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COURSE OUTLINE 

Lecture Content Reference 

1. Introduction and 
,Review of Signal Theory 

2. Review of Signal Theory (contd.) Notes 
>"Recording Channel Modelling 

3. Analog and Digital Detection Notes 
Methods 

4. Partial Response Methods Notes 

5. Partial Response Methods (contd.) Notes 
Decision-Feedback Equalization 

6. MID-TERM EXAMINATION 

7. Overview of Code Design Techniques Notes 

8. Run-length Limited Codes Notes 

9. Codes for Partial Response Channels Notes 

10. Trellis Coding for Recording Notes. 

11. FINAL EXAMINATION 

2 



RECORDING SYSTEM CLASSIFICATION 

Analog Recording Systems - G:::,~T,rJvovS. 

- Information (message) signal to be recorded has infinite number of 
amplitude levels that change continuously with time. 

- Typical Requirements: high signal-to-noise ratio (SNR), low dis­

tortion, and low cost. 

Digital Recording Systems - DtSC£€:Jl:. LES~S 

- Information (message) signal to be recorded has finite number 
(usually 2) of amplitude levels that change at discrete time points. 

- Typical Requirements: high reliabiliti (low probability of error), fast 

access to recorded information, and low cost (S/Mbyte). 



RECORDING SYSTEM APPLICATIONS 

Disk Stack -+_--I["~ 

- Rigid Disk Drives 
-tt---+- Electromagnetic 

Actuator 

Swing Arms 

. Rigid disk file components. (Fro,..,..., \Y)e~ l:' Do.n;.J.c) 

- Flexible Disk Drives 

Stepping Motor 

Flexible diskette and head accessing system. (fro;.') rtle.<:. C;; [).:>.n;..t...:) 

- Tape Drives 
Air-Searing Guides 

Take-up Reel 

Tape 

Sc~e=a;;ic of cartridge drive fa! data recording. (~ fl)<t "C . 
Dc,r"I I~) 
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RECORDING SYSTEM APPLICATIONS (contd.) 

Audio Recording Systems 

- Analog Audio Recording 

Cassette 

Record/Replay Heads 
Capstan and 
Pressure Roller . ~ ) 

Audio cassette recorder. (~ (Y)e:<. ~ DD.('\\ ' 

- Digital Audio Recording 



RECORDING SYSTEM APPLICATIONS (contd.) 

Image Recording Systems 

- FM Video 

Rotating-Head Drum 

Read-Write Head 

" " Helical-scan video ., ", 
recorder.l~ \fl-<:..-e.. '(. DCI\!He-1:... J 

- Digital Video 
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RECORDING SYSTEM APPLICATIONS (contd.) 

Instrun7entation Systems 

Magneto-optical Recording Systems 

Laser 

Signal 
Photodetectors 

./" '-... 

Focusing Lens 

Magnetic Sias Coil 

Focus and Trac~ing 
Detectors 

MaonelooDtical 
Sto~age Disk 

. Components for an optical read·v.rite head for,record. 
. ." (- r ~ - ~C.\.#'\ 
ln~ on =:agnetlc meela. \. r-p;n, r,I<,.;;, '- L)"-' ,I ) 
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DIGITAL MAGNETIC RECORDING SYSTEMS 

General Requirements 

- Low Probability of Error 

- Fast Access to Recorded Data 

- Low Cost 

Paralneters of Interest 

- Linear Density, number of bits per unit length along a track 
(bits/i nch) 

- Track Density, number of tracks per unit length (tracks/inch) 

- Areal Density, number of bits per unit surface area (bits/inch2); 
product of track and linear density. 

- Volumetric Density, number of bytes per unit volume (MBytes/ cu. 

ft. ) 
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STATE-OF-THE-ART IN TPI AND BPI 
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(0) Areal density progress for magnetic recording 
systems; (0) relationsilips of linear and track densities. The 
~ensity curves for audio .and video recording are obtained from 
tne approximation that the shortest recorded wavelength is 
ecuivalent to two recorded bits. HV, horne video tape; PV, 
professional video taDe; R.D. rigid disk; DT, data t.ape; F'D, flex-
ible disk; AT, aucii'o tape (DAT, digital audio tape); MO,. " 
magnetooptical storage projections. ( ~ il)~ -S D(>'''' \~) 



RECORDING CHANNEL 
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664 TABLES 

Gaussian distribution 

If X represents the sum of a large number of independent random components, and if each 
component makes only a small contribution to the sum, then 

(See Table T.6 for gaussian probabilities.) 

Rayleigh distribution 

If R2 = X 2 + y2, where X and Yare independent gaussian r.v.'s with zero mean and 
variance (7'2, then 

r~O 

.:.~. :'" 

The pI 
an obs 

called 

;/. 

Other 
."~' . 

All of· 
,,,,,' .. 



ts, and if each 

TO mean and 

TABLE T.6 

GAUSSIAN PROBABILITIES 

The probability that a gaussian random variable with mean m and variance cr2 will have 
an observed value greater than m + kcr is given by the function 

called the area under the gaussian tail. Thus 

P(X > m + kcr) = P(X ~ m - kcr) = Q(k) 

P( I X - m I > kcr) = 2Q(k) 

P(m < X ~ m + kcr) = P(m - kcr < X ~ m) = V2 - Q(k) 

P( I X - m I ~ kcr) = 1 - 2Q(k) 

P(m - klC! < X ~ m + klcr) = 1 - Q(k l ) - Q(kl ) 

Other functions related to Q(k) are as follows: 

erf k 8 ~_ rke-;.: di. = 1 - 2Q(fik) 
v To Jo 

erfc k 8 ~ r'" e- ll d;. = 1 - erf k = 2Q(fi k) 
v I~ Jk 

1 rk 
<1>(k) ~ . • J e-;':/l d;. = 1/2 - Q(k) 

.)2;; 0 

All of the foregoing relations are for k ~ 0. If k < 0, then 

Q( -I k I) = 1 - Q( I k I ) 

665 

., 



666 TABLES 

Numerical values of Q(k) are plotted below for 0:$ k :$ 7.0. For larger values of k, Q(k) 
may be approximated by 

which is quite accurate for k > 3. 
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Operation 

-* 

Re [=], I 

I = I 

arg z = < 

<t{!) = 

y[t{!)] , 

v .. w(!) 

1 
V(t) = ; 

Rv~(:) 

Rv(') = 

Gv(f) = 

x = E[A 

E[t{r)J 



RESPONSE OF LINEAR SYSTEM 

-,. 

00 

y(t) = Ih(t-T)X(T)dT 
_00 

Y (f) = H (f)X(f) 
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PROBLEM OF DETECTION IN MAGNETIC RECORDING 

I PULSE RESPCNSE AS A FVNCT lON OF LI NEAR DENS IT'1' I 
1. 0 r---====r=====::::;=====::;======;:===---. 

-0.5 f-----t----t-----+--'<-ff----+----1 

TIME 

INTERSYMBOL INTERFERENCE (151) IS A KEY EFFECT OF 
HIGH-DENSITY RECORDING 

increased isi '> lowered signal-to-noise ratio (SNR) 

lower SNR & • higher error rate 
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SIGNAL PROCESSING AND CODING METHODS 

- Peak Detection Method 

- Partial Response Methods 

- Equalization Methods 

- Maximum-likelihood detection (Optimum) 

- Codes for Peak Detection 

- Codes for Partial Response Methods 

- Signal space coding (trellis coding) 

10 



i basis 

WGN, 

'lihood 
g your 

'Jihood 
of the 

;' 

Definitions 

Transform 

Inverse transform 

Integral theorem 

Theorems 

Operation 

Superposition 

Time delay 

Scale change 

Conjugation 

Duality 

Frequency translation 

Modulation 

Differentiation 

Integration 

Convolution 

11ultiplication 

Multiplication by r 

TABLE T.l 

FOURIER TRANSFORMS 

V(f) = ff[v(t)] = t"'", v(t)e- j2K!1 dt 

v(t) = ff-I[V(f)] = t"'",V(f)eilK!1 df 

t"'", v(t)w*(t) dt = t"'", V(f)W*(f) df 

Function Transform 

alvl(t) + a2 V2(t) a l VI(f) + a2 V2(f) 

L~t - td) 
V(f)e- jo", f!-\Pl;;'~ 

v(:xt) 1 v(I) 
l:xl cr. 

v*(t) V*(-f) 

V(r) v{-f) 

t~t)ei"',t V(f - fc) 

S,",,\F-r 

v(r) cos (C!l, r + ¢) I/z[V(f - f,)ei¢ + V(f + fc)e- j ¢] 

dnt,r) U2;-f),V(f) 
dtn 

I:::t'(i.) di. ,.,~r V(f) + Yz V(O) b(n 
)_.-) 

t~ • ~·U) V(f)W(f) 

t'{t)w(t) V· W(f) 

r'L\r) 
(_'~_)-" d"V(f) 

J-" df" 

dl-

':i: 
,.,-. 
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656 TABLES 

Transforms 

Function 

Rectangular 

Triangular 

Gaussian 

Causal exponential 

Symmetric exponential 

Sine 

Sine squared 

Constant 

Phasor 

Sinusoid 

Impulse 

Sampling 

Signum 

Step 

v(t) 

sine 2Wt 

sinc2 2Wt 

cos (w, t + ¢) 

b(r - c4) 

::: 

I b(t - kT.) 
k= - a:: 

sgn t 

u(t) 

V(f) 

, sincf, 

b + j2rJ 

2b 

b2 + (2rJ)2 

2~ rr(2~) 

2~ A (2~) 
b(f) 

e1~ b(f - f.) 

%[e1~ b(f - f.) + e- j 4> b(f + f.)] 

e- jcte 

-
f. I b(f - nf.) 

l/jrJ 

1 ,11 
'')-' -:- 12 b(f) 

)-".1 



for x from 0 

sinc2 x 

0.000 
0.002 
0.007 
0.013 
0.016 
0.016 
0.014 
0.009 
0.004 
0.001 
0.000 
0.001 
0.003 
0.006 

/-"'008 
Xl8 

0.007 
0.005 
0.002 
0.001 

Binomial distribution 

TABLE T.5 

PROBABILITY FUNCTIONS 

Let the discrete r.v. I be the number of times an event A occurs in n independent trials. If 
peA) = 0::, then 

j = 0, I, ... , n 

j = no:: uf = no::(1 - 0::) 

If n » I, 0:: « I, and m = no:: remains finite, then 

p/(i)::::: e-"'miji! 

Poisson distribution 

Let the discrete r.v. I be the number of times an event A occurs in time' T. If peA) = 
J.l /:; T « 1 in a small interval/:; T, and if multiple occurrences are statistically independent, 
then 

Uniform distribution 

If the continuous r.v. X is equally likely to be observed anywhere in a finite range, and 
nowhere else, then 

1 
px<x) = -- a;5; x ;5; b 

b-a 

Sinusoidal distribution 

If X has a uniform distribution with b - a = 2 .. and Z = A cos (X + 8), where A and e 
are constants, then 

1 
pz{z) = ., , r..JA- -:-

1:1;5; A 
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Least-squares 
storage-channel 
identifica tion 

Pulse (dibit) and step (transition) responses for 
magnetic-storage channels are important for 
detection-circuitry design and for comparison of 
various media, heads, and other channel 
components. This paper presents a least­
squares procedure that can be used to identify 
the dibit and transition responses from 
measurements of the read-head response to any 
known data sequence written on the medium. 
The method yields significantly higher-quality 
estimates for the dibit and step shapes than' 
does determining these same characteristics by 
measuring the average response to isolated 
transition or by performing a Discrete Fourier 
Transform (OFT) on the response to a 
pseudorandom data pattern. The new method 
can be implemented off line but also can be 
made sufficiently efficient to be implemented 
with a microprocessor for use in self-optimizing 
(adaptive) channel detection circuitry. 

1. Introduction 
Storage-channel identification is the measurement and/or 
computation of the characteristics of the read-back channel 
in a data storage device, such as a magnetic disk, magnetic 
tape, or optical disk. The identified characteristics are most 
often the channel's response to a step input (the "transition" 
response) or to a pulse (the "dibit" response). These 

characteristics are important for many purposes, such as the 

design of the detection circuitry (especially for equalizers and 
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for maximum-likelihood detectors), for determining the 
maximum data density of the device, and for comparing 
various media, heads, and other channel components. 

This paper presents a least-squares procedure for 

identification of the linear time-invariant filter that most 
closely approximates the desired step or pulse responses. The 
storage device is excited with a known data sequence, and, 

later, the read-head response to the known sequence is 
measured (or digitized) at regular intervals. The resulting 

measurements are then processed via the least-squares 
procedure to determine the step and/or pulse responses. 

The resultant estimates of these responses are of 
significantly higher resolution (higher quality) than those 

produced by previous procedures, such as measuring the 
average response to isolated transitions (or isolated dibits) or 

computing the Discrete Fourier Transform (OFT) of the 
response to some known (usually pseudorandom) data 

pattern. Furthermore, the new method, although based on a 
linear model of the channel as presented here, can indicate 
the average accuracy of the linear model over any data 

pattern, thus indicating the presence of potential 
nonlinearities in the responses, unlike the aforementioned 
methods. The degree of agreement between the linear model 

and measurements can be useful in determining the data 
rates at which various data detection methods do and do not 
apply. 

Section 2 defines in more detail the quantities used in 
channel identification and the least-squares procedure, and it 
compares the quality of estimates of the new and previous 

procedures. Section 3 studies some details of the solution 
and displays the results of the new procedure for several 
measurements taken from actual storage devices, including 
magnetic disks with thin-film heads, tape systems with 
magnetoresistive heads. and optical disks. Section 4 is a brief 
conclusion. Appendix A extends the channel identification 
procedure to apply at any digitizer sampling rate (an integer 
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atio of the sampling to data rates is assumed in the main 
body of the paper). Appendix B discusses streamlining of the 
least-squares procedure for possible use with adaptive 
.lctection methods. while Appendix C discusses the detection 
. -,f nonlinearities. 

~ Storage-channel identification methods 
"This section mathematically defines and analyzes the 
~jlantities and procedures used in storage-channel 
Y:c'ntification. Figures I(a) and l(b) summarize the 
cl~nitions used throughout this section. 

• Variable definitions 

.Ie read-back channel and associated identification 
.rameters are illustrated in Figures l(a) and l(b). The 
,ntinuous read-head output signal, d(t), can be modeled in 

;;e of two ways [1): 

( la) 

(I b) 

/N,lere h(t) and h,(t) are the unknown linear time-invariant 
p~llse and step responses, respectively, and u(t) denotes an 
I.l .. acorrelated, additive, zero-mean noise,t xk takes on the 

(1) ues ± I (or + I and 0 for some optical storage systems), 
,mesponding to I's and O's, respectively, in the stored data 

$(.Quence at time kT, I IT is the data rate, and k is an integer. 
In Equation (1 b). Sk can take on the values ±2 or 0 (±I or 0 
ftJr optical) according to the relation 

Noise 
U(I) 

·1 Hb-.: x • h(l) 

Data 
sequence Pulse response Signal 

(a) 

Noise 
U(I) 

-I ~«') sk h,(1) 

Three-level Read 
data sequence Step response 

(b) 

d(mTd ) = L skh,(mTd - kT) + u(mTd ) 
k 

= L skh,[(m - kp)Td ) + u(mTd )· 

k 

The channel is estimated by 

signal 

(5b) 

(2) d(mTd ) ~ L xkw(mTd - kT), (6) 

Likewise. one determines for a linear channel 

h(l) = 11,(1) - h,(I - T). (3) 

It is a property of the method presented that the estimates 
also obey Equation (3); however, it is sometimes informative 
to separately identify h(l) and h,(I), rather than identify only 
one and compute the other from it. It is assumed that d(t) is 
digitized at some rate Td , such that 

(4) 

where p is an integer (~I) oversampling factor. This 
restriction is relaxed to a rational fraction in Appendix A. 
The sampled read-head output is then, with t = mTd in (I). 

d(mT) = L xkh(mTd - kT) + u(mTd ) 
. k 

\rn thoug.h the:" 35sumpuon that the noise IS additive may not be completely true in 
.a('lIl"e. our ohJectl\~ IS to find the values for the parameters in such a model that 

most closely appro\lmate the measured responses. and deviations from such a model 
appear In the tinal rr:suits of the method in this paper. 

k 

where w(I) is a linear filter response whose sampled values at 
times m Td are to be computed via the channel identification 
procedure [ideally w(l) = h(l»). Likewise, for the step 
response, the estimate is 

We also define an error signal 

c(mTd ) ~ d(mTd ) - d(mTd )· 

As an example. note that, if xk or Sk is a sequence 
corresponding to an isolated pulse or transition input. (5a) 
and (5b) reduce to 

(7) 

(8) 

(9a) 

or 

(9b) 

respectively, the desired pulse shapes in noise. Then. w(mT) 

* The reader rna\' oole Ihal (Sa) and (5b) are equivalenllo [I subchanoels. each at 
spacing T: this observation IS exploited to reduce computallon 10 the new procedure 
in Seclion 3_ 
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and H's(mTd ) can be estimated by the averages that M x M matrix inversion is explicit in (13); however, 
because of the special structure in this problem, no matrix 

(lOa) need ever be inverted directly. For more details. see Section 
3 and especially [2]. 

(lOb) 

where the index k denotes the kth experiment. That is, one 
measures the response n times and averages, which is the 
basis for the aforementioned isolated step and dibit 
identification methods. Some deficiencies of the estimates 
identified via such isolated step or pulse methods are 
discussed later. Equations (9) and (10) were given only to 
verify the utility of the definitions in (I )-(8). We now 
proceed with a discussion of the least-squares channel­
identification procedure. 

• The application of least squares 
In the least-squares identification procedure, a known data 
pattern is written on the storage device. The w(mTd ) are 
chosen to minimize 

(II) 

where c(mTd ) is given in (8). If we denote WM •I by the M x I 
column vector 

( 12) 

• A performance measure 
The mean of W M.I can be easily determined as 

[ 
h(O) 1 

h[(M ~ I)Td ] , 

( 17) 

the desired solution, when the above least-squares method is 
used. The Norm Tap Deviation is a mean-square measure of 
statistically how far the estimated W M.I is from H M.I and is 
also easily computed. if u(t) is white (spectrally flat over the 
frequency range of interest), as 

(18) 

where 

(19) 

We show in the next few sections that both the isolated 
transition (or dibit) and DFT methods are special cases of 
the general least-squares method with very special 
restrictions on the input sequence and on M and /. Thus, we 
are able to use (18) as a performance indicator for those 
methods as well. 

then the solution to (II) is conveniently written [2] 

I _I I 

n:~., = (L XM.mX;f.J (L X~f.md(mTd»' 
m-I m-I 

where ' denotes transpose, and 

• Isolated transition example and analysis of resolution 
As an example, once again consider an isolated dibit; then 

(13) X.\I.m has only one nonnegative entry per column and (13) 
reduces to (using generalized inverses. see [3]) 

(14) 

for p = I. There are p - I zeros between entries in (14) if 
p> I. We have further assumed that M is large enough to 
span the nonzero extent of the pulse (step) response in 
intervals of sampling periods or MTd = NT data periods 
containing p samples each, M = Np. Equation (13) can be 
rewritten 

W - R-' P 
.\1.1- AI.! M.I' (15) 

where 

I 

R\I., ~ 7 L XM.mX,;I.m' 
m-I 

I I 

P\I.I ~ 7 L X'f.md(mTd )· 
m=1 

(16) 

A similar expression holds for the step response. with x's 
replaced by s's and \\"S replaced by \\'s's in the solution. Note 

J. M. CIOFFI 
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.' _ [d(MTd)] 
U,\I.I- . . 

d(Td ) 

(20a) 

A string of n "isolated" (far enough apart) dibits occurring 
within a large data record (length I) has a least-squares 
solution. 

In-I [ d(kMTd + Td) ] 
U"II = - L . , 

.. n k-O d(kMTd + MTd) 
(20b) 

that is exactly the same as the isolated pulse solution in 
(lOa). The least-squares identification procedure is more 
general in that the input need not be an isolated transition or 
dibit. 

Equation (18) allows us to compare the quality of the 
least-squares estimates of H v .1 ( WH./) for different input 
sequences. Note that. for a string of n isolated (MTd apart, 
so 1= Mn) inputs. one determines for white zero-mean II 

(21) 
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Pseudorandom sequences are generally desirable [4, 5] for 
channel inputs because of their broadband spectral response. 
An identity for RM •I can easily be determined, if 1 = length of 
the pseudorandom sequence,' as (see [6-8]) 

R,It.l = -7 [(/ + I)IM - IMI;'], (22a) 

where I M is an M x I vector of M ones. One can also easily 
,how that 

(22b) 

Th us. (18) becomes, for a pseudorandom sequence of length 
\f repeated n times, 

I {(n - I)M2 + 2M} 2 I 2 

'llf./ = nM + I (n _ I)M + I U. --+;; u •. (23) 

;'or n = I. there is an improvement of(M + 1)/2 with 
",:spect to (21). As n increases to a large value, there is an 

mprovement by a factor of M in estimate quality, or 
'quivalently. AI more digitized outputs from isolated dibits 
:nust be processed in the isolated dibit identification schemes 
,,) get the same resolution estimates as those prOduced by 
,~ast SQuares with a pseudorandom length-M input. For 
J\'ersampling (p > I), the comparison favors the 
::,scudorandom input by the same amount. Heuristically, 
,hen using pseudorandom or "scrambled" data in channel 
',.1entification. the input is more spectrally "rich" and all 
",',:quencies are more equally weighted than when a single 

; ,ulse is used. The resulting flat nature of the spectrum 
"C5UItS in the inverse autocorrelation matrix being close to an 
: ..ientity which makes 8 M.I in (18) smaller (better). When xk 

has a flat spectrum, Sk does not have a flat spectrum, but a 
,imilar slightly more complex argument can be given to 
justify the least-squares improvements. 

In practice. it may not be difficult to average the extra data 
for the isolated input method. However, there is another 
vcry practical advantage of using more random data. as was 
tirst noted by C. M. Melas [9]. This is that in the isolated 

transition or isolated dibit methods, the AGC (Automatic 
Gain Control) must be removed from the channel to prevent 
the sudden change in energy associated with the isolated 
input from suddenly varying the gain parameter of the AGe. 
Then. the identified pulse characteristics will not include the 
effect of the AGe. This effect can commonly be more than a 
simple gain factor and is determined by the bandwidth and 
tracking rate of the AGe. 

• Comparison with frequency-domain methods 
Another more recent method used in storage-channel 
identification is [4.5, 10] to compute the OFT of the 

~ hen "ht'n the output is oversampled. we show late'T that the only autocorrelation 
matrl\ t1f mt~reSl 15 at the data rate: thus all of the analysis here IS also valId for f? > I. 
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response to some prescribed pattern written on the media. In 
order to invert the OFT to get a time-domain estimate of the 
pulse response, one must first divide the measured OFT by 
the OFT, including phase. of the input before the inverse 
OFT, which [10] also observes. Using this last restriction, 
one can also generalize the methods of [4, 5, 10] to estimate 
the channel response for any inputs, including the ±2, 0 
normally associated with identification of the step 
(transition) response. 

Nevertheless, with the division by input spectra. the 
frequency-domain method is the same as the time-domain 
least-squares method of this paper if M = I. and as we shall 
see, the case M = 1 gives very poor estimate quality. In the 
case that u(mTd ) is white and Gaussian, the least-squares 
method (see [II]) achieves the famed Cramer-Rao bound for 
a fixed I and M; that is, no other estimator has higher 
resolution for the given data. If the assumption on u(t) is 
just white (not also necessarily Gaussian), then the least­
squares estimator is a Best Linear Unbiased Estimator 
(BLUE) [3]. 

Theoretically, the difference between the OFT technique 
and the time-domain least-squares method can be quantified 
via the following analysis. It is usually wise to pick M < I so 
as to introduce more noise averaging, or equivalently. to 
make the Cramer-Rao bound lower for fewer parameters. 
Generally speaking, in any estimation scheme. we desire 
I> M to get good quality estimates. Nevertheless. picking M 
too small can introduce extraneous harmonic distortion in 
the estimated step response. The time-domain least-squares 
method can be rewritten as that WM,I that minimizes [2] 

~AI.I = £:'f,I£M,1 = II!M,/1I 2, 

where 

t =d -X W _M.I _1.1 _M,I.I M,I 

and 

(24) 

(25) 

[ 
Xk ] 

!/,k = . , 
X k _ I+ 1 

(26a) 

where p - I zeros can be inserted between nonzero entries in 

~/,k and 

(26b) 

The OFT-based method is a special case of a linear AI x I 
transformation on C,If./' that is, let 

f"f./ = <1>£.11,1 , (27) 

where <I> is an M x I (possibly complex) matrix representing 

the linear transformation. Then 

where * denotes conjugate transpose. If <I> is a unitary 

transformation (<1>*<1> = 1). then 

(28) 
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Using our performance measure in (18) and (23) (n = I, 
1= M) again, one determines the estimate quality as 

(33) 

while the general formula for a pseudorandom sequence of 
length I with M parameters is 

211l + MI - M2 , 
(J = (1-

,II.' (/ + 1)(1 - M + I) ,,' 
(34) 

Substitution of I = 10M, a good practical rule of thumb, into 
(34) yields the advantage 

~= 2/(0.91 + I) = 20 (0.91 + I) 
(J.lf.I 0.09f2 + 0.21 (0.91 + 2) . 

(35) 

Even for I;;; 1000, another reasonable number, the 

improvement in (35) is close to its limiting value of 20. This 
large improvement is typically evident when comparing the 

spectra of a pulse produced by the time-domain least squares 
and by the DFT method, as we have illustrated in Figures 
2(a) and 2(b). Note from the level of "frequency ripple~ in 

the DFT plot that the time-domain least squares is at least 
0'--_---'-__ '--_---'-__ ..1..-_--1. __ -'-_--1._---' an order of magnitude improvement. Also note the lower 

o 4 "noise level~ at higher frequencies with the least-squares 

Frequency (units of II T) 

Comparison of DFf and least squares for (a) 8-bit and (b) 16-bit 
periods. 

(29) 

and the minimized ~.\f.' is obtained by 

~M.' = 4>* fAt., . (30) 

In the DFT methods of [4, 5], the matrix 4> is chosen. under 
(he very special assumptions (hat M = I and the input is 
periodic (pseudorandom) of length 1= M, as 

I 
<P=4> =-. ~f ..1M 

where 

.211" 
W, = I IT i = 0, ... , M - I. 

(31 ) 

(32) 

<PI/ can easily be shown to be unitary [12]. so the relation in 
(29) holds. apparently yielding the time-domain least-squares 

solution. <I>*., is the inverse DFT in this case. However. in the 
time-domain method of this paper. JI is much less than 
I to average the effects of noise and other non ideal effects. 
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identification procedure. It is also important to note that 
1= M = 2' - I (i a positive integer) for a pseudorandom 
input, which, at least, requires special attention for efficient 
DFT implementation [12-14]. The reason for the two 
different lengths (M's) in Figures 3(a) and 3(b) is discussed 

later . 

• An averaged DFT identification scheme 
Here. we propose an averaged DFT method for the special 
case that 1 = nM, where n is an integer greater than I, and 

the input sequence is periodic with period M. [The case of 
oversampling (p > I) is identical for each of the subchannels 

(see Section 3).] There is a very special set of circumstances 
when the inverted matrix in (13) is Toeplitz and DFTs can 
be used. Generally. (13) is not Toeplitz and DFTs are not 
appropriate. This method is equivalent to least squares, as 
can be seen from the following. Define 4>, by 

P., ~ [4>ot;< ~] . 
o 0 . <p.\! 

Multiplication by <I> is equivalent to n M-point DFTs 

performed on the n groups of M inputs. Note that P.I is 
unitary. 

(36) 

P.1P.r = I. (37) 

The least-squares estimates in the frequency domain are 
given for each frequency bIn by 
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L lI(k. i)x*(k) L lI(k. i) 

II(k) = 1=1 i-=I 
n 

x(k) 
L x(k)x*(k) 

n 

i_I 

k=O .. ··,M-I, (38) 

where v(k) and x(k) are the M-point DFfs of WM .I and 

\"'1.1/' respectively. lI(k, i) is the M-point DFf of the time 
<;eries dk in the ith of the n groups. Equation (38) is really the 
a verage of n uses of the original DFf method, when a 
~)eriod-.\I input is recycled to filii time periods. Then, some 
:lVeraging will be introduced, in the optimal least-squares 
·,ense. into the DFf identification scheme. The method of 
, .16) and (38). because of (37), is equivalent to an I-point 
':ast-squares time-domain procedure. Of course, an inverse 
:)IT on the quantities in (38) must be performed to obtain 

. '1e desired time-domain parameters, W M.I' This method 
~quires the unnecessary imposition of an integer ratio 
'1:striction on I and m, which is not required in the more 
~neral and straightforward time-domain least-squares 
',llution (13). 

•. 1 I/ote on maximum-likelihood detection schemes 
;'he identified responses can be used in Maximum­
;jkeIihood Sequence Detection (MLSD) [15,16]. In this 
c';tse. the Mean Square Error (MSE) is a more useful estimate 
.J performance than (18). It is shown in [17] that (given a 
.:ertain input sequence) 

\'. here "'r.II .1 is given by 

'11.1 = I - X;I.IR;I~/XM.I 

(39) 

(40) 

Jnd ' denotes transpose. One also can show (see [17]) that 

OS "Y.II.I S I; (41) 

thus. the worst (because the desired value is 0':) MSE after M 
measurements is 

.\!SE~"r5\ = 0, (42) 

which is exactly the value given by a length-M 
pseudorandom sequence. In fact, it is shown in [8] that 
choices for xk other than length-M pseudorandom sequences 
can yield MSE between 0 and 0': after M data points, while 
still maintaining good (low) E[li W\I.I- HM./ 1I 2]. Thus the 
length-.\! pseudorandom sequence may not be the best 
training sequence if MLSD is used. Some data with statistics 
equivalent to what is expected in actual use would be the 
hest choice for MLSD and other similar sampling detection 

schemes. 

• Sigl/a/·to-I/oise ratio estimation 
The SNR for the read-head response can be estimated (when 
. \/ « I) by 

IB\! J Rf.S. OEVELOP \·OL.)O ~o \l~Y 198" :SM SJ 433 

(43) 

where II J-J'M.ln 2/p is the signal power for the binary input to 
the pulse response. and ~Mjl- N is the noise power. 
However. one must ensure that data measured at the read­
head output have NOT BEEN AVERAGED before 
digitizing to ensure a meaningful estimate in (43). Also, as 
Howell [4] has noted. that distortion in the measuring 
devices. particularly the nonlinearities in the CRT sweep rate 
if a storage scope is used. can add appreciable noise not 
inherent in the actual storage channel. Of course, such 
contamination would leave (37) as a measure of the mean­
square distortion in the measuring procedure, rather than 
the desired channel noise + media noise + modeling mean­
square errors. Even if measurements are carefully taken, (43) 

is usually more indicative of the levels of nonlinear 
mismatch to the model and can therefore be very useful in 
evaluating the potential success or failure of advanced 
detection schemes. 

• Determination of M 
We have previously assumed that ·the order M (number of 
identified parameters) was overestimated or known a priori. 
However. the best quality estimate for I data points is given 
by the so-called "Minimum Description Length~ principle of 
[18]. which jointly estimates M and the corresponding W.U.I 

for I-points. The improvement in the general storage-channel 
identification problem is negligible if I ~ 10M. It is 
interesting to understand just what happens if M is chosen 
too small. Suppose h(kTd ) ¢ 0 for k < 0, k> M. Then 
u(kTd ) can be modeled as the sum of white noise and the 
distortion caused by the neglected terms in h. This second 
distortion term is just a linear filter acting on the 
pseudorandom pattern. When oversampled. the output of 
such a filter is the product of its transfer function and the 
transform of the oversampled pseudorandom pattern. The 
response of the oversampled pseudorandom pattern can 
easily be shown to be maximum at multiples of I/T. thus 
explaining why choosing M larger in Figure 2(b) than in 
Figure 2(a) caused the "harmonics" to disappear. Of course, 
picking M too large as in the DFf methods has a far more 
distorting effect on the output because of the lack of noise 
averaging. Generally speaking, conservative values for AI and 
I are 15 bit periods and I = 10M. respectively. 

• Summary 
In this section. we have introduced the least-squares channel­
identification procedure. compared its performance with 
other commonly used procedures. and found the least­
SQuares method superior in the quality of estimates that it 
produces. We now turn to implementation/programming of 

this new procedure . 
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3. Efficient implementation of the off-line least­
squares identification procedure 
The time-domain least-squares solution is described using a 
matrix inverse in (13). This matrix can be large, requiring 
large storage and long processing time in an off-line 
computer program implementing the inversion. However, 
matrix inversion can be avoided to simplify the 
determination of W'f.I" This section describes several special 
features of the least-squares procedure that can be used to 
reduce considerably the computation and storage in an off­
line implementation. Such simplifications could also become 
important if the characteristics of each particular storage 
device, and possibly at several different radii on each, were 
to be computed during the manufacturing process either for 
identifying defective devices or for optimization of the 
channel-detection circuitry for each particular unit. An 
efficient on-line procedure. similar to that of [8]. is suggested 
in Appendix B. 

• Suhchannels 
In most cases of practical interest. the oversampling factor p 

(44) 

where denotes the "greatest integer less than." and i takes 
the values 0, ... , p - I. Equation (Sa) is rewritten [(5b) can 
be similarly rewritten] 

d(nT + iTd) = L xkh[(n - kiT + iTdl + u(nT + iTd). (45) 

The index i has no effect upon the convolution operation, 
and the p phases of d(mTd ) per sample period, T = pTd , are 
described by 

id• = L xk'hn_ k - 'Un 
k 

i = 0, ... , p - I, (46) 

where the ihn are i independent "subchannels." With minor 
algebra, one can reduce the least-squares identification 
procedure to p subprocedures that can all be solved . 
separately_ The p solutions can be interspersed to obtain 
WM .I = W".p.l' where N = M/p (we assume that p divides M 
or that M is picked slightly larger so that it does). Then, only 
one N x N matrix need be inverted (it is the same for all 
subchannels), rather than one M x Ai matrix, a considerable 
computational and storage saving. This matrix is the 
autocorrelation matrix of the input data alluded to in an 
earlier footnote (§). However, much greater savings are also 
available. 

• Use offasl algorilhms 
The most efficient solution to the genera/least-squares 
identification problem appears in [2]. The DFT cannot be 
used in the general least-squares filtering problem because a 
Toeplitz structure must be imposed on (13) for its use. This 
solution requires about 

(p; I) IN + 4.5N2 + pN2 (47) 

multiplications, divisions, and additions in comparison to 
O(NJ ) for straightforward matrix inversion. [O(x) is a 
number that asymptotically rises no faster than in direct 
proportion to x.l The term (IN/p) + 4.5N2 is the fixed cost 
of the equivalent of inverting the matrix RN,liP (fixed because 
it is the same for each subchannel); the remaining term 
pN2 + IN is the additional cost, at N 2 + !N/p per subchannel, 
for compt.,;ting the equivalent of the product R~JIIP 'PA,IIP = 

'W"'.IIP for each of the p subchannels. The storage 
requirements are about 6N + 21 locations for the algorithm 
in [2]. The cost reductions accrue to the shifted nature of 
.r,.k with respect to X u .- J • or equivalently. that R'.IIP can be 
rewritten as a product of Toeplitz matrices, 

(48) 

where X,\Jk is defined in (26b). For more details, see [2]. 

• Choice o(,he inplIl sequence 

Further computational and storage reductions are possible if 
v,o is greater than one, Then. one writes mTJ = liT + iTJ • where the length-I sequence Xu is chosen beforehand for all storage 
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".ep reSr"ll>eS for (a) thin-film mediulll and thin-film head and 
.) i',,,'ric'ul'lle ll1ediUIll and thin-film head, 

,:.mnels to be identified. A currently popular choice is a 63-
, ! pseudorandom sequence. When the input data sequence 

'. known beforehand, many of the quantities in the Fast 
: ~H'TF) algorithm of [2] can be precomputed and stored 
"nce. reducing computation to 

\. + IS 

:l1ultiplications and additions (no divides) and storage 
!r;]ndomaccess) to about 

2,\ + I 

(49) 

(50) 

locations. Neither these counts nor the counts in (47) and 
(.N) can be matched by the DFT or other methods of 
comparable estimate quality for reasonable N (20 or less). 
Asymptotically. because of the N log2 N computation in FIT 
implementations of the DFT. these FIT methods may have 
elI1 advantage in terms of computational requirements. but N 
IS never chosen that large in practice. 

• r Ifll'rtillel/fal reslIllS 

rll demonstrate the robustness of the new least-squares 
IlkntJtlCal!on method. several channel pulse shapes are 
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(a) Pulse response of optical medium at I Mb/s (de removed) and 
(b) Fourier transform of pulse response, 

plotted in Figures 3(a) and 3(b), while the corresponding 
steps are plotted in Figures 4(a) and 4(b). These responses 
were obtained using the new procedure for a 63-bit 
pseudorandom sequence on digitized measurements of a 
thin-film disk/thin-film head channel [Figures 3(a) and 4(a)]. 
and on a particulate disk/thin-film head channel [Figures 
3(b) and 4(b)]. The measurements were taken at several 
different diameters on each device. The diameters for Figures 
3(a) and 4(a) were 105. 120. 135. 150. and 165 mm. while 
those for 3(b) and 4(b) were 103. 136. and 172 mm. Figures 
5(a) and 5(b) show the pulse response and its spectrum. 
respectively. for an optical storage device. In Figures 6(a) 
and 6(b). we have plotted pulse and step responses for a 
magnetoresistive head in a magnetic-tape system: this time a 
62-bit pattern corresponding to NRZI coding of two cycles 
ofa 31-bit pseudorandom data pattern was used [10]. In 
Figure 7. the delay for the magnetoresistive head is plotted 
to illustrate the ability of the new least-squares identification 

1, M CJO~l 

317 



.. 18 

------------------...... ..........-
(a) Appendix A: Arbitrary sampling rates 

0.2 In this appendix. the sampling interval Td is permitted to 

0.1 -
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-0.1 
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o 40 80 120 160 

Time iterations 

(a) Pulse response and (b) step response of magnelOresistive head. 

procedure to capture that quantity as well. The dc level was 
removed from the desired signal for the optical device to 
facilitate inspection of the plots; the true optical channel is a 
baseband channel. The plots in Figures 3. 4, and 5 
demonstrate the robust utility of the least-squares procedure. 

4. Conclusions 
In this paper, we have introduced a new least-squares 
storage-channel identification procedure. We have analyzed 
the procedure thoroughly and demonstrated via experiment 
its utility and its improvements over existing methods. 
Several methods for reducing the implementational cost of 
the procedure were also discussed. The procedure can 
become a uniform standard for identifying and comparing 
the channel characteristics of various storage media. 
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take the values 

T,,= qT. 
p 

(AI) 

where q and p are relatively prime positive integers such that 
q < p. Any arbitrary ratio of sampling to data rates can be as 
closely approximated as desired by the relation in (A I). as 
long as it is known, which implies some synchronization 
between digitizer and write clock. We also define a smaller 
time interval T by 

(A2) 

or 

(A3) 

The samples at rate Td can be organized into successive 
disjoint sets of p members and of duration pTd = pqT. Then 
any sampling instant mTd can be rewritten as 

mT" = npqT + iqT = (np + i)Td 

i = 0, ... , p - I. 

The equivalent of (37) becomes 

d[npqT + iqT] = L h(npqT - kPT + iqT)xk 
k 

(A4) 

+ u(npqT + iqT). (A5) 

Note that, if p and q are relatively prime. as was assumed 
earlier. then II will be specified at intervals of Tin (A5). or 
equivalently at all time instants that are integer multiples of 
T. At sample i within each group of p samples, only the 
values h(kpT + iqT). where k is any integer. contribute to 
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... 

d( npqT + iqT). Thus. d has p phases per group of p samples 
that can be independently modeled as 

'dnp = L x:hnq _k - iunp i = O •... , p - I, (A6) 

where, again. 

'lin = h(nT + iTd) (A7) 

and 

'dn = d(n!'d + iTd); 
i un = u(nT + iTd) (A8) 

for i = O ... " p - I. Each of the subchannels can be 

identified independently and the resultant responses overlaid 
(with delays of T with respect to one another). The overall 
response can then be used directly or decimated to pT (the 
data rate), qT (the sampling rate), or any other integer divisor 
of the rate l/T. An important point to note is that there is a 
loss in resolution of a factor of approximately q for any fixed 
data length I with respect to the case where Td = T/p. This 
iJst fact makes the alternative of resampling the data or 
rhase-Iocking the ADC used to acquire the data (set q = I) 
\ cry attractive from a performance viewpoint. 

~ppendix B: On-line efficiency 
It is possible to implement the least-squares storage-channel 
ldentification method in a sample-recursive manner. The 
procedure becomes a special case of the one considered 
previously by this author for echo cancelers in data 
transmission in [8]. The storage identification procedure 
could be performed on line, for example, to initialize, and 
possibly update (see [15, 16]. a Maximum-Likelihood 
Sequence Detection Circuit. 

A brief sum mary of the procedure is, where k is the 
recursive time index, 

and where 

(BI) 

(82) 

C II , is an M x 1 function of the input (presumably known 
or "training") data sequence and is given by 

k 

Cit, = (L XM.kX~.kr XM .k , (B3) 
m-O 

and is presumably precomputed and stored prior to use. For 
more details on this procedure, and for an efficient recursive 
computation of CHI when there is no prespecified training 
sequence. see [2. 8. 17. 19]. A final note is that. if the signal 
written just prior to the start of training is an erasure. then 
the prewindowed exact-initialization method of [8. 17] 
applies. rendering extremely low computational 
requirements: (8!) and (83) simplify dramatically in that 
case. 
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Appendix C: Methods for nonlinear identification 
The study of nonlinear identification of a data channel is an 
entire subject area in itself. For instance. one can refer to 
[20] and [21] for methods based on simplification of 
Volterra series under the constraints of a binary input. Here. 
a simple method suffices to verify the presence/absence of 
appreciable nonlinearities and to roughly Quantify their 
magnitudes relative to the linear component of the channel 
response. 

SNR measurement 
Estimation of the SNR was discussed earlier. The minimized 

sum of squared errors. ~.\I.I' contains a component due to 
modeling error. If J1 is sufficiently large. most of this 
modeling error is due to nonlinearities. The size of the SNR 
is indicative of the level of nonlinearities. Generally 
speaking. SNRs well below those expected can be indicative 
of large modeling errors due to nonlinearities. Thus. one can 
use the size of the SNR as an indicator of nonlinearities. 
given that he has some prior experience with the particular 
media and head and knows what to expect in terms of a 
nominal SNR value. This type of procedure requires a very 
accurate phase-lock to the underlying data rate to ensure 
that nonlinearities are not artificially inserted by sampling­
phase errors in the measurement process. 
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APPLICATIONS OF A PEAK DETECTION CHANNEL MODEL 

P. H. Siegel 

Abstract - A computer model of a peak detecting magnetic recording 
channel has been implemented and used for channel design and perform­
ance evaluation. The model predicts raw error rate, ontrack and off­
track, as a function of linear density, run-length-limited (RLL) modu­
lation code, write precompensation rules, .and tapped-delay-line (TDL) 
equalizer. It assumes noise additivity and validity of linear superposi­
tion, and it bases calculations on a measured disk/electronics noise 
spectrum and digitized isolated transition read back signals from the data 
track and adjacent tracks. Details of the model are described, and 
illustrative applications to RLL (d,k) code selection and pulse slimming 
equalizer design for a specific channel are discussed. 

INTRODUCTION 

There are a number of signal processing options available which 
have the potential to increase areal density and reliability of peak de­
tecting magnetic recording channels. Among these are modulation 
coding, write precompensation, and pulse slimming equalization. Assum­
ing additivity of disk/electronics noise and adjacent track noise, and 
validity of linear superposition in the readback process, we have devel­
oped a model of a peak detection channel which predicts raw error rate 
as a function of linear density and specified signal processing. The basic 
methodology employed is similar to that suggested by Katz and Camp­
bell [1) . 

. Novel features of the model, 

of a geneiraillifio.rmillillllillilillllllliilill 

write precompensation rules, and the incorporation of 
equalizer for general read equalization capability. 
We discuss below some of the technical aspects of the model. 

We then address two applications to a specific disk channel: a compari­
son of RLL code performance, and the selection of a minimum noise 
pulse slimming equalizer. 

INTERSYMBOL INTERFERENCE AND CODE PATTERNS 

lntersymbol interference (lSI) affects the peak position and peak 
amplitude of the pulse resulting from a given transition. We compute an 
odd lSI length L, where L is the number of bits needed to account for 
pulse interactions. We calculate a cubic spline fit of a digitized read­
back pulse from the data track, as shown in Fig. 1. Then, using linear 
superposition, we simulate the readback signal corresponding to each 
(d.k) pattern of length L having a central transition. The differentiated 
signal is also calculated with the spline coefficients. The position of the 
central peak is located by use of a Newton-Raphson iterative search for 
a zero-crossing in the differentiated waveform, and the central peak 
amplitude is then found. The model next computes the values of the 
differentiated waveform at the edges of the detection window corre­
sponding to the central transition. Two types of clocking are consid­
ered: an absolute clock and a mean-centered clock. The window for the 
mean-centered clock is centered around the average peak position 
described below, and represents an approximation to the window found 
in a channel with a PLL (phase locked loop). The waveform derivatives 
at the detection window edges are required for the bit shift error rate 
prediction. The average peak position is found by weighting the calcu­
lated peak positions for all patterns according to the Shannon pattern 
probabilities, and summing. The pattern probabilities indicate the 
frequency of occurrence of each pattern in encoded random data for an 
ideal (d,k) code. Since run-lengths are uncorrelated in an ideal code, 
the pattern probabilities are found by taking suitable products of run­
length probabilities which we compute using techniques from informa­
tion theory. 

Manuscript received June 16, 19S2. 
The author is with IBM Research Laboratory, San Jose, California 
95193. U.S.A. 

Write precompeIlsation rules can be specified in order to reduce 
the effects of intersymbol interference. The rules are pattern dependent 
adjustments of the recorded transition positions: a transition is advanced 
or delayed by a specified amount according to the code pattern context 
in which it occurs. 
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Fig. 1. Digitized isolated transition Fig. 2. Digitized disk/electronics 
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NOISE STATISTICS 

The error rate calculation also requires a probability density 
function for noise and differentiated noise. For the disk/electronics 
noise, we digitize a noise power spectrum measured on a spectrum 
an'alyzer, as shown in Fig. 2. Normal probability plots of noise sample 
values measured from a dc-erased disk indicate that a Gaussian distribu­
tion fits the data out to at least three standard deviations. We take a 
Gaussian distribution for the disk/electronics noise, with mean zero and 
variance given by the numerical integral of the measured spectrum. A 
Gaussian distribution for the noise leads to simplifications in dealing 
with the differentiated noise as well. The derivative, n', of a Gaussian 
noise process n is again Gaussian [4), and the power spectrum T(f) of 
the differentiated noise is related to that of the original noise spectrum 
S(f) by the expression: 

T(j) = (2'rTfl S(j). (1) 

From the digitized S(f), we then compute the variance of the differenti­
ated noise as the numerical integral of T(f). We model the distribution 
of n' as Gaussian with mean zero and with this variance. 
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For adjacent track interference (cross-talk), we assume that 
side-reading of the nearest adjacent track on each side of the data track 
dominates the cross-talk signal. The read back signal from an isolated 
transition written on the adjacent track is digitized for the head position 
of interest. Figure 3 shows the readback pulses from the near and far 
adjacent tracks when the head is 4" offtrack. Using a cubic spline fit 
and linear superposition, t·he read back waveform from several hundred 
bits of a pseudorandom (d,k) coded sequence h simulated and sampled 
up to 20 times per clock period. A histogram is made from the sample 
set as an estimate of the distribution density of samples from the adja­
cent track. If we assume no correlation between signals from different 
tracks, the total cross-talk density is estimated by taking the discrete 
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convolution of the histogram densities from the two tracks. Histograms 
from a 4/1 head offset at a linear density of 18 kbpi with the (2,7) code 
are shown in Fig. 4, along with their convolution. The analogous calcu­
lation is then carried out for the samples of the waveform derivative. 
The distribution for combined disk/electronics and cross-talk noise can 
then be computed by discrete convolution. 

ERROR RA TE CALCULATION 

Given that the signal has a pulse peak in the detection window 
W, the probability of noise-induced bit shift error. is the probability that 
the differentiated signal plus differentiated noise waveform will fail to 
have a zero crossing within W: 

Pre s'(t) + n'(t) < 0 or s'(I) + n'(I) > 0, for I in W) . (2) 

Solving for this level-crossing probability exactly is a difficult mathemat­
ical problem, even when n is a Gaussian process. We use instead a 
convenient approximation, suggested by A. Milewski, which is a reason­
ably tight upper bound in the case of band limited noise. The probability 
is bounded above by the sum of the probabilities of the two events, for 
which simple upper bounds exist. For the first event, let I t be the time 
where the signal derivative is positive and of largest magnitude. Then, 

Pre S'(I) + n'(I) < 0, for I in W) ::; Pre n'(I]) < -/(1]) ). (3) 

Similarly, if 12 is the time where the signal derivative is negative and of 
largest absolute value, 

Pre S'(I) + n'(!) > 0, for I in W) ::; Pre n'(12) > -S'(12) ). (4) 

In practice, I] and 12 have been found to lie at the detection window 
edges for the channels and densities studied. So, the approximations are 
evaluated at those points, using the waveform derivatives at the window 
edges and the noise distributions described above. We (lote that this 
upper bound has proven to be tighter than the approximation suggested 
in [1) which extrapolates the waveform derivatives at the window edges 
from the zero-crossing 10 along a line of slope s"(lo) . See Fig. 5. 

The probability of missing bit error depends on the clip level C, 
which represents the minimum amplitude necessary to detect a peak in 
the readback signal. The probability of interest is 

Pre I set) + net) I < C, for I in W) . (5) 

This represents a level-crossing probability which we approximate with 
the simple upper bound 

Pre I s(lo) + n(lo) I < C ) . (6) 

This probability is evaluated with' the computed signal peak amplitude 
s(lo) and the noise distributions. See Fig. 6. 

These error probability bounds may be used for approximate 
worst case pattern analysis. A weighted average using Shannon pattern 
probabilities provides an estimate of the overall error rate for encoded 
random data. 

\ 
\ , 

Fig. 5. Peak shift error rate 
approximation. 
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Fig. 6. Missing bit error rate 
approximation. 

APPLICATIONS 

We now discuss two applications of the model to a disk channel 
with a thin film head and particulate medium. Measurements were made 
at the inner diameter. Track pitch was 3D!'. 
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RLL code comparison 

We predicted the performance of (1,8) and (2,7) codes at three 
head positions - ontrack, 2/l off track and 4/l off track. The clip level 
was assumed to be 40% of the base-to-peak amplitude of the data track 
pulse. No write precompensation or pulse slimming equalization was 
used. The resulting error rate/linear density tradeoff curves are shown 
in Figs. 7 and 8. For the (1,8) code, peak shift errors dominated at 
densities less than 20 kbpi, while missing bits were the major error 
mechanism at higher densities. For the (2,7) code, however, peak shift 
errors were the primary determinant of error rate at all densities consid­
ered. The model indicates that at densities less than 20 kbpi, the 0,11) 
code has lower average error rates than the (2,7) code. At higher 
densities, the loss of signal amplitude degrades the (1,8) performance. 
In the range of error rates from IE-12 to IE-8, the (1,8) code provides 
a density advantage of slightly more than 5 %. This result is consistent 
with the conclusions reached by Fisher and Newman in (5). 

Table I shows a list of worst case patterns with L - 15 for the 
density 18 kbpi, as calculated by the model, along with peak shift, peak 
amplitude, and probability of error for ontrack operation. In general, 
the worst case patterns highlight features of the digitized pulses and can 
be used to assess the impact of peculiarities of pulse shape on error rate. 
Here, patterns with a minimum length run followed by a long run clearly 
affect the performance most severely, reflecting the pulse asymmetry. 

> 
+-' 

-.Cl 
co 

-.Cl 
0 ... 

C-... 
0 ... ... 

LlJ 
OJ 
0 

--.J 

> 
+-' 

-.Cl 
co 

.D 
0 ... 
c-... 
0 ... ... 

LlJ 
OJ 
0 
-1 

0 

-4 I ~ ~ ..-/ 

I ... J .. /~ ~ 
-8 

/1 ./ V 1 4,u offtrack 

y/ ~ -t 2,u off track V 

-12 
Vy~ Ontrack I I 
VI 
V 

-16 
14 

0 

-4 

-8 

-12 

-16 
14 

1 I ! I 
16 18 20 22 
. Linear Density (kbpi) 

Fig. 7. Simulated performance of (1,8) code. 

I 

2,u offtrackl 

I I 
I 

! 
! 

16 18 20 22 

Linear Density (kbpi) 

Fig. 8. Simulated performance of (2,7) code. 

I 

I 
I 

24 

24 



1252 

Peakshift Relative Probability Pattern 
(ns) Amplitude of Error 

7.1 .85 4.13E-5 100001010000101 
7.0 .84 3.14E-5 010001010000101 
7.1 .86 2.94E-5 100001010000 I 00 
7.2 .83 2.59E-5 000101010000101 
7.0 .86 2.23E-5 010001010000100 

(1,8) code, 25.1 ns window 

5.6 .90 1.73E-3 010010010000001 
5.3 .89 8.83E-4 000010010000001 
5.5 .91 7.40E-4 100010010000001 
5.6 . 92 5.77E-4 010010010000010 
5.2 .87 4.22E-4 010010010000000 

(2,7) code, 18.9 ns window 

TABLE I: Worst case patterns at 18 kbpi. 

Pulse slimming equalizer evaluation 

Barbosa (6) has reported on a design method for minimum noise 
pulse slimming equalizers. For a given channel and linear density, he 
constructs a one-parameter family of TDL equalizers, each of which 
maximizes the degree of slimming subject to a noise penalty constraint. 
At densities from 14 to 24 kbpi, we used the model to select the noise 
penalty for which the corresponding equalizer gives the smallest average 
ontrack error rate. The (2,7) code was used, and no cross-talk was 
considered. The on track and off track performance of the selected 
equalizer was then calculated, with cross-talk included. The results for 
the equalized channel with (2,7) code are shown in Fig. 9. 

The conclusion based on the ontrack performance is that these 
equalizers can increase linear density between 10% and 20% in the 
range of ontrack error rates from IE-12 to IE-8. The equalized channel 
is not sensitive to small off track excursions, but the off track perform­
ance deteriorates as off track distance increases from 21" to 41" because 
of the enhancement of the cross-talk signal by the equalizer. 

The worst case patterns were found to reflect the positions of 
the sidelobes of the equalized pulse. For example, at 20 kbpi, with a 
detection window of 17.05 ns, and with the equalized pulse shown in 
Fig~ 10, the worst case patterns had runs of 4 zeros preceding and 
following the central transition, that is, I 0 0 0 0 1 0 0 0 0 1 . 
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CONCLUSIONS 

We have described a computer model which predicts raw error 
rates for a peak detecting magnetic recording channel. Off track per­
formance is predicted by inclusion of adjacent track interference effects. 
Calculations are based on measured channel characteristics: step respon­
ses from the data and adjacent tracks, and a disk/electronics noise 
spectrum. The model also permits the evaluation of several signal 
processing options, individually and in combination: RLL code, write 
precompensation, and pulse slimming equalization. In addition to error 
rates, the model provides useful information about dominant error 
mechanisms and error sources both for worst case code patterns and for 
random coded data. Results of (d,k) code comparison and TDL equaliz­
er evaluation for a specific disk channel were discussed. 
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StJm1ARY 

Tbe peak s hitt geDerated LD d:gital mailletic 
recording processes is ODe of tbe most importa.l:1t 
obstacles to high-deDSity recordi.og. Tbe pri.ocl­
pal causes of peak sbift.s are waveform iDtener­
ence efiects aDd Doise. Of these cau.ses, ollly the 
coise compoDects have been subjected to empiri­
cal treatme:lt. l.Il this paper we developed a prob­
a.bUistic a.z:.alysis of the peak sbUt due to noise. 
Geoe rations of the peak shift are treated as prob­
abUistiC distributions a.nd the corresponding dis­
tributioD fWlctions aDd coD1ribution to tbe pbas e 
margi.o are theoretically derived. Tbe results 
sbow tba.t wben GaussiaD noise is superimposed 
on read-out .ignals from the bead, generation of 
peak 5b..i.1t.s due to the Doise also exhibits a Ga.us­
ai.a.D distribl:1ion. Witb the varil.D.Ce of the dis­
b'ibution as 0-2, the maximum peak shlft is 55 
- '1 a and the loss of phase margiD 1s 11 - 14 0'. 
The theolj" is appUed to tbe MTlol recordi.o.g SY5-
te:n aDd the peak sbiAs of 2F, 1F and 11101 pat­
terns due to the whu.e noise are obtalDed. The 
ratio of these peak sbifts takes I.D almos t COD­
.tam value of 1 : 1. 3 : 1.2 LD the region where the 
resolviDg power Is SO to '10%. n Is fouud t.ba.t 
the tbeoretical prediction and the ex:perimemal 
d.a:.a agree very well for 111 01 patterJa. 

1. lDtrodUCtlOD 

Improvemeat of recordlDg density is a.n im­
po:rta.Dt problem LD m.apetic devices luch as mac­
Detle disks cd drums. ODe of difficulties en­
cOWltered LD higb-dens tty record.1ng systems 15 
t:be generation of peak shifts. IDfonr.atlon v.-rit­
ten OEl disks and drums as magDf"tic reversal pa.t­
te rn.s is read out at mapetic beads and regen­
erated by detecting the peaks of read-out "I\,·a .... -
focns. \\1leD the recording de"\Sity on diSks a.DC 
cir..u:ls 11 iDCreased, peak sbifts 1D the read-out 
wtLveforms become Wier due to illterbit wavefor:: 

'17 

1Dtenerence, reswtiDg 1D degradation of tbe Si\ 
ratio. If peak sb~ become excessh'ely larie. 
rea.d-out errors ~cur and it is no longer possible 
to derive recorQe.C iD.fon::o.atiollS from the read-
01:1 waveforms. 

PriDCipal causes of peak sbUh are ,,"ave!crm 
lDtenere%l.Ce &Cd waveform jJ!ter due to noise. 
.A Dum.ber of theoretical and experimelltal studies 
have beell conducted on the wavefor.::. interference 
effects [1-3] I.llC some efforts to reduce peak 
sb.ifts have been tested u.s!J:l.g cirf;;!lt technl~ues, 
sucb as wavefor=. equaliz.ation, tba.t make !l.::ie of 
wavefor:D characteristics [4, 5]. OEl the other 
wd, ollly empirical tre:a.t:::lents bave been dOlle 
on peak sh.i.fU cau.sed by ElOise I.lld llO specific 
quaD11ta1ive analysis bas beell conducted. .ID 
present-day magnetic recording d~icest s:.; 
ratios are ateadlly deereasillg beea~se of the re­
ciu.etion of read-out valta.ges i.o the head as aceo%:­
p8.llied with LDcreased recording densities ac.d be­
cau.se of the LDcrease LD ElOise baDdw'idtb due to 
bliber record.ing a.nd rerenera.ti.Dg freq:.lencies. 
Ju a result, the effect of the DoiSe bas l=:-eased 
a.nd methods must be developed for q\:.3.lltita!ive 
analysis of peak sbjjb caused by the noise. :F~­
tbennore, a design procedOU"e for recording and 
regeneratiDC systems i.e Deecied by which the over­
all peak shifts cau.sed by botb wave!or.c iDter.er­
eDCe aDd DOlle effects may be mlnimi%ed. 

ODe of the characteriStics of the peak sbit: 
caused by the Eloise is its ra.neomlleSS. ThiS is 
because the Dotse pnen.tion Is also random. 
HellC!, for quantitative treatmeDt of t!le peak 
shifts caused by D.Oise 1t is necessary to introduce 
a probabilistic :pproacb. Although M.allicso:l 16] . 
I.Dd Kobayas hi (7) aoa!y:zed noise ill l\'"RZ recor:l-
1ng systems 1Il a proba,:,Uistic ::l.a:r.er. tbey bave 
Elot considered peak shifts at all. 

In this paper, a methoc! previously proposed by 
the autbors [S] is extended to tile proba!:JWst ic 



analys~ of peak shUts caused by noise. a.Dd the 
probabUity distributLon of peak shi.ft.s and their 
contriblltion to the phase ma.%'iin are quantitatively 
de rived. The theory 1s applied to the case of 
l.Inl recording systems. and the amounts of 
peak shiAs caused by the DO~e are computed for 
several pra.ctical patte n:s • F1Dally. experimental 
ftsults are compared with theoretical. predictions. 

2. Peak Sh1ft.s Cau.sed by Noise 

2.1 NoiSe 

JD mAiD-tic diSks and d.:rams. tmrm.atlon writ­
tlen on the recorc:l.LDc me<ii1ZC1 as mapet1zatlon re­
"'1'5al. patterns is read out at the m.apettc bead 
and immediately amplffjed by a preamp1Wer 
lccated Dear the bead. The ampUfled .1p.lls 
then seDt to a peak detec+.or at the later stap of 
the system. Pr1Dcipal causes of Aoise are (see 
Fia. l): 

1. PreampJifier DOise 

2. Bead lmpeda.Dce DOlse 

3. ~edimD noise 

The first of these causes ariSes from semi­
conductor noise generated 1n the preamplWer and 
consists of thermal noise. shet noise and l/f 
Daise. At the 1 to 10 MHz used in mag::letic disks 
and drw::c5, l/f noise 15 nec!ilible. IJld hence 
the.nnal noise aD.d shot Doise are predominant. 
The spectrum of the latter two Ls almost ld.eDtical 
to that of white noise. The head impeWce noise 
1.1 a kind of thennaJ. noLse caused by the composite 
impedance of the bead and head termination circuit 
u seen from the preampUfler. The spectrum 
distribution is concentrated near the resOAa.Dee 
frequency of the bead [91. The Zl:ediw:::l noise is 
caused by DODu:1UOrm cilsperslon of magnetic 
particles in the recording medium (10, 11). It is 
read out wWl the 1D!orma.tion signal by the head. 

These kLcds of noise are generated l"Gdomly 
and hence the noise dLstributicD CaD be tftated as 
Gauss1&D. 

Let \IS expand the eoLse voltage Vn<t> lDto Four­
Ier serles at -T s t S T 

where 

I'.(t) = ~ ( .. siD CIl. t ... ~ eos (aI.t) ... 
_.- ~:/,,= :1I./T 

(1) 

and an and bn are probabWty variables that lDde­
pendemlyobey Gaassi.a.D dLstributioDS. DLstribu­
tiOD fDDctioDS of &Q and bA are identical and their 
me3.D values are zero. 
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tI.,,' = 6 ... z 

;;=1.:'=0 } 
The power spectral. deDS ity of this Doise (de­

fiDed a.s the mean square Doise voltage per unit 
bandwidth at frequency of fa)· is given by 

. t< ,,2 .. A.,2 ) 4J At: 
Nv.)= 4/ = 4/ = 4/ 

where ~f -l/2T. 

2.2 Peak shUt caused by noise-sinusoidal 
waves 

Let us coasider what kind of peak sb.I.As will be 
produced when the DOise described above is super­
posed on the regenerated sicnals. We first ex­
amiDe the most fundamental case I In wb.ic b the 
read-out waveforms are described in terms of 
.1.Dusoidal waves. The &otal regel:lera1ed signal 
valtale V(t) is 

I'C t) --21 V. COl (alo t ... r {tZ"lin C&l,.t ... 6 ... eOI Col" t} (5) -' 
where Vo and ""0 are the amplitude arld aag'Jlar 
frequency of the regenerated Signal, respectively. 

We shall DOW obtaiD the shilt of the peak.. orig1-
aally located at t - 0, cau.sed by the noise. Fir"'A.~ 
V(t) is differentiated and expanded around t .. 0, 
asSum.\Dg the &:%lOW: of the peak shift is s::.all. 
The result is 

(6) 

From thls equatiOD the a.mount of the peak shiA Is 

2 
4t=~ 

Wo 1'0 

The mean square value of cr2 of ~t is gi"'en by 

where N(w) .. N{fg). 

(7) 

1.S) 
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Next, let us ex.a.::nine the distribution fWlctioo 
of the peak shift At. ~otice tba1 ao In (7) has a 
GaussLa.o d.i.striliution. In general, when variables 
Xi (1 -1, ••• , N) have independent Gaussian dls­
tributicn.s the variable x given by 

(9) 

where the Cl are eocsta.ots, also has a Gaussian 
distribution and its variance Ls given by 

(10) 

wbere rr{J. is the \"ar1a.Dce of Xi [12] 0 HetlCe, if 
~ has a Gaussian dLstri.bu.tio~ 10 does At. The 
varia.oce of At is of coune giveo by (8). The dis­
tribution function p(At) 15 now 

1 (( Jl)2 ) 
p{Jl)= I exp ----r-

,,2:6 20 
(11) 

wbere ~ Ls given by (e). 

2.3 Peak shJ.ft caused by the ooise-geo.eral 
C3.Se 

Let u.s now derive ~ method for cocpu.ti::g peak 
sb..i.ft.s in geo.eral cases 0 The read circuit of 3. 
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digital m&.:.e-:letlc recoreir.g device geoeraLly con-
s 1515 of ao 3.Il:plwer, lcw-pa.s s fU:e r. d.i.fierer.tia­
tioo circuit, 8.lld zero-crossing detector as showo 
in Fig. 2. Si:lce operatioo of these circuits is oot 
ideal, the e:!fects of their freq uency chara~..e riS­
tics 00 the peak sh~ caooot be neglected... 

For sicplicity, we represent the freGuency 
characteristics of the entire read circuit by that 
of a low-pass filter. Wbeo the transfer iu.oction 
of the low-pass fllter is F(s), t:e ~fer fwlc­
tion H(s) of the read circuit, ",·b.ich Coc.:.aJ.1lS a dii­
ferentia.tion circuit, is given by 

(12) 

as Ls seen from Fig. 2. If an RC approxicat.e dif 
ferentia.tion circuit shown in Fig. 3 is used in plac 
of a true di.f!eremia11on circuit, the trat:Sfar fmc· 
tion H(s) becomes 

I I 
J/Cr)=-oF(s)= I· F(J) 

sIs 1.- +7:":"'" 
~ -. (13 

wbere Wd = lIRC. Hence, if a.oother fi:'St~rder 
low-pass filter is lDser:ee, the transfer function 
can be reduced to ttat of (12). 

Consider now the case in whicb a read-ot:t sig· 
nal [(t) is iodice::.t at the circui.t. Sioce the toW 
loput s ig:l:1.l i:lc ludi.cg tbe noise is 
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II II 

Y (t )-1 ( t ). t (CI .. siD t.I. t. ~ cos t.I .. t) (14) 
_I 

the outpai VJ){t) of the dJ.fferemiaticm c1rcwt 11 
s;,,,J _ 

YD( 1)- ,\Ct). L CI4.·1 PCit.l ) I 
- -I • 

x ( II. cos ( t~ l + I. ) - /J. sin (tH.t + I. )} (15) 

where h(t) 11 the output Signal of the cWferemiation 
c1rcu..it for the read-<IU.t si!r.l8l f(t) ami is given by 

~(A 0 »-9(4) .~(f(t» (16) 

as1llg the tr:a.ns!er fwlction B(s). en 11 the pb.a.se 
of :F(Jwc). 

Let the zero-cross Leg poim of h(t) be to and 
the slope of h(t) near to be GO. 1.e •• 

(17) 

Then the zero-cross1llg poi.ll1 of the oU%put VD<t) 
1s pven by 

1 .. 
t-to+- [ faIa·1 F(j"l.) I 

Go --I 
The fint term to represents the peak shiA caused 
by the waveform intenerellCe and the phase delay 
III the circwt, whereas the second term cone-
• ponds to thai caused by the noLse. Hence, the 
mean square value of the peak shift caused by the 
Doise 11 

; -~ . .!...[ J I FCi t.I>I~ 1'V(CoI) cit" (19) C;: 2: II 

or. us ing (12), 1s gIven by 

.2 _ 1. . ....!.. [ IIICiw) 12 ,V (w )dCol 
lioz 2lf • 

where the term 

..!...r IiICiCol) 12 ,V(",)et", 
2: 

(20) 

represents the neise power contained in the output 
of the dLfierecIiatioo circuit. Thereiore. the peak 
,hilt caused by the noise can be describe<i in te~ 
of the Doise power i.D the output and the slope at the 
&ero-crossiCi point. 

3. Peak ShUu of Various Patterns in m~i 
1lecord.i.Dg Syste~ Due to NoLse 

In conventional digital magllStlc recordlllg de­
,.fces, the record.Ulg and read-cut of 1Il!0~tion 
are petformed usi..cg PM. FM or Ml"~ reeordi.Dg 
processes 1n which self-lock.i.a.g can be incorpor­
ated. In most recem .la.1'p-capacity recorc1ing de­
Vices, the MFM process 1.S employed. In this see­
tlon. the effect of waveform LntenerellCe on the 
peak .hift cawsed by nolse is investigated.. To thJ.s 
end, peak sh~s ca.u.sed by white neise are calcu-
1a.ted and compared for 2:F. 11' and {UO! pa=er:lS 
(Fie. 4>. 

3.1 2F pattern 

In the M:F)t reeordilll processes. the 2F pat­
terns have the highest marneti.zation reversal fre­
quellCY. OrdiD.a.rilY. tee recort.ilng density ill the 
M.:F~I process is such that the resolution is 60 to 
'10%, within which range the read-out signals of the 
2:F patterns are a.lmost sinusoidal and the contri­
bution of harmonics is negligible. Hence. the 
read-out signal waveform f2lt) ls 

Iz (t) - ~ 1:1 eos "'0 t (. 

where V2 F is the peak-to-peak az:1Plln:de. Here 
c.JO (a 2~!O> 11 the recorc:i!Jlg 3Jld read-out angular 
freq,uellCY and ls related to the bit cell tJJr.e T via 

111,= tl/T (22) 

Let the power spectl'um of the white coise be 

We assume tUt the law-pass fil1er Ls an ideal with 
the cb.ar.lcte ri.S tic s 

FCjw)- { ~ :/:;.1. 
:1>J • 

TheEl the peak shift 1S computed from (19). 

Co = t.v : "jI 
.r ~: J.,2 YaJ' 

If the noise power ls written as Nrms~ 

then CT2F 

(24) 

(25) 
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Notice that the amount of the peak sb.ift is pro­
portional to fc3/2. as shoWn In (2.5). ThLs is be­
cau.se tbe hi,her frequency content of the noise 
contributes more to the peak shlft. He::u:e, in the 
read-out of ~etic recordin, systems the im­
portance of e.UmiJla.tion of h.i~-freqUe:lcy noise by 
the low-pass filter is more than just for improve­
ment of the SN ratl0. 

3.2 IF pCtel"l1s 

The 11' p&Ue1':1.l have the lowest macnetizatlon 
reversal frequency 111 MFM rccordi", processes. 
As .een from Fig. " (b). the read-out signals 
contain the 3F ban:D.caics. Le~ the amplitude 
of the read-out .iIDal be V1F and the rat.lo of the 
31' components be P. we can write the read-out 
waveform.s of 11' patteru u 

I.,(t )-i KF { (l-/)eos ~ c.lD t +1 eos ~ c.I.,} (2S) 

where p 11 asually 0.1 to 0.2. The amount of 
peak shifts of 11' patterns Cll1sed by the wbite 
noise can be obtalned in a manner similar to the 
case of 2F patte:cs and 11 civen by 

4fr IV, •• 

''IF-~'! ~ fi' • ( t+l'$;j H'l.t' (29) 

The peak shift of 1F pattern.s depends on VU' 
as well as P. This 1. because tile amount at shift 
1s not a fWlCtion of the ampUtude but of the sh.a.rp­
ness of the pe3.k. Hence. the peak sh.i1t cawsed by 
the noiSe is less likely to occur for the case with 
larger resolvlnl power aDd P. 

Next. the m.a.gnltudes of peak shifts of 11' and 
2F patterns wUI be compared. If the nois es are 
identical La both cases. the mlo of CTlF a.od a'2F 
15 obtained from (2.7) and (29) as 

"sF -1 R -----
craP 1+8, 

where R is the resolving power liven by 

Let an iSolated read-out waveform be 

G 

.et )-A· til a 
+t 

(30) 

(31) 

(32) 

wbere A and a are constants for expressiDg wave­
forms. U we assume that the read-out sig:.a.l 
waveforms Ca.D be expressed in tenr..s of a super­
poslt:1on of iSolated wa.veforms. P 1:' liven by 

I-v'i'="F ,----2 
(33) 



(see the Appendix) • 

·1' --IV 

Hence, (30) becomes 

4R 

5-4.;r::RZ' 
(34) 

FJ.cure 5 sbows c:T'l.F /C'2F versus R. Frem the 
figure, it ia clear that IF pattercs are approxi­
mately 3~ more l1kely to be affected by noise 
3Cf.:.. 

3.3 {UO} patterDS 

JD Ml'M recording systems tbe mlxtmam peak 
ah~ caused by waveform .taterfereDee occurs for 
''110110'' pattems. Tbe nad-ol:lt waveforms of 
these {1l0} patterDS can be repnseated by 1.1Ii.ci 
("/~F and (S/3)F componeDts as 

Ju,Cl )-i Y. •• ( 1m i ClIO t - T linl CII,t ) (35) 

where Vuo Is the a.mplltude of (4/3)F components 
aDd 'Y is tbe amplitude ratio of (S/3)F to {4/3)F 

. components. Peaks at these {1l0} patiel'DS are 
located at 

(36) 

and the amount of peak sbUts I:J. TUO Call5ed by 
waveform 1merierence is 

'When wbite noise is superimposed on these {llO} 
patter.lS, the amount of peak shift caused by the 
JlDise 15 

3.J!t Nrms 
fI = • 

110 iI.f~ ~ y ••• 
(38) 

(1+327' )(a+Jl+32 72 ) 

ACT)= 2 1 +v'1+32 ,2 ) (39) 

As In the case of 11' pattenzs, we consLder the 
ratio of CTllO to CT2F. If we assume that (32) 
represents tbe is ala.ted read~t wavefo:cn., we 
obta.l.o (see the Append.i.-c) 

r=(I--;=er (40) 

y.. 1 -c-
Y" ,fiT (41) 

HeDee, If the noiae 1S Identlcalln botb cases, we 
have 

1.4,..---------------

1.0.!-:-_~:__-~--~-_~-.....:J 
30 40 50 60 70 80 

Resolution (~"O)-

Fie. 5. Relative strengtl:l.l af the peak sbit'..s 
C&USed by noise u a mnaLon of resolution. 

J'leure 5 shows CTllO/0'2F versus R. From the 
figure, we observe tbat { 11 O} pa.tterns are aJ.m.ost 
20i more llkely to be af!ected by noise. 

The electrom.agnetic conversion cbara.cteristic" 
of magnetic heads are often e.'q)ressed in terms oi 
the resclvq power and the output voltage of 2F 
patterns. Ac=:al peak sb.ifts caused by the noise 
are larger for IF aDd {11 O} patterns than for 21' 
patterns. For resclvUlg power of SO to 7OC:C. the 
amouot of sb~s exhibits a consta.c.t ratio of 1 : 1. :3 : 
: 1. 2. Tberefore, the magnitude of phase sbi.ft.s 
due to noise can be predicted from tbe outpt!t volt­
age, and benee from the SN ratiO, of 21' pa.t:ems. 

4. Phase Ma.rgin a::d Error aate 

The demodulatIon process 1n usual digit.:l.l mag­
netic recordl.ci systems consists of the following 
steps. F1rst, usiZlg a phase-lock loop, clock sig­
aals are genented from the data pulse train 
emerging from the peak detector. From tbese 
clock Signals, window pulses are then created. 
D1scr1mination of landO Is done by detecting 
whether a particular data pulse Is within tbe win­
dow pulse. Tbe phase margin Is defined as tbe dli­
ference between the maximum peak shlA actually 
,enerated aDd the width of the window pulse. This 
quamity 1.1 v.1ewed as a fIgure of reliability for m:!.i­
ut11: recordi.ci device". When tbe phase m.argin 
is sufficiently large, correct de:nodw.ation is pos­
sible even 1! DeW peak sbUts are gmerated due to 
small defects on the recording medIum or to track­
ing errors, as long as tbeir magnitudes fall within 
tbe phase margi.J:. 

As sbown in 1(g. 6, measurements of the pbase 
margin are performed by sblf!ing tbe window pulse 

~= 2./'J 7 
11;,.. 4 A(7 ) 

(42)· wltb respect to the data pulse aDd by detec~icg tbe 
error rate. Tbe phase margIn is the width of tbe 

.2 
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Fli. 6. PriDciple of the measurement of phase 
marrin. 

wIndow pulse sh.i.f1 for whlch the error rate Is be­
low a ce:tain value. 

Let us derive the probability P('~T) at which a 
data. pwse creates a peak .hJ.A la.rger than ~ T 
ciae to DOiSe. The result Is 

- (41) P(4T)- I pC4t) ,Ut- eric -
~T • 

(43) 

where er"...cb:) is the er:or fw1ctloD. Figure 7 
Ihows P(~ T) "nus AT/".. SiDee the error rate 
m magnetic reconiiZli devices sbowd be 10-8 
- 10-12 • we lee that a ma."Cimum peak sh.l!t of 
S.5 - 7C1' 1s created. The phase marrIn is re­
duced by U - 14cr due to t!le aoiSe. 

Ie general, whea a peak shift of ~ Tk (k -1, 
••• t ~., already exists due to wa,\1!form interler­
eDce, the probability ot ,eDerat1a& peak shi.4s 
larger tw ~ T 1& 
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It 

/i(J1)-r lll.p(JT-J'I;) 
'-1 

wbere ~'k Ls the ratio of pulses which cause the 
peak shift of A Tk. 

S. C02:lpariSOD with Experiment 

ID the cperiment two kinds of magnetic bea.ds 
&Dei disks, A and a, were used to record and read 
oat and the varia110n of the error rate was mea­
sured with respect to tbe locatloD of the wiIldov; 
pulse. The reeordiJlg process was MFM a:ld the 
recordiJlg and rea.d-ol:t !requeDCY was 6.45 llHz. 
The cutoff frequency of tbe low-pass filter in the . 
read-ollt cirCl.lit was 11. 7 ~IHz. The read output 
of the head (V2F), resolvine power a.:ld noise were 
mea.sured and are listed in Table 1. AlthoUf;:' tte 
head output of A Ls l.a..rier, 10 is tbe noise in A. 
The 51' ratio of a is better by about 1 dB. Ee:.ce, 



Table. I. ReCord1.D.g a= read-out characteristics 
ofA&AdB 

it is expected that the resolving power aDd 5::\ 
ratio &re better a:ld the peak shift smaller in B. 

--_____. A B 

Bead output 1.3 2 mV,~ 1.08 mVll-1 

Resolv1ng power 6 1 * 61 * 
Noise 

10.' 

10·' 

10·· 

§ hoe, 
Q". 10-' 

10-1 

10·' 

10·' 

10-10 

31.2.Vnu 

1 2 5 6 7 

10- 11 '--------------..-.." 

1'11. 7. ProbabWty of peak sh.i.A larpr than 
~ T C&WIeQ by DOise. 

Fl&ure e shov.~ meua.rec! results of the error 
rate with respect to the window pulse locatioll 
Whell { 11 O} patterns are recorded and read out. 
As. expected, the peak shift of A is mucb larger 
aDd the loss of phase mar;in is ,reater. 

Values lA Table 2 were calculated from the 
measured values in Table 1. III Table 2, the peak 
.b.i.1l caused by waveform !menerence and the peak 
J1tter due to DOise are listed. Computed results 
of the error rate are .0Ud llAes 111 F~. 8. Their 
acreement with cperlme:lial dai.a is excellent. 
In tbe preseDt experi.meDt, the loss at phase mar­
liD due to DOlle was 30 to 4cF.C of the wiDdow pW.se 
width &ad we CaA .ee that the effect of noi.e on the 
peak • b.ift 11 qulte lmpor:&Dt. 

8. CoDClu.slon 

The peak shut caused by DOise wu amlyzed ill 
a prcbab~t1c manner &Ad several examples were 
computed. The dJ.suibltloll and ma.g:litude of the 
peak shift aAd its contribution to the phase m.arg1.ll 
were studied. .Al1!2.o1.1g:b, to date, peak shiAs have 
beell a.Wyzed using empirical methods, the new 
method 1D this paper is capable of predict11lg more 

Table 2. Cocputed values of peak shuts 

A B 

Wave!orm 1Dterfer. Duo 6. 0 ns 4.6 :lS 

Jitter by Dolse °110 1. 4 6 ns 1. 2 e ns 

100~----------------------------. 

10.1 

. 10·z 

10.' 

o. musured 
- Ufculated 

'! 10" 

~ 10.1 

10·' 

10·' 

10·' 
10·' -~~~-~1~S--~1~O~-~S~~--~~1~O~~1~5~~O 

Window outse position (ns) 

Fl,. 8. Experimental results of the error rate for 
the {110} pattern. 
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accurate values. In mture deslgtl5 of magnetic 
hea.ds or recordlng a.nd reat:lli:lg circuits, the total 
peak shift cau.sed both by wave!or:n interference 
and by Doise must be taken into account. The 
preserzt method is useful for the opt:i:l:lum desIgn 
oesuch devices. 

One of tbe problems yet to be analyzed is 
waveform equa.l..l.:.atloll by such circuits as pulse­
aarrowlng aetworks. WheD the read-out wave­
j:)rm.s Co through a wave!orm equaJ.Lzer, the peak 
ahifl due to waveform ~rfereDce may be re­
duced, whereas that due to Doise may increase. 
WavefDrm equ.alli:atloD 1a useful only when the re­
duction of the peak shift due to wave!o:cn 1ntar­
ference La larger than the increase of the peak 
shUt caused by noise. Slnce the SN ra110 p-ad11-
ally decreases as the recording density 15 in­
creased, the deslgn of equa.U.zer.l must be dODe 
wUh e:xtTeme caution.. 

In the present paper the peak shUt WlU &8-
8amed sma.llin order to sJ.mpllfy calcul.at.ion was 
a1mpUfled. Wben the peak shift is mremely 
Ja.rge. th.I.! .1mpU!lcatLon is no l~r valid and 
the dLstribution is deg:raded from a GaussiaD. 
j)rm. However. in collvell11onal devices, the SN 
ratio 11 larger th.a..a 20 dB and the sLmpUflcatloll 
described above 15 believed not to cause a.ny prob­
lems. 
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APPENDIX 

Let the lIolatecl rea.d-out wzve!orm be 

II 
c(t)= A· : t1 

Cl + 

aDd the bit cen ti::lle be T. Tbe read-out wave­
forms of 2F patterns ill Mni record.1.z:lg systems 
are 

.,. " 
J~F (t ) = r. ( -I) ,. ( I· II I ) -

Fourier transfor.::ililg the above, we obtain 

-f 2.FCt)= 2 Auo r. 1:lCp{ -( 2"·1) """ c:} CJ:)S { (2n ... 1) Wo t } -



where 

CII. = <z/T 

SlD.ce cocUibutioc.s of the second- and higher­
order terms are small, they are neglected 

f~(I· J.= 2..1"'0 exp (-~ G) Cl)S "'0 t 

lD the case of 11' patterns, coatlibutloc.s of the 
third- and bii'.ber-order tel'mS are simLl.uly ne­
&le~ 

Let 

i = 2 A",. & -= up ( - ~ ""0 G) 

1'11= 2k~ 

V., = k ( ex + a: l ) 

From the 5 e equatiOn!, we obt.a.i.n 

a:2 1-~ 
1= 1 +a:2 = 2 

The read -out s iplal wavefo rm.s of { 11 o} pat: e r:l.5 

are 

2 ). 2 t 
--'" Cl sm--<u 3 0 3 (I 

Bence, 

From the above, we h.a:ve 

V.IO 1 
-;-= '3 a V ) = 

IF Y ~ 

1 
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Digital Data Recording Schematic 

Bits In Bits Out 

0 1 1 • t 0 1 1 • • • • • • • • 

Encoder Decoder 

100 1 0 0 • t 100 1 0 0 
• • • • • • • • • • • • • • 

Signal 
Detector Generator , t ~¥ ---- .. _--

Write Read 
Filter Filter 

~ \ I ~ ---- ---

Wi @) 



User 
Data 

Configuration of Codes 

Error 
Correction 
Code 

Modulation 
Code 

Channel 
Modulation 
Code 

Error 
Correction 
Code 

Encoders 

Modulation Code: 

Decoders 

• 
Matches recorded signal characteristics to channel 
bandwidth, detection method, read/write 'electronics, 
timing and tracking servo requirements 

Error Correction Code: Detects and corrects data detection erro~s 

User 
Data 
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Digital Magnetic Recording Channel 

Magnetic 
Track: 

Data: 

Write 
Current: 

o 1 1 o 

,"'-

NRZI 

- "f , 
---- 4--------

Readback 
Voltage: """ " 

"-
" '-

-------~-

'\. ~ 
Detected 
Data: o .. 1 

___ 7 

1 

Causes of bit detection errors 
• Random noise 

o 

• Intersymbol Interference } Bit pattern 
• Loss of clock synchronization related 

'" c: 
o 

Ll 
CJ 
C 



Bits: 

Write 
Signal: 

Domain 
Pattern: 

Readback 
Signal: 

Detected 
Data: 

VV U'VUI ~,JV 

Digital Optical Recording Channel 

V~\ 

Domain Length Modulation 

.0.1.0.1.0.0.1.0.0.0.1.0. 

• -
.0.1.0.1.0.0.1.0.0.0.1.0. 

Domain Position Modulation 

o o o 

L 

o o o 



Run-Length-Limited (RLL) Codes 

• (d,k) constrained codes 
MIN\I'M"" i:l (/J) ~1V.aJ'" ) ~ 

d < # O's between consecutive 1's < k (\ ~I ) 

d controls intersymbol interference 
k controls r.lock updat!3 information , n \ 

MC>r¥..\~.J1" t:t-0'"S' \!'£.'l",a;..r .s L,.4-oC-v-. U!:Lo.;"iff." 8 GAl'" CorJ'llWQl..} 

• Example (d,k) = (1,3) string: 

1 Q 1 S) 0 0. 1 0 1 0 0 1 0 0 0 1 ... 

• Sta~ diag;~m representation of (1,3) constraints 

( 

• Code rate = (user bits/code bits) 

(d,k) Maximum Practical 
Rate,C Rate 

(\'1.1\ i (0,1) 0.6942 1/2, 2/3 ,:)":;.":' ) 

(1,3) 0.5515 1/2 
(2,7) 0.5174 1/2 
(1,7) 0.6793 2/3 

0:: 

'" c 

LI 
(J 

c 
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Code Constraints and Capacities 

Unconstrained Constrained 
input output 

I-m-I -n-

000000 - 001001001 

000001 - 010001001 

000010 - 010010010 

2m 

111111 - 100000001 

• Shannon capacity = C < 1 

• Necessary condition for block code: 

2m < 2Cn 

m<C 
n -

• Sufficient condition for block code if n large: 

~<C 
n 

• Example: (d,k) constraints 

C = log2 i\, where i\ is largest real root 
I of p(x) = xk+Lxk-d- ... -x-1 

2Cn 

" '" c 

u 
<.: 
c 



Magnetic Disk 

1/2 (0,1) FM, Double 
Frequency, 
Manchester, 
Biphase 

1/2 (1,3) Modified FM (MFM) 
Delay Modulation, 
Miller 

2/3 (1,7) (Jacoby) 

1/2 (2,7) (Franaszek) 

1/2 (2,11) 3PM 

vu - V~C11 - ~:;10 

Examples of RLL Codes 

Magnetic Tape 

1/2 (0,1) Phase Encoding 

4/5 (0,2) Group Code 
Recording (GCR) 

8/9 (0,3) 

1/2- (1,3) Zero Modulation 
(ZM) 

1/2 (1,5) Miller2 

Optical Disk 

1/2 (1,3) Delay Modulation 

2/3 (1,7) (Horiguchi-Morita) 

8/17 (2,10) EFM 



( 

2/3(1,7): 1 . 0 1 . 0 . 0 

(0,1)-(1,3) 

(2,7) vs (1,7) 

\ If IS' 'NLflm£ 

LI1 

(2,7) {Less pulse crowding I 

(1,7) Same/larger window 1-------1 

Involves tradeoffs 

.\ 

I /7 11 it') 1<1 ~ If ufo? ~t(, \ S I 

'" c:: 
a 

L! 
U 
o 



VU lI~al :::1;;1 V 

(2,7) vs MFM (1,3) 

Fixed User Bit Density 

I I 

MFM 1 0 1 

I I 
(2,7) 1 0 0 1 

(2,7) reduces intersymbol interference 

Fixed Minimum Transition Spacing T min 

MFM 

(2,7) 

~------I 

1 0 1 i 
i..:---. 2- B ,,;. -i 

4( 3 ~Its ---"1>: 

1-----1' 
. 1 . I 0 • 0 . 1 .j 

(2,7) increases density ratio by 50% 
with decreased detection window 

T min = 2 

T min = 3 

Density "Ratio 
2 x 1/2 .= 1 bitiT min 

, 
Density Ratio 
3 x 1/2 = 1.5 bit/T min 



Peak Detection Channel Model 

• Peak shift error rate calculation 

\ 
\ 

\ 
\ 

\ 

Pe < Pr(n/(t1) < - l:!.1) \ 
\ + Pr(n/ (t2) > l:!.2) \ 

• RLL code performance 

------l:!. 1 a l:!. 2 

Probability distribution of n/ (t) 

o~----~------~------~------~~ 
.Q 
CO 

. .Q 
o 
~ 

0... -10 
~ 

o 
~ 
~ 

w 
0) 

o 

• 

j 
• 

(2,7) or (1,7) 
with 

enhanced channel 

~ -20~----~--------------~-----------
4 8 12 .16 20 

Linear Density (KBPI) 

• Factor of 2.5 in linear density attributable to 
RLL code progress 

'" c 

'" c: 
C 

~ 
l 
C 



-..0 
"0 ---
>-

+"" 

en 
c 
Q) 

0 
~ 

Q) 

~ 
0 
a.. 

VU - If\J{J1 - ~~tJ 

RLL Code Spectra 
Fixed Data Rate 

o ~--~--~----~--~--~----~--~~~----~--~ 
--(2,7) C == 0.517 

1001 (ST 

-5 

~--(1,3) C == 0.551 
( () ~ ( 

" 

- - (1,7) C == 0.679 

C == 0.694 
-10 

-15 

-20~--~--~--~--~--~--~--~~~~~~~ 

o 0.2 0.4 0.6 0.8 1.0 

Frequency 
(data bit frequency. == 1) 
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Spectral Null Codes 

• Null at DC (f=O) 

AC-coupled read/write electronics, 
rotary head C 
Low frequency noise suppression 

Tracking and focus servo on 
pregrooved disk 

• Nulls at f#O 

Embedded tracking servo 
(magnetic disk) 

Embedded timing servo 
(optical disk) 

Power 
Density 

Power 
Density 

o fo/12 ·fo/2 
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DC Null Codes 

• Running Digital Sum (RDS): "accumulated charge" 

Bits 

Write 
Signal 

o o o o o 

Levels 

lad 
. -1 . -1 . -1 . +1 . +1 . +1 

RDS 3 
N 

L ai 

i=1 

o 

-3 

• Bounded RDS ~ DC null 

N 

L ai 

i=1 

< c, for all N ~ 1 

all lad 

• State diagram for bounded RDS signals 

-1 -1 -1 -1 -1 
" -, 

Maximum rate: log2 2 cos 2C: 2 

-1 

• RLL combined with RDS: (d,k;c) constraint 

1 o 1 

+1 . -1 . -1 . 

--=:;;.00 __ ------
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Codes with Null at f=FO 

• Generalized RDS at f=kfo/n 

N 

RDSf{N) = 2: aie-j27Tki/n = OFT (ao,"" aN) 
i=O 

Spectral null at f ~ I RDSf{N) I ::::: c, for N:20 

• State diagrams: examples 

+1 -1 +1 -1 +1 

f=:fo/2 
~~~~~ 
• • • • • • 
~~~~~ 

+1 -1 +1 -1 +1 

+ -.., 

, 
~ 

f=DC + - + 
and - l' + 
f=fo/2 

(Interleaved DC) - + -
+ - ,It 

... .., , 

f=fo/6 

o fo/6 5fO/6 fo 



Techniques 

Block codes 

Sequence state codes 
(fixed and variable length) 

Look ahead codes 

Sliding block codes 

VU U\lUI ;.J...JV 

Code Construction 

Examples 

4/5 (0,2) 

8/9 (0,3) 

GCR 

1/2 (0,1;1) FM 

1/2 (1,3) 

1/2 (2,7) 

2/3 (1,7) 

1/2 (1,5;3) 

1/2 (2,11) 

2/3 (1,7) 

1/2 (1,3;3) 

MFM 

(Franaszek) 

(Harig uch i-Morita) 

Miller2 

3PM 

(Jacoby) 

ZM 

8/17 (2,1 O;c) EFM 

1/2 (2,7)} 

2/3 (1,7) 
(Adler-Coppersmith-Hassner) 



Practical Code Implementation 

Encoder Finite State Machine 

m bits Modulation n bits .... .. 
encoder ~ 

~ (states) 
I---

Features 

• High rate min 
• Low complexity 

Decoder Sliding-Block Decoder 

n bits 

I " 
decoder window (Si-\"Pf (2£[,,) 

decoder ~ 

m bits 

Features 

• Limited error propagation 
• Low complexity 

'" c: 
o 

U 
ti 
C 
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Block Coding 

FM (Frequency Modulation) 
1/2 (0,1;1) 

Encoder: Insert redundant code bit "1" between 
consecutive data bits 
(clock synchronization and dc-balancing) 

Data Code 

0 10 -
1 11 

Decoder: Drop redundant code bits 

Example: 

Data: • 1. 1. o. o. 
FM Coded: .11.11.10.10. 

Signal 

RDS 
--~-~-l\-­

__ !YY._l_ 
• +1 
• 0 
• -1 

c::: 
C 

c: 
c: 
a 

u 
(.l 
c 
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Sequence State Coding 
(fixed length) 

MFM (Modified Frequency Modulation) 

1/2(1,3) 

Encoder: 

A. After data bit = "0": 8. After data bit = "1": 

° -10 
1 - Q1 

~ Data 

° 
1 

A 

lOlA 

Q1/8 

Decoder: Drop redundant bits 

Example: 

Data: • 1. 1. 0. 0. 

MFM Coded: .Q1 .. Q1.QO • .!.0 

8 

QO/A 

Q1/8 

0-00 

1 - Q1 

u 
(J 
c 
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MFM 
(Modified Frequency Modulation) 

1/2(1,3) 

Encoder: 

A. After data bit = "0": 

0-10 

1- 01 

~ Data 

0 

1 

B. After data bit = "1": 

A 

lOlA 

Q1/8 

B 

QO/A 

01/B 

0-00 

1 - 01 

Decoder: Drop redundant bits 

Example: 
. 

Data:. 1. 1. O. O. 

MFM Coded: .01.01.00.10 - - - -

'" c: 
a 

U 
f.i 
C 
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MFM 1/2(1,3) 

• 91 % efficient (0.5/0.5515 ""'" 0.91) 

• Finite-state fixed-length encoder (1 bit -:2 bits) 

~ A I 8 I 

Data ' I I 
0 I lOlA! QO/Ai 

1 I 01/8 i 01/8 t 

State A: Previous input = "0" 
State 8: Previous input = "1" 

• Sliding block decoder 

Code i Data I 

10 
; , 0 

00 0 
01 i 1 

.. 

• Error propagation <: 1 data bit 

Data 

Encodedi 
Data I 

Clock 
Phase 
= Odd 

State 
Indicator' 

Encoded' 
Data I 

Data 

c:: 

'" a 

u 
(J 

c 
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Construction of 1/2 (1,3) Code 

0' 0 0' 

~ 1 i 1 i 1', 
-~ 

State diagram G for (1,3) 

01 00' 

C"Q)~ 
011, 10 

00 -
10 (0\~r:1\ 
G<V~0/\ 

G 2 

1/01 . 0/00. 

C'G)~® 
1/011 0/10· 

0/1(:O 
Encoder graph 

0 1 0 0 
1 0 1 0 

T - 1 0 0 1 
1 0 0 0 

State-transition matrix T 

2 
T -

T 2 

101 0 
1 1 0 1 
1 1 0 0 
o 1 0 0 

1/01: 

0/10C®~~ 1/01 

0/00 

Simplified (MFM) 

" c 

'" c 
C 



Sequence State Coding 
(variable length) 

• 1/2(2,7) (Franaszek) 

• Graph representation of (2,7) strings 

• Finite-state encoder based on graph states 

Fixed length code impractical (34 bit codewords) 

Variable length block code 

~ C,O 
Data 

10 0100 IC 
1 1 1000 10 
000 000100 IC 
010 100100 IC 
011 001000 10 
0010 00100100/C 
0011 00001000/0 

• Practical fixed length encoder obtained 

by introducing new states 

• Sliding block decoder with 

error propagation < 4 data bits 



Source 
Data 

• Encoder logic circuit 

State 
Indicator 

VV II\i1UI ~<J'-" 

(2,7) Code Implementation 

Encoded 
Data 

Encoded 
Data 

• Decoder logic circuit 

Clock 
Phase 
= odd 

Decoded 
Data 



~ 

Look Ahead Coding 

• 2/3 (1,7) (Jacoby) 

- Basic encoding table 

Data Code 

a a 1 a 1 

a 1 100 

1 a a a 1 

1 1 a 1 a 

• Potential (1,7) violations: 

00.00 -101.101 

0(0101 

Violation substitution table 

Data Code 

a a-a a 1 a 1-0 a a 
a a-a 1 1 a a-a a a 
1 a-a a a a 1-0 a a 

"1 a-a 1 a 1 a-a a a 

DA-rP. VO 0 I \0 

&0'- 10 0 Coo 00 
{ 

k. -:;;:; 7 
OA,A I \ ~ 60 'I 

LoPI!. 0 10 10 , 010 
~ 

d.:= I 

6.0 

'0' 
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(1,7) Code Implementation 

• 98% efficient 

• Finite-state fixed-length encoder (2 bits·=-+ 3 bits) 

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

A 8 C D V 
Data . 

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

00 101IV 100/A 001IV 010/A OOO/A 
.. '. . . ....... .. 

01 100IV 100/8 010IV 010/8 000/8 
. ... .. ....... 

10 101/C 100/C 001/C 010/C OOO/C 
... ... . ...... 

010/0 
........ 

11 101/D 100/D 001/D OOO/D 

State A: Previous input = "00" (no violation) 
State 8: Previous input = "01" (no violation) 
State C: Previous input = "10" 
State D: ~~~vJ()LJs i ne.'J~-== __ "11" _ __. 
State V: Previous input caused "Violation" pattern 

• Sliding block decoder with 
error propagation < 5 data bits 



• Eight to Fourteen Modulation 

• 8/17 (2,10;c) 
• Look-ahead encoder 

Data Bits 10111110101010111 

t 
Code 

RDS 

VV U\lOI :J,JV 

EFM 

101 1 101 0 I 0 I 1 1 1 I 1 1 

+ 

1011 101 

1010111 

lololol~ 

Decision Point 

• Block decoder (after discarding merge bits) 

• Error propagation < 1 byte 



( Sliding Block Code Algorithm 
(Adler, Coppersmith, Hassner, Marcus) 

• General code construction procedure for finite 
memory channels, e.g. (d,k) 

• Produces code at any rate mIn < C 

• Finite-state encoder 

• Sliding block decoder 

(/ • Limited error propagation <: 
c 

'" c 
C 

~ Based on results in symbolic dynamics 
IJ 
~ 
( 

• "Automatic" code construction possible 



VU - VHJI - ::1:10 ~m - v\JHI - 'i~)I) 

Sliding Block Code Algorithm 

• Generates new graph representation of (D,K) constraints 

• Finite-state encoder based on new graph states 

• Example: 1/2(2,7) 

State-Splitti ng 

L1 states 
Two 2-bit codewords/state 

State-Amalgamation 

-7-states 
Two 2 bit codewords/state 

Data Assignment 

Encoder/Decoder Logic 
for (2,7) code 

'co 
a 

)~ 
I' OJ 



I State 
Indicator 

~ A1 
Data 

0 OO/C1 

1 OO/C3 

;Encoder logic circuit 

Data 

A2 

00/8 

OO/C2 

If; C1 

01/A2 10/A2 

01/A 1 10/A 1 

,Encoded Data 

IOdd bits 

: Even 8its 

( 

i 

\Encoded 
I Data 

.1 

C2 C3 E 

00/8 OO/C 1 OO/C 1 

10/8 DOlE 10/8 

:Decoder logic circuit 

'Data 



( Construction of 2/3 (0,1) Code 

011. 110 

101 ()~--.£~ /")110 

CCD~@~ 
:() _10_1~ 

111 111 

State diagram G for (0,1) G3 

Eigenvector inequality 

10/110 

10/101 ; 

@~ 
() 
11/111 

Encoder 

011 

0@~110 
~-I ~'\ 110 

101 111 011 111 ; 0~ 
.~ 

101C~~ r5 --
111 

Split graph 

{101,111} {011, 110,01 O} 

011 
110 
010 
101 
111 

01 
10 
11 
10 
11 

Decoder 

00 

00 
01 

LJ 
(j 

c 



Constrained Codes for Partial Response Channels 

(O,G/I) constraints for (1 - 0 2) 

• 0 = minimum run of O's 

• G = maximum run of O's in channel output (Global) 

• I = maximum run of O's in even/odd substrings 
(Interleaved) k W>tJ~~\,.j' "',.. fC.,.vt;;'" p..,so 000 

Why? 

• 0 = no restriction on intersymbol interference 

• G = timing/gain control information 

• I = limit length of minimum distance error events 

Applications 

• 8/9 (0,4/4) and (0,3/6) 

• 8/9 (0,3/5) 
code 

• 8/9 (0,3/3) 

-2-

block codes 

sequence-state 

sliding-block code 

May 11, 1989 (Paul H. Siegel) 



MATCHED SPECTRAL NULL CODES 

\'f'I(t"f\P,~ (2.6P.oN~ 

• Improved codes for low SNR opticallmagnetic"channels 

• Code design principle based on r:'ew general theorem. 

Significant coding gain results if:· .. 

{ null frequencies in } {nUll frequencies in } 
codE! power spectrum = channei frequency response 

EMM 
(rate 2/3) 

PR1: 3 dB 
PR2: 4 dB 

Interleaved 
Biphase 
(rate 1/2) 

PR4: 4.8 dB 
EPR4: 4.8 dB 

:-=---------.------~ 
>-. 
-", 
0c:;; '" 
c: 
OJ'" o· 
\--

\ OJ· 
~ 
0" 
0.'" 

EMM 

.~.~.~.,~ •. ~'~~,~~~.~~~~~ 
Normolized Frequency 

~r-----~----__ --__ -. 
>.. . -. 

. iii • 
c: 
OJ­o· 
\-­
OJ-
~ o· 0.. 

IB 

·~'~.~'~Q~.'~G~~~~~'~~~~~ 
Normolized Frequency 

• .. ' 

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

\-­
OJ'" 
~ 

" ..... PR 1. 
'. '. '. ' . 

...... 
PR2 '. •.... , 

0" a.. 
~.~~~~~~~ • ~, w ~~ ~. • .• 

>-. -. ·Ui-
c: 
OJ,,! o· 

Normalized Frequency 

,,1-
.' 

/ 
i . 

! EPR4 . 
• .., u • .1 ~. .., 

Normalized F'requency 



Outline 

• Introduction and Overview 

• Information Theory 

State diagrams 

Shannon capacity 

Statistical properties 

Power spectrum calculations 

• Design of Run-length-Limited Codes 

Code construdion techniques 

Applications 

• Design of Spectral Null Codes 

Characterization of spectral null constraints 

Applications 

• Trellis Codes for Partial Response Channels 

·1· May 11, 1969 (Paul H. Siegel) 
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AND BLOOMBERG: CHARGE-CONSTRAINED RUN-LENGTH LIMITED CODES 3455 

TABLE I 
CHANNEL CAPACITIES OF CCRLL CODES 

d k 1 1 3 .4 5 6 
--

0 1 i .5000 .6358 .6662 .6778 .6834 .6866 
0 2 

II 

.. .7664 .8244 .s46~ .8578 .8640 
0 J .. .79)5 .8704 .9012 .9165 .9252 
0 4 .. .. .8832 .91)0 .9380 .9486 
0 5 .. _ . .8858 . .9256 .9460 .9578 
0 6 i: .. .. .. .9273 .9488 .%14 
0 7 il .. .. .. .9276 .9497 .9627 
0 

til 
.. _. . . .. .9499 .9632 

0 .. .. .. . . .9500 .9633 
1 .. .3471 .3822 .3931 .3978 .4003 
1 .. A)48 .5000 .5237 .\341 .5396 
1 4 'I -. .. .5391 .5746 .5905 .5989 
I 5 I, . - .. .5497 .5947 .6153 .6263 
1 d .. .. -. .6020 .6260 .6391 
1 q _. .. .. .6039 .6305 .6451 
I _. .. .. _ . 

.6321 .6477 
1 1~ II 

.. .. .. _ . 
. 6325 .6438 

1 .. .. .. _ . .. .6492 
1 lIll .. .. _. .. .. .6493 
1 12 1 .. .. . . .. .. . . 
2 3 II .. .2028 .2625 .2757 .2807 .2832 
2 4 I' .. .. .)471 .3777 3893 .3950 
2 5 I' j, .. .. .372J .4199 A384 .4475 
2 6 j' .. .. .. .4366 .4614 .4737 
2 711 .. .. .. A418 A718 .4870 
2 8 II .. .. .. . . 4761 .4935 
2 9 'I .. .. .. .. 4774 .4965 
2 10 il .. .. " .. .. .4971 
2 11 II 

_. .. .. .. .. •• 2 12 ' .. .. .. . . .. . . 
2 13:1 .. .. .. .. .. . . 
3 4i .. .. .1903 .2101 .2162 .2188 
3 51! -. _. .2434 .290) )049 3112 
3 6 iI Ii 

.. .. .. .3224 3464 3570 
3 7 " .. .. .. .333)9 .3660 .3807 
3 8 .. .. .. . . 3746 .3929 
3 9 .. .. .. .. .3774 .3990 
3 10 .. .. .. . . .. A017 
3 11 .. .. .. .. .. .4025 
3 12 .. .. .. .. .. . . 
3 13 
4 5 .1278 .1(6) .1747 .1779 
4 6 .2271 .2480 .2559 
4 7 .2478 .2822 .2955 
4 8 .2975 3162 
4 9 J030 .3267 
4 10 .3316 
4 11 .33336 
4 12 
4 13 
5 6· J313 .1451 .1493 
5 7 !I .. .1713 .2054 .2160 
5 8 !I .. .231S .2499 
5 9 " .. .2415 .)072 
5 10 'I .' .ms 
5 1P .. .2786 

12 Ii 
13 Ii .. 
7[1 .0934 .1217 .1279 

~ II 

.1691 .1850 

.1863 .m3 

i~ i .2268 
.2320 

.6 

.8 

.9 

.9 

.9 

.9 

.9 

.9 

885 
678 
306 
552 
652 
694 
710 
717 
719 
018 
428 
039 
328 

.9 
A 
.5 
.6 
.6 

.6 

.6 
.6 
.6 
.6 
.6 
.2 
.3 
A 
.4 
A 
.5 

6470 
540 
574 
590 
597 
600 
601 
845 
981 
526 
807 
956 
036 

5077 

.. 

5097 
5107 
5110 
511l 
2202 
)146 
)625 
1885 
4029 
4107 
4149 
4170 
4179 
.4182 
.1794 
.2597 
.3019 
.3254 
.3386 
.3458 
.3496 
.3514 
l520 
.1511 
.2206 
.2578 
.2786 
.290) 
.2965 
.2996 
.3007 
.1303 
.1910 
.2237 
.2418 
.2516 

.6898 .6907 

.8704 .8722 

.9342 .9367 

.9596 .9627 

.9702 .9738 

.9747 .9786 

.9766 .9806 

.9774 .9815 

.9777 .9819 
A027 .40)4 
.5449 .5463 
.6702 .6093 
.6m .6400 
.6527 .6557 
.6599 .6639 
.6633' .6682 
.6657 .6704 . 
.66666 .6715 
.6iJ71 .6721 
.6673 .6724 
.2853 .2859 
.4001 AOIJ 
A557 .4578 
.4851 .4879 
.5011 .5047 
.5099 .5142 
.5148 .5196 
.5174 .5227 
-m"" .5244 
.5195 .5253 
.5198 .5258 
.2)10 .2215 
3166 .3178 
.3658 .3679 
.3932 .3962 
.4088 A127 
A179 .4224 
.4230 .428) 
4259 .4318 
A274 .4338 
A282 .4349 
.180) .1808 
.2618 .2631 
.3055 .3078 
.3306 .1338 
.3453 .3496 
.3540 .]592 
.3591 .. 3650 
.3619 .3686 
Jo33 .3706 
.1521 .1527 
.22)0 .2244 
.2620 .2644 
.2847 .2883 
.2983 .3030 
.3063 .1121 
JI09 .3178 
.3134 .3212 
.1]14 .1320 
.1939 .1954 
.2287 .1lI5 
.2492 .2533 
.2614 .2669 

10 

.6914 

.8734 

.9386 

.9650 

.9763 

.9811 

.9836 

.9845 

.9849 
A038 
.5473 
.6109 
.6421 
.6582 
.6668 
.6713 
.6738 
.6751 
.6758 
.6761 
.2863 
.4022 
.4593 
.4899 
.5072 
.5172 
.5230 
.5264 
.5283 
.5295 
.5301 
.2219 
.3187 
.3694 
.3982 
A153 
A257 

· .4320 
.4)59 

· A382 
· .4)96 

.1812 

.2639 
_.3092 
.3360 
.3523 
.3626 
.3690 
.37Jl 
.3756 
.1530 
.2252 
.2660 
.2906 
.3061 
.3159 
.3222 
.3263 
.1324 
.1962 
.2332 
.2559 
.2703 

~- -------~ ---- -------
11 12 13 CO 

.6919 .6922 .6925 .6942 

.8744 .8751 .8757 .8792 

.9399 .9410 .9418 .9468 

.9G67 .9680 .9690 .9752 

.9783 .9798 .9810 .9881 

.9834 .9851 .9864 .994) 

.9853 .9875 .9888 .9971 
9868 .9886 .9900 .9986 
.9873 .9891 .9905 .999) 
A041 A044 A046 A057~ 
.5480 .5486 .5490 .5515 
.6121 .6129 .6136 .6175 
.6436 .6448 .6457 .6509 
.6601 .6615 ~..b626 .6690 
.6689 .()7rJb .671S JU93> 
.6731 .67~:6769 .6853 
.6763 .678] .6798 .6888 
.6777 .6798 .6814 .6909 
.6785 .6806 .6823 .6922 
.6789 .6811 .6828 .69)0 
.2866 .2868 .2869 .2878 
.4029 AO]4 4038 .4057'-"" 
.4(0) .4611 .4(,17 .4650 
.4914 .4925 .4933 .4979 
.5091 .5105 .5115 .5174 
.5194 .5210 .1m -"3293 
.5255 .5274 .5288 .5369 
.5291 .5312 .5328 .5418 
.5313 .5335 .5m .5450 
.5325 .5352 .5369 .5471 
.53)3 .5357 .5376 .5485 
.2221 .2223 .2225 .2232 
.3193 J197 .3200 .3218 
3704 .J711 .3716 .3746 
.39% .4007 .4015 A057 
.4172 A185 .4196 A251 
.4279 .4296 .4309 .4376 
.4)46 .4366 .4381 .4460 
4388 .4410 .4427 .4516 
.4414 .4438 .4456 A556 
.4430 4455 A475 A583 
.1814 .1816 .1817 .1823 
.2(,44 .)(,47 .2(,49 .2669 
)103 JllO .1l15 J142 
.1)74 .33S5 l393 .1431 
.3543 .1557 .3568 .3620 
.3('50 .3667 .3(,SI .3746 
3719 .3739 .3755 .3833 
.]763 .3786 .3804 .3894 
.3791 3817 .3837 .3937 
.15]3 .1534 .1536 .1542 
.2257 ,2~GO .2262 .2281 
.2670 .2676 .2680 .2709 
.2922 .29JJ .2941 .2979 
.3081 .l096 .3107 .3158 
l185 .3204 .3217 .3282 
.3253 .1275 .3292 .3369 
.3293 .1323 .3342 .3432 
.1327 .1l2S .1329 .13]5 
.1967 .1970 .1972 .1993 
2342 .) 349 .2353 .2382 
.2576 .2587 .2594 .2633 
.2726 .2741 .2750 .2804 

*" Ordinary RLL values (no charge constraint) are in right column. 
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The detection window Td for the code is 

Td = ~ T in seconds 

and the clock rate is (min) (liT). 

Table 9-4 lists several group and block codes. They represent a 
complete re-coding of the original code. and some of the rules for the 
re-coding are rather complex. The coding is in essence done by breaking 
the original code up in groups of n bits and mapping them into m bits. 

The pattern of the m bits can be predetennined and stored in a library. 
with a pattern for each combination of the incoming n bits. Such an ar­
rangement is made for the popular 415 code or GCR code. and the conver­
sion table is shown in Fig. 9-30. This code is one of many IBM originated 
codes that paved the way for today's high packing densities of 6. 250 bits per 
inch. and higher. 

Basically. GCR uses the NRZI format for 'T's and "O"s, but a restric­
tion is added: there can be no more than two "O"s in sequence (k==2, d=O). 
This quarantees that flux changes occur at least once in every three bit 
cells, and the variable-frequency clock need only be able to lock onto three 
pUlses. corresponding to a succession of 'T's, alternate "l"s and "O"s. and 
a "I" followed by two "O"s. 

The GCR-code is also advantageous when error detection and correc­
tion is considered. The reader is referred to Ringkjrf>b's paper for details. 

Fig. 9-30. 4/5 GCR group 
code library. 

DATA STORAGE/RECORD" 
1234/5678 12345/678910 

0000 11001" 

0001 11011 

0010 10010 

0011 10011 

0100 11101l 

0101 10101 

0111 <OIlG 101101 

1000 10111/ / 

1001 110101;" 

1010 01001/ 

1011 01010/ 

1100 0101d 

1101 11110/ 

1110 01101 

1111 01110V' 
I 

011111 
1; ';, 

"SUBGROUP BIT POSITI'ONS 

! Ii ,0 

.' 2 )0 85 
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Construction of 2/3 (0,1) Code 

State diagram G for (0,1) 

Eigenvector inequality 

10/110 
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Decoder 

00 

00 
01 



fl--

- IAILiI - lJ~[) 1;0 ~\J\II (j~II, 

I"". 

Sliding Block Code Algorithm 

• Generates new graph representation of (D,K) constraints 

• Finite-state encoder based on new graph states 

e 
Splitting [ 
Vector 2 3 

State-Splitting 

21 states 
Two 2-bit codewords/state 

State-Amalgamation 
- .~----~----~- 7 sta tes- -- ---

Two 2 bit codewords/state 

Data Assignment 

Encoder/Decoder Logic 
for (2,7) code 

_0,-
965 - 18M' 04 

( --] 
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I State 
. Indicator 

~ A1 A2 
Data 

0 00/C 1 00/8 

1 00/C3 00/C2 

,Encoder logic circuit 

Data 

II 
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If; C1 
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,Encoded Data 

IOdd bits 

! Even 8its 
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\Encoded 
I Data 
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10/8 OO/E 10/8 

iDecoder logic circuit 

'Data 
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(1,7) Code Implementation 

• 98% efficient 

• Finite-state fixed-length encoder (2 bits =-. 3 bits) 

-~---------- ------- -- ."- -0--- -~ 

~ A 8 C 0 V 
Data ~ 

~- - ~ ~ ~ - ~ - ~ 

00 101/V 100/A 001/V 010/A OOO/A 
_ .. "--

01 100/v 100/8 01O/V 010/8 000/8 
- --

10 101/C 100/C 001/C 010/C OOO/C 
-

11 101/0 10010 001/0 010/0 000/0 

State A: Previous input = "00" (no violation) 
State 8: Previous input = "01" (no violation) 

-~ State C: Previous input = "10" 
State 0: Pr~viou~_!rlput=="11" 
State V: Previous input caused "Violation" pattern 

• Sliding block decoder with 
error propagation < 5 data bits 

C)F;r; - IRM (M 


