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Recording process: Writing Head
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Karlgvist Field Approximation

* Head Gap is small compared with gap depth and pole dimensions

 Distribution H (x,y) 1s given by circular lines passing through the gap
corners

H,(x y);fﬁ[m_l(__x+g/ 2)—tan‘l(x_g/z)) y Ry
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Recording Medium: Hard Magnetic Material

Mr

Hc H

_I\/h'9

 Hysteresis Loop of the Magnetic Material

* Recording: Field H exceeds Coercivity, after the field 1s removed,
magnetization returs to the remanence level
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Transitions: Williams-Comstock Model

_dM dHyyy | dH,
OUGH S de dx

am
dx

)

* Magnetic transition is not ideal, it has finite extent( transition parameter (a),
determined by medium hysteresis squareness (AM/dH), head field gradient
(dH,.,¢/dx) and medium demagnetization fields (dH,/dx)

: M(x)fg%an_l(ﬁ)
v/ a

[Realistic Transition M(x) l
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Read-Back process: Linear Superposition

U ™
Medium T / \\

(Top view)
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Head Signal
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LHead Gap g (Top view) }

e Head reacts on the changes of medium magnetization

* Even if the transition is given by ideal step, head integrates the read-back signal (head
response) |
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Read-Back Process

Lo/ \ ]
57 s
)L
_ Magnetic Medium

ﬁ{ealistic Transition M(x) ]

ldH read(x)/dx
M(x)
/ B /\/ B —

e Read-back signal is given by the convolution of the medium
~ magnetization with the derivative of the reading head response (i.e.
~head read-back signal from the ideal step transition)
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Inter—Symbol Interference (ISI)

A Readback
L % o=
\\_/,,/
p2
W05 11 () = 3 Preat @ o1 025 i)

fo=

e Read-back signal from adjacent transitions equals to the sum of the
- read-back voltages from individual transitions ( linear superposition)
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Linear ISI: Amplitude Loss
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. Dipulse signélz 1 - PW50/T=0.3, 2-PW50/T=1; 3-PW50/T=2, 4-
- PW50/T=3;
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Demagnetization Field

e Static magnetic fields, directed approximately opposite to the direction
of the magnetization

« Demagnetization fields exist only inside a magnetic material
* They are generated by any discontinuity of magnetization
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Demagnetization fields

Vv
AA

AL

—— > |ie——, | —i
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v

|z
|

Magnetization M(x)

v

Always opposite to the magnetization
Infinitely sharp transition: Hd is infinity in the transition center
Realistic transitions: Hd equals to zero in the transition center
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Demagnetization fields

 Far from transition center ( no head imaging)

M35
H;(x)=-
- X
with head imaging:
2
H(x) = - 4M, 5 d
Y[ x3

* No head imaging: drops as 1/x
 With head imaging: drops as 1/x’
 Proportional to the medium magnetic moment
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Easy

Hard Transition Shift

Easy

Easy

April 26 1997

Hard

ST Short Course, SCU

=

A.Taratorin

Square wave recorded on DC-
erased medium

Easy Transitions are written
along with medium
magnetization

Easy Transitions are not
distorted

Hard Transitions are written
against medium magnetization

Hard Transitions are delayed

Hard Transitions may have
different shape

13




Writing of Hard Transition

Write Head
Gap Head
-1 Movement

A

Transition is to be

. Secondary writing
written here as .
|determined b zone is formed here
e.e_ L e. J Actual Hard causing Hd to

Initial Write Transition is appear

Bubble (dashed) written here - at
theedgeol | [New wirite Bubblei -
bubble Hihead) - H(demag)> H¢
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Writing of Easy Transition

» No demagnetization field, write bubble is not affected

Write Head
Gap Head

= | |Movement
—p

Previous Data Magnetization

.____.>/‘

/

Transition is to be
written here as
determined by the
write bubble

Actual Easy
Transition is
written here - at
the edge of the
write bubble
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Hard Transmon Shift and Magnetic Flelds

Hard Transition
S:rid moves . H head is written here: H(head)-Hdemag>Hc
A— Initial transition
should be here
. Hc
a —
H head - H demag
\/’. X
H demag
. A
M(x) 4 V(x)
b)
‘ Easy ,
s Hard
/ Easy

April 26 1997 A.Taratorin 16
- ST Short Course, SCU



Transition Shift

e Transition is written when H, (x,)=H_

e Shift: H(x,+* )=H_+H, |

H, (x,+* )= H,(x)+ ¢ d H,/dxI| _,, = H+H,

e o =_H,/(dH/dxl_ )

o Higher density (H,) - larger transition shift

e Poor writing (e.g. poor gradient) - larger transition shift
Theoretical equation: | |

M. 6(d+0/2)

H_.r

A F(d,0,r)

M, is remanence medium magnetization, 0 is the medium thickness, d is head-medium
separation, Hc is the coercive field of the medium, r is the actual size of the head write
bubble and Q is a numerical factor depending on the head geometry. Function F(d,4,r)
depends on head imaging and can be anything from unity to F(d,&,r)=(d+&2)°/r.
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Asymmetry Test

T(p-n) T(n-p)
>  —>

NN
A

* Write Isolated Transitions on DC-erased medium

e Measure distances between peaks positive-negative-positive
* Asymmetry = Average(T(p-n) - T(n-p))

* T(p-n)=T+A and T(n-p)=T-A. Therefore:

Asymmetry = 2A

April 26 1997 A Taratorin
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Overwrite Test

_—— oud frequency f1
i
«4«— New Data
| frequency 2
i \
|

A pattern with low frequency f; is written and its average amplitude Al is
measured

A pattern with higher frequency f, is written on the same track above the old
pattern

A residual signal at frequency f; is measured using a bandpass filter or a
spectrum analyzer. This pattern has amplitude A2

The overwrite ratio is calculated as 20log(A2/A1). This value reflects the
“ability” of a new data to “suppress” old data which is previously written on the
magnetic medium. Typical overwrite values should be kept below -30 dB.

A.Taratorin 19
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Origin of Overwrite: Hard Transition Shift

Old
data

New
Data

Easy Easy
» ' : Head

B WD N A | G
v vy

. New patte‘rn'with 2f frequency 1s written on top of 1f pattern

e Sequence of 2 easy and 2 hard transitions, - old frequency is
“transformed into the sequence of hard/easy pulses

April 26 1997 , - ATaratorin
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Overwrite ratio =2: Theoretical analysis

Assume that the hard transition has shape h(t) and the easy transition has shape e(1).
Transitions of the old pattern are written with period 47T (the distance between positive
and negative transitions is 2T) and transitions of the overwrite pattern are written with
period 2T All transitions in the old pattern are easy and, therefore, the period of the old
signal is given by:

f(old)=e(t)—e(t—2T) (5.5)
The corresponding period of the overwrite pattern is given by:
flow)=h(t—A)—h(t —=T - A)+e(t —2T)—e(t - 3T) (5.6)

where A is the corresponding hard transition shift. When Fourier transform is calculated,
each timing shift results in the additional phase of the signal, therefore:

F{f(old)} = E(w)- E(w)e"™

. . 57
F{f(ow)} = H(w)e™ - H(w)e,’"(r‘m + E((l))e"”ﬂ _ E(w)emsr )

Here o is the frequency which for the old information pattern equals: w,= 2/4T, E( w) is
the spectrum of the easy transition, H(w) is-the spectrum of the hard transition. At
frequency w; complex exponents are having integer number of pi, therefore they result in
one or i and we obtain that the amplitudes of the old pattern Al and of the overwrite
pattern A2:

Al=lH(w,)+ E(@,)

A2 =l(1- i) H(w,)e'™ - E(o))l (5.8)

If we assume that the shapes of the easy and hard transitions are approximétely the same,
the overwrite value equals:

V3
ow = 20[0g[1’1-cos(?1—,-A)] (5.9)

If the value of A is small, we can use approximation cos(x) ~1-x*/2, therefore

ow = ZOIog[—%;z_TLA] (5.10)

April 26 1997
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For OW ratio 2 the derivation is
analytically straightforward

Overwrite is determined by the
ratio of hard transition shift A to
the period T of the overwriting
pattern ‘

OW = 20log

Vam
4T

Meaning: timing modulation
index (A /T)

Example: T=10 ns, A =lIns,
OW=20 dB

Hard Transition shift should be
minimized
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Frequency dependence of Overwrite:Overwrite different LF
pattern with the same HF pattern. Experiment demonstrates more
than 10 dB difference between overwrite frequency ratio 10 and 2

) 10 20 30 40 50 60 70 80 90 100kfci

M- R < O
' =

o e

-50

DENSITY OF OVERWRITTEN PATTERN KF(I
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HF pattern density
(kfci):

1-50

2-66

3-83

4-100

5-133

6-150

7-180

This is after edge
trimming, L.e.
effects of track
width are
eliminated
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Overwrite for different frequency ratios. Theory

Period of old pattern

~/\/\/\/\/\
\/\/V VARV

a+d -a+d a+d -a+d a+d -a-d a-d -a-d a-d -a-d a+d -a+d a+d

Easy = a-d Hard = a+d
e No simple rule: Sequence of Hard/Easy transitions (e.g. HEHEHHEHEH...)

e Use ‘average’ (a) and ‘difference’ (d) waveforms of hard and easy
transitions. Analyze overwrite pattern

April 26 1997 , A.Taratorin 23
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Overwrite for different frequency ratios. Theory

Let us use the following trick: imagine that average pulse of voltage a(t) is the average of
easy and hard pulses, including hard transition shift and possible shape difference, and

- d(1) is their difference:

April 26 1997

a(t) = h(t) ; e(t)
d(t) = ﬂt—)—g—‘iﬂ (5.11)

Using (5.11), h(t)=a(t)+d(t) and e(t)=a(t)-d(t). If we now write the sequence of easy and
hard pulses in Figure 5.10 using sum and difference of a(t) and d(t) and alternate
polarities we will see a wonderful picture. Average pulses, as it is expected, behave like
undistorted sequence - they alternate +a -a +a -a etc. Difference pulses d(t) are exactly
periodic with the period of the old pattern, indeed from Figure 5.10 we get:

+d+d+d+d+d-d-d-d-d-d ... etc.

This is a general rule which holds for any ratio of overwrite frequencies and allows us to
analyze the overwrite signal.

A.Taratorin
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Overwrite for different frequency ratios. Theory

, the sequence of the average pulses is not modulated by the old pattern and will have
zero contribution at the frequency of the old pattern. Let the ratio of high frequency to
low frequency signal be N, i.e. f(old)=2n/(2NT)=rn/ NT . Assume that transitions of
the low frequency pattern are easy and, therefore, one period of the old signal is given by
the function:

f(old)=e(t)—e(t— NT) (5.12)

As a general rule, the corresponding period of the overwrite pattern is modulated by the

period of the old pattern and its erroneous part is given by:
2N-1

flow)= 2 d(t-mT)- Y, d(t—mT) (5.13)
m=0 m=N

Only this signal is of interest because alternating average signal will not create harmonic
at overwrite frequency. When the Fourier transform is calculated at overwrite frequency

of W/NT , we get:
ARG ey
F{f(old)}—lE(NT) E(r)e —2|E(NT)
e (5.14)
Ff( )}"lD(irNZ_i(e“‘”%— R i
W= 1N |~ ¢ ~ sin(z/ 2N)
April 26 1997 A.Taratorin 25
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Overwrite for different frequency ratios. Theory

If we assume that the shapes of the easy and hard transitions are approximately the same,
the difference between easy and hard transition is only in the timing shift A and

| T
E(—)
/4 /4 . _ | NT (4
]D(*A—/T—‘)| = IO.SE('A—[—T‘){CXP(—I “‘N‘f A) - 1}! = *——*—*—\/—2— \/1 - COS("“—NT A) (5.15)

the overwrite value equals:

\/I cos( A)
OW =201log JZ_ nNT * (5.16)
in ( ) ‘
S1 2N

According to (5.16) the value of overwrite should be almost independent on overwrite
ratio. Indeed, when A is small, cos(x) is approximately 1-x%/2 and, since sin(/2N) is
- decreasing with increasing N almost as /2N, we get:

ow = zoxog(%) (5.17)

Th‘eoretical prediction: OW value should not depend strongly on

the frequency ratio!
April 26 1997 | - A.Taratorin 26
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AlreadylWritten
overwrite pattern

h

Transition is to be
" written here

Initial Write
Bubble (dashed)

Overwrite : Proximity Effect

Write Head
Gap

Head

April 26 1997

Actual Hard
Transition is
written here - at

Movement

T

B

Old transition was written here
and creates Hd2 which is
opposite to Hd1

Secondary writing zone is formed
here, causing Hd1 to appear

When a new
transition of the HF
pattern is written in
the proximity of the
old transition of the
LF pattern, the
demagnetization
field of the old
transition reduces
the effective value
of HTS. This effect
1s statistical and
becomes negligible

at low density

theedgeof |- T ]
slightly modified New erte B“bme’ o
write bubble H(head) = H(demagl) DOt
+H(demagzr_)>IH¢-2-1-1-1-1-:-3-:-2;2

- A.Taratorin

IIST Short Course, SCU

ok
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Overwrite including Proximity effect

OW = 2010g10(?—‘}’(w))

Where A is the value of HTS, T - period of the HF pattern, ¥(w) -

a function, describing attenuation of HTS caused by transitions of old
pattern (decreasing the effective value of HTS at high densities of the LF
pattern)

* Y¥(mw) depends on the density of the LF pattern. This

function should not depend on the density of the

overwriting (HF) pattern.

* Proximity effect explains only part of the Overwrite degradation

April 26 1997 A.Taratorin
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Spectrum of the Overwrite Signal

P(®) 4

P(®) 4
. }\\ R ;
™
N (Oold\
. 7 \\”\.\\ . .
> © l [ L - > ©
5 ‘ .
@ W 5D @, 20, 30, 40, 50

o Left: without overwrite, right - when old information is overwritten

o Overwrite causes appearance of side bands around even harmonics of
the signal at frequencies:

April 26 1997 | A.Taratorin | 29
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Overwrite: References

Hard Transition shift and overwrite are discussed in:
N.Bertram Theory of Magnetic Recording, Cambridge University Press, 1994.

G.Lin, Y.Zhao and H.N. Bertram “Overwrite in Thin Film Disk Recording Systems” - IEEE Trans.
Magnetics, vol. 29, 6 pp. 4215-4223 - original paper describing relation between overwrite and Hard
transition shift.

Proximity effect was studied by Y.S.Tang and X. Tsang in “Non-Linear Transition Shifts in Magnetic
Recording due to Interpattern Proximity Effects” - Journal of Applied Physics, 74,5, pp.3546-3550, 1993

The dependence of overwrite on frequency is studied by J.Fitzpatrick and X.Che “The dependence of
overwrite on proximity Effect” - presented at Intermag-96, Seattle, WA, april 1996, IEEE Trans. Magnetics,
1996 ( Proceedings of Intermag 96 issue)

The spectrum of overwrite signal was obtained by Y.S.Tang and C. Tsang “Theoretical Study of the
~ Overwrite Spectra due to Hard Transitions effects” - IEEE Trans. Magnetics, vol. 25, 1, pp.698-702, 1989.
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Non-Linear Transition shift (NLTS)

Already written

Area Area of Old Information

Region which determines Hard
Transition shift

e Origin of NLTS is of the same physical nature as the origin of Hard
transition shift. The only difference is that NLTS is caused by
preceeding transitions of the currently written pattern, while HTS is
determined by the old information.

Apﬁl 26 1997 _ - A.Taratorin
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NLTS: Demagnetization field of the previous
transition

Write Head
Gap ) Head

: Movement

——

Previous Transition
which causes NLTS

.......

Actual Transition | — . —
is written here - at the Transition is to be
edge of expanded wrmen.here as
write bubble determined by
. Initial Write
with NLTS=A Bubble (dashed)

*  Demagnetization field of the previous transition coincides with the head field direction and expands the write
~ bubble. Transition is written “early”. NLTS is typically stronger than HTS since the size of write bubble is
larger than the distance between transitions

April 26 1997 _ A.Taratorin 32
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NLTS: Magnetic fields and equations

Initial transition

Head moves
should be here at x,, H head

\ here
Transition with NLTS =A ’

is written here:
H(head)tHdemag>He  Sal He
{ \ -
|
i : FH
| O > Hoppag + Hy 050+A)> H,
. I X, X
i A o
‘ | - Previous A = Hdemag
Transition - dH
and demagnetization : h |
field dx X=Xq

~« NLTS is proportional to the magnitude of the demagnetization field
and inversely proportional to the head field gradient at the transition
- location

April 26 1997 A.Taratorin 33
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April 26 1997

The transition is written at the location xy+A, at which holds:
Hdemag + H, ()C0+A)> H,, (61)

where x, is the location of the ideal transition without NLTS, A is the amount of NLTS.

Assuming that the value of NLTS is small, we can use Taylor series expansion around x;
and obtain that the value of A is proportional to the value of the demagnetization field:

demag

TaH (6.2)
Em

A=

The theoretical expression which allows us to estimate the value of NLTS is similar to the
equation which was given in Chapter 5 to calculate the value of a Hard transition shift:

_ M5(d+6/2)
- 7QH.B

F(d,5,B) (6.3)

where M is remanence medium magnetization, &is medium thickness, d is head-medium
separation, Hc the coercive field of the medium, Q is a numerical factor depending on the
head geometry and B is the distance between transitions. Function F(d, 6,B) depends on
head imaging and can be unity to F(d,8,B) = (d +6/2)* / B*. The dependence of NLTS
on the distance between transitions is usually described by some power of distance:
A= N(B)= K/ B", where the power p is experimentally measured. Typical values of W
are 1n the range of 1.5 to 2.5.

A.Taratorin
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NLTS: Effect on Read-Back signal

* 1 -as expected from linear
superposition
e 2-25% of NLTS

* Amplitude loss - mainly
due to stronger ISI

e Second transition is
moved early

e These distortions are
catastrophic for PRML
channels - samples are

1 - , wrong and Maximum

10 30 %0 Likelihood detector makes

TIME.ns
a lot of errors.

April 26 1997 | A.Taratorin 35
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NLTS: Write Precompensation

Correct location X, of the next Transition is
here, but if written, it will be attracted by
the previous transition and written earlier

Previous
Transition is
written here

with shift A
—
Precompensated Transition
' _ " is written with delay p. It

A p will be attracted to the
previous transition so as to
become actually written at

correct location X,

e Delay transition during write process if another transition was written
one clock early

 Total shift of the second transition should be eliminated

Aptil 26 1997 A.Taratorin
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Precompensation parameter

NLTS, ns

By+p—-N(By+p)= B

p=N(By+p)

v

18 20 22 24 Transition Separation, ns
B,=20ns

e Optimal Precompensation is smaller than the NLTS value

April 26 1997 A.Taratorin 37
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Optimal precompensation and NLTS

OPTIMAL PRECOMPENSATION
50

45
40
p 3
R
E 30
C
0 2 —
M
P —
% .
15
10
% 10 15 20 2 30 33 40 45 50
NLTS %
April 26 1997 . A.Taratorin

IIST Short Course, SCU



NLTS and Hard Transition Shift: Hard/Easy
Dibit

o Write Head
e First transition _Gw ] |Head
. . o Movement
is written late e L ,
due to HTS - .
(A2) - — /
i SeCOnd » A g RO .:: g DC-erased
transition is | RO Medium
eaSy, Shlfted Previous Transition / | S,
- which causes NLTS , New write Bubble:s .- - -]
carly by NLTS - jwastard and ves Hiliead) + H(deérsdg)s H
* ReSU1tlng Shlft: . Actual Transition Transition is to be
' : is written here - atfhe written here as
edge of expande determined by
: write bubbl Initial Write
AH/'E =N (B "Az) “:l:; NLT; A Bubble (dashed)
April 26 1997 | ~ A.Taratorin
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NLTS and HTS: Easy/Hard Dibit

Head

. . Write Head Movement

e First transition | Gap —
. . H1d = Secondary writing Zone
1S easy, not fmmemag is formed here causing
- Hard transition shift A2

previous
affeCted transition H2 demag from

° Second medium
‘transition 18
pulled early by

NLTS and late Previous Transition
: . - |which causes NLTS
by HTS Al was Easy

New write Bubble: .- -.- - - -

° TO tal Shi ft: Actual Transition __ i .‘ ....................................
‘ is written here - at the Tra.msmon is to be
edge of modified write written here as
A _ A A : bubble , determined by
E/H — 21 22 . “Al- Initial Write
with NLTS=AI-A2 Bubble (dashed)

April 26 1997 A.Taratorin
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NLTS and HTS: Easy/Hard Dibit

The resulting write bubble is determined by the balance of two demagnetization fields
and the actual transition will be written at the location, where:

H(head) +HI(demag)-H2(demag) > Hc (6.6)

Similar to the analysis presented in section 6.1, if both demagnetization fields are small
enough, the resulting shift of the transition:

H1 H?2

A= demag ~ demag 6.7
( dd, | ) ©.7
dx %
or, equivalently:
Agy =40, -4, (6.8)

where A, is the value of NLTS without the hard transition shift and A, is the value of

the hard transition shit. Therefore, for an Easy/Hard (E/H) dibit transition, NLTS and the
hard transition shift have opposite directions and resulting transition shift will be smaller
than for AC-erased medium.

A.Taratorin
IIST Short Course, SCU
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Hard/Easy and Easy/Hard Dibits: Summary

B,
Ideal - -
Dibit
o Ao
Dibit with l—>
NLTS
Apy
E/H dibit | R AerrBeAn
- A e NBoy)
HE dibit .

Figure 6.10 Interactions of NLTS with Hard Transition Shift

April 26 1997 A.Taratorin
IIST Short Course, SCU

42



'Hard/Easy and Easy/Hard Dibits: Read-back

NEGATIVE DC POSITIVE DC

1 "'"f""'"'"“':r""""""""" 1 "_'""""""'"""i:"""""""""

Ry 11 I SRR

April 26 1997 | A.Taratorin
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Amplitude Loss ( Partial Erasure)

Transition with
Partial Erasure

Isolated Readback after
pulse partial Erasure Isolated

}\ pulse
'/
/\\/

Linear Read-back
signal is dashed

e Transition percolation causes amplitude
loss

° Read-back signal: Vpg (x) = (1-0)V(x)

April 26 1997 | A.Taratorin 44
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Spectral Measurement of Partial Erasure

e Assumption: while PE and NLTS coexist at high density, if a square
wave pattern is written, all transitions are shifted equally and,
therefore, NLTS does not interfere with measurements

- Original transitions

A ¥ A ¥
« @ |

< <+

A«

»
< >

v

lWritten transition

=

|
¥‘T

v

w»

A.Taratorin
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Spectral measurement of Partial Erasure

April 26 1997

If a periodic pattern consisting of pulses of alternating polarity with distance between
pulses T is written, the spectrum of this pulse sequence consists of odd harmonics at a
fundamental frequency of w, = 27 /2T . The shape of this spectrum repeats the shape

P(w) of continuous spectrum of an isolated transition p(¢). The Fourier transform of this
readback signal is given by:

R, (@) = 0, P(@) Y, 8(w — ka,) (6.11)

k=o0dd

Note that the spectrum amplitude is proportional to the pattern frequency w, =7 /T . Let
us write two patterns: low frequency (LF) and high frequency (HF) with different
distances between transitions. Now it is easy to demonstrate that in general, at any odd
harmonic k ( periodic pattern does not contain even harmonics) we have:

1 w
R, ; (kwLF )=7 -

. Ry (wy:), where @, = . (6.12)
Let k=3. The first harmonic of this pattern equals:
R, (w,) = w,P(w,) (6.13)

A.Taratorin
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Spectral Measurement of Partial Erasure

Let us now compare what happens if we write a pattern with a lower frequency, for
example @, /3. In this case we will look at the third harmonic of the pattern which

equals exactly @, :

),
R, ()= —39- P(w,) (6.14)
As we see, R, (w,)= R, (@,)/3. Since this pattern is low frequency, it will not contain
NLTS and partial erasure. Therefore, if we measure 3R, .(@,) and compare this value to
R, (®,), we can easily estimate amplitude loss:

3R, (w,)(1- 200) = R, (@,) (6.15)

A factor of 20 appears, since in a high frequency pattern each transition has partial
erasure from its two neighbors: one to the right and one to the left. Therefore,

I Ry (o)

o= 3 6R,, (@) (6.16)
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Partial Erasure measurement: Summary

e Define LF pattern as 100100100... in NRZI encoding, i.e. each “1” is a transition and
each “0” is no transition. '
e Define NRZI HF patternas 11111....
e Perform the overwrite test for the frequency wy of the HF pattern (Refer to Section
5.3),1.e.:
1. Write the LF pattern and measure the amplitude V(LF) on the output of the
band-pass filter at @y (or use a spectrum analyzer)
2. Write the HF pattern and measure its amplitude V(HF) at wy.
3. If steps 1,2 are done using a standard overwrite test, the overwrite ratio OW is
calculated as OW=20log(V(HF)/V (LF)).

e Calculate amplitude loss as

1 V(HF)
Y= T BV(LF) 6.17)

or, if OW value in dB is obtained,

ow
1 10 20
2 6

o =
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Partial Erasure: Density Dependence

April 26 1997

Partial Erésure, %
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NLTS & Amplitude Loss: References

* A. Armstrong, H.Bertram & J.K. Wolf "Nonlinear Effects in High Density Magnetic Recording" -
IEEE Trans. Magnetics, 27, 5, pp. 4366-4376, 1992 - A useful paper describing non-linearities and
their models.

. H.Bertram; A. Armstrong & J.K. Wolf "Theory of Nonlinearities and Pulse
. Asymmetry in High Density Magnetic Recording" - IEEE Trans. Magnetics,
. 28, 5, pp. 2701-2706, 1992 - model calculations of NLTS.

* Interactions of NLTS with hard transition shift were first mentioned by C. Tsang, Y.S. Tang " Time
Domain Study of Proximity Effect Induced Transmon Shifts" - IEEE Trans. Magn. 27, p. 795-802,
1991.

e  The most comprehensive paper describing precompensation, partial erasure and spectral
measurements of partial erasure is by X.Che “Nonlinearity Measurements and Write
Precompensation Studies for a PRML Recording Channel” - IEEE Trans. Magnetics, vol. 31 6,
pp.3021-3026, 1995.
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NLTS Measurements

» Spectral Elimination (5-th Harmonic) : write simple repetitive pattern,
containing dibits and 1solated transitions, measure specific harmonics
using spectrum analyzer

e Pseudo-Random Sequences (Dipulse Extraction and Time Correlation) -

write a special pseudorandom pattern, digitize it with high resolution and
perform mathematical analysis ( Fourier transform or correlation)

April 26 1997 A.Taratorin
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Harmonic Elimination

* Write a special pattém on the disk and measure the amplitude of a
particular ( e.g. 5-th ) harmonic of this pattern E(kw,). The pattern is
constructed in such a way that if the superposition of all pulses is
linear, the corresponding harmonic is equal to zero.

e Write a different pattern consisting of transitions with a specified
period on the disk and measure the amplitude of the same harmonics of
this pattern X(kw,).

« Compute a value of NLTS, usually as

5= Fkan)/Thap X (kap)
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Principle of Harmonic Elimination

Periodic pattern y(t), p(t) - isolated pulse

y(t)=p(t)— p(t—=T)+ p(t = Ty)—..~(=1)" p(t =Ty )

" Fourier Transform:

‘ AY(G)) _ P(a))[l'" o TiOT) e_-inz—...—(—-l)Ne_inN]

At k-th harmonic Y (kwy)=0
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Example of Pattern

N=2m+2n+6

11 ..mO0s...1..n0s... 1 1...m0’s...1...n0’s.... 1 1

e 1100..(m 0's)100..(n 0's)1100..(m 0's)100(n 0's)
e A full period of this pattern equals 2m+2n+6.

e Example: m=n=6, full period N =30

E PR N > = = o
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Error Signal from NLTS

W Error signal from dibit with NLT'S:

e<r>=p<r>—p<t-—A>zA5;£

ream o o sienat E(keay) = Mea, Plkay)

Reference signal:

R(kan) = P(kax, (1—exp{~ir})l= 2P(kan)

m NLTS value:

1 E(kwy)/2 1 E(koy)
ko, R(kwy)!2 ko, R(ko,)
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Pairs of pulses eliminating k-th harmonic

pT

SN

NT

Y(®)= P(0)(1+e"?PT)

g
Y(kwg) = P(kay)(1+e V)

This pair of pulses will result in zero spectrum at:

We can combine positive and negative pairs of pulses to create
harmonic elimination patterns

April 26 1997 | A.Taratorin
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Simple Pattern for NLTS measurements

Pattern period N=30T

A
v

9T

»
»

P3

d 15T

e This paitem conisist of: pair of positive pulses (P1 and P3, distance 9T) and pair of negative pulses
- (P2 and P4, distance 15T). P1 and P2 form dibit and pulse P2 is distorted by NLTS. Pattern period is
30T -

1

) AN FPANEAY s ] L L=
(kwg)

A:' —_
ko, R(kwy)/2 ko, R(ko
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Precompensation Mode

Pattern period N=30T PRECOMPENSATION PLOT
8 T T T T

6k-

AN

2 ;

2

— H

= H

3}

2l

: : 1
‘d 15T 0 i i H i

0 2 4 6 8 10
PRECOMPENSATION, ns

. Delay pulse P2 and Measure amplitude of 5-th harmonic for different delays.
e Minimum point - optimal precompensation for dibit
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Bit Period Mode

Pattern period N=30T BIT f’ERIOD PLOT

8
< > 7l
N 9T :
| ————eeeee P -
P1 ; : P3 6
0 3
B
Z .,
2l
1 |-
o ; i i :
S : 10 12 14 16 18 20
d 15T : BIT PERIOD, ns

*  Delay pulses P2 and P4 by the same amount

*  Measure 5-th Harmonic

»  Effectively change bit distance between P1 and P2 while keeping elimination property between P2
and P4

April 26 1997 . ' A.Taratorin
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Partial Erasure and 5-th Harmonic measurement

Let us consider what happens with the read-back signal for a pattern shown in Figure 7.4

when it contains amplitude loss o due to partial erasure. The dipulse signal distorted by
both NLTS and PE is given by:

f)=0-)p(t)-(1-)p(t-T+A) (7.15)

The error signal (the difference between the ideal dipulse and the signal given by (7.15) )
generated by this dipulse is:

d,
e(t) = ap(t)—ap(t—T)+(1-a)A—(-1’7’ (7.16)

The spectrum of the error signal is, correspondingly:
E(w) = P(0)(0 — 0™ +iA(1 - a)w) (7.17)

At k-th harmonic E(ka,) = P(ka,)(a — ae™**" +iA(1- a)ka, ).
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Partial Erasure and 5-th Harmonic measurement

Eq. (7.17) is used to calculate plots shown in Figure 7.8. This figure is a dependence of
the measured value of NLTS using 5-th harmonic on actual value of NLTS versus
different amounts of partial erasure (0% to 50% with 5% steps)

As seen, both NLTS and partial erasure will affect spectral elimination results. For
example if 20% NLTS and 20% amplitude loss are present in the signal, the spectral
method will measure approximately 35% of NLTS. On the other hand, if NLTS is absent,
the measured signal will be completely due to partial erasure.

- When dibit separation is proportional to the total length of the harmonic elimination
pattern, k=5, N=30, we can obtain a simplified expression for (7.17), where:

E(ke,) = P(ka, )((x —oe? +iA(l- )k, ] (7.18)

To find an absolute value we find the squares of real and imaginary parts in (7.18)
substituting cos(7/3)=1/2 and sin(x / _3) =3 /2. If we discard all cross-terms having

products of either A> or o®, assuming that their values are small, (7.18) approximately
equals: '

i 2
|E(kw0)l:IP(kw0)!Ja2 +£9—A2 +—’35Aa (7.19)
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Influence of Partial Erasure on 5-th harmonic

[}
o

70
PE=50%
60 //.:///
L /
® 50 // // " —
o —
Zz
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g 30 ] — PEC0%
20
_—
10
% 5 10 15 20 . 25 30 35 40 45 50
NLTS %
April 26 1997 | A .Taratorin

IIST Short Course, SCU



Separating NLTS and Partial Erasure

AAN*+BA+C =0

Z_[E(ka)o)jz

P(kw,)
A=(1-a)*(kay) .
B = (2a(1— o)k, sin(kayd) A" B+ w/B —-4AC
. C=0a’(1—-cos(kwyd))* +a® sin® (kwyd ) - Z 2A

Let d=T, k=5, %o =2n/30T. The measured value of a=0.2. Amplitude of the error signal
ECk®o) from a single dibit equals 6m V. Amplitude of the reference pattern consisting of

isolated pulses with distance between pulses 15T equals 40mV, therefore P(ka,) -
mV. We find: :

Z=0.098, A=0.7,B=0.29,C= -0.058

From here the estimated value of A=14.8% . At the same time,
~direct measurement will predict almost 29% of NLTS.
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Influence of Noise on 5-th harmonic

Spectral NLTS measurement for different SNR

0.6 ? | , ! /
0.5 - o / .
04 / P

Measured NLTS

—
P

Vo

A SNR=40db |

i 1 1 i
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 05
Ratio of NLTS to Bit Period

o
N
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Pseudo Random Sequences

e Write a pseudo-random sequence on disk

« Sample a full period of read-back signal with high resolution analog-
to-digital converter (ADC)

'» Process resulting digital signal using either Discrete Fourier Transform
or Correlation analysis

e Polynomial x"+x3+1: 127 bits sequence y(i+7)=XOR{y(i),y(i+3)}

10000001 00010011 00010111 01011011 00000110 01101010
01110011 11011010 00010101 01111101 00101000 11011100
01111111 00001110 11110010 1100100
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Shift and Add Property

*  Product of 2 elements of PRBS is the same sequence with some shift XOR(y(k),y(k+p)) = y(k+M)

*  XOR is equivalent to product of NRZ bits

‘\1
at

2
Z

nroduet-of

a
[28

Pl oauct Ut

al*a?2

¢
)

XOR

+1

+1

b
s

ZXTINX

x1®Dx2

-1

-1

0

+1

-1

1

+1 .

OO

0
1
1

m When NLTS is present, it creates the terms proportional to product of
several bits , e.g. a(k-1)a(k)a(k+1).

m Read-Back voltage 1s approximately V (t)+kV, (t+M)
m M=25.5;k is proportional to NLTS
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Theory of the dipulse extraction method
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