goRd 
'- 3dB = 277: CRmr 

• Dependent on Rmr 

\5 \ ~j 4-tI\-t ~ ./-,,~,{ '\.~" 

• Parasitic capacitance of OTA loop and 
other head input circuits 

- q 0 - 07/94 (K.B. Klaassen, J.eL. van Peppen) 



Parasitic Impedances 

MR head is a non-self-generating transducer; it needs an 
electrica I bias to operate 

• Bias causes a DC voltage across the head 
(RMR ~ 25Q, IBias ~ 10 rnA ~ VMR ~ 250 rnV) 

• VMR too large to apply DC-coupled gain 
• Need AC coupling/by-pass capacitor in input stage 

Parasitic Impedances 
The AC coupling/by-pass capacitor is afflicted with 
parasitics (Rs, Ls) and also the head-to-electronics leads 
(R, , L, , C, ) . 

These parasitics can: 

reduce the available gain and bandwidth 

increase the electronics noise 

endanger the MR bias loop stability 

Close proximity, good capacitors with short 
thick wide leads are required 

IIST-96 - 9 \- 3/96 (K.B. KIAASSEl") 
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Design for Flexibility 

Programmable Front-End Electronics 
• . Same module for different products rv''' \ ,u- I ,r-'~ 

,.J . '\.Y 
{,Y\ _ LV\' 

Can be "fine tuned" to individual heads 
_?... VJ" ...l f)./ 

\ ~ tt V{ 
/lr tv"') <-0/ 

~ II'-' (y. tl, '" 

- in manufacturingr' \J~(;~/-/Y 
autonomously, when need arises (DRP) V'<~'II 

'i) . 
Easier to use in development 

• 

• 
(Head parameters not yet known) 

Digitally programmable/addressable via serial port 

Individual MR head bias 

IIST-96 

Individual head write current 

Write damping 

Pre-equalization (counters lead effects) 

Head select 

Servo bank writing/multi-channel servo writing 

Signal gain 

MR bias off/on/reduced during writing 

Select "modes of awareness" (sleep, idle, etc) 

- q()-
3/96 (K.B. K1AASSDi) 



States of II A wareness" 

head switch 

1992 
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Higher Data Rates, Why? 

Data Rate = 

RPM 
2n x 60 

Track Linear 
x Radius x Density 

Storage I nd ustry Trends: 

60 
Latency = 'Y2 x RPM 

Areal track Linear 
Density = Density x Density 

Conclusion: 

(down) 

(up) 

Data rates are forced up, unless we use smaller disks 
(capacity loss) 

IIST-96 - (()o- 3/96 (K.B. KLAASSE'I;) 



Data Rate - Bandwidth 

Higher Data Rates require wider signal path bandwidths. 

Toughest Requirement: 

• Write Path Bandwidth 

IIST-96 

Well-defined transitions require short write current 
reversal times. 

Write bandwidth much larger than read bandwidth 

Write head/electronics interconnection becomes 
important 

Reflections, standing waves, wave shapes 

-\0\- 3/96 (K.B. KLAASSE1\) 



Goal of Study 

What limits the data rate in an "industry typicar 
recording channel front-end? 

Front-End: 
Transducer 

Interconnect 
AE Module 

/I All components in the Signal Path ahead of the 
channel chip" 

A - Read Signal path] 
B - Write Signal Path 

**NB: Analysis should be adequate up to 1 GHz ~ 
A detailed component description is needed 

- \ \) 2. - 1996 (Klaa. B. KI ..... n. Richard G. Hlrito) 
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Flex : I 

Twisted Pair cable : --+ Package : ---+ Die 
Zo = 61.5 n ~. --I 

5.5 em .5mm 
Module side -----C> 

. (b) Voltage sensing 
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Pre-amplifier input impedance models 

1 II VI 

(a) Current sensing (b) Voltage sensing 



Read Channel Parameter Values 
------------_._---_._- .- -_ ... _-

• MR Read Head 
15n < RUR < 45n.lR = 1 nH. 
CR = 0.5 pF. Vs = Ibial ~RMR 

• Interconnect 

(a) Twisted Pair: 

Gold-cladded copper wire, diameter 36 Jlm 
Poly-urethane insulation, thickness 12 Jlm 
One twist per mm, length 55 mm 
Zo = 61.511, vp = 209x106 mIs, e,= 2.1, Rs= 80.6 Q/m 
Fan-in and fan-out 1 mm; LT = 3.6 nH 

(b) Flex cable: 

Length 7.5 mm, LF = 15 nH, CF = 0.75 pF 

(c) Package: 

Lp = 5 nH, Cp = 1 pF 
Bonding wire, Ca = 0.6 pF, La = 1 nH 
Semiconductor die, GD = 0.5 pF, RD = 0.511 

• Read Pre-Amplifier 
Single-ended input,NPN transistor area 14000 Jlm2, 

ft = 3 GHz, biased at 7 mA 

(a) Voltage Sensing: I Zin I :» RMR 

Cv = 14 pF, Rv= 500 n 
(b) Current Sensing: I Zin I «RMR 

Ce = 0.85 pF, Ree = 3.511, Lc = 0.15 nH, Rc = 511 

_\Ob-
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Conclusions 

• Read Path 

J The bandwidth increases with 

increasing RMR 

J Only for higher RMR is voltage 
sensing better than current sensing 
(>33Q) 

'/ Current sensing gives a better 
equalizable frequency response 

J Without transmission line the 
bandwidth is 50 - 75 MHz optimistic 

J The minimum bandwidth is 76 MHz 
(CS) or 108 MHz (VS) 

-\ 12- 1995 (K and H) 



Write Driver Dilemma 

* Limited power supply voltage:Vs + x 0/0 
(e.g. 5V + 10%) 

* Active devices in write driver output stage need voltage 
head room of AV when fully on. 
(Bipolar devices AV ~ 0.9 V) 

• Available peak-to-peak head voltage swing: 

Vh,pp = 2{Vs(1- 1~O l-2AV} 

• Also: 

{ dl } L1w 
Vh,pp ~ 2 L dt + IR = 4 'T. + 21wRh 

Iw peak-to-base write current 
Tw write current reversal time 
Rh head series resistance 
L inductance (L = Lh + L,) 

• Scaling Lh N2Lo, Rh NRo, Iw = MMF/N 

IIST-96 - \ \ '$- 3/96 (K.B. KLAASSE:\) 



Write Driver Dilemma 

• { 4L, 4NLo } 
Vh,pp = MMF N!w' + !w + 2Ro 

rc-Smallest when N = vL; 
j ' ", .-,::: "v' ( t <-. 

1 GO\. i j 
I ,-tOy' ~,L. ' j...... • 
lot; .... j"-' <.., 

~Ci P'" 

(Lh L,) • 
• Minimum is: 

{ 8JL,Lo } 
Vh,pp = MMF !w + 2Ro 

• Therefore MMF, L" Lo and Ro are limited to values 
satisfying: 

{ 4JL/Lo} x ' 
MMF !w + Ro < Vs (1 - -1AA ) - ~v 

Example: Suppose Lo == 0.8 nH, Ro == 1 Q, Vs 5V, 
x == 10%, ~V == 0.9V, !w = 5 ns, L/ == 60 nH 

* We find Vh,pp = 5.4V,Iw = 46mA, N = 9, Lh ~ 65nH 
* For a (O,k) run-length limited code with an 8/9 code rate 

(where !w is half the closest transition spacing), we find 
a maximum data rate of 11.1 MB/s 

IIST-96 -\\l-t-
3/96 (K.B. KLAASSE'i) 



Write Driver Topologies 

+Vs 
+Vs 

RC ~ lRC 
<' -
( HEAD f 
~VY~ AD 

;' ___ 1: 
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, 
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Write Driver Output 
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------------------------

Write Channel Parameter Values 
------_._« . 

• Write Driver 
Differential output,NPN trnasistor area 7000 Jlrn2, 
ft = 3 GHz, C = 2.5 pF, no damping resistor 
Slewing rate 18 MAls (/w > 18 rnA) 
Bandwidth 80 MHz, Rise time 2 ns (/w < 18 rnA) 

• Inductive Write Head 

(a) Geometry: 
15 turn 80/20 NiFe head 
P2W pole tip 4 ~m, P2W yoke = 60 ~m 
P2T = 4.7 ~m, P1W » P2W, P1T = 3 Jlm, 
yoke height 130 ~m 

(b) Saturated Coil Impedances: 

Cw = 0.75 pF, Rw= 600 il, Rcw= 16 il, Lw= 50 nH 

(c) Induced Voltage: 
V. = - N d<l> = _ N A d 8( r) 

In dt dl 

N = 15, A = P2T X P2W yoke, NA = 4.3 x 10-9 m2 

(d) Current Iw to Induction Bo Conversion: 

Bo = BAS = 0.6 T at Iw = 22 rnA 
Bo = BaGs = 0.85 T at Iw = 36.6 rnA 
8 0 = Bs = 1 T at Iw = 75 rnA 

(e) Eddy Current Filtering: 

't 1 = 2.56 ns, m = 3. 16, n = 4 

(f) Apex Saturation Window: 

B(t) = Bout(t) B < BAS 

8(t) = BAS B > BAS 

8 out(t) oc Hwrite(t) 
- \12-
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(First) Current Over/Undershoot 
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Write Channel Test Signals 

• Square wave input· 
.Induction swing large enough 
Criterion: Bpp > 2 8 min (BAS) 

• Isolated transition input 
~eversal time short enough 
Criterion: tr < r a (2 FW )-1 

ev m x max 

• Di-bit input 
~it sh.iftsmall enough 

Criterion: E < €max (15 0/0) 

----------------------- -----------------

-\2b- 1'" 
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Conclusions (Cont.) 

• Write Path 
Yoke swing Bpp > 2BAS 

Transition rise time T < 1/(2Fw ) ,max 
Bit shift I; < 15 % 

J Full Write Path: 
Mag. Swing and Bit Shift limited to 

L1T > 7.1 ns and Fw < 70 MHz ,max 
- N.B: Iw == 45 mA, r == 6 ns 

J Head Only: 
Mag. Swing and Bit Shift limited to 

L1T > 7.1 ns and Fw < 70 MHz ,max 
- Now: Iw == 36 rnA, r == 6.8 ns 

-\ 33- 1995 (K and H) 



Final Conclusion 
--_._------------------

Therefore, the maximum data rate for this 
channel using a (O,k) RLL code with an ~/9 
rate is 15.56 MBls 
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./ ev f 
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Finally •••••••••• 

• MR heads require a well-matched disk and 
electronics, especially for more demanding 
a ppl ications: 

h ig h data rates 

narrow trackwidths . 

nea r contact operation 

• Front-end must be designed as a system 
A collection of individually optimized components 
makes a sub-optimal front-end 

Components have limited exchangeability 

• Many electronic design options exist 

IIST-96 

Choice depends on application 

Do not expect "generic" mod u les that serve 
everyone's needs 

-t3S"- 3/96 (K.B. K1AASSEl'\) 
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DIGITAL READ/WRITE CHANN S FOR MAGNETIC RECORDING 

OUTLINE 

• Signal detection theory 

• Typical digital PRML chip architecture 

• Testing digital PRML chips and results 

• Trellis coded partial response 

liST N. NAZARI MAY 28,1996 
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DIGITAL READ/WRITE CHANN ;.S FOR MAGNETIC RECORDING 

User Data .. Encoder -

f .. ... 

i~. f) ')0 ( \l(,)\1 
~) /. ( C~ At 

f\ 
Encoded 
Data Lorentzian .. .. Channel 

Equalizer . --

... 1 \ .. Low Pass 
~ I I 

.. Filter 

T 
White Gaussian Noise 

Viterbi . 
Detector - Decoder 

Block Diagram of the System 

N. NAZARI 

To the Sampler .. .. 

User Data 
• --

MAY 28,1996 
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DIGITAL READ/WRITE CHANN S FOR MAGNETIC RECORDING 

Signal Detection Theor}f 

• Assume a Lorentzian Channel, then for an 
"isolated" transition the output voltage is 

h(t) -
1 

2t )2' 1 + (PW50 

where PW 50 is the width of the pulse at 50% 

amplitude. 
• If we needed to detect only one isolated 

transition, use a "matched filter" detector [1], 

N. NAZARI 

'- y\,-",Ot\'~\L oX- ~V't?l 
l7").~~-A eSe.' '5 .;~) 

MAY 28,1996 
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DIGITAL READ/WRITE CHANN _S FOR MAGNETIC RECORDING 

F(t) h(-t) h(t) . 

The error probability is given by 

where, 

1 ~:V// 
Pe = 2~JEt/tSJJ ' 

00 

Q(x) 
_ -u 12 1 J 2 J2it e du , 

x 

N. NAZARI 

, y\OO ( 
FC~ If, "\ 

V" \l I 

MAY 28,1996 
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DIGITAL READ/WRITE CHANN .S FOR MAGNETIC RECORDING 

00 

J 2 1C 
E t = h (t) dt = 4 PW 50 ' 

-00 

is the energy per transition, and 110 is the 
amplitude of single sided noise spectral density. 

• If we need to detect a "dibit", two transition T 
seconds apart, the signal is 

e(t) = h(t) - h(t - T) . 

N. NAZARI MAY 28,1996 
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DIGITAL READ/WRITE CHANN S FOR MAGNETIC RECORDING 

Then, the optimum detector is matched to e(t) 
and is given by 

F(t) = e(-t) = h(-t) - h(- t - T) . 

The expression for the error probability is exactly 
the same as single transition, except use [2] 

00 

f 2 1t 1 
Ed = c (t) dt = 2 PW 50 1 + S2 , 

\A ":> l ~"sJ·" «vj 
£)·f[~-

-00 

where S = PW 50lT , is the channel normalized 
density. 

N. NAZARI MAY 28,1996 
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DIGITAL READ/WRITE CHANN ,S FOR MAGNETIC RECORDING 

• For a "sampled" channel, such as PRML, the 
signal needs to pass through a low pass filter 
before sampling, due to sampling the energy per 
bit is reduced to 

l/2T 

f 1 1
2 -1[S 2 

E I = H (f) df = Ed [1 - e (1 + 2 S )] · 

-1/2T 

• For a PRML channel, signal needs to be 
equalized to PR4 pulse shape, sequence energy 
at the Viterbi detector is given by [3] 

N. NAZARI 

~1,6~/ 
2~-r---

C:j" \~'V " ~ -.-J ' 
5J v~o 
h~J" ~ ;>J1'I~ 

MAY 28,1996 
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DIGITAL READ/WRITE CHANN ,S FOR MAGNETIC RECORDING 

E = E (nS)3(S2 + 1) 
v I ItS e - 1 - 2S2 · 

Reference [2] shows in detail how the above 
equation should be modified to account for noise 
correlation at the Viterbi detector. 

N. NAZARI MAY 28,1996 
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Ot<: 
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DIGITAL READ/WRITE CHANN ,S FOR MAGNETIC RECORDING 

Typical Digital PRML Architecture 
• PRIVarchitecture . c1 {.~t'~ l?jiw~: 

., ,),,5 'I __ d ~pv~~ICe4 ~ 
-- Dibit response is equalized to 1 _ D2 5i~"i' 
-- Odd and even samples can be independently detected 

-- Channel output has only three'values, 0, 1, -1 

• 8/9 encoding 
-- Use (O,G/I) codes such as (0,4/4) 

-- Two transitions can be next to each other 

~ ~ 7 ~ {",r\-L 
I. 'J 

-(,') -Y""./ I i 

__ ¥ w---- ' ~ .. c.\-! A ?\,~ 
I L j,."L t· ..... 

F~.t J 

-- At least one "1" sample after every GO's o&:\-.JI 

-- At least one "1" sample after every I O's in odd or even 
subsequences 

N. NAZARI MAY 28,1996 
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DIGITAL READ/WRITE CHANN _S FOR MAGNETIC RECORDING 

• 7 pole equiripple continuous time filter 
-- Limits noise bandwidth 

-- Does most of channel equalization via high frequency 
boost /, .. -/l <1 +~Cf 

Y"--'y':/ J-

-- Often also has asymmetric zeros for phase equalization / f~~:~l ~r 
[ 4 S ! '6 'Vi'" J , 

-(' 

-- Must be able to quickly change characteristics between 1&([..rT~".1 'I 
data and servo 

• 6-bit flash ADC 
-- Distinguishing block of digital PRML channels 

-- Besides data recovery, can be used-for servo via 
oversampling 

N. NAZAR I MAY 28,1996 



DIGITAL READ/WRITE CHANN AS FOR MAGNETIC RECORDING 

• Variable threshold algorithm (VTA) Viterbi 
detector 
-- PRIV signal can be interleaved 

-- Each interleave can have a trivial Viterbi detector 

• 3-7 TAP DIGITAL FILTER 

• Write precompensation 
-- Necessary due to transitions written next to each other 

-- Write close transitions farther 

• Randomizer 
-- Avoid periodic patterns 

f d" "k "tt ' ~.\tr ~ " -- Used or rea Ing nown pa erns, \1[611>'\ ).>" A.' f", .lv,.~ .... c..:,1er,,~t~v~ 
v ,~\;.J \ '" \\ \f 5 t'" r t . 

g • ~ -. t:) ~ cl" ..... "'"t 
liST N. NAZARI MAY 28,1996 
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DIGITAL READ/WRITE CHANN ;S FOR MAGNETIC RECORDING 

• Channel quality 
-- Feedback from the channel for parameter optimization 

-- Monitor health of the channel 

• Digital/analog test port 
-- Can see into the channel 

-- Used for testing, engineering development, and 
manufacturing environment 

N. NAZARI, MAY 28,1996 
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DIG ITA L REA 0 I W R IT E C HAN NSF 0 R MAG NET I eRE COR 0 I N G 

8/9 (O,4/4) PR4 VS. 2/3 (1,7) E{E)PR4 

ADVANTAGES OF 8/9: 

• LOWER CHANNEL DATA RATE (33%) 

• HIGHER EFFECTIVE SNR (ABOUT 1 dB) 

• TRIVIAL VITERBI DETECTOR 

• CAN INTERLEAVE MAJOR PORTIONS OF DIGITAL LOGIC 

• MORE ROBUST TIMING RECOVERY AND GAIN LOOPS 

DISADVANTAGES OF 8/9: 

• HIGHER FCI (500/0) 

-- CAN COPE BY OPTIMIZING THE MEDIA 

-- CAN BE MINIMIZED BY WRITE PRECOMPENSATION 

• MORE COMPLICATED ENCODER/DECODER 

• IBM PATENT (FOR VENDORS WITHOUT CROSS LICENSING 
AGREEMENT) 

N. NAZARI MAY 28,1996 
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o , G , TAL REA 0 I W R , TEe HAN NS FOR MAG NET 'C R E COR 0 , N G 

ANALOG VS. DIGITAL PRML 

ADVANTAGES OF DIGITAL: 
• CHANNEL QUALITY MEASUREMENT 

-- OPTIMIZATION BY SOFTWARE ON THE BENCH AND IN THE FACTORY 

-- CHANNEL "HEAL TH" MONITORING IN THE FIELD 

-- ABILITY TO INCORPORATE FLAW SCAN, FLYING HEIGHT MONITOR, ETC. 

• EXTENDABLE TO MORE ADVANCED CODING AND DETECTION 
'SCHEMES 

• REPEATABILITY/PRECISION 

• HIGHER BPI (IBM INTERMAG '93) 

DISADVANTAGES OF DIGITAL: 
• HIGHER POWER AND LARGER SIZE DUE TO ADC 

N. NAZAR' MAY 28,1996 



DIGITAL READ/WRITE CHANN .S FOR MAGNETIC RECORDING 

VGA 
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5L!----------~----------~----------~----------~--------~----------~-----------J 
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AGe Voltage (V) 
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DIGITAL READ/WRITE CHANN .8 FOR MAGNETIC RECORDING 

FLASHINP II--+! 
FLASHINN~ 

GAIN CONTROL 

Minimum 
Gain 

Voltage 

AGC Control 
muxl • 

-=- SCAG1 

V CCI -=- Jmux 

Vref 

I 
Gn = Xn(Yn -Xn)'Y 

G n = Gain update at time n 

'Y = AGe gain factor 

Y n = Input value at time n 

x n = Desired value at time n 

Xn Slicer output at time n 

N. NAZARI 

6-bit Digital 
Current Gain 

DAC Control 

MAY 28,1996 
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DIGITAL READ/WRITE CHANN .S FOR MAGNETIC RECORDING 

CONTINUOUS TIME FILTER 
Autocalibration bus 

From ~ 

VGA ~ 
7th Order Equiripple Filter 

RPROGF, D~: I 

~~ 

+6 

Servo 
Fc DAC 

+ 
6 

Boost 
DAC 

6 

( - K 2 S2 + K 1 S + 1 ) 18 

: DIFFP 
1---..... - DIFFN 

Asym 
DAC 

6 

76543 2 
S +5.23S + 19.7S +45.9S +76.5S +84.1S +57.1S+18 
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~ 

ANALOG-TO-DIGITAL CONVERTER 
a. 
z 
I en 
<C 
....I 
LL 

III 

z 
Z 
I 
en 
<C 
....I 
LL 

III Input 
Buffer 

r> j 
~ 

Offset 
Trim 
DAC 

I 
-Autocalibration bus 

N. NAZARI 
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From 
ADC 

or ~ 
FIR 

TIMING RECOVERY 

Phase 
Detector 

Digital 
Loop 
Filter 

From w 
ADC 

Zero 
Phase 
Start 

FCLK .-4 ----i 

• 

Center 
DAC 

VCO 

VCO 
Gain 
DAC 

Autocalibration bus 

N. NAZARI 

DAC 

~ 
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TIMING RECOVERY-cont 

Phase 
Detector 
Output 

~ 

Z-1 1--

(X 

~'tn = -YnXn-1 +Yn_IXn 

Ll 't n = Phase error estImate at tIme n 

Y n Input value at time n 

Y n _ 1 Input value at time n-l 

Xn = Slicer output for Y n 

Xn - 1 =, Slicer output for Y n _ 1 

N. NAZARI 

Loop 
Filter 

Output 

MAY 28,1996 



t)~ ~~·u ely 
DIGITAL READ/WRITE CHANNELS FOR MAGNETIC RECORDING 

S = 2.5, Alpha = 0.025, Zeta = 0.707, Gamma = 0.02, D = 6,6, R = 4, N = 2, Margin = 0.4515 
1.2 r--j --.-----r----.------r 

A 
1 r-' ·/·l·· .: .......... : ......... : ......... : .......... : .......... : ......... : .......... : .......... : ........ -

Q) 0.8~ ./ ... \ .~ .... : .......... : .~ ..... : ................... : ......... : .......... : .......... : ........ -w . 
ca 
~ ~I . . . . . Q. 06 ........ :. ...... ......... . . : : : : . . ... '," ....... ',' ........ '.' ........ ,,' ........ ',' ........ ',' ........ '" ...... ,-

. . . . . . . . 

O.4r ................ ..... ........... ......... ..........»-

0.21 
0 100 200 300 400 500 600 700 800 900 1000 

1~--~--~--~--~--~--~--~--~--~--~ 

~ 
O -~ 
.9~····.f·~· . ,to ..... : 

\\J . 
1',< . 
\~ : 

c 0.8[,;.~.:...<· ..... . 
'@ ( ~", : 
(!J II 

. . . . . . . . 

liST 

0.7 

0.6-·································· . 

0.5 '"'--II _-'--~_----4-_-'----'-_---'--_-'-------'-_--L.------' 
o 100 200 300 400 500 600 700 800 900 1000 

Number of Samples 

N. NAZARI MAY 28,1996 



DIGITAL READ/WRITE CHANN .S FOR MAGNETIC RECORDING 

SNR = 24dB, Ratio = 10:1, Damping = 0.78, Latency = 6(acq),12(trk) 
0.25~i ----~------~----~----~----~------~----~----~----~----~ 

0.2~···· ... 

0.15 

(j) 0.1 
Q5 
() 
............ 
lo-

e 0.05 l0-

a> 
a> 
~ 

..c 0 0.. 

-0.05 

-0.1 

-0.15" 

. . . . . . . . . . . . . . .. . ..... . 

. . . . . . .. ... . . . .. ..... . .. . ..... . 

o 100 200 300 400 500 600 700 800 900 1000 
Number of Cells 
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s = 2.5, Alpha = 0.025, Zeta = 0.707, Gamma = 0.02, D = 6,6, R = 4, N = 2, Margin = 0.4515 
2~1 --~~--~--~--~~--~--~~--~ 

300 400 500 600 700 800 900 1000 

100 200 300 400 500 600 700 800 900 1000 
Number of Samples 
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~--~----~--~----~---'-----r----r---I 2.5, 
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.1 ••• _ 

f\ 

1 I- .1 ••• _ 

0.51- Ow ••• 1.1 •• 1 •• J,. •• _ 

01-" . ...........•. \ji . . . ''V' ....... . 

-0.51--1- -I' "I' . -•. -I",' '1' oJ •• i' 'I' . -I.' 

-11-" . • •• 1- I· ·1· I· • • • • • • .• • ••••••. ,., ••• :_ ............ , .•••••••• 1 •• I I ••••• 1- ••• I ........ . 
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o 100 200 300 400 500 600 700 800 
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s=2, Alpha = 0.025, Zeta = 0.707, Gamma = 0.02, D = 6,6, R = 4, N = 2, Margin = 0.6189 
0.4~"----~----~---'----~----'----''----'----~--~ 

0.3 ....... ,. ........ ': ........... , ........................... " ..................................... -

-0.1~1 ----~----~--~----~----~--~~--~----~----~--~ o 100 200 300 400 500 600 700 800 900 1000 

1.1 

11-········~·········:····~·· 
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. (ij 

(!) 0.8 
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.. : ......... ~ ......... " ........ '.' ......... : .......... : ......... '.' ........ ',' ........ '.' ...... . 
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o 100 200 300400 500 600 .. 700 800 900 1000 
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OI-)~fu-hi '~.) 

----~--~--~----.---.---II--~--~ 1.41 

1 .2 t- ........... : ............ : ............. : . . . . . . . . .. -:. . ......... ~ ............ :- ........... : .......... . 

1 ~ ........... : ............ : ............. : ............ : ........... : ............ :- ........... : .......... . 

0.8~·· ......... : ............ : ........... : ........... : ........ , .. : ............ : ............ : ......... . 
· . . . . . . 
: : : : : : : 
: : : : : : : 

0.6 r ........... :. t: .. .. "/'. f if~ 0 ~ ff· Jt; .. . ..... :. . . .. . .... ! ............ ! ............ ~ .......... . 
• I -1-'. . . . . . · . . . . . . . · . . . . . . 

0.4 
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O~ 

-0.2' 'x / 
12 14 16 24 26 28 
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DIGITAL READ/WRITE CHANN ,S FOR MAGNETIC RECORDING 

S = 2, Alpha = 0.03, Zeta = 1, Gamma = 0.02, 0 = 6,6, R = 4, N = 2, Margin = 0.4071 

0.4H········:·········:··········:··········:·········.: .......... : .......... : .......... : .......... : ....... . 

: :::: <D 
(/) 
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...... .; .......... : ......... -:- ......... : .......... :.. . ..... 'f' ........ 'f' ........ :......... .. 

~ :~::~: 
: /: ~ ____ r-. . 

0.2t-·.v·····:·········~·~······ 

o 100 200 300 400 500 600 700 800 900 1000 

1.1 ZI 
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..... ,', ........ ' .......... ',. 0.9 c 
"@ 

(!) 0.8 . '., ........ ','. . .... ",. . .. ',' ......... ,. 

0.7 

0.6~' ----~~----~----~------~----~------~----~------~----~----~ o 100 200 300 400 500 600' 700 800 900 1000 
Number of Samples 
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~l'Vt.f kfJ€/ 
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Q) 
::J 
ctl 
> 

S = 2, Alpha = 0.03, Zeta = 1, Gamma = 0.02, D = 6,6, R = 4, N = 2, Margin = 0.4071 

1.51 x! .. ~ x! 
· . X· x . . . x . . . · . xx· ·x x xX· .. · . . . x ~. .:')( . . xX>¢< ~ X 
: : : X X X ~ ';&.::f< X xX X x X : ~ X : )§.( - . x * 
· x~x,~~ ~ X ,~X>"': XX X xx xx: : ?f .. ~ 

1 ~~,r~~X~~ti\X~::~r:1?f!l.?z~x(¢ Y': ~: ~X<o<·X: : x: ~ ~~X<": 
· .. · .. 

0.5 

o~···· 

• ~X X»<~ X~~~"':~~~~~~X X'X~X 
···.~~~~~~v~~~~~~ 

. '. . . . '.' . 

-1 ~ .... 
~~~~\>§t~x~~):~ ~0{J<. ~x< ;~?x Yf~~~~;;~ x~""""'X<0.x .... :)0 ... :. . ... x~..x···x- .. YI..<..; ·~ • .:a.,X X" .. ~">II. .;:"')( :~ ... ~, .... X : x"'0 X .~'. ~~ ~ : )l;.'x . )<.' 

· ~ x:x ~ ~ %0X XX1x XX ~~~ ~ ~x:xx X:..; xx 
: X X : : . xx: x. ..N. X X : ~ X 

. X X X· . . /'("\ . . · x . 
.. , ......... ;X ...... ~ .: .......... : .... f .... x .... : .......... ;.>< ........ : .... X .. 

x: -1.5 ~ .... 

_2LI ______ L-____ ~ ______ ~ ____ ~ ______ ~ ____ ~ ______ ~ ______ ~ __ ~~------J 

o 100 200 300 400 500 600· 700 800 900 1000 
Number of Samples 
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DIGITAL READ/WRITE CHANN S FOR MAGNETIC RECORDING 

FREQUENCY SYNTHESIZER 

REF elK a-bit - Programmable Phase Switched , - Divider (M) Detector Capacitor .& 
loop 

9-bit Charge Filter 
Programmable Pumps 

Divider (N) 

+2 
Synthesizer 

VCO 

" 

DAC 
-:.,j 

~ II.. 

Autocalibration bus 
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DIG I TAL REA 0 I W R I TEe HAN N .Is FOR MAG NET I eRE COR 0 I N G 

WRITE PRECOMPENSATION 

PCOMP1 

Clock PO I 
Phases 

from 
Synthesizer's ., 

mux 

VCO 

.. 
.... -

PCOMP2 PCOMP3 

PO 

Delay 
Elements 

DAC 
.. 

Autocalibration bus 

N. NAZAR I 

PO 

Write 
Current 
Pattern 

Pattern 
Detect I+--

%2 

L..-...ID Q t 
mux I p Q 

.. 
--,. 
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WRITE PRECOMPENSATION-cont 

N I NIT No Precomp 

TIN I T PCOMP1 

TIT I T PCOMP2 

NIT I T PCOMP3 
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DIGITAL READ/WRITE CHANN 1S FOR MAGNETIC RECORDING 

CHANNEL QUALITY/CALIBRATION 

• QUANTITIES: 

-- NUMBER OF ERRORS 

-- PHASE DETECTOR OUTPUT 

-- VCO CONTROL 

-- AGC CONTROL 

-- Error in +1 values 
-- Error in -1 values 
-- Error in 0 values 
-- ERROR IN ALL VALUES 

• MATHEMATICAL OPERATION ON THE QUANTITIES 

-- NO OPERATION 

-- ABSOLUTE VALUE 

-- SQUARED VALUE 

• FEATURE TO REPORT 

-- MINIMUM 

-- MAXIMUM 

-- SUM 

liST N. NAZARI MAY 28, 1996 
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From 

ADC 

a1 

Z-1 

a2 

FIR FILTER 

Z-1 ~ z-1 Z-1 

a4 

FIR Output 
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· ......... .. ' ............ '. .......... .......... ,'. . . . . . . . . . .. ........... . . . . . . . . .. . ......... . 
· . . . . . . . . .. . .......... '. ' .. ' . . . . . .. . ......... , . . . . . . . . . .. ........... ............ ......... . 

· . . . . . . . . . . . .. ........ . ......... . '.' .......... ',' . . . . . . . . . .. .......... . . . . . . . . . .. . ... ' ..... . 

. . . . . . . .. ........... ........... ,.......... .......... . ......... . 

10-6 , 1------L-- ... 
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Number of Filter Taps 
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. . . . . 
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w 
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10 -12 en 
(\S 
~ 
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"0 
Q) 
'-
(\S 

5--14 en 
c: 
(\S 

~ -15 

(No continuous time filter) 

. . . . . . . . . .. ......... . . . . . . . . . .. ........... ...... . . ........ . 

. . . . . . . . .. .. . . . . . . .. ........... "'-......... ... . . . . . . .. ........... ...... . . .. . ......... . 

........... : ............ : ............ : ......... "'-. .: ...................................... " .......... . 

-16 .... ········· . 

-17' ~ 
1 2 
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-16.5~i ------~----~-------.------.-----~------_r------~----~ 

8=2, Input 8NR=25dB, 10% dff-track Interference: -17 ~ .... \. . . .. . ........... : ............. : ............ :.. . .... : ........... -: ............ : ........... . 

~ -17.5 .. '." ...................... -., .. " .............. . . . . . . . . .. . ......... . 

0-
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'"0 
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:J 
0'" en 
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Q) 

~ 
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Number of Filter Taps 
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-16.5 r-, ----,-------r------,------,-----,-----.,.-----,--------, 
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-18 

~ -18.5 
C" 
w 
"0 
(]) 
"-co 
:::l 
C" en 
c 

-19 

m -19.5-···· 
~ 

. . . . . . . .. ................ . ....................... . . . 

. . . . . 
8=2.25, Input 8NR=26dB, 0% Off-track Interference 
............ ' ............ : ........... ,', ........... : ............ ' ............ ' ........... . 

. "" 

. . . . . . . . . .. . ........ ". . . . . . . . . . . ..... . . . .. . ......... . 

-20-················· ..... . 
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••••• • '0' ........................ ••••••••••• '0' ••••••••• ••••••••••••• '.' •• •••••• - • • 0' • ••••••..•. 

· ......... ,: ......... S~.2~2S,. Jnpl,J~. SNR.~2.e~.e, .O~/~ O.fft-.track. 'nt~.~~r~n~e ... : ........... . 
(N:o continuo~s time filt~r) 

. . . . . . . . . .. ........... .. . . . . . . . .. ........... ...... . . .. . ......... . 

. . . . . . . . . ... . . . . . . . . .. . . . . . . . . . .. ........... .......... . ......... . 

· .......... : ............ : ............ """-. ............ : ............ : ............ : ............ : ........... . 

....................................... ~ .......................................... . 

.......... .: ............ : ............. : ............ :. ..... ~ .... : ........... .: ............ :- .......... . 

• ••••••••• • 0 •••• ••••••• • 0 •• •••••••••• •••••••••••• 0 •• •••••••••• 
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r-------------------------------------------------------------------------------------------------------------.---------------------, 
Phase Error. 27 Oct. 1995 

r--

( 100/500MHz LA E J ( Chert 1 J ( Renge J (print) ( Run ) 
XV Chert of ( PHASE ) vs, (stete) ( AccumuleteOff ) 

Vme x ( +31 ) Xmex ( 250 ) 
Vmi n ( -32 ) Xmin ( 0 ) 

.. . .... . ...... . . ... ... . . . . . . . . .. .. . ... . ... . ... . . ... . .... .. ... ...... . ....... . .. .... . ... .. . .... . .... . . . . . . . . .. . . . .. .. . . . ... . ................... ... 
. . . . .. .. 

veo Freqy=50MHz, i/p sine 12.6MHz. Phase Error at olp of test port. 27 Oct. 1995. I I I 
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Phase Error 

( 100/500MHz LA E) ( Char t 1 ) ( Range ) (print) ( Run )t= 
f---

I ~PHASE ~ \IS. (state) ( Accumulate Off ) I---X If C ti art 0 f ERROR 

t= 
Vmax ( +31 ) Xmax ( 250 ) i--

f---

Vmi n ( -32 ) Xmi n ( 0 ) f----

f---

'---

. 

. . .. ...... ... .. ... .. .. .. .. .. ., .... .. . . . .... . . . ... . . .. . ... .. . .... . ... .. . .. . . .... ... . ... ..0 . . ..... .. ...... . .. . .. .. . . .. ... . ... . ...... .. ... .. . .... .. .. ... ... .. .. .. .. ....... .. . . . . 
.. . .. .. 

.. 

.. 
... .. .. ... 

. ... . . .. 

- - ---,-

veo Freqy=100MHz, i/p = data pattern. Phase Error at olp of test port. 31 Oct. 1995. I I I 
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ADC(data) 

. 

( 100/500MHz LA E) ( Chart 1 ) ( Range ) (print) ( Run ) 
XY Char t of ( ADCOUT ) "IS. ( S ta te ) ( Accumulate Off ) 

Ymax ( +31 ) Xmax ( 1000 ) 
Ymi n ( -32 ) Xmin ( 0 ) 

.. .. .. .. . . . . . .. . ........... '" . .. . . '" II. ..,0.... '". "0 ........ . . . .. . . .. .... .. .. . ., .. " .... '" .. 
••••• • 0- '" " •• _ ....................... . . . . . . . .. , . . . ... ... . .. ... ..... .... .. ... ... .. .... ...... . .... . ..... . .. 
•••• • •••• ...... •• • •••• • • ••••••• 0 ••• 0 • '" •• , ••• • • • .. • • • • .. •• • ••• '0 ••• .. . ... .. •• •• I • . .. . ......... 

. .. .., •••••• I. o •••• . - . - ..... " ... ........ . . ....... . ...... .. .... . .. .... . .. .. ..... .. o •• .. • •• • ...... • ... . . .. ... . ... ..... ...... ... . .. ...... .. _... .. ••• I •••••• .t •••••••• . . .. .. ... . . .. . .. . ..... . .. . . 

... ... ., ...... . ..... .. ...... .... .. ....... . . . . . . ... .. . .................. . ....... . .... ...... .. . . .. . . ... . . .. . . .. .. . . .. . . . . •• 0 •• 0 0 ............ o. o. . ...... • • ... • • 0.. • ......... ..0 •• . . .. . ... • • '0' • • • •• • .... .. ...... . ... .. o ••••• 00 .. 00 .0. 0 . . .0. 0" _ • 00.. • .0' 

•• ,0. . - . . ... 
••• • • •• 0 •• 

••• 0 

VCO Freqy=100MHz, i/p = data pattern. ADC output. 31 Oct. 1995. I I ~ ..... I I , 
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Frequency Error (Zoom) 

( 100/500MHz LA E) ( Chart ) ( Range ) (print) ( Run ): 

~FREQY X Y C h art 0 f ERROR IJvs. (state) ( Accumulate Off ) 

Ymax ( +31 ) Xmax ( 500 ) 
Ymi n ( -32 ) Xmin ( 0 ) 

+ 

."' .... "' .. _ ..... --"' ...... 
~ 

veo Freqy=100MHz, i/p = data pattern. Frequency Error at o/p oUest port. 31 Oct. 1995. I , 
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ADC(data) 

( 100/500MHz LA E) ( Char t 1 ) ( Range ) ( Pr i n t) ( Stop ) 
XV Chart of ~ADCDATA U vs. (state J ( Accumulate Off J 
Vmax ( +31 ) Xmax ( ~OOO ) 
Vmi n ( -32 ) Xmin ( 0 J 

.... __ • __ •• _ 0- ___ •• 0 __ •• 0 __ a, _ __ •• _"0 __ ••••••• _ _ "0. ...... ... • ____ _ _ .-- ....... __ ._ ...... __ ................ _ .......... _ ... -_ ...... - - - . _ ... ---_._-_ .. _-- _._-_. - ... _., - ... __ ....... - .. -...... _ ....... __ ............ _ . 
•• - _ ..... ____ • ______ ...... __ .... __ .... _ .. 0 •• _ ••••••• ___ ._ .... ___ ••••• __ • ___ • __ ... _ ........ _. _____ .0 _ .... ____ • __ ._ ......... __ _ 

••• "0- ... ______ .... _ ._. __ • _" • __ 0 ••••• _. __ ••• _ •• _ • __ ........ 0 •• _' ..... , •• o. .. __ ..... _ •• ___ • ..... •••••• • •••• __ ........ • •• _ ........ _ __ _____ ._ ....... __ - __ e ••• _____ 0 ____ .... _. ___ • __ ._. __________ • _____ ... ___ • ____ .. _____ ••• 0 __ ..... _______ _ 

- ••• • - • -- .... ••• • ....... _.. •• - .-... _ .. _.... • ••• • ..... - •• - .... _ •••• - .- •••• - -_ .... _.- ........ 4O __ ' _ .. - 4O .... .. .. ...... -_... . . .. -..... _ .. 
... ... ..... ., 

. .. _ ..... - .. .. .• _. ... .... .. _ ......... - ... . •• ._.... ... ... ....... ...... ...• ..._. - _.... .. ........ 0. ........ . . . . . '/' 

... - _. _ .......... _._._._ .......... - .... - ....... _ .................. - ._----- "- -_.-.... __ ._- .. -. -.-." '-".'- ..... _ ... _-_ ........ -.-................ _ .... . 
• _. _____ • - _........ 0 ___ .... __ ........ ._ ........ _ •• _0 • __ ... • _ ... _ ....... _ ...... _ • _. _..... .... _ • _ "._._ 0 ..... • ••• 0 ._ ••• __ ... _ ••• 0 • ..... _ 10 ._ ........... _ .... __ ._- --_ ... _._. --_._ ....... __ . -- -.-- .. _- - ------- ---_ .. __ .... _-.-...... -... _-.--... __ .. 

T -r 
I T T VCO Freqy=50MHz, i/p sine 12.6MHz. ADC(data) at o/p of test port. 27 Oct. 1995. 
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Frquency Error. 27 Oct. 1995 

( 100JSOOMHz LA E J ( Cher t 1 J (Renge J ( Pr i n t J ( Run )1 

XY Chert of (FREQ ) VS. (stete) ( Accumulete Off J 
Vmex ( +31 ) Xmex (4000 ) : 

Vm in ( -32 ) Xm in ( 0) I~ 

· . · . 
· . . .. · .. . . .-.-_ . . - ._- --- - _.-.. - .- .- -:: _. .. . . .... . . . '.. ::-.' ..... - + ... .. .-

-----~-----~~~~~~~~~--~~~~.~~----~----~~----+-----+----~----~ 
veo Freqy=50MHz, i/p sine 12.6MHz. Frquency Error at o/p oftest port. 27 Oct. 1995. I I I 
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10-7 ! 8~~~~ 10 12 16 
rms Signal/rms Noise (dB) 
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10-3 

10-4 

/0 
/0 

AB 0 

.~ 
e 10-5 ~ 

PRML~D 
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w 
~ 

(D 

10-6 
~~/ 

/)O~ 8110 Trellis . 
_ I //0 (-2.8 dB) Code 

10 70 a-=: - _oY I -0 o --~'~ --~~j ~---L_io 0'_--1 ... I 
20 40 60 8d 100 

p-p Interference (mV) 
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a .... · .....-.. a 
C 
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L-
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E ~~ f a - TCPR at 1 45 kbpi 
'-'P"1 (1.3 Gb/sq.in.) a 
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