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SNR: Overview IIST 4/98 SNR

Definitions

NSIC
RMS
Carrier/Noise

Noise Sources

Electronics
Media
“System”

Measurements

Techniques
Non-Linearities

System Performance
-~ Error Rate
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SNR: Definitions ?? (Cont.) 1IST 4/98 SNR

RMS/RMS
Vp-p @ FCI
Vary FCI; Media Noise, Percolation
RMS Signal
RMS Noise
DC Erase
Head off Disk

Impacted by:
Data Code
Rate
Distribution of “Ones”
“Resolution”™
Shape/PW50
Bandwidth
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SNR: Definitions (Cont.) 1IST 4/98 SNR

Isolated Pulse Energy / RMS Noise

Amplitude, Width Effects Rolled Up, Not Separated
Independent of Code, ......

Matched Filter Bound
RMS
“Ideal”

Example |
NSIC RMS/RMS  Pulse Eneregy M.F.B.

28.5 22.5 31 26.2

Carrier/Noise
Optical
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SNR: Measurements | [IST 4/98 SNR

Frequency Domain
Spectrum Analyzer
Guzik,...
Full Channel Bandwidth
Narrow Band
Media

Hybrid
Amplitude (Viso; 0-p) Time Domain
Noise (RMS in Specified B.W.)
Guzik,....

Time Domain
LeCroy
Pseudo-Random Sequence
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SNR: Measurements (Cont.) IIST 4/98 SNR

Complications

Read Non-linearity

10% Yields ~40% Local Gain Compression (At Peak)
Impacts Media Noise

Non-linear Amplitude Loss, Percolation
Shows up as Media Noise

NLTS

Can Impact Media Noise Measurement

Noise Statistics
Not Necessarily Gaussian
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IIST 4/98 SNR

Read Non-Linearity for 10% Cos? Nonlinearity
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SNR: Measurements (Cont.) 1IST 4/98 SNR

Where ??
Preamp Output
Input Filter Output
Equalizer Output
Detector Input

Preamp Output

Preamp Bandwidth; Variable
Tester/Interconnect Parasitics

Input Filter Output

Bandwidth Spec’d by Filter
Rate of Roll-off

Equalizer Output
Convolution of All Blocks

Deiector Input

“Bottom Line”
DFE Terms
Determines Pe; .... Statistics?
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SNR: Noise Sources IIST 4/98 SNR

Electronics (AWGN, Real Bandwidth Dependent)
Preamp Voltage Noise
1,°, Ie_shot,....
Resistors
Shot Noise

Sense Currents
Amplifier Input Currents

A ; C(Mfs'ﬁ) :,:}qw é‘"\/@é“’i
° ° . . {NA \ - ”Z{‘“f/ ' P j 7{'3
Media Noise (Spatial Bandwidth Dependent) R gii% Al 7
A el
. . : o v\,}‘ﬁ/ W
Not Stationary; Signal Dependent N
Data Code Dependent NN
dk . e
Distribution of Transitions / -
Distribution a Function of Transition Shape
Micro-track Model Ll miﬁ Py
Shape is Distribution Function hﬁ‘@“j‘c Pt
Cé {\f‘ “ - <

Arc-tangent Do
Hyperbolic-tangent o edic
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SNR: Contributors

IIST 4/98 SNR

SNR =f{h, PTR, Ovct, AltRatio, O, ,
Vel,... ) AT

tau ,HO, g ., W, oWr, Write Pole-trim...

" {i{]w e i
Hc ,Mr, 0, S*, s, grain *,... =~ "5pato)
W. GWI‘, J, 05, Ap/p, Gss, MrHt, p_ .
t HKk, Ms,...

mr? spc’ sal’

R Channel, Pe, d C/a, Brt

\, Lk
L/bf' :(JZ \ e«\’ o

leads ? epre’ code’

\sf\ N e

/f W
* grain = f{ tmx, Ms, 0, Hk_, BPI, Ww,...}

S ~ grain \MM%W*"“‘”
ff:rv) ’W” \) Sarh %”C\’\%q VW\‘S(
OTﬁiW&f“‘-’"‘\{ m\

(Kug V)/ (K, T)>40 [ bl by~ 1047
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I—[Physical]
—[Write Process]

—[Media]
I—[Read Head]

,,}—[System, Preamp]

—[Thermal Stability]
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SNR: Media

IIST 4/98 SNR

SNRmedia =f (“a,,, BPI, S, Wreadooo)
“a” = f (He, dHx/dx, Mr, 0, S*, s, ... )
= Transition Width Parameter

0 = Media Thickness
s = Crosstrack Correlation Length
~ grain

Quantum

[Wr/s]®>  (or [Wr/grain]®s) is key

For Stability with Time:
min. grain =f{tmx, Ms, 0, Hk_, BPI, Ww }

tmx;  time for magnetization to decay

Ms: Saturation Magnetization

0: Media Thickness |

Hk:  Anisotropy Field RINE '”’““i;: B

BPI:  Max Bit Density Wi a2 ol ﬁ@y@ 2

Ww:  Magnetic Track Width 74 2 for!
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SNR: Media, Velocity Effects 1IST 4/98 SNR

WAt dveld

dHx/dx = f(d S
£§ el €77

- 2w, HO, Velocity, tau, Pole Geomentry, ....)
d = Magnetic Spacing
gw = Write Gap
HO = Deep Gap Field

tau = Flux Rise Time

magneti

Higher dHx/dx is better
Lower “a”

“a” Increases with Velocity

Media SNR Decreases with Velocity

Quantum CAPACITY FOR THE EXTRAORDINARY R. Gustafson 4/98



SNR: Media Noise Velocity Effects IIST 4/98 SNR

‘2> Parameter vs Velocity

HO = 8000, 10000 Gauss  d=3pin
1= 1,24nS Mrt = 0.5 mema/cn?

“a’ Parameter 4 ns, 8K Gauss .-~ 4ns} 10K Gauss

(nm)

2 ns, 10K Gauss

1 2 ns, 10K Gauss
1 ns, 8K Gauss

1 ns, 10K Gauss

30 0 500 1000 1500 2000

Velocity (ips)

(x ‘v\({,j J'D N\,@Vilﬁu npi 5L
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SNR: Other Contributors IIST 4/98 SNR

Track Edge
“a” Parameter growth

“Erase” signals

Next Track
Fringing
Write
Read

SNR system = f( Signal, CMRR, PSRR, Interconnect,...)

External Cables
Neighbors
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SNR: Edge Noise

[IST 4/98 SNR

“a” Parameter (@ Track Edge

Dn-trk Transition Location

Mn,n
a7

Quantum

14

0.8
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0.2

0

"a", Trans. Location vs Cross-trk x/g

."
-
.........................................

-1 -0.8 -0.6 -0.4 -0.2
Cross Track Position (x/g)

a

== Down Track Transition Location
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SNR: Where Does it Go ? IIST 4/98 SNR

Equalization Loss = f ( PWS50 / B, target, .....)
B = Bit Spacing
PW50 = f (“a”, Mrt, Gss, ...)

Equalization Loss Increases with Velocity, BP1

Detector

Pe = K1 erf (-SNR / K2)
Gaussian Noise

Quantum CAPACITY FOR THE EXTRAORDINARY R. Gustafson 4/98



SNR: Where Does it Go ?

IIST 4/98 SNR

Equalizer Loss (db)

Quantum

18

161

14

12

10

Equalizer Loss vs Normalized Density

1

— Lor, n=1
—¢ Htan, n=

2 3

Normalized Density (Channel)
1 N pime
Shu ?i«q
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SNR: What’s Required ? IIST 4/98 SNR

Pe vs Detector SNR

Pe

Quantum

-12

14

16

10

10 12 14 N . ?
Signal to Noise (dB)

— Pe: n=2, d=0 Code

“*"" Pe:n=2,d=1 /g4

7 Pes n=1, d=0 QQQK‘A
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Sources of Media Noise and
Comparison Of Methods For the

Characterization Of Media Noise

David Wachenschwanz
Komag, Inc.
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Noise in Thin Film Media

* Media made up of polycrystalline grains; grain sizes may typically vary
from 50 to 500 A

 Noise occurs primarily at written transitions in the media
« Two dominant noise modes in the transition region:
(1) transition position jitter

(2) transition width fluctuations

o Transition position jitter is usually more significant than transition width
fluctuations

David Wachenschwanz —



TEM Plan View of A Thin Film Media

l()v nm

Davic, ‘Vachenschwanz



Formation of a Recorded Transition
N EEE—— EEE——

OD \‘
-7

Davic Wachenschwanz E;‘



Position Jitter

Write Current Waveform

Media Magnetization |
> -> @« > @« > > e -»4{
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Transition Width Variation

At the transition in a thin film media,
magnetization flips directions. In real transitions,
the flip in direction of magnetization has some
finite width over which the direction of
magnetization changes.

M(x) - Mstanh(zﬁ)

T a

where M, = saturation magnetization and
a = transition width parameter.

xa

Due to uncertainty in the shape of the transition, each individual transition’s width parameter

has some fluctuation da. This produces a variation in the width and the amplitude of the read-
back transition.

i,

David Wachenschwanz
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If we assume a tanh transition shape,
then

waere

G_ = transition position jitter, o _ = transition width fluctuations
X a

s = cross-track correlation length, a = transition length W = trackwidth

Davic: Wachenschwanz —



Noise and Signal Spectra As Measured By A Spectrum Analyzer
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Thin Film Media Transition Noise Power
Soectral Density is

Gi 2 2 62 4 2
PSD, (k) = — K2 [V, ()7 — k" [V, (0

waere

Gx = transition position ]jiiter, Ga = transition width ﬂuctuatzon

'*’Vp(k) = Fourier transform of the isolatedpulse, B = flux change length, k:%gf
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Measurement of Integrated Media Noise

(1) A constant frequency square wave is recorded on a track.

(2) A spectrum analyzer is used to measure the power spectral density (PSD) of the total
noise (media noise, electronic noise DC-erased noise) vs. frequency (Note: Removal of
the signal peaks from the spectrum trace and correction of the spectrum analyzer
readings in order to measure noise proper is required).

(3) Total Integrated Noise Power = f PSD (k) dk

Total Noise

(4) The track is then DC-erased and the power spectral density vs. frequency is measured.

(5) DC-Erased Integrated Noise Power = f PSD

(6)

Media Transition Integrated Noise Power = Total Integrated Noise Power - DC-Erased Integrated Noise Power

DC-Erased Noise(k) dk

(7) Signal-to-Integrated Media Noise Ratio
-Which signal to use?
(@) RMS signal power of fundamental harmonic of S|gnal in step (1)?
(b) O-peak or peak-to-peak signal power of signal in step (1)?
(c) RMS, 0-peak, or peak-to-peak signal power of some other signal?

David Wachenschwanz —



Integrated Media Noise Power
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No Partial Erasure Partial Erasure

WA

Magnetization Direction

<

<
_

. 4

Record Current
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(1)
(2)

(3)
(4)

Measurement of Media and Electronic Jitter on Thin Film Media

A constant frequency square wave is recorded on a track.
The signal is read back and the time interval between M sets of transitions is measured.

This time interval information is then stored. The measurement of the time between

.ransitions can be done using a time interval analyzer or by digitizing the signal and
determining the time between the positions of transitions.
Step (2) is repeated N number of passes making sure that the time intervals are

measured on the same sets of transitions for each pass.
“ee the next figure for calculation of media jitter o, and electronic jitter ..

Impcrtant caveat:

‘Nant to determine noise statistics for individual transitions

otep (2) measures the time interval between two transitions. Thus, this data is the
ombination of noise at two transitions.

'+ the noise statistics at both of the transitions are the same and also uncorrelated, the the
variance calculated for the time interval between transitions can simply be divided by 2 to
obtain the variance of the position uncertainty at an individual transition.

'n a magnetic recording channel, “tails” from adjacent transitions interact and thus cause

‘ne noise between adjacent transitions to be correlated. _

To avoid this correlation, the time intervals measured in step (2) should be “distant” p»e’b&M
cansitions. | ! j’?ifvf
‘Aeasuring the time between every 16" transition is normally adequate wﬁ?@i&”
. \ . &v?‘;»’\ﬁ.
@ £ Ak

T R
desi —
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- « SSed

[T

+« Transition # — 16*m 15 16*

I

N,
tl,l m,l

I

+« Transition # - 16*m- 15 16*

—

1 ,n m,n

Pl 0'1 Hm Om
1, = mean value for repeated measurements of interval t,
o, = standard deviation for repeated measurements of interval t,

Y (u,-p)? | Y o
i:l 131
c, = 6, =
* N 20m-1) © N 2m
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Fecording Performance For Several Disks

Jisk H, Mt s* HF MF LF HF/LF PW50 | ow Media | SNR
Resolution Jitter
. Oe | memu/cm? mVpp | mVpp | mVpp % ns dB nm dB
| Jisk A | 2843 0.79 0.840 |0.1641 |0.4478 |0.5452 30.12 17.51 34.46 3.13 27.21
| .skB | 2310 1.02 0.771 ]10.1519 |0.4261 |0.5715 26.60 19.90 | 40.69 4.75 22.84
| Disk C_| 2465 1.03 0.796 [0.1657 |0.4826 |0.6071 27.23 19.36 | 39.35 4.52 23.22
| MskD | 2377 0.99 0.791 [0.1697 [0.4577 |[0.5686 29.89 19.00 | 40.05 4.75 23.42
| [isk E_| 2453 0.92 0.832 |0.1759 |0.4662 |0.5780 30.44 18.43 | 37.59 4.32 23.78
| ‘iusk F | 2544 0.89 0.860 [0.1548 |0.4630 [0.5846 26.49 18.78 | 36.20 3.15 26.58
| Lsk G | 2613 0.93 0.843 |0.1891 1 0.5104 |0.6235 30.40 18.17 | 39.21 4.03 23.92
| sk H | 2526 0.88 0.842 [0.1930 |0.5045 |0.5998 32.23 17.74 | 39.12 3.73 24.51
| siskl [ 2322 0.78 0.787 [0.1544 [0.3985 [0.4984 30.98 18.11 | 41.39 3.82 25.30
| Liskd | 2719 0.73 0.839 [0.1761 |0.4393 |0.5211 33.82 17.30 | 41.28 4.26 23.60
| Cisk K | 2400 0.70 0.857 [0.2087 [0.4786 [0.5409 38.60 16.23 | 41.81 3.47 26.11
e Media Jitter Measured At 110 kFCI
« SNRis 110-kFCI RMS Signal-to-Integrated Media Noise Ratio
« F Density = 220 kFCI, MF Density = 110 kFCI, LF Density = 37 kFCI
—
—
Davic ‘“/achenschwanz ‘67'



Integrated Media Noise Power vs. Linear Recording Density
For Three Different Media
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Integrated Media Noise Power Normalized By (M.tF
For Three Different Media
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Integrated Media Noise Power Normalized By S?— """

For Three Different Media
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IMS Signal-to-Integrated Media Noise Ratio vs. Media Jitte
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The Effect of Media Position Jitter on a PR4 Isolated Pulse
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The Effect of Media Position Jitter on an EPR4 Isolated Pulse
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SNR Measurements and SNR Requirements for
High Density Magnetic Recording

Hans Jiirgen Richter,
Seagate Recording Media, Media Technology

IIST Symposium on SNR and Disk Drive Performance

Hans Jirgen Richter
Seagate Recording Media Seagate
IIST SNR Symposium, 27th Apr. 98 information. the way you want it

Outline

a) medium noise: types and physical background
b) noise measuring techniques
(noise integration, Jitter)
c) extraction of media parameters out of noise measurements
d) SNR requirements
(correlation between BER, Offtrack performance and SNR)

e) Challenges in making media which satisty future requirements

Hans Jirgen Richter

Seagate Recording Media Seagate
TIST SNR Symposiuny, 27th Apr. 98 " ation, the way you want it




(a) Noise Sources in Media

media are granular => statistics: “number of particles per bit”

“particle noise”
} < > granularity

“transition noise”

“texture (modulation) noise ”’

Hans Ji Richt
S:;: alzr}glardin;;dedia Se ag a t e

IIST SNR Symposium, 27th Apr. 98

information, the way you want it.

(a) Texture (Modulation) Noise

head medium spacing
head modulation

i “carrier”
medium i
| | fk

the effect of texture (modulation) noise on performance of skirts

today's media is hard to detect at all

=> no further consideration f k
Hans Jit Richt:
S:;;at:gzgordirge;'l edia Seaga t e

_ 27th 1
TIST SNR Symposhun, 27th Apr. 98 Information. the way you want it




(a) Effects of Medium Granularity

(no magnetic interaction assumed)

I X (downtrack) magnetization  variance
\ X X

if all magnetic grains are magnetized, say, up. o? (x) =1 -pm(x)?
the variance is minimum, 6>=1-p A . .
. L. j = (volumetn king d
(there is no statistical freedom left) p = (volumetric) packing density
statistical uncertainty is maximum at the transition center

Hans Jis Rich
S::at:ré:ordin;ﬁ!‘ded.\a Sea ga te

11ST SNR Symposium, 27th Apr. 98

information, the way you want it.

(a) Jitter

“noisy transition”

magnetization 1

readback
_—

0.75 0.75

uncertainty in
« pulse position (Jitter)
* pulse shape (height)

Hans Jii Richt
S:;at:r}’g\:,nwrd?r:;;\{adia Seagate

IIST SNR Symposium, 27th Apr. 98

Information, the way you want it




(b) Medium Noise Measurements

analyzer

not discussed here

Hans Jiirgen Richter
Seagate Recording Media
IIST SNR Symposium. 27th Apr. 98

« direct Jitter measurement

+ SNR definition, measurements with a spectrum

» other methods (noise correlation)

Seagate

information, the way you want it.

(b) SNR Definition

B = shortest transition spacing

Define:
LD = 1/(2B) ~ [HF]
Signal: rms value at LD/2 = 1/(-?B) [MF = HF/2]
Noise: rms value of noise (integrated) [HF]
0 50 100 150 200 LD (kfei)
> T T T T
g 50t
/M 2 excitation (HF)
T total noise
g ‘N medium noise ‘
G ‘ “mid-frequency” scheme
]
60+ * weights resolution not too strong
* signal power in PR4 at 1/4B
-65

Hans Jiirgen Richter
Seagate Recording Media
1IST SNR Symposium, 27th Apr. 98

Seagate

Information, the way you want it.




(b) Noise in Recording

[\\Aﬂ\j magnetization

- variance
X
— » magnetization fluctuation is not stationary
transition spacing o o

* magnetization fluctuation is pattern dependent

* spectrum analyzer measures average
Hans Jiirgen Richter
Seagate Recording Media ) Seagate
IIST SNR Symposium, 27th Apr. 98

Information, the way you want it.

(b) Noise as Function of Linear Density

% 150 disk A disk B:
- (bckgnd dc) / noise with background subtrac-
S E 1001 tion with head lifted
::
o
2 disk B:
= 07 — noise with background subtrac-
tion with medium dc erased
0 . — ;
0 50 100 150 200 LD (kfci)
* dc erased state has a very low noise
« noise increases with LD (non-stationarity!)
« supralinear noise increase head: RW = 2.3 ym

Hans Jirgen Richter

Seagate Recording Media SEagate

TIST SNR Symposium. 27th Apr. 98 information, the way you want it




(b) Direct Jitter Measurement

time interval analyzer measurement

1A Jitter is defined to be the

1 disk A standard deviation of the
scatter of the pulse position

Jitter (nm)

S = N W s
+——t
é
w
=
oy

0 50 100 150 200 LD (kfci)

Jitter drops due to intersymbol interference

see G. Hughes, IEEE Trans. Magn. 33, p 4475, 1997 head: RW = 2.3 ym
¢ ghes rans. Nagn 25 p ) threshold 45%
40 MHz filter, LF
Hans Jirgen Richter
Seagate Recording Media Seagate

{ 9 -
JIST SNR Sympostum, 27th Apr. 98 n tion, the way you want it

(c) Extraction of Medium Parameters

« theoretical conversion of Jitter into SNR
+ experimental comparison

« crosstrack correlation length

Hans Jargen Richter

Seagate Recording Media Seagate
J 2 [

1IST SNR Symposium, 27th Apr. 98 In ation, the way you want it




(c) SNR versus Jitter, Theoretical (1)

After Giora Tamopolsky, one can convert Jitter into SNR.
/, X/ ’?3l?""

In U S gpacr
_NT s DY yr U=PW,/B :
SNR = 2 u xp( 4 ) (channel density)

T e SNQ

The derivation of the equation assumes

+ small perturbations of pulse position and shape

(after read-out process)
* Lorentzian, non-interacting pulses (no supralinear noise)

« Formally, o absorbs both Jitter and pulse shape fluctuations
(Jitter dominates)

Hans Jargen Richter

Seagate Recording Media Seagate
1IST SNR Symposiur, 27th Apr. 98 information, the way you want jt.

(c) SNR versus Jitter, Theoretical (2)

Strictly speaking, position Jitter (which is the dominant noise source) 4

is a modulation and not noise (*). v

Medium quality is related to:

Q = o : effective Jitter

(*) V. B. Minuhin, * Parasitic Transition-Shift Phenomenon from Viewpoint of
Modulation Theory™, to be published.

Hans Jurgen Richter

Seagate Recording Media . Seagate

1IST SNR Sympostum, 27th Apr. 98 Information, the way you want it.




(c) Experimental, Jitter versus SNR

Comparison of calculated o (from SNR) with directly measured Jitter.
The same head, various disks.

&
_S 8 / Linear density: 50 kfci
2 Az B[ U
% 6 7" 2 v SX’; ekpi\iT/'
s y = 0.84x + 0.02 e
Q - — W S

4 R=0.99 4o

> | ]

2 4 6 8 10 12 Jitter (nm)
direct measurement
Note: calculated o # directly measued o '
Scgate Beoording M Seagate

IIST SNR Symposium. 27th Apr. 98

Information, the way you want it.

(c) Experimental, Jitter versus SNR

Comparison of calculated o (from SNR) with directly measured Jitter.
Various heads, two disks.

~ 12
g A
g 10
E’ 8 disk B Linear density: 50 kfci
8 ° A R o
5 : s Jn e B (U
TE 6 fslA ¥ o 3 =Y RS
4 ®
2
2 4 6 8 10 Jitter (nm)

direct measurement
« o or Jitter is not unique to a disk
+ ranking of media works

Hans Jirgen Richter

Seagate Recording Media Seagate

IIST SNR Symposium. 27th Apr. 98

Information, the way you want it.




(¢) Crosstrack Correlation Length

* crosstrack correlation length is the “magnetic grain size”

s a transition parameter
o xa E Ry, reader width

s crosstrack correlation length
* models differ in proportionality factor /1.
+ models differ in transition shape ,{A . | ;si 7 X4
= this dependence is universal 7 ; o
P A 1 & | A
' i &<

) I g0l
:WFQ;,”} 7
» typically, s is predicted to be unrealistically high X
(note: all PW,, predictions are poor) &

{
J;x'-f«f;

Hans Jargen Richter

Seagate Recording Media Seagate

IIST SNR Symposium, 27th Apr 98

information, the way you want jt.

(d) SNR Requirements, Correlation to BER

“black-box approach”

SNR from head/medium

L. BER
combination channel I
> -
(PR4, EPR4, ..) |
'y j
what SNR is needed
to achieve BER target?

Johnson-type noise

Hans Jirgen Richter
Seagate Recording Media Seagate
IIST SNR Symposium, 27th Apr. 98 Inf tion, the way you want it.




(d) Treatment of Noise-Mix

for the next slides: simplified view

Johnson noise and medium noise are equally harmful

S
SNRtor = N

Not
typically 60-90% of the noise power is from the medium
St Roaonin i Seagate

SNR S 1 7 .9
st ymposium, 27th Apr. 98 information, the way you want it.

(d) Correlation SNR <=> BER

SNR,, (dB)
10 15 20 LD[kbpi] 221 [235]

x 0 } tpi 10500
o DR[Mb/s] 93
Q channel:

-2 T EPRA4, tuned to every surface

-8 +

-10
« required (total) SNR for 10-'®error rate is 19.5dB
e ‘ Seagate

: 274k
1IST SNR Symposium. 27th Apr. 98 Information, the way you want it.




(d) Correlation SNR <=> BER, cont’d

SNR,, (dB) :
o 0 5 10 15 20 25 various conditions do not
o R alter the SNR BER relationship.
m -2 -+ @
Py
=3
4T « different testers
« different channels (all EPR4)
67 + different components
* various crosstrack positions
8 + AD 1.5 ... 3.2 Gbit/inch?
-10

(after code correction)

Hans Jirgen Richter
Seagate Recording Media
IIST SNR Symposium, 27th Apr. 98

differences between channel types are found to be 1...1.5 dB

Seagale

information, the way you want it.

(d) Correlation: SNR -Offtrack Performance

Hans Jirgen Richter
Seagate Recording Media
11ST SNR Symiposium. 27th Apr. 98

2|3 Tom

2l ol
15 | ..se'O e ol
10 | J.
31 ®e SNR,, (dB)

18 19 20 21 22

SNR,,: on-track

one head - various media

= 30
225 | APE
=
20 1
15 |
10 ¢ F) "
51 SNR,, (dB)
18 19 20 21 22
PE
OTC
APE __
‘\\‘\
> tP

) ; LD 152 kbpi
" Al £ o 54 Lh-‘“‘; 4,‘-{"\,‘,,% TD 6700 tpi
LA { DR 67 Mb/s

& oS Channel: PR4

information, the way you want it.

Seagate
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(d) SNR Requirement

* noise mix: keep the relative amount of medium noise constant
* no matter what theory, the ratio

(o} .
— = constant = requirement req
(needs to be conserved when increasing areal density)

. . 1
o scales with reader width as: o0 < —

VRw
« simple scaling leads to:
%
AD oo req As = bit aspect ratio
2
PR} 45"

Hans Jii Richt

e e Seagate
IIST SNR Symposium, 27th Apr. 98 information, the way you want it.

(d) SNR Requirement, cont’d

For media development, the head is fixed and one monitors the gain in SNR.

® head 1 (As =10)
10 A head 2 (As =10)

® head 3 (As = 10)
~§ ® head 1 (As = 20)
&b  head 2 (As = 20)
% - 4 head 3 (As = 20)

Ty =1.02 e0.13x}—
— L J
o
a [
//
] ="

0 1 2 3 4 5 6 ASNR (dB)

+ doubling the density thus requires + 5.2 dB SNR when measured at “old” conditions.
(compare N. Bertram et al. Intermag 98. HBO1. to be published: 4.5 dB)
« at new conditions, SNR is expected to be const.

Hans Jirgen Richter Seagate

Seagate Recording Media
N Y S 7
1IST SNR Symposium, 27th Apr. 98 Information, the way you want it.




(d) Requirement, Summary Chart

g 10 %
g g > \\/// 10, / SNR gain for various
Z 20 - 7 / bit aspect ratios
7 7 v

Vy /a

7

/.94
0(1/<///2/3 L

extrapolate from here targeted areal density gain

Hans Jirgen Richter

Seagate ﬁecordmg Media : Seagate

IIST SNR Symposium, 27th Apr. 98

Information, the way you want it.

(e¢) Challenges for Future Media

a back-on-the-envelope calculation:

item comment
. aspect ratio mild dependence
1 H 3 H. M, mild dependence
AD oc ——
3f— 2 s strong dependence

some simplifications involved

s needs to be reduced. which is in the end particle size.

Hans Jirgen Richter .
Seagatc Reerding Medi Seagate

1IST SNR Symposium, 27th Apr. 98

Information, the way you want it.




(e) Challenges: Time Effects

too small magnetic particles

become magnetically unstable:

10 kfci recording
M.5=0.1 memu/cn?,
225
=
i’ 20 T
[ 15 1
10 T
5 -t
0 1 f
0.1 1 10 100

time (s)

Hans Jiirgen Richter
Seagate Recording Media
1IST SNR Symposium, 27th Apr. 98

time dependence of coercivity
increases for small particle size

M.6= 0.7 memu/cm?®.

—_—
) «_ +Noise Technique |
:d-' 3.01
538 RDM
: ~ AGFM
2.6
S
24 *
22
102 102 109 1010
time (Us)

Seagate

information, the way you want it.




Interactions Between Noise and Non-Linear
Distortions in PRML Channels

Alexander Taratorin,
IBM Almaden Research Center, 650 Harry Road San Jose
e-mail: amt@almaden.ibm.com

Outline:

Naive Look at Transition Noise: Power spectrum derivation
Pattern-dependent Transition Noise

Supralinear regime: NLTS, Partial Erasure, Track Edges and Noise
Noise and PRML Error Rates: AGWN paradigm versus colored noise

Noise, Non-Linearity, Pattern Dependence and Error Rate of PRML
channels

Conclusions
April 27 1998 A.Taratorin )
HOST Symposium on SNR and Disk
Drive Performance

Naive Look at Transition Noise

0
10
820 ................................................................................
g 1- Head Unloaded
30 2- Medium DC-erased
3- 70 Mflux/s square wave
4-140 Mflux/s square wave
E‘o .....................................................................................
Beo |
4
\
60 <3
2
1
700 50 100 150
FREQUENCY, MHz

* Noise spectrum is different with transitions and without transitions

VIV T S e R RO L [T S T
x‘:.lCAl"w . oh QA!; \z.l-nl - '.'J:\“'#.'ltt 3«./ i ‘.I. TR

- k] ¥ ~
AT &t T Y L L g vt e :
LT ullsT W SIEI aEC oy i

; A.Taratorin
April 27 1998
IIST Symposium on SNR and Disk

Drive Performance



Transition Jitter: Power Spectrum
(without “small” jitter assumption)

e Series of delta-

functions b =t§“a,5(t—kT—§,)

-

A5 e Q,’) (\) B%iag

* Read-Back pattern: s@t)= lg_a,‘ p—kT =&,)=p(r)* Lia,& (t—kT -¢§, )]
* Read-Back Spectrum: S(w)= P(a))[S{ki a,6(t—kT-¢, )}] = P(w)D(w)

* Power Spectrum:
(1S@)P)= P@)r (| D@)F)
<| D(w) |2) = lim -]1\7<3{ lezra,é (t-kT =&, )}S‘{ ”5;’2,,5 (t-mT =€, )}>

k=-N/2T m=-N/2T

April 27 1998 A.Taratorin 3
IIST Symposium on SNR and Disk

Drive Performance

Power Spectrum of Jittering delta-functions:

* Calculate Fourier Transform
* Find cross-product, treat the cases k=nand k !=n

N/2T

—iokT _—i
> a,e" e iy
k=-N/2T

D@ =3{ Sase-rr-¢)}-
=-N/2T

k

N/2T N/2T .
- - ~i -£,
D@D @)= 3 3 a8, e 0 <
n=-N/2T k=-N/2T
N/2T N/2T . .
—io(k-n)T i -io(k-n)T -
=Y Ya,a,e io(k-mT ,=io@Gr4,) 4 ) S aa,e i(k-mT ,=ioGy~.) —
k=m n==N/2T k=-N/2T
keN
NJ2T ,  NI2T  NI2T L T
- 2 al+ E )y aa,e io(k-mT , (& :,,)‘
k=-N/2T n=—N/2T k=-N/2T
k=N
: A.Taratorin
127 1998
Apr ST Symposium on SNR and Disk

Drive Performance



Power Spectrum Calculation:

» K /T - Total Power of modulating pattern per modulating period.
* Assume that jitter is Gaussian, use characteristic function property:

2,2

(exp(—i ('3 )) =exp(-— a)_zo_)

» Expression for power spectrum:

2T N
(' D(w) |2>=},ir_2-]1v E-K—+ N/z /f a,a,e T | |

T m=—N/2T k=-N/2T
kwm

K -

1| mzr Nor

L] K . s
==+ ¥ zakane-w(k-n)Te—W(Cu—é.) =___*_e-¢n2¢72 lim— 2 s akame-nm(k-n)T =
oo ko N—v= N | we-N/2T k~N12T
kwm kwm

K e—m’o’ . -
- (1__e-oi’a'2 )+____ Z Zakame-ianﬁl)T

3 A.Taratorin
April 27 1998 5

prl IST Symposium on SNR and Disk
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Power spectrum of Read-Back with Jitter

* Second term is the weighted power spectrum of the modulating process.

* Example: Let the sequence of the modulating binary pattern is stationary, i.e.
(a,a,)=q,_, Then, using the Poisson summation formula:

(A(w) is the power spectrum of the modulating process):

oo ] S

m=—oco
2.2
K 2 2 e-co o o
=—P(1-e"% )+ Y A(w-maw,)
T . T? mee
3 A.Taratorin
April 211998 IIST Symposium on SNR and Disk 6

Drive Performance



Model Results:

POWER SPECTRUM: SEQUENGE OF DELTAFUNCTIONS POWER SPECTRUM: LORENZ SQUARE WAVE

10 - 10

i
2 1 i
éw | i : p é ;
g i gm‘r i ’ ]
810 l i 1 ¥ i ! |
! ) | ‘o!r H 5 H
W L . P I . - i : N i
50 100 150 200 250 300 0 50 100 150

\ Top- Lorenzian square wave PW50/T=2, no jitter

Top- sequence of delta-functions power spec \ e . ]
Bottom - same, with jitter. Noise term is 1-exp, Bottom - same, with jitter. NO}SC term is product
of Lorenzian spectrum with 1-exp,

harmonics are weighted by exponential filter

M
S

hé?mpm’cs are weighted by exponential filter

: A.Taratorin ™.
April 27 1998 - 7
P IIST Symposium on SNR and Disk . )
Drive Performance }(} ,}1) l’i/ Yo, S 5

Read-Back Power Spectrum:

-0’

(15(@) l’):—;glP(w) P(1-e*)+ ‘Tz |P@)P 3 A@-ma,)

Observations:
* Continuous spectrum term does not interfere with pattern
* Pattern harmonics are weighted by the Low-pass filter:

exp(—w’o?)

April 27 1998 A.Taratorin 8
IIST Symposium on SNR and Disk

Drive Performance



Spectrum for Square-Wave pattern

2.2

2 -0‘c .
(1S@)r)= 'P(;’)'( e*""”)+eT2 | P(@)? 3 6(w-ma,)

 For small jitter: 1— exp(—(o20' 2) = w’o?

* The final equation is almost identical to [Bertram, Tarnopolsky] except
for the weighting of the pattern harmonics:

2 2
(lS(w)l’):lP(w);wo le 3 (- -m*w}o?) | P(mw,)  §(w-ma,)

i A.Taratorin
Aprl 271958 IIST Symposium on SNR and Disk ?
Drive Performance
SNR calculation:
* Noise power: K2 \
N= —T—j P(w) P (1-exp(-0’c?)dw
0
* Signal Power: S= —Tl{f P(@) 1 A(@)exp(-0’0*)dw
0
e Simplified SNR
for a square wave
recording
(similar to G. , N ,
Tarnopolsky  gyg= Veat)”  2TPWyexp(-m o /T7)| 7PWs! 2T }
et.al) P, no’ sinh(TPW,, / 2T)
i A.Taratorin
April 271998 NIST Symposium on SNR and Disk 10

Drive Performance



Influence of pattern filtering on SNR:

] '8} / ‘!
i /

!o.ts o ,,"{ & 3 /

/o /

iu g cletl 140y

026

e

]

32058

10 16 2%
Jiter Standard Deviation, % of bit period

SNR correction (fundamental or mid-frequency to integrated noise power)

T=150 nm, sigma = 6 nm, fundamental is scaled as 0.98 of the signal power,
<0.1 dB loss;

Below the Nyquist frequency the losses are negligible when jitter <5% of bit
period.
At 10% jitter maximum signal loss is 0.4 dB at Nyquist frequency

April 27 1998 A.Taratorin 1

ST Symposium on SNR and Disk
Drive Performance

Transition Jitter, Power spectrum,
SNR: Naive Look

“Small parameter” approximation works very well

No interactions between noise power spectrum and pattern components
(except for small Low - Pass filtering effect). This effect is negligible
for jitter <10% below Nyquist frequency and in a range of densities
PWS50/T >2

Medium Transition Noise spectra is additive to the pattern
Is Medium Transition Noise similar to colored
Gaussian noise???

The power spectrum is averaged over a period of a modulating process
( binary pattern). Locally, the process is non-stationary and pattern-
dependent.

April 27 1998 A.Taratorin 12

HIST Symposium on SNR and Disk
Drive Performance



Variable-Density pattern and Medium Noise

1

o8t

o.el

041

02r

0

az r

Q4

as r

as

1

0 w20 30 w0 8% &% 70 &0
» Noise is created by transitions
* Locally higher transition density creates higher density of noise power

April 27 1998 A.Taratorin _ 13
IOST Symposium on SNR and Disk

Drive Performance

Signal Amplitude (samples) deviation: Isolated,
Dibit and Tribit Transitions

* Generate multiple realizations of transition with Gaussian jitter
» Calculate position-dependent standard deviation

* Maximum deviation at maximum derivative ( as expected according to
the model)

* Higher noise for a dibit transition - superposition of jitter from two
adjacent transitions into the integral waveform

» Same - for tribit
» Distribution of position-dependent noise for random pattern
e Transition noise is locally density-dependent

. A.Taratorin ’
April 27 1998 14
pel IST Symposium on SNR and Disk

Drive Performance
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Density dependence of Media Noise: Linear or
supralinear?

» Forget about position dependence: use a square wave recording and
integrate noise in a bandwidth

* According to theory, the noise term (ignoring signal harmonics):

2
(| N() |’)='—P(—;’)'—(l—e*”°’)

» Noise Power is linearly proportional to density (1/T).

* Deviation from linear dependence (supralinear region) is often
observed and correlated with onset of percolation ( partial erasure) and
Non-Linear Transition Shift.

April 271998 A.Taratorin . 17
ST Symposium on SNR and Disk

Drive Performance
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Experimental results:
th the onset of NLTS

Deviation from linear dependence correlates Wi
and Partial Erasure (J. Zhu et al., J.Appl. Phys, vol.79, p.4904 April

1996, E. Yen, IEEE Trans. Mag., vol. 33, p- 2701, 1997)

Possible contribution of track edge noise - percolation starts at track
edges first ( 3.Zhu, TMRC -96, INTERMAG-97)

Very difficult to distinguish contributions of NLTS and Partial Erasure
Simplified read-back model: non-interacting micro-tracks (70-80
microtracks). Aspect ratio = 15, typical transition jitter 3 nm

A.Taratorin

April 27 1998 . .
ST Symposium on SNR and Disk
Drive Performance



Simplified micro-track model: NLTS only

Transition
NLTS

Previous
A Transition
» Each Zig-Zag adjacent to the previous transition has more probability
to switch
e NLTS=15% of bit period, N=K/T*3

» Distribution of micro-track positions becomes asymmetrical, standard
deviation increases

April 27 1998 A.Taratorin _ ' 21
ST Symposium on SNR and Disk
Drive Performance
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TRANSITION JITTER, LINEAR CHANNEL

f 1 i
RUDTRHES =S ) ;‘- 8
................. qg -§
.......... § g §
s 3 =
....... "‘§ ;. :,‘ .§
s A=
L. § E-..:.. 3 ..§
|, 3| =
............. :...<§ 5- —r— ..-J§
.............. .‘§ EL = .qg
N - -g _5 ........ : ..§
18 i 18
R fTcocg 8
WU *J 4IHS NOLLISNVHL | WU *L4IHS NOILISNVHL |

232

Partial Erasure: similar mechanism + percolation

« As the second transition is written, zig-zag tips percolate. Effective

| | |
| | |
S
=
1 T
| | |
1 2 3

e
!q(—

|

I
|
4

transition irregularity increases, plus amplitude drops

April 27 1998

A.Taratorin

IIST Symposium on SNR and Disk

Drive Performance
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Media Noise + Non-Linearity: Summary

 Transition jitter noise cannot be analyzed as the signal-independent,
additive colored Gaussian process: this noise is position- and density-
dependent. Higher noise is observed for high frequency patterns (dibits
and transition bursts)

* Onset of non-linearities (NLTS and Partial Erasure) increases
transition noise for highest-density segments of the data pattern.

e Medium noise and non-linearities “reinforce” each other, causing extra
degradation of error rate performance

* What will happen with PRML Error Rates?

: A.Taratorin
April 27 1998 25
prl IIST Symposium on SNR and Disk

Drive Performance

Error Rate of the PRML Channels: Analysis

Received Sequence of Samples:
y(k)=s0(k)+n(k)

sO0(k) - ideal sample values

n(k) - noise samples

Arbitrary allowable sequence
b(k)=s0(k)+m(k)A

A - Step between PRML levels

m(k) - integer number of levels

A.Taratorin 2%
IIST Symposium on SNR and Disk
Drive Performance



Errors of the ML detector

N N
?: [s(k) = so(k)F > 3 [b(k) - s(k)P
=) k=]

N N
?: [n(k))* > ; [m(k)A - n(k)}
=] =]

1 N A
m Error is made when: N Z m(k)n(k) > —2—
z [m(k)]2 k=1
k=1

m(k) are coefficients of the probable error sequences, for example
PR4: m(k)={1,0,-1} or {1,0,0,0,-1} etc.

A Taratorin 27
IIST Symposium on SNR and Disk
Drive Performance

Random noise versus Non-Linearities:
Theoretical Analysis

Total Noise:

N(k) = n(k) + d(k)

n(k) - random noise (Medium + electronics)

d(k) - deterministic shape distortions (NLTS, partial erasure etc).
Therefore error is made when:

IR CICS AT =
k

1 ul N ‘ A
—N-————(Z m(kyn(k)+ Y m(k)d(k)J >

1

; A.Taratorin
April 27 1998 28
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PRML Channels: Error Rate and Noise

SAM PLOT

3 - off track

100%

B Noise decreases the slope of the SAM plot
®m Shape distortions: shift of SAM plot

April 27 1998 A.Taratorin 29
IIST Symposium on SNR and Disk
Drive Performance

Noise versus Shape distortions

1 al N A
T—(Z m(k)n(k)+ 2 m(k)d(k)) >
Y, [m(k)P? ! kel

k=1

First term: filtered noise with pdf p(f)

Second term: linear combination of shape distortion terms

with distribution H(f)

Example: Partial Erasure: s(k)= {0.8,0,-0.8}, PR4: m(k)={1,0,-1}
| d(k) ={0.2,0-02}

H(f) has peaks at {-0.4,-0.2,0,+0.2,+0.4 }
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Distribution of Shape Distortion term for NLTS
(signal injection experiment)
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‘Mixing Random and Shape Terms

P(f)= [ p(f = 0)H(x)dx
_ ) * Assume statistical independence of

p(f) and H(f)

G(f)= j P(P)f = j O(f - H(x)dx

g | Error Margin for PRML channel is given by convolution of the
eerror margin of the Q(f) with H(f)
u Q(ﬂ is the error margin of linear, ideally equalized PRML
channel with only random noises
M Lvery peak in “shape” term H(f) degrades error rate. The most
distant peaks are the most critical

A.Taratorin 32
IIST Symposium on SNR and Disk
Drive Performance



Explanation of Margin Plots
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Fuht;tion H(f) (left). Right:Convolution of a Gaussian error function
Q(f) (left curve) with function H(f). Result of convolution (right
curve) is close to a shifted copy of Q(f).

10% peak at 0.33 in H(f) causes approximately 33% shift of the margin

_plot
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M,ed,ia Noise, Non-Linear Distortions and Error

Rates of PRML Channels

Accurate analysxs is complicated:
‘ Pattern-dependent noise distribution
P_attem-dependent non-linearities

Considcr only worst-case error event for PR4: dibit-type errors {-
1,0,1}5{-1,000,1 }, etc.

Isolated dibit and dibit in the middle of the burst of transitions are
different. Worst-case error: dibit in a burst. At the same time this dibit
has less NLTS compared to an isolated dibit

Medium noise without NLTS/Percolation is approximately twice
higher than for an isolated transition

“Then add amplitude loss and see what happens
VERY APPROXTMATE MODET 1!
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Pattern Dependent Equalization

1 - Isolated pulses, optimal equalization

2 - equalization is same as (1), random pattern

3 - Equalizer is adjusted for random pattern
4 - same equalization as (3), isolated pulses

A.Taratorin
IIST Symposium on SNR and Disk
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Conclusions:

« - Media noise-dominated detection is complicated
* ' Media noise is pattern-dependent
: Magnitude of media noise is coupled with non-linear distortions

Model predicts significant error rate degradation for worst-case pattern
: (dibit-typ‘e €error).

'_ Minimiiiation of media noise - media design, thermal stability....
" Operate in linear region if the channel is media-noise dominated

- A.Taratorin .
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Media SNR Measurements
and Projections

Thomas C. Arnoldussen
IBM Corporation

IIST Symposium on SNR and Disk Drive Performance
Santa Clara University
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THE PROBLEM:

B What is the best measurement of Media SNR?

®  Transition Noise is not an Intrinsic Property of the
Media, but Depends on Write/Read Head as well
as Magnetic Spacing.

®  If we measure prototype Advanced Media with
currently available (“Product”) heads,
how should we project performance (SNR) ina
future file, which is only a paper design and for
which Advanced Heads do not yet exist?

T.C. Amoldussen, IBM, April 27, 1998
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Duty Cycle Concept
(Non-Stationarity)

Transition with Noise DC Erased Background Noise

T.C. Arnoldussen 12/15/97



. Noise Squared, uV 2

Stylized Media Noise vs. Density
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Density = 1/(Transition Length)
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Voltage Signal-to-Noise Ratio

Isolated Pulse - to - (total integrated) Transition Noise:

( ﬁ) " 16 We PW50 o
N © W¢ D, a? e

¢ Ty :{\ # w@‘;"f}dl
S, = Isolated Pulse Amplitude | w‘ :3 o .gf;y«ya@
N = RMS Noise < E > 4
W, = Read Width /,,, @‘f“{

W, = Cross-track Correlation Width (Cluster Size) £
PWS50 = Isolated Pulse Full Width at Half Amplitude

a = Williams & Comstock Transition Parameter

D, = Linear Transition Density=1/L

L = Bit Cell Length |

D, = Track Density =1/ [yWg], (where y = 1.6 typically)
(AD) = Areal Density =D, D,

T.C. Arnoldussen 1/9/98



Raw Signal and Media Noise Modes
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Equalized Signal & Noise
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Mean Squared PR4 Equalized Noise
at x = - L/2 (signal sample = 1)
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T.C. Arnoldussen 1/9/98



A

Bit Length to Jitter SNR W%f ﬂ\w WV

L

AN VA A
AV et

\"3\;‘\';“

][5

2T, a PW50

x( L )
(t a))

_ 8
( Ly xW X(AD)

T.C. Arnoldussen 1/9/98



SNR PROJECTION PROCEDURE

1. Measure Isolated Pulse of “Qualification” (Q) disk
with available “Product” (P) head.
Determine (PWS30),, . (Note, run T. Arnoldussen
or B. Wilson linearization procedure if nonlinear
MR or GMR transfer curve warrants.)

2. Get Ho, M0, S” of Qualification Disk
and g, of Product Head.

3. Estimate “a” parameter and effective magnetic
spacing, dg. |

iy PW50 = \/O.Sg; + 4x(a + dp)*

M, 5d,,
(i) a =~ 3.25(1.89 - 1.115*) | —
HC

Note:
dp = Jd(d + 9) = d +0.456

T.C. Arnoldussen, IBM, April 27, 1998 \. (}* oo Al



SNR PROJECTION (cont’d 2)
4. Calculate Maximum Supportable Linear Density
(short of percolation) for this Disk with this Head.

Dy Max, 0,p © 1/ (ﬂ:a)Q, P

5. Measure Integrated Media Noise, Normalized by
Isolated Pulse Amplitude at or slightly below the
limiting density Dy < Dy v, o.p = 1/(Ta)g, p -

6. Measure microtrack profile. Full width at half
height = Wy » .

T.C. Amoldussen, IBM, April 27, 1998



SNR PROJECTION (cont’d 3)

7. Extrapolate (S¢/N)* to Dy 1., o.p = 1/(Ta)qp to
obtain the Signal-to-Transition-Noise under
measurement conditions. T denotes “transition-
only” noise.

N Y L (Mgp
N ,0,P N DL’Q,P .

N

2
[so) 16 Wap PWS0,,
wor T Weo fgp

8. From future file design, you know the Target
values: Wi, ,d;, gz . Calculate dg 1, a4 and
PW3S0, ;. “T” subscript denotes Target design
condition for head and magnetic spacing.

T.C. Amoldussen, IBM, April 27, 1998
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SNR PROJECTION (cont’d 4)

Signal-to-Transition-Noise under future file design
Target conditions is projected to be:

| 2 2 |
(52} _ (ﬂ} War PWS0,,ay,
00T NJ cop WapPW50,,a,,

Although not generally measured, the Equalized
(PR4) signal and noise determines error-rate
performance. The Equalized SNR, denoted by the
subscript “e,” under Target and (Product

head) measured conditions are related by the
following, where L, p > (Ta)g p and Lg 1 > (Ta)g, ¢
indicate the linear bit spacing for measured

(with Product head) and Target conditions.

2 2 2 2
59] _ ( _‘?2) 9 WerLoragp
N 'C,Q,T,e N ‘E;Q9Pse WR’P Lé,P aé,T

T.C. Arnoldussen, IBM, April 27, 1998



SNR PROJECTION (cont’d 5)

11. Because the Equalized SNR is not usually
measured and the a priori required value is
subject to modeling uncertainties, we will relate
the (So/N)*_ , 1.. and (So/N)*_ ¢ p . to a known
empirical condition:

The equalized SNR for the “Product” head (used
to evaluate the Target media) and the “Product”
disk designed to work with it, under conditions
which produces an acceptable error rate

(e.g., 10'%). Double subscript “P, P” will denote
the “Product” disk / “Product” head combination.

(S/MZI,Q,P,e - [ "/c,P]( LQ,P aP,P]2

SN ppe  \ Weo)\ Lep gp

where W ; and W_,, are cross-track correlation
widths (grain size) of the Product disk and
Qualification disks. This can be rewritten as:

SINF o, ( (S/N)ﬁ,Q,p) 5
(SINY . ppe (SINY . pp

PW50,, a, ,,,) x( Lyp ap ,,,] 2
PW50,p app| \ ayp Lpp

T.C. Amoldussen, IBM, April 27, 1998



SNR PROJECTION (cont’d 6)

12. Having related (So/N)*_ , p. . to (So/N)*_ , 5 . We can
write the Target equalized SNR excess or deficit as

2
SN pre| = | SN gr "( PW”P,P) x( aQ,P] "[ ™ aw)zx( WR’T)
(S/N)ZI,P,P,c (S/ N)zr,P,P PWSOQ,P aP,P aQ,T LP,P WR,P

This last equation is interpreted as follows. If the
Product (S/N)*, ; p . is also required for the Target
design to obtain some acceptable error rate (e.g.,
107'%), then the right side of the above equation
must be > 1. Excess or deficit Target equalized
SNR can be translated into excess or deficit areal
density capability of the disk in question,

subject to the constraint L, ; > (Ta)q 1 -

T.C. Arnoldussen, IBM, April 27, 1998



EXAMPLE

T.C. Arnoldussen, IBM, April 27, 1998

Areal Density,
Gb/in?

Linear Densiity, -

kbpi

Track Density,
ktpi

Track Pitch, pm |
Read Width, pm |
‘Read Gap,pm |

Mag. Spacing
‘(d;” nm

HoOe
- Mremwom® |

O,nm

s

Effective Mag.

Spacing “d;,”nm

WE&C “a” nm
PWS0,nm
PWSO/m

Wc, nm

(So/NY. o.»
(So/N )2:, QT

[(SO/N)Zt, QT c]
* [(So/NY » v ]

P-disk / P-head
1.0
133
7500

339
e

91

2800

535,
D8

sy
390
(25)

1000 Gs0a) |

1.0

a0

Target Design
2.0
189
10600

24
1.6
5502
69

3600
230
25
08

40
279

as)

1000 (30dB)
1.0

1624 (32.1dB) _

Measured
Q-disk / P-head

1.24

165

7500

3.39

03
91

3000
230
25
08
103

46

365
sy

as)y

Projected
Q-disk / T-head

2.0
189
10600

2.4
i6
02

69

3000
230
.25
, 08
.

40
27
8)

1000 (30dB)
| 1.0




SUMMARY

Outlined procedure for projecting
Signal-to-RMS Noise in a future system
from Media SNR Measurements

made with a currently available head.

Outlined extended procedure to estimate
relative post-equalization SNR in future
Target design, based on known error rate
performance for an existing Product head
and disk combination.

Electronic noise was ignored here, but can
readily be included in projecting future file
design performance.

T.C. Amoldussen, IBM, April 27, 1998
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Seagate Advanced Recording Technology

Practitioner’s Guide to Noise & SNR
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Seagate Advanced Recording Technology
Outline

Outline

O Media noise properties
= Origin
» Localization
= Parametric dependencies
= Models

O Media noise power estimation
= Estimate
= Noise budget
= Experimental verification

O SNR budgets and drive design
O SNR at high recording densities. Jitter limits.
O Conclusions

IIST - Santa Clara University 653 Seagate
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Seagate Advanced Recording Technology

Medium Noise Partial Bibliography

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

O Introduction to the Theory of Random Signals and Noise, W.B. Davenport & W. L. Root, [EEE
Press (1987)

O Noise in Digital Magnetic Recording, T. C. Arnoldussen & L. L. Nunnelley, Editors (1992)
O Theory of Magnetic Recording, H. Neal Bertram (1994)

O Spatial Structure of Media Noise in Film Disks, E.J. Yarmchuck, IEEE Trans. Mag. vol. 22, 877
(1986)

O Noise Autocorrelation in High Density Recording on Metal Disks, Yaw-Shing Tang, [EEE Trans.
Mag. vol. 22, 883 (1986)

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

O  Magnetization Fluctuations in Uniformly Magnetized Thin-Film Recording Media, T.J. Silva & H.
Neal Bertram, IEEE Trans. Mag. vol. 26, 3129 (1990)

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

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

O Fundamental Magnetization Processes in Thin-Film Recording Media, H. Neal Bertram & J.-G.
Zhu, in Solid State Physics Review, vol. 46,Academic Press (1992)

Giora J Tamopolsky IIST - Santa Clara University (S? Seagate

©1996-1998 4 1998 SNR & Disc Drive Performance Symposium
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Medium Noise Partial Bibliography (cont’)

-

O Noise of Interacting Transitions in Thin-Film Recording Media, J.-G. Zhu, IEEE Trans. Mag. vol. j‘
27,5040 (1992) |
O Experimental Studies of Noise Autocorrelation in Thin Film Media, G. Herbert Lin & H. Neal
Bertram, IEEE Trans. Mag. vol. 29, 3697 (1993)
O  General Analysis of Noise in Recorded Transitions, H. Neal Bertram & Xiaodong Che, IEEE Trans. ‘
Mag vol. 29, 201 (1993) i
| O Transition Noise Analysis of Thin-Film Magnetic Recording Media, B. Slutsky & H. Neal Bertram, |
IEEE Trans. Mag. vol. 30, 2808 (1994) ‘
O Transition Noise Spectral Measurements in Thin Film Media, G. Herbert Lin & H. Neal Bertram, |
IEEE Trans. Mag. vol. 30, 3987 (1994) ]
O Microtrack Model of Recorded Transitions, J. Carroselli & J. K. Wolf, IEEE Trans. Mag. vol. 32, |
3917 (1996) |
O Media Noise and Signal-to-Noise Ratio Estimates for High Areal Density Recording, Giora J. |
Tarnopolsky & P. R. Pitts, J. Appl. Phys. vol. 81, 4837 (1997) |
|
|
|
|
i
|
|
J

Giora J Tamopolsky IIST - Santa Clara University ég; Seagate
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Seagate Advanced Recording Technology

Media Noise Properties

IIST - Santa Clara University &.seagate

Giora J Tamopolsky 1998 SNR & Disc Drive Performance Symposium
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Seagate Advanced Recording Technology

What is Medium Noise?

'O The reproduce voltage results from the read head sensing
the “magnetic charge” of the media: -V -M(x), the
divergence of the magnetization

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

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

| O User-intended bit transitions do not match grain

| boundaries.

1

J
Giora J Tamopolsk IIST - Santa Clara University dyseagate
©1996-1998 7 4 1998 SNR & Disc Drive Performance Symposium Information, the way you want it.




Seagate Advanced Recording Technology

Idealized View of Transitions & Noise

Noise = M, (measured) -
- M, (idealized concéption)

o
s
07 B Iy
Ry vl =
Downt o 05
os o 3l
s 8 N
38 ° | Cross-track
+ - ]
The noiseless > 32597  Crosstrack
transition exhibits no
fluctuations of
e -1
trans!t!on center, . Noisy transition
transition parameter, orrs exhibits fluctuations of
ar o
orM, . (%) Downtrack 03 8 transition center,
oos g P s g ¢ | transition parameter,
0w NP g 378 7
~ 2 5 ° Cross-track and M’r‘ (x)

Giora J Tamopolsky . IIST_ - Santa Clara University ) (Sgs: Seagate
©1996-1998 8 998 SNR & Disc Drive Performance Symposium Information, the way you want it

Seagate Advanced Recording Technology

Signal & Noise Power vs. Read Width

O The recorded “noiseless” signal is in phase across the
track. Its power is proportional to the square of the
track width.

N 2 . 2
Signal Power = {2} V,.(x)} =N, = (553%‘2”#‘“3) Pty (%)

O The noise components are incoherent. The noise power
is proportional to the track width.

Noise Power = [ié‘l’i(x)} - {ié‘l/j(x):l = ié’Vi(x)J Vi(x)+ ié'V,.(x)JVj(x) =

i=l i=j i%j

=N<8Vi(x)>= (M).

<6VH(x)>

'O Signal-to-noise power ratio «c Read width

IIST - Santa Clara University (59 Seagate

Giora J Tamopolsky " N .
©1996-1998 9 1998 SNR & Disc Drive Performance Symposium Information, the way you want it.




Seagate Advanced Recording Technology
Medium Noise Characteristics

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

O at the magnetic transition - hence “transition noise”
O at the track edge
O in the servo fields

O Once recorded, the noisy magnetization pattern does
not change with time. It is read out by the magnetic
channel just as the data is. Thus, the noise spectrum
shows, in a spectrum analyzer, a shape proportional to
the envelope of the fundamental and its harmonics

O Equalization enhances high-frequency components
(generally, to slim the isolated pulse.) It thus enhances
the high frequency component of the medium noise.

Glom J Tamopolsky IST - Santa Clara University (SSS) Seagale

©1996-1998 10 1998 SNR & Disc Drive Performance Symposium Information, the way you want it

Seagate Advanced Recording Technology

How is Media Noise Modeled?

O Media strips, microtracks (Arnoldussen, Carroselli &
Wolf)

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

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

e Media volume subdivided into regular hexagonal tiles

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

e Proved that exchange-coupled grains are noisier

O Analytical models of the readback voltage (Bertram
and collaborators.) Example will follow.

lIST - Santa Clara University . é@ Seagate

Giora J Tarnopolsky 1998 SNR & Disc Drive Perfor Symp

© 1996-1998 11
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Seagate Advanced Recording Technology

Media Noise Higher Where M(x)=0

O Ensemble mean and variance of 101
the transition profiles for planar ° T<M(x)>
isotropic longitudinal films for 0.5 8/D=1.5
different intergranular exchange {
coupling, and both2D and 3D £ oo} hem © (30)
random easy axis orientation. %’ h:_ 0 (2D)
A large variance occurs at the -0.5} —- = h,=0.1 (3D)
transition center. The exchange- ———hg=0.1 (2D)
coupled film shows much higher  -1.0t e
magnetization noise in all cases. 1440 ~30 -20 -10 0 10 20_ 30
Bertram & Zhu, IEEE Trans. ¥z} <M 4, Downtrack
Mag. vol. 27,5043 (© IEEE 1991) % ,, _T /‘;‘XA

O The transition noise power ost / %\~ Exchange-
P, increases with the number ~ ol b coupled
of transitions per unit length, or R o4
density. P

O The measurement of P, (density) 0.0 )
affords a determination of —40 -30 -20 -10 0 10 20 80
media intrinsic noise parameters. position x

lIST - Santa Clara Un i
ﬁ‘:",,;’j;ﬁ”:’;yz 1998 SNR 3. Disc Difve Performance gymposium ,,égf f,gj ff, N

Seagate Advanced Recording Technology

Media Noise Reduction

How to reduce media noise?

O Achieve grains of uniform size. The reduction of the
variance of columnar sizes will improve media performance,
and is of more immediate concern than media thermal
decay.

o Underlayers: Epitaxial growth

e Clean sputtering systems
O Reduce exchange coupling between grains

o Non-magnetic material segregation to boundary
O Reduce the volume where noise originates

o Shorter transition length

e Lower M6
e Higher H,
. " lIST - Santa Clara University &) Seagate
o e amopoleky 1998 SNR & Disc Drive Performance Symposium nformation, the way you want it




Seagate Advanced Recording Technology

Media Noise & High-Density Recording

=3 to 10 nm
O For linear recording densities < 1,000 kfci:

O “Transition jitter”, O,
*  Ojiy,, for given signal-to-noise ratio SVR?

* (Gjiye, /bit length B) vs. PW50, SNR, and density?
e Grain sizes and uniformity for n x 10 Gbit/in??

O Recorded bit boundary: shifted from ideal position
O Pulse width (PW50): fluctuates around track
O Peak amplitude V;: varies bit-to-bit due to head

Giora J Tamopolsky IIST - Santa Clara University (SSS) Seayate

©1996-1998 14 1998 SNR & Disc Drive Performance Symposium Information, the way you want it.

Seagate Advanced Recording Technology

Media Noise Power Estimation

Giora J Tamopolsky IIST - Santa Clara University CSS? Seagate

©1996-1998 15 1998 SNR & Disc Drive Performance Symposium Information, the way you want it.




Seagate Advanced Recording Technology
Transition Jitter: Magnetization Noise

l
“REAL” ~ =

|

L

“IDEAL” | < = | <= = | <=

> (=2 = <<

|
“NOISE” !
|

A (Magnetization) | l

n ”—Tmib X,

downtrack

lIST - Santa Clara University
1998 SNR & Disc Drive Performance Symposium

& seagate

Information, the way you want it.

Giora J Tarnopoisky
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Seagate Advanced Recording Technology

“Real” & Ideal Waveforms & Noise

300

an ideal
noiseless
trace, ii) a
trace
affected
by
transition
jitter
(shifted
from
nominal),
iil) the
difference
between

| Chart shows i)

200 L

100 L

-100 L

Signal, Noise, and Power (uV, p\)

e Nois €="R eal" - kdeal

real and

<200 |

-300

————"Real signal"

Weal signal

- = =Noise Power

ideal
voltages -
NOISE,

-5000 -4000

<3000 -2000 -1000 0
Downtrack Coordinate (nm)

1000 2000

3000 4000

and iv)
5000 the noise
power

Giora J Tamopolsky
© 1996-1998 17

IIST - Santa Clara University
1998 SNR & Disc Drive Performance Symposium
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Seagate Advanced Recording Technology

“Real” & Ideal Waveforms & Noise

o 250 T aanat -
i 5 125 —'l}iull “Jitter:”
e signal”™
P 0 — uice pulse
% . a— center
g 250 hower shifted
-5000 -2500 0 2500 5000 from ideal
Downtrack Coordinate (nm) position
300 .
8 200 |* ‘
——p § 100 A A A
b —A
“PW50:” 8 0 "
pulse width :g -100
broadening or E 200 v V
slimming from 2300
ideal (a, -5000 -2500 0 2500 5000
fluctuations) Downtrack Coordinate (nm)
i s IIST - Santa Clara University (SS) Seagate
(:;‘:';9:1;'9':’9""“ 1998 SNR & Disc Drive Performance Symposium Information, the way you want it.

Seagate Advanced Recording Technology

Replay Voltage

O Replay noiseless voltage Do & collaboraton,
1987 - 1996, Noise formalism

I,7(x) = Z::fw (_1)"Viso(x - nB) «See: Bertram: Theory of —

Magnetic Recording u

O Add, say, transition jitter dx,,
V(x)= 77, (-1)"V,, (x - nB - &x,),
Wi.m (x - nB)

ox
O Signal = noiseless voltage + one term per fluctuating

property
O Assume Lorentzian pulses, compute noise power

LV(x)=V(x)+Z(-1)"5x,

IIST - Santa Clara University & Seagate

Giora J Tamopolsky 1998 SNR & Disc Drive Performance Symposium Information, the way you want it
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Seagate Advanced Recording Technology

_ Noise Power Density

2 2
24 2x 2x
Viso'®) = npwso[l/l - (PWSO) J - VO[‘/1+ (PWSO)Wl‘Z_—

| A=area. 1, amplitude

O Consider position fluctuations, pulse-width

fluctuations, and MR head amplitude fluctuations:
O:iixter O-PW50 O-Vg
O Noise power density at head’s terminals:

2
Vo (K )I k*c} oy, k=2n/A, FT
_ Lo} 7] 2 2 PW 50 v, | A,
PSD(k) = B X | K" Oy, + A4 +73 | variable
/ /llo [ Viso(k) =FT
| isolated pulse
Giora J Tamopolsky IIST - Santa Clara University (SSP Seagate
©1996-1998 20 1998 SNR & Disc Drive Performance Symposium Information, the way you want it

Seagate Advanced Recording Technology
Noise Power

O Noise power density equalized by channel transfer
function tG(k): )lz Mem2mn FT

B Gk, (k o . O variable
BSD(k)="——p=—" X{kz O Tt Voz} Vi) =FT

| isolated pulse

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

P, = broad - band noise power =

2 / 2 2
_ EVZ jitter 1+10—PW50 + 7oy, PW S0
2 ° B-PW50 4 Crer 4B
el N
i Media jitter scaled by bit
i 4053.]7{12’;“9?7;))0]*}, etal, J. Appl. Phys. vol. 81, length and PW50 |
A IIST - Santa Clara University CSSS) Seagale
o Tamopolsky 1998 SNR & Disc Drive Perfor Symposi . m,,,g,w wantit.




Seagate Advanced Recording Technology
Transition Noise vs. Density: Many Alloys

—tr—D2/2R13)

®Get 0, from initial slopes.
Giora T, sk IIST - Santa Clara University (SS? Seagate
®':';95_1;;';°p°22 Y 1998 SNR & Disc Drive Performance Symposium Information, the way you want it

Seagate Advanced Recording Technology

Transition Noise vs. Density: Many Alloys

Table I. Experimental Results
Disk H, M5 V, PW50 OW Iw © Oy, Opo #
kOe E:T“"%! HV  nm dB mA nm nm nm ‘
A1 22 100 383 378 39 34 8.0 125
A32 22 100 382 372 39 34 79 123 ‘
<A> 22 100 383 375 39 34 8.0 124 2
B3 25 070 311 285 416 35 < 58 9.3 §
B/32 25 070 309 298 35 62 9.6 3
B/41 25 070 305 303 35 62 9.9 i
B/M42 25 070 300 300 35 61 9.7 ;
<B> 25 070 306 299 41.6 35 61 96 4 f
Cl21 277 068 226 296 365 45 5.4
C22 277 068 206 295 45 4.2
C/31 277 068 221 294 45 5.7
C/32 277 068 239 299 45 6.1/ i
<C> 277 068 223 296 36.5 45 5.4 4 |
<> 3 085 222 290 39 45 37 64 4 |
oy g LSty &5 Seagate
©1996-1998 23 ymposium Information, the way you want it




Seagate Advanced Recording Technology

Transition Jitter vs. Read Track Width

!

—— ‘ Read Track
| Width W,

|
|
!

|<——— Bit Length B -—>| s = Cross-track correlation
length

The number of sub-transitions is given by W /s. The relation between the
net transition position variance and the sub-transition variance is:

s
W,
Analytic modeling of the transition noise with a tanh transition shape yields:

2
O jitter =

0-52 (H.N. Bertram, Theory of Magnetic Recording, p. 317.)

2
_ T a S (B. Slutsky and H.N. Bertram, IEEE Trans. Magn., vol. 30,
T Ty 3w (no. 5), pp. 2808-2817, 1994.)
Eric Champion
Giora 3 Tamopolsk IST - Santa Clara University (SS? Seagate
eos.1008 " 24 1998 SNR & Disc Drive Performance Symposium Informtion, the way you want it
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SNR Budget

HIST - Santa Clara University (5§) Seagate

Giora J Tarnopolsky N N
©1996-1998 25 1998 SNR & Disc Drive Performance Symposium Information, the way you want it.




Seagate Advanced Recording Technology

The Signal-to-Noise Ratio and Its Applications

O Signal-to-Noise Ratio - a designer’s tool ...

e ... Is an averaged, statistical measure of goodness

e ... can be readily measured

e ... components’ properties have direct, calculable SNR
consequences

e ... ignores non-random components and system effects

O Bit Error Rate - the users’ demand for data integrity ...
e ... 1is an instantaneous proof of goodness

e ... value depends on channel properties - a little harder
to measure and even harder to implement new ideas in
experiments

e ... components’ and system properties affect BER in
complex ways

IIST - Santa Clara University (SSSDSEEgate

Glora o ramopoleky 1998 SNR & Disc Drive Performance Symposium -~ =~ = | "

© 1996-1998 26

Seagate Advanced Recording Technology

Signal-to-Noise Ratio and Bit Error Rate

O Usefulness: the SNR correlates with the BER at the
components’ level, as long as the noise includes random
sources only.

O Although BER generally correlates with SNR at the
spin-stand level, it is easy to see how this correlation
could break down. .w:n:-mw:};:g.g%

O In the drive, there are sources of noise that are less
easily accountable by the measured (head / media /
preamp) SNR, such as noise from the drive’s digital
circuitry or electromechanical subsystems. The (SNR -
BER) correlation may seem corrupted.

O An SNR value above a certain channel-dependent SNR
threshold is a necessary, but not sufficient, requirement J’
Jfor performance. |

lIST - Santa Clara University (SF Seagate

Giora J Tamopolsky 1998 SNR & Disc Drive Performance Symposium Information, the way you want it.
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Seagate Advanced Recording Technology
Signal and Noise Sources

O Signal
¢ Medium M, T, H, medium thickness, overcoat, ...
o Head reader: AR, gap length, width, overcoat, ...

e Head writer: saturation magnetization, field risetime,
gap length, width, ...

e System: fly-height, TMR
O Noise
e Medium noise: on track, erase bands, orientation ratio

o Head: writer saturation effects, pole trimming; reader:
Johnson noise, instabilities

e Preamp: input noise voltage, sense-current noise
e System: equalization, data rate (bandwidth), TMR

Giora J Tamopolsky IIST - Santa Clara University 65? Seagate

©1996-1998 28 1998 SNR & Disc Drive Performance Symposium Information, the way you want it.

Seagate Advanced Recording Technology

SNR System Considerations

O SNR sources add “in parallel:”

SNR... = Signal Power
¥ Incoherent Sum of Noise Powers
2
SNR; V

» P, medium + Py + onltage + Pcurrent +e
11 1 1 1 1 + 1
SNR,, SNRyg.

+ + + +
SNRy,; SNR,, SNR; SNR, SNR,

However, not all terms strictly equivalent, medium noise is colored

O Thus,
SN, Rsys < SNRlowest
The worst performing subsystem becomes the limiting
barrier - ... “media noise limited”, etc. ...

Giora J Tamopolsky lIST - Santa Clara University éS) Seagate
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Interdependence of Subsystems’ SNR

©ON IO ®
ocoooooo

2
2
2
2
2
1
1
1
1
1

System SNR

The worst performing

subsystem
SNR,,,... limits the
overall system
performance,

SN, Rsys <SN. Rlawesl

With a threshold

SNR,, condition,
changes in
subsystems’ SNR
affect the
performance
demanded of other

components

Giora J T sk IIST - Santa Clara University
@;':':”_1;;';“030 Y 1998 SNR & Disc Drive Performance Symposium

& seagate
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Seagate Advanced Recording Technology

Bandwidth & Head Output

AL
680,%20,%5,
R

R 650 Isolated
5 3

» 1o2s,
AR
Ry amplitude

5' )
ey

Datarate
(Mbps)

head) (dB)
DR NNWWAR RO
ocmonomo oo
Pt Y oY-1-1-T-1-2-]

SNR (electronic +

'K

varies mildly

increasing
datarate.

In order to
maintain the
necessary
SNR,,, more

required

system.

Giora J T sk lIST - Santa Clara University
© 19051008 31 1998 SNR & Disc Drive Performance Symposium

The media SNR |
with bandwith.

The electronic
SNR drops with |

performance is

elsewhere in the

1
|
|
I
i
i
i
|
|
|

& seagate

Information, the way you want it.




Seagate Advanced Recording Technology

SNR Budget: Whato,; For 6 Gbit/in®?

'O 16:1 BPITPI Ratio: 310 kbpi x 19.4 |

ktpi O Preamp noise 123pv2 |
O Density, HF 329 kfei O Current source 59.3 pv?
O Density, MF 165 kfci
ensity, “ O Johnson noise, 4k,TAfR  46.6 pV?
o V. (Iso) 500 pv
oV P (MF) 251 4V O Electronics + Johnson  118.2 uV2
0-p
o Radius (ID) 0.627 in ° ISF;;S) e ol 2d7‘3 dB )

. e} o of the total noise is due to the
© Bandwnd-th 49 MHz \ media and 30% is due to electronics
O Input noise voltage 0.5 nV/rt Hz then 6 ; = 3.5 nm and the total SNR
O Input noise current 20 pA/rt Hz =22dB.

O Resistance 550 O The SNR required to achieve an on- |
ey track error rate of 10”7 is about 21
O B=bitlength 82 nm ] dB. For this case the media noise
o PW50 ~8.4 pin i component is 382 pV2. This leads to
an effective jitter of 5 = 4.1 nm.
Giora 3 Tamopolsk IIST - Santa Clara University éSS)Seagate
©1996.1998 32 1998 SNR & Disc Drive Performance Symposium

Information, the way you want it
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SNR Estimates and Trends for
Higher Areal Density

Giora J Tamopolsky lIST - Santa Clara University 65? Seagate
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SNR Estimate

O Peak amplitude of linear superposition of Lorentzian

pulses
PW50 U=channel
- 2B (n'U/Z) | density

Vpeus (11 B) = ¥y x — ( PWSO)zV"Xsinh(er/Z)
sinh| 7 - 2B

Comstock &
Williams (1973)

O SNR = (Peak mid-frequency signal power)/(broad band
noise power of high-frequency fundamental) /

(23 : PWSOJ =
T 1T, 1/(2T) hi-freq,
SNR = Vo (1/2B) = 70 e N (zU 14)" | “1(4TY” mid-freq
P,(1/B) 1ok, 10 (pwso) | simb’(zU/4)
! 4 sz'mr " 2 T/«T O jiter Could lump all noise
sources into O,
[Spectrum analyzer]
|
Giora J Tamopolsk IIST - Santa Clara University CSS? Seagate
é:’:“_‘;;'rm; Y 1998 SNR & Disc Drive Performance Symposium Information, the way you want it.

Seagate Advanced Recording Technology
Resolution of Lorentzian Waveform

O A rainy afternoon in the complex plane
) R. L. Comstock & M. Williams, IEEE
1 7V (-zPW50) Trans. Magn., MAG-9(3), 342 (1973)
2”j B sin zz Morse & Feshbach, Vol. I, Ch. 4, PP.
B 378 - 414
residues of
= Z(-—l)"V,.m(x~nB;PW50)+ Vo (x—2z; PW50) =0
"='°° - ‘(PWS‘)j
at z=x+ j| ——
2 :
Imz C
<+ —O O O O > i
B 2B oo nBlRez |
Giora s Tamopolsk IIST - Santa Clara University & Seagate
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Seagate Advanced Recording Technology
TAA Formula vs. Experiment

-50 : : 15
- 1 )
[ e 2%Vrms(1/B) |
60 [ — Vfit(1/8) 110
L - - Ratio I
o f ’ 5
E ‘- =
- . m
© . N
g 80 .\3; s 10 %
% \ ®
L ° ' 4
> 90 AN 5
L] o 4
b . ]
-100 -10
! ]
-110 . ! - 15
0 50 150 200 250 300
Density (kfci)

O From 30 to 300 kfci, data & fit differ by <3 dB
IIST - Santa Clara University CSS? Seagate

Giora J Tamopolsk .
c;:rs.os.use p"” Y 1998 SNR & Disc Drive Performance Symposium Information, the way you want it
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SNR Estimate

O SNR = (Peak mid-frequency signal power)/(broad
band noise power of high-frequency fundamental)

1T, 1/(2T) hi-freq,
“1/(4T)” mid-freq

[ 2B-PW 50)
SNR szeak (1 / 2B) ”szinzr (77.'U / 4)2
= = X "
Pn(l/B) 1 o.:wso 1 0"3 PW50 2 Slnhz(ﬂU/‘t)
—Zewso TV
4 o-jziner 2 ’/02 Gjirrzr
| Could lump all noise
! sources into G,
| [Spectrum analyzer]
i IIST - Santa Clara Universi Seagate
Giora J Tamopolsky 1998 SNR & Disc Drive P::onr::::::lt‘y, posi 659 o .gw e
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SNR Estimate (cont...)

O SNR definition and formula: |

2B-PW50  (2U/4)
2 X . 2
7o, sinh*(zU / 4)

SNR =

O Media & head noise < total system noise
O Use P, = fraction o of total noise P, , o =3/4 <1

2B-PW50  (nU/4)
7 X
7o, sinh’(zU / 4)

SNR, =

O For U =2.5, 0pys5=0jine/4s Opp= 0, —
constant channel

2 density, ratio (0;,,/bit
) length) is function of SNR

SNR,(U=25)=05a(B/q,

jitter alone
Giora J Tamopolsky 1IST - Santa Clara University (SSS) Seagate
©1996-1998 38 1998 SNR & Disc Drive Performance Symposium Information, the way you want it.
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Ratio Transition Jitter/Bit Length vs. SNR

O If the head 5 ; 1 |
gap scales NN ?
with density, S \\ | ;
U = constant kg 3t \ i ‘
O Jitter/Bit = % 2
f(SNR) only il
O To maintain ol . ‘ ‘
any given 20 25 30 35 40
SNR, 0j;y,, must
{ SNR o, (d8)
scale with B o
O Example: 500 kfci, B =50 nm, PW50 =125 nm,
' Ojiger =1.5nm @ 26 dB |
IIST - Santa Clara University &9 Seagale

Giora J Tamopolsky
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Jitter vs. Density, Various System SNR’s

O Media jitter must decrease for SNR = constant
10 - -
E N .; {_.2.2_5 dB - B - E 1 FTM—. l
r ~| ‘j, | 25 |
|
- I |
€ |
< 1
E
® L
L <J ~
L | ~ =
L | . | NN
| [PW50 = 120 nm | \*\; .\\~
a=0.75 u! ~
I N
0.1 I . N .
0 200 400 600 800 1000
Density (kfci)
Giora J Tarnopolsky IIST_- Santa Clara University ) &Pseagate
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Seagate Advanced Recording Technology

System SNR, Various Media Jitter Values

O At constant media jitter, SNR decreases
% ‘ 0.2 S |
1 .. -2nm PW50 =120 nm || |
45 | R - « =075 H
40 N | T1- 1l
N~ f
38 ~ . ’
\ !
o 30 ™~ ‘ |
z |
| gas | ey |
z 2 |
|
« - - -02nm | i
| 15 | —g—05mm | = = E
i |
10 L —m—1nm | 5nm e - ~
— -2 1M -
~. li
5 H —x-5m ut o Il
: ~ |
0 N R R o . P i
0 200 400 600 800 1000 !,
| Density (kfci) Ii
L ‘ i
Giora J Tamopolsky IIST - Santa Clara University ) (SS? Seagate
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Seagate Advanced Recording Technology
Areal Density Estimators

O H. Neal Bertram has postulated an expression for

medla _]lttel', Cross track
/ correlation length
4 | B. Slutsky & H. N.

2 _ T 2 N Bertram, IEEE Trans.
Mag. vol. 30, 2808

O-jitter - ax PP ——
2 3(RW) | 993

which allows to link the SNR values derived here to
properties of the media (a,) and of the recording system

(RW).

a, = transition parameter
s = cross-track correlation length
RW = head’s read width

IIST - Santa Clara University 65? Seagate

Giora J Tamopolsky 1998 SNR & Disc Drive Performance Symposium Information, the way you want it.
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Outline

Outline

O Media noise properties
= Origin
= Localization
= Parametric dependencies
= Models

O Media noise power estimation
= Estimate

= Noise budget
= Experimental verification

O SNR budgets and drive design
O SNR at high recording densities. Jitter limits.
O Conclusions

IIST - Santa Clara University CSSSDSE&gatE

Giora J Tamopolsky 1998 SNR & Disc Drive Performance Symposium
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Media Noise & SNR for High Density Recording

O Expressions for:
= Noise Power Spectral Density
« Total Noise Power
SNR(mid-freq/broad band HF noise)
O For constant channel density, ratio (jitter/bit length)
depends only on SNR, not on density
2
SNR,,(U=25)=05a(B/0,,,)

* Oy / B=3% @ 26dBSNR, 1.5 nm for 500 kfci

O At 1000 kfci, transition jitter <1 nm. Difficult to
accomplish. Thermal & coercivity issues.

| S. Charap etal., TMRC ‘96 1

|

Giora J Tamopolsky 1IST - Santa Clara University (SS? Seagate
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Seagate Advanced Recording Technology
Conclusions

O Media noise power unambiguous index of media
performance. As a function of commonly measured
properties,

T2 O

P, = broad - band media noise power = —V;} — £ _

2 " B-PW50
(effective jitter)’
magnetic bit length x PW50

oc [M,5 & head effiency [

O Signal-to-noise ratio

2 ‘ G. J. Tamopolsky et al..
2B i ” 59 i ). Appl. Phys. vol. 81.

| 4837(1997)

SNRS)'S = a

”o.zj]ec!ivcz 8 Sinhz /4
™)

O SNR_ . above threshold is necessary condition for BER

sys
performance. Powerful design tool.

lIST - Santa Clara University éSS)SeagatB

1998 SNR & Disc Drive Performance Symposium Information, the way you want it.
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Optical Recording
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Signals & Noise in Optical Recording

3

April 27, 1998

- Maximizing Signal

~ m Signal « laser power x Kerr rotation

W materials
m read power dependence
W detection methods
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MO Signal Formation
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Signals & . se in Optical Recording
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Signals & Noise in Optical Recording
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Signals & Noise in Optical Recording

Minimizing Noise Other Impairments
 m reduce laser noise : m Writing noise
- m balanced photodetection - m Bloom
m good electrical design | m Read Crosstalk
m thermal design of disk layers Lfa ol a4 |24 liKe s § hocs|

W suppress media noise

April 27, 1998 QUINTA/ Rob Lynch April 27, 1998 QUINTAY Rob Lynch -
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Signal-to-Noise Ratio Budgets
in Disc Drive Design

Giora J. Tarnopolsky
Advanced Recording Technology
Seagate Advanced Concepts

IIST - Santa Clara University
April 27, 1998

Giora J Tarnopolsky
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Seagate Advanced Recording Technology

Media Noise & High-Density Recording

O “Transition jitter”, 0, = 3 to 10 nm

O For linear recording densities < 1,000 kfci:
®  Ojiy, fOr given signal-to-noise ratio SNR?
* (Gjiy,, /bit length B) vs. PW50, SNR, and density?
e Grain sizes and uniformity for n x 10 Gbit/in2?

O Recorded bit boundary: shifted from ideal position
O Pulse width (PW50): fluctuates around track
O Peak amplitude V;: varies bit-to-bit due to head

Giora J Tamopolsky 1IST - Santa Clara University CSSD Seagate
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Media Noise Power Estimation

Giora J Tamopolsky IST - Santa Clara University (SSSD Seagate
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Seagate Advanced Recording Technology
Transition Jitter: Magnetization Noise

|
“REAL” \ = <= | =] <= =:>L<: \ = |<=|
|

“IDEAL”

worser 1| T
|

A (Magnetizatio_iz_ﬂ ﬂ ﬂ__TZil_’ N
U U downtrack

Giora J Tamopolsky IST - Santa Clara University ) &? Seagate
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“Real” & Ideal Waveforms & Noise

300

Chart shows i) |
an ideal |
noiseless

trace, ii) a

trace

affected

by

transition
jitter

(shifted
; from |
| nominal), i
! iii) the |
! difference |
between |

’ e "Rl signal’ reali::adl
|

200 f

100 |

-100 L

Signal, Noise, and Power (uV, p\)

———Noise="Rea - eal |
200

ideal signal voltages -

! ‘ - «Noise Power NO]SE,
-300 i L . 8 L - . and iv)
5000 -4000 -3000 -2000 -1000 0 1000 2000 3000 4000 5000 the noise

Downtrack Coordinate (nm) power

ST - Santa Clara University _ (SSSD Seagale

Giora J Tamopolsky 1998 SNR & Disc Drive Perfor Symp

©1996-1998 17

ion, the way you want it.




Seagate Advanced Recording Technology

[

‘Real” & Ideal Waveforms & Noise

o ™ e — ;

| & 125 “Jitter:” ;

| = ] i

g 0 ] pulse 1

- Y/ |

| £ .25 | cer‘lter |

- shifted ;

5 20 ‘ from ideal i

-5000 -2500 0 2500 5000 n |

l Downtrack Coordinate (nm) POSIthﬂ |

* 300
| 5 200 | !1
—_ | § 100 A A A
T
“ | 2 0 - -& A J%L JA
PW50:” | 8 -, r \V N
. |
pulse width | % -100
i broadening or i E 200 V V
f slimming from | -300 ‘
ideal (a, 45000 2500 0 2500 5000 |
fluctuations) i Downtrack Coordinate (nm) |
Giora J Tamopolsky lIST - Santa Clara University . dyseagate
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Replay Voltage

O Replay noiseless voltage [ Bertram & collaborators,
| 1987 - 1996, Noise formalism

I7{('x‘) = Z::j;o (_1)"Vuo(x - nB) i See: Bertram: Theory of 7

| Magnetic Recording L

O Add, say, transition jitter ax,
Vix)=2"-" (-1)"V,,(x—nB - x,),
Wiso (x B nB)

ox
O Signal = noiseless voltage + one term per fluctuating

property
O Assume Lorentzian pulses, compute noise power

V(X)) =V (x)+Z(-1)"5x,

Giora J Tamopolsky
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_Noise Power Density

24 ( 2x )2 ( 2x )2
V. (x)= _2x )\
isoX) nPW50[1/1+ PW50 Yol YV 1+ Pwso _
| 1‘0::“,!:'-’",!; amplitude l

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

O}ittcr O-PWS 0 O-Vy

O Noise power density at head’s terminals:

2

WV, (k)| kol o, k=2n/h , FT

iso 2 2 PW 50 Vo A,

PSD(k) = B X k o-jitrcr + /4 + 2 variable
/ /‘K) Visolk) =FT

isolated pulse
. IIST - Santa Clara University (¢ S;; ed ate
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Noise Power

=

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

GV )|2 i o l k=2n/%, FT

f variable

PSD(k)="——p"—" x[;ao;, LI +;%} Viof® = FT
0 | isolated pulse

O The broad-band media noise power = integral of
PSD(k) over all frequencies:
P, = broad — band noise power =

) 0';,,"‘/ 102, 7oy, PW50
V. x| 14— + 4B

_ 7 Gjiner
T2 °B.-PW50 4 o

Jitter

G. J. Tarnopolsky et al., J. Appl. Phys. vol. 81,

‘ Media jitter scaled by bit l
4837 (1997)

' length and PW50

Giora J Tamopolsky ST - Santa Clara University ) é@ Seagate

©1996-1998 21 1998 SNR & Disc Drive Performance Symp

the way you want it.




Seagate Advanced Recording Technology

Transition Noise vs. Density: Many Alloys

—-A
——A2 ‘,
p—7 |

—

g B/32
i BI41

e B/42
21

- C/22
p—7 1}

saeaeen C/32

e D/1R1
g D/1R13

—a—DI2R1
gy D2/2R 13

®Get 0}y, from initial slopes.

lIST - Santa Clara University

Giora J Tamopolsky 1998 SNR & Disc Drive Performance Symp
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Transition Noise vs. Density: Many Alloys

\—h——__‘f Table I. Experimental Results
Disk H, M3 V, PW5S0 OW Iw O O, Opoy #
kOe mce;‘"% BV nm dB mA nm nm nm
Al31 2.2 1.00 383 378 39 34 80 125
A/32 2.2 1.00 382 372 39 34 79 123
<A> 2.2 1.00 383 375 39 34 8.0 124 2
B/31 25 0.70 311 295 416 35 58 93
B/32 2.5 0.70 309 298 35 62 96
B/41 2.5 0.70 305 303 35 62 99
B/42 25 0.70 300 300 35 6.1 9.7
<B> 25 0.70 306 299 416 35 6.1 96 4
C/21 277 068 226 296 365 45 54 X
Crzz2 277 0.68 206 295 45 4.2
C131 277 0.68 221 294 45 57
Cre3z2 277 0.68 239 299 45 6.1 :
<C> 2.77 0.68 223 296 36.5 45 54 4 "
<D> 3 0.55 222 290 39 45 /73'7 64 4 ‘
Giora J Tamopolsky HIST - Santa Clara University & Seagate
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Transition Jitter vs. Read Track Width

S Dy T
s Digt e et T
| | o i

|4——" Bit Length B —->| s = Cross-track correlation
length

The number of sub-transitions is given by W /s. The relation between the
net transition position variance and the sub-transition variance is:

N

2 2 . .
Cjine= T O, (H.N. Bertram, Theory of Magnetic Recording, p. 317.)
W,
Analytic modeling of the transition noise with a tanh transition shape yields:
2
_ T a S (B. Slutsky and H.N. Bertram, JEEE Trans. Magn., vol. 30,
I Y77 (no. 5), pp. 2808-2817, 1994.)
Eric Champion
Giora 3 Tamopolsky IIST - Santa Clara University (SS? Seagale
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SNR Budget

1IST - Santa Clara University (SSSD Seagate
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The Signal-to-Noise Ratio and Its Applications

O Signal-to-Noise Ratio - a designer’s tool ... ‘

e ... is an averaged, statistical measure of goodness
e ... can be readily measured

e ... components’ properties have direct, calculable SNR
consequences

e ...ignores non-random components and system effects
O Bit Error Rate - the users’ demand for data integrity ...
e ... is an instantaneous proof of goodness

e ... value depends on channel properties - a little harder
to measure and even harder to implement new ideas in
experiments

|
e ... components’ and system properties affect BER in {
complex ways ;

IIST - Santa Clara University & Seagate
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Signal-to-Noise Ratio and Bit Error Rate

O Usefulness: the SNR correlates with the BER at the
components’ level, as long as the noise includes random
sources only.

O Although BER generally correlates with SNR at the
spin-stand level, it is easy to see how this correlation
could break down. S e

e S
O In the drive, there are sources of noise that are less
easily accountable by the measured (head / media /
preamp) SNR, such as noise from the drive’s digital
circuitry or electromechanical subsystems. The (SNR -
BER) correlation may seem corrupted.

'O An SNR value above a certain channel-dependent SNR
| threshold is a necessary, but not sufficient, requirement |
| for performance. 1

1IST - Santa Clara University (SSS> Seagate

Giora J Tamopolsky 1998 SNR & Disc Drive Performance Symposium
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Signal and Noise Sources

O Signal
¢ Medium M, T, H, medium thickness, overcoat, ...
e Head reader: AR, gap length, width, overcoat, ...

o Head writer: saturation magnetization, field risetime,
‘gap length, width, ...

o System: fly-height, TMR
O Noise
e Medium noise: on track, erase bands, orientation ratio

o Head: writer saturation effects, pole trimming; reader:
Johnson noise, instabilities

e Preamp: input noise voltage, sense-current noise
e System: equalization, data rate (handwidth), TMR

Giora J Tamopolsky IIST - Santa Clara University &9 Seagate
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SNR System Considerations

O SNR sources add “in parallel:”

Signal Power

SNRsyx = .
| Incoherent Sum of Noise Powers
i 2

SNR,, = V

Predium + Py + onltage + Peyrrent + -
1 1 1 1 1 1 1
= + + + o= +
SNRy,; SNR,, SNR; SNR, SNR, SNR,, SNR,s,

However, not all terms strictly equivalent, medium noise is colored

O Thus,
SNR, ¢ < SNR;,, 05t

Sys

The worst performing subsystem becomes the limiting
barrier - ... “media noise limited”, etc. ...

|
|
)

Giora J Tamopolsky IIST - Santa Clara University ' CSSSD Seagate
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Interdependence of Subsystems’ SNR

Paaaaa NN
ONAPEONADPONDO®

System SNR
CO0000000000000

%

—

The worst performing |
subsystem
SNR,,,.., limits the
overall system
performance,
SNnys < SNleves!

With a threshold \
SNR,),S condition,
changes in
subsystems’ SNR
affect the
performance
demanded of other

components

Giora J Tamopolsky
© 1996-1998 30
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Bandwidth & Head Output

Seagate Advanced Recording Technology

head) (dB)

ALY
LR
R

SNR (electronic +

(WV)

650 Isolated
amplitude

' The media SNR |

varies mildly |
/| with bandwith.

‘j The electronic |
' SNR drops with |
increasing
datarate.

In order to
maintain the
necessary
SNR,,; more
performance is

]
|

required
| elsewhere in the |
J system.

Giora J Tamopolsky IIST - Santa Clara Unive
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SNR Budget: Whato,, For 6 Gbit/in®?

O 16:1 BPI/TPI Ratio: 310 kbpi x 19.4 ’
ktpi O Preamp noise 12.3 pVv2
O Density, HF 329 kfci O Current source 593 uvz |
O Density, MF 165 kfci
ensity “ O Johnson noise, 4kgTAfR  46.6 nVv?
© Vo (Is0) 00nv El ics + Joh 118.2 uv2
o V,, (MF) 251 4V O Electronics + Johnson 2 1
O Radius (ID) 0.627 in ° fg‘;ﬁf) e total 2d7'3 dB )

. o % of the total noise is due to the
°© Bandwm‘th 49 MHz media and 30% is due to electronics
O Input noise voltage 0.5 nV/rt Hz then 6, = 3.5 nm and the total SNR
O Input noise current 20 pA/rt Hz =22dB.

O Resistance 55 Q) O The SNR required to achieve an on-
s track error rate of 1077 is about 21
O B=bit length 82 nm . dB. For this case the media noise
o PWs0 ~8.4 pin component is 382 pV2. This leads to
an effective jitter of 6 ,=4.1 nm.
_ IIST - Santa Clara University eagale
2;‘:"”:1;::"’0';2“ 1998 SNR & Disc la)l:ive P:rr:on’::::t';:' Symposium h,éig,i w_}gw wantit.
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SNR Estimates and Trends for
Higher Areal Density

Giora J Tamopolsky IIST - Santa Clara University CSSSD Seagate
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SNR Estimate

O Peak amplitude of linear superposition of Lorentzian
pulses

PW5S0 0 =channel l
T U /2 ensity
Ve (1/ BY =V, x 2B ( )

=V,
] PW50) ~° sinh(zU /2)
sinh| 7 - 2B

—
| Comstock &
Williams (1973)

&~
O SNR = (Peak mid-frequency signal power)/(broad band
noise power of high-frequency fundamental) /

[23 : PWSO] -
T T 1T, 1/(2T) hi-freq,
SNR = Vya1/2B) O s N (zU 14)" “1/(4T)" mid-freq
= = —
P,(1/B) 1o%,. 102 (PWS0 217 sinh*(zU / 4)
1+ 4 g-ﬁ”” i _V7 Cier ! Could lump all noise
| sources into O,
f [Spectrum analyzer]
| Lopectum analyzer] |
\
Giora J T sk IIST - Santa Clara University (%) Seagate
c;‘:r:ss_,;:;op"; 4 1998 SNR & Disc Drive Performance Symposium Information, the way you want it
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Resolution of Lorentzian Waveform

'O A rainy afternoon in the complex plane
R. L. Comstock & M. Williams, IEEE
1 (7 V(=2 PW50) Trans. Magn., MAG-9(3), 342 (1973)
jtB (72 Morse & Feshbach, Vol. 1, Ch. 4, PP.
378 - 414
residues of :
=3 ()W, (x—nB; PW50) +<V,,(x—z; PW50) =0 L
"="° - .(Pwsoj
at z=xF j| —— |
2 i
i Imz C
- —_
< O O O O O—L |
B 2B coe nB i
v Rez |
! IIST - Santa Clara University 6@ Seagate
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TAA Formula vs. Experiment

-50 15

T [ ]
f e 2% Vrms(1/B) | |

| ——Vfit(1/B) L1 10
] - - - Ratio ]
70 [

L o | J
[ ‘\~ ,“"‘ AL
-80 d S 0

-60

E =
3 3
) S = o7 4 e
% T ~~k4r=~ - ° ° é
> 90 > \ 5
L4 L)
®
-100 10
410 L R » 1.5
] 50 100 150 200 250 300
Density (kfci)

O From 30 to 300 kfci, data & fit differ by <3 dB

Giora J Tamopolsky ST - Santa Clara University ) &9 Seagate
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SNR Estimate

O SNR = (Peak mid-frequency signal power)/(broad

band noise power of high-frequency fundamental)

| 1T, 1/(2T) hi-freq,

.
“1/(4AT)” mid-freq

L e

SR V2,(1/2B) 76 ey (zU 1 4)
= = X
P,(1/B) 163, 10 PWSOJZ sinh*(zU / 4)
1+——5"+—-—>
4 sziner 2 VOZ Gjitter e

| Could lump all noise
sources into O,
’5 [Spectrum analyzer]

ciora s Tarmosotek IIST - Santa Clara University (SSSJ Seagate
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SNR Estimate (cont...)

O SNR definition and formula:

2B-PW50  (nU/4)

SNR = * sinh*(zU / 4)

2
o,

O Media & head noise < total system noise

O Use P, =fraction o of total noise P, ,a =3/4<1

2B-PW50  (nU/4)
SNR,. = T G (a0 1 )

O For U =2.5, 0pys=0jine/4s 019 =0, ” '
| At constant channel |

)2 | density, ratio (gj,./bit I

| length) is function of SNR

SNR,,(U=2.5)=0.54(B /o,

Jitter | alone i
Giora J Tamopolsky IIST - Santa Clara University ﬁseagate
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Ratio Transition Jitter/Bit Length vs. SNR;

'O If the head 5 3
gap scales ol AN
with density, | \
U = constant é’ 3t | \ i ;
O Jitter/Bit = % 2 ‘
S(SNR) only o1
O To maintain ! L L
any given 20 25 30 35 40
SNR, Gjiy,, must |
scale with B SNR . (dB)

'O Example: 500 kfci, B =50 nm, PW50 = 125 nm,
' Ojier =1.5nm @ 26 dB |
|

i
|

|
IIST - Santa Clara University CSS? Seagate
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Jitter vs. Density, Various System SNR’s

'O Media

jitter must decrease for SNR = constant ’

10 —
L - = =225
L O 25
I —=275( ||
3
(=
S 1t
I
S [
_[’PW50 =120 nm
j@a=0.75 i
0.1 R | !
0 200 400 600 800 1000
Density (kfci) \
J
Giora J T, ok ST - Santa Clara University éS? Seagate
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System SNR, Various Media Jitter Values

O At constant media jitter, SNR decreases

| S0 ‘
l ~. o2nm | PW50 = 120 nm
I . R .
o \\l\k&“i T 1
| a5 - \ I\n\u\‘ | . ..
< \ ‘ ..
g ~ § |
° ~ | ~
225 x i\ ~ ! 1 |
.~ ~ |
< 20 L . I | ]
| @ - = =02nm ~ ~ o
} 18 H egg=05nm e ] P
| a—Om1 MM Som | ~a ! ~ .
10 -
— -2 M - ~
§ H —w-5m | ! u— —
i ‘ N
ol . .. . ! |
1] 200 400 600 800 1000
Density (kfci)
|
Giora J Tamopolsky IIST - Santa Clara University (§9 Seagate
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Signal-to-Noise Ratio Budgets
in Disc Drive Design

Giora J. Tarnopolsky
Advanced Recording Technology
Seagate Advanced Concepts

IIST - Santa Clara University
April 27, 1998

lIST - Santa Clara University &)SE&gate
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Practitioner’s Guide to Noise & SNR

O Acknowledgments

H. Neal Bertram
Eric Champion

Gary Rauch

Rajiv Ranjan
Hans Richter
Norm Talsoe

Gordon Hughes

Giora J Tarnopolsky
©1996-1998 2

IIST - Santa Clara University
1998 SNR & Disc Drive Performance Symposium Information, the way you want it.

&P seagate

Seagate Advanced Recording Technology
Outline

-

Outline

O Media noise properties
= Origin
» Localization
= Parametric dependencies.
* Models

O Media noise power estimation
< « Estilnate :
= Noise budget o
» Experimental verification

O SNR budgets and drive design

O Conclusions

O SNR at high recording densities. Jitter limits.

Giora J Tarnopoisky.
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Medium Noise Partial Bibliography

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

O Introduction to the Theory of Random Signals and Noise, W.B. Davenport & W. L. Root, [EEE
Press (1987)

O Noise in Digital Magnetic Recording, T.C. Amnoldussen & L. L. Nunnelley, Editors (1992)
O Theory of Magnetic Recording, H. Neal Bertram (1994)

O  Spatial Structure of Media Noise in Film Disks, E.J. Yarmchuck, IEEE Trans. Mag. vol. 22, 877
(1986)

O Noise Autocorrelation in High Density Recording on Metal Disks, Yaw-Shing Tang, IEEE Trans.

Mag. vol. 22, 883 (1986)

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

QO Magnetization Fluctuations in Uniformly Magnetized Thin-Film Recording Media, T.J. Silva & H.

Neal Bertram, IEEE Trans. Mag. vol. 26, 3129 (1990)

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

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

O Fundamental Magnetization Processes in Thin-Film Recording Media, H.Neal Bertram & J.-G. |
Zhu, in Solid State Physics Review, vol. 46,Academic Press (1992) 4}

Giora  Tamopolsky IIST - Santa Clara University 659 Seagate
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Medium Noise Partial Bibliography (cont’)

O Noise of Interacting Transitions in Thin-Film Recording Media, J.-G. Zhu, IEEE Trans. Mag. vol.

27,5040 (1992)

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

O  General Analysis of Noise in Recorded Transitions, H. Neal Bertram & Xiaodong Che, IEEE Trans. |

Mag vol. 29, 201 (1993)

O Transition Noise Analysis of Thin-Film Magnetic Recording Media, B. Slutsky & H. Neal Bertram,

IEEE Trans. Mag. vol. 30, 2808 (1994)

Ol Transition Noise Spectral Measurements in Thin Film Media, G Herbert Lm & H. Neal Benram
IEEE Trans. Mag. vol. 30, 3987 (1994) HEE L L

O Microtrack Model of Recorded Transitions, J. Carroselll&J K. Wolf, IEEE Tgans. Mag. vol. 32,
3917 (1996)

O Media Noise and Signal-to-Noise Ratio Estimates for High Areal Density Recording, Giora J.
Tarnopolsky & P. R. Pitts, J. Appl. Phys. vol. 81,4837 (1997) !¢
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Media Noise Properties

IIST - Santa Clara University CSS? Seagate
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What is Medium Noise?

L

'O The reproduce voltage results from the read head sensing

the “magnetic charge” of the media: -V -M(x), the
divergence of the magnetization

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

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

User-intended bit transitions do not match grain
boundaries.

IST - Santa Clara University d}}" Seagate
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Idealized View of Transitions & Noise

. Noise = M, (measured) -
2 - M_ (idealized conception)

013

Q

The noiseless -
transition exhibits no v-;:“.‘:,’.*:;‘;x‘if.':,‘.‘"‘ ;
fluctuations of

transition center,
transition parameter,
orM,, (x)

Magnetization
J 742 . Magnetizatio |

Noisy transition
exhibits fluctuations of
transition center,
transition parameter,

3

w250 °Cross-track and Mfr‘ (x)
Giora J Tamopols! 1IST - Santa Clara University éSS) Seagate
@;1”5_19" po, kY 1998 SNR & Disc Drive Performance Symposium
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Signal & Noise Power vs. Read Width

O The recorded “noiseless” signal is in phase across the
track. Its power is proportional to the square of the
track width.

Signal Power = [Z\: v, (x)} =NV, oy (X) = (W

i=1

2
) Vi@

O The noise components are incoherent. The noise power
| is proportional to the track width.

Noise Power = [iélﬁ(x)}-{i&%(x)} = i&l{(x)&l/](x)+ i&V,(x)&Vj(x) =

i=1 i=j i)

1 =N <6Vi(x)>=
| \

(Read width j <5V (0>

O Signal-to-noise power ratio o Read width

Giora T.m;wvl;;v : IIST - Santa Clara University &S) Seaga[e
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Medium Noise Characteristics

—

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

O at the magnetic transition - hence “transition noise”
O at the track edge
O in the servo fields

O Once recorded, the noisy magnetization pattern does
not change with time. It is read out by the magnetic
channel just as the data is. Thus, the noise spectrum
shows, in a spectrum analyzer, a shape proportional to
the envelope of the fundamental and its harmonics |

O Equalization enhances high-frequency components .
(generally, to slim the isolated pulse.) It thus enhances |
the high frequency component of the medium noise. '

IIST - Santa Clara University &5 Seagate

1998 SNR & Disc Drive Performance Symposium Information, the way you want it.
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How is Media Noise Modeled?

‘ O Media strips, microtracks (Arnoldussen, Carroselli &
- Wolf)

e Media divided into stripes along the downtrack co- ‘
. ordinate, each stripe exhibiting fluctuations in transition |
i position and sharpness

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

e Media volume subdivided into regular hexagonal tiles

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

¢ Proved that exchange-coupled grains are noisier

| O Analytical models of the readback voltage (Bertram
and collaborators.) Example will follow.

IIST - Santa Clara University . (SS? Seagate

Giora J Tamopolsky 1998 SNR & Disc Drive Performance Symp
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Media Noise Higher Where M(x)=0

| 0 Ensemble mean and variance of 1.0H
the transition profiles for planar T<M(x)>
isotropic longitudinal films for 0.5} ' 8/D=1.5

different intergranular exchange {h
coupling, and both 2D and 3D % o.of
E1
v

. . . ———hg= 0 (30)
random easy axis orientation. ¥ | ¢ h= 0 (2D)
A large variance occurs at the -0.5} — === hg=0.1 (3D)
transition center. The exchange- ———h,=0.1 (20)

1 1 L 1 i J

coupled film shows much higher  -1.0

magnetization noise in all cases. 1440 —80 -20 -10 0 10 20_30
1
1

& Downtrack
Bertram & Zhu, IEEE Trans. L 12H A (AM(x))>
Mag. vol. 27,5043 (O IEEE 1991) % ,,| PN
. . \
O The transition noise power oost ,/' " Exchange-
P, increases with the number Sost ,;’ coupled
of transitions per unit length,or 3 | P W
density. E1
O The measurement of P (density) . ,
3 affords a determination of —-40 -30 -20 -10 0 10 20 30
| media intrinsic Noise PAraMeters. wmmm——————OLX
. r‘_ IIST - Santa Clara University ( i;; Sea ate
%‘:"”::;g:‘m:’: y__J 1998 SNR & Disc Drive Performance Symposi g
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Media Noise Reduction

How to reduce media noise? i

O Achieve grains of uniform size. The reduction of the

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

| decay.

¢ Underlayers: Epitaxial growth "
| o Clean sputtering systems
' O Reduce exchange coupling between grains

o Non-magnetic material segregation to boundary
' O Reduce the volume where noise originates

o Shorter transition length

e Lower M6

o Higher H,
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Seagate Advanced Recording Technology

Media Noise & High-Density Recording

O “Transition jitter”, Ojy,, =3 to 10 nm
O For linear recording densities < 1,000 kfci:
®  Ojiy,, for given signal-to-noise ratio SNR?
* (Gjiye, /bit length B) vs. PW50, SNR, and density?

e Grain sizes and uniformity for n x 10 Gbit/in??

O Recorded bit boundary: shifted from ideal position
O Pulse width (PW50): fluctuates around track
O Peak amplitude V;: varies bit-to-bit due to head
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Seagate Advanced Recording Technology

Media Noise Power Estimation
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Seagate Advanced Recording Technology
Transition Jitter: Magnetization Noise
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Seagate Advanced Recording Technology

“Real” & Ideal Waveforms & Noise
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Seagate Advanced Recording Technology

“Real” & Ideal Waveforms & Noise
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