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Density trends, design challenges, TPI targets 

Head & disk track density considerations 

Noise sources 

Track Misregistration 

Additional track density considerations 

Offtrack, adjacent track interference, 747 

Error rate estimations and modeling 
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Track Edge Effects 

o Erase Bands 

o Curved Transitions 

o Effects due to skewing of the head 

o Unsymmetrical reading effects of MR/GMR head 

Effected or Driven by: 

o Writing Gap length 

o Actuator skew angle 

o Disk magnetic film orientation 

o Magnetic fly height 

o Pole tip shape, with or without trimming 
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Table I Development of technologies in key areas of magnetic head and its air bearing support, disk substrate and its coating, head
positioning actuator, and read/write electronics. 

Year of first ship 
Product 

Recording density 
Areal density (Mb/in.') 
Linear bit density (bpi) 
Track density (tpi) 

Key geometric paramtten 
(microin.) 

Head-to-disk spacing 
Head gap length 
Medium thickness 

1957 
350 

0.002 
100 
20 

l<J6l 
1405 

0.009 
220 
40 

800 650 
1000 700 
1200 900 

l<J61 
1301 

0.026 
520 
50 

250 
soo 
543 

l<J63 
1311 

0.051 
1025 
•• 

125 
250 
250 

/<)MJ 

2314 

0.22 
2200 
100 

85 
105 
85 

1971 1973 
3330 3340 

0. 78 l.69 
4040 5636 
192 300 

50 18 
100 60 
so 41 

1976 
3350 

3.07 
6425 
478 

•• 
so 
•• 

1979 
3310 

3.8 
8530 
450 

13 
40 
25 

1979 
3370 

7.8 
12134 
635 

•• 
25 
41 

1981 
3380 

>12 
15200 
>800 

<13 
•• 
<25 

Air bearing & magnetic element 
Bearing type 
Surace contour 
Slider material 

hydrostatic 
flat ** 
Al *" 

•• •• 
hydrodynamic •• 
cylindrical 
stainless steel ceramic •• 

ferrite 

** ** 
taper flat 
ferrite •• 
•• • • 

•• 
•• 
•• 

** •• 
•• • • 
ceramic •• 

Core material 

Slider/core bond 

Diameter (in.) 
Substr.!.le thickness (in.) 
Rpm 
Fixed/removable 
Data surfaces/spindle 

Actuator 
Access geometry 

laminated 
mu-metal 

epoxy ** 

24 
0.100 
1200 
fixed 
100 

x-y 

.. 
•• 
•• 
•• 
** 

•• 

.. 
** 

.. 
1800 
** 
** 

.. 
•• 

14 •• 
0.050 .. 
1500 2400 

.. 
glass integral • • 

0.075 ... ~ 
3600 2964 

.. 
•• 
3600 

removable pack • • 
10 20 19 

module fixed 
6 15 

• • 
•• 

R.3 
• • 
3125 
•• 
II 

linear radial •• ** •• •• rotary 

film •• 

deposited •• 

14 
•• 
2964 

12 

>0.07.5 
3620 
•• 
15 

•• 
Heads 
Positioning 

2 heads/actuator 
motor-clutch 
detent ** 

I head/surface ** 
hydraulic •• •• 

** 2 heads/surface I .his 
voice coil motor 

servo surface 
•• 

linear 
2 his 
•• 

•• 
• • 

Final position 
Actuators/spindle (max. no.) 
Avg. seek time (ms) 

Read/t,.rite electronics 
Data rate (Kbytes/s) 
Encoding 
Detection 
Clocking 

.. Same as in preceding column. 

3 •• 
600 •• 

8.8 17.S 
NRZI ** 
amp I 
2 osc 

•• .. 

•• ** 
2 
165 

I 
150 

68 69 
•• •• 
•• • • 
elk trk osc 

The evolution of the whole technology is given in the 
overview paper (3], and the progress in disk file manufac
turing and in selected innovations in materials, processes. 
and testing is discussed in the paper by Mulvany and 
Thompson f4J. The present paper traces the development 
of each part of the technologies in four key areas: 

• The development of the magnetic head and its air 
bearing support that provides the close spacing be
tween the disk surface and read/write head necessary 
for high-density magnetic recording. 

• The development of :he dbk substrate and its magnetic 
coating. 

• The mechanical design aspects of the actuator that 
positions the read/write heads over concentric tracks of 
a rotating disk. 

•The key innovations in logic and electronics required to 
read and write data reliably and accurately from a disk . 

•• 

60 

312 
2f 
peak 
vfo 

(+sector) servo surface 
I 2 •• 

30 25 •• 27 20 16 

806 885 
mfm ** 
delta •• 
** ** 

1198 l.J3 l 
** mfm 
** ** 
** ** 

18.59 3000 
2, 7 •• 
delta c') 
•• • • 

Much of this development has been ba: · · r:: - · • 
work of many individuals who have created, ·. , .. _. ~he;.; ist 
quarter of a century. a technological base th:i~ .1a:: pcrnlt
ted the improvement of almost four orders o'." rugn;tude 
in areal density shown in Table I and also c.n:. '.lnc~ments 
in performance, function, and reliability. T· ·: ::1<4ividuals 
in particular deserve mention because their i:.n.1::nce was 
so pervasive through the early days of development. 
They certainly deserve credit for motivation and for ac
tive participation in many of the innovations to be dis
cussed. They arc R. B. Johnson, who had the vision that 
such a device was needed and could be built, and 
L. D. Stevens. who provided the engineering manage
ment that realized the first successful product (5). 

Air bearing spacing and magnetic heads 
Film bearings, both self-acting and externally pressur
ized. have been in common use for over a hundred years. 

J. M. HAllKER ET AL. lllM J. RES. DEVELOr .• 'vOL. B • NO. 5. SEFrEMBER ,,., 
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Areal Density Trends 
Source: Jim Porter - Disk Trend report at IEEE Meeting 6-10-97 
Pro jectione for years 1998-2001 
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Gigabytes per Disk 
Source: Jim Porter - Disk Trend report at IEEE Meeting 6-10-97 
Projections for years 1998-2001 
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FUTURE STORAGE TECHNOLOGIES 

Magnetic Tape 

1 TByte/ln3 
. 200 kbpl 

5 ktpl 
0.125 mll tape~ 

25 MByte/sec 

500 · .. ·G Byte/QIC 
40 GByte/RDAT 

Magneto-Optic Disk. 

10 Gblt/ln2 
165 kbpl 
64 ktpl 

10 MByte/sec 

Magnetic Disk. 

10 Gbltfln2 
400 kbp~ 

. 25 ktpl 
15 MByte/sec 

150 GByte/3.5'0 drive 
1 c5 GByte/1 '0 drlvfJ 

6 GByte/2" removable dish 

. l!lST' _ 



High Performa,nce Drive - Year 2000 ---------- -e =-= -ii::lll - -

Scorpion 9GB 
-----------:--

' 
FonDFactor 
Disks/Heads 
Areal Demlty 
Linear Density 
Track Density • 
RPM 
Average Ae~ Time 
Media Daa. Rate 
Average Power 
OEM Price 
Price per MB 

M. t. Wodrw.tn 
IL. J. Nimcn 

~v. I,_ ICllf"Jl;I(, 
f':i• Pa I t/Jl/'AJ 

3 1/2", 43 n1m 
9 Disks/18 Heads 
0.85 Gbits/in 2 
140 kbits/in. 
6300 tracks/in. 
72()() 
7.5 msec. 
15 Mbytes/sec. 

1 <2() watts 
I $950 

11.¢ 

1;1 ( opyrigl11 19% IBM 

Year 2000 72GB 
I --·-·-

3 l/2", 43 1nm 
10 Disks/20 Head 
8 Gbits/in 2 
373 kbits/in. 
21400 tracks/in. 
10000 
6.0 msec. 
62 Mbytes/sec. 
>20 watts 
$95() 
1.5~ 

-~ 



PRODUCT 
BIT ASPECT RATIO TREND 

1000000 ..--------,.-----,-----,...--__,..----,.--.----.---...---. 
--------1-------- ----t-·--+---+---+-+--+--
----------~----·----._--+----J---1--+----+--

, ________ ---·-t----1-------+----t---+--+---t 

1---=.--. ·~.---~?'·~ --f----·--·- ·------t-----i----t----o----i-----f-

111 ------------t---------t----+--- - ---I--

10000 .....__ ________ _....__ ___ .__ __ -······- ···~-----<~~---'----J 

1000 . -j ·p:r 10000 



J\'lagnetic Track \\'idth Considerations: 

I 
I 
I 

! 
! ~ 

I :~~ 
-- ----------------------- -------------------------------:----------------------------+-----------------------------r----"""-"11--!--m--=.---;;:,:.----:--± -----------------------

, ! ; 

! 
j 

i 
I 

The chart above uses a "7/8's rule" to estimate the required magnetic 
corewidth for a particular TPI. It is usually somewhat more complicated to 
pick the proper ''idth, but a technique like this can be used to give one 
guidance_ 

Imp01iant: -- The physical width of the head must be selected base on the 
magnetic corewidth requirements. The physical width of the head elements 
will most certainly be different from the magnetic widths. 

Dan Malone, llST, 6/28/97 
(scurncw78.doc) 
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Disk Coercivity vs Date • 
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Increasing Rate 
- Requlrement/(1995 Base) 
• Areal Densi 
• Data Rate 
• TPI 
• KBPI 

Spacing Reduction Rate 
- (1995 Base)/Requlrement 
• Ma S acin 

Contact Recording 

Areal Density 
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Internal (media) data rate trend 

Suspended 
Head 

D t t · Linear PM Disk 
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Critical Defect Size vs TPI 
30% of •magnetic track width" 

2 Defect size In microns 
I • i 
I ' ' 
! ' ' 
I : : 
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1 ~ 

I 
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I .s r-
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0 ~~~~~~~~~~~~~~~~~~~~~~~ 
2000 4000 6000 8000 10000 12000 14000 16000 18000 20000 
Dan Malone Tracks per Inch IBM, Oct 96 
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Semiconductor Memory 
Versus Magnetic Storage 

Critical Dimensions 

' 

64K y5 Dynamic Random-Access 
" Memory Cell e256K 

~.4'ti 
, .• 16M 

"-... 64M 
e "-..... 256M 

(IBM demonstration) • "-....... . 
1 Gb/in 2 A. ~1024M 

.&........... 0.5 Gb/ln2 (Starfire 3i·lnch) 
C-----""'.. .. ... ... ... .. ... ... ... 10 Gb/ln 2 

Magnetic bit·cell ...... .._. (NSIC goal) 
Length ~ 

Publication Year 
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4.5µ.m 

64nm 

- Leads 
- Exchange 
- Hard Bias 
c::=J Adv. Bias 
- NiFe 
c::=J Spacer 
- Soft Film 
- GMR Pinned 18 nm 

Film 
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MR head geometries (an example) 

DJM; llST. 7 /24/96, ( scupolt t.drw) 



MR head geometries (an example) 

DJM. 11sr. 7/24/96, ($cupott2.drw) 

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



MR head geometries (an example) 

DJ~ UST, 7/24/96i (s(:upoft3.drw} 



Total Read Gap 

Sensor /Shield Spacing 

Read Trackwidth 

MR Layer 

Sensor Height 

Flying Height 

<1200 A. 

0 

150A 

1.0 µm 

1.5 µ-In 

0.20µm 

<1oooA. 

1.1 µm 
0 

120A 

0.5µm 

1.5 µ-in 
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MICRO 
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Capital Intensive Technology 
Gap Length Control 
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Capital Intensive Technology 
Track Width Control 
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Disk Surface Application 

Full-surface Texture 
(mechanical or sputter) 

Zone Texture 
(laser or mechanical) 

Load/Unload 
(no texture required) 

•, 
\ 

... 

Dedicated 
landing zone 

'1 

Supet"~smooth 

data zone 

Ramp or 
Lift mechanism 

Rotating Disk 
/'/ 

' 



IBM Ramp Load/Unload Dynamics 
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-- ... -.. 

IBM Advanced Technology 
---- _....... ------ - -- --- - _...._ - - ---- - -- _..,._ --.---___ ., __ 

DEtent Position 
~ .. .,._ ... 

-......... _____ ~ 

Head Separator Fin 
/~ 

................ Suspension 
Slider Loaded 

__,.,..,,. 

Tab 
S uspensionlActuator 

Position 

1. In loading, vertical slider velocity is 
seivo controlled using back--EMF of 
actuator motor . 

2. During power off, back-EMF of spindle 
motor unloads sliders before disks stop 
rotatina 
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III DATA STORAGE 

Disk texture measured by laser 
Along with inueosing areol densities, hard disks have become WllL'">tJOiidi'ig 

ly smoolher. Moreover, on~ on exlremely smooth surfoce con O(to11111l(ido1" 

the low flying heights ossocialed with today's high-performance dr rw A1Mj 

with these smooth disks, drive makers have hod lo learn lo deal wifh u nim r 
lethal issue, namely, stiction. Because the disk is so smooth, recordmg lwo<i-, 
con literally get s1u(k on the disk, and sometimes neither all the kinq 1 hrw.I". 

nor all the king's men can separate the two. A common way of µ~'":enl1ng 
stiction: lex1urize the surface of the disk, either the entire surface c 1 '>mull 
portion of i1 ("zone texturing"). The textured patterns prevent ti,L iieod" 
from s!ick.ing to the disk surfa(e. Tho! Technologies (Campbell, CA) ho' devel 
oped an instrument that con measure these textured zones in a prndur11on 
environment. "This io no! a laboratory tool," soys Thof's Jim Erhrnim1 
Besides detecting the edge of the textured zone, the loser can measure the 
height of various textured patterns, including "donut," somberero," and 
"ploleou" patterns, reporto Frkernu.m 
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Figure 4. Schematic diagrams of zigzag transitions in thin-film media. The magnetization re· 
verses direction through a transition whose width is the distance between the dotted lines. This 
width is governed by a parameter formulas. The structure within the dotted lines is governed 
by the micromagnetic properties. Figure 4a is an idealized picture of a zigzag transition where 
the sawtooth functionality is periodic. Figure 4b is a more realistic representation showing a 
more random structure .. 
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become the limiting factor to transition lengths and overshadow simple M/JiH, 
arguments, but data to date suggests that the simple macromagnetic approach to 
transition lengths still applies {Middleton and Miles, 1990). The existence of 
clusters, is the cause of noise in the transition regions. Magnetization cannot vary 
smoothly, but rather in discrete units. 

4.3.2 Thin-film disk noise vs. recording density 

In 1982, it was discovered that thin-film disks showed a noise vs. recorded 
frequency behavior very different from particulate disks reflecting the cluster 
model in the transition {Tanaka et al., 1982). Noise in CoNiP plated thin-film 
disks minimized in the de saturation condition and increased with recording 
density. Gamma iron oxide particulate films had an opposite functionality where 
the noise is greater in the de state. The now accepted interpretation is that noise 
in a contiguous plated film is found in the magnetic transitions, while noise in 
gamma iron oxide particulate media appears uniformly along the recording track. 

Later recording experiments extended this work to other alloys and gave 
deeper insights into the noise vs recording density curves and the implied noise 
mechanisms (Baugh et al., 1983). Noise power in thin film alloys of CoNi, Co, 
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fipre 5. Lorentz micrograph of zigzag walls in recorded transitions on a thin-film disk. The 
sawtooth walls arc not regular-the amplitude and pitch of the walls vary (TMg ct al., 1984) 

C> 1984-IEEE. 

and CoRe were investigated to densities of 1500 fc/mm as shown in Fig. 8. As 
Tanaka et al. observed, the noise increased with recording density in a manner 
exactly opposite·to particulate media and sputtered gamma iron oxide. The noise 
in the thin film media goes up linearly and then increases in slope in a supralinear 
region prior to reaching a maximum noise level. The noise behavior in the linear 
region is interpreted as simply the contributions of the extra transitions as the 
density is increased. The supralinear region ind.icates that the transitions become 
intrinsically noisier when they arc close together. At very high densities when the 
transitions overlap, the noise power <fr:reascs. An important addition of this 
~ork is the suggestion that peak jitter can be predicted by signal to noise analysis, 
but only by using the maximum noise in the transition density cur\'c. 
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flgure 3. TEM micrographs of four different magnetic films. The fundamental structure is 
based on grains whose size can range from 100..SOO A. lntergranular spacing varies with dif· 
fercnt film deposition processes. Figures Ja and Jb show some evidence of gr:Un separation. 
Figure I 7b shows an extreme case of grain segregation through physical voiding. 
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The realization of a granular structure in thin-film disks has led theoreti
cians to base their efforts on the model Qf 'itrongly interacting hep single crystal 
grains, each having a uniaxial magnctocrystallinc anisotropy. The grains interact 
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Figure 14. Microstructure zone diagram for metal films deposited by magnetron sputtering. 
Tis the substrate temperature and T,. is the coating material melting point (Thornton, 1986). 

5.1.J.J Pressure and Temperature 

35 

Pressure and temperature are two of the important variables used to 
produce voided grain structures in low noise thin-film media (Yogi et al., 1990; 
Yogi et al., 1990b). Figure 15 shows the grain structures at low and high tem
peratures and low and high pressures fer CoPtCr/Cr films. The low mobility 
Zone 1 type disks made at high pressure'-~nd room temperature reveal the greater 
amount of voiding. These disks were quieter and exhibited lower S* values indi
cating a reduced amount of exchange coupling. Pressures of 24 mTorr were used 
to obtain the best results. Similarly, Ar pressures up to 25 mTorr at ambient 
sputtering temperatures produced the best noise disks in a CoNiCr/Cr system 
(Ranjan et al., 1990). Sputtered CoNi films on Cr at pressures from 5 to 25 
mTorr and temperatures up to 200 °C showed reduced noise (Koga et al., 1989). 
Low noise results were interpreted in the vein of the low mobility argument, i.e. 
low kinetic energy conditions lead to films with irregularities on the nm scale. 

Many others have observed noise-pressure effects. Chen presented some 
older work on CoRe revealing marked grain isolation at pressures of 50 and 75 
mTorr (Chen and Yamashita, 1988). Noise reduction was observed for a CoCrTa 
alloy when the sputtering pressure was increased from 0.2 to IO mTorr 
(Kawanabe et al., 1990). Prior work by this author, although not providing any 
noise results, demonstrated that columnar structure appears when sputtering at 
the higher 10 mTorr pressure. The low mobility of arriving adatoms is invoked 
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recognized way to represent medium noise in a useful way. If Eq. 9 is used to 
compute transition jitter, the noise voltage used must be the maximum noise; 
moreover, it should be referred to the output of the differentiator for peak detection 
channels (i.e., the noise spectrum at the head terminals should be differentiated). 

The realization that noise is concentrated at the transition locations explains 
the linear portion of the curve in Figure 2. It assumes that the average noise power 
per transition is a constant, independent of recording density. However, in nearly 
all types of thin film media it -
is observed that the noise 1.0 .----.--...--.----.--....--.----.--...-----.--....... 

(•) 
power increases faster than 
linearly as the density 
continues to increase, , > 
peaking at some higher .S. 
density. Details of the i 
explanation for this effect will i 0.5 

Maximum 
/ Tntn•ltion Nol4• 

I 

E be found in the next section; ...: ~~~~~~~~~"""",.......-~,.....w-....... ..-:j 
for now, suffice it to say that a i 
comprehensive understanding 
of medium noise requires an 
understanding of this effect. 

Et.etronlet 
Beck ground 

0 o.___,_ __ _._ __ ....____.....__,~o---'---..___. __ _.____,~ 

Fr•qu.ney (MHz) Consider now a closer 
look into the character of this 
transition noise. Figure 3a 
shows how the observed 
spectra look on a spectrum 
analyzer for maximum 
transition noise and for dc
erased noise3 on a single disk 
with a thin film head and 
Figure 3b shows the observed 
spectra for a low noise and a 
high noise disk as measured 
with a ferrite head (the 
results are the same for a thin 

Figure 3a: Measured noise spectra for maximum t.Tansition 
noise and de-saturated noise on one disk. 

film head, with some 
differences in detailed 
spectral shapes attributable 
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Figure 3b: Measured noise spectra for maximum transition 
noise from a high noise and a low noise disk. 

3 The terms "de-erased" and "de-saturated" are used interchangeably to mean a track which bas been prepared by 
applying, for one complete revolution of the disk, a constant, unidirectional bead field sufficiently large to saturate 
the medium and erase any pre-existing transitions . 
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3.J-1nstruments 

3.1.1 Spectrum analyzers 

For the purpose of studying noise in recording systems the spectrum analyzer 
is clearly the primary instrument of choice. It measures the frequency content of the 
noise voltage and thereby provides a tool useful for gaining insight into the causes of 
the various noise processes, as well as for predicting some of the channel effects of 
medium noise. Figure 1 shows typical noise voltage spectra measured on one disk at 
two different recording densities, 3.75 and 15 MHz. The lowest curve shown (c) is 
the noise spectrum of the head and electronics alone, measured with the disk 
stopped so there is no contribution from the recording medium. 

10-4'--~~~'--~~~'--~~--''--~~--' 
0 10 20 

f (MHz) 

Figure 1: Noise voltage spectra measured on one disk using a thin film hea 
at two different recording frequencies. (a) Recorded at 15 MH 
(60 kfci); (b) Recorded at 3.75 MHz (15 kfci); (c) Background 
noise of head+ electronics, measured with disk stopped. 

Much of the spectrum analyzer's usefulness is because the reciprocity 
relation in magnetic recording between the magnetization pattern on the disk and 
the magnetic field of the sensing head is a correlation integral as seen in Eq. 2 
(Bracewell, 1978, pp. 25 and 46).1 As such it is equally well represented in either the 

1 Most discussions of the reciprocity relation assume that the integral is a convolution integral. Strictly speaking, 
however, as Bracewell makes clear, an equation of this sort is a cross-correlation integral because of where the 
minus sign falls in the argument of the magnetization tenn in the integrand. If the reciprocity equation w!e a 
convolution integral its integrand would have the form: {h(x)m(vt-x)}. However, when calculating IV(l)I , or 
power, there is in practice no dilTerence since all quantities in the argument are real functions. 
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Speliotis argues that a film can be decoupled having low noise but still have high 
s• values from a narrow distribution of anisotropy fields (H,,.). This mechanism 
would explain his results of similar noise values on films with s• values ranging 
from 0.70 to 0.93. Khan observed noise to be substantially different between a CoNi 
and a CoCrTa alloy, even though they both have similar s• values. The presence 
of perpendicular anisotropy in the film may be relevant (Sec. 4.3.4.3). 

Thin-film media require a mixture of S* criteria. One wants a reasonably 
high value of S* for signal output, writability, and narrow transitions (Yogi et 
al., I990b; Speliotis, 1990c; Williams and Comstock, 1971). On the other hand 
low noise media require uncoupled grains, which is often manifested by a low s• 
parameter. The best medium would be one with very high s•, but uncoupled 
grains for low noise (Speliotis, l 990c). The s• parameter would fail to identify 
such a recording medium. Thus, there has been a search for other measurement 



Fig. 4. Transmission electron micro graph of disk with OR = 
4.26. Note that the grains ere well packed. 

Figure 5 shows the overwrite dependence on the write cur
rent for disks with various ORs. The overwrite Is seen to 
Improve by about 10 dB for disks with OR > 1. This result 
Is in contrast with the ·observation of Simpson et.al., who 
repor1ed that OR > 1 worsened the overwrite performance 
of the disk (1]. The reason for the better overwrite proper
ties of the disks with OR > 1 is not clear at this point. It may 
be the result of a lower closing field, observed In the 
hysteresis loops of these fllms. An alternative explanation, 
which should be investigated further, Is that there may be 
a less side wdtlng on disks with OR > 1. 
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Fig. 5. Overwrite vs write current for disks with various orien
tation ratio (OR). 

Conclusions 
The effect of OR on recording characteristics of thin film 
disks was investigated. An OR > 1, for the films with strong 
lntergranular exchange coupling, does not have any effect 
on So/N of the disk, but it Improves the overwrite perform
ance of the disk. 
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nels at the grain boundaries. Thus. both films had strong, 
magnetically coupled grains which probably dominated the 
noise power through an intergranular exchange coupling in 
such a way that the effect of OR > 1 was totally masked. 
Our. observation is somewhat ditterent from theoretical 
modeling of Zhu and Ber1ram [8]. in that the noise power 
did not exhibit any appreciable change when OR increased 
from 1 to 4.26. 
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NOISE REDUCTION BY LAMINATION 

• Experimentally, it is found that very thin films exhibit 
enhanced S/N; attributed to favorable grain structure. 
However, low M,t red~ces signal amplitude . 
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• A natural extension is to "stack" thin layers to form a 
laminated structure to regain Mrt and reduce noise: 

(Howard, Sanders, Lambert and Ahlert, to be submitted lo lnlermag '90) 
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Media For MR Application 
(Supplcmeut) 

• MR heads are flux sensitive devices, therefore more susceptible to noise. 

• Requires lower film ~hickness (M,t), :. more difficult to control 
properties. On the good side, easier to get higher coercivities. 

• MR device is sensitive to electrostatic discharges, :. grounding of 
equipment and operators is important. 

• Hard 'asperities' on the media can cause spikes in the output due to rapid 
thermal changes. This can be corrected with feedback amplifiers. 

• Multilayered media:- equipment limited, also should be optimize for the 
No. oflayers. 

• Reduced track width and bit length place a constraint on the allowable 
size of surface imperfection. :. reduce debris, handling etc. 

• MR media more appropriate on alternative substrates (glass, 'canasite') 
' since they offer lower "glide height". However magnetic properties are 

not as good as Al/NiP due to Cr growth and heating differentials. 
One solution is to pre-coat the substrates. 

\'2,1 



Media for MR Heads 

For :MR heads media noise is of prime importance, owing to over 10 fold 
amplification. 

"What used to be appropriate for the 80s" 
may no longer apply for 90s:-

SIN va. Denll)'· 
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• Transition noise. This is the dominant nois.e~~ource for thin film media. 

D Coercivity Squareness, S*. 
The role ofmacromagnetic properties, such as 'S*', have to be 
reassessed. 

ju 
J 
: 
f o.• 
• 
l 

10.4 • * 
z .. 

• 
• • 

' ~ ., 
• • ii<* 

i* I•\ ••• ..... • ' 
.,.. . ......... . - •* .... ""' .... . . . , ... . ... . . 

S• •"' 

Reverse erase noise vs S • for a variety of thin
film media.(R. M. White) 
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Defect Reduction 

Increased area density results in narrower tracks and closer 
bits; critical defect sizes are reduced proportionately. 

Potential defect sources include substrate s.cratches, 
processing scratches, debris shadows, blisters or 
delaminations, sputter shadows and handling damage 

Critical defect size is declining rapidly at 60% areal density 
growth rate. 

Environment, equipment, process and materials are issues. 

Handling and cleanliness are extremely critical 
- Cleanrooms 
- Gloves, clothing 
- manual versus automatic handling 

Dan Malone, IIST, 7/24/96, (scudeftl.doc) 



SNR and bit cell size 

SNR vs tpi (W= track width) 

Soc W, N2 oc W therefore 

SNRv oc .JW oc 1/ .Jtpi 

? 

Dan Malone, IIST, Lake Arrowhead, October 19% 
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The bandwidth, B, is the bandwidth through which the measurement is made and is 
gener~lly wider than the 3 dB bandwidth normally used to characterize actual filters. 
Johnson noise has a gaussian amplitude distrio~tion. This is illustrated in Figure 
l(a). In the frequency domain Johnson noise is white (Figure l(b)). These 
properties allow for a convenient mea~urement. and description of Johnson noise . 

• e •• • •••• •I •••• I I I ti I •I I I I I It I I I It It It I •I I •It t •It ••I• I I It t It I 1 t t 1 t It 

<D 

(a) ~ 
a 
.? 

... ';ii" . 

Time Distribution 

" . 

(b) 

Frequency 

Figure 1. Random (Johnson) Noise: (a) Time domain, (b) Frequency domain. 
~t 

Noise from thin film media differs in important ways from that of particulate 
media. One difference has to do with stationarity. :· Suppose a function, N(t}, 
describes a noise voltage with respect to time. If either the mean or any higher order 
moment of N(t) is time (or space) dependent, then the noise is non-stationary 
(Bendat and Piersol, 1980). For media noise the second moment, the variance, given 
by: 

T 

"12 (t) - limr-• ~fN2 (t);dt 
0 

(2) 
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The Essential Problems of 
Magnetic Recording 

1. Reliably Achieving the Ever-Decreasing 
Head to Disk Spacin2. 

2. Improving Error Rate with an 
Ever-Decreasing Magnetic Signal. 

3. Positioning the Head with Ever-Decreasing 
Speed and Precision. 

Track Density Short Course, 5/22/98, HST, Dan Malone (scunois2.doc) 

1 



Signals, Distortion, Interference and Noise 

- SIGNAL (desired waveform that we want to read) 
e.g. ideal PR4 waveform or peak-detect signal 

2 

- DISTORTION (average difference between what we get and 
what we want) 

- Linear: intersymbol interference, linear peak-shift 
- Nonlinear: Asymmetry, NL TS, Partial erasure 

- Interference (unwanted signals or other garbage) 
- adjacent track or old information 
- poorly overwritten old data 
- electromagnetic interference (EMI) 

- Noise (unpredictable random perturbations) 
- thermal (Johnson) noise from head and preamp (AE) 
- domain instability (Barkhausen) in ind. and 1\11R heads 
- media noise (transition-noise and de-erase noise) 

Track Density Short Course, 5/22/98, HST, Dan Malone (scunois2.doc) 



The Principal Noise Sources 

o Media Noise 

o Electronics Noise 

o Off-track and adjacent track noise 

o Electromagnetic interference 

In well engineered systems, none of these is 
negligible 

Track Density Short Course, 5/22/98, IIST, Dan Malone (scunois2.doc) 

3 



Electronics Noise 

o Johnson Noise (from the real part of the head 
impedance as seen at the amplifier input) 

o Plus the equivalent noise resistance of the read 
head preamplier 

o Tends to be a voltage proportional to 
(bandwidth) 0·5 

Track Density Short Course, 5/22/98, UST, Dan Malone (scunois2.doc) 

4 



Media Noise 

- The only fundamental Noise 

- Related to the granular nature of 
f erromagnetism 

- For independent particles: 

5 

media SIN ~ N the number of particles 
in a bit cell 

- With particle interactions: 

exchange coupling increases noise at 
the transition, decreases noise in 
saturated areas 

magnetostatic coupling decreases noise 

The fundamental limit on media noise is 
particle size. 

Track Density Short Course, 5/22/98, IIST, Dan Malone (scunois2.doc) 



Johnson Noise of 
MR Heads 

0.9 
I = 10 mA 

j = 1.3 x 1011 A/m 2 
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.. --------
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Johnson Noise of 
MR Heads 

llJ = J 4 k T (R + RLeads ) 

R = ~o ( 1 + <X ~ T) 

12R = 2Kwh L1T 
g 

T 
g_,... h 

i 
k = 1.38 x 10·23 Joules/K 
T = 296 K 

, Po= 25 x 10-8 Ohms· m 

a = 0.003 K- 1 

K = 0.75 Watts/m·K 

' ' 

R Leads = 5 Ohms 
t = soo A 
g = 0.2 µm 

h = 2.5 µm 
w = 4 µm 

At T=296 K and with 10 ma 

R = 19.1 Ohms 

F/J'jj'a HEWLETT a.:r-a PACKARD 
24 

L'.lT = 19 K 

Simmons 
liist93/Jnnommd 1.isd 
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Media Noise with 
MR Heads 

If sensitivity to Signal Flux is improved 
then sensitivity to Media Noise is also. 

Head + 13 n Reading I 20 MHz Signal 

Head + 13 Q 
DC Erased Media 

2 
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Preamp w I 20 n 
Shorted Preamp 
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Side Writing 
Side.Reading 
Erase Bands 



(a) TOP VIEW 
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(b) ABS VIEW 

Before and after 
pole trimming 

. . (1) Pole-tip Ahoulder crutcd durir.g pole trimming. (b) Pole-tip 
geometrics before and after trimming viewed from the LU' burina ~urfaQ:. 
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Offtrack Characteristics of Shielded Magnetoresistive Head 

Tetsuhiro Suzuki, Yoshihiro Motomura and Katsumichi Tagami 
Functional Devices Res. Labs., J\'EC Corp., Kawasaki 216, Japan 
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Fig.2 Offtrack characteristics for shielded 1'JR head. 

IEEE TRAf/SACTIONS ON MAGNETICS, VOL. 27, NO. 6, NOVEMDER 1991 
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SPATIAL DISTRIBUTION OF OVERWRITE INTERFERENCE 
ON FILM DISKS 
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MAGNETORESISTIVE HEADS· 

.. 
* PHYSICAL STRUCTURE 

- Thin layer of-NiFe between two large shields 
- Separate write element - usually wider 
- Resistance changes with angle of magnetization 

' 

* BIASING, IMPEDANCE, SENSITIVITY 
- needs magnetization biased to correct angle - & stabilized 
- needs bias current flowing to sense resistance change 
- almost purely resistive impedance, 10 - 100 ohms 
- much more sensitive than inductive head 

(especially at low velocity - senses fields directly) 

* NONLINEAR DISTORTION 
- MR transfer function saturated a ends of range 
- incorrect bias angle leads to pulse amplitude asymmetry 

* SIDEREADING: MR VS. INDUCTIVE 
- Inductive heads have extended response at long wavelengths 
- MR heads have wavelength-independent response or "skirt" 

* DOMAIN-WALL INSTABILITIES 
- Inductive heads show "popcorn" noise after writing 
- MR heads can end up in quasistable states after writing 



THIN-FILM MEDIA 

* PHYSICAL STRUCTURE 
- Thin, very-uniform, high-moment cobalt alloy 

' 

* TRANSITION-SHIFT DISTORTION 
- Transitions displaced from correct positions as 

they are being written 
- Caused by demag. fields from previous transitions 

or by poor field risetimes in the head 

* OVERWRITE 
- Associated with shifts in positions of new transitions 

caused by demag. fields from old data 

* TRANSITION NOISE 
- Noise in thin-film media is localized around transitions 
- Noise is very low in fully magnetized regions 

* EDGE EFFECTS, SIDEWRITING 
- Writing off the side of the head is like writing at 

a large flying height 
- Poor resolution, large phase-shifts & transition-shifts 
- High noise, poor overwrite 
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.. (1986) was the first to report on observations of this type of noise. Using a 
technique of digitizing and averaging the readback signal and subtracting signals to· 
simulate different widths of readback heads, he found that the recording process 
induced a narrow band of noisy magnetization along the track edges. (Figure 11) 
He also found that the width of this band of noise seemed to be independent of 
track width. As a result, 
although it constitutes a small 
fraction of the noise 
contribution for wide tracks 
( > 10 µ m), as track widths are 
reduced this noise would 
contribute an increasing 
portion of the total' medium 
noise and eventually (at, 
perhaps, 1-2 µm head widths) 
most medium noise would 
come from the track edges; 
further track width reduction 
would not reduce medium 
noise any more. 

The character of track 
edge noise is significantly 
different from transition noise. 
Work by Muller, et al. (1990) 
and Indeck, et al. (1991b) has 
shown that track edge noise 
arises not from magnetization 
fluctuations caused by a head
on wall, like a transition, but 
from a different process. 
Assuming that a recording 
disk's surface has been 
prepared by de-erasing the 
entire surface in one direction, 
as is typically done during 
drive manufacture, along the 
track edge the magnetization 
on- and off-track will be either 
parallel or anti-parallel for 
alternating bits. Even if the 
disk has been left in its virgin 
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Figure 11: Plot (a) shows the rms noise voltage vs. position 
as a 12.5 µ m wide read is scanned acrO!iS a 28 µ m 
wide track. The noise is measured with a 
spectrum analyzer. For comparison, a plot of 
signal vs. position is also shown. Plot (b) show5 
the edge noise component obtained from the 
total by subtracting the de erased and transition 
noise. (Amplitudes are arbitrary.) (Yarmchuk, 
1986) 



Erase Bands - who needs them ? 

- Erase bands exist at the edges of all written tracks. 

- Servo system would pref er no erase band. 

- Data handling systems work best with an optimum erase 
band. 

- Erase bands are determined by the magnetic and physical 
parameters of the heads, disks and recording channel 
electronics. 

- Magnetic Fly Height 
- Write head geometry's (gap, pole thickness, 

throat height, shape, edge sharpness) 
- Disk coercivity, orientation, squareness, ... 
- Write current and write current risetime. 
- slider skew 

Dan Malone, IIST, 5/22/98, (scuerasl.doc) 
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Erase Band and Transition Charge - i\lodel and i\I FM 
:VI. I\ \l:1d1srn1. T C Amnldusscn. T Y Cha!!),'.. R. \\' \\ond. ;ll!d F D. Scolt 11 

IBM Corp. SSD. San Jnse. Ca <J'\ 1'>3 

. .\hstr~rt - The thret•-dimcnsional ma).!nl'fit' ,·ector field for a 

magnt•tic n•rnrdin:.: hl·ad with unequal poh• widlh is ust•d as an 
input ro a two dinH•nsional c\lcnsion of tht· \Yilliams Comstork 

model lo cakulale transition char:.:e, erase band widlhs, and to 

simulate magnetic force microsrnpe images. Modeling results 
are compared to i\'IF!\'I images. 

I. INTRODUCTION 

The current trend toward higher areal density in magnetic 
n:cording lllltkrlines tile need fnr accurate modeling nl" !lJc 
.. side-er:ised bands .. and the shape of the transition charge at 

the track edge. The "side-.:rascd bands .. function as guard 
bands between adjacent tracks ll1e shape of the transition 
charge affects the pu be shape versus track offset. 
specifically the linearity of the Positit1n Error Signal ( PES l 
\ crsus track o tr~cl. 

The \1agne11c Force M icroscopc ( M FM) is gaining 
acceptance as the industry tool for examining the shape of 
the writlen transitions. The MFM measures the vertical 
component ofrhe magnetic field (fl,. l or its vertical 

deri\·arive dH 1. 'd\' from the 111edia charge density A 

1110-dimcnsional cxlens1011 of the Williams-Comstock 
model (I J is used to calculate the charge density. which 
leads to the calculation or HI or dH ,. I dr' ll1e charge 

density calculation and the measured MFM image 
comple111enr each other to validate our understanding of the 
write process We will trace this process to increase our 
understanding of the erase band and the charge density 
shapes. We ha\c combined a three-dimensional mag:nctic 
vector tield from a finite Element Field ( FEf) calculatil'n 

rigur(' t PliJI of 1,.'1.JllSl;Ull lit:ld magnirudi:s ( 2 f)) .. :onhlllf:j a.11d rn-pla.Jh.:.' \'Cl'hJf 

ftdd 

nfthe wn1111:; lie;1d \\'Ith 1111eq11;il pole widths. w1rh a twn 
di111<:11Stllll \\.'11!1a111s-Co111stoL'K model 1,1 calculalc tile 
tra11s1r1011 char:;e slwpe. and the erase h;111ds We ha\'e 
simulated tlic :VI Fivl images <llld compare these with the 
measured .MrM images. This results in a simple picture of 
the erase hand. 

If WRITE MOD!::L 

Ir \\'C ;JSSllllll' we Ii ave ;1 sharply \\'f'ltlCll transit 1011 \\ itli 
charge p =<iv• .1/1( .r') ;i disr;111ce "a .. belnw a smfocc . 

where o is the media thick11css. -11 1 is a sharply writ1c11 

transtti;rn. \is along the track direction. z is perpendicui:ll· to 
lhc tr;ick direct inti. and y is perpendicular to the m:ignet ic 
tiim smfoce Then the venic;il cnmponent of the 11tield1s. 

i5 
~~·· l' 1._' \" ' )·'.:: :1 =- .+ 7i ' 

OJ OJ 

J ;:.{-._-' J d.;: 1 v •. }i;.f"l 1:_~( .•. -----~'-' ---"'-' ----~ ( 1) 

- C•J - C•J 

JrtiiL' c/J:1r~C is ;1 l111c SC~nlClll nr\\'1dt/i W. afnng the Z 

d1recrin11. \\'t' c;111 easily dn the 11itegr;lfio11. resulting in: 

-··- •7.')- 6'i7•'.{' >( ,'-;I) X, )- , - ,-.7. - 4 71' v .!b I 

_, 

,, 

rv+z + ~V-z ](·; 1 
I ~ + '"'."' 2 + ( \,' - r, ~.I.:: I ) ' r '.;. . -1 ·\)x __ ,,., \..<:-... ..,~1 x ... +z-+1.~.,.i·-a.) ,.. 

The ch;1q;e de1i,;1ty t1111es the film th1ck11ess 1s exactly eq11<il 
In twice the vertical crnnponcnt or1hc H field. SO WC USC 

eqm1tio11 2 to c:ilrnlare the charge density in the medium. 

The Williams-Comstock model assumes the transition 
cn11tot1~ i: 1.vrit!rn where the trailing head tield is equal to 
the remnant coerc1,·1ty of the m<:!dium. The Williams
Cnmstnck model JSSl11ncs the competition between the licld 
gradient of the head and the demagnetization effects of the 
transit inn result;; in :in arc tangent transition perpendicular to 
the transition contour. At each point on the transition 
contour. magnetization is characterized by a local "a" 
parameter. where the magnetization is: 

M(x) = 2 Mr arctar,( ~ J 
'!! '\a..1 
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The divergence or M is: 

d.l'I! 2111 r a 

dx = --;;-(a2 + .:? ) 
This is the same charge distribution whidi results from 
Equ:it1on ( 2) for an intinitely lt)ng charge. Therefr)re. we 
!.':an think or the Vv'tlliams-Cnmsto!.':k model as resulting from 
a sharp charge a distance ··a·· below the magnetic surface. 
This is the fundamental concept in Rekrence [I). 

The write model is based on Reference [I J. with several 
;omputational modifications. We assume we can break the 
written charges in:o two components: The first is the charge 
density written on the coercivity contour during the head 
iield reversal ( the transition charge}. the second is due to 
the magnetization rotation left in the media as the head 
moves away from the transition. Figure I shows the field 
direction and constant field magnitude contours. Notice the 
tield direction is largely perpendicular to the contour righ1 or 
the .. cusp·· in the field magnitude contour. and left of the 
··cusp·· the lidd direction has large components along the 
constant tield contour. At the transition the charges 

perpendi~ular to the field magnitude contour result in what 
we call the transition charge. After the head reverses 
direction. writing the charge transition. the head fields are 
dragged along until the next transition is written The 
dragging head tiel<ls leave the in-plane magnetization 
p11111tint: in the direction of the head field between the 
transitions. A magnetic charge results from the rotation of 
the magnetization in the direction perpendicular to the head 
motion. In these calculations a vector head tield from a FF.F 
calcu!at ion is used instead or the Lindholm tield model or 
Rd'ert:nce [I]. Instead of tht: convolution integral in 
Rdert:ncc f I] Equation (.2) is used to cakulate the charge 
densities and the vertical magnetic tie Ids they produce . 
. , .. 1rst. we present the calculation or the transition charge. 

he FFT calculation of the writing head field is used to 
cakulate both the loca1ion in the media where the rna):!nitude 

Fii;ur~ .1 l,;olare<f Trans111on MFM <Jn DC ~rased hac·kground Moo~! 

Ct'tH1,ttr tl\"l..'.'rlaul i'tn trans11i1)ns 

or the in-plnne trailing head field is equal to the re!ll<lllt'!ll -
coercivity. and the direction of the head tield along this 
contour. In the head tn\)del the PI pole is much wider tlrnn 
tht: P 2 pnle The head model is used to calcul:1te the 
mat:nit udc and )!fadient nr the head lie Id pcrpendicu!nr to 
the cnerci\ ity contour. The tield gradient is then used tn 
caktdal\' a k1c;1l \\·'illia111s-Coms1nck ··a" parameter. !'he 
\\' 1llia11is-Co111s1ock ··a·· parameter is calcul:ited using. the 
a;.:tual lidd g:r;id1rnt. r:ither that the lindhnlm !kid used in 
the nng.111:11 paper. The loc1l l·n111pnnent of the head tie Id 
perpc11d1L'tilar tn the cnnstnnt cnercivity contour is cnmhined 
with th<' IPc;tl "a·· par:11ncter tn cakulate the transition 
charge <k!1s11y Ct1111pu1a1inn ol'thc transition diargc density 
is accelerated hy breaking the transition into an equivalent 
SL'! nr line Se)!tllC:lllS plact:d a focal distaJKt: ··a" hc!OW the 
surface. as in Equation { 2l. The charge on the line segment 
is twice 1he magnetization times the cosine of the head field 
angle with respect ro the perpendicular to the contour. For 
each l111e se):!ment this model has two independent 
components. local "a··. and the mag11e1ization divergence 



Fisure ~ Three Tracks with cenrc:r track overlaid. 

components. local "a". and the magnetization divergence. 
The components in Equation (2) arc rotated for each line' 
segment of charge. In addition to the charge distribution we 
get the Hy field from the media. dHy/dy c;n be easily 
calculated by differentiating Equation (2) with respect toy 
and summing over line segments of the constant cocrcivity 
contours. The rotation charge is calculated in a similar 
method to the transition charge. The head field i.rradicnt 
perpendicular to the head motion is used to calculate a 
Williams-Comstock "a". The rotation charge lell in the 
media is dH,, I cl:. For media magnetization M, . and the 

head field perpendicular to the direction of motion . H., the 

divergence in Equation (2) is set equal to • 

Mr• (dH,, Id:) I H,,. TI1e integral in Equation (I) can 

then be approximated by a sum of dx•Equation (2) where 
the line charges are in the direction of motion. 

MFM's are set' to measure either Hy or dHy/dy. dHy/dy is 
easily calculated by taking the derivative of Equation (2) and 
then setting y to the tip height above the surface. The charge 
density of the media is calculated by setting y = 0. 

Figure 2 shows the local "a" parameter and the constant 
coercivity contour. Notice to the left of the cusp the "a" 
increases. This is the result of the low head field gradient 
perpendic1ular to the contour. A large "a "results in a diffuse 
effective charge. and a low charge density. and hence the 
erase band. l11e large "a" is a result of the head fields 
having large components along the coercivity contours. A 
second contributor to the erase band is the magnetization 
rotation to the outside of the cusp of the transition region. 
Figure 3 shows an isolated track MFM measurement with 
the constant field magnitude contour equal to the medium 
coercivity. Figure 4 shows the simulation of the MFM by 
plo1ting th!! dHy/dy tidds and assuming the tip is 30 nm 
above the surface. TI1e image simulation is not convolved 
with a tip transfi:r function. Figure 5 shows the MFM scan 
of the high density triple track pattem and the erase band 
overlaid with the constant coercivity contour. Notice that 
the contour is consistent with the observed erase band in the 
media. TI1e licld contour accurarely prl!dicts the charge 

density contour and the erase band. Figure 6 is the 
simulation of the triple track measurement. Figure 7 shows 
the direction of the magnetization. the constant coercivity. 
and lines delineating the "erase band" and the ·•transition -
charge". In this model the erase band results from the same 
constant field magnitude contour. however. as the 
simulation shows. since the effective '"a" parameter is larl!e 
and the magnitude of the local gradient of M is small ( a ~ 
result of the field lines not being perpendicular to the 
transition). the resulting charge in the erase band region is 
small. In addition. if the head is skewed. the erase band on 
one side increases while the other side it decreases. 
consistent with the measurements in Reference [2]. The 
asymmetry in the charge density resulting from skewing the 
head is discussed in Reference [3]. 
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MFM - Experiment and Simulation Low Density I 
L__~~~~~~---==~~~~~~~~~~~~~~~~~~--~~-__J 

Isolated Transition MFM on DC Erased 
Background. Model contour overlaid on 

transitions. 

Simulated Isolated Transition MFM. 



MFM - Experiment and Simulation Triple Track. 

Three Tracks with center track overlaid. Model Simulation of MFM high density Triple 
transition contour over laid on transitions. Track. 
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II) Reduce head pole asymmetry. 
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Sidetrack \\idth vs flying height for symmetrical and as:-mmetrica! heads. 
(Ching Tsang) 

Note that reducing head-disk spacing does not have much effect. 
However, reducing pole-tip asymmetry reduces side-track width 

considerably. 
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DOWNTRACK POSITION(X µm) 

a) Non-Ideal case (unequal Pl and P2) 
The contours are highly asymmetrical about 
the gap center & extend further into side track 
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Conclusions: 

f 

1. Erase bands results from the large effective "a" parameter, 
a result of the field lines not being perpendicular to the 
transition. 

2. MFM's are effective in evaluating Model. 

3. Contours show why head skewing results in asymmetrical 
erase bands. 



4 .. 

Side Writing in Isotropic Longitudinal Thin Film Media 

Magnetization Pattern Magnetic Pole Density 

Q.M 

O No edge transitions in side-written band 

O Side-written band behaves like an erase band 

O Edge erase band suppresses intertrack 
interference. 



... .. 

Side Writing in Well Oriented Longitudinal Thin Film Media 

Magnetization Pattern Magnetic Pole Density 

o Edge transitions in side-written band 

o Edge transitions introduce phase shift 

O Edge transitions enhances intertrack 
interference. 
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IV) Off-track Performance 

This is characterized by the distance the head can move offtrack before 
some specified unacceptable error rate is reached. 

• It is affected by read-to-write head alignment. 

1 Center Line 
I of P2 

W~-17d??'o/~ Leading Pole (Pl) 
I 

-tool i...seM Physical Offset 

(b) 

I I 

Wij# s s 1 \,,,, s; s e-?<??>~ ~e~d 
I I 

Inductive 

t..,._ Track 
Phys1ca1-' 1 Center 
Center ' 

-z t 0 +z 

Magnetic 
Center 

• Note that some well-controlled, intentional readJ'Nrite offset which 
compensates for 'magnetic center' shift may be necessary, as is 
indicated above. However, too much misaliiJlment can be detrimental. 

• :Excessive misalignment can lead to: 

a) additional mechanism for track mjsreg.istration (TMR). 

b) reduced signal amplitude (due to anisotropic flux propagation 
along the directions perpendicular to bias magnetization in ?v1R 
stripe). 

1 I 

/05 



•Second hannonic suppression is. also strongly a function of head 
position: 

- 50 
CD ,, -c 40 .2 • ., 
G> 
Q 30 
Q. 
:i 

Cl) 

u c 20 
0 
E 10 ... • l: ,, 

0 c 
Cl.I 

-10 -5 0 5 10 
Head Position (um) 

Second harmonic supprcs:sion of a-4 µm DSMR rea.d/4.S µm writ.e 
head 'IW'i1h n:spc.c::l 10 aoss-vx.lc position. Linear density-JO kfci. 

• Keep the flux into the stripe low to avoid saturation. 

a) Keep Mrt low, and 

b) keep gap thickness low. This is limited by sensor-to-shield shorts. 
v 

These also improve resolution. 

• Keep sensor stripe thickness high, therefore, need more flux to saturate 
the stripe (this may reduce amplitude and resolution). 

\QZ,._ 
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OFF'TRACK bISTANCE(µm) 

Track profiles of normal vs ion-milled gigabit write heads. 

Reducing the upper pole tip to lower pole tip difference to 0.5µm 
significantly affects the signal profile {broadening)below -20dB.(C. Tsang) 

b) Read-head resolution: 

• For a shielded :MR head the track resolution (cibility to resolve closely packed 
tracks) is limited by the side reading behavior of the senso.r.(flux from the 
neighboring tracks is guided from the tail of the sensor to the center). 
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OFFTRACK POSmON(µ.m) 

MR head microtrack profiles for different head-disk clearances. 

Evidently, the width of track profile is not much affected by tlying 
height. It is better to use short MR sensors=> may run into domain noise 
problems. Alternatively reduce permeabilif1 of the tail regions(P.E.B). 
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The signal amplitudes across a track for the one- and three-gigabit-per square-inch heads indicate how 
narrow the track profiles are for these advanced MR heads. Three billion bits per square inch will result in 
a data track profile roughly two microns from the center. IBM leads the world in the manufacturing 



Servo: 
Track ,Following 

Seeking 



Head Positioning 

Two requirements on bead positioning: 

Track Following 

- Sources of track position variation 
spindle bearing runout 
disk deflections 
electronics 
servo samples 
erase bands 
books 

- Mechanical disturbances 
windage 
carriage bearing friction 
vibration and shock 

Track Seeking 

- For minimum access time 
use maximum power 
max accel I max decel 

bang-bang servo 
design involves choosing 
switch point. 

Importance of Servo System 

o Access Time 

o Track Density 

o Positioning accuracy 

o Robustness and Reliability 

Dan Malone, HST, 6/28/97, (scusrvo2.doc) 



POSITION 

TRACK MISREGISTRATION 
SOURCES 

MIO 1998 
10000 TPI 
100 uin TRACK WlDTH 
12 uin TYP. CHANNEL 

OFFTRACK CAPABILITY 

SERVO SETILING: SCALES WITH TPI 

MECHANICAL DYNAMICS: . --·· I DON'T SCALE WITH TPI 

........ ··· •.•. 

HYSTERISIS: 
DOESN'T SCALE WITH TPI 

SPINDLE RUNOUT: QUANTIZATION EFFECTS: 
DOESN'T SCALE WITH TPI SCALE WITH TPI 

llST:DMJ: 12/12/94 
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Figure 8. Mechanical and Servo system transfer functions and gain. 

Sho'\\"S mechanical and compensator (electronics) transfer functions. 
The product of these two is the open loop transfer function. which is dnnrn to show 
the potential gain limit due to resonances. 
The error function (inverse of open loop tf n at low frequencies ) is also shown in 
fig 9 



Servo error fundion 
( l/GAIN ) 

Errors reduced by this ratio 

.l 

.Ol 

.OOJ 

Non repealable 
bearing run out 

Linear scale 

T\l -, d • '•r)""(' , t' I :o I 0 •\ " c• ; . . l .... \ \. . - l_ ~ 

Linear s::ale 

,' - --·----:,_.,.· 
, , , 
, 

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

£.-rors 1~na$<\l in 

·-····-----· - .~.r.~~_Jf!S.U.~~-(~~-£-~~J! ..... ··---·----···-···· ·-·-·-

/ -; lio 1otirator 
-----··;"····--- ----·-·-··------ .. -·- --·- ---·----·-···- .. - - - - - -- - - - _ / 

/ 

, , 
, / , ~ 

10 

100 Hz 1000 

...... ·-···-·- ··i ------ .. 
hey i I 

t Rur1-out v,ith no S'C'n·o il Error ll·itl~ ~enc i 

' I 
~- S'.-no r<lr• Jn:-":"ri:I~: ru~-oul 

· -~-·r·-·--····· ·z::-t1;;·:!7' trtq~~~;JK 

' 
I I 

~ !; r ( i r 
JOO Hz 1000 

r--- P.V.~'. inil"'~~..:- ~~ ~ - ::1;:;1 

.I 
l 
I 
I 
I 

l ; _..,,,..,-- 2>!"'."':'::..-. !•I\'\"".'"''.' f11Jio•r( :-i.::.-r.l,;· ·-I I • 

l..-=-~~~~~!_~~' ~-··--"-'-_;_c__~ al 
JO 100 Hz JOOO 

Figure 9. How Gain determines TMR of mechanical disturbances 

Bearing non-repeatable run-out is used as an example to show how the servo 
reduces run-out and also what the limitations are. The same methodology is used to 
optimise the servo to reduce the other vibrational disturbanc~ of head tracking. 



Head Positioning 
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Read/Write Cross Track Capability 
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C.ross Track Scan 
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Cross Track Scan 
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Track 
Mis registration 

(TMR) 



TMR- Track Misregistration 

- "Static" 

o Thermal- expansion 

o Creep 

-o Loose- Parts 

o Shock Damage 

'' I 

o Servo Positioning-Errors 
(can be multiaxial) _ 

- "Dynamic" 

o Seek arrivals-and -overshoots 

o NRRO, non-repeatable.numout · 

o External Vibration 

o Resonances~echanicalor Electrical)-

o Interference from other drives 

o Electrical noise 

o Magnetic-cen~r-.shiftfrom·MR·heads- -

' '··. 

Dan M~lon~il8'1'~·7/'l8/9-7; ·.(scutmrl.doc) ~~ 

- ' 



Track Width Considerations - Heads: 

This is a read-head and write-head problem. 

- TFI requires a compromise between read and write 

- MR gives freedom to individually optimize (somewhat) 

- Tradeoffs still requir¢ for optimum solution 
(resolution vs writeability) 

Nominal values as well as tolerances must be considered. 

, - Large tolerances will cause width nominals to be 
narrower 

- In some cases, tolerances may prevent a solution for a 
particular design point 

- Stripe height and throat heights will affect apparent 
magnetic widths 

For MR heads, the alignment of read and write elements is 
tritical and affects drive performance. 

-Additional mechanism for track mis.registration (fMR) 

- Increases requirements for micro jog 

- Can affect signal a~plitude and cross track asymmetry 
\ 

Dan Malone, IIST, 7/24/96 (scutrwl.doc) 



Head Positioning Definitions: 

Old Information: Any write operation leaves some old written data on either side of the 
newly written track. This is due to side writing and mis-positioning at the time of writing. 
The capability to read off-track in the presence of old information (and other noise 
sources) is often referred to as OI capability. This can be measured on a precision test 
stand or at the drive level. 

Adjacent Track Interference: Data on the track of interest can be corrupted by the 
adjacent tracks. This can come in two forms: reading and writing. In the read mode, the 
adjacent track can sometimes be read Cfen if it is not physically under the head due to side 
reading effects. In the write mode when the adjacent track is written, there may be an 
overwrite of the track of interest. This is often referred to as a "squeeze" from the 
adjacent track towards the track of interest. Both of these effects are affected by the 
positioning accuracy and TMR parameters. 

747 Curve: Named for its shape which resembles a 747 cockpit, the curve results from a 
test to find the off-track capability when reading over previously written data and with an 
adjacent track written at a variable distance. (We will show how one gets the curve later) 

Write to read track misregistration (TMRwr): This is the mis-positioning of the head 
over the track of interest as a probability density function (PDF or histogram) It is due to 
errors in the positioning system of the drive. It is the convolution of the mispositioning of 
the head and the written track so it is Ji wider than the mispositioning of the head alone. 
While often represented as a gaussian distribution, it usually has long tails. 

Write to Write track misregistration (TMRww): This is the mis-positioning of the 
adjacent track from the nominal position of the read track. It is also represented as a PDF 
or histogram. It includes errors in the servo-written track spacing as well as the 
positioning errors due to the drive. Again this is the convolution of two distnbutions. 
While often represented as a gaussian distnbution, it ususlly has long tails. 

Optimum Track Density: The optimum track density is the density at which the error 
rate will be adequate for the product applications. When there is an optimum, it is a 
compromise between off-track and adjacent track considerations. (more to come on this 
topic) 

Dan Malone, IIST, 7/24/96, (scutmr2.doc) 
J ' . . . 



Complications Summary 

o Data Banding 

o Read/Write Offset 

o Rotary Actuators 

o Sector Servo 

Dan Malone, UST, 6/28/97 
(scutmr4.doc) 



Track Density Impacts 

Track Misregistration 

- Settling 
-Dynamics 
-Runout 
- Hysterysis. , 
- Quantization 

MR Unique Items: 

- Read/\Vrite offset 
- Cross Track Linearity 
- Track center stability 
- Net: Good design required 

Dan Malone, IIST, 7(24/96, (scutmr3.doc) 
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NRRO - NonRepeatable Runnout 

- Caused primarily by spindle motor bearings 

- Is often affected by the quality/sophistication of the servo. 

- Sampled servos cannot-remove the higher frequency 
components. 

'\ \ 
I 

- Can be affected by mounting method 

-One of the major components ofTMR 

Dan-Malone, IIST, 6/2819-7, (scunrrol.doc) 
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Seeking considerations: 

- Designers try to minimize the seek times t«t maximize 
performan~e. 

,, 
I 

- Seek arrivals are not always·"pretty" 

- When is it okay to read? 

- When is it okay to write ? 

- Data Integrity is of utmost importance.: 

Dan Malone, IIST ~ 6128197_, (seusrvol.doe) 



POSITION 

TRACK MISREGISTRATION 
SOURCES 

MID 1998 
10000 TPI 
100 uin TRACK WlDTH 
12 uin TYP. CHANNEL 

OFFTRACK CAPABILITY 

SERVO SETILING: SCALES WITH TPI 

MECHANICAL DYNAMICS: ·--·I DON'T SCALE WITH TPI 

...... ·· •... 
. ......... ······· .. 

HYSTERISIS: 
DOESN'T SCALE WITH TPI 

SPINDLE RUNOUT: 
DOESN'T SCALE WITH TPI 

QUANTIZATION EFFECTS: 
SCALE WITH TPI 
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Skew And Crosstrack Asymmetry 

Solution? 

. . 
' - ' 

...... --... .., 

, , 

• . 'Micro-jogging' can help reduee asymmett:y resultin& from skew. 
... . . ~ . ~ . 



I MR HEAD TMR EFFECTS I 

TRACK LAYOUT 

,. ,.. . ' 

SERVO 
DATA 

POS. 
INFO. 

-·-·-· ·-·-· ....... ..__ __ _,,_._._·-·---·-· 

POS. 
INFO. 

HEAD R/W OFFSET EFFECTS 

READ ELEMENT OFFSET: 
. CALIBRATION IN DRJVE TEST ·. 

ACTUATOR SKEW: 
DETERMINISTIC DURING DESIGN 

READ ID/WRITE DATA OPERATION 
RN/ OFFSET SCALES W/ TIP OR 
NO HEADERS 

HEADER 
(ID FIELD) 

DATA FIELD 

MR HEAD 
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• For the element on the right(&'> 0) the signal field is generally 
,orthogonal to th~ MR bias magnetiD.tion . • ·.torque on the ··- · 

. . • l . maznetiuUjon garge. 

• As the· element is moved off-track towards & < O. at a specific location 
the field is approximately parallel to MR magnetization minimizing the 
response. ;~_ ··~· .. 

• . ··: :. . . • . • _!- •.. r~~'·., . 

• On track (~ ~ 9>. the response is not the largest due to non~uniforttr 
lr',. .·~.:.-,·.·<·'.'" -~· .. ; -~··-:~-~- _;;~>.:-(·-:- ...... - -~· . . . ~ . ·.. : . -- __ ... ,.,.__ •. 

bia$ magnetiiation~·>; 
·~- : --- .- ~-. -;.:.~.~~~~~~~~:;·:.: .. :.·: .. 



Typical Suspension Resonance Modes 

Numerous Modes 

Off-Track Most Troublesome 

IBJ't1'. November 20, 1992 (Celia E. Yeack-Scranton ) 



First Torsion Mode · 

• This mode has a significant influence on off-track errors. 

• · Radius length, load beam width, rail design, and material thickness have 
a significant influence on this mode. 

T-1950 ( l 4U Rail): First Torsion Frequency== 2040 Hz 



Second Torsion Mode 

• Like first torsion, this mode also contributes to off-track errors . 
. . . , 

· .. ;; ~>'-Radius length, load beam width, rail design, and material thickness have 
Y: a:·· significant ~nfluence on this mode. 
i!i' 

f. -~f~ :< 

-~··' 
··::- .. '•"' 

~t·. ·. 
'i'· 

;.•. 
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'" ···\, . 'r • 

.··.,. 

T-1950 (t4U Rail): Second Torsion Frequency= 5633 Hz 



Cover Feature 

Smart shock sensors preserve 
data integrity in hard drives 

Lloyd Levy, Micr<>polis Corp. 

'\ 
he high capacity of today's' information contained in the data indicates an 
hard drives has been achieved invalid read, a.using the data to be reread. The data 
through steady advances in a.n be fully rccovcred through repeated reads, and 
head technology and digital data throughput is only briefly affected. 

servo positioning systems. The former has yiddcd On the other hand, if the head is knocked off track 
higher bit densities; the lattei; higher traek densities. while data is being written, the data that's overwritten 
Drive makers have arrived at the point where ~ is permanently lost. 
oew advance represents some kind of technical feat. This type of error (i.e., a hard error) is not recover-

For example, as the track pitch falls below 200 µin, able (sec Figure 1 ). 
maintaining the data heads within acx;.cptable limits An ideal position servo would stay on track center 
of mck center under shock conditions is a significant at all ti mes. However, practical systems aren't suffi
cec:hnical chal1engc. A shock of &irly short duntion ciencly stiff to stay on track center when the shock or 
(under 5 ms) can knock the head off. track. affi:aing vibration lasts for only a few milliseconds. 
data integrity-die seriousness of the shock depends An alternative is a system that detects· a potential 
on whether the olf-ttack motion occurs during a read olf-m.ck excursion and then prevents data from 

· or write oper.uion. being written before the head moves off crack. 
Shock or vibration during a ~ operation may Standard digital servo systems have sample inrcrvals 

cause a so6: em:>r, that is, the head may read datl on in the 40- to 150its r.mgc. thus they ~ unabk: to 

an adjacent uack. When this ocam, error~ scspond ix> brief off-cnc:k excursions quiddy enough. 

. : .. ; 
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he current 60-MHz version has 3-W power 
d was fabricated with 0.5-µm CMOS technology. 
if 66 and 75 MHz will also be available. 
1ultimedia authoring chip set (CIM440) consists of 
plus sofuvare. It meets the full MPEG-1 requirements 
>I specification for MPEG-2. 
4720 sec for storage encoding (e.g., for video file 
l"C chips and uses variable-bit-rate (VBR) encoding to 
mquircmcnts by 20 percent. le suppom both NTSC 
~tal video formats. The most expensive chip set 
wget3 broadcast encoding and is based on seven 

soc chips plus software. 
s the full MPEG-2 swidard and features low data 
ates-an essential brure in broadcast applications 

ridth is~ and limited 
CG.sbc's early entty into the MPEG enaxier business 
: mmpany an impressive roster of rustomers, including 
rv and satellite-communication heavyweights (such 
IS Compression Labs, COMSAT Labs, and Scientific 

:ubc had a head start in the fledgling MPEG-2 
km for multimedia PCs and DVD .remrding. Aa:nr ing 
Mde, executive VP for sales and marketing at 
"The miua:d chip oount and bM:r ~ requinments 
;c..3 provide new opporrunit:ks for delivering MPEG-2 
on the PC platform.,, 

The lower prices and improved performance of the new chip sets 

should allow C-Cube to maintain its market momenrum. All three 
chip sers are sarnpl}ng now, with full production scheduled to begin 
sometime this quarter. -M.E 

·."''".""''.( '&.]"5.iDiial~ .;~.· . ~J .• ,: •• the J..:..-from· .. Voltage.1ignal. thereby. . ..•.. : .. r0Cases' me • . . Uno stops• uriw wntinn ,.,.· .:P .. ,. . . . .. . . .. ..... ~ 

... ~~!r!Tflt~~~ :a1:: 
.. , \~-~~;mode) and is about_·one .~the size ofa~ . · 
,.~.~~~bytlleCompany:· ·:'· ',.-/'.-;,'. . ; ;: . . . .· . 
'.k. · :OJSo.·· · ·•t,nore.· . ·. sensmve.. · . · · . The sensor input tenninal has a high impedance of 

-' • ?.~l"·:Oh(n ·.ooo am be Correlated wi1h a pressure-to-voltage sensor, acru-
;t5t~~ecnng Small shock signals. In ~I the sensif!vitY of the.sensor 

~~. .:-· •.. mn..... be ... adjusta<f .extemalty through such devices as a mpadfor and resistor. A 
~built~ low-IXiSs frequency drruit with a cutoff frequency of 7 KHz preven1s 

... ·s:-·J·u .. ·.· ·m lesfvibrations from interfering with disk-drive ~ The g-force 
~1S8flSOI', which openrtes from a single s.v power supply, sells for Sl.12 in 
·~"-)~ quanfities. 
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DEMONSTRATION OF 500 MEGABITS PER SQUARE INCH 
WITH DIGITAL MAGNETIC RECORDING 

Roy A. Jensen, Jooi;t Mortclmanl' and Rflhin Hnu!'witzcr 
IBM Corporation, Magnetic Recording ln~titutc, San Jmc, CA 95193, U.S.A. 

Abstract • Tiiis .paper descrtbes the tesffna and modding 
mcdlods undertaken to demonstrate and ftlffy an areal density 
"'500 ..Wloa ltltsJln.2 with • combined lndactlYe, fllln ftlm 
write head and a ~-re mad head on 111 adYlllCed, 
atate of the art thin ftlm disk. The ·11near densltJ was I 00,000 
lilts/In. (3937 IJCtsfmm), the. track deasltJ :WU 5,000 tnc:ks/ln. 
(196.9 trac:kl/111111) and tile flJlnc ~ WU 2.5 Jdn, (64 ma). 

INTRODUCTION 
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Tbe IBM Magnetic Recording ln.1lltutc set an objective to 
demonstrate an areal density of .SOO million b1Ufln2 "(3937 
bits/ mm'), In an environment where the mo5t aggrculve pro
ducts were jU5l approach.ng 100 mll,I~ blUfin'. The criteria 
for success were set as: • flying heJaht nf 64 nm (2.5 pin.), 
with a 3cr wrfte..to.read · track mlsrePtntion (TMRw/r), 
Including read-write mmllanment. .nf no lea than 760 nm (30 
,m..) and a total raw sof\ error rate· (SER) or IG-' 
(em>nfbyte). The Oyfng height and TMRw/r criteria were 
IClected a.'i obtainable "'ld-nlnetie'i product objcctfvc.'i. This 
paper describe5 the charactcrizatlom; of' the head, d~ and 
cbannel, the linear and track den.'ilty measurcmcnt'I, and the 
tat and modeling methodologies used to Yerlfy the IOI\ error 
rate and TMRw/r ror the ineasun:mcnt-i made. 

'~ -1.0 . :....., ... 
.2 ~- •M.IX • " -1.5 .._....___._·_.· ....,_.-...._ ______ _,,, _ _, 
Q: 0 200 '400 . 600 

Time in ns 

COMPONENT CHARACTERIZATIONS 
' The nairaw track recording head wu a combination of a 

· thin·nlm inductive write element and a mag~ivc read 
elemenL The read head ~" stmllar ID the type dc.tlcrtbcd In 
paper[I]. The heid pp· Wl1' .'4 pm Ind ~e clement width 
was 3.6 pm. The recording wu done on 1 CoPlCr thln-fllm 
dlldt, similar to the type desralbcd In paf'Cl'[2]. but with a 

. coercMty of 133S Oe 1nd rem1ncncc-thlck~ ~uct of 
.l:id04 emu/cm2. Many of the acnmetrlc and magnctiC target 
wlues for the head 1nd dWt were a by "*' nf modeling 
technlq~ de5cribcd bdow. The follnwlng were -..d co aain 
our objectives: a peak detection channel with a data nte of' · 
4'.S meaab)'tes per seconds (MBfs), a llCCnnd dcrivatJYC oqual
lation boost of 10 dB at 17.S MHz. a nw-polc aow.,,.. filter 
with a 3 dB attenuation at 22 MHz and a (1,7) ran length 
limited encoding IClteme. The magnetic heacf..dWt Mf'lntion 
wu approxlmately 102 nm ('4 Jdn.) with a n,tng hefaht of 64 
••· The difference WIS spilt between head ~ and 
disk owrc:oat. The head outrut at low density WIS 643 
'!! ~ with a 3 di roll-off point at 2«>0 Quit changei; per mm .. ·< 

\IC{lllm) •. Figure I shows both unoqualized ,ind oqualized i,c;o.. .. ,. 
lated pulses. .Plpre 2 shows the micro-track profile of the .; 
nad bead. The lotv frequency tnck proflle ot the written .: ,~ 

· 100· 

Fapre 'I; Noimelized, ·tqulliled.md aaeqaal.iml llOlllfed pallea. 

= ' :;; 0.6 -., 
Cl:: O'---'-.....IMG------1~--....-.....,..1..;1..-i...._,_.._. 

-2 o. 2 •. 8 
Distance across track In µ.m. 

aw&n. 
I 
I 
0 

I 

" II 
0 

-,,naat I 
anlifn. ..---.. --.;..., __ ..L.I.__. 

-- , ~ 

. ~ tract was wry uniform, had fairly steep slde1' and the. width .·~~. ._ _.... <• • 0 , : 
was '4.3 pm. The total signal to noise ntJo wa.'i 28 dB, > , · -~ •.,.,, . . . _ 
clef'lned as bue to peak llolated put.: divided b)'·nni ~';:··~~~' . -:.''!'oi-\-~., .~;~ .. · c:.f~·o:;>'• mio 01 •. , .<#~-·;.:'al. . -J: 

c ·. Tiie d~k nol1e.w-. measu~ ~th b~~. ~~1.,~~~·~!''"~, ;~ · _ ,i:~~\.. ~:~~~k- ~:~~;.::/~: . ····~; · , . ~s3"~ 
. ··- . . . . • ' .. '', ··~ ·.-;:. • .,:,,·:.e~-:;;-~·-~·.~ ,., . ~~~b:~~:. :-:;~:,~:;~\°!'.'.! .. i:··. ...... - ,.·: --~~-- '''." ,~. ;: ·: '.', =-:, 
· · · SELECTION OF LIN~R AND TRACK DBNS111E;S \1B"f{i;:\Cf.:)·:«': ·:. ,., :1,' ;. ,-· .. ' :; ->~i <·- ~);r<-::,,, 

To determine the Unear and track · densities. ·· and ~~·~ J. ow Womiatioa ad 141 ~ tea ..._ldc:s · · SD 11· lbC .. 
nquired TMRw/r for the desired soft~ ·ra~ a comblna- ~'":,:: = ~~.Clld lnfonmtioa 4illm. Nambaw oa dae left 
tion of ofl'·track tests and modeling was used. Many of the 

0018-9464/90l0900-2169$01.00 C 1990 IEEE 
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test procedures described were devclopc<.I in IBM the mid sev
enties These te.<;t.c; measure performance, expressed as error 
-... ~es, under all off-track combinations or the head during 

ding and writing. The Track Density Error R11te Model, 
_.:veloped by Joost Mortelmans, simulate.<\ these te.<;ts by 
using ai; input some 20 geometric and magnetic comroncnt 
parameters. and calculates the SER from the !>lgnal to 
Oau...,.ian no~ ratio (SNR) [3] and the amount of i;ignal 
type no~ from adjacent track.o;. This enable.<; the model to 
compute the total SER as a function of assumed 'TMRw/; 
and the write-to-write track misregistrntion (TMRw/w). 

The first step was to determine the approximate track deni;ity 
capability of the test head by generating a 747 curve (so 
named for its resemblencc to the front of a 747 airplane). 
This test consists or finding ~e off-track· capability when. a 
track or random data is centered at the boundary or two pre
viously written tracks and an adjacent track Ii; written at a 
variable distance. Figure 3 show.r; the hHlc background 
pattern with the approaching adjacent track In the lower half. 
It also show.. the presence of erl."iCd bandi; al the edge of C(lc.h 
recorded tracks. For a given track pitch, the head Al\ moVcd 
off-track In s.mall ·increment." until all written 1lCCton; have 
faUcd three times ln 30 read operations. The mean of the 
RSUlting histogra~ or failed ICCt.Of"!\ YCO\US off-track distance 
Is caned or and this COn:esJ>Onds '° a byte error rate of about 
1x10-s. Figure~ shows 01 vcr.;ui; adjacent track rltch for the 
500 MB/in.2 component.<;. Referring again to Figure 3, when 
the adjacent track is far removed from the center track, it will 
haw no impact on 01 which will remain con...Unt. However, 
as the old Information band, between the data and . the 
squeezing tracks bocomes smaller, the off-track capabllity.wlll 
Increase and reach a maximum when the two era.'!Cd bands 
~t. Further squeezing will result in a dccreai;c of 01 and 

· ·.to a position where the two erased band.-; o~rlap; thi5 i:; 
.,. . ...tt A in Figure <C, where 01 i.'i the same as the initial point 
where the adjacent track Is far .-emoved from the center 
track. For yet smaller track P.itche.'I, the adjacent track era.t;et; 
or owrwrites the center track, which cau:;e41 01 to decrea.-.e 
precipitously. The track density at. which the 747 curve 
peaks Is close to the optimum ror that head .. Figure 4 shciWs 
this peak In the vincfnlty or S pm (200 pfn.) or SOCIO t/in. 

The second step was to determine the linear density to use for 
tests involving large quantities or data. This wai; acd>m
plbched by running the old Information tc.t;t u a function of 
linear density. This test also measures off-track capability 
and consist.'\ only or the intial step or the 747 procedure; no 
adjacent tra¢k b recorded. . Figure s· indicates 01 ~ a func
tion or Hnc.ar den.'lity. Three trial'! were run at three different 
equaliar and detector clip level 5Ct.Un~. Since the 747 curve 
lhO\Wld that our track density would be clo.<;c to SOCIO t/in and 
since our goal wu SOO Mb/in.2, we JClcctcd 100 kbpi with the 
seulnp of trial #3 for the tc.'lting or large quantitie'I or data. 

SER AND TMR TEST AND MODELINC!t. RESULTS 

to be 339/o larger than the former. The track dcn~ily Rnalysis 
consist<; or two ~teps, one for the write-t<MCRd and one for 
the write-to- write TMR. 

In the first step, a bathtub curve is calculated (smooth curve 
in Figure 6) for the same track geometry as dc.<;cribcd in the 
test procedure to obtain the data hathtuh. Minor adjust-

Pigun: 4. 7"'7 anw for SOO Mbfm2. Point A occ:un wheri the crucd bands 
or the -4jacent and c:enta- tncb overlap. Numbers rd'er to Figure J. 

Un.ear Density in kb/mm 
3000. 8500 4-000 4600 

Fi&lsro $. or or oll'.cndt capability wrau1 linear denaity for three acttinp or 
the equa1im' ud the dctec:cor dip 1ewl. Ulina the 01 teat. 

"_ ........ ,.., 
./ .. , 

*' PDP fll ',, 
~l.,,._,,, -..., .... \ 

I ' 8 10"' \ 

I:: 10"' -·-·-·'·r-·-·-·-
. The 10lid 1ine bathtub curve, shown in Figure 6, wa.<i l"z1 , ~ •• - ... ~ •. \ 
ob•-fned by mea.~rfno the error rate .,. a f'unction or arr- "' : .. ·~w1iti" •. ' a.. •-o W' , •• •• Proi\iit' OVft •• .. \ 

track pcwrition or the read head, while collccllng In excess or ~ 10""" ' .• .. 
-tO' b~ ar data from 20 track.t; in an o~jght tc.t;t _run. . c:r:'l / \ 
The track configuration ti; that or the 01 tci;t geometry, which · 10"* .·. ' • . . 
ts equivalent to a !iCparation between center and -adjfcent;>'~ . ,,.; ~: · .,·; - 1 . · ·f·· • 0~··'· · ·.··. ~... · l':.>~'.~> 

.. cncb or·one Cflscd band width. In thk ca.t;C so or Figtn'C 3;:~~~·~1?~0ff;--jl'ra~k·p1stan~e m µm .. ~:;~>"''"; 
· .,--··~ o which co~ds to 5344 tJjn · Wc«1nitlally~~~-<,-:tt:~.~6~'t~f4t-;.:{;,'*'";~.,;;··~,-;;-::.+:;r·t:···'"~-.·;.·- - ' - · ·-':::1'1f~·,.,; 
-._ ,led the tracks at a 6S% defect clipping. level to identify·": ·~ '~ · ~· ~.~-:·"bathtub, when no -4j«alt track is 

the sectors to be tdclppcd, however, no skips we~ ttqulred. · ·· nc:icxdccL Abo lbown an:. PDP or TMRw/r, the product curve and its 
The track density ror the desired SER WH determined 8.'I a iategRI wluc (hori7.ontal line) which yields Che expected error rate and 
C:Unct.Jon or TMRw/r and TMRw/w. The latter wa~ •~med point e in fi&ma 7 and B. · 



I 

,:.·· 

mcnL", within the uncertainty of the parameters, were made 
for a better match to the data. An expected error rate value 
was obtained hy integrating the product of the h:tlhtuh 11nd 
the (Gaussian) probability density function (PDF) of the 
a.~umed TMRw/r. The width of the PDF rclal~ to the 3ci 
value of the TMRw/r which is equal to 597 nm (23.5 µin.). 
Thl-; error rate l'i point B in Figures 7 and 8. Similarly, for 
each other value of TMRw/r, the bathtum will correc;pnnd
ingly yield expected error rates which are plotted In the lower 

. part of Figure 7 as the dotted curve. The solid curve re~mll<i 
from using the data bathtub of Figure 6. 

In the second step, both TMRs are kept constant and a series 
or bathtubs are calculated as a fUnctlon of adjacent track dis· 
tance. The expected error rates of the bathubs and the fixed 
TMRw/r yield the squ~ curve shown In Figure 8. Al.<;o 
shown are the PDF of the TMRw/w, the product curve and 
its integral, the overall error rate. This PDF of the TMRwfw 
is centered at a squeeze distance of SO ~ 0, which corre
sponds to the 01 test geometry .nd to 5344 t/ln. (210.4 
C/mm). This track density is YCry high and aL'iO rc.'iU)t.'i in a 
high error rate as shown in Figure 8. The 1cn·hump af"the 
product curve C01TC5pond.'i to the over-writing or the center 
track by the adjacent track (TMR_w/w), while the right 
hump, which is supp~ here bocaui;e of the cb;e prox
hnity or the adjacent track, c:om::.'ipond.'i to the amount or old 
Information between the two erai;cd bands. At the optimum 
track denllity or the companent'i, the two humps would have 
equal hcighl'i, Indicating a· balance between too high and too 
low a track denllity. This calculation Wr.\ rcpcai.cd for a 
range of TMRw/# value$ to obtain the Ul'flCr· curYC, In 
F'egure 7. The SER value at 10"' Is p>int C, al.<;o .Mown on 
Fi,gures 8 and 9. The total Pf'OCC.'i.'i or Figure 7 Is rereatcd 
at different nominal track den.<iltlcs to generate Figure 9 

.which is a riot or the track den.'ilty versus TMRw/r for a 
total son error rate of 10-C (bYtc). TMRw/r for SOOO t/ln. 
(210.4 t/ln.) l'i 30.8 pin.(772 nm), which met the TMR objcc· 
live of not ~ th'an JO pfn.(760 nm). · 

CONCLUSION 

We haYC demomrtrated longitudinal magnetic rocorCfing and 
playback at 100. kb/In. (3937 b/mm) and SOOO t/ln. (196.9 
t/mm) equivalent to an areal dcn~y or SOO Mbfin.2• The 
companent.'i were characterized In great detail including•wrlte, 
rad, cniscd band and read f'l"Ofilc 51tlrt widtm;. A combina· 
tlon or off-track mea~remen~ and the Track Oen.qty Error 
Rate Modpl 5howed that the target dcmity wai. obtained· for 
a soft error rate or 10"' and a TMRw/r of 30.8 pfn. (712 nm). 
Although thi.'i wa.'i accoinpllshcd. in a labnratnry environment. 
the capability or magnetic components tn record and read 
back at the;e high linear and track ~lb wa11 clearly dcm· 
om;trated. lncarporatlon of thct;c dcmitlcs Into a rr00uct 
with the a~ai.cd flying height and TMRll mill represent.<; 
significant engineering challenges. 
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BY 

P. Hardy end D. J. Halon• 
Channel Technology, 

::'t(lr4t~.~J!U is the diff.e,.-eocedD'.:he4d J101d1d.Oh'·be~1o1een': 
writing and roding the record. (fig. lb) 'nri11. is.·.,. .. _:.;_ 
called track m!srcgistratton or 'llfR. The 'llfR 
di11tributlon 'lllllntifif'11 the llll>Ount of. r11dial 
mia11ligrunent we can 11xpect whil11 reading a record. 

. ·~ :... .. . 

1 ,!\ 
IBH, San Joee, CA. 95193 

..J.ecaun of the ef.f!cU Q.f~t~ inte_z:.·t.rack gae 
be<:OM!_S.h!.H~rod...w!t.l)..?~n~!!~ olil<fata:-lnien the 

'l'iUdia on track the signal to noitt'; r'itio ia aad11u111 • 
As the head ta •i1alfcned radially the signal 
deerea111, while 1f11ultaneou1ly the noiae frOll old date 
increa1e1.(fig. le) Thia cau11e1 a rapid drop in the 
1ignal to noi•~ ratio and increeaa1 the SER. Old deta 

:· ABSTRACT: 
~:.:Ott error rate llOdel1 have been used, within IBH, 
. 'line• the early aixtie• to detendne th• capacity 
· •cap•bil:ltiea of diakfilea. Host lllO<lela consider the 
~ta handling cepabilitiee end the •echanical 
atare1i1tretion to detenaine the TPI for • given •1•t•• 
srror rate. Recent llOdel• have been ased to ••ti .. te 
factory yields, field pt11rfofll4lnce dJatrfbutiona, end 
also th• effect• of .. nucacturina tol•rances. Thi• 
ptper deacril>fi• the m1011t re~ent hybrid MOdeJ1 which •r• 
.. ed for e1t1uting Soft eirror rate• on hiah TPJ 
d~ign•. 

: noi•'. cannot be fi 1 tered out since J,.t hat · 
~~eterr1·~~-~--~-~~~-~!i~~i-~l.i"i•il~!~~-~~dau 
aJin•J; · 'l'k~ C41uaes radilll •iHliJMent both wh! le
vr_~~-~--!.~.'5_e_!_<!JJ11.:~wtiHewrTffii~ae· th• 
Oita on the adjacent track to be overvritten, which 1111y 

. result tn h1rd errors Jn f\Xtr._., casea.(fig. ld) The 
-:TKR between two wrftt11n tr11ck11 ta.known J,a-WWiMR.~'h1R 
~etw~fin vrft'frlg"lind.retdlnA fa known.111 ·1'RTHR. _... ··-·· 

IKrRODUCTIOtl ' \ ' Th• task of CbaMel Technology is to integrate the 
Mad, diak, and channel design to obtain the beat 
onral l aoft error rate (SER) fro. a •- product. The 
SER aodel la uaed in thia context to explore th• 
effects of different per ... ter setting• on· the eoft 
error rate. · 

SER aiodel• ai.ulate the building •nd op•ration of a 
larg11 nlltlber of diak UJ .. •nd eati1111te the averagfl SER 
neri th• files are op4tr•t•d in • typ_!~~1~·c!f;:fciNr 
et1•ironeent. SER ilode\a are uaed during initial 
,.n;dii'ct"°d•velop111ent to evaluate alt•rn11tfve d••lgn• 11nd 
later on-.with date f1'0ll production· P.rt11 to '(tne tune · 
th• .. nu_fj1~\:1o1rina process for bfltter q1111Uty and ht~hflr 

::::~d ~+o~•' ri:~:~ 
Track Center Static hi1to9r•~ 

Error 
C•I Track poaition error during • •in9le •eek 

J.!!.!sbi-4'ht1 key jngred~--in Ii SER .Mel un tli11-· , 
'track •fa·r11giatrat1on . .' TKR) i11tr!batfon and offtrack !_ Y.'" .. 
I perCor•ance curves (._OTr} · •H ere ~~_!ve_d toget.hf!r ; r 
l to obtain the S&R. · _ .., -

The SER llOdda usftd wJthtn INf Sin JQ11t1 tod11y havo j 

, __ _. . .1./, I 
! 

Oate 
Track 

evolv4'd over the p .. t 1S 7eara. Early llOdcib u11nd - .i.h 1 rf .f •. 
'.tton.~' C!!'Jo .!.9...t1'.~~--~ -~wbe the THR •~.!'r.P for..> ..f ,· • • • .' 
dtteniining the SER.· Later on the TlfR afid OTP d0ti6Te\l'....!--'!.· .:; • .. • f: 
cwerlep integral vea solved 11ni1lytlc11l ly which uved --! ;~. ,'. :. , _. •. 1 I . ', 
•ch tiM ~red with th• tlont.e Culo .. thod.. Tod_ey11 . ._ · - ; '!iT.; 

WW•THR 

llOdela have boen .xtended to co~.t!f~~_!.'!."Y .tiead .•.JIJV ~I~ t.(.f .I· _ _,_· .,__, .. ....., ...... ~ 
.cliak ~b~.!'•t_l~• !~ Nnuf!~~ur_!!!_I ~CJlll • ..,/ln "": , . A .. d head M'acent 
tlieWl\ybrJdilOada we 11eleet Tr:o."the heed, dfak, end,,u1 # . .-l,J .. , .. _ .suttc Ofhet Tuck 
"l11R t0Jer11'f.ce1 using ffnnte Citrlo l1Mtthod11, but pltr{Ol'll ) , . ~· ' f '. ,./. atatic 
th~ ,:F;R overl11p inte1r•l analyttc11i1J. The 11ccur11cy nf • < / ". ' Tuck Pit.ch offaet 

tbeae experiMut.11 abovod t.bat UM! SER could be • ., ·· · 11>1 Elr•llfll• of cooi.bined WJt and w TMll 
predicted within • (actor o( 3 of the ..a11ured SER. 
If.nee recent llOdelA \lie only real Mflaured d11t1 CrOlll 
fully functioning .. chine111they ere c..p11ble of 
predicting ~he SER within • factor of 2 or better. 

'. TRAClC HJSREtllSTRATtOtl (TKR) P'f.f .· ~·-- _, 1-"'f' 
Tile track pollitlon ht1togrM lndi.c11te11 haw accur11taly • l 11 i. 
hea.1 can •••k to, end trAck (nl1ow • t1pecHfc track. / 
The hiatogru 11. c;>btdned by .,.kin• n~ro~~ !~f!dOlll . 
length 11eeka to a chosen track 11nd •eaaur in·g ~h~ .. J:.~ac:.k ~,··· l , .. 
f6.J 1'12111it!J .. e-rro·r it iiiiny·P.OJ~a·r~nCSt.li~~~Ir~c:IC . CFtg. f. J: . 
'ta)7"'""tfie"vii-U>us ucfora contribuUng to track 
Position error auch •• non r~t•bh1 run~ut or•:thennal. . 
•ffaet• !,•n be claa11trfed ·..-;en1'er".ititiror:"dyiiitiifc'&:'"·;: t·· 
!'9f•trve ~ .. tbe. Cllie- talten'·to·rcrl'dT'l'•C:O~• :-.·ne ·'A. . · 
•ffectio-f •tetfc offaets e:aa- be re.ioved by ahlfUng ~: 
the head poaftfon btofore ruding. Thi• doe• not work 
for dyn11•ic factor.• which are therftfore 110re O( a 
problt1111 for th~ d11ta ch•nnel tn withstand. 

' 
'19. l. -~· Sbowillf •f!ecu of Track IUaHg.l.stradon. · 
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A Soft Error Rate Motlel for Predicting 
Off-Track Perrormance 

Mathew P. Vea. Member, IEEE and Thomas D. Howell, Senior Member, IEEE 

Abstract-Specifying the bead and determining the track den
sity are crltJcal, Interdependent declstons made early In the de· 
•elopment of a hard disk drive. We have created a soft error 
rate model to be used as a tool to aid In making these decisions. 
We have also developed methods to estimate the side reading 
and writing parameters of a head uslnc well known splnstand 
tests. In addition to these four readln& and writing parameters, 
the model requires an estimate or the track mlsregistratlon 
(TMR) and a sixth Input parameter, the elfectlve on-~ck sig
nal-to-noise ratio (SN~) of the channel.' The utlllty of the 
model Is demonstrated In a test case based on a system with a 
thin film bead/medium and a peak detection channel. The model 
Is used to predict error rate both as a function of track density 
for a 1tnn head and as a function of bead width for a cfven 
track density. The validity oftbe model Is demonstrated by the 
dose agreement or simulated 747 curves generated by the model 
with experimental 747 curves measured as a splnstand. 

I. INTRODUCTION 

SOFT error rate modeling is a method for estimating 
the average raw error rate of disk drive systems [l], 

[2]. In this technique, the read channel raw error rate is 
measured as a function of track spacing and head-to-track 
registration. This function is referred to as the error rate 
response surface (ERRS) [3], or alternately as the error 
rate profile [4]. The ERRS is integrated with the prob
ability distribution of the track misregistration to yield the 
average system error rate. Soft error rilte models are used 
in selecting the track density for a specific system [4], (SJ 
as well as for verification of system error performance 
under operating conditions. One drawback of this method 
is the time and equipment required to collect data for the 
ERRS pteasurement. The measurement requires a preci
sion spinstand, the head/medium, a fully operatio~I read 
channel, and a data collection system. Such a measure
ment is often impractical because track pitch must be de
cided early in the development cycle~ 

We propose an approach to soft error rate modeling in 
which the ERRS is generated by a computer model rather 
than by direct measurement. Our model~.specifies the side 
reading and writing properties of the head/medium with 

four parameters. These parameters can be easily esti
mated from simple spinstand measurements. The on-track 
perfonnance is specified by a single parameter, the effec
tive signal-to-noise ratio (SNRel') of the channel. As a re
sult" of our approach, the model can be used to study any 
design parameter whose variation can be measured or 
characterized as a function of the model parameters. In 
partj.cular, we show how the model can be used to predict 
system error rate as a function of track pitch and/or head 
width. The head width study depends on simple assump
tions about the variation of side reading and side writing 
widths. These assumptions allow the extrapolation of off
tra4_perfonnance estimates over moderate ranges of head 
widals. We demonstrate the utility and validity of the 
modbl with a test case involving a system with a thin film 
indu¢tive head. Our approach might also be used to pre
dict Rerfomlance of systems with magnetoresistive (MR) 
heads. The model would have to be modified slightly to 
account for the asymmetric side reading characteristic of 
the MR head. Finally, the model can be used to compare 
and evaluate different head geometries (6]. 

Section n contains a description and derivation of the 
soft error rate model, including the method used to gen
erate the ERRS and the assumptions that were placed on 
the signals and interferences. Section m describes four 
simple tests to estimate the model's read and write param- · 
eters from spinstand measurements. These parameters 
were used in the test case that is described in Section IV. 
Our conclusions are summarized in Section V. 

Il. DERIVATION OF THE MODEL 

A 'block diagram of the model is shown in Figure 1. 
Four parameters (w,.. w~, w,. and w1) describe the side 
reading and writing properties of the head. Side writing 
is de§.ned by the width of the track (w,) and the width of 
the erased band (w~). Side reading is characterized by the .. 
read ~idth (w,) and the side reading width (w1). A fifth 
parameter, SNR~, characterizes the on-track error per
formance of the channel. These five parameters plus the 
track· density and the three standard deviation . value of 

M~pl ~ved December 22, 1992; teYJsed ~uly 27, .1994. This track misregistration CTMRJ.) are suffi~ent to estimate the 
material is based In part 011 work supponcd by the National ScJODCC Foun- · · • f · • 
dation under aranc no. ECD-8907068 •....• : . . . ,. , _ prob~bihty o error of,the.~r,~~·_!o addiuon,·~t,..Jllodel 

M. P. Vea ia with Quucum Corporadoa, 333 Souch StRlet.'SHR 1·31 •• can simulate a u747·~ curve,.,lo nained because]ts shape 
E29. Shrewsbury, MA 0154.S. ~-. · :;.:_. .· · .. ·: .;· '"'· · , ·..: ~~j~::;·resembles the profile~f the .nose or' the Boeing747 air-
d;,~3:.owe1111 with Quantum Corp •• .soo McCarthy Blvd, Milpitas, plane[?]. ., . ·- · ~. ·~ . ·--:.iir;,.:~ 

Loa Number 940.561.S. The effect of interfering signals from adjacent tracks 
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Fig. S. Soft error rate model with spinstand measurements. 

mation of the four read and write widths. These tests are 
described in the following section. The fifth parameter, 
SNRer, is estimated by matching a measured 747 curve to 
a set of 747 curves generated by the model.' The designer 
also must measure or model track misregistration (TMR30). 

An alternative use of the soft enor rate model is to use a 
three dimensional head/medium model to estimate the four 
read and write widths. In this case, a detailed on-track 
channel model Is required to estimate SNRe1. Use of the 
on-track channel model allows perfonnance studies that 
trade off linear density with track density. 

radial head pos 
the y-axis. The 
points that fall o 
.sides) of the pr1 
·of the two sets c 
as shown in Fig 
intercepts with 
these intercepts 

B. Microtrack I 
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·that is much thin 
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An example o: 
. stand is shown) 
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ill. SPINSTAND ~EASUR£MENTS dence supports tt 
is a trapezoid fu 

We use three spinstand tests to estimate the four read/ measures that an 
write width parameters required by the soft error rate and the "plateau 
model •. The three tests are a track profile, a microtrack zoid. Since the rr 
profile, and a 747 curve. The measure taken from the track head ·function, ·tl 
Profile is w, + wr The measures taken from the micro- · d. h . ed .. correspon ing < 
track profile are ~, and w, - ~·· The 747 curve 1s us parameters, these 
to measure w, + _w~ •. The model p~eters are ~vered .· ·spectively. _, 
from the appropriate linear combinauons of these -~~'~::.::.. . Tli~.~ proced~ 
surcments ·· · · · · · , -~ ., ·: · · •··· :-:1 ·" 

• · . . . • . ·. . . ·.<'..,. ''R. : ;., ... _, .. ,.. ·'1.:::·· .. , .. :,,_ .-..... j::;:_;:b·~~;}~profil~u Swwat:· 
·• <C;,··. Th •fifth model ~eter ":-~··~i ~can uc esuma~ J · i~ · ., tffl:!ii-·I'! · . ''t" 

'~~ &'747'Cur\.e acneia~ <ni'ihe SpiDstaDa 'to 741 ·~,!:~~~~· 
~es generated by the m~~1.·~esc procedu~ a~ de-· .. ·'· A line· is fitted t< 
nved below, and a short discussion of track nusreg1stra- . um amplit 
• • • l ded maxim 

tion measurement 1S inc u . average value oft 

A. Track Profile Test The half height J 
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w,}. An example of the matching procedure is shown in 
Fig. 9, where SNR4 values of 14, 14.S, is, 15.S and 16 
dB were used to generate five 747 curves. The value of 
SNR,,,. is chosen by selecting the model-generated 747 
curve that most closely matches the spinstand curve. This 
method is appropriate because the 747 curve is a contour 
line for the error rate response surface (ERRS). The ERRS 
viewed in three dimensions is a plot-of error rate, or P(e), 
u a function of E- and E..;,.. The 747 curve is a plot of the 
value of E.,. comsponding to a specified P(e) as a fubc
tion of E_. Thus, the 747 curve is traced by a plane of 
constant P(e) that slices the ERRS. 

E. Estimation of Track Misregistration 

0.3 

0.25 

0.2 

~ 
0.15 

0.1 

16dB 

-------- 15.S dB 
IS dB _____ ....,. __ .., __ _ 

-....~.;;..;...;_..,_ __ 14'.S dB 

l4dB 

• •• • spinsund 

1.4 1.6 I.I 2 2.2 2.4' 2.6 
Track PitcblP2 width 

825 

Fig. 9. Selection of SNR., by matchin1 an experimental 741.curve to fam
ily of model-aeneratcd curves. 

F. Alternate Measurement Methods 
The track profile and microtrack profile tests described 

above were chosen because they are easy to oonduct and 
require no special equipment beyond a spinstand. In par
ticular, the estimate of the erased band width w, can be 
improved. The procedure outlined above requires a mea
surement from each of the track profile, microtrack pro
file, and 747 tests to estimate w,, and the uncertainty in 
each of these measurements adds to the uncertainty in the 
w, estimate. Other, more accurate techniques n;uiy be used 
to measure the parameters if time and equipment are 
available. Hoyt and Sussner describe a single head tech
nique for measuring erased width [IS]. Their technique 
can be modified to measure w, + w, as a function of fre
qu_~ncy using a spectrum _analyzer. Van Hcrk and Bijl de
scribe £'1:Vo techniques, one which directly measures track 
width w, and one which measu~ w, + w~ (16). These 
techniques are more complicated, requiring several heads 
of different widths. but they promise better accuracy. Fi
nally, the· erased band might be measured dircctly using 
ferroftuid and an optic&I microscope or using magnetic 
microscopy techniques (17]. 

The measurement of track misregistration (TMR) is 
typically handled by classifying the causes of TMR and 
conducting a separate test to measure each cause. Such 
sources of TMR include spindle non-repeatable runout 
(NRRO), servo prediction error and thennal track shift. 
1be total system TMR, specified at its 3cr value, is com
puted by adding the individual variances due to the dif
ferent sowccs. If all the sources are independent, then the 
total ·TMR is just equal to the square root of the sum of 
the squares of the individual 3a values. Otherwise, the JV. TEST CASE 

total TMR value can be computed by Monte Carlo -meth- We have conducted a single test case to verify the ac-
ods. · curacy of the model and illustrate its uses. We followed 

A complete discussion of TMR m~ent is beyond the parameter estimation tests described in-section .m to 
Jhe ~·of this paper, but it is of inteiest to note that _ estimate parameters for the model. The bead and medium 
some sources of TMR are under the control of the de- on which the measurements were made, -as well 8s the 
signer. For instance, allowance in the TMR budget is usu- operating conditions (linear density, write current; etc.), 

' ally made for seek settling. In order to achieve faster ac-_ - were taken from a system representative of the state,9fthe 
cea times, a disk system will try~ read before the head an in late 1991; Both the head and_ med!~ \V~ ~igh _ ,;
~ cosnpletel~ settled. 1bus, there ~~~·.tra~!f ~~ .. y.perfonnance. thin film .. C9mponents._:.:I,'he.~~~1· r!J!,, ·::.,,. ~.,.; 
disk access ume and TMR tolerance pf the· systeaJ. "11le _ _ mode of the channel was assumed to be bit shift. -,. .: . . . .. : ;,,.. 
soft error rate model described here IW-ihe'ability to pre~-... The .,8rameter· estimation tests wcre·;macse"af· ff'erenf' -\ _ 
diet error performance as a function of TMR. This eurve data frequencies and disk radii because the read/write 
~ be used to determine the tolerance of the system to propenies vary with bOth. frequency and track position. 
increased levels ofTMR, and to set the margin for settling We cot\ducted tests at both the inside diameter (ID). and 
time. outsid~ diameter (OD) of the disk, and at the maximum 
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Fig. 13. P(e) versus head width for a ftxcd, track pitch. \ ' 

The other points in the plot are generated by the model 
using parameters extrapolated according to the assump
tions describe above. Remember that the true em>r rate at 
a given track radius is bounded by the worst case and best 
case curves. Again, note the higher error rate at the ID. 
As is shown by this plot, the head is slightly more nam>w 
than the width that is optimal for the chosen track pitch. 

The performance curves in Fig. 13 have a well-defined 
miriimum point due to two competing effects. The on-track 
lCrformance improves with increasing head width d the 

aack width (and therefore the signal power) increases. 
The off-track perfonnance is relatively constant for small 
bead widths. After the head width passes a critical width, 
C:orresponding to the knee in the cm>r rate versus track 
pitch curve, the off-track ~rfonnance ·degrades with in
creasing head width as the guard band shrinks. This sec
ond effect dominates at large bead widths, and the curves 
follow a roughly linear (on this log scale plot) slope. The 
P(e) increases an order of magnitude for an increase of 
about 8.5% increase in head width at this slope. At small 
bead widths, the P(e) increases about an order of mag
nitude for a 12 % decrease in head width. 

A second Use of the type of plot shown in Fig. 13 is to 
study the effect of component variation once the product 
is in production. The effect of variation in the head width 
can be easily viewed by inspecting the plot at, say, +5% 
and -10% of head width, if those are the specifications 
given to_ the head manufacturer. Anothe)" ~ay to view this 
plot is to draw a line at the system specification for em>r 
rate, say P(e) • 10-7, to detennine which head widths 

, meet the specification. 
The final performance study is a plot of cm>r rate ver

sus track misregistration (TMR). This plot shows ,the sen
sitivity of the model's error rate prediction to variation in 
""MR. In addition, this plot could be used to detenninc 
,adgeting of TMR sources. As discussed in Section mt 

certain sources of TMR are under control of th~ designer. 
In such cases, the designer wishes to know how much 
margin the system has in its off-track performance curve. 
The four cases of track radii and frequency are plotted in 

~-- ... -----· 
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Fig. 14. P(e) venus TMR 3a for fixed head width and track pitch. 

Fig. 14. The best and worst case conditions are defined 
as in the previous plots. Again, the em>r rate is signifi
cantly higher at the ID than at the OD. The nominal TMR 
3cr value used in the studies of Fig. 12 and 13 was 0.172 
in uni~ of P2 width. As shown in Fig. 14, the pcrfor
mano'b' curves arc somewhat sensitive to the TMR as
sumption, although the sensitivity of error rate to TMR is 
Jess than the sensitivity to head width. The TMR margin 
for seek settling can be detennined from a plot such as 
shown in Fig. 14. The nonnal sources of TMR are added 
together. The worst case perfonnance curve (of the four 
shown) at this level of TMR should be less than the sys-

. tern specification for error rate, say 10-1 • The TMR value 
on the worst case curve which yields a 10-7 error rate is 
detennined. The TMR .margin is the difference between 
these two values. · 

V. CONCLUSIONS 

We have developed a soft error rate model to predict 
off-track perfonnance for disk drives. Our model uses the 
accepted method of system error rate estimation, in which 
the track misregistration distribution is integrated with the 
error rate response surface (ERRS). The ERRS is esti
mated with a computer model based on a few parameters 
that describe the side writing and side reading properties 
of the head/medium. We used a number of simplifying 
assumptions in generating this model. In particular, we 
assumed that the effect of all sources of on-track errors 
can be represented with an error function whose perfor
mance is characterized by a single parameter. The effect 
of our assumptions is twofold: the, computational de
mands arc reduced, and the model is focused on those 
system parameters that affect off-track perfonnance, par-

. ticularly track pitch, head width, and track misregistra
tion. 

The utility of this model was demonstrated in a test 
case, in which error rate was prCdicted as a function of· 
track pitch, head width and track misregistration. The test 
case was based on parameters estimated from spinstand 



Rf S ·· Recording Process Simulator· 
Roscamp Engine.ering Inc. 

Designed to aid disk drive component suppliers and disk 
drive designers in understanding performance and yields~ 

First ·v.ersion of RPS was in 1986 for understanding 
magnetic head behavior. Current version completely 

·, models the data portion of a disk drive. Future versions 
will model servo with 3D solvers. 

Model is currently used by 24 industry leaders in 
magnetic disk_ drive design and manufacture as well as 
head' and disk suppliers in both the US and Japano 
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Signal to Noise for DASD 

Signal from Track of Interest 
SNR ~ ------------------------------------------

RMS of Noise Sources 

Nd =Disk Noise 
Nhr = real part of the head noise 
NampI =amplifier noise 
N0 i = Sig-oi =Noise from old information 
Nadj =Sig-adj= Noise from adjacent track 

Signal from Track of Interest 

SNR ~ ---------------------------------------------
2 2 2 2 2 0.5 

(Nd + Nhr + Nampl + Noi + Nadj ) 

Dan Malone, HST, 5/22/98 
( scusnr2. doc) 



.... 

SNRANDBER 

Gaussian distribution 
where e11 = noise voltage and cr = standard deviation. p( eJ is probability density 
fimction. 

'' I 

BER=P(lenl "2:.K)=erfc(JI) 
. 2 O" 

IC is a detection threshold and P(e.) is the cmnnla"tlve probability that the noise 
voltage exceeds the threshold (an error results wh'enever a pulse is tansnitted and 
not detected or no pulse is transimitted but a pulse is detected). 

If we define: 

SNR = Ea-pk then · K = E0-pk 
I cr ' · 2 

119 



·. I ASH 8J94 

For reasonable values of SNR. we can appxo:x j1 oare the BER as follows: 

BER~ e-r?
&z 

'' • ... . 

IBERVERSUS SNRJ 

•. ;.":. ••. , !",,. ,o:.' • ' I/ST · 
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Institute for Mlcrotechnolo y ·Hanover Unlverslt 

Gap Width and Data Track Width 

Cross Section 
through Plane 
of Gap 

Side. 
Fringe 
Reid.~· 

Width 

View of Disk 

Data Track 
Width 

Surface with Jmr::rr::::~::::=~~~~~~=~ef:!nrm!m 
Data ·Ttack 

Rigid Dfak Drives 
Hans H. Gallen 

Cl"" 

ln•tlU1t• for Mlctotecllnolo • Htnovet Unlv•t•lty 

Optimal Track to Track Spacing 

Track n-1 Track n 
r--P~-

Data · 
Pattern 31 
(Off
Track 
Noise 

t 
Off
Track Ax 

Data Pattern 1 
(On-Track Noise) 

Data Pattern 2 
(On-Track Data) 

_.... 
Track to Track Spacing p 

Rigid Disk Drives 
Hans H. Gatzen 

0 1995 tmt o~oe105·95J 
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Track Layout 

(scuoffa4.drw) Dan Malone, May 1995 



Track Layout 

Head sensitivity can be defined as a certain number of volts (microvolts) per 
unit track width. 

e.g. 80 uvolts/micron 
Comes from the amplitude equation: 

Vout = N s Mr VL J.1o K W •(losses) 

Vout. 
HS =Head Sensitivity = --- , Tw = Written track width 

w 

D = Tw • Hs, OFF= (offirack-distance) • Hs, OT= offirack distance 

R 
Signal 

\ 

(scuoff4 .doc) 
_ : _ ·_.,::~~·:~_ .,/_ · ;::-.,·:~· · · offirack~~)~~~-~"t°i:·~i;;:-~::'( -~~.i ~"):)~'t' 



Track Layout 

(scuoffa3.drw) Dan Malone, May 1995 



Signal = R = D - OFF 

Noise= NTOT = .JNs* Ns+Nold* Nold (uncorrelated) 

R 
Signal to Noise Ratio= ---

Nror 

-r 
SNR. e 

Z= , erfc(z) ::-'-' --
2 ..fi. .JPi z 

OFF R Ns Nold Ntot SNR 

0 D Ns 0 Ns D/Ns 

offl D-offl Ns offl .JNs * Ns + ojfl *off I 

oft2 D-oft2 Ns oft2 

So, 

General expression for the simplified case: 

D-Off 
SNR.=-------

~ 

,_,. · ·Dan Malone, IlST,7/24/96, (scuoffi.doc) 
. . . ~ 



Track Layout 

(scuoffa 1.drw) Dan Malone, May 1995 
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Track Layout 

{ scuoffa2.drw) Dan Malone, May 1995 
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(scuoffe.drw) 

Track Layout 

and Read head position 

Dan Malone, May 1995 
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Offtrack Reading 

(scuofff.diw) Dan Malone, May 1995 



EB 

Offtrack cases 

(scuoffg.drw) Dan Malone, May 1995 



Dan Malone, May 1995 

,.... Adjacent 

Tracie 

Squeeze 

(scuoflh.drw) 



EB 

Dan Malone, May 1995 
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Adjacent 

Track 

Squeeze 

(scuoffi.drw) 



EB 

Dan Malone, May 1995 

More Squeeze 

EBOvertap 

(scuoffj.drw) 
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Dan Malone, May 1995 

More Squeeze 

EBOVer1ap 

(scuoffk.drw) 
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Dan Malone, May 1995 (scuofltdrw) 
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EB 

(scuoffm.drw) 

Offtrack Reading 

Write wide I Read Narrow 

.... 1 

Dan Malone, July 1996 
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Offtrack Reading 

Write wide I Read Narrow 

(scuoffn.drw) Dan Malone, July 1996 
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Offtrack Reading 

Write wide I Read Narrow 

.... , 

Dan Malone, July 1996 
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Goals of Error Correction and 
Error Tolerance 

- Achieve an acceptable re-read rate 
- Achieve an acceptable unrecoverable 

error rate 
- Achieve higher (ecording densities 

through coding · 

Goals of Error Detection 
- Achieve acceptable rate for undetected errors 

The Goal of Error Retry 
- Recover otherwise unrecoverable data by 

repeating the operation without any changes 
or by repeating the operation after changing 
parameters of the recording channel or 
positioning system 

' . . ...,, __ .. 
' ''f 

' 



Errors in Disk Drive Systems 

Errors in Storage systems result from: 

- Defects 

- Noise 

Media noise 
Electrical Noise 
Barkhausen Noise 

- Offtrack noise 

- Adjacent track inte_rference 

The number of bits or bytes associated with an 
error event can be extended by: 

- Error propagation due to the detection 
method (DFE, or other sequence detector) 

- Loss of synchronization due to a defect 
- Recovery from a thermal asperity (TA) 

(scierrsl/doc), Dan Malone, IIST, 5/22/98 
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ECC andDRP 

Goals of Error Corrections and Data Recovery 

- Achieve an acceptable reread rate 
- Achieve an acceptable unrecoverable error 

rate 
- Achieve an acceptable miscorrect rate 

Goals of Error Detection 

- Achieve an acceptable rate for undetected 
Errors 

Goals of Data Recovery Procedures 

2 

- Recover otherwise unrecoverable data by 
Repeating the operation without any 
changes or by repeating the operations after 
changing parameters of the recording 
channel or positioning system or ECC 

(scierrsl/doc), Dan Malone, IIST, 5/22/98 



Higher TPI - System Considerations 

"It's a vicious circle" 

- Designs are dictated by read, write and erase ·widths, 
side reading and writing, skew due to the rotary 
actuator, and TMR 

- Decreased track width of the read/write element gives: 

o lower amplitudes 

o for the same linear density, this requires a lower 
magnetic flying height to maintain SNR 

o lower fly height means smoother media 

o narrow tracks drives the defects higher 
----> still smoother media 

o narrow tracks drive better servo positioning 

o need more ECC to cope with higher error 
rates, disk defects and thermal asperities 

o tolerances of the head geometry's, disk 
parameters., fly heights, etc. make the job 
even tougher. 

$ $ $ $ $ $ $ $ $ $ $ 

Dan Malone, IIST, 5/22/98, (scutpil.doc) 


