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CONFERENCE SUMMARY 

'rhe purpose of the conference was to explore the potential 

application of communication technology to the writing, 

reading and detection of high density magnetic recording 

signals. Seven domestic and three overseas locations were 

represented by the 38 attendees. Included were: Boulder, 

Tucson, Rochester and San Jose Product Development Lab­

oratories; Owego, Electronic Systems Center; San Jose, 

Yorktown, and Zurich Research; as well as Hursley and La 

Grande. Twenty-three formal and two informal papers were 

presented during the two and a half day conference. The 

papers were divided into three broad areas: Partial Re­

sponse Signaling, Equalization, and Error Correcting and 

Modulation Codes. A separate panel discussion was conducted 

on each of these areas after the presentation of papers in 

that field. All sessions were 100% attended indicating both 

the high level of attendee interest and the benefit of the 

offsite location. All seemed to concur that'the conference 

was extremely enlightening and the topics very applicable 

and useful in their work. 

The first day was devoted to Partial Response Signaling. 

Partial Response is a method of reducing the channel band­

width requirements such that more data can be transmitted 
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in a given bandwidth. In magnetic recording this implies 

more bits per inch for a fixed set of device technologies 

(heads, media, etc.). Viterbi Decoding is a method of en-

hancing detection in partial response systems by decoding 

sequences of bits rather than one bit at a time. All agreed 

that the most likely choice for magnetic recording was 

either class IV or class I partial response. The majority 

favored class IV since it more closely matches the recording 
. 

channel transfer function. Viterbi decoding in conjunction 

with partial response appears to be the most reliable 

detection approach. It remains to be shown whether Viterbi 

Decoders can be built fast enough for fixed disk needs or 

low cost enough for multi track tape requirements. 

The second day concentrated on Equalization. The general 

consensus is the Equalization is the most likely communica­

tion technology to be used in most o'f IBM's recording devices ~ 

Extensive write and read equalization is already in use in 

Tucson products. Write precompensation has been used in San 

Jose and Rochester products in addition to shaping the 

amplitude response of low pass read filters. Much interest 

was generated in papers describing methods of equalizing on 

the write side. This avoids the potential problems of 

boosting high frequency noise - the most significant limi-

tation of read equalization. As recording densities increase, 
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some form of adaptive equalization is likely to be required. 

There are strong indications that adaptive equalization may 

be required for products that follow the Saguaro half inch 

tape drive. Disks may require changing the equalizer response 

from outside to inside tracks. It was generally felt that 

partial response signaling would require more accurate 

equalization than in conventional recording systems. 

Equalization in magnetic recording is a discipline that is 

very well understood today compared to five or six years 

ago. 

The latter part of the second day and the morning of the 

third day were devoted to modulation codes and error cor­

recting codes. A paper was presented on sliding block 

modulation codes where a wide variety of run-length and 

spectral constraints can be realized. Much of theECC 

discussion centered on a proposed universal Reed Solomon 

Decoder. All agreed such an effort should be pursued. 

However, local efforts directed toward specific products 

should also continue. Serious concern was expressed that 

IBM may lose the initiative to a competitor if we do not 

maintain a strong ECC effort on magnetic recording products. 

The abstracts and foil copies that follow are meant to give 

the reader the main ideas of what each speaker presented. 

The informal nature of the presentations are reflected in 
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the variable quality seen in the foils. The intention was 

to communicate as many technical ideas as possible with a 

minimum of time required to prepare the talks. Additional 

technical details may be obtained by contacting the authors 

directly. 

RCS/gh/57-59 

Richard C. Schneider 

Technical Program 'Chairman 
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PARTIAL RESPONSE TUTORIAL 

By 

R. C. Schneider, 68Y/060-1, Tucson 

This talk gives a quick overview of partial response sig­

naling as applied to a magnetic recording channel. An 

excellent formal paper is: "Partial Response Signaling" by 

P. Kabal and S. Pasupathy, IEEE Trans Comm, Vol. COM-23, No. 

9, Sept. 1975. The talk begins with a review of basic 

definitions. This is followed with several examples of un­

equalized channel responses and equalizer requirements. 

There are many types of partial response systems as out­

lined in the above reference. It is shown that class IV 

partial response has several desirable properties: a null 

at dc, a null atl/2T (the "all ones" frequency), and three 

level detection. Clais IV, ther~fore, appears most appro­

priate for magnetic recording systems. A possible alterna­

tive is Class I or duobinary. However, duobinary does not 

have a null at dc. Therefore, a dc balanced code and/or 

write waveform restoration may be required. Another alter­

native to reduce bandwidth is the use of (d,k) codes where 

(d'lo) such as the (2,7) or (l,k) codes. Other partial 

response systems require the detection of five or more 

levels. The Viterbi Algorithm may be used (as an effective 

way of improving detection reliability. It does this by 
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detecting sequences of bits rather than bit by bit. A brief 

explanation of each of the foil figures is given below. 

Figure 1 is a block diagram description showing the un­

equalized recording channel, the equalized recording channel, 

the equalizer and other major channel components. Figure 2 

illustrates two methods of obtaining the channel transfer 

function. Figure 3 is a typical transfer function magnitude 

of an unequalized recording channel. Figure 4 shows one 

possible desired equalized read pulse. Figure 5 shows the 

transfer function magnitude for the read pulse of Figure 4. 

Figure 6 compares the desired transfer function with the un­

equalized recording channel transfer function. Figure 7 

shows the equalizer response required to convert the un­

equalized response to the desired response. Figure 8 com­

pares the unequalized channel response with the desired 

response for a "double density" system. In this case, 

significant high frequency boost is required in the equalizer. 

The equalizer response shown in Figure 9 has a maximum gain 

of 190. The desired response for a class IV partial response 

system for double density is shown in Figure 10. The re­

quired equalizer response is shown in Figure 11, a maximum 

gain of only 3.5 is needed. The general block diagram of an 

infinite bandwidth partial response system is given in 
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Figure 12. Figure 13 compares the ideal equalized read 

pulses for cosine squared and class IV partial response. 

Figure 14 shows the block diagram relationship between the 

recording channel and a partial response representation. 

Figure 15 shows the pulse response of the class IV partial 

response system. Figure 16 shows an ideal infinite band­

width class IV partial response block diagram, transfer 

function and magnitude response. Figure 17 illustrates a 

finite bandwidth class IV partial response system. Figure 

18 shows how a pulse input can be used as an input to the 

class IV system. Figure 19 shows a simplified block diagram 

and transfer function magnitude for the class IV system with 

pulse input. Figure 20 is a repeat of Figure 10. It compares 

the transfer function response derived in Figure 19 with the 

unequalized channel response. Figure 21 shows a block and 

timing diagram for a class IV system without a precoder. 

Figure 22 is the truth table for the digital read filter 

shown in Figure 21. Figure 23 outlines a class IV system 

using a precoder. Note that the number of bits between 

write current transitions is k+2 if a precoder is used with 

a (O,k) code. Figure 24 is taken from the reference article 

and shows the transfer functions and impulse responses of 

various partial response systems. Figure 25 outlines a 

class I (l+D) duobinary partial response system including a 

l/l+D precoder. The precoder is shown to be an NRZ to NRZI 
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converter. Figure 26 shows a read signal that would be in 

error in a threshold decoder. A Viterbi decoder would be 

able to correctly decide that ideal sequence #3 was the 

correct sequence. 

/4851 IBM CONFIDENTIAL 



o E F I NI TJ~N.j 
U N£~ UAL.. I Z £1) tcCO!l. OING, C )'Jt:JNNEI.. 

E !<fAALIl.IE/J t /ECO/l../JINtiT CHANNEL 

Co 511.1'£ - S ~ I4A/lGD .R E SP"N J£ 

EXAMPLt's 

T'( P Ie A L.. UN € ~ lit AL I Z IE I) 12 Ec()~ f) INI, {'I..JA IVIV; I... 

C OMf>j:J~'SON WITH f)ES//l.£D 

N IE c £ S S A /l y,-' E C/ fA A t. I~ /-I 710 AI 

P0l413t.e. DeNS J7'( -.;> ?? Eq UAt.IZ~7/~ N 

CLASS J:!l: P/lfl7IAI- f£spo"s£. BC/w~;'17J 

PARTIAL RESPON~E.. 
G-£Nclt.~L. Fdl<M 

CL.ASS 1Z 
37EP f(£JPON.sc 

fvu .. J£ J(.e Sf'(}N'sr 

/)61..t4r L Ik6. F~I.~ 

C OA, eLlA ,SIOlv S 

z:: I 
, 
.,. . 
W _ I 

i 
i 
i 



, 
I 

.i 
i 

-..... -

M 
E­
D 
I 
A 

. ..-/ y---

VN!~(.(At.IZEO 
REc.OR. P/N4 

CH1\NWEL.. 

(Cl-\ VE N) 

J 

l<eAP 
E Q.tAAL I Z £~ DETECT 

+ 
,L..I>( 1<.. 

PETEeT 

E~/,.(AL ItEP.. + 
C l..O~ k 

E~UALIZfO REc..OIl.DINGt C J./ANWeL. ~ 

FIG-lAlE 1 

IBM 
C.ONFIDENTJAL 

b 

... -
Ii" , 

" . ... -



JUlJL_. 
Fi(w) 

UNC4,tUU.IZCO 

t£CO/lOINr, 

C HAN,v£~ 

" G(W) ~ FfJ (w) 

F;:(w) 

UNEa. fA AI.. I z..£O 
t:. cC.dlDIN 6, 

e. HIU/Jltl.. 

I6,"", 
Ca Nrlpc,Vtlt:}L 

~ -"', 

,/\ 1\/\ 



tit "If' 
81 - SJ. IoKlI 

~''''.''': .' ':',:' ::" 

."": " \~ .• :', l .. ' 
'. ~".' , . 

. ; Res LPL T HAGE1 (IS FRl 
(TtlANSFEJf. FUN' 710 N ) 

M Aq-N ITIA f)J! 
I 

,8 

,6r i 

, . 
I 
I 

• 04( f 

. . 2r! 

o 

, . . 

, 

. . 
, 

, 
, 

.............•. ,.. .. .. .. ... . .. . ... 
I ~~ 
" .... 

'. '. '. '. '. 
". 

' . •.•.. 
" ' . 

... 

\ 

'. 

> ..... . 
", 

" 
" .... 

". .. ', 
' . '. '. ... , 

'. '. '. . ~ 
\ " 

• 8 

. ... 

t . 
ALL 
ONE!;. 

F/~I4R.E 3 

.. 

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

1.a 

f-.E S Pd AI s£ 
OF 

TYPICA,- Utv£«.IAIILIZ £0 

j(eCOIlDIAl6t C HAA//V£L 

' ....... ................. 
............. __ .. _--..................... _ ........ . 

1.6 a 

Ff(E~ II ENC'( ~ 

.I 811 (! ()# F I{)£l' "CIAb 
III .11 \., I 

8T - :>.1. - WuI 

.. 

~ 



.' . 
~( '. , . '. 

-...... ....... 

.. '" .... 
......... _ ...... :"' ..... -

.. " .... 

-..... ....... .. 

'.
 , 

' .. 

. ... 

.. "._'---
.• ' 

1\ 

N
 

, 

~
 

CIJ 
....:l 
p P

. 

....:l 
<:t:: 

t3 
t5~ 

H
 

i
;
;
 

(/) 
~
 

0 
~
 

... -"', 
<

l; 
i:: 

~
 
~
 

~
 

::::.: 

....:l 
\ij 

~
 

Z
 

~
 

Z
 

..... 
<

l; 
"'-. 

::z:: 
~
 

u 
~
 

0 
~
 

~
 
~
 

<:t:: 
P

 

~ 
G

' 
(/) 

~
 

~
 

Z
 

H
 

CIJ 
0 U

 

~
 

'U
 

~
 

~
 
~
 

~
 



-
~
 

"
\II 

I 

.J 

~
 ~ 

~
 . .. Q

 
~
 
~
 

q
: 
~
 
~
 

V
l 

'" < ..... 
V

l 
~
 

\..J 
:. 

\a..' 
~
 

::r 
\... 
-~
 
~
 

¢
. 

s:: 

.' 
•...•.• 

. ~ . 

.' .. ' 

.. ' 
•..•....•..••. 

.' 
..... 

... -
/"

 

.... 
o' 

,-I 
I 

i . I : • : \ \ \ " 

-

'. ", " " ". ". " '. " ", " " .... ". " ...... ' . ....... ....... 

,.' 
.. ' 

.. ' . ...... 

.... 
,.' 

........• 
.. ' 

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

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

.,' 
.~ .. 

. 
.. '" 

.... 

... · 
.... C

It · -a · .. · -

1
0

 
.. 



St - SJ. - IoI'UI 

... ,'," .: 

.. RCSi.LPL T (NAGEl AND NAG1) tiS FRl '. ,~, . . 

\ 
1 ...... -,. .... , ~.,.....-.------..., ,.', 

CO~Pf:JflISOIV tJl= 

()~f6(IAIU .. IZ£lJ 

4 
.' DE S/I.£ /J. If 

Ie SPdJlJE 

,'. ". " 
/" .... ,,,,,- ". 
, ~ / " ! ,/ , COSIN! SQUAll!) R£SPd"J( 

: ". / '. :/,' ~ 
/ ~ . . ~ , 

: .1 •••• ' . / ~ , 
/ " " . '. , 

/ ". ' i ~ ~ , 
/ ". '. /"~"'" \,~ COS/N!" 5quAIl'IJ 

/ .. '. . . ~ \ 
I ' \ 

,8 

,6 

. i , \ 
/ / ..... " 

: i .... " 
.4ff : . •••. " 

. I I J " • f;' V\(lJEQuAU2£D •..••. .\ 
: ;' . ". '. 
j ;' C.HANAI£f.. ..•...••. \ . ' ..' ; I ....... . , ~., 

.2r: I ......, 
t ' -" : I ......., : ' II.... II 
: ! --~- ' : / .... .... . ....... '. 
., - ~ .'/ ......... ' ... 
~ ----. , ........... .:~ . • _.r.:,. ....... .. 

o ' , ...... ' 
... .8 + l.a 1.6 a 

F/~(,{"E b 
ALI... 
OMES FR£~t1tN(,'f ~ 

I13M C ()NFID£I./rll~'-
[~ 51 WOI 
f " ... " 

III ,II 1,,'1 
at - s~ - WliI -



, I ! I 

<:l 
'-I.t 
~
 

-~
 

~
'
 

~
 
~
 

...... ' 
C

!'; 
&..." 
.... ...... ' 
Q

.. 
..:..t 

,ii,;~::~ 
:: . 

,
.
' 

. 
":.':' 

~., ~ t1.J 
.... .... 
,
~
 

~
 
~
 

ltt 

4 "'1 
~
 

~
 

V
l 
~
 
~
 .. ,. 
i ! ."' •.... .' . ' 

\
~
~
 .' 

. 
. 

'. -"\, " " . ....... ...... 

"".~' ... 
•
. ' 

0 
......... 

:
.
~
 .. 
~
 

-

. ' 
.' 

.... 
. ' 

.' 

". '. " . ...... ,. 

.
' 

...... .
' 

......•.. _ ....•.....•.... -..... _. 
... " ........ . 

.... -
•
•
•
 ,*

 •
•
 

~ .. '. " . ... j' •..... 
I 

..... . 

J 
""" ." ..... ,. ..... \', "\,.,\ •.... \ .. ,\ "' . .. . . . . . · · · · · \ 

•• ' 
e
ll 

.' .. · ... e
ll 
..' .... a · ... · 

~
 

.••.•• ! 
~
.
~
~
.
~
~
 _

_
_

_
 -
L
~
.
~
 _

_
 -L

 _
_

_
_

_
_

 ~
Q
~
 _

_
_

_
 ~
 _

_
_

_
 ~
~
~
~
~
~
~
 _

_
 ~
.
 

--
... 

f 

12-
'" .... 

-
.
"
 

'" 



... <II 

--' 
~
 

-
~
 

l:: 
C

4 
:<: 
<t: 
(\J

 

~
 
~
 

~
 

'""' 
..... 
cr 

.:. 
,
.
 -.I 

/"~;}~\.~ 
~~:~..:. "~.;' :" 

." 
. 

<oil 
. 

. , 
., 

.. 
' 

... 
.. . 

.. 
C

It 
. 

.. 
~
 
~
 

N
 

• 

oJ 
.<t 
..... 
..... ~
 

~. 
~
 

..... 
~
 

~
 
~
 

'-.J 13 ... -II' 
: 



JRIt - ~ - 18 
1'011 iii '" 

..... 
". " " , ':;'" if ",' . : .. 

:: 4 :('~~~':~><."'~~' ~~.\>.~" ': . . 
~::,,'!. :>.;:>kCS:."LPL T EQ2 l)S FR2 

.-: ::"';'/>~.: "".- '. -~ " 
~ . 

" ~ 
,.:.'':',! 

16 

12 

10 

40 

I.EQ.IA/2eD 

E~ uIU.,2. £R.. 

fl €5POI/S£ 
foft 

OOfAI!L£ D(NSI7'f 

C () SII",a· SQI4A P.FP 

C HAI/"lt. 

., 

,.,/1 '10 
....... '. .. ., 

.~.' '. . . 
" \ .. . 

" . , . ,. ~, 
, . ; , , . , . . . , . , . . . 

; ~ , . . . .. . . . , . 
I ~ , . 

I \ , . 
! ' , . 

! ~ , . ; . 
t \ . . . . .. . . . , . 

! ~ 
I ' ... ~ 

\. 

... : , . 
? • 

,'. . . . 
/ ' " . ..' , . 

. ' . . 
I 
~ 1 

/" . ' 
,./ ....' . 

................................... "' ...... / \ \ 
• 1 

.r8M 
t!. tJNFrIJENTIAl-

2 

~ 
NeW 
IILL. 
()yES 

... 
3 .. 

F'RE~(4E",cr ~ 

FIG-14fE '1 
t~ - Sl ... ,",01 

.'1" 
l~ '!'S = 19 'nl, • ,,' I It 

-~-t: 



..,. . ('o
f 
. -

/
.
 

IS
-

t 

V
I 

to
. 

~
:
 

... : 



JIUf - 'f'!' - 18 
t "'I I ,. HI 

.... 

'.' ;i:;-h'~·J,:.: . '. 
r· .'<>;kCS'LPLT (NAGE2 AND NAGXO) US FR2 

.... :.\ 
" 

.,.,....-., 
'/;~"\ ,/', 
I . \ / .', 

i '. /' " : \, " 
~: ..../ , 

: .. I " 

1 . 

CLASS IlL 
PA~TIIlt.. Il£Sf(JJ;sl 

I ~, \ ~ 
j .... , I '. 7/lA"SF£1L . " , \ ' \ I . F "'!VCT/ON 
: ~ \ 
r T' • 
: • 't \ 
: I ... " 
:. /' '. \ '. . , " \ ' I' :', . 

: ' I, \ 

. I '" . 
'\ \ 1\. . \ \ '\ , 
'\ \ I -', " ". \ /" . 

" \ \ "r , / '. , .... "1 \ 
/ '. . 
' '. \ 
1\" 
i U;.-EQ.r...nLl2£!> \ \ 

! C I-IIH/"(L. .•••.•. \ 
2r: , .... \ . : " '. 

I "" ! ' "< \ . , .... \ " ...... . .......... " 
I .......... .\. ... _ 

. Il, . ..~ ••••••••••• _. 

(DO·IABl.F- /)EN5Ir'f) 

\ 

• 1 2 3 

t PIl£Qf4EMtY ~ 
IBM 

C ONFIPEN71AL 

NEw 
ALL 
OME-S FJ(i-u l£. I 0 

(-; ... ~l - Wg, 
lit t .. ttl 

1'lM 1'S - 19 '1.'. t., tu 

.. 

.. ""-
<1'\ 



IBM - 'rf; - 18 
11111 I ,. III 

~ 'J" . : .. ~.' 
• ~ 'f .", .. 

• ~> C· RC5:LPL T EQ3 US FR2 

f 
3 

2 

1 

.' . . ........•. 
~ .................... .. 

" " 

. ' 
.' 

. ' ... 

.... ___ 1. S" ... .. . . 
t ' " .... 

: . .. \ 
: ~ . . 

: \ . . , . : . . . 
" ! . . . . 

.... \ . . . . : . . : . . .: : . . . . " . . . , . . . , : . . . . , . . . . . : . . . . . 
:' : . . 

• I 

; : . . 
.. I 

/ ... ,', 
... 

\ 

~, 

a£Q.Ult£D 

E6lIltAl..12EIL 

1. E SP~N S,;. 
FoR.. 

DOUI3L£'· Dt/trSIT'f 

CL,qs~ TLL 
P~IlT'AI.. Il.~SPIJ~S£ 

o 1 a 3 4 ' 

1-
IBM }JEW 

(! ONFI/)ENTIAL.. 
ALI.. ~",€.s 

FREq,I1£#C'f ~ 

F/~uf(,£ II 
C~ '- 51 - "'01 
,-, 101 ''1111 

ISH - TS - 18 
III" 'J.. III 

-. 
~ 



! ; : -+-_ .. -- __ ... ____ . ___ - __ ··-1 -. _________ ----- ~-.- --. -+---. --- . -.-- - - .1'1 
.1i--~-+· -_____ ....... __ L ____ .,. -_ ----t-------... t.--_ .... _______ "-__ . _________ ~._ I i -

4· -----~. - •••. ------.- --- ------------ • 

! i 
-t--L -~ :2 -

- .-~-- •. - - .•. --.• +.,. -..:D"":". 

1 i : 
I I : • I 

--+--~ --: .-- ~ --- :--- .. ---_.-.- ---------_. - --- ---t--..• -- -- .. - --- ---------- --_.---"- .--

I j , ' ---;l-.......;.--i---· -----, ----------------"'---.-~-.--.-----.. -. 
-1-1---'------------ .---.---------------------... --------. 

.--~ -- .. -------- -- ---- ---. --------1 Ef" ,.---.--------------------
t, : _ " !. ___________ -, 

~~~: ~---:=_-_.·L---~D-.,......,.,.._I. ~,--~--_D_=_----,_ ~~~~~-~ .-, D~[~·-.. __ ~~_:~-==:-~.-~---.~~-.--_.---
1-

- ...... --4------~·--i---.. 

.--~------~-----,~. 
--+--------- --.....;.---

.. _--.------

... -
11', 

----------_. -----------------------_._---_. 
i 
-i---':-~-----~-;-----. - .. --.--'-----'---

! j , i 
--t----1-'--j -;-'-i--~ 

1,' I 1. !. ! --T.--~-+. --'--__ +_-' _____ i_ .. _____ ~ _____ .--

--- ---' t11 
____ ~._.___: __ (J 

.. __ 4· ___ .~ . ___ •. ____ "'- __ _.._ __________ • 

l+i +i-i--~--~--r--~·--:--+---··-~---~---. ---;.--- .. -----i -------- ----- .-.------------
-r--li'---4--,--~- -1-- --.----- .--- -.----;.-~.-. \.--.. ----.. ---- ----------.--
! I ; ~-IYl! ~ ~_; __ 4. o~.+. _tJ.._. 1) __ ±_.a t.Jt~a 3- f)~ __ ·_· __ ~~La ~ D_=-_ -'-_. ___ . __ ....:---
I j : I i' ! 0' ! : 'i,': i ________ ~----..,.-~_~ _____ • ______ r _ _ _ .. -~ I-i --Ie ! d, ~-~-~.-.~~-_-~'.-. ~ ______ __!....._====~~ _______ ~-
, I ! a. 0 ; ~. ~ __ -,-_.....--1-.1-: _________ . 

I U -j l i - i
l 

--~ 

'TI I i I' ____ ..-l . ...ll-...... -
L' I! r-r I , , : : , i ,! !--:--! ---: -- I ' , I a' I!!,: 

-- _-l---:-,_ -~--l---; ___ ~ ____ ~_-..:-_-l--_. __ ' __ ~_._l_--~--_: ______ : ___ ~ __ · __ ~. ___ .~j ___ i ---~-- .. --.~---~.-
i . a l.. : 

-~-----------------. ----.--------.-.--~------ .--------------, 

~ I --------------. --~-.-------.--------------------
.. -1--;..; _~ __ _ - ... _--_.-._- -_ •. '."""I-~ .-.---.--~-.---

, _-'--._-+-_-4-_ --r--.----.--- ___ ~ ___ I. E !1. 
. -- .. -~-------. --------- _._--- .. _--_ .. _---- --- .. -

I 
I _L ________ ... __ . ____ ._ _ __ ... __ ._ .. 

L~.-l-.- _____ ... __ ~._-_~~=_-!- --=C "o!/ i~ 0 E ;:;:;7-8_ Z----~~=_~-_~=~_~ __ ________ .. _ , . 
i ! 

_4 , , --.-_---+-
I 

I I 
-':'~--'---I 
'; : I 
:--'-""---1 

-; = I I --I . 

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

-.~-------.).----
~ 

-.-___ -f'------:r----t- -_ ... - --~ - _____________ ."' __ 

-----r---------,-------------------
•• ___ .. _____ --..1; _____________ --+---------- __________ ------~-



- F-- --- -- . -- --- -.-_ .. --.- .. '- -. ---'-.' .- -.... -.- .. ------.- --- .--- . -_·---·--r·-·· .. -····--

_____________ . ____________ L(i_tll£ ___ L_3~_ .. ____ .. -.-.----.--



T 
JL-_--I 

EQ..I.AALIZF-1) 

/lcCbIl.DIN&t CHANN~'-

UNF.:QIIlALIZEO 

-1 . 

...... l e c.tJ~ piNGr --.:a., E~fAAt..lze{l.. .... ,. -..-
, c..I-IAWftJEl.. 

A r--l 
~>t I 

L __ -1 

F 1G-1AR.E.· /4 

I.~M 

C ONFlfJE'NT/AL. 

.1 

r---------~~~ ~ 
\j 

-I 

'" .. " 



. ~.~- ....... -'.' .. --.- -_.'!"". - .... ~----'~-

. '-1·'-- -~·-j---··-·---··--'-·-i --..... 

- .. - .... - . -.------... --.. --.. ---.- 'J""'J-_._--- ------.-,....--.-.-. .-----.---.--~----

-- .-.- ... -J~:ICt:if&E ._L~ . . _____ ....... _._. __ .... ____ . ___ . ___ ._ ......... _ .. __ .. 
- ............ --~-- . __ .......... _,--------------_ ... . 

...... ··_·w _w.~. _____ . _____ .. , ~ __ _ _'_'. __ "."_' .. I . .8 ~ , .. ._-.....--- .----. __ .. _-...--
._ ... L ONFIIJENTIf-J' .•.. --.-- ...... -~ _._--- ._. __ .-----

- • •. --~.--..... - - "T ' ...... 



i 

.. 

.. 

i 
. .a .: 

.......•..........•...•. 

\, 

1- D~ 

" 

(6) 

, 
\" \/ .. 

ec:) 

, , 

, 
f 

)= 

,. 

() u i (';,., ., 

'. 
'. 

~. ! 
\ .' 

~ : 
'., 

.... 
I 

c 

,,' 

FlfirlA tE" (a) IDEAL CLASS IV PAl1TL\L RESPONSE SYSTDI 
(b) TRANSFER FUNCTION 

(c) MAGXITUDE RESPONSE 

-.1 

::; -
'" : 



fi\ 
1\ \ 

'.'c~",_".J-LJ\ ~-"~\""""J(c'--.,, ______ ~/, 
, , I 

r\-.I.T 
!~-~r/,c 

',--- '" ,,,,.::>~-~ .: \ / Til-Ie. . , 

I'Q 
\ ",tCJ,"" it r 

" 'J -iV" \,.t J ,--------------'? 

F/~tti. E. I? 

IBM TS ;0 

TIM ,=.. 

1- D-l. 

(.0" ) 

\ 

,. 

,. 

" 

'If , 
," .11 l. ~ 

F « E C{ L1 I~ ,., l Y '--7- L T 

Cb) 

-!. 
r 

\.J 

u U TP'i r 
-----'-7-

(a) BANDLIMITED CLASS IV PARTIAL RESPONSE SYSTEM 

(b) MAGNITUDE RESPONSE IBM 
C tJ "IF/PeNT/At.. 

__ ~ __ •• ~" [~ _ ~~ •• ~~: IS'" TS ~ 
__ 5'[--- ., IT 'W tN 



I ! 

) i l
~
 

,. ! , 

r-r 
I 

~ 
-

I 

~
 
~
 

N
 

~
 

r.:<l 
E-t 
C

/} 

:>< 
C

/} 

:> 
H

 

rtJ 
C

/} 

<!l 
.....:l 
U

 

~
 

r.:<l 
E-t 
H

 
...,.. 
'""" 
H

 
.....:l 

d~ 
1-

~ <!l 
t:!:l 

0 E-t 

E-t 
;:::J 
P< 
Z

 
H

 

r.:<l 
rtJ , 
..... 
;:::J 
~
 

---

~
.

-~:\ 
I.· .. ~ 

_J ~
 ~_ . 

. _
, I-

~
 

~
 "-~ 
~
 
~
 

...... 
«.t.. 
~
 

c
: 

~
 

~
 ; 

v 
... -
"', 

!:!: ~ 

0
0

 
........ 

l&J 
~
 

~
 

"'" ........ 
lL. 



IT-J_ 
,. 

ti
i

/········ .... 

I 

1 I~ 1- - D;:' 

1\ I 

I ill. r .. 

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

............ ...- ......•.....•............ -

......... . 

. . ........ -.. ...... . 

... ,.... " 
," \, 

_/.. . ......•.•. 
'. 

... 

,,/ \ ............. \ 

\\ ...... -. 

\\ .... 
... 

! ) 

.1 .J .4 

z.r 

Fltir(;( iE. I q (a) PULSE INPUT TO CLASS IV SYSTE~l 
(b) TOTAL TRANSFER FUNCTION MAGNITUDE 

IBM 
CO,Vrlj)EN7/~'-

~. 

'" . ... -

"'­... 



JfUf - .,.~ - HI 
I "if II, III 

.. ," 

'" .,\h:tr'J,':,· 
r-· -'<:;';~;kcs: LPL T (NAGE2 AND I1AG)(O) (.IS FR2 

. .: ...... , . 

"':.' _. , 

.. 
,',...... ",..-., 
-~ , /, 
1-.. / , i '\ /1 • 

# " \ 

f .... /1 \. PAir/lit. Il [SP(J 1/ sG 
I '" \ ! ......... /1 '\ ~ 7R.A"sF£1.. FHlI/crlQ~ 

f x ,~ . . ", " 
, I " . 
f i'" , 
: i '\ \ . " . 
: . I ... \ 
; i···. \ 
I ; \ \ .,.. . 
! I \ \ ,.' . , 
: I \ \ .. . 

... r:~- I /\ " : i ... \ 
• I I, . . I . . 
: \ \ 

; l.H,€ a. f.1.ALl2£f) \.. \ 
! / C J.JANV£ /, ........ \ 

.2r: . '. \ 
: I 'o" \ . . , 
: I .',_ '\ 
i .......... \-
" .. ~...... . 

........ I . ..4o ...... .......... ...... . 

1 -

CLASS 21t.-

( Dow Bl£ DE II S Iry ) 

\ 

• 1 a 3 

t FIl£61UEA/CY ~ 
:caM 

c. tJ Nfl f) E /./71 A L 

NEw 
ALL 
O/ll£,S FICrlAlE. Z. 0 

C~ -- Sl ~BI 
.ult 

1l3H TS - 18 tit.. f tf 4 u 

.. 

~ 

~ 
f1'.. 



• • 



;: ; 
__ --'-__ • ___ ._ ._ .. ___ ------------_._-______ 1-

_fI.X_~L1 __ .rM=~ .. _ .. y~_~I .. ____ L"'. __ .. ____ .. ______ . __ ._· _._. ___ . ____ ..... _._ .... __ . __ . ____ :~ 
!! ~ 

I ____ --!--'---I .. ___ O_ ... _0 __ . __ . ___ ' _ ___ . __________ . ____ _ 

l I 
I ! -

o . _1_ {(. U!/!.11C ___ . ________ . > ----.------
I 

I 

I 

I 

0 

0 

0 

I 

0 

I __ I _ ... ~_. _D.11..'[4 .. ________ . ___ ._. .. ___ . 
-I _L _ _ Q __ e...s7_LI::1.A_i..t._' _, .... _____ . ________ _ 

DOl c;;: ... _____ . __ ._ . ________________ ~:c. 

o 

I 
o ( 

,0 
-----

0 

0 

0 

-(> 

. F/~UI£ Z Z. 

... _ .. __ .- .... _._. . ----_.- .... _ .. ~~.-~-.-. --.---~.- .. -.--.--

i 

... -
11>, 

V' • .... 



I i ID!v~,tl~iv- { Twl : Ii t I I : I 'tL~'~' 
I ~4- -L4-. --Lo I, 1/ I !-,' _~J I 1_H- I S, £ ~IR~'~'~-#(IIL 

~ I I: -loL , i I I I '!" ~L-r' --,---l-! -+1--,-!! -+--' -+---+-+-----'--+_ 
,1:\1 A V d . . , I . I I It I I I ! I ' I I I I I !! 
I I 61 I , I I II I I I I I 1">·· I Til I 

1,- I /I! II! JI b. I I! I' 111 ! I 
I o! I I I () I, I Ii! I I I I I I 

i -
I II = ~ 

1:: : 
i 

I I I I ~-I i II 0 I f I 1, I I I I I I I I Ii! 
I I i 0 - - I i - -I , ' ,- -:, -, I I i I I ! I /1; i-I' 

I () ILl. 1,,..1 I !!. I I;I-·I~d 
L. I I I I Iii I I I I 

I I I I i I I 
~D._~l1-i~ 1!:1 I ' '1 -<'-1' h T 1. ! ~:--t---t--+I-+-I -+----:--f--t--+--+I-+-I -+--

I I I r I I I ! I I I I I 



I. 

-
\ 

F !Ol !Hlw:! hIll \ 

Iti) ---~,. ~'- . 
I d,,;;tuno1"'''on Ii. ·zr -r 0 , 2r H 

0 

1-0 / -~.fl~--
i~,'(,t.:J"1 

-
ClASS 1./ ~ 

aJ No DC. 
b) NUl:' Ar .l/r.r 
c} 3 L£~£tS 

.. -oicl·ol 

/:\. _1-0' ---A' . 
(mod.t,ed a~()~.nbll· ,.~ 

cion 4) ~ 

1I"~12 

-I ~ A~ -I·'"O.O' ---+-0 I'! ': 
icloss Zj 

. -
11+ ),'U_!)) 

~. ~~ Ej'·O_O'·OI 
.. 

I" 

I 

(I. )111-0)' D. ~~ .1--0.0' .0 1 .'.1 

/1_0/(1-01' 
. 
1\ ~ -I-ZOZ .. O· ,- . 

IClOS1 )1 2i " 

(I.Olll -01 

~. -l1\v-"2' O-O' 
(CIOn !' . 

U-O,II-01IZ-!)'1 M. ~ i 
.2 -Oz. O· - ./., 

I .. 

f KABAt.. -I- S. PASe-.PA1HY fll~1J,4'- RESPtJ,vJL SIa.AlAt-IN~· 

IE E £ 72ANJ CO MM ) VOl-. C ()M- Z 3 J NO. 'iJ SEP r. Itf?~ 

-1-"', 

.,. , w _ 



' ___ . I I I 

'--Ii ---, :-r: ~: -:-'j,-t----f----1i-!l--t.~-t 1 H-i- I i I Ii I! Ii -. ' · i; . 1 '3.1 

, 

,1. ___ /)1 L1~L1~~ i II' i. ~--I_I, ! t?W:JTn l i ;, II I: l i I ; 

! i n ~ rt I "? fi -T-- -l tv: -, -~- -: hr~J E 'Il 1---1 -- 1 • 3 't.. . . ~, ! . 
'--:-1----j-;-- , , f -t- D __ I ,-+t; i-'ET1"': , i~ 7 :1-'i'V~"-1- _I1H_I-4-

I

i I! 1 t N\ fl.," J\l1Z]l:_L_-:.. ! ! I I I I"" -, i D €i Prr 1'1.. ! i I i I . . ,il-;----:-LJ , I !'---r-Ij--ti-+I~+-+--l--LJ.;~l- ,&A!l.D_LJnJTeD~_Jj-'D i I I I I ~! 
=t=f=~~I~=t=t=ti=ti' j'j=ii' jl ++1i=f'=t'=t' =t' ::r:tttttt0:3li1 -'=rH=t! :t! tt!jjl =o'd-::t:::IH-fffI! =+1 ~I=+=t=+tl =t±tD=:'t~I1··-·~ I ! . : I I i 0' 

_ ' : I ! J
r
- L 0 J-O-Ul b I " Ii 

; , I , r I I I 11-!-11-",+-+-t--J-+-L.J.J 
~ x .. --.-~ J I I I I 1-+_1T!--L-___ I,~, __ ~-=-~~~~-+-i--~-illJ 

1 I I . I ,-1+, l-:-K-r---i-++-TI-ri ---"-rr' --T-+-+-++--l-Lli 
.-+ I liTr..l

j 
I 1 14-1 "-I i I I I i I I 1-----:: Ii -T; -H-+-I -+-+-L-UJ 

'i . II I !I I I i ! I ' I I I I I i -,-1---~~rH-t-+-+-LU + I ! I :1 . I I 1. " ! ;1 . L-r' li,-t-+-++-+-L1J 
I i '---t-.~' '~ I 1 I ~_ I I r-/: I ~ i I 17 I ' ' I I;, I 

- i i-t4 \; I " IV '':- I .I.,! I. i 7 17 I" '~I I ,I 1,'-Tf- .i I. • I .. , , ... I I" , • "I :" 0 I , I ~ . i· . ..: '" " ~,' I I, 'J', "t-H' 
_ I _ 1 __ ' . ~, ! ", ' I. ," I "' ... -:-[, I , >'~I ;---r ---)c-n' ~"""'- I ! ,.' i I -:-

I .', n~_)... I"~ " , ,!: ' , " I,. I 
, I I' ',' . I • ~. • • I -.- - ... -~- ' " ,'0 • ' I I I '.I+-~-J-L- I I I 1 : ~'i--", "'-, I ·~·I! I ,,~- " I I , I I I " I I Ii' -_." I j 

_ , 1 ' i _, I ii' i I 1 II I I I': I: ! ! i I . - ·t-I 
i i I' I I I I I ' I ' I I' I I Iii ' ! 

- I' ' I ,I .1 .1 I 1.1' 'I I !I' ,-
l ' . "i'· I ' 1 I " I I I ,; , · I I ! ' ! , I ! I Ii! I : i I I j i '-I r-i - 'T' . I I' I ! ' I I I I I Ii. ,-_-_ I:' ,ii , I ,I I I' , 

, . I , iii i i 'I I I 1-' ,~ . •.. . I I Ii' I 

++--!!",i'611.';V+1+\i :::::1 1 
,- I i +1 i N I L~~--t: i I !' i 

I I 7 I 1 I i\ I I U·_++I-c-\i-LU I 
-1' I -~ i LL-i----+) I I I If -1+-'1\: I ! i 

• _ I' i!! i~' -.:::;. ,I ,I I Ii 

,,-=rrl-~r I ;T -1-; i +g: i II II , I ! 1 I I , !! i 
-=r=cr=~ -1 0:' r- ---~ I-Iu --~ 1- I I' I 
-----t.I- __ I j-"-'I-:--? I -I -rIO_if) <> - ! I I ,r I +- --,t-inJ i J! I j i-i-H-+-+i-+-+-l---L.Ll 

~,~~ 1 ' f-I-~o 1 I -/,1 I P II, I r 16_,~1 I ! 
,1- i ' 1---+------r--- ___ , I ! I' I II--r~l -+-+-4--t-Li ~ 

If. L i 0_ 0 I I J ' 1-+------+-1----4-, I I 1 ::~: i I I -'I'-~c:::: ' ! Q~~--~ ! Q-t-, I !', ! ,I I 2;L " J I l I:-V- ,'! ...J-,-Q I! I 
li i.~ 'I' I I , . I . '"", ' " ,.' I I _ r"-tl-L_~ 'i D(lJlil ,';: 0 ~j5 'i 1 

I 
l' 





CONCLtl51IJN.s 

I. 1 , HAA//)t..Es T..5I 

CLA.55 IE (A.) No Dc.. 

CLASS I 

Cb) 3 L£v£'L.$ 

(e) NIAL'- A-7 

(A) f) c. 
(b) 3 L evE/..s 

, ' '1 
ALL OMES 

tC) N IAL '- A 7 ,. fJL L ~ ME S ~ 

A L T £ R. A/ 11 T I l/ E S : (~I iL) c.. 4 P £ J j d. ~ 0 

E6r: (Z}?) ~ (I)k.) 

IV A ft-fU)fA/ £ 't E 

SNil.. 
VITER.4 r 1JL.4-01lITJ.JM CdS r/PEfl r 

a;::; 
;t ; 

I : 

... -"'-





ZURICH ACTIVITY IN MAGNETIC RECORDING 

F. Dolivo 
IBM Research Laboratory, Zurich, Switzerland 
January, 1981 

ABSTRACT: \<1e proposed earlier a magnetic recording system using 
partial-response class IV signaling in conjunction with soft Viterbi decoding. 
This system is presently in an advanced stage of implementation. In 
partial-response class IV signaling, no energy is transmitted at DC and at the 
Nyquist frequency. This scheme is thus well suited for the magnetic 
recording-channel. The Viterbi decoder working on the sampled outputs of a 
matched receiver filter is optimum, performing maximum likelihood sequence 
estimation. 

After exposing the theory, the implementation of the Viterbi decoder for 
partial-response class IV signaling is discussed in detail, and shown to be 
very simple. Codes encoding K bits into K + 1 (K = 8 or 9) are then presented. 
These codes, developed by us, further concentrate the energy in the trans­
mission band of the channel, insure transitions for timing recovery and allow 
the Viterbi decoder to achieve its theoretical performance with a memory length 
of 12 bits only. . 

• The Viterbi decoder and the block encoder/decoder have been implemented in ven-
dor low power Shottky technology, and work up to 10 Hbits/sec using 8 bits A/D 
(soft decoder) and 12 bits arithmetic. With Advanced Low power Shottky Tech­
nology (ALS) , 5 bits A/D and 8 bits arithmetic the speed could be pushed up to 
40 Hbits/sec and higher speeds can be achieved with an analog implementation. 

An 8th order fiter simulating precisely a recording channel (ACE, POLARIS XI) 
has been built. The sender and receiver filters for this channel are designed 
and presently in construction. The sender consists of a 2nd order low pass, 
and the receiver is a 4th order filter. All the filters are implemented with 
the IBH filter module 5119519. 

Future work will be concerned with timing recovery and automatic gain control. 
In both cases data-directed schemes are,envisaged. 
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SI1.l'r.pling r.1ethod~ -f'or Coun+: p ri'1P InterRY1"1hnl 
Interference in M~anAtic ~ecor~tn~ 

_ f 

One met'1oii of counter;'1~ tl,e e-""-""ect~ o-P i'1t.ersv"nDol 

interference in ma~netic recordin~, whic~ is ~ ~e~~rt.ure 

from 'P!1st p!'~ctice, is to Uge !1. R'.lT'lplin,q: netector r"1.tl,er 

tor h!1.s been u!"ler1 :nost frequently in telecommunica"tions !'ws-

terns l,qi th intersY!'!1bol interference. 

most common methoi is toeli"ninate +:he i'1tersv"nhol interfer-

fiiter. 

compens~te ~or t~e high -f'requency 8.tt.enu~tion of the c~qn-

, Th . . . - -f' " +: -I- u' r- ' . -P 1 . -p • t' . ~ 
ne~. IS 18, o. cou~se, ~J v,te expense o. q~n.~ l~~,l,on 0 

noise (the 80-cRlle~ noise +: • on ,11"1.11'11 

(minimu-n noise enh8."lceTTlent) techni~ue in the nresenco o-f' 

additive Gaussi~n noise is to first apply a -f'ilter MRtche~ 

rate, anil 11'1e a tra'18verClal filter (t8.pneo delay line) +'0 

re:nove the irrtersY'!lhol inter:'erence, as sl,o~m i.n Vi~ure 28.. 

The resnlt is 8. nnlse ghanA '·,hi.ch "loeR not in-!;er-f'ere ~.,..i t'1 

its neig~bors, Rn~ hence a simnle threshold cqn ~e qnnlte~ 

to the outun+, to '1l!'l,'!{e t~e n!l.ta ,ilecision. 

The re'Y\n.i1'1i.1'1~ +.echniqnes 'lJl -f'9.11 into tr,"! clq,ss of' 

8~­

~~ 
CO::. --' 
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By C8.US:'1.:!. ~'le 1'l18"'\,n ~'-1'l-l:; "':'-1e nlrllse s'-1'1'08 r.0'1S1s+s of' !"j. mai n 

in+.ersym'Jol iYJ.~erferenc?, 

this tyne on Fi~ure 1. '1''1 P o-pt iMU1'l1 sur.h +'i ~_ ter cons i s+.s 

opt.imum line~H equ'1l i.~er bein.q in +,he chojce o~ +''1.'0 1"eights 

in tersymryol i n+'er-f'erence rnql{o,s the suhsequen t nrocessi. n~ 

simuler. One l~Tqy -1:;0 100~{ ~t l;he ",'lh;_bt~eoJ "Tl'1.tcher1. +'ilt,Eir iPl 
,I I ". ":' 

the noise. 

result1n~ in less noise e'1hqncement than with lineRr eqll~li-

Z"l;t i on. Hencp, t'1 i s (~l '1.ss of' techn iques ~i ves 11l1i f'ornly 

better perform8.nce (8.S TIe'1.sure~ bV error ra+,e in the pres-

ence of' ~v11.it.ive G"l.lls,~jqn noise) th"l.n the lineqr equ.'llizer. 

the "'ht t "!e+.ector" ,<>.'1''1 the "seqnence detector" or "Vi terhi 

The bit ~etector is the 

'I'hts TrrocessinC! -;s rl.'lit,,:, r.o'nn'.ir.:'1.ter'l, 'lnn;s therefore not 



, O~ more errors aC(!llr i YJf; iYJ'l long hi+ '" '" 's 

hit error in systems ~.,hi(!~ use blo(!'c error control te~h-

niques). The sequence ~etector (!aYJ be ~e(!~ani~e~ wtt~ a 

dynamic programMing "l.lgorith!Tl callen t1-)e Vi. terot rtlp.;ori t"1l'Tl, 

ani!. can be prQctic1.1ly imnleT!len.t;e"1 (al t1 01) 9:"1 i +. is st11'_ 

more complicated than the other techniques vet to be men-

tioned). 

The remainin~ techniques on Ft~ure 

simpler imple~entation relative to the sequence ~Atector for 

poorer error rate ~erformancet 

causal intersYPlhol inter~erence in eit~er +.he transmitter 

("transmi'tter preco-lt'1.p") or t}:le receiver ("rle(!i.s1.on -4"ee~­
! 

back equalization." 'or "DFE") .~~- In the DF~, sho""P1 in Fil:;llre 

2c, the rlecisions are Mar1e as in the linear A~tQlize1' by a 

thresholn, an1 are fer't bacK t"1'ough a trfl.n~Wern~l~ -4";1.+'81' 
I 

which renlicates t~A ~aus"l.l intersY'Tlbol int.e1'-4"erence +'0 can-

eel the intersymbol ;.nter~erence i11 fu+.ure necisi.ons. If' an 

in(!orre(!t; ~.eci'3ion 'loes occur d.ue +;0 noise, thi.s CQ1Jses the 

incorrect v~lue to ~e ~e~ b~c~, qn~ results in 10wer Mar~tn 

al5ainst noise qt -4"ntUI"A i'lecisi.ons (or in the ~f'l.se of Se'reT'9 

i ntersyrnbol i nt erferfm~A, future errors even 1n thG absence 

is 

-i;he comnens::ttion for C 'lU '1 '1.1 in+.erAyrnbol 

IV 



II 

, . 
" 

inter~er9nce is ~one in the tra~sMitter rat~er ~~B~ t~e 

re~eivcr, +''I1u8 elimin8,tin,,,: +''I1e error prop~r:8,+'ion. In "par-

t1.'1.1 response", the channel. Must 'he e(11.13.1 i7>e0, +'0 intcp;0:r-

DFE. Except for +.his ~oise enhancement, the n~rforM~nce is 

in+'c~er-v?"lue~ S~'1'lT>l9S is e 1, imin'1,ted (an" hr:mce so is the 

noise enh8,ncement pen'1.1tv rela+.ive to the D~E), hut there is 

':h i s resul.:ts 1. n 

"t h 1B -pen'1.1ty in sys+.cns \vit'11imiterl. n~a~ transmittel. 

'J.' 

+'\-,c. 
J". , ~qualizer, DFE, 

recor1inR chq~~e]. In par+.iclQar, the DFE and Vi+'erhi algo-

, 
is con~t~ere~, w~ore +'~er0 is crosstalkfro~ ot~er c~'1.nnels, 

the si +'~l.9.+;ion 

the C!rosst'llk 1')111s0 shape '3,1 so,' 'ln~ this c'1nno+' he compen-

ence 0.(.' synchr()~Oll.S crosst'f,l ~ i.A curren+.1.y u~'te:r investi!!,'l-

ticn. 





AN EVENT-DRIVEN MAXIMUM-LIKELIHOOD PEAK POSITION DETECTOR 
FOR RUN-LENGTH-LIMITED CODES IN MAGNETIC RECORDING 

H. Burkhardt 
IBM Reasearch Laboratory, San Jose, California 95193 

On leave from the Institut fur Mess- und Regelungstechnik 
University of Karlsruhe, Germany 

Introduction 
Many of the current digital magnetic recording devices use a peak position data 
detector, making a local decision with respect to a given data-derived clock 
window. As a consequence of an increased linear density with large intersymbol 
interference (lSI) and peak shifts more sophisticated linear and nonlinear 
detection schemes will be necessary which take advantage of the correlation 
between the pulses. Besides equali~ation and decision feedback the 

. maximum-likelihood sequence estimation applied to pulse amplitude detection 
(PAM) III seems to give superior performance. As an alternative this invention 
will describe a Viterbi detector 121 working on pulse position data (PPM). This 
detector could be added to current products tvithout redesigning the whole 
magnetic readback channel. Due to the nonlinearity of the PPM-channel and the 
fact that the restrictions of run-length-limited (RLL) codes 131 will be 
imbedded, the design and analysis will differ from known results. 

Theoretical Background 

For the sake of clarity the following derivations will be made for a MFM-code 
but could easily be extended to other RLL-codes. 

The ideal peak positions of written magnetic transitions in saturated 
recording {t r } are distorted by lSI and become 

r ,.. 
t'" = t + '[ 

where the {-cr.} are functions 0 4£ the correlated environment. The distances between 
subsequent peak positions tv-ill be 

I... ,,. .. / 'r ,.. r ( 
tJt ==' t - t ==t)t -IoLJ?: 2) 

These peak positions or the corresponding differences may be modelled as 
nonlinear observa~ions of a discrete ~larkov process, Fig.1. Using the distances 
between peaks {llt } makes the scheme independent from phase offset or phase 
jitter of the timing recovery. For the. MFM-code with run-length constraints 
(d=l,k=3) we get the following possible distances 

II t T E {d to = 2 " tJf I = S i!J t"l. ;; It } (1) 

This is a normalized notation in multiples of Tc which denotes the time interval 
between subsequent transitions of the clock. For the following example a 
lSI-range of ±4Tc is taken into consideration. 

Defining the states of the discrete Markov model with a fixed number of 
events, namely the maximum number of llt 's which fall into the lSI-range (in our 
case 4), we would get a Viterbi-trellis in analogy to a three-level (B=3) 
PAH-scheme and 31.f =81 states. This scheme, however, would be highly redundant 
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because in most cases only two subsequent ~t~ 's are sufficient to define the 
corresponding peak shift. 

To reduce that complexity the states of the discrete model are defined by all 
the combinations {~t, ,~t~, •.. } which fall into the lSI-range. Consequently 
this gives in contrast to PAM a dynamic influence range. For the chosen example 
we get the decision trellis of Fig. 2 with 16 states 

and 48 transitions 

This trellis could also be viewed as a merge of the former mentioned full-size 
trellis with 81 states. 

r 1,.- yo 
It is assumed here that the discrete observations z = ~t + n coming from an 

appropriately designed peak detector forms a sufficient statistics. The peak 
positions are assumed to be distorted by additive white Gaussian noise which is 
a reasonable approach for high signal to noise ratios (SNR). Consequently we get 
an Euclidean metric for the edge weights of the trellis 

r , '2." . . ) 2. (t ) A .. ::: (r/-L1f(~"I!:J'))- = (t: -tJt'( (IJ) I 
·,3 -

using the notations of 121. For the sake of simplicity equiprobable {~t:} were 
chosen, an assumption which, however_, could easily be dropped. Therefore as 
shown in 121 we get an optimum structure for maximum likelihood estimation of 
the entire transmitted sequence. Taking into account the a priory probability of 
the {~t~} would result in a maximum a posteriory estimator. 

Implementation 

The implementation of a detector may be derived from the decision trellis of 
Fig. 2. Because~of,the uniform interconnection scheme of subsequent layers it is 
possible to implement one layer and use it recursively by feeding back the data 
of each cycle. Fig.3 shows the implementation flow chart for such a recursive 
parallel processor. The detector is event-driven. The calculations within one 
layer are triggered by the detection of a new peak. The implementation has to be 
fast enough to work on the highest possible tran~ition rate. Digital 
implementations with the current technology will hardly meet the speed 
requirements. Analog implementations of a Viterbi detector in satellite 
communication 141 claim a speed which would also meet the requirements of 
current magnetic recording channels. 

Example and Performance 

In the following, simulated data with Lorentzian readback pulses pet) are 
presented. It would be easy, however, to make the calculations for different 
channel characteristics. For lSI a 30% amplitude drop of an isolated pulse to 
the next possible transition was assumed (Fig.4). 
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where 1], represents the inflection point and Td. is the distance between data bits 
which in the Hnl-case corresponds to the highest transition density. Fig.S shows 
the computed peak shifts where the influence from outside of ±4Tc was truncated. 
Because of the symmetry of pet) we also get a symmetric peak shift distribution 
which, however, is not a necessary assumption. 

The worst case peak shifts turned out to be ±O. 6Tc ' So with respect to a 
detection windmol of ±O. 5Tc tole already have a closed eye pattern by 20% and 
consequently making local decisions an error rate of almost 100% for critical 
data constellations, without taking into consideration additional phase jitters 
of the reference clock. 

The performance of the Viterbi algorithm is dominated by the minimum distance 
a in the vector space of the channel output. In contrast to linear channels the 
a-calculations turn out to be more difficult. It can be shown, however, that 
these calculations can efficiently be done with dynamic programming using a 
slightly modified Viterbi trellis. The minimum distance turned out to be 

0=0.505 (j) 

So the closed eye could be opened to 50% of the value of isolated pulses with no 
lSI. The error probability of the worst case error event P(~) is dominated by 0 .., 
and therefore simply given by a two-hypothesis decision problem. The critical 
error event causing the minimum distance turned out to be a single At-error so 
that the symbol error corresponds to the event error. We get 

~ ([) ~ Q (hi l ) 

flo) 

where Q represents the Gaussian error probability function 121. Assuming a 20dB 
ratio of Tc./G"t,which corresponds to the signal to noise ratio of isolated pulses, 
we get an error probability of . 

(II) 
r r 

As a consequence of observing the At instead of the absolute values t , to be 
independent of phase errors with respect to the clock/we get, however, a 3dB 
loss in SNR 

(12) 

holds for a 23dB ratio of Tt~?r we get So the error probability of equ.(10) 
with a 20dB SNR an error rate of 

'2v ([)~ Q (Z/Gil) ~ 2 ·IO-~ 
Fig.6 shows the simulated results of a Viterbi detector. The columns represent 
the corresponding decisions in the different layers. White Gaussian noise was 
added with standard deviations of~!,= 0.285 and G'dt' = 0.570, still getting the 
right decisions. The different paths converged 4 layers back from the current 
observation. The trellis was started with a known sequence. The column far to 
the right contains the accumulated lengths along the different trellis paths. 

Another advantage of a PPH versus a PAN detector would be the insensitivity 
against amplitude variations caused e.g. by flying height variations. 
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PARTIAL RESPONSE FOR (d -i 0) CODES 

By 

R. C. Schneider, 68Y/060-l, Tucson 

This talk demonstrates that partial response signaling 

techniques can be applied as an alternative detection 

method for (d f:. 0) codes. As the value of d increases from 

a to 1 to 2, the number of detection levels increases from 

3 to 5 to 9. Both partial response and (d';i 0) codes are 

methods of lowering channel bandwidth requirements. How­

ever, in general, the combination of these two techniques 

does not result in a compound bandwidth reduction effect. 

Figure 10 and 11 show a case where the major part of the 

bandwidth is reduced to below class IV partial response 

with (d=O) , however, 13 levels are required. 

Figure 1 is a general infinite bandwidth partial response 

channel. Figure 2 compares two equalized read pulses--

one for a (a, k) code and the second for a (1, k) code. 

Figure 3 shows how the pulse response for the (1, k) code 

channel can be expressed in partial response terms 1+D-D2-D3 • 

Figure 5 shows a complete (I, k) partial response detection 

system including a precoder. Note that 5 levels must be 

IBM CONFIDENTIAL 



detected. Figure 6 shows the reduced bandwid tl. of a (l, k) 

system compared with a COs 2 equalized (0, k) system. Figure 

7 shows that the class IV partial response used with a (0, k) 

code still has the lowest bandwidth requirement. Figure 8 

shows the equalized read pulse for a (2, k) code. Nine levels 

would be required for detection. The partial response poly­

nominal would be 1+2D+D2-D3_2D4_D5 • Figure 9 compares the 

required (2, k) transfer function with cos 2 (0, k), (1, k) 

and class IV (0, k). The class IV (0, k) has the lowest 

bandwidth requirement. Figure 10 shows an extra wide (2, k) 

pulse that might be used to further reduce bandwidth. Thir-

teen detection levels are needed. The required transfer 

function is shown in Figure 11. Although the main lobe is 

below 0.4/T, the response is required to at least 0.66/T. 

The principle conclusion is that the marriage of partial 

response and (d#O) codes does not bring a significant band-

width reduction or channel capacity increase. If partial 

response is used, the most likely case is with a (1, k) 

code with either l-D2 (class IV) three level detection or 

the 1+D-D2-D3 five level detection shown in Figure 5. 
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.:'fIE K T'Gn FNBrnr. 'F'P 
San ~bse GPD, Dept.. FRO 

Foil 2 presents the hasic question a.ddressed by 
the in"lrestigations reported, ~pf>cifically, can a 
rnn-lenqth lirli tntion enhance the performance of a 
partial response channel? Foils 4 and 5 de"l7elop the 
standard mathematical description of a partial response 
channel from which He extract the point shm.,n on Foil 6 
which gbTes an over-siM.plified description of partial 
response in terms of ~"hat it can do pot:entia.lly and 
Hhnt it cannot do. ':!he h?sic point is that. we rely on 
the channel imnn1se response heing neqligible at 
sanpling times for t less than zero t("l avoid 
interference from future data. 

Foil 7 shm'1s equations in snpport of the statement 
that we can construct a hand-~,1idth-limited impulse 
response '''hieh has period5.c zeros for t less than zero 
nnd the period of t:hpse 7.f"ros is t~.rice t:Me cut-off 
frecmency of the channel. "hus, 'Itle can sirmal at a 
svr.tbol rate of the ~'Vqu:i.st rate (twice the cut-off 
freallency) lqi th no unprf'iH.ctCl.hle inter~erence from 
:':uture data. L. he final eanation on Foil 7 indicates 
that a hC'l.nrl-~·1idth-liMi ten iM'T)lllse response ·'hich is 
zero at all sampling times for t less than zero can be 
represented hy a polyno!"".ia1 in T), ,,,here D is a rlplC'l.v of 
one-half the perioo corresponnina to the cub off 
freallency. 

Foil 13 points out that an iMplication of the 
run-lenqth constraint is that run-lpnqth-lirnited codes 
contain less +l1an 1 hit of inforMa,tion pf'r symbol and 
gives examples o~ tne npar-nptil1lum codes userl for 
examples. Foil 14 presents the conseO'uence of this 
decrenserl information rate. 'Jhe rationale is that hoth 
partial response and the rl constraint are means of 
decreasing unpredictC'l.blp. intp.rsymhol intf'rference. For. 
a nata rate eonal to or les!'; th~n the ~"yquist rate,'· \ore 
c~n eliminate this nnpreo:i ctahle interference ,d thout 
using a d constraint simplv by using ~artial response, 
and the rl cons traint ~...,ould CJnin us no thing. 1f the d 
constraint can airl a partial rf'sponse channel, the aid 
must he in increasinq the speed tolerance, that is, the 
exbmt to \A7hich the tyauist ratE" CCln be exceeded while 
maintaining- a rletectClhle sirmal.· Foil 15a shmvs a 
graphical aid to oernonstratinn this consequence. 

.... 
N 
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In order to ('1uantify thE'! heha,Ti('\r sketchec. in Poil 
15, calculation~ ''1ere Mane of the eye opening 
obtainahle from variou~ partial rp~ponse ~vsteMs ~t 
data rates hiaher than the t-.'·vouist rate hoth ~·li th and 
wi thou'!: a d constraint. Foii 1 n ~hO"'S thp. h.asis or 
these calculations and foils 17 throuqh 21 shm,T the 
resul ts. SiMilar calculations ha"lTe been m.nnp. ~.ri thout a 
formal hand width limitation using Iorentzian, Gaussian 
and triangular impulse respon~es. The results are all 
similar and support,the hypothesis·presentf!o on Foil 
27. If we accept the--- hypothesis of Foil _27, there 
appears to he little potential in using the ~ 
constraint to enhance the perforMance of partial 
response channels. ryhe only instances w~ere the d 
constraint conlrl :i.ncJ!'ease the eye opening is when more 
than 40% of the Maximum eye openinq has already been 
lost to unpreclictable interference from future data. 
Since there are. many contributions to signal 
interference (off-track, rRndorl_ noise, etc.), it is not 
realistic to allot this lRrge n portion to a sinqle 
sonrce. 

Foil 28 deMonstrates· why the d constraint is 
ineffecti'-'7e. 'Jhe d constraint decreases the 
interference hetween a0;acent Ot-'FR. Fo~.,ever, in 
ampl;.tune detection (saMpled netection), -f:here are bolO 

sources of interf".rence, in-f:erference behleen 01'Ts ann -
interfer.ence het'tA,Teen a nNF and a ZFP('). Lhe d 
constraint decreases the fnrmer interference while 
increasing the Inter. Foil 2~ d~monstr"'_t:es the 
effectiveness of the d conRt.rnint in rednci nq 
interference Nhen peak o.etf'ction is used, both in 
improving peak positioning nnn i.ncrensinq peak 
sharpness. 

Foil 30 presents 
investigation. 

the conclusion o~ this 

... , ... 
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Partial Response and 
Run-Length-Limited 

Codes are .b··oth methods 
of increasing data rate 

and storage density. 

The question is: Are 
these techniques . 

complementary~ that is~ 
can they be used in 

conjunction to achieve 
. more improvement than .. 
could be obtained with 

either alone? 

• • 
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PARTIAL RESPONSE 
(a naive view) 

WE CHARACTERIZE THE CHANNEL BY ITS IMPULSE RESPONSE; 

fft-rJ . 

HHERE THE DELAY TERrt r, IS INCLUDED FOR GENERALITY. 

INFORMATION SYMBOLS a 11 ARE INPUT TO THE CHANNEL AS· Ir1PUlSES 

OF AMPLITUDE an AT TU1E nT, WHERE T IS THE sYro'1BOl PERIOD. 

THUS, THE CHANNEL INPUT, X (t), IS: 

00 

x(tj =~a71 6(t-nT] 
n:-oo 

AND THE CORRESPONDING OUTPUT, t.:f (t) , IS: 

00 

ylt) = ~n f[ t-r-nT] 
n=-oo 

SAMPLING WITH PERIOD .i', 

.. If., 

* 



00 

Lj k f}:J"-Ti 
n=-oo 

IF f = 0 FOR ALL i "4 0 
l 

IF f=o FOR ALL lcO, 
{ 

k 

Lj k :::~ Ti f,,_ n 

n=-oo 

k-/ 

= Odo+'j: .. Onfk n 
n:- 00 

0:: 
C') 
w-

...... 
N 



• • 

- --

Partial Response 
provides a method for 

compensating for 
interference from past 

data potentially· 
perfectlYq but relies 

on the channel impulse 
response to avoid 
interference from 

future data. 



SAMPLING THEOREM 
(again~ naive) 

~oo 5 i n ( wei - n 17' ) 
f(t) = fnw t~nrr 

c 
n=- 00 

f (nrr) = f 
We n 

f(t} ~ 0 for teO => fn =0 for n< 0 

- -- -- -.-~.---- _~ _________ ._.0 ____ " __________ "__ _ _______ ._.__ _ ______________ ~ ~ ___ ~_ __~ 

--co.: 
~-

-J<-

N 



RUN-LENGTH-LIMITED CODES 
(in particularq d constrained) 

\~E CAN ALLEVIATE PROBLE~1S CAUSED BY THE CLOSE PROXIMITY 

OF TRANSITIONS (ONES) BY ENCODING THE INFORMATION IN 

SUCH A HAY THAT THERE ARE AU'JAYS AT LEAST d "NO-TRANSITIONS" 

(ZEROS) BETWEEN TRANSITIONS. THE PENALTY IS THAT, DUE TO 

THIS CONSTRAINT, THE INFORMATION CONTENT OF THE CODE IS 

NO LONGER 1 BIT PER SYMBOL. 

AS REPRESENTATIVE, WE USE: 

d BITS/SYMBOL 
SYMBOL PERIOD FOR 
EQUAL DATA RATES 

0 1 T 

1 2/3 . 2T/3 

2 1/2 T/2 

t.O: 
at 
W 

OJ s 
->" 

'" 



In using RLL and PR~ 
th€ symbol rate must 

be higher than the 
Ny qui s t rat e.. . 

Any decrease in net 
interference must be 

due to the decrease 
from the d constraint 

bei ng greater· than 
the increase due to 

the higher symbol rate .. 

1'1 . , 
10'-1 



EYE 
OPENING 

o 
RATE 

LOG NYQUIST RATE 

d.>o 

d=o 

I 
..... 
N' 



I 
I 

: 1 

CALCULATION GROUND RULES: 

.11. Impulse response given by 
. system polynomial. 

2. PR compensates perfectly 
for all interference from 
the past.· 

3. Rate is actual data rate~ 
not symbol rate. 

4. Eye opening is the minimum 
positive lONE' signal 
minus the maximum 'ZERO' 
signal. 

r _ .... -_._ •••• . - - "- -" 
_. 4'" "'" 
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HYPOTHESIS: 

At a data rate whe"re 
a d=O code with a rate 
of 1 has an eye opening 
from 60% to 100%~ use 
of ad=l~ rate=2/3 or 
a d=2q rate=1/2 code 
at the same data rate 
, : wi 11 decrease the 

eye opening .. 

to. ( 

• 1 J 1.. 



AMPLITUDE DETECTION 

d=O ---I 

d=l 

-OJ 
~ 

--I 
..... 
N 

d=2 --0 



d=O 

d=l 
I 

d=2 

PEAK DETECTION 
'2.."t 

11'1 

..... -
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CO N C L U S I ON: . 

RLL is generally 
ineffective when used 
with partial response 
due to the fact that 
partial response q as 
presently considered q 

entails amplitude 
detection and RLL does 

not complement 
amplitude detection 

')0 . 
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ZERO-FILLED BIPOLAR CODES 

A read clock must be recovered from the reproduce signal 
waveform even in the presence of long strings of zeros. 
Much effort has gone into finding codes that are self­
clocking, and also those that have no dc component. The 
purpose of this talk is to describe advantageous methods 
that are in common use in the communications area, but that 
have not seen use in magnetic recording. 

The basic principlel is to scan the input data stream for 
groups of n adjacent zeros. When found, they are replaced 
by a special fill sequence. After detection, the fill 
sequences are recognized by some special properties not 
possible in the original data, and are replaced by zeros. 

1 , I 

Bipolar codes, which are used in PCM telephone transmission,2,3 
obey a polarity alternation rule: --successive input signals 
alternate in polarity. Fill sequences can then be constructed 
with violations of the polarity rule, and can be recognized 
by this property. 

Class IV parti~ response is readily achievable (and was 
first proposed"') by interleaving bipolar signals, and thus 
can also be filled. The even and odd bits each obey the 
polarity alternation rule separately within the two sub­
sequences. Fill sequences can again be recognized by the 
pattern and polarity of violations. 

The scope pictures show examples of fill sequences as 
reproduced from an instrumentation recorder, filled bipolar 
at 33 KFCI, and filled interleaved bipolar at 40 KFCI, on 
standard coercivityg-Fe20 3 tape. While the equalization is 
not good, the fill sequences are quite clear. Spectra of 
filled and unfilled codes, taken at a higher data rate, show 
that zero-filling does not greatly change the energy distri­
bution versus frequency. 

Note that filling changes neither the signaling rate nor the 
clocking window. 

IV. 1. Johannes, A. G. Kaim, and T. Walzman, "Bipolar Pulse 
Transmission with Zero Extraction," IEEE Trans. Corom. 
Tech. COM-17, p. 303 (1969). 

2 M. R. Aaron, "PCM Transmission in the Exchange Plant," 
BSTJ, V41, p. 99 (1962). 

3A• Croisier, "Introduction to Pseudoternary Transmission 
Codes," IBM J. Res. Devel., V14, p. 354 (1970). 

M. K. Haynes 
1/20/81 
mw 13 
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ZERO-FILLING 

Replace Group of n Zero's 
.~ .. with Fill Sequence 

Recognize Unique Property 
of Fill Sequence~ and 
Replace with Zero's 

MFM -- a Filled Code 

Bipolar Code 
Polarity Alternation 
Violation of Rule 



-,..-.. 
I 

'13 C 

, "L , 

.. 
. -

Ir q 1Ii.5 {e r FlA.il+. C 't : 0 "'l d 

}/IIis~ j:II)IIor - £11(11/,'%; e./' 

/2eCt7V'/C'("P:- 30 ',/s@c. 1'1,.,,'1 Tr-acJ< 

A Wff~iI 797 --r.rfl!!.- (7r- Ft":t13) lie.. 3tJ{). ~ 

... -.. -



I 
I 

i 
I 
I 
I 
I 

I­
s::' 
! 

---- ----- ---~------

J r. -rer lea ~t!,( F3 i Pa/~ r - I{IJ K. Fe r 
(POlt~·tl a ( ~e$5'd It1G~ - Class 11l) 

"'. "'-

VI. 
"-

I',; 
!~ 

... -' . 



FILLED BIPOLAR CODE 

Choose Fill Sequence:~ 
< I XOV80V I 

Choose X to mak) 1st V + 
Second V is -

O~5 Code Results 

DSV = 2 

Single-Bit ~rrors 
Always Detected 
Cannot ProPdgate~ or 

Simulate Fill 

Resync qu nee 
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Class IV Partial Response 

Polarity Alternation in 
each Subchannel 

Choose Fill Sequence:­
'XXOOVVI 

Choose XiS for Odd Parity 
in eachSubchannel 

One V in each Subchannel 
Opposite Polarities 
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THE POWER OF EQUALIZATION 

AND INTEGRATED NRZ1 DETECTION 

By 

E. Hopner, Carmel, 1/13/81 

I. PARTIAL DELAY LINE (Si-Kee Au) 

A. Flexible Disk Implementation 

IBM CONFIDENTIAL 

Fig. 1A shows a delay line equalizer with total reflection and a delay of 
a fraction of the bit time. Fig. 1b indicates graphically the time domain 
equalization process. 

Fig. 2 shows the measured transition frequency response of an implemented 
partial delay line equalizer. The net effect is doubling of the available 
band width. 

Fig. 3 shows the drastic improvement of the pulse (slimming) and the 
detection capability of the equalized signal at twice the density of the 
original NRZ1 signal. The recorded density of a 1 mil Mylar chromium oxide 
disk was 40 Kbits/inch at 20 Mbits/sec. 

B. Coronado Simulation 

Way Mun Syn simulated a typical Coronado pulse using SDL, which is shown in 
Fig. 4. A composite Coronado output signal was simulated by linear super­
position for a characteristic binary sequence 1 1 1 0 1 0 1 0 0 O. This 
sequence was chosen because it contains the highest frequency (fB/ 2) as well 

12~ 



The Power of Equalization and Integrated NRZ1 Detection 

B. Coronado Simulation (continued) 

IBM CONFIDENTIAL 
Page 2 

as the lowest (DC), together with fB, and is convenient for signal processing 
studies. The "eye" diagram of the Coronado signal (Fig. 6, sampled at the 
peaks of the undistorted fB frequency) indicates considerable closing at 
Coronado rates (10 K transitions per inch or 16 Mbits/sec.) 

Fig. 7 shows the simulated equalized signal using partial delay line 
principles as per Fig. lB. As compared to the original Coronado pulse 
of Fig. 4, significant pulse slimming has been achieved. 

Fig. 8 shows the composite equalized Coronado signal at 15 K transitions per 
inch, or a 15 M bits/sec. for the same binary sequence as shown in Fig. 5. 
Fig. 9 shows the corresponding "eye" diagram which shows little distortion 
(open) at 50% increase of density. 

II. INTEGRATED NRZI 

A. Experimental System (Si-Kee Au) 

Fig. 10 explains the detection principles of INRZI. 

Fig. 11 shows the measured transition frequency response of an experimental 
system. 

Fig. 12 shows the performance of INRZI at the -28 dB point of Fig. 11, which 
is at 4 M bits/sec., or 2 MHz. This is a 4X increase in density as compared 
to the NRZI 3 dB working point (500 KHz or 1 M bits/sec.). Integration and DC 
restoration shows an open "eye" diagram at 4 M bits/sec. 

B. Bell and Howell Implementation (Au) 

Fig. 13 shows the INRZI results achieved on a Bell and Howell instrumentation 
recorder, designed to operate at 33 ,K mits/inch, with a nine-track head. 
100 K bits per inch have been demonstrated at 6 M bit rate and at 60 IPS. 
Fig. 13 shows an open "eye" and a completely restored binary signal, using a 
clock derived from the INRZI signal. 



The Power of Equalization and Integrated NRZI Detection 

C. Coronado Simulation 

IBM CONFIDENTIAL 
Page 3 

The partial delay line equalized signal shown in Fig. 7 was used as a 
basis for linear super-position simulations by Way Mun Syn. 

Fig. 14 shows the composite Coronado signal at 15 K transitions/inch 
with partial delay line equalization only (broken line) and after straight 
integration (solid line). 

Fig. 15 shows the Coronado signal before (broken line) and after straight 
integration (solid line) at 50% increased density (23 K transitions/inch). 
The "eye" opening is 20% reduced, or it is approximately 80% open for the 
test pattern shown (1 1 1 0 1 0 1 0 0 0). 

13 , 



PARTIAL DELAY LINE 

E QUA LI Z E R 

IV Apply a Peak Amphasized EqualizatiOii' 
Technique for Extension of Existing 
Channel Bandwidth (Cont"d.) 

(a) Basic Circuit Configuration 

Tla 
~ t--__ --"'JI':K'lflC"'~ 

(b) Basic Principle of the Equalization Process 
in Time Domain 

Isolated Pulse 

I ,"'" 

IBM CONFIDENTIAL 

T = Bit Time 

Fig. 1 
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INTEGRATED NRZI 

d+ -cit 
COUPl. tNT 5 ~ + DC RESTORE 

T 
Figure' 2. EQUIVALENT CIRCUITS 

AMPLITUDE 

RESULTING lP 

Figure 3. REC. CHANNEL 
SPECTRUM AFTet\ 
INT. AND D.C. 
RESTORE' 

-608 ~ .... ______ ~ ________ ~~ 

-28 DB III'-__________ ---il__ __ .&-__ 

, f% fb FREOUENCY 

11010' 00000 

fb 

-~! T ~.-- ~~ 2T !..-
.... 

NRZi 8NRZi CODe - -
Pulse No Pulse + 1 
No Pulse Pulse - 0 

Figure 4. WAVE FORMS AT f~ AND fb 

SAMPLE TIME: - BIT TRANSiTION TIME 

Fig. 10 
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Electronic Messaqe Exchanqe 
Page 11 

Actual results at 100 Kbits/inch are shown in Figure 2. 

Figure 2a. 

Recovered read-back signal, 

after signal processing and 

recovered NRZI data at 100K 

bp i . 

Figure 2b. 

Superposition of recovered 

data signals indicating neg-

ligible interbit interference 

at sampl ing times. Clock 

signal was derived from the 

analog data signal ~ 

Fioure 2c. 
~.---

Superposition of processed 

signal with derived clock 

for the same data sequence 

At sampling time (the posi-

tive going edge of the clock) 

the "l"-condition signal is 

near.the a-voltage (center) 

I eve I, wh i I e the POn-cond i-

tion signals are at unambi-

guous positive or negative 
lAve Is. 

Fig. 13 
i" 
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FRmnIER TECHNOLOGY 

FRONTIER 

30 Kb/in. 
6 MB/sec. 
1600 tracks/in. 
12 Msec average access time 
Head-arm assembly 
independently controlled 

GOALS 

15 Kb/in. 
3 MB/sec. 

CORONADO 

800 tracks/in. 
18 Msec average access time 

COLUMBIA FILES 

Cl 
C2 

FCS 
FCS 

lQ86 

3Q86 

RLComstock 
1/12/81 

j r ' 
/-f' 
tj:: .-.--
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Objectives 

Data Transfer Rate: 

Data Density 

2,7 Code Reg,uirements 

Data 

Coded 

Clock 

Coding Example: 

1 0 

Data 0 1 0 0 

1 1 1 1 

Clock Rate 

Transition Density 

Transition Rate 

Readback Frequency 
(equiv. sinewave) 

Media Velocity 

( )=5>mm 

1 

0 

1 

1 

1 

, r" 

IBM CONFIDENTIAL 

FRONTIER 

6 X 106 Bytes/Sec 

or 48 X 106 Bits/Sec (8 Bit Byte) 

{
1600 Tracks/i!). (63) 

30 X 103 Bits/in (1180) 

.--
\l"I-f 
C';:1 ... -

; I .., , 

t1::"" 
.-.~-

~ 

w-
~-

.... -
0 1 0 0 0 1 1 1 1 

0 0 0 1 0 0 0 0 0 0 1 0 0 0 1 0 0 0 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 . . . . 

96 X 106 Hz 

15 X 103 Transitions/in (786) 

Max Min 

32 X 106 Tr./sec 12 X 106 Tr./sec· 

16 X 106 Hz 6 X 106 Hz 

1600 In/sec (4.06 X 104 ) 
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Possible COmbinations of Head/D1sk/System Choices 

1) £Jd)edded Servo: 

a) slde-by-slde dual element head 
b) ac-blas recording 
c) disks thick particulate 

or 
dual layer fllm 

2) Sector Servo: 

a) single element R/W head 
or 

superlllPosed dual element RlW head 

b) saturation recording 
c) disks - thin particulate 

or 
Single layer film 

12/9/80 

REDean 

.... 
; I . 
/-f. 
tj :" .......... 
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t-< 

I 

2: =' .:0-... 

PEP 
He • 600 DE 
S • 23 l6-

PVC • 20% 
D3DI 
APlPllTUDE 

AURORA 
He • 750 Of 

~DI 
APlPllTUDE 

• pI.ARG I HAL SA TURA T J ON 

LMBlspS06 

8.8 12.7 12.6 
140 77- 170~ 

11.4 IIf.6 IIf.7 
75 58 110 

RlC--12/5/SO 
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TUCSON RECORDING TECHNOLOGY 

r~ISS I ON 

Low COST INFORMATION STORAGE ON MAGNETIC TAPE· 

ADVANTAGES OF MAGNETIC TAPE 

Low COST « $1/FT2 J < 104/MBYTE) 

HIGH VOLUMETRIC EFFICIENCY (MSS=7 J SAGUARO=15 GB/FT3) 

EASILY REMOVABLE FROM MACHINE 

CONFIGURATION FLEXIBILITY 

DISADVANTAGES OF MAGNETIC TAPE 

POOR SURFACE QUALITY 

THICK COATINGS {SAGUARO THICKNESS = 4 BIT LENGTHS) 

DROPOUTS «20% SIGNAL FOR SEVERAL HUNDRED BIT LENGTHS) 

PROBLEMS WITH MAGNETIC TAPE 

REMOVABILITY LEADS TO INTERCHANGEABILITY 

DOWNWARD COMPATIBILITY IS REQUIRED 

MRC/GH/l11 

1/09/81 
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" "I ' "t TYPICAL DROPOUTS - AG. ERASE 
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MASSIVE T~ HARDWARE,: 
!J 

ERROR - NO 
SYNC LOSS 

ERROR t SYNC 



Fig. 3 

liP.'· 

- Typical Ran40m Errot"'ttLi.Ju!ar"~it¥':#+"'OO/13~ 
Track Density = 5 TPM,hTrAC:t;WUtt;b,- 178~c~? . 
SNR is 26 ~. averase':;J~? .. dB.F~dro}'Out~j 

,-, ': ~,:~, .-' f 

., 



... -'" ., 

... 

~ .. : ...•....... " ....... ' ........ . -

" .. 



-ii 
ID. 
e-
I 
... -
III • 
I 

~= 

DEL ORO TECHNOLOGY 

PRODUCT NAME 

FCS 

DATA RATE (r~B/SEC) 

CAPACITY (GB) 

NUMBER OF TRACKS 

TAPE VELOCITY (MPS) 

LINEAR DENSITY (K BYTES/INCH) 

(K BYTES/M M) 

DATA RELIABILITY (BYTES/ERROR) 

BIT LENGTH (;fA IN) 

SEPARATION FOR 6 DB LOSS ()A IN) 

READ DOWNWARO 

WRITE DOWNWARD 

TAPE 

How? 
. ,- -, ... - . 

IMPROVED SIGNAL PROCESSING 
. .... . ,.. ............ ",. 

IMPROVED ERROR CORRECTION 

MRC/GH/112 

1/8/81 

SAGUARO 

1982 

3 

1/6 

18 

2 

38.1 

1.5 

1012 

45 

10 

No 

No 

PEGASUS 

, - ., 

PALO VERDE NONE 

1985 1989 

6 12 

1 2 

18 18 

2 2 

76.2 152.4 

3 6 

6 x 1014 1016 

23 11 

5 -.-.. 2.4 

YES YES 

YES YES 

PEGASUS NEW 

IBM CONFIDENTIAL 



TECHNOLOGY PLANS 

MORE EFFICIENT MODULATION CODES (REDUCE FCI/BPI) 

IMPROVED EQUALIZATION (WRITE) ADAPTIVE) 

BETTER SNR (ELECTRONICS ON HEAD) 

MORE POWERFUL ECC (R-S DECODER) CONVOLUTIONAL CODES) 

PARTIAL RESPONSE CHANNEL 

VITERBI DECODING 

HEAD/TAPE DEPENDENCIES 

~1RC/ GH/116 
1/12/81 

INCREASED LINEAR DENSITY 

VERTICAL COMPONENT 

SHORT GAP HEADS (10 jt IN) 

ULTRA SMOOTH TAPE SURFACE 

ELECTRONICS PACKAGED ON HEAD 

IBM CONFIDENTIAL 
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Saguaro Recording Channel 

Introduction 

Saguaro is the code name for a 1/2 i~ch eighteen track tape 

product now in development. The recording channel developed 

for this product has a number of unique characteristics. 

Many of the special characteristics are related to the use 

of a two-turn inductive write head and a Magneto-Resistive 

(MR) read head. 

Write System 

The power dispation in the 18 track two-turn write head 

required the use of a pulse write technique. Early testing 

showed that pulse writing even with large variations in 

pulse width made no discernible difference in read signal 

amplitude or shape. A pulse width of 1/6 the bit period was 

finally chosen for time multiplexing convenience. 

An early problem with the MR-read head was a distortion 

problem with high amplitude long wave length signals. The 

MR head was designed to provide high sensitivity to the low 

amplitude short wavelength signals. High amplitude signals 

tended to flaten the peaks. The solution to this problem 

was to precode the write data so that all read signals were 

of the same amplitude. The precoder can be modeled as a 

digital filter. The filter response has zero gain at dc, 

unity gain at the alII's and amplification for those 

161 



harmonics above the alII's. This response has the advantage 

of increasing the signal-to-noise-ratio (SNR) for these 

higher harmonics. This improved high frequency SNR signifi­

cantly reduces the lSI during media defects. The reduction 

in low frequency energy content in the write signal also 

decreases the write-over-modulation problem. 

Read Equalization and Detection 

The MR read signal using the write-precoder looks very much 

like the write wave form. The method of det~ction that had 

been implemented before the precoder introduction was based 

on a peak sampling detection scheme. The only change that 

was made to the read system (when the precoder was implemented) 

was to change the read filter (equalization) response. The 

principal parts of this filter system are a simple two pole 

band pass filter in the preamplifier, and a complex pole 

pair for a low pass filter on the Read-Detection card. The 

final filter sections are parallel simple pole sections for 

producing the 90 degree phase shifted derivative for clock 

extraction. 

The detection system samples the equalized read signal ~ 

each read clock period. The sampled signal is compared to a 

threshold. If a positive peak is expected, a peak (one) 

will be called if the sampled data exceeds the threshold, if 

not then a zero is called. Once a positive peak is detected 

IBM CONFIDENTIAL 



the comparison is switched so that the next one is detected 

when the sampled signal falls below the negative threshold. 

The equalized signal is formed such that zero samples have 

values that are further from the threshold than the zero 

baseline. As a result the threshold is normally set at 

about 35% of the average peak amplitude. 

The amplitude histogram indicates that the nominal SNR for 

this system is very high. The dominant failure mode is 

dropouts (fades). The log of the histogram shows that the 

low amplitude part of the data is not due to the tails of a 

normal distribution centered at nominal signal amplitude. 

This supports the conclusion from failure analysis that most 

error conditions are associated with some significant loss 

in nominal amplitude. 

Reliability and ECC 

The average raw reliability for interior tracks is well 

above the initial objective of lE7. However, the exterior 

tracks especially track 18 may be from a factor of two-to­

ten lower than the interior tracks. A large variation in 

edge track performance has been a traditional problem. 

Continuing effort is being made to better understand and 

control this variation. 

IBM CONFIDENTIAL 



One of the major concerns about the present recording channel 

is its cliff-like sensitivity to many parameter variations. 

Additional testing is necessary to better understand this 

phenomenon. 

The Error Correction Code (ECC) has the ability to correct 

up to four tracks in error at one time. The tracks in error 

must be divided so that not more than three tracks in either 

subgroup are in error. For some of the error conditions the 

error correction system needs the assistance bf hardware 

pointer (eraser) information. The ECC system has the ability 

to take 4E6 raw error performance and map that into lE12 

mean bytes to failure. This lE12 mean bytes to failure 

is the recording system's performance objective. 

J. A. McDowell 
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WHAT IS IT 

WHY IS IT 

SAGUARO RECORDING CHANNEL 

INITIAL PULSE WRITE 

MR HEAD - DISTORTION 

WRITE PRECODER 

METHOD OF DETECTION 

NOISE AND FAILURES 

HOW IS IT - RELIABILITY 

JAM/GH 

1/9/81· 

RAW RELIABILITY 

ECC 

IBM CONFIDENTIAL 



SAG U A R 0 

DENSITY 972FtMM (24,8KFCI) 

MODULATION CODE 8/9 (0" 3) 

ECC - AXP 14/18 TKS 

HEAD - 2 TURN INDUCTIVE WRITE 
MR - DC BIASED READ 

TRACK PITCH 
WRITE WIDTH 
READ WIDTH 

MEDIA - PEGASUS 

MEDIA VELOCITY 

READ CLOCKING RATE 

CUSTOMER DATA RATE 

JAM/GH/115 
1/9/81' 

630UM (24,8 MILLS) 
540UM (21,3 MILLS) 
410UM (16,1 MILLS) 

CRo2 

2,0M/SEC (78.7 IPS) 

1.944 MHZ 

3.0 M BYTES/SEC. 

IBM CONFIDENTIAL 
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CHANNEL MODEL 

r------ - - , 
.' I :@ . @I 

::GJTAL{>: i£1MEDIA 6J :.~ J .~ L :~~lTAL 
I WRITE READ 1 Vl 1-
L IiEAJL _ _ I::!..~AD _ _ .-2 ~ __ ---J 

EQUALIZATION 
& 

DETECTION 
WRITE 
DRIVER ANALOG CHANNEL 

CHARACTERIZED BY: 

o INPUT - OUTPUT TRANSFER FUNCTION 

o PEAK AMPLITUDE LIMITED 

o NOf1INAL SNR> 30 DB 

PRE 
AMP 

o • DOMINANT DETECTION FAILURE DURING 

DROPOUT (MEDIA DEFECTS?) 

IBM CONFIDENTIAL 



1 1 o 
-

NRZI 

-'I I+- T/6 

lJ~ OLD 

WRITE 

I"""" 

! 

PULSE WRITE 

o 1 

r0-

T 
220 rna 

'-

o 1 
r-

.--

'--

--
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r·1R 

MAGNETO-RESISTIVE HEAD 

~lR HEAD 

r 

t1R 

BIAS 
SUPPLY 

R - RESISTANCE 

H - FIELD 
SIGNAL FIELD 

~BIAS FIELD 

~ pre,> " 
Am""" 

V 
OUtPUT SIG~AL 
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DEL ORO PRECODER 

1 1 001 o 1 

I L NRZI 

PRE CODED 

x(t) y(t) 

I Y (w) I 
X (w) 

1 

T 
-2-

Y(W) _ j sin wT/4 
X(W} - cos wT/4 

IBM CONFIDENTIAL 

I.1U 



PRECODER COHPARISON 

I1AGNITUDE PHASE (IN RADIANS) 
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PRECODER /JRITE 

OLD URITE 

, 
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PRECODER URITE 

.l 

• 2 • 4. 

OLD tJRITE 

" 
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AGe & 
FILTER 
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Wp, • & 3 'J. W 
I 

Wf;! I, 3 .. I.LJ :: 
I 

SAGUI\RO ANJI.LOG IX2UALIZATION 

Svl 
SH & 
REC 

z.. 
S 

/.Va 

q 

FILTER 

+' ~S 
~ 

~ tVo 

q 

:: .1 • tf f.IW, 

;;. Z.~ S-

FILTER 

--1-\ DATA 
s~ ""p, 

FILTER 

~ $ ... "'fj CLOCK 

wP3 :: /,! -"", 
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Hr~D OUTPUT • FILTER INPUT 
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FREQUENCY 
OF 

OCCURANCE 

CHANNEL FAILURE 

MODES 

HISTOGRAM OF SIGNAL AMPITUDE 

..c.--FAILURE 
Af1PLITUDE 

~NOMINAL VARIATIONS 

I. FAILURE USUALLY RELATED TO DROPOUT 

2. LEVEL OF FAILURE DETERMINED lSI 

3. lSI - CONTROLLED BY EQUALIZER - CHANNEL MATCH 

4. ACCURACY OF MATCH - RELATED TO INITIAL TOLERANCE~ 
INTERCHANGE~ AND DEGRADATION WITH TIME. 



. i I 
______ ._. _____ ,1 _____ 1 __ 

__ .. __I 

I 

l __ 

I 
I 

i 

I 
i 
I 
I 

I 

J l i I --1----1----- i---1 

I I i I 
I I i I 

! I 

1 .~, 

I 
I 

I 
I 
I 
I 
I 
i 
I 

.. :.61 e. .. • 1 

.... !o to.. '. ' 

, 

I 
I 

1 

. 

i o 

• i 

! ,. 

• 

1'- ....... ;.0 

I ______ ,~ __ --__ ----,---------------'-------' ' ~--..--...---- . ~ ........ -----.---
I 

.' 

ir ... SIGNAL AHPLITUDE 

• 
I. 

• 

I 

• i -
i .' 

+' 
I' 
I 

I , .--~ 

, 

• t • I 

• 

• • 

i • . I 

• 
• 

• 
Q 

<; 

• . 
.. . -

t . • ~J .ft' .. 

-'-. -~~'"-"'-'~ ... '-'--"""'. 
; Ii 4. 

A 

ID!-r CONFIDENTIAL 
HKH 1/9/81 



HOW IS IT DOING 

RELIABILITY - 18 CA-RTRIDGES 

TKI 4 9 13 18 

MIN .3 2.3 2.8 3.4 4.7 
MEAN 29.2 47.1 45.3 57.1 17.2 E6 MBF 
MAX 82.9 79.7 82.7 83.0 81.2 

HARMONIC MEAN 42.65 E6 MBF 

PROBLEMS: 

EDGE TRACKS LOWER ESPECIALLY 18 

BACKWARD PERFORMANCE VARIABLE 

CLIFF LIKE SENSITIVITY 'TO MANY PARAMETER VARIATIONS 

JAfVGH 
1/9/81 
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set A 

set B 

SAGUARO :crmOR CORRBCTIml 

ADAPTIVE CROSS PhRITY (l\.xP) 

A. Pl\TEL 

I 
Errors conected up to position (m-11-: rsv~ 

f 

I 
\ 
) 

8~~~~~~~~ ~~~~~~~~t~~~~~~~~~~~~~~~ 
O~~~v.'l~~~ ~U~~~~~~~%~~~~~0~'/.~~~~~ 
1 1/ ' 
2~-+~~+-~~++~~4---+-~---4-+-·~-4-+--~-·-4~-+-~-~e+rro_n~eo~us_t+rac_k~i~+-~I\ 
3 \ 
4 -- - ~ f- ~ . -f- -- -- . - erroneous track j 1 
5 - . - - - f- I- f- - - - - -- ~ f- I- f- erroneous track k 

6 i'\,.. 

6 I"-. 7 

3 0 ~ . - - - I- - -f-- - -f-. erroneous track V 

L b '- b SVm+15-V-k Sdm+15_k 

\'lill correct the following error combinations: 

GROUP A 
GROUP B 

t·-- 2 
T 2' 

1 3 
3" T 

./ Tracks in error group A 
Tracks in error group B 

vlith pointers will map 4E6 HBF ra\,1 relibility into 

greater than 1E12 mean bytes to failure. 

IBB CONFIDENTIAL 
JAH 1/9/81 
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PRECODING 

N. R. Davie 
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IBM CONFIDENTIAL 

POST COMP 
Our concept is to provide an improvement in magnetic recording 
performance by skewing the normal detection windows for a peak 
detection system. 

The skew is determined by logic applied to past detected bits, 
providing a form of Decision Feedback, or examining information 
past and future (via delay of signal) to provide more information 
on the proper skew of the window edges to minimize the effect of 
intersymbol interference. This provides some of the benefits that 
a verterbi system would give. 

Post Comp is compared to other signal processing using an 8 out 
of 9 code specific example. 

Pre Comp is very effective in reducing lSI for codes with low 
FCI/BPI such as RLL(2,7) by increasing the high frequency content 
into the recording. However a high rate code such as 8 out of 9 
already provides very nearly maximum high frequency content into 
the recording and any pre comp will actually reduce the SiN. 
In this case post comp is superior as it increases the margin at 
the detector without increasing noise content. 

Time shifting of windows has a very similar effect to shifting 
the amplitude threshold as in a DC and low frequency restoring 
system. The restoring system is shown to be benefitial in 
improving detector margin if only partial lSI reduction is used. 
Since there are some distinct differences in post comp and restore 
systems, one may be superior or easier to implement in a specific 
case. 

It is also interesting to note that a sampling detector will 
fail on the same signal that a peak detector runs adequately and 
with post comp implemented, would run even better. This does not 
mean that a peak detector is necessarily superior to a sampling 
detector, but that for proper operation, both cannot operate from 
the same waveform. Actually the sampling detector must have a 
higher amount of equalization (high boost) to run properly. 
If one considers that a peak detector is really a differentiator 
followed by a zero crossing detector, it can be seen that the 
differentiator actually provides more high frequency boost so 
that the zero crossing detector will operate properly. Although 
phase differences exist, the magnitudes of optimally equalized 
waveforms (and also noise spectrums) for a zero crossing detector 
and a sampling detector are very similar. The performance of each 
system should then be very similar. 

Post Comp applied to~a peak detector may therefore function 
better than an optimized sampling detector. Post Comp should 
also be able to be implemented without much difficulty in a system 
using standard peak detection with delta V extra bit elimination. 

EARL A CUNNINGHAM 
2G7 I 050-1 
ROCHESTER, MN 
TIE 456 - 4048 
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