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File Transfer Rate '/ 
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• Service Time : Ts =TA + T( + TF 

• Response Time: 

[ 2 - p J 
, - p 

p = Actuator Utilization Duty Cycle 

4 

3 

I 

Waiting time. T w 
; 

1 ~-..:::'-=-~-------+-----

Service time. Ts 
+ 

0 20 40 so so 100 

p % )I: 

• Increased capacity per actuator leads to increased 
actuator utilization and an access bottleneck 



EVOLUTtON OF tlfMORY AND STORAGE TECHNOLOGY 
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INTENSE RIVALRY AMONG COMPETITORS 
IN THE INDUSTRY 

Bargaining power 
of suppliers low 

Component 1-------S up p Ii er s 
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Strong threat of new entrants in the low-end 

Buyers · 

Threat of product substitution high 

Product 
Substitutes 
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RIGID DISK TRENDS 

I H M 1 ~BQ I M~tu;;s 
YEAR DEVICE BITS/IN TRACK/IN BITS/IN2 SPACING GAP THICKNESS 

1956 IBM 350 100 20 2000 1000 800 1200 
1961 IBM 1301 500 50 25000 500 500 500 
1964 IBM 2311 1100 100 110000 125 200 250 
1965 IBM 2314 2200 100 220000 85 105 85 
1970 IBM 3330 4040 192 775680 50 100 41 
1973 IBM 3340 5600 300 1.68 x 106 17 60 41 
1975 IBM 3350 6425 476 3.06 x 106 17 60 41 
1978 STC 8650 6425 952 6.12 x 106 17 60 40 
1979 IBM 3370 12134 635 7.71 x 106 15 24 35 
1980 IBM 3380 15000 801 1.20 x 107 11 24 26 
1981 NTT PATTY 13970 1092 1.53 x 107 8 32 7 
1984 NTT PATTY 25400 1800 4.57 x 107 6 20 7 
1985 IBM 3380CE> 15000+ -1400 2.30 x 107 12 OXIDE 
1987 IBM 3380(J/K) 15000+ 2089 3.12 x 107 12 OXIDE 
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Magnetic Tape Technology History 
~ 
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Head lo 

Recording Tracks Flux Recording Tape Data Xfer Media Capacity, 

Year MFG/Model Method Per Inch Density, FCI Density.BPI Speed,IPS Rate,KBS Type MBytes 

1952 IBM 726 NAZI 14 100 100 75.0 7.5 Open Reel 2 

1957 IBM 729 NAZI 14 200, 556 200,556 112.5 62.5 Open Reel 12 

1961 IBM 729 NAZI 14 800 800 112.5 90.0 Open Reel 17 

1965 IBM 2401 PE 18 3,200 1,600 112.5 180.0 Open Reel 44 

1970 IBM 3420-7 PE 18 3,200 1,600 200.0 320.0 Open Reel 44 

1972 STC 3480 PE 18 3,200 1,600 250.0 400.0 Open Reel 44 

1973 IBM 3420-8 4/5 ALL 18 9,042 6,250 200.0 1,250.0 Open Reel 167 
(GCR) NAZI 

1979 IBM 8809 PE 18 3,200 1,600 100.0 160.0 Open Reel 44 

1984 IBM 3480 819 All 36 24,689 18,935 78.8 3,000.0 3480 Cart. 200 
DD NAZI 

1987 EXB-8200 8/10 All 819 54,000 43,200 150.0 1,500.0 8mm Cart. 2,332 
NAZI 



Head-Medium lnterf ace 

• How close is contact - or how do you define zero? 
(from laws of scaling are relentlessly driven towards 0) 

On Tape 
Assume contact and set limit on number of passes 

On Disk 
Assume no contact and expect unlimited number of passes 

• Is there a spacing limit at which the disk assumption needs to 
be tested against design options and. actual applications? 



Bit cell length is 
related to p_tlysical recording parameters 
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MAGNETl~EAO TECHNOLOGY 

Magnetic heads are an Integral part of an air bearing slider 
which requires mechanical finishing lo precise tolerances. 

There is (today) only one operational magnetic element per 
slider. 

thus 

Batch fabritation using thin film techniques differs greally 
from semi-conductor manufacturing, although both involve 
photolilhography. 



0200 

Heads 

• Monolithic Ferrite 

•. Composite 

• Metal in Gap (MIG) 

• Film Inductive 

• Magneto Resistive 

• Film Probe (Vertical Recording) 
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Graphical comparison of ferrite and thin film sensor dimensions, show
ing a thin film sensor superimposed on a minicomposite wound core {with 
number of turns approximately equivalent). 

Source: M. Aronoff, J. Love: Applied Magnetics, 1987 



Head Technology Density Universe 

(2, 7) RLL Code, Longitudinal Recording 
5000 

4000 -
..--. MR 
0 . ....... ..__.. 

>-. 3000 ...... -
(/) 

c 
()) 

0 
..Y. 2000 u 
nJ ...... 
I-

-
ADV-MIG 

THIN 
FILM 

1000 - 1-IEAD 
FERRITE MIG 

0 - I T I T I 

0 20 40 60 
Oil Density (l<bpi) 



THIN FILM APPROACHES SHOULD EXCEL 
FOR MULTI-FUNCTION DEVICES 

MultHunclion heads .can 
provide servo· Info during read/wrile 
write-wide read-narrow structures lo reduce llmilalions 
from tracking tolerances 
separalely optimize read and wrile gap lengths 
(enhance re$olutlon and overwrite) 

Example c.·I mulll-element: shielded MR head 
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TECHNOLOGY DIRECTIONS IN 
TAPE MEDIA 

•HIGHER COERCIVITY PARTICULATE MEDIA 

STANDARD IRON OXIDE: 300+ OERSTED 

CHROMIUM DIOXIDE: 500+ OERSTED 

COBALT-MODIFIED IRON OXIDE: 700+ OERSTED 

METAL PARTICLE: 1400+ OERSTED 

•FUTURE POTENTIAL FOR BARIUM FERRITE 

AND METAL TH IN FILM TAPE MED I A 
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Figure 4. Normalized RMS media noise voltage versus (track width)l/2 for five ciifferei:t 
Co-alloy film disks. Results are given for media that are either de erased or written with 
3000 ir/mm. Siwiiar behavior was found for intermediate w::-itten densities. The ciau for 
each disk have been normalized to the value interpolated at 5 µrn and the soiid lines are 
guides to the eye. 



WHERE IS ALL THE STORAGE CAPACITY GOING? 

1988 PROJECTIONS FOR OXIDE AND THIN FILM DISKS (5-1/4 & 3-1/2) 

OXIDE: 12 X 10' 

1BlN FILM: 16 X 10' 

TOTAL: 28 X 10' DISKS 

AT AN A VER.AGE OF 12 X 106 BYTES/DISK, STORAGE C..A.P A CITY 
SHIP:MENTS > 330 X 106 :MB; 

AT AN AVERAGE OF 2000 CHARACfERS/PRINTED PAGE: 

1.7 X 1011 PR.lNTED PAGES OF STORAGE CA.P ACID" TO BE SHIPPED IN 1988 



INTERNATIONAL 
MAGNETICS CONFERENCE 

APRIL 14-17, 1987 TOKYO, JAPAN 

NEW EXPERIMENTAL RESULTS: 
•HIGHEST OBSERVED BPI: 680 KBPI 

USING IN-CONTACT PERPENDICULAR RECORDING 
•NARROWEST WRITIEN TRACK: 0.5 MICROMETERS 

USING DISCRETE TRACKS ON THIN FILM DISK 
.•NARROWEST HEAD TRACK WIDTH: 2.7 MICROMETERS 

USING A THIN FILM MR HEAD 
•HIGHEST SAiURATION FLUX DENSITY HEAD 

MATERIAL: 21000 GAUSS -
USING Fee AND FeNi LAMINATED METAL FILMS 



Longitudinal vs. Vertical 

Read 
Same loss. factors apply 

Write 
Transition width set by both 
Head field gradient & medium demagnetization 

favors longitudinal favors vertical 



Vertical Recording 

Is History Passing It By? 

• Need high readbac.k resolution to leverage very narrow transition 

• Thus potential depends on very smctll separation 

Best .oportunity is then flexible disk 
(ultima.tely could involve pole type write head) 

• Major alternative is magneto-optical 
i.e.: high density and removability with no contact 

• Vertical recording now seen as only evolutionary extension 
- are still far from limits on conventional mag recording 



Heads & Media - Long T~rm 

As Track Density Limits Get More Intensive Focus 

• Will require .. pre-formatted" su~strates (a la optical disk) 

• Disks in turn will depend upon multi-element transducers • 

To servo during read and write 

To separately optimize read and write elements· 

To permit erase option to improve overwrite 
""' . 

• • will accelerate move to thin film head devices 



Raid head ·pickup ·of old/adjacent t1ack Jnformation 

I I 
I I I .1 

1 1 1 1 Required 
- --=-'--' - .L - read 
I I I I 

I I I . I signal 
I I I I 

-' -..,...t. 9\ L. .:4--- Old 
I nformetlon ----T-----1 ' Adjacent 
track 
pickup 



HEAD POSITIONING 

Open Loop 

low cost 

Servo 

• dedicated comb 
arm 

servo pattern 

data 

Issue - cascaded mechanical & thermal tolerances . . 

• imbedded 

(a} Sector 

Issues - open loop when R/W 
• real estate 
• slew rate 
• tolerance to disk defects 

(b) Continuous 

Js~ues - source of PES (position error signal) 
• disk fabrication 

•-sensor 
• servo while write 
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SINGLE ELEMENT vs WRITE WIDE/READ NARROW 

SINGLE ELEMENT 

P )I -< '-

±p =head to medium lateral 
registration·tolerance 

I J 
~ I'--( --P 

I I 

·- -
worst case 

new information oc W-2P 
adj. track info oc P 
old information oc P 
or i nte rf e rence oc 2P 

for 1 0 to 1 ratio (signal to interfere nee) 
W-2P =10 

2P 

DUAL ELEMENT 

W= write width 
R. read.width 

about track centerline: 
_ guaranteed 

w-2 P- newly written write band 

R+ 2 P= widt~ within which 
reading must occur 

For fl.Q interference 
R+2P < W-2P 

1 ... - .• . 1 /,,.,,, or· w ; R+4 P 



Closed Loop Actuator - Principle 

Permanent 
Magnet 

Voice 
Coil 

Data 
Surfac1 

""" 

Servo 
Head 

Servo 
Surfac 

Pole 
Piece Carri age 

The carriage is actuated by a linear c·voice 
coil·) motor. The carriage position is sensed 
from a magnetic servo pattern. Most commonly, 
the servo pattern is on a dedicated surface, 
(servo surface) and read by a servo head. The 
magnetic servo pattern is prerecorded during 
drive manufacturing. 
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·rribit· Servo Pattern 

Date Tntek Servo 
Allocation Head 

Gep 

Pos'n J 

r-·-·~l-. 
( 

I I ~ 
~·-· 

) r·---·11 

Servo Tr9Cks/ 
Servo Pattern 

1 2 

1 3 

1 2 

1 3 

'Track A 

Track B 

Track A 

TndB 

Pulse Sequence: 
1. Sync pulse 
2. Tr.ck A pulse 
3. T.-.ck 6 pulse 

.Heed closer to 
Track A: 

Track. A pulse 
>Track B pulse 

Heed in the midd1 e 
,- between Trad A and 

··r· Track B: I Track A p.1lse 
. ; =Track ! pulse 

Heed closer to 
Track B: 
Treck A pulse 
<Track B pulse 



+PROS; 
- SIMPLE SERVO WRITER 
- LOW OVERALL COST 
- LOW OVERHEAD 
- TRANSPARENT TO CONTROLLER - FREE FORM FORMA TIING 

+CONS; 
- LOW BANDWIDTH FEEDBACK FROM DISK (ONCE AROUND) 
- CORRECTS FOR LONG TERM EFFECTS ONLY 
- HIGHER INERTIA OF ARM STACK (ACCESS TIME CONSIDERATION) 
- LIMITED TPI UPPER LIMIT 

~ 
i 

i 
I . 



OPTICAL ENCODER-WEDGE SERVO 
OVERVIEW 

- SEEKING IS PERFORMED BY CLOSING A SERVO 
LOOP AROUND AN OPTICAL ENCODER 
MOUNTED BETWEEN THE HEAD ARM AND 
DRIVE BASE. 

- DURING R.EAD/WRITE POSITIONING THE HEAD 
ARM IS SERVOED USING THE OPT.ICAL 
ENCODER FOR PRIMARY POSTION FEEDBACK.-

- ALSO DURING READ/WRITE THE TRACK 
CENTER REFERENCE FOR THE OPTICAL 
ENCODER SERVO IS DETERMINED BY A ONCE 
PER REVOLUTION SERVO WEDGE ON A DATA 
SURFACE. 

- DURING SEEKING THE SERVO WEDGE CANNOT 
BE READ WITHOUT A LATENCY SEEK TIME 
PENAL TY. THIS IS SOLVED BY A THERMAL 
PREDICTION ALGORITHM. 

- SERVOWRITING OF THE WEDGE SERVO IS 
PERFORMED UPON A SEALED DRIVE WITH THE 
OPTICAL ENCODER AS THE POSITION 
.REFERENCE. 



+PROS; . 
- FEEDBACK FROM DATA HEADS 
- REMOVES THERMAL TILT VARIATIONS 
- LOWER OVERHEAD 

+CONS; 
- "NON ZERO" HEAD SWITCH TIME 
- LOWER BANDWIDTH SERVO SYSTEM 
- HARD SECTORED - LESS TRACK FORMAT FLEXIBILITY 
- INCOMPATIBLE WITH DEVICE LEVEL INTERFACES 



+PROS; 
- BEST OF BOTH WORLDS 
- WIDE BANDWIDTH FROM DEDICATED SURFACE 
- FEEDBACK FROM DATA HEADS 
- HIGHEST TPI POTENTIAL 

+CONS; 
- "NON ZERO" HEAD SWITCH 
- HARD SECTORED - LESS TRACK FORMAT FLEXIBILITY 
- INCOMPATIBLE WITH DEVIC~ LEVEL INTERFACES 
- HIGHEST OVERALL COST 
- HIGHER OVERHEAD 



+PROS; 
• FEEDBACK FROM DISK STACK 
- WIDE SERVO BANDWIDTH 
- CORRECTS RUNOUT 
- BETTER SHOCK AND VIBRATION IMMUNITY 
- WELL DOCUMENTED APPROACH 
- MORE PRECISE SERVOWRITING 
- TRANSPARENT TO CONTROLLER - FREE FOAM FORMATTING 

+CONS; 
- FEEDBACK FROM SERVO HEAD ONLY 
- NOT EFFECTIVE FOR DIFFERENTIAL DISK SLIP 
- SERVO TO DATA SURFACE RELATIONSHIP DESIGNED IN (COST OF MECHANICS) 
- EXPENSIVE SERVOWRITERS 
- 0/o OF OVERHEAD INCREASES WITH SMALLER FORM FACTORS 
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several thousands of servo bytes are recorded around the total 
circumference of the disk. 

The PLO is synchronized to the disk by these first synchronizing sets .. · 
with transitions occurring at the beginning of "cells" 0, l, 3, and 4. 
After these synchronizing sets, a total of four, different, repeating, 
radial position information-bearing recorded-"cell" patterns are shown: 

"ONE/THREE" = OT = TRANSITIONS AT BEGINNING OF "CELLS" S, 10, 20, 22. 

"ONE/FOOR" = OF = II II II II II e, lO, 26, 26. 

"TWO/FOUR II. • TF = II II II II II 14, 16, 26, 26. 

"TWO/THREE" =·TT = II II II II 11 14, 16, 20, 22. 

"ONE/THREE" • OT = II II II II II 6, lO, 20, 22. 

The individual servo tracks are recorded at the track density that the 
disk product will use for customer data tracks (here = 1400 TP!) at the 
factory by an expensive, instrument-quality, servo writer. The servo
head in the disk drive product has TWICE the core width of the data 
head such that it reads TWO servo tracks simultaneously! The servo head, 
being twice.the recorded servo pattern's track width, assures smoother 
and more continuous increases and decreases of the sensed amplitude cf 
di-pulses ~s the servo head moves across the disk's radius. Servo 
pattern di-pulses are amplified and linear-phase, low-pass filtered to 
maximize· signal-to-noise ratio while maintaining di-pulse waveform 
fidelity. The demodulator can be nothing more than a set of four (or 
eight) gated diode, peak-rectifying, sample-and-hold ( S&H). circuits, 
with controlled held-voltage sag, that obtain and store the di-pulse 
amplitudes read by the servo head. For the pattern of figure F, a 
minimum of four S&H circuits are needed, one to be gated-on by timed 
signals from the synchronized PLO for each dipulse time location within 
the servo byte. Careful study of the complex servo surface patterns anc 
associated electrical signals of figure F yields the method of 
generation of the IN-PHASE, and QUADRATURE servo transduction signals 
fer locating data track/cylinder centerlines. 

Refer once again to figure F. Assume that the servo head is centered 
along data cylinder 002. (The terms ·~Tracks" and "Cylinders" are 
interchangeable for this analysis: "Cylinders" referring to a plurality 
of "Tracks" due to a plurality of disks and hence data-surfaces at a 
servo position null.) At the top of figure Fis shown two of the four 
demodulating gates logically generated by the syncbit-pattern-lockec P~O 
system. Gate "TW0 1 s 11 turns-on the diode demodulator (see figure G on 
page 20) that S&H's the radial position-sensitive readoack amplitude c! 
di-pulses written at the beginning of PLO count 14. The demodulated 
servo-head position signal, 

F. :J. SORDELLO 1988 PAGE 16 



consisting of the S&H'ed algebraic sua of the servo- head sensed di
pulse zero-to-positive-peak amplitudes of servo tracks "TWO/FOUR" and 
"TWO/THREE", is shown as "2's" varying radially at the right-hand side 
in figure F. Note its maximum value occurs at the centerline of data 
cylinder 002. 

At the same radial location, the demodulating circuit that is gated by 
gate "THREE's" will S&H'ed a signal value that is half of the possible 
peak value, since the servo-head senses a dipulse contribution from only 
servo pattern track "TWO/THREE" at that time. The S&::H 1 ed output of the 
demodulator controlled by gate "FOUR's" (not shown) will also be halt c: 
the maximum possible amplitude value since the servo-head senses only 
the contribution from servo track "TWO/FOUR" at gate "FOUR 1 s'' time (not 
shown). Following the same analysis, the output of the demodulator 
controlled by gate "ONE's" (not shown) is zero volts at the stated 
servo-head radial position. 

Hence the four demodulator outputs ("l's", 11 3 1 s 1 , "2 1 s 11 , and "4's") va:-y 
as a funct.ion of servo-surface disk-radius as shown at the right-hanc: 
side in figure F. 

Refer to figure Hon page 21. The IN-PHASE servo position signal is 
formed by demodulated signals "3 1 s 11 minus "4's". The QUADRATURE servo 
position signal is formed by demodulated signals 11 1 's" minus "2 1 s". Tl'1e 
reason for the above algebraic combinations is due to the fact that each 
deaodulated di-pulse signal or any magnetically recorded, read-baek and 
deaodulated signal tends to have sharper "pointed" maximum values anc 
quite "sloppy" or "rounded" near-zero voltage values. When "locking-on" 
to cylinder 002, the Fine Mode servo uses IN-PHASE position signal by 
which a positive voltage causes VCM current to force the VCM towards a 
lower-numbered cylinder (001) direction, and negative IN-PHASE voltage 
causing VCM current to force the VCM towards cylinder 003. In order to 
lock-on to cylinder 001, inverted QUADRATURE position is selected. Fe~ 
cylinder 002, IN-PHASE is selected. For cylinder 003, QUARDRATURE is 
selected. And, for cylinders 000, or 004, inverted IN-PHASE is selectec. 

The servo-pattern magnetic flux as a function of radial position tha~ 
the servo-head senses and the sua of the deaodulated di-pulse amplitudes 
at any radius is a constant.(Ideally, it should be constant, but the 
"sawtooth's rounding especially near zero signal values causes some 
inconsistencies.) An AGC circuit utilizes this fairly constant feature 
to facilitate amplitude, and hence position gain calibration, such tha~ 
the overall transduction gain (in volts/inch) is constant. (A magnetic
ally recorded digital signal is amplitude-dependent upon a number of 
parameters, including relative velocity between the reading-head and 
disk surface.) The end result is the classical saw-tooth-like positic~ 
signals as a function of disk radius shown in figure F. 
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CYLIHDER 005 004 003 

INT"PHASE = P 
: -

l I 

INVERTED QO~RATO'R.E :: Q 
I 
I 

-001 

P>Q ____ __. 

.P>Q 

(P>Q)•(P>Q)-------41SELECT Q 
I 

(P>Q)•(P>Q) I 

(P>Q)*(P>Q) 

SELECT Q 

(P>Q) • (P>Q)----' 

CYLIHI>ER 005 

FIG'O"RX H 

SELECT P 

004 003 002 001 000 

POSITION TRANSDOCER •IN-PHASE•, nINVERTED IN-PHASE", 
"QOADRATtJRE", ARD "IHVERTED QOADRATORE" SIGNALS VERSES 
RADIAL DISX POSITION OR CYLINDER LOCATION; LINEAR 
REGION SELECTION LOGIC AND CYLINDER COt1NTING IN COARSE 
MODE; AHD, SELECTED LINEAR REGION POR FINE MODE. 
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Track Density In Magnetic Storage 

Sector 

Dedicated Surface 

1000 

Buried 
Special Medium 
& Transducer 

lntermittant Control, neal Estate 

Geometric Stability of Head-:Disk Assembly 

2000 3000 4000 
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'h"R! ':'E CURRENT > 
WRITE DATA --> I ~IG. B, l'l -IC out FIG. 

~· with' 
N, L, 

e'tc. >-! HEAD- AMPS I NOISE 
>-I ARM >-I AGC 1-->-I FILTER 

I I 
I R/W AHPI I & I I 

"CHIP" >-I ETC. 1-->-I (LPF) 

d-...._ / 
====================],.('"'DISK, with Mr, He, t, 
==================== 

etc. 

B, 1'2 = LPFout" 

f / 
1--> 
I 
i-->-. 

.------------------~<---------------------------' 
-------------<--------------------------------~ 

"GATING" 
o----->-1 EQUALIZER 
I 

BI-DIREC':'IONAL 
!---->-I II THRESHOLD-GATED II 

I .("'FIG. B, *°°' = TGou'"; 

o- i ----->-: 
I PEAK QUAL!FIER 

"--->-! (GATE GENER.ATOR) 
I I 

GJ..TE DETECTOR or "PEAK QUALIFIER" PATH 
FIG. B, 1'3 = DFout 

''?:SAK" DIFFER- :SI-DIRECT!ONA:.. 

..,> •• --·~ :-'~~-:--.. .:..r . .:.. 
DAT;.. 

'-->-: ~!GE

S?:S:SD 

;,__>-: EQUAL- i-->-: ENT!AT·OR .... -->-I ZERO-CROSSING -· --->-: II AND II 
!ZER I PULSE I C !?.-

--->-: (EQ.) i-->-1 c( )/at ---->-: GENERATOR r··-""" -\.,;1~.:. 

PEAK DETECTOR ?ATE 
------<--------------------------<---------------------
I /'FIG. B, #5 = 
c----------------------------->-: "AND" CZRCU!T 

RRDout IULT?~-F.IG~ SPEED 
FIG. E, 

1~7 = SDou~ 
?.EC O?.D ING-CODE 

:->-I "D;..TA-CELL" or 

.FIG. B, ~6 = liiout~ ! 0: 
~-----------.;..>-; ?U!.-SE STRETCEE? .. 

CLOCKING SIGNALS 
I l "i-i!NDOW" GEN. 
l FIG. B, ~8 = c:..Ko~-:..f 
------------------------<------------------------------------

in:• c::-:-- .. ~--
:.->-: D!SCR!M-

!NATO?.. 
:-->-: ( -.:i::ie--:o-
1 ·1 cu.~:-e~~) 

! 

SAH?~E & P.O:.D 
C!?.Cu!'!', & 

!--->-: !NTEG?J.TOR 
I l (c~~~en~-to-

1 vc.1-.:age) 

---------------<-----------~ 
CODE ?ATTE?..N LOOK ~HEAD 

11 _ti ------>-'. 

!--->-: 
! l 

FE;:D:SACK 
COMPEN

SATOR !--->-: 

I (lead/la;) l 

VO!.TAGE
CONTRO:..:.~D 

OS: I:.:.;. TO?. 

(VC:J) 

•<---

ftVFO", "PLL", "PLO", o~ PEASE-LOCKED DATA S!.PA.'ttl..TOR CLOCKING S?S~!:.'-! 

~:'?!CAL E!GE-PEP..?OPJol..ANCE DISK DR!VE P..ECOP..D!NG CE.Ahri--::::. 
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R.EADBACK TRANSITIONS for 2, 7, RLL 
CODE ->O 0 1 0 0 0 0 0 0 0 l 0 0 I 0 0 0 0 0 0 0 1 0 0 I 0 0 1 0 0 0 0 0 

I 

#1 :rcout J 

#2 LPFou 
"DASHED"' 

#3 DFout 
"so:.. ID" 

-, 
' \. 

' ..... ..... 

G--:---:--i 
1......1 

. . . 
i -....i i i......: 

1 ; 
l i • • • • • #5 RRDou't~~ , i :------

-I~ - - -·- - - - - - -·- - - -
#6 ~out I ~ ;_; ~ ;_; ;_.:..; ;_; i ;_; ;_; ;_; ;___; i ;_; ~ ;___; ! ;___; ;_~ --

; . I i I ' I ':-"7 ::-: ,r. 1:-i :!""'\ i:-: 
#7 SDout ~ · · · · ' · · · ; · · · ._. ----

! i 
COD~out 010:1 0 0 0 0 0 0 0:1 0 0:1 0 0 0 0 0 0 0:1 0 0;1 0 Oil 0 0 0 0 
•s c··· ,,.. ou~~'.-~ :-. !""'\ :-: :-: :-: :-; :-: !""'\ :-: :-: :-: :-: :-: :-: :-: :-: :-: :-: :-. :-: :-: :-: :-: :-: :-: :-: :-: ,..., -. 
~ ~ ~ ~-~~~~~-~~~~~~~~~~~~~~~~~~~~ 

!'!RGU?..E B. P.E.A!)BACK SIGNALS AT VA.P.!OOS STAGES W!TE!N P.zJ..1) CE.A.h"'l\'"E.! ) 
{All in-::rinsic circuit delays have been e!i:i~ate~ . ; 
c.la!r! -::y. Fe:- 24 Mb! t/se::- = 3 M':::lyte/sec, O:'!e "Wou-::" 
cell (3i co:iJlet:e C'}-'"cle c= "'W01.:.'t 11 ) = 20. 633 :'la:lose:o:iC. 
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'!Gout !S 
TRUE WHE?\ 
LPFout !S 
:: 35 % o: 
!TS PEAY. 
V.k!..UE. 

Wou't !S 
20.Snsec 

NORMALIZED LPFout (TSO changes from 55 to 65 nse: in L?F) and RESU~T]NG nL 
Ane1ysis by Frank J. Sorcie11o. Common Slo=k Zero et: OHz: Pole et: 1000~~~ 
ihe ;ein is :urrently set t.o -1t6.0S9c!:i. ihis has c:: et 3.333M~::. 

FIGORE C:. NORMALIZED LPFou't & DP'ou't, with 'I'Gout & Wout TIKI
BOUNDARIES MARKED for ISOLATED RE.ADBAC:C POI.SE. 

A STUDY OF TEE CF.ARACT!R!ST!CS OF TE! VAR!OUS READ CF.ANN!!. S!GKA~S c: 
F!GURE B, WE!N TEE F.EAD SHOWN !N F!GURE A READS A s:NG~! RECORDED 
T?..ANS!T!ON (AN !SO~ATED ?.~ADBACX PULS!) QU!CK~Y REV!A:S A GREAT D!A:. 
RE?ER TO FIGURE C. F!GDRE C ALLOWS CS TO OBSERVE TEE SLO?E OF TEE 
D!F:E:?..?N'!ZATED ( J..?i:> ~QtJAL:ZED) NO!SE F!!/::ER O~':?t':'. ':!-:! Z:E:RO CROSS :N~ 
o:: D?o...:.~ :s :?\:'!N!iED TO CORF-.:S?OND EXAC':Z..Y TO ':H~ ':!~! o: o::u?~?\C! C·F 
:F.! ?~AK OUT?U: O~ L??o~:. !OEA~~Y, TF.E ?£AK OUT?UT OF ~?Fe~~ COR-

TR! D!SK M?D!UM. (AT LEAST W!TF.!N TEE TO~!RANC~S OF =F.E ?A?~~!:~RS O! 
:E~ MAJ\:' ~NG!N!~R!NG DIC!?~!NES AND PH~NOM~NA ASSOC!AT~D w:TE D!G::A~ 
MAGNET!C RECDP..D!NG!) 
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BIT-SHIFT 
ON TRACK 

( 8 ANY TIME 
A)O I s e: I 1.ivu ~.GD 

I NIB O. 71 
? ft 71€ eJ) I J..fD t.J c c;l) 

PIB 2.4 
'Jv Ef2. wR.1 TG" 

OWIB I O.S 

OWIB II 

A :;y,,,,f M ~~i/ 

"Sj:STCM JVO/$€ 
SNIB 

t1D.::sneG1J\ 
'{ZA C. rJ.. ATIB 

ERROR 
RATE 

MARGIN 

1 -> 3 

0.5 -> 2 

0.1 -> ? 
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,.91 

8 xlOlO 
(6.5*sigma) 
3.25 

2.4 

o.s 

1 -> 3 

0.5 -> 2 

0.1 -> ? 

a.cs 

2.37 

BIT-SHIFT 
OFF TRACK 

(DFout slope divided by 0 105) 
(@ ANY TIME @ XlO 

(6.5*sigma) 
NIB 0.95 4.33 

PIB 2.4 2.4 

OWIB I o.e o.s 

OWIB II 1 -> 3 1 -> 3 

A.SIB 0.5 -> 2 0.5 -> 2 

SXIB 0.13 -> 7 0.13 -> '? 

ATIB 1.5 l. s 

7.28 10.66 

ERROR 
RATE 

MARGIN 3.14 0 

8IT-SHIFT 
ON TRAC~ and DURING MINOR DEFECT 
(DFout slope divided by 0 10 ) 
8 ANY TIME @ xlO ) 

(6.S*sigma) 
1.01 4.64 

3.43 

o.s 0.8 

1 -> 3 1 -> 3 

0.5 -> 2 0.5 -> 2 

0.14 -> ? 0.14 -> ? 

6.88 9.71 

3.54 0.71 

BIT-SHIFT 
OFF TRACK and DURING MINOR DEFECT 
(DFout slope divided by o 10·o~75) 

@ ANY TIME @ xlO ) 
(6.5'"sigma) 

1.35 6.19 

3.43 3.43 

o.s 0.8 

1 -> 3 1 -> 3 

0.5 -> 2 0.5 -> 2 

0.19 -> ? 0.19 -> ? 

2.14 2.14 

9.41 14.25 

1010 10 

l. 01 o. 
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Tracie Width 

• (W = Track width) (s = signal output) 
• - so: We -7Td(fci) 

• tpi 0:1-
w 

• track density versus linear densi~y 

bits/in2 o: (fci)(tpi) a: (fci) x s x e7Td(fci) 
· holding s constant, maximize bits/in 2 in terms of bpi and tpi 

a (bits/in 2) = 0 or fci = J_ 
aki ~d 

(ignoring noise) operate where a further increase in 
linear density causes a greater signal loss tha~ an 
increase in track density would. 



Inner+ 
Traci<'f o 

. . 
j-4+ Pea~ Shift ~ . . . . . . 

! - -
' . . 

FIGURE 1 

TYPICAL HEAD OUTPUT WAVEFORMS 

Each peak in the waveforms above represents a recorded ·1 • bit. To correctly decode this data, 
a drive must accurately detect the occurrence of a signal peak. Furthermore, each peak must be 
detected within a period of time referred to as the Data Window to correctly establish the original 
sequence of ·1·s and ·o·s. 

Because individual flux reversals are relatively far apart on the outer track, there are regions in 
which the flux is constant. As a consequence the head output signal hovers about zero for an 
extended time before the next peak is encountered. This is the ·shouldering• phenomena visi
ble in the outer track waveform. Shouldering is a problem because it presents a relatively long 
lived opportunity for even low amplitude noise to falsely trigger the peak detection circuitry 

In contrast, on the inner track, flux reversals are packed so closely together that the head is nev
er exposed to regions where the flux is constant; the signal associated with the inner-most track 
passing through zero quickly. Shouldering is therefore not a problem on the inner track, however 
other effects present similar opportunities for noise to cause an error. 

2 



Visualizing the shifts in detection that occur due to noise and Peak Shift as a Statistical Distribu
tion within the Data Window is the first step in the modeling process. As shown in Figure 2, the 
perspective gained by this model yields an immediate observation, the e"or rate of a drive is the 
total area of the distribution tailing outside the Data Window. 

Early Bits 
In Error: 

™' 

·TW/2 

Peak 
Shift 

i ~i 
i i 

=~· - -- -- -- =-i'I I~ - : -·~ I ~ 
~ i ~ ;-1 I '\ Late B. Its 

~ i w;:~ 

L! 
: 
! 

µ(mean) 
:r 
I 

+a (standard deviation) 

0 1 
+Tw/2 

, __ 
Data Window ~ 

FIGURE 2 

STATISTICAL DISTRIBUTION 

The next step in the modeling process is the choice of statistics. Assuming that the shifts in peak 
detection conform to a Gaussian model, makes the task of comparing noise and Peak Shift to the 
Data Window simple. According to the Gaussian model, the area outside the Data Window is di
rectly related to the ratio of Data window width to the Mean (µ.)and Standard Deviation (a) of the 
distnbution. This is referred to as. the intrinsic error rate t of the system. 

t Katz and Campbell, •Effect of Bitshift on Error Rate in Magnetic Recording•, IEEE Transactions on 
Magnetics, Vol. Mag. 15, No. 3, pp 1050-1053, May 1979 
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Disk Memory D1v1s1on 
S. Brittenham 7/88 

WRITE-INDUCED BIT SHIFT 

Pm + ...._ -" 
+ 

---

-\-(-)--
Pm : "-__/ 

--\-\-----
'I 

: I 
A 

--+ 

rh{j't HEWLEll 
L'..t'.....t PACKA~D 

Transitions are written onto the disk by changing the direction of the head 
field to reverse the media magnetization. In this example, the media is 
de-erased and its magnetization is represented by the right-facing arrows. In 
the upper figure, the head field (dotted circle) is opposite that of the media 
(left-facing arrow), so the effective writing field is reduced (solid circle). 
Since the head moves to the right, the field's trailing edge forms the 
transition; because of the reduced writing field, this transition will be 
displaced to the right (bottom figure, left-hand transition). in the middle 
figure, the head has moved to the position of the next trans it ion; the head 
current has reversed, and its field is now in the same direction as that of the 
media. The effective writing field is not reduced, so no displacement of the 
transition occurs. 

For constant frequency patterns written over de-erased media, alternate 
transitions are displaced late in time; the decibel overwrite measurement 
indirectly quantifies the resulting asymmetry between consecutive time intervals. 
However, a more direct measure of this effect is obtained through time interval 
asymmetry measurements. 

[ A specific implementation of the asymmetry measurement is described in the 
companion presentation. ] 
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ttt TRACK ANALYSIS ttt 

ID: •12/175 I0/301Bo 12:12:05 0 HEAD I 0 

- ------....--------------------------------------------------------------------
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Classlllcallon ol Opllcal Data Storage 

Read/Write 

Read-Only 
Wrile-Once Erasable 

IT •·· T· I. -.--.-

Media Type factory replicated Various lhin film Magnelo-optic or 
plastic disk with metal or organic pha$e-change thin 
embossed surf ace materials film materials 

Media·Capacfty 1 hr continuous video 
Bolh Sides 100,000 video frames 2-8 GB Data 1-4 GB Dala 
30 cm Disk 1 hr digllal audio• 20K-100K A4 doc. 

2-8 GB Data 

. 
Applicalions Consumer enlerlalnmcnt Document slorage High capacily, low 

Educalion/lrainlng Archival databaso cost slore lor small 
Program dislrlbulion ~tape replacement) systems 
Database distribution On-line mass slorage 
Videogame ROM (iuke-b~x) 

Media Cost ( f) $2-10/GB $10-50/GB $10-50/GB 
I 

Drive Cost ( f) $0.5-51< $5-20I( $5-201( 

• 12 cm disk, 1 sl~o 

I n n ....... "~" u:~s:: lA~~ 1 t OA'>\ 



Optical Read/Write Spot Formatlo_n 

6z 

• Diffraction limited spot-size 

d 

Typically d = 1.0µ for i\ = 820nm 

=> Power density - 106 W/cm2! 

• Focal length, F - 1-2mm 

~ Large Head/Disk separation 

• Depth of locus 

d 
2 sinD 

Typically ±1 µ 



Lineal Density - Optical Storage 

v, 
:~r-

1 
!,- <Optic.al Transition 

_______ j/~ L~\:.__-·~-------____________ .....,._..,_ ____ __,....._. ____________ t.x 

« e;a 5j : . : ~==·====» 
I I I I 

--f I-Transition Width 
1.0,........_ __ 

t 

~--21.. 

1.0 . 

• Read Seam Diameter {FWHM) 

CAIQ = 0.56~ 
NA 

• To limit bitshift 

I.min - WO 

• Lineal Density - c..io·1 .TRPI 

• For ~ = 820nm 

N.A TRPI 
0.5 27K 
0.65 3SK 
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.:.10 

dB t -20 

-30 

-40 

-50 

0 

Track Density - Opllcal Storage · · 

0.5 1.0 1.5 

p 

• To limit Crosstalk 

P. - 1.5 
wo 

• A= B20nm 

NA TPI 
0.5 18K 

0.65 24K 

• Residual error limited by: 
- centering error 
- spindle runout 
- gain-bandwidth of servo 



-1mm 

Opllcal Media Encapsula-Uon 

Substrate 

. • Eliminates defects due lo 
dust particles 

• Pro tee's storage layer from 
environment 

• Permits removability of media 



. Diode Laser Read/Write Syslenls 

Disk ~ Track directlion 

Focus Lens· 
· ·3-0 Actuator 

ri--+--+-11 jL plate 

Beam Shaping 
4n 

Prisms 

Colllmatlon 
Lens 

Laser Diode 

• Single Fundamental Mode 

• High Power, 15~30 mW cw 
. Data Rate 1-2 MB/s 

• Long Lifetime (>10,000 hr) 

• Future - Laser Arrays 

DC 
Critical 

.. Angle Prism 

Quadrant 
Pholodetector 

Data Slgnal = 0 1 ~ o; + 0 3 + 04. 

Focus Error= (01 + 0 2) - (03 + 0 4) 

Tracking Error= (01 + 0 3) - (02 + D4) 
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To achieve a desired bit error probability (e.9. p • 10· ll 
.in uncoded system requires a certain value of [b/H0 (e.9.,l).J db). 

A coded system can achieve the same value of error prob-

abi Ii ly al a lower value or Cb/H0. The dHferencl' betwf'en lhl'Sl' 

two values of Cb/H0 is referred to as the gain of the code. 

!_~-!..RIPJ!: To achieve a bit error probability of IO-l the 4-error 

correcting (2SS.223) code requires a channel bit error rate of 

p = 10· 3·06 • This val•1e of p,in turn.requires a signal•to-noise 

ratio of c1,1110= 7.Sdb. Hence 

Coding G~in = II.) - 7.S 3.Bdh 

COOlllG GAIN or VARIOUS CQO[S 

(Pb = I0- 7) 

.BJS . 7S .s ~R 
t~ block conv.• block conv.• block conv.• 

l I. Bdb l. 7 I.) 

2 2.8 2. 7 2.6 2. 3 

) 3.4 ).) J.) ).2 2.7 2.4 

4 J.8 ).7 J.6 

•convolulional codes are self-orthogonal majority - logic decodable 
codes. 



Ecc·rN DISK.STORAGE DEVICES 

I YEAR 
DENS In· DATA I 

1 SHIP DEYICE bpi tpi CODE ECC CAPABJLITY 

11957 350 100 20 NRZI PARITY CHECK 

! 196X l3XX 520 50 NRZJ CRC CHECr: 
I lOZO 50 MULTIPLE ERROR DETECTION 

23X."\ 2200 100 FM 

197X 33XX 4000- 2C'O- SINGLE BURST COR:RECTlON 
15000 8(J0 

MODIFIED FIRE CODE 
I 

CORRECT ./DETECT. = OF CHECK BYTES 
1971 3330 4040 192 MFM 11 BITS / 22 BITS 1 I RECORD 
19i3 334-0 5636 300 MFM 3 BITS I 11 BlTS 6 / RECORD 
1976 3350 6425 475 MFM 4 BITS / 10 BITS 6 / RECORD 

I MODIFIED REED-SOLOMO?\ CODE 

I 

1Si9 33i0 12134 635 

I 
(2. i) 9 BITS 

~ 
17 BITS 9 I BLOCK 

198Cl 3375 12134 800 (2. 7) 9 BITS 17 BITS .t2 I RECORD 
1981 3380 115200 BOO (2, 7) 17 BITS 33 BITS iz I RECORD 



Magnetic Recording 
as Standard for Judging Alternatives 
• Advantages 

- Updating Capability 
Investment in Software 

- Nonvolatile 
- Large Capacity at Lowest Cost per Bit 

• Disadvantages 
- Relatively Long· Access Time 
- Mechanical Reliability Issues 
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Hl8TORY OF IBM AREAL DENSITY 
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2000 

i 
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3330/11 
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High End Flies 

104 
Data Rate 104 

(~Byte/s) 

Average Seek 
103 Time (ms) 

... 
103 

10 10 

1L.--~---~~_._~~.L-~--1~~-"-~---1 
1955 '60 '65 '70 '7 5 '80 '85 

Year of First Shipment 



Cost of Supporting Mechanics & Electronics 
vs. Form Factor 

• Standard mechanical parts are cheaper on smaller mechanisms. 
• Custom mechanical parts are much cheaper on smaller mechanisms. 
• Low cost precision molding Is more effective on small parts. 
• Actuator & spindle crlver electronics are much cheaper on small drives. 

• A/W & controller costs drop with transfer rate. 
• Package costs much lower on smaller drives. 
• Power supply costs much lower on smaller drives. 



~ -Cl) 

c 
Q) 

0 

Magnetic Disk Storage Density 

Areal Density (blts/in2) 
"(factor of 5 every 5 years) 

100. Optical recor~l~g t 
densities 0 

107. c"urrently greatest .o rate of progress I~ 
with 5 1/4 drives • 

106. • • t Winchester technology 

• a 5 1/4 105: • ·announcements 

• O Japanese 

104 
announcements 

• IBM disk 
products (high end) 

eAAMAC. 
103 

1960 1965 1970 1975 1980 1985 1990 

Year 



--Challenges In Winchester Technology--

HI-TRANSFER RATE CLUSTER: TYPICAL DRIVE ARRAY {4 OUT OF 5) 

SYNCH PULSE 

....... B DRIVE 1 ... 
Mb/SEC 

,.. 

STORAGE 

B DRIVE 2 ... DIRECTOR .. .. ... Mb/SEC 

... ·B DRIVE 3 .. 
~ -.. .. 

Mb/SEC 
,.. --

SERIAL 

B DRIVE 4 
BY 

.. I ... -..... 
Mb/SEC 

, 

8 PARITY T _.. .. .. PARAU..EL .... 
DRIVE 

... 

PERFORMANCE CHARACTERIS11CS (N SYNCHRONO~S DRIVES) 

.... .... HOST 
SYST8v1 

•ARRAY TRANSFER RATE [MB/SEC]==> (N-1) x DRIVE TRANSFER RATE (Mb/SECJ 
8 

•SYSTEM DATA SKEW: (DEV~CE INTERFACE) 
INOJVIDUAL DRJVE SKEW • +!- 10 uSEC ••> 20 uSEC ARRAY SKEW CW!C) 

EACH BUFFER-> 20 x Mb/SEC• 300 BITS 
. ·40 BYTES 

WITH DEFECT SKIPPING [512 BYTES/SECTOR] 
EACH BUFFER (WITH OVERHEAD) = 560 BYTES 

(WITH SAFETY FACTOR) • 1 KBYTE . 
•DATA INTEGRITY 

IN-LINE ECC FOR INDIVIDUAL DRIVES (BIT STREAM) 
PARITY BlT FOR FAILED OR MISSING DRIVE (PARALLEL STREAM) 

•SECURITY F"cA TURES 
AUTOMATIC SCRAMBLING BY BIT FOR EACH SECTOR 
.OFFLINE DRIVE (STORAGE AND REPAIR)==> STORED DATA UNINTELLIGIBLE 



SQ555 

44.3 MByles 

23316 BPI 

1086 TPl 

25 Ms Average Access time 

1280 Tracks per Surf ace 

1 Disk per Cartridge 



DPTICHL SCHEfflHTIC 
flH I.R. LEO LIGHT SOURCE IS USED TO 
RfflECT HIE Itlt"lGE or THE srnuo TRt"\CKS 
TfU10UGll tiN f\SPllEIHCflL COLLECTION LEUS 
ONTO £\ QUt"lO ELEttENT PllOTOOETECTOR. 

ROUTING MIRROR 

PHOTOOETECTOR 



'J'lf\\\t \-\£f\O 

I s1 ~no· or nol I\ 110\'l 



Helical scan Recording 
1 /2" /SEC. 

+- TAPE 

+-ORUM 

\-\EADS 

ORUM 

RECO\lOEO 



Read After Write 
Normal Sequencing 

Rewrite Sequencing 



4400 Automated 
Cartridge System 

General Information 
The 4400 Automated Cartridge System (ACS) 

is a fully automated information SiOiage system. 
It automati:al!y mour:ts ar:d demounts 15-track 
cartridges o:-, tne Sto~ageTekc 4480 ~ a ca::ridge 
subsystem that is compleie!y ccr.i;:::at:::i:e with the 
ISM. 3480 manual-only subsystem. 
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SPECIAL· PURPOSE ROBOT 
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I Six motions 
r 
I 
f • Theta (horizontal) 

I • Z (vertical) 
f' 

~· • Phi (turn) -
• Roll 

I > Turntable l • Reach Hand 

I • Grab 
I 
t 
l 
l 
l 
l 

I 
i 
I 

-
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Comparative Wholesale Prices 
for Various 

Storage Technologies 

4Mbit chip 

Dynamic Rom 

25 
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courtesy of Control r ~a Corp. 
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MEASURING THE POTENTIAL OF 
STORAGE TECHNOLOGIES 

• Physical Limits 

• Engineering llmlls 

• Marketplace Limits 

(Translation: Ulllmate) 

(Translation: Feasible} 

ff ranslallon: Rubber meets 
lhe Road) 



Ultimate Limits? 

• Magnetic Recording 
- Minimum Domain Size 

. . 

- Medium Signal to Noise Ratio 

Spacing Dominant Parameter 

• Optics 
- Li1nits due to Wavele11gth o·f Ligl1t 



TECHNOLOGY LIMITS 

MED I LIM 

TRANSDUCER/BIT-CELL INTERACTION 

MANUFACTURING PROCESSES l<EY 

PRODUCT LIFE AND DEMAND 

USER GROW.Tl-I L~0% 

TECHNOLOGY PROGRESS 26% CGR 



Magnetic vs Optical Limits 

• READBACK RESOLUTION 

MAGNETIC 

PWso = fg2 + 4(d+a)(d+a+a))112 

FOR g -~ O; a __... O; and lfi -+- 0 

WHERE g = gap; a = iransiiion width parameter; 6· = medium thickness 

PW50 = 2d; d = spacing 
. ~ 

PW50 = A (optical); .,\ ·= wavelength 

equivalence: d = .5 micron; .,\ = 820nm (GaAs) 

HOWEVER ASPECT RATIO (BPl/lPI) APPROX 2 IN OPTICS 

IN MAGNETICS (30 YEAR AVERAGE) APPROX 13 



GENERIC ISSUES IN ULTRA-HIGH DENSITY 
DATA STORAGE··~ 10* bpi~) .,,,_ .. 

• File response time 
- data' capacity per actuator 
- access time and data rate 

• ECC overhead 
- media defect density 

• Media resolution and noise 
- mark geometry 

• . System resolution and noise 
position ser\#omechanisms for read/write head 

- read/write method 



Head/Disk 
Separation 

St.Jbstrats 

, S;t;o,rage 
;Nfiidit.:m 

Crive Internal 
Ei;svJronmen·t 

RemovabiUty 

COMPARISON OF MAGNETIC« AND OPTICAL 
STORAGE TECHNOLOGY¥ FACTORS 

Magnetic 

0.1µ. 

Thin Film 
-11"~:.+J: . 

~ 1µ. 

f'tlO 

:ZfeaJed H DA 

No 

O?tical 

1000µ. 

A!. Glass 
Polymer 

Thin Film 
< 1µ 

Yes 

0 s:>en tc Ambisnt 

Yes 



Mass storag~ 

Increase in storage density· ~·:-1 
t I 

.----~ Decreasing cost/bit l 
t ! 

Ne\v applications 

f 
Growth -0f market : . l 

L--.,.-Economies Of scale 

I 
I 
I 
I 
I 

·· lnCrease· in RSD -------------' 
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