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INFORMATION THEORETICAL 
CONCEPTS 

Recording Channel $Information Channel 

* CH_ANNE~: Physical means for transmitting or 
storing information. 
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INFORMATION needs a PHYSICAL 
CARRIER 

o Active Information: 

l----1 nformation--1 

(mapping) 
)I 

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) 

e Ideal for communication between systems 

Passive Information 

5 Not readily transmitted 
(shipping of matter) 

lill Little long-term decay 

Iii Idea I for information storage 
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Digital 
Data 
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Digital 
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~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 (1~~~l>r~"'d~.~\) 
• 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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0 
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Basic Contributors 

Magnetic Medium 
Transition 
DC-erase Noise 
Track edge 

Overwrite 
Adjacent track Interference 
Texture 

lntersymbol Distortion 

Head 
Coil/sensor resistance 
Eddy current damping Noise 
Barkhausen 

Tribe-electric 
Thermal asperity Interference 
Conductive contact 

MR head asymmetry Distortion 

Electronics 
Thermal l 
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Shot ) Noise 
Electro-magnetic Interference 

TA dynamics Distortion 
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Information Channel 

1 n itia lly Conversion 

Transmitted<> 
Information 

Stored 

Magnetic 
Patterns 

Arbitrary 
Delay 

Exact 
._ __ _.c::> Replica 

Conversion 



WHY ENCODING-PROCESSING ? 

At write-read process (mappif1.9) we los~ some 
information · 

This is due to: 

Noise Contamination 

Interference Injection 

Signa I Distortion 
linear 

non-linear 

This can be counteracted by: 

•Encoding 

•Signal Processing 
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Channel Front-End 

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

o Front-End Components 
Read/Write transducer 

Transducer-electronics interconnect 

Flex cable (input) 

Electronics module 

Flex cable (output) 

Disk enclosure connector 

Traces on drive electronics card 

. o Two Signal Paths 

llST-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 

D 

D 

0 

• 

• 
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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Electronics Role in Information 
Conversion 

( 5,1-cf'S I -fh .ti r·._..,,,,... A I . 77 
• Signal Conditioning / ~ 

(Gain, filtering, TA suppression ... ) 

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

• Interference Rejection 
(CMRR, PSRR ... ) 
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( 
Interference Rejection 

o Input Interference Pick-up 
• Capacitively coupled into head 
• Couples equally into both head leads 
• "Common-mode" type of int~rference voltage Vcm 
• Head signal is "differential-mode" type signal voltage Vh 

~ 

1/2Zn 
I 

I 
~/2Vhl 

--R::J c::J CJ c:::J CJ 

~/2Vnl 
I 

1 /2Z h I 

Single-Ended Input Amplifier 
(No CM interference rejection) 

Differential Input A111plifier 
(Rejects CM interference) 

Measure of amount of rejection: 

Vern I Common-Mode Rejection Ratio Vi same i'dm 
h 

Adm 
vdm 

vh 
Adn1 

CMRR -
Ae111 vdm 

Acm 
Vern 
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Interference Rejection 

• Cause: Any left/right input impedance imbalance causes 
CMRR to be finite(> 60 dB) "'-f/J-t<LJ'-cJ7.,,,.. 

• Parasitic capacitances cause high-frequency CMRR roll-off of 
6 dB/oct c,-._,c· 5 -4-,) f c)-1 e kt,:; ( --Fr/.cj- (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 

Pou'er Supply Suppression V 
dm 

v 
ps 

-------V s 

Most often "referred to input" (similar to CMRR) 

I sameVdm 

PSRR 
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• 

• 
• 

Interfere nee 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 ff'\~ It- er-J Ld 
PSRR is usually worse in SE amplifiers 
High frequency roll-off 6d8/oct 
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Front-End Electronics 

Nomenclature: 

Pre-amplifier 
Head electronics 
Arm electronics 

Port-Dedicated Port-Common 

Dedicated- - - - - - - - - -

Head 0 

Head 1 

Head n 

llST-96 

Biasing/ 
Sensing 

Amplification 

Common 

Signal 
Processing 

Switching 
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Arm Electronics Module 

Hard Disk Drive Assembly 
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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 
• Sig na I-to-noise ratio 
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Noise and Bandwidth 

C Inductive Read Head 
Comparison 

MR Read Head 

Read out by same voltage sensing preamp. 

l_nput referred noise voltage Van 
- Input capacitance C 

* Scale inductive head: turns ratio 11 
('~4 :t-i~.,~,.,-<-~ v 

Rh == 17Ro , Lh == 17 2La , Vh == 11 Vo 

* Scale MR head: inverse sensor height 
ratio 11' 

Rmr = 1] 1 R' o , Vmr == 1]'V' o 

07/94 (K.B. Klaassen, J.C.L. van Pcppen) 



Noise, Bandwidth Cont. 

• Inductive Head 
Input circuit bandwidth of critically 

. damped head: 

1 
f_ 3dB = 

2n}r,2L0 Ct 
~ 

t( 

1 

(Spot) Signal-to-Noise Ratio (~f = 

SNR = 

SNR = 

. v2 
h 

2,,2 
11 vo 

2 
4kT71R0 + Van 

1 Hz) 
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Noise, Bandwidth Cont. 

• MR Head 
Input circuit bandwidth: 

1 

Spot SNR: 

SNR 

SNR 
4kT1(R' 0 + V~n 

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



Noise, Bandwidth· Cont. 

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

Signal: V = 11Vo 

Bandwidth: f_ 3dB = 
1 

2n11ro 

· 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 
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Some Recording Physics 

o Single-Element Inductive Read/ Write Heads 

• Advantages 
Self-generating 
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<l>/dt sensitive) 
(narrow trackwidths) 
(high speed writing requires 
large electronics supply 
voltage, dissipation) 
( coi I-electronics resona nee) 

• Probably not extendahle beyond 
(12.5 MB/s, 5 µm tracks) 
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Inductive Heads 

Single-element read/write transducer 

• Scale head turns N 
Vh = NVo 
Rh = NRo Leads: L = L1 

Lh = N2Lo 
Ch = NCo Extra, parallel port: 
lw = MMF/N C = Ce 

• Critically damped head band-end: 

1 1 
(J) == 

0 "/LC 

• Degrades quickly for increasing N 
(needed for decreasing trackwidths) 

• Extra burdened by parallel port (Ce) 

For higher data rates/narrower tracks an MR 
head is unavoidable 
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Some Recording Physics (Cont) 

o MR Read/ Inductive Write Heads 

Positioning of the two elements: 

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

• Advantages 
Large signal/unit trackwidth 

Velocity independent (flux-sensing) 

Very large bandwidths possible 

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

Isolated pulse shape with no undershoot 

• Disadvantages 

llST-96 

Active read element exposed at ABS 
Therm a I asperities 
Electro-erosion 
Corrosion 
Smearing 
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Some Recording Physics (Cont) 

llST-96 

. . . ,..,,,.. "? 1''}(1.AN- '? 

r _f7J-""-. Aj·r.,.·. ()"' l tJ. r1-/~ l '1' · '?,i/v"D ) 

ESD sensitive I t '"~~~~~ ~ .+uf dr1v£~ 
Electromigration (sensor temp., current density) 

lnterdiffusion (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) 
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Electro-Static Discharge (ESD) 

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

• Simulated by Human Body Model 

I ~~~-i -~ ~ 
V '~-~~-C 

h\:irn I hbm 
DUT 

~--

• Energy release into MR head 

EMR = R 12 rhbm 
MR o 2 

llST-96 -31.-

J v ~q ~.t: i---t f-,i:...f L1 

l' \;J~-L ~+-JN •4'::> 
f"'i·c(¥t.L.C':;, $LI¥ e.,, 
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~--------- -----------··--------

ESD Discharge 
--- -·-··· --··-----------

100 mA /div ESD Current 

A 
~V\ ~ t'--_ 

100 ns/div 

ESD Charge 

10 nC /div ~ 
i---

v 
Vertical Horizontal Acquire Graticules Page Rem 

Desc Desc Desc to Wf m 2 
Avg (Intg ( Main Avg#=172 All Wfms Avg ( 

h Pr kw h 
. 

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

Volts None 100n Off -110n 
Hann in s/div s 
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----·------------
,. 

ESD Discharge 

ESD Current 

100 mA /div 
f\ 

lLl v V\J ~ r--.. ....._ 
.lJ 

50 ns/div 

per div l----1 -
~ 

0.8 nJ/Q 
v 

cJ ESD Energy 

J 
' 

Vertical Horizontal Acquire Graticules Page Rem 
Desc Desc Oesc to Wf m 2 

Avg (Intg ( Hain Avg#=228 All Wf ms Avg ( 
H' h Pree G kw h t us M n 

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

Volts None 50n Off -55n 
Hann in s/div s 

-:)~ - ,- e,i, \ ~v 'J ~· ~ct <r <; b _;cv {.\ C. 

Jlv"v~ 



Electro-Static Discharge (ESD) 

• Lethal sensor MR peak voltage 
Heat flow study: 

Vp,MR = K1RMR + K2TW 

5 K2 ~ 1.7 x 10 V/m 

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

Vp,MR = 2.28 V 

lp,MR = 74.5 mA 

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 

llST-96 

Ch o7 c(u-i>\A~.~7 r"' ca~~~\~ 11 
~rf-rl"µ~ 
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Electro migration 

• Mean Time To Failure: 

MTTF = cl - n eEaf kT 

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

• Self-accelerating void/ crack formation -c --Q) 80 
0 
c 60 
ro 
+-' 
_(/) 40 
(/) 

• 

.J-Q) 20 
0:: ..... ..... ..... ..... 

::!'. ::!'. ::!'. 
..... ..... ..... ..... ..... ..... ...... ..... ...................... ............ ~ ....... ....... ::'"" * * ... 

0 0 
~ 1200 
Q) 

CJ) 

1220 1240 1260 

Test Time (h) 

• Keep MR bias low enough (T and J), turn off when 
not needed 
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Lapping Issues 

-·---------·-··-------------------

• 
Sensor Height _J_ --========~-----:::: ____ ~::: Throat Height 

===--1~:·--:~RIPE \_WRITE GAP 



Base Line Disturbances 

Base line disturbances (ABS exposed MR heads): 

• Thermal Events 
- Additive to data signal 

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

8. 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 

_) __ 
- - - _;;;.-------

IJ----

__ T_N __ IL_\ 
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Base Line Disturbances 

• Counter Measures 

o Thermal Events 
Flag and remove T As 
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,.lction path 

llST-96 

Ground shields, apply potential to MR sensor 
(flying heads only) 
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"Classical" Thermal Asperity 

High data density --t--:---+--+---+---"!"1:.-+----1-----1 

rj 1 l ~"~· r? ?> i !JvLo·v~ l J L l lt-) ( 'r' _;;: 0. 5 ·-f/Jf 5) 
I 11 i"") ~..,..\-{YI ') {, ·-b~t- oC _hv'l{J l>r ~-0~· 

----~-~- _!__ ' }-· - --- -- ------ --. --------..-----------

Low data density-+-----+--+---+-- _.._____-+--~----+ 

\ 
- -~ 

~ h... - .A • - .,...,.... 
..... -" ·~ 
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Different Size T As 

1------ - --- -·-·-· -- - - ---
~ 

I ~ 
! \ 

I-
i \ 

Small Thermal Asperity 

•A 
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..... "T "T -.- ..... 
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Dual Stripe MR Head 



Why Dual Stripe Design? 

• Double the signal 
(for same bias current la) 

• Cancelling of even harmonics 
(on track)- ~o +~ c.?f~ --.t7 '--" k 

• Thermal asperity suppression 
(10°/o tolerance ~ 20 dB) 

\. <l-"1~"$hwt~ · . 

• Symmetrical track profile 
(servo advantage) 

• Interference rejection 
(10°/o tolerance ~ CMRR = 20 dB) 

ltU1t 1-h.i-tl 
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Issues Dual Stripe Design 

• lnterstripe shorting 

• Alignment tolerances 

• Needs matched MR sensors 

• Needs 3 MR leads 

• Temperature rise limited biasing c~l1 c~ul•0 
--). %18 per stripe --). same signal ..- }o a-k',,.,"1 

5~r.fl> 

• Disk flux shared between sensors 
~ smaller signal 
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Delay 
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[57] ABSTRACT 

A method and circuitry arc disclosed for suppressing 
additive transient disturl;>anccs in a data channel; e.g .. 
due to therm.al transients caused by an MR transducer 
contaeting moving a storage surface. Positive and nega. 
rive envelope detectors each have their inputs con
nected to the channel. and provide respective outputs 
which arc summed and contain an envelope component 
and a residue componenL A buffer interconnects the 
detectors to allow both detectors to follow rapid posi· 
tiv:: excursions of the data channel signal. A nonlinear 
signal-adaptive filter 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 filter. The relative amplitudes of these 
two outputs i.s set such that the resulting summed output 
signal is fret: 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 TA 
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Asperity Reduction Circuit (ARC) 

Electronic Thermal Asperity Removal: 

r Electronically corrected. 
-< 

· i Magnitude 2 times 
l 
'-

-~----·~---------



MR Sensor Edge Erosion 

Observed phenomenon 

' . ' 

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) 

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

\....... V\. c) c. /'''\_[2.. 

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

llST-96 -So- 3/96 (K.B. KLAASSEN) 



Sensor Erosion Protection 

• Module detects relative resistance variation 

ilR/R (Less sensitivity scatter due to tolerances) 

• Maintains center of MR sensor at ground 
potential 

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

---+Vs 
SLAVE 

MASTER 

Voltage bias V bias I RE 
lb! 

I = constant ~ 5 mA 

Bias current lb == Vb. /R 1as 

Output Vo A vbias L\R/R, gain A RL/re 
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Conductive Asperity Current· 

Time (100 ns/div.) 

f 

r 
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Noise Modelling Results 

• Noise versus bandwidth dilemma 

• Forces compromise value for the inP!Jt 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 n) BW = 100 MHz 

IZhl < < 2Rdamping (2 kn) Ven = 0.5 nV/JHz 

low K, ""l l~ "J__, ( ~ (1.25 nH) at bias current 

I K Oy•~J\L (1 Q) 2.5 - 5 mA OW r --.._ 'fl~ •. 7 

~/"'-'"'" 
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Noise Matching 

Often mistaken for "Impedance Matching'' 

(Transmission lines, reflection free: zi = ZrL) 
(Maximum power transfer: Z; = Zt) ,.. . , 

l , . ni-e: J1.;1;. .-, T,.._l' L t1 ~c .<: 

l~'vt Q 

Define "optimal source resistance" 

(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 contributor: 

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

0 If I zh I =I= Ropt further reduction of electronics 
noise is possible by" Noise Matching'' 
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Noise Matching 

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

- Transformer N = J Roptf I zh I 
- Series/parallel reactances (finite band) 

llST-96 - b3- 3/96 (K.B. KIAASSE:\) 
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Example: IBM 3380 channel front-end obtains 6 dB 
Signal-to-Electronics-Noise improvement by noise 
matching . 

. I' tv~o-v~ vJ{ Jr~ll(!:)C f.-~4s<) l,jD S};V ·f """'fr,).,t··--+· 

Frequency (lin) 
30 MHz 0 

Frequency (lin) 

Transformer N == 23/4, 

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

. ~ w \ "/..-fa r--<f \ °' 'h-GJ .1-\i'>;, ~ 
~ o'b ~\\o \t 

30 MH. 



Magnetic Head Instability 

• Write lnstabili1Y 

Definition: Delayed relaxation of head 
yoke, immediately after write 

• Read Instability 

Definition: Domain wall instability in 
head yoke, long aft.er last write 

-bS"- (KlaasMn I Van Peppen) 



Relaxation after Write 

.......... ~ 
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MR Front-Ends 

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

•. Bipolar or BiCMOS technology 
• Trend BiCMOS 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 µVPP 

llST-96 

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

._r_-~D-ed-ica-ted- -! -C-om-mo-n - - - - - - - - - - l 
DE Blas Voltage 

protection, 1-------1 ... Write Unsafe 
safety 

MR Head n I I 

I 
I 
l 

MR Head O I 
....----....... 

I 
Dummy I 

Head I 
~~' 

rite Head n 1 
I 
I 

Write Head 0 

post 
amplifier 

circuits Thermal Asperity 
.....__ ____ Head Resistance 

Read back 
,___conditioning i-------- Signal Out 

--- Set MR Bias 
bias -------------- DAC Current 

12 

----.------ Range Resistor 

1---------'4 Data In 



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 fl.RMR which increases 

1 - Linearly with track width (TW) 
2 - lnvers l y proportional with sensor height (h) 
3 - (Approximately) linearly with disk Mrt 

"--- JV>!~ /1r.J- .. (_" / '"'"! -~~-/c 
Electronically detecting fl.RMR/ RMR instead of fl.RMR, fu:;e)~;~:L--i.i-c t?rc 

makes the pre-amplifier output insensitive to variations in G) 
and@ 

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

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

8.RMR/RMR Detection 
Only those architectures where biasing and sensing have the 
same physical dimension give 8.RMR/ RMR detection 

~ / '5-. <:. ~r re__.,.,.~ ), '; .,,,,.s '.\ s .t,.,J;\ ..-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 ~~age biasing __ allows biasing closer to the limits 

f ~12-. c--
(b 
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MR Front-End Configurations 

Sensing 
Biasing 

Current Voltage 

I Z;n I ~ Rmr I Z;n I ~ Rmr 

Current (/a) fl/5 = f::...Rmr la 
ii Vs llRmrla -Rmr -

f:i/s 
l:iRmr 

Va fl Vs 
fiRmr 

Va - -Voltage (Va) - - -
R~r Rmr 
l 
\ ""' ·.,-- L-t/ oJ / r ( "' r .. ft,-f 1 

i,J 1 I fl--,~ 



Biasing 

"Constant'' = independent of Rm, 

Constant Current (la) Constant Voltage (Va) 

Sensor Current Density: 

1 
Jv = Va pl 

Sensor Power Dissipation 

I 2 1 
Pv == Va R 

mr 

Sensor Temperature Rise: 

v2 J_ t{fjj 
a p I 

~ Tv == P v x Rthermal 

2 pl gK 
~Tc == la th x 2/h 

AT v2 th gK 
L\ v == a p I x 21 h 

-74 - 07/94 (K.B. Klaassen, J.C.L. van Peppen) 



Biasing 

Va 

Biasing 

la 

Paradox 

Sensing 

Sensing 

Illustration 

Sensitivity Equation 

Vout == 
~Rmr 
--VaA 

Rmr 

Sensitivity Equation 

Vout == - flRmr laRA 
Rmr 

- 7 5 - 07 /94 (K.B. Klaassen, J .C.L. van Peppen) 



MR Front-Ends 

Differential Output Configuration 
Output signal is differentially coupled to the drive's circuit 
board. 
0 Zout = Ztrans.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 
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MR Front-Ends 

C - Amplifier Configurations 

Differential Input Configuration 
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 converter: 80 o/o 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 input 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 ,,,cage of Faraday'' 
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MR Front-Ends 

D - Basic Design Examples 

• Differential/Single Ended 

• Voltage/Current Biasing 

• Voltage/Current Sensing 

• Comments 
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+V s 

ov 

-V s ------1111i.---

Biasing Sensing Sensitivity Equation 

V 2 fiRmr I AR 
out = R B c mr la 



Biasing Sensing 

la 

Sensitivity Equation 

fiRmr 
Vout = 2. R f BARc 

mr 

Comments: 

• Differential input 

• High CMRR possible 

• Lowest possible sensor-disk potential 

• Needs dual power supply and 2/a 

• Low-frequency band end: 

1 2gaRc 
f_ 3dB == 2n CR 

mr 

• Settling time upon head switch: 

JiV 
lit == C B 

lorA,max 

• Fast settle mode (enlarge la into OTA) 

• f-3da will move up proportionally 

-82-



+V s 

c 
V Re 

s -----+---+---

Biasing Sensing 

Va 

-83-

Sensitivity Equation 

fiRmr 
Vout = 2 R2 RcA 

mr 



Biasing Sensing Sensitivity Equation 

ARmr 2RA 
R2 c 

Comments: 

• Dual supply needed 

• Differential; . high CMRR 

• Current drain: 2/a 

~Rmr 
• Output proportional to -

Rinr 

mr 

- f) ~ - 07 /94 (K.B. Klaassen, J .C.L. van Peppen) 



+5V 

vref 

c 

lb ov __ _..,~~~_._~~ 

Biasing Sensing Sensitivity Equation 

la 
nRmr IR A 

Vout = 2 R B c 
mr 



Biasing Sensing Sensitivity Equation 

!l.Rmr I 2R A 
R B c 

mr 

Comments: 

• AC-coupled version of previous circuit 

• Does not need feedback loop 

• Current drain: 2/a 

• Settling time: 

~Va 
~t == C I 

B 

• Low-frequency band end: 

f_ 3dB == 
2nCRmr 

1 

_ (:! b - 07/94 (K.B. Klaassen, J.C.L. van Peppen) 



+SV 

V R8 C 
0 ------

Biasing Sensing Sensitivity Equation 

Va Vout = 



Biasing Sensing Sensitivity Equation 

Vout = 

Comments: 

• MR sensor at + 5V! 

Conductive asperities 
Flash-overs 

ARmr VsA 
Rmr 

• Bias entire Disk Enclosure at + 5V 

Customer induced shorts 
Detect/monitor DE potential 

• Low-frequency band end: 

1 9oRmr 

2n CRe '-3dB 

_ ~ 8 - 07 /94 (K.B. Klaassen, J .C.L. van Peppen) 



+V s 

Biasing 

la 

Sensing 

vref 

Sensitivity Equation 

Vout = 



Biasing Sensing Sensitivity Equation 

la 

Comments: 

• Single-ended input 

No CMRR 

Vout = A.Rmr l AR 
R B d 

mr 

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

• Low-frequency band end: 

1 9oRd 
f_ 3dB == 2n CR 

· mr 

• Dependent on Rmr 

' tf\,,j;> c { {;) c--k ct· __..../- v 

d) i> k ~cl'-' Tv\ r( V\..-v 

Q \ ~, {-cl1-t ~ h~l ~ ,.._. 

• Parasitic capacitance of OTA loop and 
other head input circuits 

-qo- 07/94 (K.B. Klaassen, J.C.L. 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, la;as ~ 10 mA ~ VMR ~ 250 mV) 

• 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 
( R1, L1, 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 
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Surface-Mount ~apacitors 
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Design for Flexibility 

Programmable Front-End Electronics 
• 
• 

• 

Same module for different products 
Can be "fine tuned" to individual· heads 

rl'i \ 
.. t_~ I ,?~ 

) .,, (}\lY 
-i " v:F-> f)/ 
l . rl ,.-.,/)¥{ \..,,,) o-

~ Ir" ()" . t1, "' 

- in manufacturing ( · \J~i,~/}Y 

- autonomously, when need arises (DRP) \f .. r5·'' 
~· 

Easier to use in development 
(Head parameters not yet known) 

Digitally programmable/addressable via serial port 

Individual MR head bias 

llST-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~-
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States of ''Awareness'' 

head switch 

OFF 

1992 



Higher Data Rates, Why? 

Data Rate= 

RPM 
2n x 60 

Track Linear 
x Radius x Density 

Storage Industry Trends: 

L t 11 60 a ency = 12 x RPM (down) 

Areal track Linear 
Density = Density x Density 

(up) 

Conclusion: 

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

llST-96 -(()0- 3/96 (K.B. KLAASSE:"\) 



Data Rate - Bandwidth 

Higher Data Rates require wider signal path bandwidths. 

Toughest Requirement: 

• Write Path Bandwidth 

llST-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 

-\o\- 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 

"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 

- l t> 1_ - 1996 (Klaaa B. KlaaaMn, Richard G. Hirko) 
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(a) MR head head 

Fan-in 

lmm 
Head side 

<i,---

Read Channel Front End 

I 

Flex : 
Twisted Pair Fan-out cable : -+Package 

Zo = 61.5 n 

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

(a) Current sensing 

. n· •--.. 1e 
I 

· (b) Voltage sensing 



Twisted Pair Characterization 

1 "fan-in" 
3t nH twisted pair (13.8 cm) 

'J--51-Q ___,......(~ 

- \04-



l -
0 
U1 
I 

Pre-amplifier input impedance models 

(a) Current sensing (b) Voltage sensing 



Read Channel Parameter Values 
---------··-- . - ··--··--·--

• MR Read Head 
15 n < RuR < 45 n. LR= 1 nH, 
CR = 0.5 pF, Vs = lbias !JaRMR 

• Interconnect 

(a) Twisted Pair: 

Gold-cladded copper wire, diameter 36 µm 
Poly-urethane insulation, thickness 12 µm 
One twist per mm, length 55 mm 
Z0 = 61.5 Q, Vp = 209x106 mis, e,= 2.1, Rs= 80.6 Olm 
Fan-in and fan-out 1 mm; Lr = 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, Cs= 0.6 pF, Ls= 1 nH 
Semiconductor die, Co= 0.5 pF, Ro= 0.5 n 

• Read Pre-Amplifier 
Single-ended input,NPN transistor area 14000 µm2, 

f,= 3 GHz, biased at 7 mA 

(a) Voltage Sensing: I Zin I ::t> RMR 

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

Cc= 0.85 pF, Rec= 3.5 n, Le= 0.15 nH, Re= 5Q 
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Read Bandwidth (lumped 
approximation) 
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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 (Kand H) 



Write Driver Dilemma 

* Limited power supply voltage:V5 + x 0/o 
(e.g. 5V + 10o/o) 

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

• Available peak-to-peak head voltage swing: 

vh,pp = 2{ v.(1 - 1~0 ) - 211 v} 
• Also: 

Vh,pp ~ 2{L ~~ + /R} = 4 ~'; + 2/wRh 

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

• Scaling Lh NR0 , lw == MMF/N 

IIST-96 - \ \ s - 3/96 (K.B. KLAASS£'\) 



Write Driver Dilemma 

• Vi == MMF{ 4L1 4NL0 
h,pp N . + --r rw ~w 

• re--
Smallest when N == ~L; 

• Minimum is: 

{ 8JL1Lo } 
Vh,pp == MMF rw + 2Ro 

• Therefore MMF, L1, L0 and R0 are limited to values 
satisfying: 

{ 4J L1Lo } x . 
MMF rw +Ro < Vs(1 - 100 ) - ~V 

Example: Suppose Lo == 0.8 nH, Ro == 1 Q, Vs = 5V, 
x == 10°/o, ~V == 0.9V, rw = 5 ns, L, = 60 nH 

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

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

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



Write Driver Topologies 

I ; 
I -- _y _; J, 

~ 

+Vs 

i ········r· ....... .J 
©Jiw 
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...L 

Power Inefficient 
Poor Headroom 

+Vs 

\_ f 
HEAD 

\_ f-~--· >- \_ 
~J·· 

+Vs 

--

_L 

Power Efficient 
Poor Headroom 

Power Efficient 
Good Headroom 

llST-96 - \ \5- 3/96 (K.B. KLAASSE:\") 



Write Driver Output 
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I 

(b) Thin-film write head 

Fan-in 

lmm 
<>-Head side 

Write Channel Front End 

I . 

Flex : 
Twisted Pair Fan-out cable : __..Package 

Z0 = 61.5 n 

5.5 cm .5mm 
Module side-<> 

v 

I n• ,__..,. 1e 
I 
I 

I L ____ J 
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Write Head Model 

(a) Write Head Coil 

Mo 
0\.---lMs ------------~-

(b) IL to M 0 Conversion 
..-----------VJ 

I' 
I 

R mR m2R m<n-l)Rt'r 
~~~ ~M(t) 

M:I) er eJ er~ 
(n-1) 

T1 =RC Tn = m T1 

(c) Eddy Current Filter 

-MAS 

M•y, 1995 (KIH11en) (d) Apex window 
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·--- - ·-···----··----------

Write Channel Parameter Values 
------- ----------· ... 

• Write Driver 
Differential output,NPN trnasistor area 7000 µm2, 
ft= 3 GHz, C = 2.5 pF, no damping resistor 
Slewing rate 18 MA/s (/w > 18 mA) 
Bandwidth 80 MHz, Rise time 2 ns (lw < 18 mA) 

• Inductive Write Head 

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

(b) Saturated Coil Impedances: 
Cw= 0.75 pF, Rw= 6000, Rew= 16!1, Lw= 50 nH 

(c) Induced Voltage: 
V. = -N clel> = -NA dB(I) 

m dt dt 

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

(d) Current lw to Induction Bo Conversion: 

Bo = BAs = 0.6 T at lw = 22 mA 
Bo = BeGs = 0.85 T at lw = 36.6 mA 
Bo = Bs = 1 T at lw = 75 mA 

(e) Eddy Current Filtering: 

't1 = 2. 56 ns, m = 3 .16, n = 4 

(f) Apex Saturation Window: 

B(t) = Bout(t) B < BAs 
B(t) = BAs B > BAs 
Bout(t) OC Hwrite(f) 

-\12-
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Write Channel Waveforms 
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(First) Current Over/Undershoot 
---· -----------··----------
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Write Channel Test Signals 
--·-- -----------

• Square wave input -
_Induction_ swing large enough 
Criterion: B > 2 B . (BAS) pp rntn 

• Isolated transition input 
~eversal time short enough 

Criterion: t rev < r max (2 F W )-1 
max 

• Di-bit input 
~it s~_ift _small enough 
Criten·on: c < '"' 

c., (Jmax (15 °/o) 

--------·------------
-\2~- 199S 
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Write Field Reversal Time 
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Conclusions (Cont.) 

• Write Path 

Yoke swing BPP > 28As 
Transition rise time r < 1/(2Fw ) 

,max 
Bit shift e < 15 % 

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

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

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

~T > 7.1 ns and Fw < 70 MHz ,max 
- Now: lw == 36 mA, r = 6.8 ns 

-\ 33- 1995 (K •nd H) 



Final Conclusion 
·--··-·----------

Therefore, the maximum data rate for this 
channel using a (O,k) RLL code with an ~19 
rate is 15.56 MB/s 

1995 (Kand H) 



Finally •••••••••• 

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

high data rates 

narrow trackwidths 

near 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 

Choice depends on application 

llST-96 

Do not expect "generic" modules that serve 
everyone's needs 

-\35"- 3/96 (K.B. KIAASSEN) 
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OUTLINE 

• Signal detection theory 

• Typical digital PRML chip architecture 

• Testing digital PRML chips and results 

• Trellis coded partial response 
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User Data 
Encoder 

/\ 

Encoded 
Data 

Equalizer 

Lorentzian 
Channel 

White Gaussian Noise 

Viterbi 
Detector 

Low Pass 
Filter 

Decoder 

Block Diagram of the System 
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User Data 
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Signal Detection Theor}' 

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

1 
h(t) -

where PW 50 is the width of the pulse at 50°/o 
amplitude. 

• If we needed to detect only one isolated 
transition, use a "matched filter" detector [1 ], 

N. NAZARI 

\_ "'·-'· , o t \ \.f\:1\ L o K r"'t? l 
l 711)•~~_,.\ C s e,I '5 .;~) 

MAY 28, 1996 
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F(t) h(-t) h(t) . 

The error probability is given by 
1~ ¥/ 

Pe = 2f4..JE/t1if} ' 

where, 
00 

Q(x) 1 I -u2 /2d 
~ e u 

A/ L/TC 
x 

N. NAZARI MAY 28, 1996 
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00 

I 2 n 
Et = h ( t) dt = 4 PW 50 , 

-00 

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

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

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

N. NAZARI MAY 28, 1996 
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Then, the optimum detector is matched to c(t) 
and is given by 

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

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

00 

-00 

where s = PW 50 /T , is the channel normalized 
density. 

N. NAZARI MAY 28, 1996 
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• 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 

Ez = J IH(f)l 2 df = Ed [l - e-ns(l + 2S2)] . 

-l/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 MAY 28, 1996 
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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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-4 

-6 .............. . 

iD -8 
"O ........ 
a: 
z (J)-10 
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-16 

Comparison of Detection Methods 

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

PRML 

.. lf~_ l() 

-18'--~--'-~~_,_~~_.._~~-'--~--'~~-'-~~-..L-.~~-'-~~-'--~--' 
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Normalized Channel Density 
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Typical Digital PRML Architecture 
• PRIV architecture J,,ttJ- t'Jj_j e.,~--

"'f' -t5 '• _J <.P ,( ~,4 ~ 
-- Dibit response is equalized to 1 _ n2 5,v · . b 

-- 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 

-- At least one "1" sample after every G O's 

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

N. NAZARI MAY 28, 1996 
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• 7 pole equiripple continuous time filter 

-- Limits noise bandwidth 

-- Does most of channel equalization via high frequency 

boost v--~);;t -5 +~ lJ 

-- Often also has asymmetric zeros for phase equalization / c~.~~ :1;( 
t..- S : -i'- I '\ 
' . ? 

Jl.:tµ- ~ T !'>'"'"'( 5 . ) 

-- Must be able to quickly change characteristics between l 

data and servo 

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

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

N. NAZARI, MAY 28, 1996 
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• 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 

-- used tor reading "known" pattern~ ', \ \ l ~" \ ( ,, ~;~ ~ f, r t (. •• d<•· w.:h-
g • ~' f-.. t:J ~ cle.*""'e{. 

llST N. NAZARI MAY 28, 1996 
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• 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. MAY28, 1996 
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z Cl.. ~ Cl.. z z z z Cl.. Cl.. z 
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8/9 (0,4/4) 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 (50%) 

-- 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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ANALOG VS. DIGITAL PRML 

ADVANTAGES OF DIGITAL: 
• CHANNEL QUALITY MEASUREMENT 

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

-- CHANNEL 11 HEALTH 11 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. NAZARI MAY 28, 1996 
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GAIN CONTROL 

FLASHINP -- Rectifier FLASH INN ,___ __ _, '-----+=Xl I 1 

-=- SCAG1 

Vee 

Vref 

I 
Gn = Xn(Yn -xn)'Y 

G n = Gain update at time n 

y = AGC gain factor 

y n = Input value at time n 

xn = Desired value at time n 

Xn = Slicer output at time n 

N. NAZARI 

Minimum 
Gain 

Voltage 

AGC Control mux,___ ___ 

6-bit 
Current 1t------1 

DAC 

Digital 
Gain 

Control 
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CONTINUOUS TIME FILTER 
Autocalibration bus 

From -
VGA __ 7th Order Equiripple Filter 

RP ROG F ......--0,,,---a-ta.x..--, 

FcDAC 
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Boost 
DAC 
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1---... DIFFP 
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DAC 
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s7 + 5.23S6 + 19.7S5 + 45.9S4 + 76.5S3 + 84.1S2 +57.1S+18 
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a.. 
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From 
ADC or __ _ 

FIR 

TIMING RECOVERY 

Phase 
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Zero 

Phase 
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TIMING RECOVERY-cont 

Phase 
Detector 
Output 

~ 

a 

Ll "C n = Phase error estimate at time n 

y n = Input value at time n 

y n _ 1 = Input value at time n-1 
A 

Xn = Slicer output for y n 

Xn _ 1 =. Slicer output for y n _ 1 

N. NAZARI 

Loop 
Filter 

Output 
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Phase Error. 27 Oct. 1995 
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. . . . .. .. 
. . 

VCO Freqy=SOMHz, i/p sine 12.GMHz. Phase Error at o/p of test port. 27 Oct. 1995. J I I 

llST N. NAZARI MAY28, 1996 



DIGITAL READ/WRITE CHANr... LS FOR MAGNETIC RECORDING 

Phase Error 

( 100/500MHz LA E) ( Chart 1 J ( Range ) (Print ) ( Run )b 
1---1 

xv Chart of ~PHASE ~ vs. (state) ( Accumulate Off ) r-------1 ERROR 

H Vmex ( +31 ) Xmax ( 250 J !---,____ 
Ymi n ( -32 ) Xmin ( 0 J f----

r---

t-----1 

. 
r---1 

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

.. 

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

.. . . . .. 
1---i 

·- -- - = 
VCO Freqy=1 OOMHz, i/p = data pattern. Phase Error at o/p of test port. 31 Oct. 1995. l I I 

llST N. NAZARI MAY 28, 1996 



DIGITAL READ/WRITE CHAN~ _$FOR MAGNETIC RECORDING 

ADC( data) 

( 1 00/SOOMHz LA E ) ( CtH~r t 1 ) ( Range ) ( Pr in t ) ( Run ) 
XY Chart of ( ADCOUT ) vs I (s tete ) ( Accumul ate Off ) 
Ymax ( +3 1 ) Xmax ( 1000 ) 
Ymi n ( -32 ) Xmin ( 0 ) 

.. . . .. . . .. . . .. . . . ... . ..... . . .. .. . ... . . . . . . .. . . ... . ... . .. . . . .... .. .. . .. . . . . . . . .. . .. . . . . ... . ·- ... . .. -······ .. ····· .... .. . . . . . . .. . . . ... . ... . .. . . . ........ .. .. .... .. . . . . . ..... . .. . .. . .. . .. . . .. . ......... . . . ... . ............ . .... . . . . . . . . . . .. . .. .. . . . ... . . .. . .. . . . . ... . . .. . .. 

.. . .. 0 0 o I 0 ... . . . . . . - ..... . . . . ..... . .... . ..... . . . . . . .. . . . . .. ... . . .. . ..... . .... . . . . . ........ . .. . . ... . . .. . . . . .. .. - . .. ... . . .. . . .. . . . . .. . . . . . . . . . . . . . . . . . . . . . .. . . . .. 

.. ... . ... . . . . .. . . .. . . ... . ........ . . .... . . ... . ... '"' ....... . ... ...... .. . . . ..... . ... . ... . . . . . .. . . .. . . .. ..... . . . . . ... . ·-··- ..... .. . . ... . . .. . . . ...... ..... . ... . .. . . .. . -. . .. . .. .. .. . . 0 0 OIHOO .. . . . .. . . . . ....... . . . .. . .. - .. .. .. .... . ... .. .. . . . .. . .. .. . . ... 

vco Freqy=1 OOMHz, i/p =data pattern. ADC output. 31 Oct. 1995. ] J l ] ] 

llST N. NAZARI MAY 28, 1996 



DIGITAL READ/WRITE CHANt\ .S FOR MAGNETIC RECORDING 

Frequency Error (Zoom) 

( 100/500MHz LA E) ( Chart 1 ) ( Range ) (Print ) 
I 

( Run )~ 
xv Chart of ~FREQY !) vs. (state) ( Accumulate Off ) ' ERROR 

; 
! 

Ymax ( +31 ) Xmax ( 500 ) I 
I 

i 

Ymin ( -32 ) Xmin ( 0 J 
I 

+ 

.. 
.. - .... . . ... . . . - .... . - -.. .. ..... ..... .. .. . - ---····- -··· -·-· ... -·· .. -··· ... ..... - ......... -· . 

E- .. -. -··-· .... . ...... ··-· ..... -................ - . ..... . . . . . . .. . . .... . . . . .. .. ·- .. . .. . . . - ,,_ .. .. . . . ..... 
-·· 

.. 
. . . 

- i--- . 

VCO Freqy=1 OOMHz, i/p = data pattern. Frequency Error at o/p of test port. 31 Oct. 1995. l l 

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

ADC( data) 

( 1 00 /500MH z LA E) ( Chert 1 ) ( Range ) (Print) ( Stop ) 
XV Chert of [ADCDATA D vs. (state) ( Accumulate Off ) 
Vmex ( 
Vmin ( 

+31 ) Xmax ( 4000 J 
-32 ) Xmin ( 0 ) 

. . -. - .. . . - . . . - .. . .. . . . . . . . ... .. ··-- ....... ·····--· -............ ·- .. ·- - ··- ·- -- - ···-- -· ·- --· - ·- ....... --··-· -· ·- ·- - ···- ·-··· ····- ·------ .. . ... -- -·· - ........ -· -·· ··----·-·· ···- ·--- ·-.. - -·· ·-- - - . - -----·-·-·· --- -·· -· - ··- .. - ···--· ---·-- ··-··· -·-·· .. ···-- ...... ··----· --- -. - - ... ··-- .... ·- ---- - .. ·-- ...... ---- --··- - -·-·· ··- -----·- - -·· . ·- --· -· -·--· -- . ·---·- ----·. - ···-- --· --·- .......... ---..... ··-- ... ... . . . ..... - ·- . .. ... . ... .. . - ... . . 

. . . . . .. . . . . . . . . . .. . .......... -- ---- .... - ·-·--. -·. ·--· .. ·-· -. --· .. -· . -·---- ... -·- ·-. ··-··· .... -·-· .. --- . ·--- ...... ···- -· .. -· .. -. ·--.. . . -· -· ....... --- ---- ·- --·- ---··· ------·--···· -·---·--·-·-- -- --· - --·------- - -- ·------- --- .. ·-·- --···- - ---- --··· . -. -- ..... . .. . ...... _ .... ·-· - ·-··· -·· -·· .... ·-·-- ... - .. ··-···. - ·- ...... - -···-·- ............ ·-·· -........... . 
-·-- •OO 0 oOo 0 000••.,--0 00 0 o•o 0 " oO o 0 ... 0 0 " Oo-0 ---·I oo 00 • - .. OO• 0 0 0 00- ... 0 0 • 0 ·- 0 - 00- 0 0 OAO . . . .. ... . . . -· . . ... . .. ... .. . . .. - .. . .. . . .. .. . ...... ·- -·. .. . .. . ...... .. ... . . . .. - .... .. . .. . .. . -

- ... -·- ·-· ... ·-· ......... -······· -- .... -- ... -···--· ... ·- -· ... ·- ................... _, --··· .... -......... -... . ···- ... .. . . . . / . . 
... .. - ... - -·-. .. . . . ... .. . ·-· - . . . . - . . . . ... . . . - .. - - . _ ......... -·-·-·-· ... ··--·-- ...... -·-·· ·····-· .... - ·------ .... --·-·· ·--·-- ..... -·-·· ·---·- ..... ·--·--·-··-·-·······- -···--·-

·-· ...... -- . ·--·-- ---- ·-·-· --·-····--· -- -·-··-- - ------- ----·--···--·-·····-···-··-·--·. 
• • o •• o • oa 

VCO Freqy=SOMHz, i/p sine 12.6MHz. ADC( data) at o/p of test port. 27 Oct. 1995. 1 T 1 T 

N. NAZARI MAY 28, 1996 



DIGITAL READ/WRITE CHANN .S FOR MAGNETIC RECORDING 

Frquency Error. 27 Oct. 1995 

( 100/SOOMHz LA E) ( Chert t ) ( Range ) {Print ) ( Run ): 
H 

XY Chert of ( FREQ ) vs. (state) ( Accumulate Off ) 
Vmex ( +31 ) Xmex ( 4000 J 
Vmin ( -32 ) Xmi n ( 0 ) 

~ 
f-1 

H 

H 

H 

-: -. .. 
. - .. I-... ... ...... _ ·: .,_ ·- ·-- --- - -·-·. - ·- ·-·- . . .... - ·- ··- + -- ........ - ... . -- -· ...... 

I--- - H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 
----~-- I I l l I I ':r J: 1 j ± VCO Freqy=SOMHz, i/p sine 12.GMHz. Frquency Error at o/p of test port. 27 Oct. 1995. 

llST N. NAZARI MAY 28, 1996 
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CD 
+J 

DIGITAL READ/WRITE CHANN S FOR MAGNETIC RECORDING 

10-2 ------~--.-~---~---~-------~--~------
o~ 

0 D" ~ 
""-o o~ 

co 
a: 1 o-4 

o o~o 
~ ~ML 

o o""· 8/10 Trellis Code """ 

0 
0 

10-7 ----~~----~--~---~--~--~--~---~~ 
8 10 12 14 16 

rms Signal/rms Noise (d_B) 
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DIGITAL READ/WRITE CHANN1.-Js FOR MAGNETIC RECORDING 

(D 

20 40 60 8d 100 
p-p Interference (mV) 

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

0 -

,.--... c n:: w 
rn 

CJ' 
0 
I ~ 

TCPR 

PRML 

Disk 1 

TCPR 

PRML 

Disk 2 
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(l) 
_._/ 

0 
n:: 

\._ 

0 
L. 
L. 
w 
.+-J 

Q) 

!IST 

DIGITAL READ/WRITE CHANN _$ FOR MAGNETIC RECORDING 

..., 
I 
0 -

-tt 
I 
0 ..... 

w;") 

I 
0 
..--

IO 
I 
0 -

,...... 
I 
0 -

I 
0 

0 

-40 

0 - TCPR at 81 kb pi 

X - PRML at 81 kb pi 

0 

Offtrack Position 
(microinch) 

N. NAZARI 

0 

~o 

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

7 
0 -
T 
0 -
'° I 

v 0 __, -0 
a::: 
\... T 0 0 "-
"- -w 

__, 
,..._ 

en I 
0 -
,, 
0 -
T 
0 
--«> -20 

0 - TCPR at 101.6 kbpi 

X - PRML at 86.5 kbpi 

0 

Off track Position 
(microinch) 

N. NAZARI 

20 

MAY 28, 1996 



DIGITAL READ/WRITE CHANN _$ FOR MAGNETIC RECORDING 

0 ...,. . 
............. 0 
c 
0 
L 
u 
E (.Q 0 - TCPR at 1 45 kbpi ........_,, ,..., . ( 1.3 Gb/sq.in.) 0 
Q.) 

u 
c 
a X - PRML at 122 .kbpi E N 
L- ,..., 
0 

. 
0 

't 
Q.) 

o._ 

~ DJ u N 
a . 
L 0 

..+.J --'+--
"'-
0 

...,. 
N 

• 
0 

2.4- 2.B 3.2 ' 3.5 

Track Pitch . (micron) 
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DSP AND DISC DRIVE 

SUBS'.YSTEMS 

0 DIGITAL DATA STORAGE ISDSP 

=~ DIGIT AL IN, DIGIT AL OUT 

• DRIVE EXTERNAL/INTERNAL INTERFACES ARE DiGITAl. 

CON.TROLLED BY DRIVE µPROCESSOR 

• EXCEPT THREE CLASSICALLY ANAL0•3i 

INTERNAL S!ERVO SYSTEMS 

:;;;~)' RECORDiNG (READ-WRITE) CHANNEL 

=> DISC SPINDLE MOTOR SPEED SERVO 



DSP HEAD TRACKING SERVO 

HEAD .. TRACK 
ALIASING EMBEDDED 

FILTER SERVO 
POSITION ~ ~ 

(MISSING) (SAMPLER) 

~()rtJ 7S f"5Cffe)'c...t -)A.1'-L p-..,·v<S 

~ 
., , 

....... 

SERVO DSP 
ANALOG 

...... ..... POWER AMP ,...... 
µP 

,.... 
(DRIVES ACTUATOR) 

dsp4 



DSP READ CHANNEL 

. READ HEAD 
PRML SAMPLER .... EQUALIZER .... 

~ SIGNAL 
,,.. I". 

FILTER 
.Jllll >JJ...,pu:.; /f'e...c... 

... ~ 
,. 

~ 

6 BIT 
VITERBI DECODE, ECC, 

.... ...... BIT DETECTOR, ...... USER DIGITAL ,,. 
FLASH ADC 

,... ~ 

CLOCK, AGC DATA OUT 

'F.HT 

ti!:p 5 



SPINDLE SPEED SERVO 

MOTOR 
ANALOG 

MOTOR DRIVE .... SERVO .... 
BACK EMF 

...,.. --r 

IC 
(CURRENT) 

' ~ , 
' 

DIGITAL 
DRIVE 

.......... 
CONTROLLER ~ r 

PLL 
µP 

dsp6 



POTENTIAL DSP ADVANTAGES 

• BETTER DRIVE PERFORMANCE SPECS, 

FROM TIGHTER WORST .. CASE TOLERANCES TO 

COMPONENTS, TIME, AND TEMPERATURE. 

• OR LESS STRINGENT COMPONENT TOLERANCES. 

• MORE DRIVE I/O'S PER SECOND, 

FROM OFFLOADING SERVO CONTROL FUNCTIONS 

FROM DRIVE'S µPROCESSOR 

• ADAPTIVE CONTROL ALGORITHMS, 

UTILIZING PERFORMANCE DATA, 

OVERLAPPED WITH DATA ACCESSING 

(NO OVERHEAD PENAL TY) 

dsp7 



DSP ADV ANT AGES (con't) 

• MANUFACTURABILITY: 

SELF CALIBRATION 

SELF TEST/DIAGNOSIS 

SELF TUNING FOR YIELD ENHANCEMENT 

• DRIVE ERROR RECOVERY 

FROM OPERATING SHOCK, 

MIS-TRACKING, 

MIS-READ 

• LOWER SERVO POWER CONSUMPTION, 

FROM OPTIMAL PLANT CONTROL MODELS 

dspB 



READ/WRITE CHANNELS 

• EXAMPLE: IBM'S DSP PRML CHANNELS 
/vl/J.-;xJA/Jh Lt /f. r; '- "{ /.fl(JO (} 

• CONVENTIONAL CHANNEL DIGITAL.ELEMENTS 

USER DIGITAL DATA INPUT 

COMPUTE AND APPEND ERROR CORRECTION CODE 

ENCODE (ENDJJ(C) 
E 

(ANALOG WRITE-READ CHANNEL) 

DECODE (ENDAC) 
E 

DETECT AND CORRECT BURST ERRORS 

USER DIGITAL DATA OUTPUT 

dsp9 



READ/WRITE CHANNELS (con't) 

CONVENTIONAL R/W CHANNEL ANALOrnLEMENTS 

• WRITE DRIVER 

WRITE CURRENT 

WRITE PRECOMPENSATION 

• MAGNETIC RECORDING WRITE/READ PROCESS 

• READ PREAMP 

• READ EQUALIZATION AND NOISE FILTER 

AGC CONTROL AND SETTING 

BIT QUALIFIER (THRESHOLD LEVEL(S)) 

BIT TRANSITION DETECTOR 

TIMING RECOVERY (PHASE LOCK LOOP) 

DATA SEPARATION (TIMING SYNC) 

dsp 10 



R/WCHANNEL 

DSP POTENTIAL ADV ANT AGES: 

• CONVENTIONAL PEAK DETECTION CHANNELS 

FACE INABILITY TO GET NES,~~~~~Ya~6 dB SNR, 

AT HIGH MBITS/IN2 AREAL DENSITIES 

•... ESPECIALL y 65 mm AND SMALLER DRIVES 

rrzu~ Pi+~E 

~ COMMUNICATIONS CHANNELS OPERATE AT 15-20 dB, 

USING HEAVY ERROR CORRECTION (10-4 RAW BER) 

• IBM'S SOLUTION IS DSP PRML, 

(PARTIAL RESPONSE MAXIMUM LIKELIHOOD) 

• PARTIAL RESPONSE EQUALIZATION 

ALLOWS BITS TO BE PACKED CLOSER TOGETHER, 

BY ALLOWING CONTROLLED 'NTERFERENCE. 

• A PENAL TY IS THAT EQUALIZATION MUST BE PRECISE 

=> USE DSP DIGITAL FILTER EQUALIZER 
1~ • .tcv~e,r- rv,.*ICJL n. c.a,._~.r41r-e. """'"'\., ti4WIJ/A#R'~ 

V' q...-,4 'Tl°""' s: 

dsp 11 



R/W CHANNEL DSP ADVANTAGES (con't) 

• A SAMPLED VITERBI BIT DETECTOR IS OPTIMAL 

=> A DIGITAL SIGNAL PROCESSING METHOD 
p~ 11.. L.a c...4 "f/3"' ~" r col.)e..,~r 

• CLOCKING AND AGC CAN ALSO BE DONE IN THE DSP 

••.. (PR'S HIGH BIT DENSITY DESTROYS THE PEAKS USED 

FOR CONVENTIONAL CLOCKING) 

• DSP READ CHANNEL RESULTS IN: 

HIGHER BPI, BY USING PARTIAL RESPONSE. 

HIGHER TPI, SINCE VITERBI ALLOWS LOWER 

PLAYBACK AMPLITUDES (NARROW TRACKS) 

• => HIGHER AREAL DENSITY (MBITS/IN2) 

IBM IS SAYING 15-30°/o FOR FIRST GENERATION 

EVEN MORE LATER uo ""ain /~<f" De..-rlrY 

dsr 12 



HEAD/TRACK SERVOS 

• SERVO INPUT: HEAD .. TRACK POSITION: 

INTEGER TRACK NUMBER (GRAY CODE), 

PLUS FRACTIONAL TRACK ERROR 

• SERVO OUTPUTS: 

ACCELERATION COMMAND (ACTUATOR CURRENT), 

SEEK COMPLETE, SEEK ERROR, HEAO OFF TRACK 
//'-li:Je.f)"'-{) S"eAVO ~QK-/Wo ..,.. .... ,,~l'f ._tJt-'-'1 w .... /n.<:.,~. 

• CONTINUOUS SERVO SIGNAL IN LARGER DRIVES 

• SAMPLED SERVO COMMON IN SMALL DRIVES (3-5 KHZ) 

• NOTE: SERVO SYSTEM SAMPLING OCCURS BEFORE ANY 

ANTI-ALIASING FILTER POSSIBLE. 

THIS CAN ALIAS HEAD FLEXURE 3"7 KHZ RESONANCE 
/-/ ~ /) / t; /"' fJ..{,, (. fl.df 0,,.,/QM GI;(._ 

INTO SERVO PASSBAND. u~a_A/a"TCH Ftt.-•£A. Y- nUllL~ 
C4I,, T"-o c_e,f) l"\'.Q..fO.C....i.-c..«. <;:/.,_c_._ (!') t; f,,k-4 /J 

MEANS RESONANCE MUST BE HELD WITHIN LIMITS, /.Jt'r r: 

MINIMUM RESONANCE SPEC NO LONGER ENOUGH. 

dsp 13 



PLANT MODEL ("OBSERVER") 

• A POWERFUL CONCEPT FOR DSP 

• CAN EFFECTIVELY ALLOW SAMPLED SERVO TO 

APPROACH SEEK/SETTLE PERFORMANCE 

OF A CONTINUOUS SERVO, 

WITHOUT THE WASTED DISC SURFACE OVERHEAD, 

AND MECH/THERMAL MISREGISTRY PENAL TY. 

•CAN REDUCE OFFTRACK DATA RISK 

CAUSED BY MECHANICAL SHOCK/VIBRATION 

(VALIDATE SERVO PES SAMPLES 

AGAINST OBSERVER PREDICTION) 

dsp 14 



DSP PLANT MODEL (con't) 

• CONVENTIONAL LINEAR FREQUENCY DOMAIN ANALYSIS 

MODELS SECOND ORDER PLANT MECHANICAL SYSTEM, 

INCLUDING CRITICAL ARM-HEAD RESONANCES 

• STATE VARIABLES ARE HEAD POSITION AND VELOCITY 

• DSP TIME DOMAIN OBSERVER 

PREDICTS PRESENT STATE. 

MINIMIZES SERVO LAGS, 

ALLOWS NONLINEAR ELEMENTS. 

EXAMPLES: 

ACTUATOR FORCE CONSTANT V.S. POSITION'. 

HEAD-ARM SETTLING TIME VARIATIONS 

dsp 15 



DSP PLANT MODEL (con't) 

• SERVO ERROR MODELS ALLOW SELF CAL/ADAPTATION: 

1) ACTUATOR FORCE CONSTANT, 

OVER TIME, TEMPERATURE, TRACK (NONLINEAR) 

DRIVE CURRENT SATURATION (NONLINEAR) 

2) ACTUATOR BIAS FORCE OVER TRACK POSITION 

(FROM HEAD FLAT CABLE, WINDAGE) (LINEAR) 

3) INDIVIDUAL HEAD THERMAL OFFSETS (LINEAR) 

• REPETITIVE RUNOUT ELIMINATION POSSIBLE 

LINEAR FEEDFORWARD CONTROL, 

BY RUNOUT-LEARNING DSP FILTER 

• ADAPTIVE SEEK ALGORITHM: 

MONITOR SEEK SETTLING TIME DURING DATA ACCESS 

TO MINIMIZE TOTAL SEEK TIME AND OFFTRACK 
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DISC SPINDLE SERVO 

• CONTROLS DISC SPIN MOTOR: 

3-0 BRUSHLESS PERMANENT MAGNET MOTOR, 

(NO HALL SENSORS) 
L;..__,·,a-o .,,, 1600/Z.P/'-t e't" L/ .... i'r..z-f) r-.t1r4...._ 

ro-..o~ .j.. r v () 411.._;y i'-£t;?.,;1"'L.~-a--r;. 

• EXAMPLE DRIVE SPINDLE SERVO: 

RPM IS PERFECTLY FREQUENCY LOCKED, 

USING DISC POSITION PHASE LOCK LOOP. 

POSITION NOISE SIGMA::::: 50 NSEC _,.,_,NO <:.~flJ-r};:µi) O/-)l_#;T717o-. 



DISC SPINDLE SERVO (con't) 

CONVENTIONAL DIGIT AL SERVO ELEMENTS: 

• A DIGITAL PHASE LOCK LOOP 

•USES WRITE CLOCK CRYSTAL AS POSITION REFERENCE 

• USES INPUT FEEDBACK SIGNAL FROM MOTOR BACK EMF 

MEASURED OFF THE TWO UNDRIVEN PHASES: 

THE TIMES WHEN THE PHASE VOLTAGES ARE EQUAL. 

=> AN APERIODIC DIGITAL SAMPLED SIGNAL, 

•GENERATES ANALOG COMMAND VOLTAGE 

TO COMMAND MOTOR ACCELERATION PUMP UP/DOWN 

dsp 18 



DISC SPINDLE SERVO (con't) 

CONVENTIONAL ANALOG SERVO ELEMENTS 

• START AND COMMUTATION LOGIC 

• ANALOG FEEDBACK STABILIZATION LOOP 

• INPUT IS DIGITAL PLL ACCELERATION COMMAND. 

• OUTPUT IS SPINDLE MOTOR COIL CURRENT, 

FROM 3-0 ANALOG POWER DRIVERS. 

• INTERFACE TO DRIVE µP MINIMAL. 

POSITION PHASE ERROR CAN BE INTERROGATED. 

SPINDLE EXTERNAL SYNC SIGNAL (OPTIONAL) 

• IS THIS AN ERSATZ DSP? 

•• .ITS SAMPLED, PARTLY DIGITAL 

•.. BUT SAMPLING TIMES ARE APERIODIC, 
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Electrical Engineering and 
Computer Science 

University of C811fomla at 
Berkeley 

Plplof20 
llmJ91 
lhane/sl~SESfuntaC1nJm 

Discrete-time and Digital Signal Processing 

David G. Messerschmitt 

Discrete-time and digital signal processing are increasingly 
prevalent, due to many factors. Increasingly, analog signal 
processing is employed only at the very highest speeds where 
digital solutions are not available. 

Objectives: 

•What are the differences and similarities between discrete-time and continuous
time? How do we convert between the two? 

•What are the differences and similarities between digital and analog? 

•What are the advantages and disadvantages of digital and discrete-time? 



Electrical Engineering and 
Computer Science 

University of camomla at 
Berkeley 

Page laf 20 
llflVJI 
"1<ime/lleplanWm• tSES/unt10an.l'm 

COJJ7),v~v"i/ ( 

l/l/\,o 

.. -

Oversimplified! 

Basic elements: 

Typical Configuration 

Digital 

A/D -- _ .. -- -Signal Processing 

•Sampler to convert continuous-time to discrete-time 

•Analog-to-digital converter to convert from analog to digital 
----------- - - --- - -- - --------- ----------------------

D/A ~ 

CO A.f7'/,A.. .. tJ (/ ~ F 

·-;r-?- '<~ 

•Signal processing implemented in the digital and discrete-time domain 

•Digital-to-analog converter to convert from digital to analog 

Also required are anti-aliasing and reconstruction low-pass filters 
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Comparison of Continuous- and Discrete
Time Signals 

Different time variables: x ( t) and x [ n] 

Both can be periodic: 

•x(t+T) = x(t) 
T:lrt..,p 

• x [ n + N] = x [ n] 
J<h. !'~ 

Sinusoids exist (and are very important): 

•x ( t) = cos ( ro0t) 

•x [n] = cos (A0n) 

Continuous-time (but not discrete-time) sinusoids are always 
periodic: 

•cos ( ro0 · (t + !: ) ) = cos ( ro0 · t) 

.cos o .. 0 · (n + N)) = cos (A.0 · n) for A.0 = 2; · k 
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Why Discrete-Time Sinusoids are Not 
Always Periodic 

Represent sinusoid as real part of complex exponential ejroot or 
j'Aon 

e : 

Discrete-time vector moves in discrete steps, only retraces the 
same points for specific values of A.0 



Electrical Engineering and 
Computer Science 

University of caiRomla at 
Berkeley 

Discrete-Time Sinusoids Are Periodic in 
Frequency 

When we increase the frequency by 21t, a discrete-time sinusoid 
does not change: 

•cos ( (A,0 + 21t) · n) = cos (A.0 · n) 

The interesting range of frequencies is an interval of length 21t 

•A.0 e [-1t, 1t] 

This is a form of frequency aliasing 

For example, frequency A.0 = 21t results in the same samples as 

frequency A.0 = 0 (d.c.) 
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Some Examples of Frequency Aliasing 

_/ 
--.. ~cos (A.0 · n) 

n·T 

Increasing A.0 by 27t (ro0 by 2;) results in the same samples! 

Sampling is not reversible: many input continuous-time signals 
can result in the very same samples! 

Normal response is to limit input frequencies to half the sampling 
1t 

rate: lco~ < T 
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Some Examples of Frequency Aliasing 

Several continuous-time waver orms have the same samples: 

However, there is only one waveform bandlimited to ~ with that 

set of samples (the others all have higher frequency components) 
L ui., , .,- ro r:i (..,,..; -<= 1 ~ S' /;, IYtP<.."(_ ~4r.:.__ 
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Digital Filters (LTI Systems) 

.. --

---

f-/~£4;.., ,,,:. - /,;i.,1 ~"- ,-
,.--e. _.-q .l: /,.;1~~ 

h (t) 

H(jro) 
._-= ... ff (j ro) . t/ rot 

These functions H (jro) and H ( tl'A) are known as the frequency 

response, h (t) and h [n] are the impulse responses 

Input complex exponentials of a given frequency result in output 
complex exponential at the same frequency 

Equivalent effect on sinusoids is an amplitude and phase shift 

H ( j'A) is periodic in 21t: Only range IA.I < 1t is of interest 
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Two Types of Implementable Digital Filters 

Finite impulse response (FIR): 

M 
·y[n] = L bk·x[n-k] 

k=O 

'A. M 'A.k 
• H ( e' ) = L bk . e -1 

k=O 

Infinite impulse response (llR): 

M N 

•y[n] = L bk·x[n-k] - L ak·y[n-k] 
k=O k=l 

-... . . ·- -- f bF· e--P·~-
• H (j'A.) _ __,k N=-=-0 __ _ 

~ -j'A.k 
£.J ak·e 

k=O 
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Continuous-Time Filter Implemented in 
Discrete Time 

Sample, preceded by anti-alias lowpass filter: 

x (t) _,... 

Discrete-time filter: 

x [n] 

LPF 

-.... 

7t 

T 

_.. ... ---• x[n] 
nT 

- y [n] 
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Continuous-Time Filter Implemented in 
Discrete Time {Con't) 

Reconstruct continuous-time signal: 

;;__ ~v/ZC/C /(J,;1/ 

PAM LPF 
- -- 1t -.. ... ....... y [n] 

T 

Pulse-amplitude generator produces sequence of pulses 
amplitude-modulated by y [n] 

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

Lowpass filter reconstructs continuous-time signal by 
interpolation 

Within the bandwidth ~''I (jro) = H (/A.T) 

y (t) 
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Quantization Distortion 

x [n] -- . . .. A/D .. D/A .. y [n] 

y [n] 

x[n] 

For K bit quantizer, there are zK quantization intervals, with 

overload point at zK - l ·A with step-size A 
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Quantization Distortion is Often Modeled as 
Additive White Noise 

x [n] y [n] 

e [n] 

The successive samples of "quantization error" are approximately 
uncorrelated if the input signal is "random" 

For ste -size ~ the uantization error eower is a_im_ro_x_i_m_a_te_l~y ___ ,_ __ _ 
2 

~2 , or easily related to K and the overload point 

In contrast to thermal noise, quantization distortion goes away 
when the signal is absent! 
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Effect of Quantization Error 

Added quantization noise at AID converter: a price to be paid for 
AID conversion 

•Control by adjusting precision (number of bits) 

Roundoff errors in internal computations 

•Control by adjusting precision of internal arithmetic, which is typically greater 
than input/output 

Overflow problems due to overload point of quantizer 

•Limits dynamic range 

•Scaling is big issue in fixed point arithmetic 

•Floating point arithmetic increases the dynamic range dramatically 

Change in filter frequency response due to quantization of 
coefficients 

•Coefficient quantization normally taken account of in filter design 
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Some Advantages of Digital Systems 

Highest-density IC technologies (based on DRAMs) are primarily 
digital: poor or non-existent capacitors, etc. 

Regenerative property of digital systems is extremely important 
in storage and transmission applications (avoids the "multiple 
generation problem" of analog) 

Accuracy can be increased arbitrarily by increasing the precision 
of the arithmetic 

Accuracy is forever: no component drift or temperature 
variations 

Digital systems are deterministic: testing and fault detection are 
· much easier 

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

Design abstraction makes complexity easier to manage~rediices 
designer skill level required (analog designers difficult to find) 

•Programmable solutions 

Much more complex algorithms are feasible 
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Design Abstraction in Digital Systems 

Program 
Instruction Set 
Architecture 
Register 
Logic Element 
Circuit 
Device 

Typically designers are split into three semi-independent groups: 
logic/circuit/device, instruction set/architecture/register, 
programmers 

Much higher complexity designs become feasible 
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Some Disadvantages of Digital Discrete
Time Systems 

In a continuous-time world, AID/ A conversion incurs an extra 
cost 

Quantization error is incurred at the AID converter and internal 
to the computations (although it can be controlled to whatever 
extent necessary) 

Highest-speed systems must be implemented in analog 

•AID converters and multipliers are typical bottlenecks 

•Example: microwave RF 

Design effort expended in finite precision issues (quantization, 
dynamic range) 

. 
---------- ------------------------------------ ~·-·-·--------------!----

Pase t9of20 
11/21191 
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Synchronization is major issue, particularly as the signal 
propagation times increase in relation to the clock cycle 
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Some Examples of DSP Commercial 
Applications 

Digital compact disk 

Compressed digital television (NTSC, HDTV) 

Digital television receivers 

Digital audio broadcast 

Digital transmission and switching in telephony 

Digital cellular telephone 

Voiceband data modems 

Compressed video conferencing 



Digital Filters 

December 14, 1991 

Hemant K. Thapar 

IBM Corporation 
San Jose, California 
Telephone 284-0308 

Digital Filters 

Digital Filters 

HKT December 17, 1991 



Digital Filters 

TOPICS 

• Why Consider Digital Filters 

• Filter Design Problem 

• Digital Filter Design Tools 

• Digital Filter Design Methods 

• Applications 

1 Digital Filters HKT December 17, 1991 



Digital Filters 

1. WHY CONSIDER DIGITAL FILTERS 

• Component tolerances (Accuracy) 

• End-of-life component tolerances (Reproducibility) 

• Implementation of Time-Varying Filters 

Presettable filters 

Adaptive filters 

• Size 

• Power Dissipation 

• Control of transient response 

2 Digital Filters H~ December 17, 1991 



Digital Filters 

Analog and Digital Components 

L 

x(t) c ~(t) 

_, ... 
,___....,..._--.+ i! I---___ __... z 11---e--I ... 

A Second-order Bandpass Filter 

3 Digital Filters H KT December 17, 1991 
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Digital Filters 

2. FILTER DESIGN PROBLEM 

---~~ Fl LTER 
':! 

Motivation 

• Improve quality of the output signal: 

Remove noise, interference, and distortion. 

• Process or extract information from the input: 

Estimation and prediction. 

4 Digital Filters \-\Kr December 17, 1991 



Digital Filters 

• Some notion of frequency discrimination is involved: 

'Response 

\wnm 
Passband 

Transition-Band 
Stopband 

• Linkage between time-domain and frequency-domain 
behavior: 

1 f" y(n) = 2" Y(w)dw 
-IT 

5 Digital Filters \-\K'T/ December 17, 1991 



Digital Filters 

Analog and Digital Frequencies 

• Sampling of the analog signal 

x8 (t) =A cos(Ot + e) 

produces 

x(kT) =A cos(OkT + e) 6. A cos(wk + e) 

• n rad/ sec <==> w = nr rad/sample 

• Relationship between analog and digital frequencies: 

n. 
0 • • >-n-/T 21T/T 
0 

1/2T '/T 

n: 

-· 2n 

w: 0 
1T 21T 

~: o~~~~~.._~~~~---e~~---!~ 
2n t-l:C-/f'"/J"'P'-<-- 0.5 1. 

• When the Nyquist sampling theorem is satisfied, the 
digital frequency is always less than n radians; that 

IS 

w =OT< n 

6 Digital Filters H KT/ December 17, 1991 
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Digital Filters 

3. Filter Design Tools 

• Restrict the a I lowed structures to: 

Non-Recursive Filters 

Recursive Filters 

Non-Recursive Filters 

• Output is formed by linearly combining a sequence 
of inputs: 

7 

N 

Yk = I a;xk-i 
i=-N 

~~~n 
Sa mp/es: ... xk+2 xk+ 1 xk xk_1 ... 

Multiply: x x x x ... 

Coefficients: ~-1 

Sum: 

· Output: 

Digital Filters HKr/ December 17, 1991 



8 

Example: a_1 = 0.8, a0 = 1, a1 = 0.6 

:=> Yk = 0.8xk+1 + xk + 0.6xk_1 

0.5 i 0.6 

+ 

Digital Filters 
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Digital Filters 

Recursive Filters 

• Output is formed by linearly combining sequences of 
inputs and previous outputs: 

N M 

Yk = L B;Xk-i + L b1Yk-/ 
i= 0 ~·. /=1 

• Output at time k depends upon the previous outputs. 

9 

Therefore, initial conditions must be known before 
the output due to the first input can be computed. 

Digital Filters 

' j 
i 

I 
I 

./ 

H KT/ December 17, 1991 



Digital Filters 

Unit Pulse Response 

• Response for a unit pulse input, defined as: 

{ 1 'k = 0 
xk = 0, otherwise 

Nonrecursive Filters: 

N 

hk ~ Yk = I a;xk-i 
i=-N 

• The unit pulse response is a finite sequence of 
(2N + 1) terms. Such filters are, therefore, often 
referred to as FINITE IMPULSE RESPONSE (FIR) 
filters. 

10 Digital Filters \-\Ki/ December 17, 1991 



Digital Filters 

Recursive Filters: 

N M 

hk ~ Yk = I aixk-i + I b1Yk-I 
i=O /=1 

• Even though there are a finite number of aks, the 
second term can continue to generate an output 
long after the first term is zero. Such filters are, 
therefore, often referred to as INFINITE IMPULSE 
RESPONSE (llR) filters. 

11 Digital ,Filters HKr/ December 17, 1991 



Digital Filters 

Properties 

• Homogeneity and Superposition: 

• Shift-invariance: 

• Filters that admit homogeneity, superposition, and 
shift-invariance are referred to as linear, time
invariant (L Tl) filters. 

• Input-Output of such filters can be defined by the 
discrete-ti me convolution: 

00 

Yk = I Xjhk-i 
i=-oo 

12 Digital Filters HKI / December 17, 1991 



Digital Filters 

Structures 

~ --" t h1JtJ ..... { h2,~} _ ... . --- ..... 

00 

• Cascade: hc,k = I h1 ,1h2,k-1 
l=-oo 

~K ---

,,,,) 

• Parallel: 

13 Digital Filters \..\v..1 / December 17, 1991 



Eigenfunctions 

. o( 
_'< __ ~ .. , 

Dl61TAL 

FILTER 

Digital Filters 

• Def: ak is an eigenfunction of the digital filter iff the 
application of ak produces the scaled output J\ak. A is 
referred to as the eigenvalue. 

oO 

\o\c =- ~ h~-oZ . 
J:-eO K•1 

14 Digital Filters H KT/ December 17, 1991 



Digital Filters 

Eigenfunction 1: 

ak = exp(jwk) = cos( wk) + j sin( wk) 

produces an output 

exp(jwk) 

00 

00 L -jwl 
h·e I 

l=-oo 

• H(w) = I h,e-jwl is referred to as the frequency 
respon$e-Ot the digital filter. Note that h1 uniquely 
determines H(w). 

• H(w) is, in general, complex, and may be written as 

H(w) = I H(w) I e<P(w) 

15 

Then, if the input is cos wk, the output is given by 
I H(w) I cos(wk + cp). 

Digital Filters \.\Kl/ December 17, 1991 



Digital Filters 

Eigenfunction 2: 

produces an output 

00 

Z k \' h -/ L ,z 
l=-oo 

00 

• H(z) = I h,z-1 is referred to as the transfer function 

16 

of the ffigifal filter. Note that h1 uniquely determines 
H(z). 

Digital Filters HKT / December 17, 1991 



Digital Filters 

Z-transform and Frequency Response 

00 

H(w) = H(z) I z= exp(-jw) = L h,e-jwl 
l=-oo 

• 
• Geometrical interpretation 

Im z 

. 
j<V 

e 

-----+---+-""....1..c.u;:;,;;._i,___ ____ ...., Re r. 

11= fLOC TT FA'-''- ot..1r~iDe 

c1 "i.. C Le....1 F1 c.. leA- wt"'-' 0-e.. 
VNfrfJPL.L- .. 

• Frequency response for digital filters is periodic in 
2n. 
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Digital Filters 

An Example 

.,,....... 
co 
-0 .........., 

CD 
-0 
::J 

-+-' 

c 
Cl 
0 
~ 

18 

ho= 2, 

Magnitude Response of Digital Filter 
(Coefficients 1,2,1) 

Or-~--....:~-...,.____;~~~_,..~~,...-_;._-,-~...,..,--~ 

-40 

-80 

-12QL-~...J-~--J.-+~J.-~--J.-~--J.~..._...1-~--i...~__,8 

-8 -4-lf 0 ,,.. 4 

Frequency (rad/sample) 
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Frequency Response of FIR and HR Filters 

• FIR Filters 

N 

H(w) = I a1e -jwl 

l=-N 

• Recursive Filters 

N 

La;e-jwi 

H(w) = __ ;--~----
1 - I bme-jwm 

m=1 

Digital Filters 
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Digital Filters 

Cascade and Parallel Forms 

x K _,, H1 (w) H (w) __.. ..... - --- 2. 

• Cascade: Hc(w) = H1(w)H2(w) 

L ____ v 
Hp (c.u) 

.) 

• Parallel: Hp(<JJ) = H1(w) + H2(w) 

20 Digital Filters \-l)(I / December 17, 1991 



TOPICS 

• Why Consider Digital Filters 

• Filter Design Problem 

• Digital Filter Design Tools 

[ • Digital Filter Design Methods J 

• Applications 

Digital Filters 

Digital Filters 
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Digital Filters 

/ 4. Filter Design Methods 

Fourier Series 

-1T 0 1T w 

Error: E(w) = D(w) - H(w) 

In 2 
Squared - error: E = I E(w) I dw 

-n 

1 f" . k min E => hk = 2n D(w)e1w dw 
-n 

21 Digital Filters H 1<T / December 17, 1991 



Digital Filters 

• The hk sequence generates the smallest integral 
squared-error than any other response. 

• Each hk is computed independently; value of one 
term does not affect the other. 

• Truncation error is given by: 

n N 

Er = I D(w) i2dw - 2n I I a; 12 

i=-N -n 

22 Digital Filters \-\K1/ December 17, 1991 



An Example 

23 

-TT -ll 
2 

o(w) 
' 
1 

iT -2 

h 1 . ( rrk ) 
k= rrk sin 2 ' 

Digital Filters 

Digital Filters 

.... 
1T 

h0 = 0.5 
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Digital Filters 

Frequency Response as a function of N 

Magnitude Response of Digital Filters 
(N = 3,5, 10) 

1.2 -----.-----...---=---...,----,----~----r------, 

Q.) 0.8 
"'O 
:J 

+-' 

c 
CJ') 
0 

~ 0.4 

0'-----1.---'----..L..:..--L...¥...&X.......;:i~~~~-----

o , 2 3 

Frequency (rad/sample) 
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Digital Filters 

Frequency Response as a function of N 

Magnitude Response of Digital Filters 
(N = 3,5, 1 0) (i;~ 0Q;10 

0~-=:;;;jjjji!~s:::;~~~~r-~--,~~--,~~---r~~--, 

] 

D u ,;_ 1lO ;::r 
17LuP /(#) nO/t' /LI-= IO 

DP: r~,,,_) 

uP,.117 

-60 

0 1 2 3 

Frequency (rad/sample) 
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Digital Filters 

Windowing 

• Rectangular Window 

Low-pass Filter Coefficients based on the Fourier Series Method 

0.4 

-0.2 '---'-----..l'----1.----'"----i..--.i..-_._ _____ __.___. 

0 5 10 15 20 25 

k 

• Other windowing functions are used to achieve more 
desirable control of passband ripple and/or stopband 
attenuation. 

C{K = W~ ht\ 

L ""'"'lJaw P/./pc:rJt:J,., Cot;_f, 
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Digital Filters 

Commonly-used Windowing Functions 

• Rectangular: 

w(k) = 1 

• Triangular: 

W(k) = 1 - I k I M 2N 2 
M+1' = + 

~ f ~ wCX) 
., i I " 

6 ! i 
·1[ jlr 7 1r 

• Hann: 
1 2nk ~ ~ 

w(k)= 2 (1+cos M ), M=2N+2 ~if/?· 
f( 

• Hamming: 

2nk 
w(k) = 0.54 + 0.46cos M , M = 2N + 2 

• Blackman: 

2nk 4nk 
w(k) = 0.42 + 0.5cos M + 0.08 cos M , M = 2N + 2 

• Kaiser: 
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Digital Filters 

Filter Transformations 

[ Low-pass -wi 

• D (w) BP 

~ 
~2<..vi 

wc+cui 
" ,. : ....,. 

-GUc 0 · We 

• Band-pass 2hLP(k) cos(wck) 

, DHP(w) 

r---- --

-n~-'-------------~0~----------l-~~~~~w 
1T-£.V1 Tr 

• High-pass ( -1 )l<hLP(k) 

--

--rr 

• Notch 

27 

•11 
D(w) 

---

-..... 
W1. (rr-w2.) 1T 

hLP,w1(k) + ( -1)khLP,n-w2 
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Digital Filters 

An Example 

1.0 

0.8 
Q) 

"'C 
:J 

+J 0.6 
c 
Cl 
0 

::::?! 0.4 

0.2 

Magnitude Response of High-pass Digital Filter 

0 L....~::;.._~__;i~....i..--~--i.....-----'-------'-------~~___. 
0 1 2 31T 

Frequency (rad/sample)· 
Low-pass Coefficients: 0.064 1.6E-17 -0.11 -1.SE-17 0.32 0.5 0.32 -1.SE-17 -0.11 1.SE-17 0.064 
High-pa11 Coefficients: -0.064 1.SE-17 0.11 -1.6E-17 -0.32 0.5 -0.32 -1.6E-17 0.11 1.6E-17 -0.0&4 
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Digital Filters 

Time-Domain Design Method 

• Input sequence, xk, and the desired output sequence, 
dk are known; the problem is to determine ak. 

• Define 

a= [ a_N a-N+1 ... aNJ 

d = [ d0 d1 ... dp],, p '?!:. 2N + 1 

• Set-up p + 1 equations of the form 

29 

x_N x_N+1 • • • XN 

)(-t-i-+1 x _Nn. <: " • xt4+1 

• • 
0 

·x· ~ ·~· Xp-~' P-"-l P-N+l -. ,,. 

Digital Filters 

• 
(. 

( --

do 
d1 
d.2. 

0 

c 
0 

cl.p 
dT -

t\~T / December 17, 1991 



Digital Filters 

• Use least-squares solution to the over-determined 
system of equations to obtain 

a T=(HTH)-1HTdT 
BOPT - - - -

• The a·bove equation is of the form 

-1 
aopr = P f 
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Digital Filters 

Adaptive Filtering 

dK -----------

31 

Application 

System 
Identification 

Equalization 

Prediction 

x 

Known 
Data 

Distorted 

d 

Output 
Signal 

"Known" 
Signal Data 

Past 
Input 

Digital Filters 

Present 
Input 
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Digital Filters 

Commonly-used Approach 

• Minimize the mean-squared error between the 
desired output, d, and a linear combination of the 
input, x; that, is: 

f[e/J = E[(dk- YiJ = E[(dk - laixk_/J 
i 

• The above error criterion defines a convex surface 
for the mean-squared error as a function of the tap 
weights: 

E[e:J 

Performance surface 

"TAF' 

CC.>'E.FFIC1ENT 
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Digital Filters 

• The adaptive filter starts with an initial guess on the 
coefficients,a0 , and progressively moves down the 
well using: 

• In practice, the gradient of the instantaneous 
squared-error is substituted for the mean squared
error, resulting in the following adaptive algorithm 
(most commonly referred to as the LMS algorithm): 

ak = ak-1 + 2{3ekxk 

• The LMS algorithm is the most commonly-used algo
rithm in real-time adaptive filtering. 
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Digital Filters 

TOPICS 

• Why Consider Digital Filters 

• Filter Design Problem 

• Digital Filter Design Tools 

• Digital Filter Design Methods 

• Applications 
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Digital Filters 

5. Applications in Digital Storage 

• Recording Channel Identification 

• Equalization 

• Timing and Gain Control 

• Digital servo 

34 Digital Filters ~-r.:T /December 17, 1991 



Digital Filters 

Recording Channel Identification 

• Input Sequence 

Write Current for a 63-bit PRBS Sequence 

0.8 r-----r-.--~,-----.,,~--T...----~,----..,-----. 
,....., ,....-- ~ r-

0.4 t-

-0.4 r- -

-
._____. ....__ I-.- L. '-- L. '----' 1-..J 

-0.8 ___ -1......_ __ ..... -1 __ _...1 ___ .1....._ __ .._1 __ _.....1. __ _... 

0 200 400 600 

Time 
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Digital Filters 

• Averaged Output Waveform 
2r------,1r------r,----_,..,-----,.,..-----Po---~~----. 

a 
c 
O> ·-U1 

+-' 
:J 
a. 

+-' 
:J 

0 

• 

a. 
E 
<( 
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Digital Filters 

Equalization 

37 
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Digital Filters 

6. SUMMARY 

• Why consider digital filters: 

Component tolerances (Accuracy) 

End-of-life component tolerances (Reproducibility) 

Implementation of Time-Varying Filters 

Size 

Power Dissipation 

Control of transient response 

Design abstraction 

• Pitfalls in digital filter design: 

38 

Relationship between analog and digital frequencies 

Direction of sample shifting 

Aliasing 

Finite precision and arithmetic 

Step-size selection 

Digital Filters HI([/ December 17, 1991 



AID AND D/A CONVERTERS IN HDD 
SYSTEMS: 

1 Servo Channel Requirements/Solutions 

- High Capacity Drives 

- Small Size Drives 

• Technology options for a possible read - channel . 
architecture. 

Bill HUNT 
ANALOG DEVICES 
DEC '!If. 
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•DEDICATED V'S EMBEDDED SERVO• 
Complete embedded servo front end for HOD 

Trends in HOD servo electronics: a) New demodulator techniques 

ii) Embedded servo vs dedicated surface 

Data"-

I 
Servo 

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

* 3 platters => 6 surfaces 

use 5 for data, 1 for servo 

* surfaces mechanically linked 

* continuous position f/back 

* 1 platter => 2 surfaces 

Interleave data and servo 

* no registration problems 

* sampled position f/back 

DEC '91 16-Nov-91 
f 



GENERIC BLOCK DIAGRAM FOR CLASSICAL LARGE 
CAPACITY/SMALL SIZE HOD'S 

r RAM l 
~~ 

•t 
Buffer RAM 

Write Path Control I er ---
SCSI/AT -

System 
Interface . 

Interface -- --Read 
Path_ 

Preamp ~ AGC Data .. PLL ENDEC - - Data sequencer, - -... 
Qua Ii f ier - Controller & ECC 
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µC or DSP 

I 
...... lnterf ace 

1 I • ·~ 
I I Servo 
I I Detector i----- ADC 

I I VCM 
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MOTOR I 

9 Power . 
Drivers 

I 
DAC 14--- ... 
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LINEAR/P'NM -
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11CAPACITY11 

a possible classification 

HIGH CAPACITY: >. 300 MBYTE 
• Size51/4 11 to 31/2x 1" 

• Capacity 300 Mb - > 1Gb 

• Access time: 10 mSEC 

• Transfer rate: > 15 MB/S 

• Improved Reliability (ELF)/(MTTF) 

• Reducing cost 

SMALL SIZE < 1 OOM BYTES 
• Size 31/2 11 to 21/2" to 1.8" 

------- ·-- -- -•-Capacity 20 to 100-mb 

• Lowpower 

• "Zero" power in power down mode 

• Lowersupplyvoltage (smaller batteries) 3V 

• Improved Reliability (ELF)/(MTTF) 

• Reducing Cost 

., .... 



•LARGE• DRIVE: 

Of 
'\/ 

system requirements 

• Power control VCM/Spindle Motors 

• For increasing capacity 

- An increase in T.P .I. 

- An increase in data transfer rate 

• Dedicated/Hybrid servo. 
• Reduced access time requires adaptive servo 

control. 

• More measurement of system parameters 
required. 

• More control of system parameters. 

• Increased integration to reduce foot print. 

• Reduced costs. 



3.s• DRIVES 'LARGE' CAPACITY 

I 

I 

SPINCX..E ,..,..J-..., 
MOTOR ~ 

:-<t 

RAM 

Buffer RAM 
Controller 

SCSI/AT 
Interface 

AGC Data t----9'"'1 PLL ENOEC ..... 1-----i Data sequencer, 
Qualifier Controller&. ECC 

Power 
NPN/PNP ..._.....__~------l 
MO SF ET 

VCM DAC &. 
Predrivers 

µC or DSP 
Interface 

1 VCM .__ ___ _. 
Embedded 
Servo 
Demodulator 

ROM 

I 
_L 

&. Predrivers 

System 
Interface 



'LARGE' DRIVE: TECHNOLOGY REQUIREMENTS 

• + 5V/+ 12v operation ( + 12 V to drive motors) ± 10%. 
• Increased T .P .I. u;v-t-oG.°b!J 

- More resolution on VCM control ( > 10 bits). 
- More resolution on position sensing ( > 8 bits). 

• Maximise Channel S/N Ratio Use 'Bias' referenced 
signals. 

• Dedicated/Hybrid servo control: 
• Reduced Access Time 

- Faster through - put through servo demod. channel. 
- Faster ADC conversion time. equivalent. 
- Faster processing uP/DSP. 
- Adaptive control bandwidth; AGC, rectifier discharge rate .. 

• Fast interface speed for high speed uP's/DSP. 
• Integration to give smaller foot print. 

- Multiple small pin count SMD's (SOIC). 
- Single large pin count SMD's (PQFP). 

• Functional integration: 
Include power pre - drivers; loop control element; with VCM DAC. 

' / 
'(., 



Typical 3.5./5.25" Medium/High Performance HOD 
300 MBytes 
45,000 BPI 
1 5 MB/S Transfer 
1 5 mS Access Ti me 

SPINDLE MOTOR? 
I 

Write Path 

Read 
Path 

I 

I 
I VCM 

9 

AD897 

••• -,,.·. .• ... ?., 

,---

L---

AD7774 

r 

Buffer RAM 
Control I er 

SCSI/AT 
Interface 

Data sequencer, 
u:r4-----~ 

Controller & ECC 

µC or DSP 
lnterf ace 

System 
lnterf ace 

J\ 
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AD7774 FUNCTIONAL BLOCK DIAGRAM 

AGND 

RD WR ADO AD1 AD2 iU$v DIG 087 
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'SMALL' SIZE 
SYSTEM REQUIREMENTS: 

•Reducing size 3 1 /4 to 2 1 /2 to 1.8". 

•For increasing capacity to 80 mb. 

- an increase in T.P.I. 

- an increase in data transfer rate. 

•Single platter. 

•Power save mode for portable PC's (Laptop/notebooks). 

•~ow volume battery. 

•Low - Low cost. 

~( 



'SMALL' SIZE 
Technology Requirements: 

• For reduced size to < 1.8" 
- Component height reduction 
- Foot print reduction 

• Embedded servo technique - single platter. 
• Increased capacity by BPl/TPI increase, requiring more 

bandwidth/resolution ( > 1 O bits). 
• Power save requires power down mode to < 1% normal. 
• Minimize normal power drain to maximize life of fixed size 

battery. 
• 5V only operation reducing to 3V + 10%. 
• · Fast Interface speed for.high speed uP's/DSP. 

• Integration of additional functions. 
- Power drivers/devices and control circuits for VCM. 
- Servo demodulation spindle control functions. 

• SMD packaging SOIC/PQFP for small foot print. 
• TSOP{f PQFP for low (thin) packages. 
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Complete embedded servo front end for HOD 
Demodulator channel block diagram 

I 

I 
SPINDLE I 
MOTOR 

9 

VCM 
I 

9 

R/W 
Amp 

Power 
Amplifier 

Power 
Output 

Stage 

Spindle 
Contro lier 

DEC '91 16-Nov-91 

RAM 

Buffer RAM 
Contro I !er 

SCSI/AT 

Interface 

Data sequencer, 
~--........ Controller & ECC 

1.1.C or DSP 
Interface 

.;.;.~ 

DSP t~ 
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ROM 
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System 
Interface 



Complete embedded servo front end for HOD 

.. , 

DEMOOUl.fo TOR 
CONTROi. LOGiC 

ADORE SS 
DECOOE 

COH'IK>l REGISTER 

BUS .. TERFACE 
CONTROi. LOGiC 

10. an 
AOC 

AD7773 

10 ·BIT 
OACA 

a lilll n OOND AOND AQND 

DEC '91 16-Nov·91 

- Embedded Servo Demod. 
- BICMOS Technology 
- 1 O Bit Resolution DAC (VCM) + ADC 
- Area detect for increased noise immunity 
- 'MOTEL' Interface 
- SV operation + 10% 
- Power Down option 
- On chip ref. 
- Gated/Signal Sync'd mode (ZCD) 
- Additional 8 bit DAC - for spindle control 
- SMHz signal input allowed 
- 2. 1 uSEC conversion time per acquired burst 
- Software control # of bursts, # cycles/burst. 
- 28 SOIC /32 pin TSOP 

VOUTI 
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*CMOS U I 
* sv + 5% 

* 8 CH 10 bit ADC 2.5 uSEC. 

* Two 10 bit DAC's 

*Area Detection 

* PGA, software control 

* Gated control of integration 

* # bursts software control 

*Voltage fault detection 

* On chip ref. 

* Motel Interface 

* 44 SOIC 
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SMALL DRIVE 

Further Integration : Options: 

*Merge ND and D/A function with DSP/uP 

*Merge ND & D/A function with 
- VCM Power Control 

- All Spindle Control Functions 

- Programmable servo timing control 

- (1) 

(Servo demod. merged with Read Channel - (2) 
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2.s· Future I ntegrat I on < 1 992) 
4/5 Chips 
80 MBytes 
45,000 BPI 
1 5 MB/S Transfer 
19 mS Access Time 

Write Path 

Read 
Path 

I VCM 

~ :i:::mmm:~=;·;:''1:.::.=.,:'~~Llilli·l 

Power 
Output 
Stages Spindle 

Control I er 
&.DAC 

-~~=+'?'<ti Linear/PWM 

Control I er 

SCSI/AT 
Interface 

Data sequencer, 
.,... __ ....,.~Controller&. ECC 

µC or DSP 
Interface 
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SMALL DRIVES 

FUTURE: 

• 3V Operation 

• Smaller motors 

· • Lower power drive < 250 mA (included on chip) 

• CMOS 

• Single chip embedded servo? 

• Semiconductor Memories!! 



ADC FOR PRML CHANNEL 

- TECHNOLOGY OPTIONS 



PROPOSED ADC SPECIFICATION 

Resolution: 

Accuracy: 

Sampling Rate: 

Error Rate: 

Input Bandwidth: 

Input Signal Range: 

~ Input Capacitance 

6 Bits 

Target 5.8 ENOB fFFEcrlvk Nl//l-iff£IL o 1~ 1S1rs 

72 MSPS 

10 E - 10 

5.8 ENOB to 25 MHZ 

5.0 ENOB to 50 MHZ (1.4 NyQuist) 

1.5 Vpp differential 

+I - 375 mV about 2.5V 

5 PF Dlfferential 



Jitter < 40PS 

PSRR < 30db at 30 MHZ 

Assumed Driving 100ohms 
Impedance: 

Power Supply: 5V ± 10% 

Power Dissipation 200 mW total 

100 mW for comparators 

Temperature Range 0°to 70~ C Ambient 

0° to 125· C Junction Temp. 

Package Surface Mount: (SOIC/PQFP) 



KEY COMPARATOR SPEC'S DEDUCED 
FROM ADC SPEC 

• Error Rate (ER). 

• Input signal bandwidth (B.W.). 

• Power dissipation (per comparator) (P. D.). 

• L.S.B. size/input signal range. 



COMPARATOR EVALUATION 

• · Bipolar, CMOS, BICMOS circuits studied. 

• Relationships between technology/P.d/ER/BW 
established.. · 

-
' 
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BIPOLAR RESULTS: 

• > 5 GHZ devices will meet 72 msps rate . 

• Power dissipation is marginal. 

• Dynamic range good . 

• > 100 MHZ input bandwidth possible . 

• Good tolerance of temp/supply variations . 

• Major p~oblem with ECL to CMOSITTL 
conversion. 

• Can be extended to higher resolution . 



CMOS RESULTS: 

• Technology ~ 1 u meets 72 Msps rate. 
(No auto zero cycle). 

• Power dissipation just O.K. 

• Marginal on input bandwidth, sharp break- off. 

• Concern on dynamic range, comparator offset. 

• Solves the level shift problem. 

• More sensitive to temp/supply variations than 
bipolar. 

) . 

I ! 



BICMOS: 

• Needs~ 1u CMOS Technology. 

• Needs good bipolar device ~ 5GHz. 

• Meets power requirements . ,,/ 

• Input bandwidth to > 100 MHZ possible. 

• Dynamic range O.K., due to low offset. 

• - c !----------------------

• Possible to increase resolutions. 

- Best Choice for Target Spec. 



DAC's FOR SMALL DRIVES OPERATING 
AT3V. 

- What's the best architecture? 

- Assume Fine Line CMOS technology: 

(a) String Dae:· 

.- 2N Switches (256/1024) 

- Poly Resistor string 

- Guaranteed monotonic to 
resolution 

- 7/8 bits accurate 

- Vout range; O to Vref 

- Static output 

- Needs high impedance load 

- Not very fast 

·r . 



Io . .2 . .2. 

CMOS DIGITAL-ANALOG AND ANALOG-DIGITAL CONVERTERS 

3-to-8 Decoder 

'our 
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(b) - Current Source DAG 
(e.g. RAM DAC) 

- Can be very fast 

- Limited voltage output range (0 - 1.5V). 

- 1 O bits monotonicity possible 

- 8/9 bits accurate 

- Static output 

- Could be calibrated. 



(c) Switch Cap DAC 

- C - 2C architecture or variations there of 

- Dynamic output for fixed input 
code 

- Needs post filtering 

- Needs poly-poly caps. for 10 
bits monotonicity 

- Could be calibrated. 
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(d) (P.W.M) PAC 

- 10 bits in 100uSEC possible - \ 

---······-----~~ )-. 
~L -4_ ---~ 

- Dynamic output 

- Needs post filtering 

- Small size. 



=================~ ·M -. 

- Choice of architecture should consider complete function not 
just D/A function i.e. follow on amplifiers; power drivers etc .. 

- Adjustment required to zero - out accumulated offsets in the 
DAG/Driver chain. 

DAC Code 

- Use Calibration 

But when can we calibrate?? 
Ref 

DAC 

Cal Flag Cal Logic 

Cal Signal 

Ref 
+/2 

LOAD 

/ 

/ 



ADC'S for Small Drives OJ>erating at 3V 

- What's the best architecture? 

- Assume fine line CMOS Technology 

(a) SAR Technique: 

- Efficient in area 

- Low Power Consumption 

- Limited in conversion speed 

(1 uSEC at 8 bits, 3 uSEC at 1 o bits) 

- Use string DAG/Switch Cap. DAC/ Current Source DAC. 
- Sampled data comparator design 

- 9 bits no missed codes possible 
- 7/8 bits accurate 

- Could be calibrated. 
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Figure 4.2 
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(b) Flash - Flash technjgue: 

- Achieves faster conversion time (200/400 nSEC). 

- Greater power consumption 

- Larger in area 

- 8 bits (4 + 4)/10 bits (5 + 5) resolution 

- 7/8 bits accurate 

- Sensitive to noise. 
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------------------------

- Choice of architecture should consider complete function 
not just the ND function, i.e. pre conditioning stages etc .. 

- With small signal span offsets become a problem. 

- Use calibration 

-when can we calibrate? 

Ain 10-
Ain 2 i---t 

Ain3 ~ 

Vref 

Ref 

Mux ADC 
~ 

+/x 

1---i ~ / " 
~ lL .....-
Cal Reg 

), 

Cal Signal 

~ 

/ 

/· 
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( c) Full Flash Technique: 

- Very fast (50/100 nSEC) 

- Power consumer 

- large in area 

- 8 bit resolution upper limit due to size 

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

- Sensitive to noise 



MAGNETIC CHANNEL CHARACTERISTICS 

EDGAR M. WILLIAMS 
READ-RITE CORPORATJON 

O Recorded Magnetization Patterns 

O Zig-Zag Transitions in Thin Films 

O Mathematical Approximations of Transitions 

O Estimation of the Transition Parameter 

O Write Field Gradient Limits on Transitions 

O Writing at High Transition Densities 

O Time-Domain Asymmetry and Overwrite 

O Readback Pulses and Transition Shape 

O Readback Pulse Shape and Head Geometry 

O Pulse Interference and Amplitude Spectra 

O Pulse Shape Influence on Complex Data Patterns 

O Pulse Shape Influence on Peak Shift 

O Head and Medium Noises 

O Influence of Noise and Interference on Error Rate 



IEEE TRANSACTIONS ON MAGNETICS, VOL. MAG-19, NO. 5, SEPTU\1UER 1983 

OBSERVATION OF RECORDED MAGNETIZATION PATTERNS 
BY ELECTRON HOLOGRAPHY 

K. Yoshida, T. Okuwaki, N. Osakabe, H. Tanabe 
Y. Horiuchi, T.Matsuda, K.Shinagawa 

area 
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A. Tonornura and H. Fujiwara. 
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Fig. 6. Calculated' interference image. 
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Fig. 5. Recorded magnetiz3tiur. pdtter~ on a Co 
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IEEE TRANSACTIONS ON MAGNETICS, VOL. MAG-22, NO. 5, SEPTEMBER 1986 (p.5J'itf-9'f f) 

Zigzag Transition Profiles, Noise, and Correlation Statistics 

in Highly Oriented Longitudinal Film Media 

by 

T. C. Amoldusseo 

H. C. Tong 

International Business Machines Corporation 

General Products Division 

San Jose, California 
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10 µm 

Figur~ I: Lorentz micrograph of 300 fr /mm track. Track direction i• ldl to right. Figure 2: Digitized zigags. 
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Transition Parameter vs Coercivity 
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Pulse Width vs CoerQivity 
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WRITING AT HIGH TRANSITION DENSITIES 

O Partial erasure of previously written transitions 
(sometimes called "non-linear writing effects"). 

O Writing occurs near the trailing edge of the gap. 

O Gap edge saturation exacerbates partial erasure effects 
(writing field spreads and write gradient decreases). 

0 Transition Density 

Density = 1/(T mm x Velocity) 

O Partial erasure of previous transition is likely if 

Density = 2/ G ( G = gap length) 

or Tmin = G/(2 x Velocity) 

O Simple Example: 

Velocity = 6 meters/sec (236 in/sec) 

G = 0.40 µm 

For Tmin = 33 nsec, partial erasure may occur. 

O Effective gap length increases when writing with excessive · 

write current. 
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Normalized Signal vs Density 
{Thin, Thick, Asymmetric Poles) 
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ISOLATED PULSE VS TIME: 3.5 um POLES 
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Dibit Peakshift vs Linear Density 
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Noise in the Time Domain 

E.R. = 1-erj(z) - erfc(z) , 
T 

where z - SNR w 
PWSO 

4.57 PWSO 
Tw == TWSNR -

SNR 
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Figure 5: Log10 E.R. vs Detector Windo~ Size 
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Table 1: Electrical Properties of Inductive Heads 

Head Type RH(Q) Rs(Q) L(nH) C(pF) f R(MHz) 

TFH (30-turn) 31.0 292 475 5.2 T 101.3 

TFH (42-turn) 45.0 417 
,~z.,-,,,,.H 

825 5.0 i 78.4 
"')'w..,.u 

MIG (34-turn) 4.4 .:J,,. 
! 2805 1580 5.0 .L 56.8 

IT 

Mini-Composite 6.0 3410 4200 5.2 : 33.9 
14+.,,..fl 

Mini-Monolithic 6.0 5410 14000 6.0 I 17.4 

1.f-i:; ...... ""/'·~ i,-;......, 
! 

If a head is loaded by a preamplifier differential input resis1ance (R1) and input 
capacitance ( C5), the real part of the total impedance is 

(2) 

where the terms RP and D are defined by the relations 

(3) 

(4) 

and F and J are given by 

(5) 

(6) 

When a head is loaded by a preamp (assume R, = 750Q and Cs = 20 pF), Re[Z] 
changes substantially; Figure 2 is a plot for the heads in Table L and resonant 
frequencies are reduced by the input capacitance of the preamp. 



Noise Impedance of Heads 
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TIM I NG ~l I NitO~l (l.nd MARG IN BLIIIGET 

Error Ra.t e = erf c ( z) 

z : <SHRIPW50)(Tw - Tp - Two) 
I 
I 

Tp = 0 for s1dmmetric patterns ( 1111, 1010, et~.) 
I 

T1,.10 = 0 for ::i.n'~ p:,.ttern 1 .. .1ri tten on same p:,.tt~rn 

I 
I 

I 

! 

erfc(4.50) = lE-10 Error Rate 

Tw10 = (4.50 PWS01SHR) + Tp + Two I 

= T~JS~~R + Tp + Tt~10 

= Noise + Pattern + Write-induced Shifts 

SNR is pk-pk signal to RMS noise ratio 
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Outline 

1. Review of Peak Detection 

2. Sampling Detection 

3. Gain and timing control 

4. Equalization 

5. Performance 
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Digital Magnetic Recording Channel 

It It 

• 0 • 1 • 1 • • 
• I I I I 

• 0. 1. 1 •• 

Causes of bit detection errors 

• Random noise 

• Pulse crowding 
(1 's close together) 

• Loss of clock synchronization 
(1 's far apart) 
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Comparison of RLL (D,K) Constraints 

Data: 1 1 0 0 

FM: 1 1 1 1 0 1 0 1 

MFM: 1 0 1 0 0 1 0 1 

(2,7): 1 0 0 1 0 0 0 0 

(1,7): 1 0 1 0 0 0 
. . ·"·-;•<'·•;·· , .. , .. "·· ••... ·• , ... ...,,. ...... 

,~'.Jiif;:"~, ' • .' rl"~ ":"J"', 

FM •MFM---(2, 7) Same clock, reduced pulse 
crowding 

(l,7)vs (2,7) Involves trade-offs 

! 
~ 

i1 

l 
' 

' 
,, , .. 
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Countering lnteraymbol 
Interference (II) 

Eliminate II 
linear Equalization 

(Noise Enhancement) 

~ 
Make II Cauul 

/ ~ 
Bit Transmitter 

Detector (Error P~:!.gatlon) Precod\ 

Sequence Detector 
(Viterbi Algorithm) 

Partial Response 
(Noise Enhancement) 

Generalized 
Partial Response 

(Peak Power Penalty) 

..... I. SummuJ d available metbodl d c:ounl.sns lnlenJmbol lmerference In mmpllna .......... 
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Zero-Forcing Equalization 
• Equalize step response to: 

SLIC::'.~ 

• · limited by noise enhancement 

. llST12191 a 



Zero-Forcing Equalization 
• Equalize NRZ bit response to: 

SL&l£R 

• limited by noise enhancement 
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Decision Feedback Equalization 
• Equalize NRZ bit response to: /Ja-nE~ >ff"#IL 

- --

__ . .....--------------- -----------------

C/J ,;.£R_ '-- I N-f{<, f ~ ', .,:) ,,_ (:.r 

I h -tc~'' c ., .1 1• c c 

ff° 1-,. "c '~ :; ,1,, Le _,., 6' 7 '/.1 ··r ( 

r · '(2. )1b7_r (L;,,u- r:;;,·· _ 

• subject to error propagation a 
...._-----------------------------------------------------------"s_r_12_~_1 



Partial Response 

• Equalize NRZ bit response to: 
( 

--i-1 I ~ 

" 

- I 

• >~ ... 13u 
p(D) :rf-- ,,~, 

/41JDVW 't. 

..... 2 

tto"'--t:::: I 
0-:::0 

• no e~r~r pr<?pagation 

• less noise enhancement than ZFE or Flat 

• more noise enhancement than DFE 

sJ£ &f J--dtr'L /...,u,,.rl-Y 
Co ..... f "' "<2- I) re 

re,,, rc Oe 1 e.c <rJ •, 

/t.€1''i-!tiV • LJ"-lu. 
j,( JW.:.-4 JW,/1-e,") 
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Maximum Likelihood 
Sequence Detector 

Received Signal: m~ 

Compare to Al i. v.m .m 
r.1?} ~ Best Match 

0 I I 0 I 0 

f-:k!j~ 
r.1?l-.thld 

Most likely infonnation sequence: 

.. . 0 1 1 0 1 0 ... 
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Trellis Diagram 
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Viterbi Algorithm Path Metrics 

. < r c- {';'/ (//1 ) l.:' .: ..) <v ,, 

2 2 
Jn(+1)=min{Jn_ 2(+1)+(Yn-O) ,Jn-2(-1)+(Yn-2)} 

2 2 
J0 ( -1) =min {J0 _ 2( +1) + (Yn + 2) ,Jn -2( -1) + (Yn - O)} 

11ST12/91 a 
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The Recursive Algorithm 
1 [~UIJS e ')' uS-e p :· 

D' i;:::F-. <;u~ o . 

( 

'o i,J " 

Dr// 

11 
l)J; l 

1 n + 1 if +1 < <DJn-2 ·Yn> 

DJa • 

Yn • 1 if L 

1 0 0 0 1 l I 0 
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Viterbi Detector Metric Calculation 

• 
• , .... 

;.._. • II 

10 M It 
rt • u E 

GO x G 

;N-l 
DJ~ 

A 

~ .... 

Two's complement representation is used. 
Most significant bit (MSB) is at the top or left. 
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Path Memory 
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3. Timing and gain control 

4. Equalization 
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Timing and Gain Control 

VfO 

f1cre;.,. 
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Timing and Gain Control for 
PRML 

A A A '• - •• -•.2 
A A A 

"· - 1 .. 1- J•l 
A 

ea •Jn· Jn 
A 

-· • enJn 

" Ain • tnYn 

(, fi · • -----r C J 
, r ; I 
n ' I 
) c ., 

.,J~o> 

6Tn+l • 6Tn + t6tn 

'n+l • tn • BA'fn • 61' 

l'n+t • l'n • Tl'Asn 

.,;. ' ·L\ro--
~ r r y 0 • 

I 1 
J 

1 I 
1 • • 

e • • • I I 
' • I 

1 
I • • 

AK~·--·--·--J--'-1--·---·-'--·--·_.., 
6'1-· --1-1-·-1-1--,--
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Filtering the Error Signals 
cJ,, tt Gt> co u Pc-el). ~ ( c._{,,u -,, 

LJO i0Zc 1 ,_., f'"i<- t...e'' .,,, . 

I •;\fin v-ln+l 
• .. 1· 1n·14'n I 

\)1' ~ 7 1J> v T 
<------- pµil Co & 

----------
1··4fn v •t'n+t<n 

AT ... 1• ATn + tA11 I 
'a+l • 'n ·14fn . A\ 
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Nominal write current 

Precompensoted write current 

\
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Class IV (Modified Duobinary) 

0001000 0 0 0 I 0 ·IO O 

---"'-- _J CHANNEL L ... ~ -. ·--__ r- -v-
m...,.. 

l/(lll-....>1 • 

I I • r I I e • • 1-02 

' I 
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/(1. • 1-02. ) • I~ 
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Sampled NAZ BIT Responses 

1 - 6 Feedback Taps 

0.5 

0 .,____ 

I 
-0.5 

I 
I 

I 

/ 

I 
/ 

-1.0 .___-----L--J,....l~-----'------'---""-----
0 ., 2 4 6 

· Time (bit periods) 
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2.0 
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• I 
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I 
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I 
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• I 

• • • • 

• , • 
,, ,, ---- ----- OF"E 0-5 

Unequalized 

1.0 ..... ~·-.-.t---,--~~~~~~~~~~~~~~~~~~~ 

0.5 

0 --~----------.._ __ _,,_ __ ___....._ ______ __. ____ ..._ __ ...... __ __, 
0 0. 1 0.2 0.J 0.4 0.5 

Normalized Frequency (fT) 
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Implementation 

1. R-LC Network 

H(w) • ~) • x(l..zj) I 
d(I) •<>PD 1•iw 

2. __ _... 

c, c 
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Performance of Channel Alternatives 

f ·.,_____.___.__ 
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6 (1,7) Code Eq1•+-tl 
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1 

Model Results On-Track 

PRML4MBIS 

w~----__;;m~r------~ ...... -------------------1 PRML 
&i Simulatloa 

Filter J ro4~---------+~~-------~~~~~----
PRML . 
Magnetic Qt.annel 
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Signal/ Added NolM (clB) 
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figure JS. Old infonn•lion versus linear density on MR. he.d film disk. O • PR:\IL, 0 • (1,7) peak 

detection without equaliulion, 6 • (I , 7) peak detection with equalizalion. 
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Conclusions 

Best aternatives are PRML and DFE 

Compared wtith the best peak detector, they offer: 

• 25 - 40°/o linear density improvement at the same 
error rate and noise level or ... 

• 5 - 7 dB more noise tolerance at the same linear 
density and error rate or ... 

• Several orders of magnitude improvement in 
on-track error rate at given linear density and 
noise . 
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Compression 

Encoder 
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Error 
Correction 
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Encoder 
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Write 
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Decoder 
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WRITE 
DATA 

PRML Channel 
I I 

GAIN I TIMING : TAP 
CONTROL l RECOVERY lADJUSTMENT 

I I 

WRITE READ l 
~ ! AMPLIFIER 

DISK C' "'$"""/' 
I 8/9 

Erl CODER 
FIXED ADAPTIVE 

EQUALIZER EQUALIZER 

"l" _f,1_ w· 
"O" LJ 

- .A <=>-.,. 
<::> "C7' t 

PRML: PARTIAL-RESPONSE CLASS·IV SIGNALING 
with MAXIMUM-LIKELIHOOD SEQUENCE DETECTION 

VITERBI 
DECODER 

9/8 
DECODER 

READ 
DATA 

• 30°/o linear density advantage over (2;7) peak: detection 
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MAXI M <J .-.1 - L1 I< e J...11-Jt> "P Pl-r-€° c::-r 1 oN 

(SCH c= nA-r \ c...) 

R.eceived Signal: 

Compare 
to All 
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..._...._.. 
0 0 1 0 0 1 

/\ 
. . 
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0 o, 1 ; 1 1 

'--" 

/\I 
10 
I 

Most likely information sequence: 

. . . 0 1 0 1 1 
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Match 
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Sliding-Block {O,G/I) Codes 

·-- ·----------·--
(O,G /I) Capacity Rate E~fficiency. 

( 3) 
10,4/4}+ 

---1 -· --- --
0.961 8/9 92.4 

(0,4/3} 0.939 8/9 94.6 
(0,3/6)~ 0.944 8/9 94.1 
(0,3/5) 0.941 8/9 94.4 
(0,3/4) 0.934 8/9 95.1 
(0,3/3) 0.915 8/9 97.0 

* Originally found by J. Eggenberger 

----------·p- ..... ____ ... _ ... _._ 
F~ncoder 
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Optr·W'l~J list' 6f :l1'J 
( iri deci"14./) 

73 116 183 225 268 310 361 402 438 479 
75 117 185 227 269 311 363 403 439 481 
76 118 186 228 270 313 364 406 441 483 
77 119 187 229 271 314 365 407 442 484 
78 ·121 188 230 281 315 366 409 443 485 
79 122 189 231 282 316 367 410 444 486. 
89 123 190 233 283 - 317 369 411 445 48°7 
90 124 191 235 284 318 370 412 446 489 
91 125 195 236 285 319 371 413 447 491 
92 126 198 237 286 329 372 414 451 492 
93 127 199 238 287 331 373 415 454 493 
94 146 201 239 289 332 374 417 455 494 
95 147 203 241 291 333 375 419 457 495 
97 150 204 242 292 334 377 420 459 497 
99 151 205 243 293 335 378 421 460 498 

100 153 206 244 294 345 379 422 461 499 
101 154 . 207 245 295 346 380 423 462 500 
102 155 210 246 297 347 381 425 463 501 
103 156 211 247 ·. 299 348 382 427 466 502 
105 157 214 249 300 349 383 428 467 503 
107 158 215 250 301 350 390 429 470 505 
108 159 217 251 302 351 391 430 471 506 
109 177 218 252 303 353 393 431 473 507 
110 178 219 253 305 355 395 433 474 508 
111 179 220 254 306" 356 396 434 475 509 
113 180 221 255 307 357 . ·397 435 476 510 
114 181 222 265 308 358 398 436 477 511 
115 182 223 267 309 359 399 437 478 
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Trellis Code Design Problem 

• Replace selected digital blocks in PRML channel 

8/9 

Encoder 

• Trade-offs 
- ---- - , ----

Eq. Gain Timing ----Cont r o I Control Recovery 

Head/ Receiver ML 
Disk Filter - -- ·ADC (Viterbi} 

Detector 

9/8 
Decoder 

Coding gain (dB) vs Code rate 
Encoder/decoder complexity 
Viterbi detector complexity 



Trellis Code Example 

• Interleaved Biphase (IB) Code 1-1 1-1 

Rate: 1/2 (2:4) 

Encoder: xy --* xyxy 

-1 1 -1 1 

• Coding gain 4.8 dB 

d 2 = 6 
free ( 10 10910 ~ = 4.8) 

• Complexity 4 (#edges) 
stage 



I8/P1coD€" f~~YoRMANCE 
( s\~Ltl~.-t~el) 

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

- -2 ' ' ' ' 
uncoded 
dicode 

+-' 
c 
Q) 

> 
Q) 

' ' ' \ 
::- -4 \ 

\ 
\ a_ 

0 -O') 

0 

\4.8 _dB 
\gain 

-6 biphase coded \ 
dicode \ 

~ 

0 5 10 15 20 

SN R ( 20 I og 10 1 /yi2 a) : 

• ArJJ;/-ivt- whil-t.- jtltA.SSia&1 no/s-t

n.1.- ,.__, N ( O; (f ~) 



Increasing Areal Density 

w 

• Reduce trackwidth by 3: 

• Rate 1 /2 I B code~ 

• Net area I density: 

• Same Pe 

W/3 

W/3 

W/3 

costs 4.8 dB 

gains 4.8 dB 

1.7 (70°/o increase) 
3 x (1/2) x (9/8) ~ 1.7 
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1. INTRODUCTION 

- Analog Signal Process ( ASP ) based ATE 

- Head tester 

- Parametric tester 

- Phase margin tester 

- Time interval analyzer 

- Disk Certifier 

- MP, EP, MOD tester 

- Window margin tester 

- Glide tester 

- Flying height tester 

- Digital 

- Average flying height measurement 

- Dynamic flying height measurement 

- Analog 

- et el 

- Digital Signal Process ( DSP ) based ATE 



2. PARAMETRIC TESTING 

(A) TRACK AVERAGE PLITUDE 
I 

- ANALOG SIGNAL PROCESSING CAN P~OVIDE 
AVERAGE TAA. 

DSP APPROACH CAN P OVIDE 

(B) 

DSP 

AVERAGE TAA I 

POSITIVE / NEGATIVE MODULA~ION 

CONTRIBUTION DUE TO MISREGibTRATION OF 
READ HEAD 

CONTRIBUTION DUE TO SPINDLE JITTER, 
AXIAL & RADIAL NON-REPEATABLE RUN OUT. 

I 

O/W MEASUREMENi 

ASP TECHNIQUE USES BAND PAS~ FILTER OR 
SPECTRUM ANALYZER. I 

I 
APPROACH CAN P*OVIDE 

DSP USE FFT ANALYSIS 

CONTRIBUTION DUE TO SPINDLE JITTER 
& RUN OUT I 

CONTRIBUTION DUE TO MISREGI
1

1sTRATION OF 
READ HEAD. 
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(C) NOISE MEASUREMENT 

HEAD NOISE 

- JOHNSON THERMAL NOISE 

- BARKHAUSEN NOISE 

- MAGNETIC DOMAIN INSTABILITY 

- AMPLITUDE MEASUREMENT 

- PULSE WIDTH MEASUREMENT 

- HEAD BIAS TECHNIQUE 

MEDIA NOISE 

f?f/J<? c...u ..... ,,~.., . ..::::. >~· <5p r~ 

v J. f1/; B ce., t te., ~ X.- 1-~ 
p 

- SA TECHNIQUE 

- TRUE-RMS VOLTMETER TECHNIQUE 

- REVERSE DC ERASE TECHNIQUE 

- MEDIA EDGE NOISE 

(D) WAVE SHAPE ANALYSIS 

- PULSE WIDTH 

- UNDERSHOOT 

- ASYMMETRY 

- SPECTRUM 

- RISE / FALL TIMING 

- NON-LINEAR RESPONSE 

~ 
/.+£,t,j '1~1 ljf){., 

~Jp~/l. 



SPECTRUM 
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3. TOTAL TIMING ERROR 

I • HEAD / MEDIA / PREAMP NOISE 

II. INTER SYMBOL INTERFERENCE 

III. PEAK SHIFT DUE TO HARD TRANSITION EFFECT 

IV INTER TRACK INTERFERENCE 

V NON-LINEAR DISTORTION 



I- HEAD / MEDIA 
NOISE 

/ PREAMP 

Peak Shift based on SNR 

Simple approximation 

Te = [ Ts/4.2) ..j - log (4.2 *,Pe ) / SNR 
10 

where 

Ts 

Te 

Pe 

SNR 

-22 
10 < Pe < 

-3 
10 

= Time period for highestr frequency 

= 

= 

= 

timing error 

error probability per 

signal to noise ratio 

]__,01 U5 Slbl( )µI- ::; ~'-; tJ 

) ~ ~<l-L- p'->e,Q 

bit 

~nns to nns) 

G.H.Hughes & R.K.Schmidt, n On noise in digital 
recording", IEEE Trans Mag, Vol. MAG-12, No.6 pp 752. 
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V ( K) = 

K = 

G(K) = 

II- INTERSYMBOL INTERFERENCE 

TFH PEAK SHIFT CALCULATIONS 

2 V W Mr 

2 

2 f 

v 

SIN (gK) 

gK 

al 

-Kt -K ( d+a ) 
1 - e e 

G ( K ) . . . (1) 
Kt 1 

............................. ! .....•.... ( 2) 

1 A 
{ --------

2(1+C) A-jK(g+pl) 

1 A 
- ---- {-------- + 

2(1+C) A-jK(g+p2) 

2 

BC 
+ -------.---} 
B-jK(g+pl) 

BC 
--------- } 

B-jK(g+J;12) 

Mr 

jK(g+pl) 
e 

jK(g+p2) 
e ..... ( 3) 

a = ( --- -
2r 

t al t ) t 
---)+[(--- - --- +(--- + 2t 

4 2r 4 2 
- --- )! 
4Hc . 

V (X) = 

••••••• ! •••••••••••••• ( 4) 

1 cc 

t 
T .,,=/ 

2 Ti ;2 Ti 
V(nK) . { SIN(n.---.x) - SIN(n. ---(x+Tl >) 

T T 

2n "~ 
- SIN(n. ---(x+T2))}. {(l - COS(nii )i.(i) } ...... (5) 

T 

Where T = time period for isolated pulse 

Tl = time period between posi~ive peaks. 

T2 = time period between positive and negative 
peak. 

A.Singh & P.G.Bischoff ,"Optimization of! thin film heads 
for Resolution, Peak shift and overwri]te", IEEE Trans 
Mag, Vol. MAG-21, No.S pp 1572. 
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--U!. - PEAK SHIFT DUE TO HARD TRANSITION EFFECT 

Where P(f) denotes the intensity of a spectral peak at 
frequency f • 
E(f) denotes the mtplitude of the Fourier Transfora 
of the the easy transition wavefor11 at frequency f 
and t is the hard transition peak shift in ti.a. 

+-;_ <!J l/V ({) [ r_oo] 
~ 2.£ --Fi 
/ D l3 

c. Tsang, Y. Tang, •An experiBental study of bard 
transition peakshifts through the overwrite spectra.•, 
IEEE Trans. llagn., llAG-24, 6 (1988). 



llgoritbl: 

1. Write low frequency CW fb. 

2. Then write high frequency fd. 

J. Measure spectral peaks 

OVervri te parueter oo> = 

Pi2•fD -fB 1 
OWP=L J 

P[ f D J 

4. Measure spectral ratio RO 

Ej2 ·f D -f B l 
RO = • J 

E[ f D J 

f D .V[2·fD -fB] 
I·=~~~-~~~~~ 

l 2 • f D - f B J V[ f D J 

5. loraalize oo> to retOVe effect of bead disk resolution 

OWP 
OWQ = -

RO 

6. Bard transition peak shift t 

t = OWQ·J 500 l ll 2·f D -fB J 

where t is in nanoseconds ls fD and fB are in MHz. 

c. Tsang, Y. Tang, 'An eiperi.aental. study of bard 
transition peaksb.ifts tbrougb the overwrite spectra.•, 
IEEE Trans. Magn., M!G-24, 6 (1988). 



IV INTER.TR.ACK INTER.FER.ENCE 

ITI IS ONE OF THE MAIN CAUSES OF TIMING 
ERROR. 

ITI CONTRIBUTION TO TIMING ERROR IS EMBEDDED 
IN THE PHASE MARGIN PLOT. 

DSP TECHNIQUE CAN BE USED TO MEASURE TRACK 
MISREGISTRATION. 

TECHNIQUE CAN BE FURTHER MODIFIED TO PROVIDE 
TIMING ERROR DUE TO INTERTRACK INTERFERENCE. 

T.J.Chainer et al," A technique for the measurement 
of track misregistration in disk file," paper 
presented at MMM- Intermag Conf. Pittsburg, 
Pennsylvania,1991. 



4- PHASE MARGIN CIRCUIT DESIGN & 
ANALYSIS 

(A) FILTER DESIGN 

NOISE MINIMIZATION 

PRESERVE WAVE SHAPE 

CONSTANT GROUP DELAY 

LINEAR PHASE 

CORRECT ERRORS INTRODUCED B~ THE NON-IDEAL 
PHASE CHARACTERISTICS OF INPUT READ HEAD 

PROGRAMMABLE TRACKING FILTER 
( ONLY IF SNR BETTER THAN 60 DB) 

DSP TO ANALYZE NON-ID~AL PHASE 
CHARACTERISTICS 

HIGH SPEED ADC 

DIGITAL SIGNAL PROCESSING 
-FFT, CONVOLUTION etc 

I 

DIGITAL FILTER DESIGN FOR ANALYSIS 



(B) DIFFERENTIATOR DESIGN 

THE DIFFERENTIATOR OUTPUT CHANGES STATE WHEN THE 

INPUT PULSE CHANGES DIRECTION. NORMALLY THIS WILL BE AT THE 

PEAKS. BUT THE DIFFERENTIATOR CAN ALSO RESPOND TO NOISE NEAR' 

THE BASELINE UNLESS THRESHOLD OR GATING CIRCUIT IS 

IMPLEMENTED. 

( AMPLITUDE COMPARATOR CIRCUIT, ENABLING THE DIGITIZING 
COMPARATOR CAN BE USED AS GATING CIRCUIT. ) 

TYPES OF DIFFERENTIATOR 

1. RC DIFFERENTIATOR 

- SIMPLE 

- PHASE DISTORTION 

- SNR DEGRADATION 

2. GL DIFFERENTIATOR 

- SNR DEGRADATION 

3. DELAY LIRE DEFFERENTIATOR 

!?. 

c/~(-t) 
v _( t) :: - v (t) : - R. c dt 

l.> 'IS 



L 

~-

V r 1: J = - V (-t. J = - L (7 cl~ t t J 
2S l/S -ol.t 

= 



·. 

DELAY LINE DIFFERENTIATOR 

Vo= A·Vi·sin(w·(t+td))-A·Vi·sin(w·t) 

. . r tdl r r td]] VO = 2·A·V1·sm w·- '·cos1 w·lt--l 2 J l 2 

r r td'l 
VO·= K·cos! w·· t-- I 1 

l l 2 J J 

lbere 

K will have the peak value when 

w = ! 

or 

td 

f - o.s 
td 

ibere Vi = input voltage 
Vo = output voltage 

A =Gain 
td =delay 

f = cut off frequency of the differentiator 
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(C) PHASE LOCK LOOE DESIGN 

1. 

2. 

DESIGN PARAMETERS 

vco Gain ( Ko ) 

For MC1648 at VCO center f requen6y 128 MHz 

Ko = 16 MHz / Volt 

= 2 II * 16E6 Rad / Sec ) v 
I 

Phase Detector Gain ( Kd ) 

For MC12040 Phase Detector 

Kd = 1/2 Ti * A * ( Voh - Vol ) Volts / Rad 

where A = Signal att~nuation 

Voh = -1.8 V 

Vol = -0.9 V 

PROGRAMMABLE GAIN CONTROL IS MOST!SUITABLE FOR TEST 
EQUIPMENT. 

3. Loop Gain ( K ) 

K = Ko * Kd / N / Sec 

where N is frequency division ratio. 

4. PLL Bandwidth ( BW ) & Da:aping Fa¢tor ( f ) 
For linear continuous second order system 

Bandwidth BW = f o = 2 ~ f 

=2l; Wn/2 

where 
fo = Open loop unity, gain cross over 

frequency. · 
fn = Close loop Natural frequency 

~ = Closed loop Dampi~g Factor 



·. 

Notes: 1. Normally high frequency operation 
critical and difficult to optimize. 
the system for high and verify 
frequency. 

is more 
Optimize 
at low 

2. For Test equipment design low PLL jitter or 
noise is more important rather than quick 
response. Hence Damping Factor should be fairly 
large approx equal to 3. · 

3. Good approximation for BW = 50 KHz 

5. PLL Transfer Function 

G (S) = K * F(S) / S 

where F( s) = Transfer function of 
loop filter. 

1 / S = VCO act as integrator 

Normally pole frequency should be much higher than 
BW or fo. Loop filter can be active or passive, but 
IT IS Bt!•rER 'l'O HAVE SELECTABLE LOOP FILTERS. 

6. FREQUENCY CONTROL LOOP 

Contribution of vco jitter to PLL noise is more than 
any other components. A pretune DAC is used to tune the 
VCO to the required frequency with enough resolution for 
PLL to acquire lock easily. To reduce the vco phase noise 
one or more frequency control loops can be placed around 
the vco. 



5- SAMPLE VS 
TESTING 

PHA.SiE MARGIN 

Sample Margin Test Technique ( SM'r.l' ) is logical 

extention to DSP technique. 

- High speed ADC with DSP processor will supplement 

SM'r.l'. 

- SMTT with DSP can produce 

- Bar Graph 

- Gaussian curve 

- SM'r.l' .are suitable for higher fr;equency and easier 

to implei1ent. 



"SPARC 
SYSTEM I 

1.NETWORK I 
2.ROBOTIC INTERFACE! 
3.TRUE WINDOW 
4.REAL.TIME DATA MGN1 
!5.MUL.TITASKING j 

1 
1.TAA MEASUREMENT 
2.RESOL.UTION 
:!I.OVERWRITE 
... PUL.SE WIDTH 
!!I.ASYMMETRY 
8.UNDER/OVERSHDOT 
7.FREQ RESPONSE 
S.WAVE SHAPE 

ANAL.YSIS 

INSTRUMENTATION BASED TEST SYSTEM 

VXI INTERFACE 

R/W 
CONTROL 

' 

"i···· UN<T I 
._,i... I 

1 . PREAMP CONTROL. ' 
2.VARIABL.E CURRENT!, 
3.SECTOR R/W 
... SEQUENCE CONTROL. l 

y 

IN/OUT UNIT 

I 
I 
i 

I 
i 

1.PM AN;:'t...YSIS 
2.TIA 
3.TRANSITION 

.JITTER ANAL.YSIS 
.... WINDOW MARGIN 

IN/OUT UNIT 

; 
y 

!.FREQUENCY 
SYNTHESIZER 

2.PATTERN GEN 

!.SURFACE ANAL.YSIS 
2.NOISE MEASUREMENT 

3.ARBITRARY 
WAVEFORM GEN 

CAMBRIAN 

CONTROL. 

SYSTEM 

9.SPECTRUM ANAL.YSIS 
10.SECONDARY PUL.SE 

ANAL.YSIS 
11.HARMONIC DISTORTION 

ANAL.YSIS 
12.TRANSITIDN NOISE 

MEASUREMENT 
INSTRUMENTATION BASED 

TEST SYSTEM Bt...OCK DIAG 
13 ."CNR AVTAR SINGH ..J...~BC 



ELECTRONIC FUNCTION 
INTEGRATION 

Steve Dines 

Cirrus Logic 

~--m-1tn111n---v--------------------------- ~IRRUSLOGE 

AG EN PA 

• Integration environment 

• Why does OSP Impact 
Integration 

• Packaging & Teat lsauee 

• Integration Scenarios 

~--m-,.,_,---.--------------------------- ~/RRUSLOGE 



INTEGRATION ENVIRONMENT 

• Everybodyclalms to be able to Integrate everything 

~..,.-m-,lllMI---~---------------------------- ~IRRUSLOGK 

EUROPE 100 B.C. 

Teutonlcs 

Romln• 

~..,.-m-,-lllMl--w ____________________________ ~IRRUSLOGIC 



QISK ELECTRONICS SUPPLIERS TODAY 

• Buyer beware! 

~-~m-,-.---w--------------------------- ~USLOG/C 

WHYPOES osp 
IMPACT INTEGRATION? 

• Channel 

• Servo 

• Flexlblllty 

• Power management 

• Pin-out 

~--m-,-.---w--------------------------- ~RRUSLOGIC 



SYNCHRONOUS CHANNELS 
ANP INTEGRATION 

• highly tuned analog -> analog front end 
+ dlgltal algorithms => CMOS 

• Force to CMOS paves the way for 
Integration with other logic elementa 

• Scalability of digital vs analog 

• Flexibility gains ensure customer value 
added 

Qi P~L.4"1 

t"p 

C-1-vo) )0~ 
-w 
100% 

1t4'.f.::Jpr.,
(J.(. 
¥0...,()<.. 

P;~ 1o 

~lll'-m-1M1111---w---------------------------~RRUSLOGIC 

SYNCHRONOUS CHANNEL 
INTEGRATION BENEFITS 

• Space reduction 

• Power deduction 

• Pin-out reduction 

~11r-m_t_Mllll __ •---------------------------~RRUSLOG/C 



DIGITAL SERVO 
AND INTEGRATION 

• Servo becomes loglc element plus analog periphery 
(A to D and D to A) 

• Easler to Integrate 

~m_m_1_1111111--.---------------------------- ~JRRruLOGK 

DIGITAL SERVO 
INTEGRATION BENEFITS 

• Integrated servo Is an areal capacity argument 

Integrated header • avoid repeating track 
Info In data fields and servo fields 
5% benefit (linear only) 

• Eases pseudo-sector mark generation 

• More Integrated power management 

• Servo Is becoming more hardware path • fits better with data channel 

• Totally concurrent servo processing 
- no Interdependence between micro and servo engine 

• Prasarves commodity micro benefits 

• Removes major complexity from ASIC 'm_m_1_1111111 ________________________________ ~JRRruLOGK 



OPTIMIZED SERVO PROCESSING 

• Servo engine targeted at magnetic disk head control 

• Key hardware modules added 

• Reduces code - space 
- time 
- engineering effort 

• overkill avoidance - eg sub 100ns multlplles 
not needed for typical sample rates 

~llT-.,·,·~·-·,-,,----------------------------- ~IRRUSLOG/C 

FLEXIBILITY 

• How do electronics suppliers ensure customer flexlblllty 
In the face of ever Increasing Integration 

• Synchronous channels provide digital flexlblllty 

• Dlgltally based aervo allows uaer to Implement his servo 
approach 

~---------------------------------- ~IRRUSLOG/C llT1D1..-111 



pse IMPROVES FLEXIBILITY 

flexlblllty 

~lmplomontad 
non-dsp Implemented 

Integration 

~----,~----~--------------------------- ~IRRUSLOG~ 

DSP IMPROVES POWER MANAGEMENT 

--

~----,-..._--,~--------------------------- ~RRUSLOGIC 



TOPA Y'S PISK PRIVE SUBSYSTEM 

HOA 'PCB 

llo\CK 
SHID.E BllF 
MOTOR 

_.,1_,..1., 

. 
BIWCHfNNJL ---

pow111ktwt 

TECHNOLOGY SPREAD 

HOA : PCB 

MCI< 

lll'tllll.E -MOTOR 
pow111 .... 

C(WI!QLLp -- AT ------llllM-ICC 

AT 

I 

-RRUSLOGIC 



PACKAGING & TEST ISSUES 

• Integration should match packaging 

• Relatlonshlp to form factor 

• Die considerations 

1.1" FIF 

1IOQFP 
28mmX21mm 

1GOVQl'P 
14mmX1<1mm 

ua mmpllell 

1.8 " ANP QFP 

~--m•1•..-i---.------------------------------ ~IRRUSLOGIC 



INTEGRATION SCENARIO #1 

HOA 

MCK -

PCB 

-on-

CHANNEL 

• ,._,_commodity nature Of rnlCrO 

CllCl8 or 81Clll08 ch .. 1191 1 

-/RRUSUXJ/C 

INTEGRATION SCENARIO #2 
HOA PCB 

CHANNEL 

--

AT 

AT 

~USUXJIC 



INTEGRATION SCENARIO #3 

HOA PCS 

-
CHANNEL 

CONTROU..EA 

Pin out 

frag-ntecl product llne 

~llT•m--,........,--•a•,-------------------------------- ~IRRUSLOGJC 

INTEGRATION SCENARIO #4 
HOA 

--

PCB 

-lllloor 

8lllVO 
PllOC 

AT 

AT 

'--------------------------------------- ~IRRUSLOGIC 11Tm1-• 
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INTEGRATION SCENARIO #5 

HOA PCB 

-
CHANNEL 

CONTROU.ER 

alngle c:hlp 1111.,._ 

SUMMARY 

• Buyer musa beware 

• Moat coat efficient vehicle for tranalsaor 
de I Ivery 

• Understand your commodity benefits 

• Explolt the dlgltal drive! 

AT 

~--m-,-_..---.------------------------------ ~USLOGJC 
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CHARACTERIZATION AND 
STRUCTURE/PROPERTY RELATIONSHIP 

OF AMORPHOUS CARBON FILMS 

Bruno Marc:hon 
UST Dec 16, 1997 

Bruno Marchon 
Seagate Technology 

Recording Media Group 

Carbon Overcoat.for Ri1dd Media 
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Carbon Overcoat.for Ri!!id Media 

Bruno Marellon 
HST Dee 16, 1997 
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Carbon Overcoat Characterization 

BN!o Marcllon 
HST Dec 16, 1997 
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I Properties 
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Filtered Cathodic Arc 
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Btuno Mlrchon 
llST Dec 16, 1997 
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STM: Structure o.f Amorphous Carbon 

40x40A STM bnage a-C 
B. Marchon et al. Phys. Rev. 1989 
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HST Dec 16, 1997 
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BNlo Mardlon 
HST Dec 16, 1997 
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a-CH: G Peak Position and EELS %sp3 
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a-CH: Abrasion Resistance vs. G Position 
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Raman on a-CH 
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a-CH: Photoluminescence 
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a-CH: Raman PL and H.vdroRen Content 1 
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a-CH: Mechanical Properties and %H 
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Ion-beam Carbon: Raman and Stress 

Bnllo Marchon 
HST Dec 18, 1997 

1- 1/UO llCO ltGO IOllO l:iff lllOO 

l'WnanlM(mr') 

I Ager et al. , Appl. Phys. Lett. (1995) I 

• ---

&Seagate 

&Seagate 

9 



Filtered Cathodic Arc: ta-C, a-D 
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Raman .for Thin Carbon 
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Nitro}!en-Doped Carbon: Wh.v does it work ? 

o Higher sp3 Content ? 
o Harder (Carbon Nitride?) 
o Lower Stress ? 

o Better Affinity for Lubricant ? 
o All of the Above ? 
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a-CN Characterization (ESCA) 
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Carbon Surface Chemistrv 
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Zdol Diffusion on a-C 
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Zdol Diffusion on a-C 
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Conclusion 
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Outline 

Outline 

o Overview of media noise phenomena 
• Origin 
• Localization 
• Parametric dependencies 
•Models 

o Noise power & signal power 
• Estimate 
• Noise budget 
• Experimental verification 

o SNR at high recording densities. Jitter limits. 
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Medium Noise Partial Bibliography 

1

1 

o There is a vast literature of media noise research. A limited sample of i 
references follows: I 

j o Introduction to the Theory of Random Signals and Noise, W. B. Davenport & W. L. Root, IEEE 
1 Press (1987) 

1 ! o Noise in Digital Magnetic Recording, T. C. Arnoldussen & L. L. Nunnelley, Editors {1992) 

i o Theory of Magnetic Recording, H. Neal Bertram (1994) I 
i o Spatial Structure of Media Noise in Film Disks, E. J. Yarmchuck, IEEE Trans. Mag. vol. 22, I' 

877 (1986) 

i o Noise Autocorrelation in High Density Recording on Metal Disks, Yaw-Shing Tang, IEEE ! 
! Trans. Mag. vol. 22, 883 (1986) J' 

J o Recording and Transition Noise Simulations in Thin-Film Media, J.-G. Zhu & H. Neal Bertram, 
IEEE Trans. Mag. vol. 24, 2706 (1988) / 

; o Magnetization Fluctuations in Uniformly Magnetized Thin-Film Recording Media, T. j' 

J. Silva & H. Neal Bertram, IEEE Trans. Mag. vol. 26, 3129 (1990) 

j o Magnetization Fluctuations and Characteristic Lengths for Sputtered CoP/Cr Thin Film Media, 
· Giora J. Tarnopolsky, N. Neal Bertram and L. Tran, J. Appl. Phys. vol. 69, 4730 (1991) 

f o Magnetization Correlations and Noise in Thin Film Recording Media, H. N. Bertram & R. 
Arias, J. Appl. Phys. vol. 71, 3449 (1992) 

I 
j o Fundamental Magnetization Processes in Thin-Film.Recording Media, H. Neal Bertram & J.-G. ! 

! Zhu, in Solid State Physics Review, vol. 46,Academic Press (19992) I 
Oiora J Tamopofsky il11917 

UST - Santa Clara Unlveralty 
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Medium Noise Partial Bibliography (cont') 
i o Noise of Interacting Transitions in Thin-Film Recording Media, J .-G. Zhu, IEEE Trans. Mag. 

vol. 27, 5040 (1992) 

i o Experimental Studies of Noise Autocorrelation in Thin Film Media, G. Herbert Lin & H. Neal 
Bertram, IEEE Trans. Mag. vol. 29, 3697 (1993) 

o General Analysis of Noise in Recorded Transitions, H. Neal Bertram & Xiaodong Che, IEEE 
Trans. Mag vol. 29, 201 (1993) 

o Transition Noise Analysis of Thin-Film Magnetic Recording Media, B. Slutsky & H. Neal 
Bertram, IEEE Trans. Mag. vol. 30, 2808 (1994) 

o Transition Noise Spectral Measurements in Thin Film Media, G. Herbert Lin & H. Neal 
Bertram, IEEE Trans. Mag. vol. 30, 3987 (1994) 

o Microtrack Model of Recorded Transitions, J. Carroselli & J. K. Wolf, IEEE Trans. Mag. vol. 
32, 3917 (1996) 

o Media Noise and Signal-to-Noise Ratio Estimates for High Areal Density Recording, Giora J. 
Tarnopolsky & P.R. Pitts, J. Appl. Phys. vol. 81,4837 (1997) 
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What is Medium Noise? 
o The reproduce voltage results from the read head 

sensing the "magnetic charge" of the media: -V ·M(x), 
the divergence of the magnetization 

o The medium is an array of columnar magnetic grains 
having: irregular boundaries, dispersion in the 
direction of the uniaxial anisotropy axis, 
intergranular exchange and magnetostatic coupling, 
and coercivity and remanence that vary from grain to 
grain. 

o Superimposed onto the intended magnetization 
magnetization reversals (user data) there appear the 
magnetization spatial fluctuations. They result in 
unwanted and unpredictable deviations of the 
reproduce voltage from ideal response. 

~iI.e.osmon neeo no~, •tf>h. , ..Jll.~T unoaries. & seagate 
o1o .. J Temo l<yC> 1" 7 1997 Magnetic Media Symposium 11 

Tiff: N.TA TtClllllffY ctm~H'I' 

Seagate Recording Technology - San Jose 

Idealized View of Transitions & Noise 

transition exhibits no 
fluctuations of 
transition center, 
transition parameter, 
or M,.x (x) 

Ola'" J Tamopolsl<y Cl 1H7 
HST • Santa Clara Unlveralty 

1997 Magnetic Media Symposium II 
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exhibits fluctuations 
of transition center, 
transition parameter, 
and M,.x (x) 
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Signal & Noise Power vs. Read Width 

I o The recorded "noiseless" signal is in phase across the 
I track. Its power is proportional to the square of the 
I track width. 

I [ N ]
2 (R d 'dth)l I Signal Power= ~V,(x) = N2V~1(x) = ea::: ·Vt.,....,(x) 

I o The noise components are incoherent. The noise 
j power is proportional to the track width. 

! Noise Power= [f oV,(x)J·[f oV1(x)] = f oV,(x)oV1(x)+ f oV,(x)oV1(x) = 
1 l•I }•I i•j lfAj 

i = N < oVi(x) >=(Rea:idth} < oVi(x) > 
I 
I o Signal-to-noise power ratio oc Read width 

Olo,. J T1mopolsky I> tH7 UST • S.nll Clara Untveralty 
1tt7 Magnetic Media Symposium II 

Seagate Recording Technology - San Jose 

Medium Noise Characteristics 

&5> Seagate 

Io Medium noise appears most prominently in regions 
I where M(x) ~ 0 

o at the magnetic transition - hence "transition 
noise" 

o at the track edge 
o in the servo fields 

I o Once recorded, the noisy magnetization pattern does 
not change with time. It is read out by the magnetic 

I channel just as the data is. Thus, the noise spectrum 
i shows, in a spectrum analyzer, a shape proportional 

to the envelope of the fundamental and its harmonics 
i Equalization enhances high-frequency components 

(generally, to slim the isolated pulse.) It thus enhances 
hen1ghlrequency cwne.@&D.tufUllle medium ll01S.feaf'il''"" 

o1o,. J TlllnOpolsky I> t"7 1tt7 Magnetic Media Symposium II QlJ" »' c.11;; 
ftlf.UTa~YCIMPAIT 
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How is Media Noise Modeled? 

I o Media strips, microtracks (Arnoldussen, Carroselli & 
1 Wolf) 

I 

• Media divided into stripes along the downtrack co
ordinate, each stripe exhibiting fluctuations in 
transition position and sharpness 

• Micromagnetic models (Bertram and collaborators, 
Zhu and collaborators) 

• Media volume subdivided into regular hexagonal tiles 

• Anisotropy axis orientation, magnetostatic 
interactions, inter- and intra-granular exchange 
interactions 

• Proved that exchange-coupled grains are noisier 

I o Analytical models of the read back voltage (Bertram 
~nd-rollaborators.) Example-will-follou;~. -----~ 

dR Seagate Olorw J Tomopobky Cl 1H7 
UST • Santa Clal'I Unlvenlty 

1997 Magnetic Media Symposium II 

Seagate Recording Technology - San Jose 

Media Noise Higher Where M(x)=O 
I o Ensembl~ !11ean and variance of 1.0 i<M(x)> 

the transition profiles for planar 
isotropic longitudinal films for o.G ~/o-1.s 
different intergranular exchange <!: 

I, coupling, and both 2D and 3D t;.. o.o 

I random easy axis orientation. :i' 
A large variance occurs at the v -o.11 

--h.- 0 (30) 
··-·····-h.- 0 (20) 
---- "·•0.1 (30) 
---h.-0.1 (20) ! transition center. The exchange-

1 coupled film shows much higher -1.01:..-~-~~:__.._..___.__.___, 

I', magnetization noise in all cases. i.4'° -30 -20 -10 o 10 20 ~ 
Bertram & Zhu, IEEE Trans. l 1.2 i Downtrack 

I Mag. vol. 27, 5043 (©IEEE 1991) .B. i.o <(Mf(x))2>;ft~ 
'1 o The transition noise power ':.r-o.e / 'I(~' .~xcbange-

pn increases with the number <:::. " W ~oupled 
! of transitions per unit length, or £: o.e } \~ 
! density. :i' 0·4 _ J r·-... \.., 
i o The measurement of Pn(density) ~ 0·2 ~ 
I affords a determination of 0-~40 _ 30 _20 _ 10 0 10 20 30 
~dia intrinsic noise parameters. po91tlon x 

Gilora J Tamopolsky~ UST. Santa Clal'I University 
1997 Magnetic Media Sympoalum II 
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Media Noise Reduction 
How to reduce media noise? 
o Achieve grains of uniform size. The reduction of the 

variance of columnar sizes will improve media 
performance, and is of more immediate concern than 
media thermal decay. 

I • Underlayers: Epitaxial growth 
i • Clean sputtering systems 

I 
o Reduce exchange coupling between grains 

• Non-magnetic material segregation to 

lo 
I 
I 
I 

L 

boundary 
Reduce the volume where noise originates 

• Shorter transition length 

• LowerM,8 i 
J 

• Higher He llST-Santt Cl1111 University 
Giorw J Tarnopolsky Cl 1" 7 1997 Magnetic Media Symposium II fJP seagate 
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Media Noise & High-Density Recording 

O "Transition jitter", qitter = 3 to 10 nm 

o For linear recording densities ~ 1,000 kfci: 

• Oj;ner for given signal-to-noise ratio SNR? 

• ( Ojuter /bit length B) vs. PW50, SNR, and density?! 

• Grain sizes and uniformity for n x 10 Gbit/in2? 

o Recorded bit boundary: shifted from ideal position 

o Pulse width (PW50): fluctuates around track 

o Peak amplitude V0: varies bit-to-bit due to head 

Giorw J Tarnopolsky Cl 1H7 
HST - Santt Clani Unlvenilty 

1997 M1gnetle Media Symposium II 

Page 6 
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Transition Jitter: Magnetization Noise 

"REAL" I = -= I= I¢ = 1=1 

"IDEAL ,,~h:===:=<=>==~c::::>=:=I .,,====c::::>=s:1 · .,,==:;:=c::::>~·s:=~~I A 

B 

"NOISE" 

f2M 
----.. x, 

downtrack 

Oiora J Tamopolsky f) 1H7 llST • Santa Clara Unlverdy 
1997 Magnetic Media Symposium II 
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"Real" & Ideal Waveforms & Noise 
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Replay Voltage 

Replay noiseless voltage 0 f •Bertram & collaborato1>, 

V(x) = z::::.J-l)nVu0 (x- nB) 
I 1987 • 1996, Noise formalism 

j •See: Be11ram: Theory of ,., 
l Magnetic Recording LJ 

o Add, say, transition jitter &n 

V(x) = !:::: (-l)nVu0 (X - nB - &n), 

- OV, (x-nB) 
:. V(x) = V(x) + !:(-l)n&n uo Ox 

o Signal = noiseless voltage + one term per fluctuating 
property 

o Assume Lorentzian pulses, compute noise power 

Glora J Tomopol•ky Cl 1ff7 
HST • Santa Clara University @seagate 

1997 Magnetic Media Symposium II 
MNfl1ICl!NlltTOllWAlf 
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Noise Power DensilP_ 

o Consider position fluctuations, pulse-width 
fluctuations, and MR head amplitude fluctuations: 

~iJter O"pwso O"vo 

o Noise power density at head's terminals: 

Olora J Tamopolsky e 1ff1 HST • Santa Clara University 
1997 Magnetic Media Symposium II 

Seagate Recording Technology - San Jose 

Noise Power 

k=2n/I. , FT 
variable 
V1so(k)=FT 
isolated pulse 

&9 seagate 

o Noise power density equalized by channel transfer 
function G(k): 

j k=2n//, , FT 

PS/X..k) \G(k)Vir<1(k~2 x[K~ Kd}Wg) ~ l j variabl:_ 
B Jitl6 + 4 + V.2 V;..,,(k)- FT 

0 I isolated pulse 

o The broad-band media noise power= integral of 
PSD(k) over all frequencies: 

Pn = broad - band noise power = 

ff , u~/ ( 1 uiw~) ffu;,Pwso = -V0 x 1 + --2- + 
2 B · PW50 4 aft11., 4B 

/ "'- l Media jitter scaled by bit J 
length and PWSO 

Oklra J Tamopotsky e 1t97 
HST • Santa Clara Unlveralty &9 seagate 

1997 Magnetic Media Symposium II 
MNUftClllOLltTCOllf,_n 
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Transition Noise vs. Density: Many Alloys 

•Get f1itter from initial slopes. 

Oiora J Tamopobky Cl 1H7 
HST· Santa Clara University 

1997 Magnetic Medl1 Symposium II 
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Disk 

A/31 

A/32 

<A> 

8131 

8132 

B/41 

B/42 

kOe 

2.2 

2.2 

2.2 

2.5 

2.5 

2.5 

Table I. Experimental Results / ~ ~ 

V0 PW50 OW lw er crlow crhigh # 

me mu 
cm2 µV nm 

1.00 

1.00 

1.00 

0.70 

0.70 

0.70 

0.70 

383 378 

382 372 

383 375 

311 295 

309 298 

305 303 

300 300 

dB mA nm nm nm 

39 34 8.0 12.5 

39 34 7.9 12.3 

39 34 8.0 12.4 2 

41.6 35 / 5.8 9.3 

35 

35 

35 

6.2 9.6 

6.2 9.9 

6.1 9.7 

~ seagate 

<B> 

2.5 

2.5 0.70 

0.68 

306 299 41.6 35 6.1 9.6 4 

C/21 2.77 

Oiora J Tomopobky Cl 1H7 
HST • Santi Clara University 

1997 Magnetic Medi• Symposium II 

Page 10 
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Seagate Recording Technology - San Jose 

SNR Budget: WhatCJ'eff For 6 Gbitlin2? 

lo 16:1 BPl/fPI Ratio: 310 kbpi x I 

19.4 ktpi I 
Preamp noise 12.3 µV2 10 lo Density, HF 329 kfci 

1: Current source 59.3 µV2 I !o Density, MF 165 kfci 
Johnson noise, 4k8 T4fR 46.6µV2 

0 V~(lso) SOOµV 

0 Vo-p(MF) 251 µV 
0 Electronics + Johnson 118.2µV2 

0 Radius (ID) 0.627 in 
0 SNR(E) 27.3 dB 

0 Bandwidth 49MHz 
0 lf70% of the total noise is due to 

I: I 
the media and 30% is due to 

Input noise voltage 0.5 nV/rtHz electronics then O'elT = 3.5 nm and 
Input noise current 20pA/rtHz the total SNR = 22 dB. 

jo Resistance 550 10 The SNR required to achieve an on-

B = bit length 82nm 
I track error rate of 10-7 is about 21 

1~ I dB. For this case the media noise 
PW50 -8.4µin component is 38211V2• This leads to 

an effective jitter of o-.rr = 4.1 nm. 

l 
01o .. J r ...... po1s1cy e 1n1 DST • Santa Clara University 

1997 Magnetic Media Symposium II 
&SJ seagate 

r 
i 

NllAJATRlllOLllYClllPAIT 

Seagate Recording Technology - San Jose 

Transition Jitter vs. Read Track Width 

I+-- Bit Length B __., s = Cross-track correlation 
length 

The number of sub-transitions is given by W ,Js. The relation between the 
net transition position variance and the sub-transition variance is: 

2 s 2 
U1111er= W, Us 

(H.N. Ber1ram, Theory of Magnetic Recording, p. 317.) 

Analytic modeling of the transition noise with a tanh transition shape yields: 

1r 2 a ~ (B. Slutsky and H.N. Bertram, IEEE Trans. Magn., vol. 30 
a 11.n' 4 V 3W, (no. 5), pp. 2808-2817, 1994.) 

Eric Champion 

llST • Santa Clara Unlvenlty 
1997 Magnltle Media Symposium II 

&SJ seagate 
'fllUTlTICllllOLHTctUAll'f 

s ;::- cr-0 s s -- ~i,fA a CJ-f'r£ ( ~~"- I~ f4 
Page 11 



Seagate Recording Technology - San Jose 

SNR Estimate 
Io Peak amplitude of linear superposition of Lorentzian 
I pulses 
I PW 50 l U=channel J 
I tr· 2iJ _ (trU / 2) density 

I V ,_ (1/ B) = V. x ( PW50) - V. x sinh(trU / 2) 
I sinh tr·-- [CGmsroclt" J I 2B Willi11111(1973) 

I o SNR = (Peak mid-freqre:cy signal power)/(broad 
I band noise power of high-frequency fundam7 

I ' i (2B·~W50) ' IT, l/(ll)hi·freq, 
I V ...... (l / 2B) trCT }lltr (11f! / 4) [ "11(41)" mid-freq 

I SNR = P.(l I B) = [ ! u;,,,., .!_ ui, ·(PW50J1" sinb'(11fl / 4) ~----i... 
II r l+ 4 u;... + 2 v,' u- I Couldl".""'allnoise J 

sources mto a. l L (Spectnun ..WyzorJ 

I 

I 
! 
i 

Glora J Tamopolallyl> 1H7 
HST· Santa Clara Unlvenlty 

1197 Magnetic Media Symposium II 

Seagate Recording Technology - San Jose 

&> seagate 
1111 .. TICll!Mlf ., .. , 

Resolution of Lorentzian Waveform 
o A rainy afternoon in the complex plane I 

_1_11r V,,0 (x-z;PW50) dz= 
R. L. Comstock & M. Williams, IEEE I 
Trans. Magn., MAG-9(3), 342 (1973) I 

2Hj B ·(HZ) Mone & Fesbbach, Vol. I, Ch. 4, PP. i 
SID - i B 378. 414 I 

residues of 
~ 

= L(-l)"V,,.(x-nB;PW50)+ V,,.(x-z;PW50) =0 

··- {PW50) at z=x=i=; - 2 -
I 

lmz I 
I 
I c I 

i+- --+ 

I 
I ,... ./"< .r.. I ._, 

n"J" I+ I 'B 
~ 

I 2B ••• Rez 
I 

I 

l 
Olora J Tamopolallyt> 1H7 HST • S.nta Clar. Unlvenlty &> seagate 

1197 Magnetic Media Symposium II 
NI Ufl TICIMLHY CIWAlf 
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Seagate Recording Technology - San Jose 

TAA Formula vs. Experiment 

o 211.i Vrms(1/B) 
-Vfit(1/B) 

• • • Ratio 

o From 30 to 300 kfci, data & fit differ by < 3 dB 

Olo,. J Tornopolsky e 1117 
HST • Santa Clara URIYeralty 

1997 Magnetic Media Symposium II 
&S> seagate 

Seagate Recording Technology - San Jose 

SNR Estimate 

o SNR = (Peak mid-frequency signal power)/(broad 

band noise power of high-frequency fundamental) 

! IT, 1/(21) hi-freq, J 
i """"~- ! 

( 2B·~WSO) 
V:.U(l/2B) trO'}illtr (trU / 4)2 

SNR = p (l / B) = 
2 2 ( r x sinb2(trU / 4) 

n i l + .!_ uPWso + .!_ Uv0 PWSO 
4 uf;a.,. 2 v;. O' jilter 

( Could lump all noise 

J sources into a. 
[Spectrum analyzer) 

Oloro J Tamopolaky e 1H7 
HST - Santa Clara University &S> seagate 

1997 Magnetic Media Symposium II 
'llllMtlflCtllltHYctllPH'I 
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Seagate Recording Technology - San Jose 

SNR Estimate (cont ... ) 
I o SNR definition and formula: 

I 2B. PWSO (1iU 14)2 

SNR = 2 x sinh 2(1iU I 4) f((Fn 

o Media & head noise < total system noise 

IO Use Pn =fraction a of total noise Psystem , a= 3/4 < 1 
I 
. 2B·PW50 (1lfl14)2 

SNP =a x 
. A'>y. 2 sinh2(1lfl I 4) Jr<:F,. 

I 

I O For U = 2.5, O"pwso=O"_;itte/4, av0 = 0, 

I . SN~(U = 2.5) = o.sa( BIO" jitter r 
l 

Gic>ra J Temopolaky Cl 1117 
HST • Santa Clara University 

1997 Magnetic Media Symposium II 

! At constant channel I 
I density, ratio (<>j,;,.,Jbit 

1

1 

! length) is functioii of SNR 
I alone 
-----~J 

dff Seagate 

fl'ft'lilJep1f1mitltJWJlttef6/Bit Length vs. 
SNRSS 

I o If the head 
gap scales 
with density, 
U =constant 

o Jitter/Bit = 
f(SNR) only 

o To maintain 
any given 
SNR, O).itter mus 
scale with B 

I o Example: 500 kfci, B = 50 nm, PW50 = 125 nm, 
I O"_;itter = 1.5 nm @ 26 dB 
i 
I 

Oiora J r.mopolsky C> 1H7 
HST • Santa Clara University 

1997 Magnetic Media Symposium II 

Page 14 
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Seagate Recording Technology - San Jose 

Jitter vs. Density, Various System SNR 's 

j o Media ·itter must decrease for SNR =constant 
I 

Giora J Tomopolsliyl> 1H7 HST· Santa Clua Unlvtnlty 
1997 Magnetic Medi• Sympoalum II 

Seagate Recording Technology - San Jose 

~Seagate 
1111 M1A 1ICMllUIY ClllPAIT 

System SNR, Various Media Jitter Values 

i :.;'SO r----"""'--'""-+~~"T-~=ir~;;;;i.;:=:;:::;:::;=::::;-k··:·. 
! 45 t-----""~----+-----.---:::---t----1 
\.. ~-.,-.--~ r:: ACCft----""'....,.._,l---_....-=-1----+=--.,.....--+----I.>'' 

I .;;?' ·1--~...--+--'""""'=--+--."3o'll;;;::±----t.....,,,-----E:.: 
~··~·~---1.:=........--+-= ...... -=-+-__J ....... r-1----1 
:~' 

. l :!5 l--...:..it-d:----+:"'-.,;;;:~-+--""'"""""-=-+---=:i ...... ,_L 

::~·: '~~ •• h. r====;.,.,.,,b;--"""-s;;:-±----f'-"o.o~-t-'""'-oi;;::--I. 
15.' 

·.:10 . 

. 5 

Giora J Tomopolsliy I> 1H7 
HST • S.nta a.ra Unlvenlty 

1997 Magnetic Medi• Symposium II 
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Seagate Recording Technology - San Jose 

Areal Density Estimators 

o H. Neal Bertram has postulated an expression for 
media jitter, /i Cross track 

correlation length 

crJ,,re, = ( ~ J I B. Slutsky & R N. 
Q2 S Ikrtnm, IEEE Trans. 

x 3 { R W) I Mag. vol. 30, 2808 l (1994) 

which allows to link the SNR values derived here to 
properties of the media (aJ and of the recording 
system (R Jf'). 

ax= transition parameter 
s = cross-track correlation length 
RW= head's read width 

Olc>ra J Tamopolaky C 1997 
HST - Santa Clara University &5> seagate 

1997 Magnetic Media Symposium II 
NlMTATU:lllOl.NTCHPlln' 

Seagate Recording Technology - San Jose 

Outline 

Outline 

o Overview of media noise phenomena 
• Origin 
• Localization 
• Parametric dependencies 
•Models 

o Noise power & signal power 
•Estimate 
• Noise budget 
• Experimental verification 

o SNR at high recording densities. Jitter limits. 

Oiora J T•mopo1skye 1H7 
HST - Santa Clara Unlveralty &5> Seagate 

1997 Magnetic Media Symposium II 
ftllt.m.nClllOl..MYCMIPHY 
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Mldilf~cJ&>1!lN!J1nfflf High Density 
Recording 

I o Expressions for: 

I 
• Noise Power Spectral Density 

• Total Noise Power 
I • SNR(mid-freq/broad band HF noise) 

\ o For constant channel density, ratio (jitter/bit length) 
1 depends only on SNR, not on density 

\ s~ (U = 2.5) = o.sa( B 1ajilt6)2 

I • O'jilter I B = 3% @26 dB SNR, 1.5 nm for 500 kfci 

Io At 1000 kfci, transition jitter< 1 nm. Difficult to 
I accomplish. Thermal & coercivity issues. [ 

I S. Charap eul., 'IMRC'96 ! I ~~~.J 

l 
Oiora J Tamopolsky C> 1H7 

HST • Santa Clara University 
1997 Magnetic Media Symposium H 

Seagate Recording Technology - San Jose 

Conclusions 

659 seagate 

o Media noise power unambiguous index of media 
performance. As a function of commonly measured 
properties, 

a1 
P,, =broad- band media noise power=% v; B. ;;;0 oc 

[M "& h d ffi f (effectivejitter)2 
oc ,u ea e 1ency 

magnetic bit length x PW50 
o Signal-to-noise ratio 

S'NR _ 2B PW59 (#!' sys-a 2X, l 

1'<rifl•ctiv• sm h ( I 4) 

o Uniform grain size films, grain segregation now more 
urgent than thermal decay limit mitigation. 

Gior1JT•mopolskyCl1H7 
HST - Santa Clara University 

1997 Magnetic Media Sympoalum II 

Page 17 
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·scanning Probe Microscopy of Thin Film Media: 

Cl> 
C> 
ca 
~ 

0 -en 
ca -ca c 
~ 

0 -en 
:E 
a.. 
en 

Instrumentation and Applications 

Ken Babcock 
Digital Instruments 

• SPM basics: AFM and MFM 

• Media Applications 

• Metrology: Automated Measurement 

of LZT 

• Advanced Topics 

r:: 
0 -<ti 
(.) 
0 

Cl) 
Cl> Cl> 

Q. 
lo.. 
:l 

E -<ti 
<ti Cl> 
Cl) -Cl> > 
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0 c:s: 
(.) "D 
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(/'J Cl> 
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• • • 
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0 
Cl) 

r:: 
0 
;; 
<ti 
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.c 
> 
"D 
r:: 
<ti 
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:l 
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(.) 
<ti 
• 

<ti 
(.) -lo.. 
Cl> 
> 
E 
:::t 
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:s <ti 
lo.. <ti 
Cl> c - <ti <ti (.) 

E r:: 
:::t 0 

: -0 <ti 
0 E .,... 0 .. -Cl> :l 
C') <ti 
r:: 

<ti <ti 
lo.. r:: 
r:: 0 
<ti -(.) c 
Cl) 0 
• • 

di 



A-B 

Amlitude 
Detector 

TappingMode AFM 

- oscillate cantilever at its resonant frequency with a min
iature piezo element 

- the tip lightly taps the sample surface, reducing the oscil
l?tion amP.litude relative to ''free air" 

- feedback maintains a fixed oscillation amplitude 

- typical tip amplitudes 20-100 nm. 

SPM Probes 

• single-Xtal Si 

• end radii - 5 nm 

•can be magnetically coated for MFM 

• used for TappingMode AFM or rapid contact 

.modeAFM 

•AC modes: resonant freauencies - 100 kHz 



Laser Textured Disks 

Conventional Measurements of LZT: 

interference microscopes 

advantages: 

•fast 

• repeatable 

•automated 

Detector 

Source 

660 nm 
PZT 

60X 

,, 

Sample~ 
!<'c'·•c',·'".•''<"., _,,., · • .... J 

disadvantages: 

e insufficient resolution for 
small features and future 
small bumps 

e cannot measure through 
overcoats 

di 



Compare Scanning Probe Microscopes 

I 

• SPM has ample resolution for measurement of l~ser texture 

•Additional requirements: 
- fast scanning 
- automation 
- dedicated analysis of bump parameters 

I 

Rapid Scanning with Atomic force Microscdpy 
i 
I 

using Contact Mode, images of bumps can be acquir"'I 
in seconds, with excellent repeatability I 

I 
I 

di 

c 



~ .) () 

_,-;·· 

j \ 
··"""'~ :~ ... · 

t,..,,.;l 

,,,,,..., 
\-J . .., :.) 

20.0 40.0 

Dedicated Bump Analysis 

• one-click or automated measurement 

• measures bump parameters and "wear" 
characteristics 

Repeatability: -1 A 
di 

Automated LZT Measurements I 

r·\ 

\ . ../ 

() 

0 
60.0 80.0 

8fl. 11 

60. n 

40. 0 

·20.0 

0 

I.JM 

• "push-button" operation 

• rapid scanning of bump groups at 

desired sites 

• pattern recognition locates bumps within 

image 

• each bump automatically analyzed 



Automated LZT Measurements II 

I 

•One click loads disk, scans desired sites, analyzes images, •nd displays 

results 

• Sites can be input using polar coordinates 

• Output is spreadsheet compatible 

• RepeatabiUty: <2 A (group); <1 A (single bump) 

•Accuracy: < 4 A 
•Throughput: - 6 seconds/bump (disks with 20 pm bump spacing) 

• AFM resolution "sees" sub-100 nm details; can analyze bumps< 1 pm: 
I 

resolution for the future 

• AFM not affected by overcoats or rouhgness variations 

• Available as Dimension LZT3100 and Dimension LZTSOOO 

di 



MFM Probes 

batch-fabricated silicon 
(NanoProbe) 

fo = 80 kHz 

Q = 203 ± 33 (air) 

Magnetic Thin-Films Sputter Coated x_'< ,,,-.1 
, ,]I. If' ,'\ 

Advanced Research C01poratwn . · <)" ' 
CoCr: "Hard" or NiFe: "Soft" 

..... ~' ;1.-fo...q..,._e,_ ii"?.£, ivi. Z o~· X 
(} / ('{· 1) If 

\ ~1~ •.5 \,vor <.. .V 

F.I.B. Milled 

detector 

0i,J = f \l(m · R) d3r 
tip 

simplify: 

ex) Hard Disk 

1 m features, M =500 emu/cc => JH: ;:::: l 0 7 Oe I cm r :-i_ 

-11 °'· k=1 N/m, mt. =10 emu=> 6.zzl nm tp 



lv!FM Image Interpretation I: Hard Disk Model 

25 pm 

s s ~ 
t t 

repulsive 
¢=:> 

l1~dH C011fL1Sf d.Hk conrr.1st 

MFM Techniques 

LiftMode: scanline-by-scanline: 

_ 2nd pass: \IF\I 

Topography 

3·--- - 3 

•separate AFM/MF'.\I data 

• fast, flexible 

• d~O: resolution is probe-limited 



.... :c 
01'1) 
O•· 

Ill 
:I ::r 
:r <+ 

N'"" o::r 

"' '1.111 
II) II) 

0 

~ 
0 
0 

1:: 
:r 
0 

~ 
0 
0 

1:: 
:r 

Track Characteristics 

This MfM image shows rhe results of an overwrite tesr: two 

"data tracks" were writren side-by-side, then a lower-frequency 

"all-1 's" rrack was overwritten, down the center. Such images 

allow immediate meauremems of track characteristics such as 

trackwidth, skew, erase-band width, and transition fringing and 

orher irregularities caused by head defects, 



Servo Patterns 

MFM gives direcr visualization of servo performance by showing rran
sirion and rrack alignmenr in servo "All-1 's" and "burst" patrerns. 



~e..dA 0- f}cvc..loP ,,,,.. ... -:..+ 
\. 

V A . -- I ( 
/' , ..... r~I!'!~~,. l ~.-~.;~'!' .. -· ... , .. • . ..~ ... - .; it • ~ . • . . ~. . -~· 

\ 

\ 
\ 



0 

f0tpc9_ r,·n;,,lft,l 
·7 II I 

Data type 
2 range 

rdbqka38.qdl 

M R. SC?N\.S" o~ + 13 i o..s ~I e.i-..~ 

RSTMAFM Images 

[tt~ ~f-,-:c_ h:-,,-ce_ 
6r=.d-i t:.vr.f: 

Height 
50.0 OM 

15.0 IJM 0 
Data type 
2 range 

Frequency 
15.0 Hz 

15, 0 IJM 

DoMatn Structure by Frequency 
IJr-. A 114"" S"c-~ Hz.. , ~~cJe._ r o::.£t . 

Modulation 0. . ~~/ / 
/I 1 r-J_ !rr,.·- 1 ~- -1-,-.. c:t.c-

/ ; . ..-;;;,--c· • . I ·~,,.' '-"'-· '! ' ' .7 .) ' -~ 





Other MFM Applications 

• de Track Interactions at Close Spacing, E. G/avinas et al, IEEE Trans. 
Magn., 1996 

•·spatial Correlation Between MFM Images and Recording Head Output, P. 
Rice and J.R. Hoinville, IEE Trans. Magn. 1996. · 

• MFM Studies of Recording Phenomena in High Density Longitudinal 
Recordings, P. Glijer eta/, IEEE Trans. Magn. 1996 

• MFM Observation of Track-Edge Over-write Pattern in a CoCrTa/Cr 
AnlsotropicMedium, X.B. Yang et al, J. Phys. 0., 1995 

• MFM Study of Submicron Track Width Recording in Thin-Film Media, Y. 
Luo et al, J. Appl. Phys., 1996 

• MFM Images of Ultra-high Density Bit Patterns Recorded on 
Hlgh-Coercivity Longitudinal and Perpendicular Thin-Filn) Media, X. 
Song et al, J. Appl. Phys., 1996 

• Recording Study of Isotropic vs. Anisotropic Media w_ith MR Head, E.M. T. 
Ve/u et al, IEEE Trans. Magn., 1997. 

• Quantitative MFM Study on Percolation Mechanisms of Longitudinal 
Magnetic Recording, E.T. Yen et al, IEEE Trans. Magn., 19Q7. 

•Effect of Track edge Erasure and On-Track Percolation on Mdeia Noise at 
HighR ecording Density in Longitudinal Thin Film Media, S.S. Malhotra 
et al, IEEE Trans. Magn., 1997. 

di 



Pole Tip Recession 

Shields MR Sensor 

Alumina 

PTR 

recording head slider 

Pole tips located on trailing edge of slider 

Pole tip recession = height of pole tips relative to plane 
defined by air bearing surface (ABS) 

• PTR prevents contact damage, allows for thermal expansion 

di 

• As flying heights shrink, PTR becoming a large portion of spacing loss: 

PTR 
Spacing Loss - exp(-2rr0/A.) 

D= flying height + overcoats + PTR 
j_ -----

• v 

• Maintaining small PTR requires stringent process control 
•Ideal PTR - 1-5 nm 
• Shrinking features, need for - 1 nm accuracy~ 

conventional measurements insufficient 

dil 



Conventional measurements: 

Interference Microscopes also used for PTR 

advantages 

•fast 

•repeatable 

•automated 

disadvantages: 

• material-d¢pendence 
introduces errors 
(-5-15 nm) 

660 nm •difficulty imaging with overc 

• limited lateral resolution 

Sample.-. 

PTA Measurement Geometry 

consider effects of out-of-plane scanning error: 
(i.e., if a flat surface such as the ABS is not measured a$ flat) 

pole tip region 

1~ ., 
- ~s~~ 

spuriously lar;I ........ • ... -.. ·_...-........ ::._~-~ .. ~--......_ 
PTR result -;- • .. 

planefit to ies region -· 
Virtually any scanning error prevents direct measurements 

with 1 nm accuracy 

di 



AFM Measurement of PTR Part ll J 
-------------------------.,,,.~ 

I. 
subtract 11. 

,, 
. ' ' 

. t~ 

~ . . ~""' 
f. 

-

Scanner curvature removed! 

AFM Measurement of PTR Part II 

• ABS flat and level 
• accurate PTR ! 

alternatives (curve fitting or 
"standard" reference subtraction a I ;J 

fixed reference) 

do not work!! 

di 



PTR Measurement Accuracy 

'." capture pole tip and reference images in trace; repeat using retrace 
- scanner effects different in trace and retrace 
- subtraction should give same results for PTR 

Write Pole (nm) 

5 ... ~;t: ':-::::~,!' $ubtraction No Sub 
T1Ji21..: Retrace Trace "i;':. :1. ' 

Head A 1 2.7 3. 1 9.9 -32 ~; 

H~ad A2 . 7.1 ·7.2 ·8.3 -18 ) 

Head_ SJ -2.6 ·2.5 ·4.7 2 ~ ., . ~-: 

Head 82 • 1.3 ·2.0 ·8.8 ·22.2 

<Trace· 
Retrace> 
= 0.4 nm I 

These results indicate measurement accuracy < 0.5 nm! 
d ! } 

t 1 

Automated Measurement of PTR 

push-button operation 

fast scanning 

pattern recognition allows automatic 
sample positioning, data 
acquisition, and analysis 

accuracy:< 1 nm 
repeatability: 0.4 nm 

time: 2 minutes/slider 

di 



PTA Automation using Slider Trays 

Graphically select sliders to be measured 

Navigator: PTR 

Execute 9 ~ 

All measurement and analysis done 
automatically, giving 

spreadsheet-compatible output 

Paq~ 1 

•.noscope AUttlft&ted Oat• M.a1~1s, wrs1on •.na 

ThlS Result f11~: uto\.r.sult\.~rilt.l'"t!'S 
-O.te: 1D-J1-'1 T1111!! 11:21:46 

Al.Ito Proer• F11e: ut.o\Pf"oor-.-.pro 

Data file AIO Pl P2 

reo.ooo 11.102 "" 1,.u, t"l'I , .... tn 
rf:P.ee2 17.0<4$ "" 20.J54 ..... ,.,J77 IMI 
rep.004 17 .. 0J7"" lt.CH ,.. , .. J'H ..., 
re-p .. HC 11.122 ,,.. 20.IH 1'1"11 C.407 um 
rcp.ffl 17.0'7 .. lt.OC1 rw C .. 40I U1t1 

.warao• 11.075 ... 19 .. UO nw ,_,.,. ..... 
Std <kV o.ou nit o ... ,, "" 11.'40"" 
.....,. .. of n1eoi: n 

•Available as Dimension PTR3100 and 
Dimension PTRSOOO 

di 

Compare "High-Resolution Profilometers" 

AFM after H.R.P. 

grooves 7 nm deep, vary with material 

"H.R.P." uses relatively large force·; 
: => must choose between 

resolution and nondestructive 
imaging 

typ. baseline curvature > 1 nm 

slower than AFM 



\ 
\ 

\ 

I 

Other SPM Measurements: Read/Write Align~ent 

AFM/MFM of pole tip region: 

AF~ I 
I 

I 

~Fl I 

8µm 

i 

Other SPM Measurements:MR Sensitivity Pr~file 

AFM MR Sense 

8µm 

•scan MFM tiR 
I 

• map respon~e of MR 
sensor (head output) to 
tip field 

I 

c/o Darryl Lou~er, Seagate 
I 

Technology I 

i 

c Iii 



\ 
\ 

\ ·Thermal l~maging 

· Contact AFM with modified 
SiN cantilevers 

.· ~ . 

Thermoresistive elemflt~t~i(tip·. 
;·. ,. - ... -. ···;._,. .......... , 

. ·;-: . 

Lateral resolution - 1QO;arn < / 

Applicatio6~: · .... . •. ·;;.,'B~.'tt~~~'?·;~\~;ii'l~ 
·heating ,~~d . therm11jl"~J!dM~~io.n~1>f}:~i',:~r-\,· 

fai1e~:s~~a~=i~~?IJl~~-\i·; .. _._'. .•. '.·.· •·•e\s;~s 
·::·-·:::~< -.. ·-· ... 

-'• < 1i7~~l 
. ' ·: "- ':~: ~ '. ··. 

Biased MR Head 



Thin Film Characterization: 1 

Nano-modification and Scratch-Testing 

diamond tips: radii <30 nm 

foil cantilevers: k-100-300 N/m 

surface modification with forces 
down to - 0.1 µN 

image results nondestructively 
with same tip using TappingMode 

. ,., "·; 

meaningful in-situ characterization 
of thin (nm-scale) films 

i<~!,illJI 

Sub-nm dents on 5 nm DLC • 



Force 
(µN) 

100 

1 0 

1 

0.1 

0.01 

0.001 

Probe Forces 

AFM AFM Nano- High-Res 
Tapping Contact Scratch Profilometer 

Carbon overcoat comparison 

Disk A (same two forces) Disk B 



\ 

Scratch Testing 

1) indent and translate 
with desirecJ normal 
force 

.. 

2) image with·.· , _ 
TappingMocie-: 

Conclusions 

• Applications of AFM and MFM in data storage are extensive and growi n9 

• New measurement capabilities such as nanoindentation and thermal irwaai fl~I 

are further increasing SPM's versatility 1 

• SPMs have resolution and accuracy superior to optical instruments, with. no 
dependency on materials or overcoats 

• Advances in SPM automation have produced faster, fully-automated rn:--bu>I~ y 
tools suitable for development and production environments 

•Automated LZT measurement: 2 A repeatability, 

- 6 seconds/bump 

•Automated PTA measurement: - 0.5 nm repeatability 

- two minutes/slider, true PTA! 
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Overview 

• Views on Root Cause Analysis 

• Under-Utilized Techniques 

• Disk Manufacturing Defect Failure Analysis 

• Drive Defect Failure Analysis 

• The Bigger Picture 

• Fundamental Process Development Studies 

• Future Directions 
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I 

Introduction: Analysis Chartet 

• Expert Analysis 

• Customer Support 

• Quality Support 

• Manufacturing Support 

Working Cause 
Root Cause 

Drive FA 

Source FA 

Process FA 

I 

I 

I 
• R&D Material Analysis I 

I 

I 

• Fundamental Studies Experiments 

=~=Y=Ul=D=A'==========================~ 
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Introduction: Root Cause 

Incident 

l 
-Many 

Working Cause - Expert conclusion based on analysis gathered at~ 

J 
given moment. I 
- Free to change as new data becomes available. ! 

I 

Process Origin - Source of problem is linked to a process tool or I 

I ~~~:~u~:~sidered closed. I 

i 

I

I 

- Often requires experiments not just analysis. 

=~=Y=Ul=D=A='===========================t:i T·--

Root Cause - Origin of the problem is fully understood. 
- Rarely achieved, Always desired. 
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Introduction: Alphabet Soup of Analysis 

EDX Elemental analysis, Particles. 

Raman Diamond, Al20 3 particles, Organics. 

FTIR Organic functional group identification. 

HPLC Organic analysis, Quantitative, Non Volatiles. 

GCMS Organics, Quantitative, Volatile species. 

HPIC Inorganic, Quantitative. 

ICP Ultra sensitive elemental analysis. 

AES Particles, composition of films. 

SIMS Organic surface analysis, Thin films. 

XPS Surface chemistry, Lube characterization. 

OSA Lube characteristics, Carbon wear. 

-«IYUNDAI [•..:J 
~~~~~~~~~~~~~~~~~~~~~ 
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Under-Utilized Techniques 

Depth Profile Energy Dispersive Spectroscopy 

Focused Ion Beam Aided Analysis 

Zalar Depth Profiles 
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Under-Utilized Techniques: EDSQP 
! 

Energy Dispersive Spectroscopy Depth Profiles 

Scanning Electron Microscope with 
Field Emission Gun 

-- Electron Lens 

-- X, Y Scan Coils 

I 
Disk r-. 

_~_Y_U_N_D_A_l~~~~~~~~~~~~~~~~..:J 
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i 

Under-Utilized Techniques: EDS~P 
Electron Beam Depth Penetration vs. Acceleration Voltage! 

e· beam 

Carbon 

CoCrTa 

Cr 

NiP I 

_~_YU_N_DA_I ______________________ ~~~ 
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Under-Utilized Techniques: EDSDP 

Energy Dispersive Spectroscopy (EDS) "Depth Profiles" 

2kV 

Monte Carlo Simulation 
5kV 20kV 

Primary beam interaction with 350A TiN film on Al substrate 

~YUNDl\I [~]) 
~~~~~~~~~~~~~~~~~~~~~~~~ 
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Under-Utilized Techniques: EDSDP 

,,; - / <j 

"O 
11.8 .. . ~ 0.6 •, 

~ . 
<'I 1--~ -TiN 

E 0,4 ~· 
Al 

... 
0 z 0.2 

' ·- -- . . 
4.3 J,3 2.3 2 1.3 

Primary Beam Energy (kV) 

•Fast: thin film depth information for typical media film thicknesses 

•Element specific analysis: (Not chemical specific however) 

•Small spatial area analysis: 
•Surface defects, particles, scratches ... 

.. ~lYUNDl\I [•::_]) 
~..:.~ 
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Under-Utilized Techniques: EDSbP 
I 

50 

•• 
•O 
35 

ll 
30 

ti 25 

20 

e·beam 1 5 

1 0 

iii 
5 

0 .0 

50 

•5 

•O 
35 

30 

'ti- 25 

i 20 
15 
10 

.50 

5 .o 1 Q.0 15 .o 20 .o 
kV 

kV 

;~c 11 
• o I 

I=~· ii 
~ ----···· c 0 1; 
:~Ni Ii 
:--.-P ' 

_._,c' 
' ......... 0 ___ c, 

: ·-···-···- F 
:_co 1 
1--Ni! 

i--P i 
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Under-Utilized Techniques: FIB) 
I 

! 

Scanning Electron Microscope Focused Ion Beam Mi~roscope 

Disk 

• • • I 

J~r:~.:~r ·j· X, YSc.: . 

lion~ 
~condary f. or ions 

Disk I 
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Under-Utilized Techniques: FIB 
Image Comparison Between FIB and SEM 

FIB Micrograph: contrast dependent upon 
sputter yield, in this micrograph Al and 
NiP have similar contrast 

SEM Micrograph: contrast dependent upon 
secondary electron yield, in this micrograph 
Al and NiP have different contrast 

_~_YU_N_DA_I~~~~~~~~~~~~[•_])) 
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Zalar 
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Under-Utilized Techniques: Zal~r 
I 

Depth Profiles I 

Scanning Auger Mi.croscopy Characterization of Jard Disks 

Jingyu Huang 

David Harris 

David Neiman* 
Jeffrey Kingsley 

CHARLES EVANS & ASSOCIATES 

Sunnyvale, CA 94086 

* Hewlett Packard 

I 

I
I 

Corvallis, OR 97330 r: L~ 
_-41l_Y_Ufl_D_A_I ------------- L_ ~i) _ 
---------------- -ll1<dia -·-·r--Brent D. Hermsmeier MaxMedia Thin Film Symposium II 

I 

Under-Utilized Techniques: Zalaif ™ 

Depth Profiles · 

Zalar non-Zalar 

I 
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Under-Utilized Techniques: Zalar"' 
Depth Profiles 

c 

Zalar™ Enhanced Auger Depth profiles 
Reduce sputtering induced surface roughness 

Improvement of depth resolution, Sharper interface 

Detect contamination at deep interfaces 

c, C C• 
100.0 r-'\ ... 
90.0 • I 00.0 :--"': ·-----..... 

1 900; \ / ~ c ' . "" QI • u 80 0 ~ • , iii . 
c.. 70 0 

1 
~Iii 

c 
60 (l ii' 0 . ,, 

l c 
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Media Manufacturing Failure 
Analysis 

I 

=~=Y=UN=D=A=I==========================~ r-·-·-
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Media Manufacturing FA: Glide) 

Defects are found at Glide and at Certification test 

Glide: A physical protrusion is detected 

• Loose Asperities 

• Liquid droplets, Debris, Particles, ... 

I 
' .- Fixed Asperities I 

• Embedded particles, Delaminations, Texture ridges, I 
Sb b 

l''!

I u strates umps, ... 

! 

Drive Failure: Hard for the drive to handle 
1

1 

• Amplitude loss, TA, Head crash, ... 

_~_YU_N_D_AI _____________ ~J 
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Media Manufacturing FA: Certification 

Defects are found at Glide and at Certification test 

Certification: Absence of magnetic signal is detected 

• Large "continuous" string of missing pulses 

• Scratches 

• Isolated missing pulses 

• Voids, Substrate pits, Texture defects ... 

Drive Failure: Easy for the drive to handle 

• Space allocation errors, ECC errors, ... 

~YUN DAI 
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Media Manufacturing FA: Pareto 
Category Defect Type Category Defect Type 

Substrate Embedded Polish Particle Sputter Con. Pre Underlayer Film Flakes 

Stress Bump Lint 

Polish Scratch Conversion 

Substrate Pit Post-Sputter Surface Debris/Contam. 

Ni Pockets Smear 

Substrate Damage Tape Burnish Tape Burnish Scratch 

Ni Plating Defect Start Mark 

NiP Nodules Test Soft Head Disk Ding 

Texture Embedded Grit Hard Disk Ding 

Texture Ridge Head Load I Unload Damage 

Texture Start Mark OD Stress 

Texture Table Mech. Dam. Tool Damage 

Pre-Sputter. Micro Defect Disk Lifter 

Inorganic Blisters Handling Dam Pre-Texture 

Organic Blisters Pre-Sputter 

Covered Debris Post-Sputter 

Sputter Sputter Arcing Other Not Found 

Underlayer Surface Mark Glove Prints 

Spilling Rough Surface 

.. MYUNDAI [·~ 
~~ 
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I 

Media Manufacturing FA: Example 
I 

Blister Substrate Plating Rorosity 

~YUllDAI 
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Media Manufacturing FA: Examp~e 
I 

Blister? 

Brent D. Hermsmeier MaxMedia Thin Film Symposium II 12-3507-1 



Failure Analysis on Drive Media 
Defects 

Brent D. Hermsmeier MaxMedia Thin Film Symposium II 12-3507-1 

Drive Media Defects: Test Process 
Drive Test Sequence 

Line Process Test 

Write I Read Primary Defect Log 

TA Count Guard Banding Needed 

Timing Evaluation 

Line Audit Test 

Write I Read Performance Comparison 

Reliability Test 

Grown Defect Log ---+ TA's, Non ECC Correctables 

Reallocation Record 

Error Rate Degradation Test 
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Drive Media Defects: FA Flow 
Drive FA 

Electrical Diagnostics 

Head location 

Polar Plots 

TA Specific Scans 

Physical Inspection 

Optical Image 

Height Determination 

SEM Image 

EDS 

Dropout Width 

Outer Surfaces 

Defect Symmetry and Geometry 

TA Locations vs. Initial Defect llist 
I 

Defect Symmetry and Geometry! 

Neighboring Effects 

Above the Glide Height 

i 

I 

High Spatial Resolution ldentifi~ation 
I 

Elemental Analysis I 

Typical Defects: Embedded Particles, Voids, Contamination, Blisten!, ... 
i 

~YU ND Al [::J. 
r-·---
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Drive Media Defect: Example 

Transient TA 

Reliability Test 

Error Found during a Read Operation 
I 

Error Location scoped _... TA I 

TA disappeared after sitting on Tra<fk 
for a short time ' 

r = 27.2mm -i,_ . l,.i fi 
__J "'3 µm size ~e ect 

5400 rpm I 

I 
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Drive Media Defects: Example 

Substrate Pit with Redeposited Material 2.5µm in Diameter 

~YU ND Al [•~ 
~~~~~~~~~~~~~~~~~~~~~- ~~ 
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Drive Media Defects: Example 
Embedded Al20 3 particle found as a grown defect 
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Drive Media Defects: Example 

Post Sputter Embedded Si(O) Particle 

~YUNDl\I [•_:) 
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The Bigger Picture 

Taking the Study Beyond the 
Analysis 

_~_vu_N_DA_l~~~~~~~~~~~~C•:.:J 
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The Bigger Picture: From Defect to 
Local Heating 

Drive ORT Failure 

Grown Defect 

Glass Media 

Nominal Fly Height = 1.2µ" 

Servo Field (no ECC) 

r= 21mm 

Lateral Size = 30µm 

Height = 500A 

Signal degraded over several hours 

3/4 of the magnetic layer missing as seen by EDS 

Cause: Substrate Plateau originating from incomplete polish 

~YUND/\I [•:-:J 
Max.'\tedia 

~~~~~~~~~~~~~~~~~~~-
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The Bigger Picture: From Defect to Local 
Heating 

SEM cross section of a glass disk 

Magnetic layer is CoCrPtTa 
Tc= 550°C 
Assume a Bias Field of 2000e 
Effective Tc = 400°C 

Temperature induced by the 
head wear which removed the 
C overcoat and the 3/4 of the 
Magnetic layer stayed below 
400°C. 

=~=YU=N=D/\=l======================~J 
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Fundamental Process Developm!ent 
Studies 

Nucleation and Growth of Ultra Thin 
Carbon overcoats 

~YUN DAI [•::J 
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Nucleation and Growth: Ultra Thin C 

Principles of Angle Resolved X-ray Photoelectron Spectrospopy 

Photoelectron 
-------------------- • e-
t Kinetic 
~nergy (KE) 

EF_

1 
______ ----+- Fenni level 

(or vacuum) 
hv 

~ Valence shell 

Ek·------ --0'--9-- Core shell 

IKE=hv-BE I 

Depth Profile With Angle-resolved XPS 

d=A.•sin0 
d: probing depth 
i..: escape depth hv 
e: take-off angle 
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Nucleation and Growth: Ultra Thin C 

Sample: 5, 10, 20, 40 A a-C overcoat on supersmooth substrate. 
Experiment: Angle-resolved XPS on Cls, Co2p, Cr2p, Ta4f, and Ols. 
Information Obtained: Chemistry at the carbon/mag interface 

Conclusions· 
1) -40 A is minimum thickness for stopping the oxygen diffusion and surface passivation. - This is the 
physical limit of the carbon thickness 

2) The carbon goes through /ayer-by-layer growth 

<40A >40 A 

I~ Ci§§ 
Continuous carbon fikn 

i Continuous, with Oi diffusion' 

~YUNDJ\I [•]) 
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Nucleation and Growth: Ultra Thin C 

C 1 s signal change 
between 20A and 
40A of C overcoat 

Co 2p signal change 
between 20A and f .. 
40A of C overcoat 

'" ,,. 
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Binding En.rgy !tV) 

Co 2p ... 



Nucleation and Growth: Ultra Thi~ C 

Cr 2p signal between 
SA and 40A ofC 

Cr (0) signal 
disappears after 
1 OA of C overcoat 

~YUllDAI 
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(•) 

". 

(c) 
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(d) 

[:J 
r-·----

Nucleation and Growth: Ultra Thin ¢ 
(A) Island Growth, No 0 2 diffuse 

through 

!No o, diffuse through 

l l l 

~YUN DAI 

(B) Island Growth, 0 2 diffuse 
through 

iNo 01 diffuse through" . ! ! 
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(C) Layer-by-layer <?rowth, 0 2 diffuse 
thro~gh 



On The Horizon 

More Focus Ion Beam (FIB) 

Inductively Coupled Plasma-Mass Spectroscopy (ICP-MS) 

Optical Surface Analyzer (OSA) 

Time offlight-Secondary Ion Mass Spectroscopy (TOF-SIMS) 

Synchrotron Radiation 

• High Resolution X-ray Microscopy 

• Grazing Angle X-ray Reflection 

• Near Edge X-ray Absorption Fine Structure (NEXAFS) 
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