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Rate 8/9 Sliding Block Distance-Enhancing Code
with Stationary Detector

Borivoje Nikolic, Member, IEEEMichael Ming-Tak Leung, and Leo Ki-Chun Fu

Abstract—A new distance-enhancing code for partial-response A new trellis code that reduces the complexity of the detector
magnetic recording channels eliminates most frequent errors, by keeping its two-step implementation time invariant is pre-
while keeping the two-step code trellis time invariant. Recently, sented here. It has the same distance-enhancing properties as

published trellis codes either have lower code rates or result in th i d rate 8/9 ti . . ¢ iti
time-varying trellises with a period of nine, thus requiring a higher € earlier proposed rate Ime-varying maximum transition

complexity of detectors and code synchronization. The new code runlength (TMTR) codes, but it does not require a time-varying
introduces dependency between code words in order to achievedetector, and it limits burst error propagation caused by the two
the same coding constraints as the 8/9 time-varying maximum most dominant error events to two bytes. Section Il analyzes the
transition runlength (TMTR) code, with the same code rate, but - gistance properties of higher order partial response channels and

resulting in a trellis that has a period of 2. This code has been - . . . .
applied to the E2PR4 and a 32-state generalized partial response [€VIEWS the design and properties of distance-enhancing codes

(GPR) ISI target. The resulting two-step trellises have 14 and 28 for magnetic recording. Section I1l describes the design of a new
states, respectively. Coding gain is demonstrated for both targets distance-enhancing code, while its implementation issues are

in additive white Gaussian noise. covered in Section IV. Section V discusses the application of
Index Terms—Magnetic recording, partial response, trellis the new code to the ¥R4 trellis and to a modified 11-level,
coding, Viterbi detection. 32-state target. Section VI contains performance comparisons

and Section VII concludes the paper.

|I. INTRODUCTION
II. DOMINANT ERROREVENTS IN HIGHER ORDER PARTIAL

ONTEMPORARY magnetic recording channels use par- RESPONSECHANNELS

tial-response equalization with maximum likelihood (ML) o o ) ) )
detection to achieve a high density of recording bits. It was iden-BY €xamining and characterizing dominant errors in partial
tified that at high levels of interference between recorded bits{RSPONSe channels, itis possible to construct codes that enhance
partial response magnetic recording channels, the most comniféh Minimum error distance for the channel. The procedure of
errors are produced by the failure to detect a sequence of threEpstructing such codes consists of [3], [11]
more transitions [1]. The use of trellis coding increases the dis-2) determining a set of input error sequences that correspond
tance between codewords by introducing coding constraintsthat  to most probable error events in a particular channel;
avoid the most common error events. This was first observedd) determining such a system of constrained sequences, that
by Behrens and Armstrong [2] on thé R4 channel by using the difference between any two sequences in the set does
d = 1, rate 2/3 RLL code, with a detector that matched the re-  not correspond to a minimum error distance set;
sulting trellis. This code increased the minimum squared errorC) constructing an efficient and practical encoder and a de-
distance in the BPR4 channel of six to ten, producing a 2.2 dB coder for this constraint;
coding gain. Karabed and Siegel [4] have characterized low-dis-d) designing a sequence detector that matches the channel
tance error events in the?PR4 channel and have shown that and code constraints.
higher rate codes that achieve the same coding gain can be infFor @ number of partial response channels, dominant error
plemented. Several codes that eliminate dominant error eve@it€nts have been characterized. Error events (sequences) can be
by coding constraints have been proposed [4]-[11]. The mafdgfined as the difference between recorded and detected data
disadvantage of these codes is that they either have a low code

rate and a long burst error propagation or require the implemen- User data: e.(D) = #(D) — #'(D). 1)

tation of a time-varying Viterbi detector. This emphasizes the Channel input: e,(D) = z(D) — 2'(D). @)

need for a higher rate code that allows for a stationary detector Channel output: ¢, (D) = y(D) — /(D) 3)
Dy = .

and has short error propagation.

The channel output error sequence is equal to the input error
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TABLE |

CLOSED ERROR EVENTS IN E?PR4.
SEQUENCES INBRACKETS CAN OCCUR ONE OR MORE TIMES

1 2 3
L1 1

1169

4 56 7 89
I Y

Type |d& Event
1 6 +-+0000
2 8 +-+00+-+0000
Fig. 1. Allowed tribits in TMTR code.
3 8 +=[+-]10000
4 8 +—+[-+]0000 1 ’2 l 3 | 45678 | 9 10[11|12|13'14L15l16l17118 19|20|21122|23|24125|26!27
5 10 |+0000 N
For the binary signaling alphabet, consisting of symbols O ar s
1, the error bits could be-1, 0, and+1, frequently shorthand
noted as ,” “0,” and “+.” Using the results from [13], the list obD EVEN | | obD
of short-distance closed error events for tH®PR4 channel is B
shown in Table I. The sequences inside the brackets (sueh as —_— |

—]) can be repeated one or more times in the error sequence.
The closed errors of type 3 and 4 are caused by the detectgges .
failure to recognize a sequence of four NRZI ones, which is fre-
quently referred to as a quadbit. Therefore, elimination of quad-
bits in the code eliminates these types of errors. The errors of
type 1 and 2 are due either to the existence of a quadbit or to  gjiminated by —+H=—
the detector’s inability to determine the position of a sequence construction:
of three NRZI ones (which is frequently referred to as a tribit), :_1_1—6_1__
effectively shifting the start of the tribit by one. By limiting the ;
start of a tribit to only odd or only even positions in the code- '
words, these errors can be eliminated. After applying these con- I

straints, the single-bit error event (type 5) becomes dominant. R ) \/
Elimination of the dominant error events from Table | by coding emapping
Fig. 3. Resolving boundary quadbits and tribits.

Rate 16:18 TMTR block code.

Allowed tribits 1 1 1

Not allowed:

constraints increases the minimum squared error distance in the
E?PR4 channels from six to ten.
Recently, several codes that eliminate the most common error
events by coding constraints have been proposed for partial re2) Time-Varying Maximum Transition Runlength (TMTR)
sponse signaling. Codes: Bliss [9], Karabed, Siegel, an&oljanin [11] and
1) Maximum Transition Runlength CodeBehrens and Fitzpatrick and Modlin [15] introduced an 8/9 block code that
Armstrong first observed that application of a rate 2/8%) = independently maps eight input bits into nine code bits with
(1, 7) code on the #PR4 channel results in an increase of 2.8me-varying MTR constraints. This code limits the practical
dB in minimum squared error distance [2]. This coding gaipropagation of error to two user bytes. The constraint on the
could be obtained by using a detector matched to this code tpasition of the tribits is illustrated in Fig. 1. The tribits are
conforms to thel = 1 constraint, thus achieving the matchedhown as horizontal lines of three bits in length. They can start
filter bound (MFB) of the channel. The capacity of ttie= 1  at positions 2, 4, and 6. The tribit that starts at position 9 ends
constraint is lowC = 0.6942 [12], allowing a maximum codeat positions 1 and 2 of the next codeword.
rate of R = 2/3. In order to freely concatenate the codewords, a discontinuity
The rate 4/5 sliding block code [4] provided the same codirigintroduced in allowed tribits at the boundaries. Allowed tribits
gain with a higher, but still small code rate. Maximum transitiom the 8/9 TMTR code limit the number of available codewords
runlength (MTR) codes, proposed in [5], eliminate all possibkhat satisfy the coding constraints to 267. Since the beginning
sequences of three or more transitions, which results in a lofithe tribit is allowed at positions 2, 4, 6, and 9, with the tribit
capacity of the code, up to rate 8:10. Other codes such as [7] atakting at position 9 wrapping up in the next word, this im-
[8] allow for sequences of three NRZ transitions (NRZI tribitsplementation results in a time-varying trellis. Two states, 0101
at specific locations within each codeword that start at eithand 1010, are eliminated from théPR4 trellis, but the trellis
odd- or even-numbered bits but not at both. changes every nine cycles to conform to the code constraints.
The rate 8/9 code, proposed in [9], allowed for tribits at diffhis requires that the detector be aligned to accommodate these
ferent positions within a codeword, which result in a mapping @hanges with a period of nine. This implementation of a TMTR
16 user bits to 18 bits of channel data. The code has a burst ebimck code results in maximum zero runlengthg:cf 11.
propagation of four bytes, which is high for the three-way inter- The major disadvantage of this code is that its restriction on
leaving ECC configuration commonly employed in disk drivesllowed tribits requires an implementation of the Viterbi de-
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tector that is variable in time and therefore significantly in- TABLE I
creases the detector’s complexity and reduces its speed. ERROR EVENT SFAT'S/‘I 'SEEZOSSIV‘S’ﬁL\'gFO3RgNTZ'AN CHANNEL AT
Higher rate codes can be achieved [15] by relaxing the MTR '

constraints. The paper [15] reports a construction of a rate
9/10 code, but this code also requires a time-varying detector.
[16] describes a TurboAPR4 channel which uses a 16/17 rate 2 bit 585 62.97%
guasi-MTR (QMTR) code. The code eliminates all the quadbits
but leaves all the tribits, which results in a higher code rate. The
set of dominant errors is limited and these errors are removed 5 bit 57 6.14%
by a postprocessor, which follows the detector.

Error Event Length Event Count | Error Event %

3 bit 279 30.03%

6 bit 1 0.11%

I1l. NEW RATE 8/9 TRELLIS CODE 7 bit 2 0.22%

The new code eliminates all small distance error events sim- 8 bit 1 0.32%
ilarly to the 8/9 TMTR code. By not allowing quadbits in the

9 bit 0 0.00%

codewords and by limiting the occurrence of tribits to certain

bit positions inside the codeword. 10 bit 0 0.00%
Expanding the constraints to 18 bit codewords [9], as shown

in Fig. 2, results in a stationary trellis. But 16 to 18 bit mapping

would require large encoding/decoding logic, and the resulting

code would have |Ong byte error properties. Error propagation THREE-BYTE BURST ERROR ;QSBSLIEILII'II'IY FOR ERROR EVENT LENGTH

could be limited by separate encoding of the bytes. If the bytes OF FIVE, SIX, AND EIGHT

are encoded separately, the tribits starting at position 10 (be-

ginning of the even codeword) and at position 16 (end of ever Eror | Error Possible Average | 3 Byte Error

codeword) would not be allowed. Therefore, they are markeC Event | Event | Position within | Number of | Percentage

> 11 bit 2 0.22%

by dashed lines in Fig. 2. Under these constraints, the numbe Length % Even Affected

of available codewords is 317 in the first 9-bit group and only Codewords | Codewords

217in .the second 9-bit group. Th.is allows forthe mappingof 16 5. | 6149 1 20 0.0026%

user bits to 18 channel bits, but it does not allow for a separate

mapping of two user bytes to two sequences of nine channel bits  6bit | 0.11% 2 9.5 0.0004%
7bit | 0.22% 3 30.3 0.0043%

A. Sliding-Block Code Construction
0.32% 4 55.0 0.0154%

To achieve a trellis stationary in time, short error propagation,
and simple encoding/decoding logic, the input data bits are sep Total 0.023%
arated into two 8-bit groups (bytes). Initially, the odd and even
codewords are encoded separately, using the sliding block tech-

nique. an even codeword ends with 11 and the succeeding odd

The sequences of four consecutive ones are not allowed, and codeword starts with 1, the first bit of the odd codeword
the sequences of three consecutive ones are allowed at even bit js changed from 1 to 0 and the bit at position 7 in the even

positions in odd codewords and in odd bit positions in even  codeword is changed from 0 to 1.

codewords, as illustrated in Fig. 2. After the initial encoding, using rules 1-3, some tribits may
The new code increases the number of available codewoggspear at invalid positions, and they then have to be remapped to

by introducing a correlation between odd and even bytes. Th&lid positions. Before rule 4 is applied, bits 3 and 7 in the even

code-construction procedure consists of initial encoding in rulegdewords will not be equal to 1, because codewords starting or

1-3, and remapping of the invalid tribits in rule 4. ending with a tribit, quadbit, or 1101 (1011) are not allowed by
1) No sequence of four consecutive NRZI ones (quadbits)rigles 1, 2, and 3. This prevents the remapping in even codewords
allowed. from creating a quadbit.

2) Sequences of three consecutive NRZ transitions (NRZICodewords are searched for tribit position violations at the
ones) can begin only at second, fourth, sixth, and eightloundaries between odd and even codewords after the initial en-
bit positions in odd codewords or at third and fifth bitcoding. If a tribit is detected at an invalid position, it is remapped
positions in even codewords. to a valid position by applying rule 4, as illustrated in Fig. 3. In

3) Even codewords starting with 1101 and ending with 10the decoding process, if tribits are detected at positions 1 and 7
are deleted. They are reserved for later remapping of imeven codewords, they are changed to a dibit (a sequence of
valid tribits. two consecutive NRZI ones), and the corresponding bits in ad-

4) When an initially encoded even codeword starts with Jjacent odd codewords are changed from 0 to 1.
and the preceding odd codeword ends with 1, bit 9 of the The code presented in this paper has a rate of 8/9, a max-
odd codeword is changed from 1 to 0 and the bit at posmum zero runlength of ten, and the same distance properties
tion 3 in the even codeword is changed from 0 to 1. Wheas the rate 8/9 TMTR code. The resulting trellis has a period
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Odd user byte Even user byte
X0~ %9 Xo= %7
Y Yg Odd byte encoder Even byte encoder
;from previous
even codeword To next odd
codeword
) —
—— * s -,
To previous )
- Y 0 N y 7 y 8
even codeword Y ; 1y Vs YV Vhvey v v ¥ \
From next
0dd codeword, y, - ¥, Even codeword, y, - y, odd codeword
Fig. 4. Encoder design.
Odd codeword Even codeword
Yo Ny % wo| % .
/’ \‘\
/
Y72 Vg ¥, from
from previous next odd
even codeword Yo| N1 Y3- s 7178 codeword
QOdd byte decoder Even byte decoder
Odd data, 4, - 4, Even data, d, - 4,

Fig. 5. Decoder design.
of two rather than nine. The application of this code keepswvéhich involves the change of the loop filter time constant. With
two-step implementation of the detector time-invariant. Fdhis new code, which only needs one out of two cycles to syn-
example, when this code is applied to th&PR4 trellis, only chronize, the synchronization can be done with the preamble
a 14-state two-step stationary Viterbi detector is requirepattern, and the detector could be aligned to receive the first
versus a 16-state time-varying detector for the TMTR code. data samples or even the synchronization byte in trellis mode.
time-invariant trellis with some permanently eliminated statékhis is an important advantage over the TMTR code, since no
would require a lower complexity sequence detector to matphrticular data sequence must be used to align the detector.
the code constraints. The application of this code is not limited to ML sequence
The reduced complexity of the detector should increase @stectors. It can also be used in other signal processing archi-
speed and power performance. Moreover, the detector syncheztures [e.g., in a fixed-delay-tree search (FDTS)] to allow for
nization is eased. With a TMTR code, the Viterbi detector stationary implementation of an interleaved two-step scheme in
required to synchronize in one out of nine cycles and therefaseder to achieve a high data rate).
must rely on the synchronization pattern in the read cycle. With
added latency in the Viterbi detector, the resulting system usu-
ally must pass the first few bytes of data in a regular, nontrellis
mode. In many cases, the first few data samples tend to hdve
more distortion from timing recovery and automatic gain control Since the odd and even bytes are, in general, encoded inde-
(AGC) due to the mode switching from acquisition to trackinggendently, the code will only allow for a two-byte error propa-

IV. | MPLEMENTATION ISSUES

Error Propagation Properties
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Fig. 6. EPRA4 trellis for the new code.

gation. The exception occurs when error events of length five a) b)

larger hit the even codeword, causing adjacent bytes to be cor-

rupted due to the replacement rules. Table Il shows the erfdag. 7. Two possible 32-state trellises for the new code.

event statistics for a Lorentzian channel with white noise at

user density of 3.0 using the proposed trellis code. One billion x (number of 1100x0011 patterns
channel bits are run at the channel BER of around®1&rror
event bit lengths are listed in the NRZ domain. With the normal ) - ] -
(14 D) precoder for trellis codes, NRZI dominant error events x (bit position 3 out of 9 bit positions)

of [1], [1 —1] and [1 0 0 1], will generate NRZ error events of =6.1% x 5 x 2/256 x 1/9 = 0.0027%.

length two, three, and five, respectively. As shown in Table I,

the two most dominant error events are two and three bits longSimilar considerations are carried out for length six, seven,
and the probability of a 5-bit error event is around 6.1%. Nand eight error events, and Table Il shows both the number of
3-byte error propagation is observed. To evaluate the impactgssible positions within the even codeword and the average
error propagation on the proposed trellis code, a simple an@imber of codewords (out of 256) that will generate 3-byte
ysis is carried out. For error events with length larger than 1&frors when being hit by error events of various lengths. The
these patterns can cause 3-byte errors in any code. The aeuﬁra”additional 3'byte burst error percentage i0.023%. ThUS,
tional 3-byte burst error caused by the replacement comes fré§ code practically limits error propagation to two bytes.

error events of length five to ten. For an error event of length five, ]

a 3-byte error will only occur for codewords 1100x0011 bein§- Encoder/Decoder Design

hit at bits three through seven, as the only valid 11xxxxx11 code-A subset of desired codewords is selected from the set of
word patterns are 1100x0011. The probability of occurrence @if possible codewords by eliminating the quasi-catastrophic

out of 256 valid codewords)

a 3-byte burst error caused by a 5-bit error event is sequences (codewords 001100110 and 011001 100) and the
- ) sequences that could distract the variable-gain amplifier loop
3-byte errof% = (probability of a 5-bit error event) (codeword 011 011 011) in the even set. The maximum zero run-

x (probability of even codewords) length in even codewords is limited to seven through elimination
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) S S—y, three-way as shown in Fig. 6. This results in over 30% savings
lf ] \l{’ in complexity over the full detector implementation. Reduced
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Fig. 8. Two possible two-step 32-state trellises for the new code. VI. COMPARISON RESULTS

To verify the performance, several systems are compared at
of the additional three codewords (000000000, 000000001, amkr densities of 3.0 for a Lorentzian channel. Additive white
100000 000). Gaussian noise is used in the simulation, and SNR is defined

The zero runlength in the odd set is limited to three, whichis the zero-to-peak amplitude of the input signal over the noise
results in the total maximum zero runlength for the code of tepower within two times the Nyquist bandwidth. Different code

The user data is mapped into codewords by partitioning [18hte systems have a slightly different Nyquist bandwidth. For
The encoder block diagram is shown in Fig. 4 [17]. example, a lower code rate system implies a higher noise band-

This encoding scheme detects tribits at dis-allowed positiongdth- the code rate difference is therefore automatically ad-
by using a simple three-input AND gate. Upon detection, it relgusted in the SNR in order to have a fair comparison between
cates them by OR-ing bits three (or seven) in the even codewdlifferent code rate systems. BER curves are generated with 100
and by inverting the last (or the first) bit in the odd codewordrrors for each data point in the graph (i.e  bis are exercised
The codewords are decoded in the opposite way, as showrfdnthe BER at 10%). The simulated systems are: R4 with

Fig. 5. rate16/17 RLL code; 2) #PR4 with new 8/9 code; 3) 32-state
target with 16/17 RLL code; and 4) 32-state target with 8/9 code.
V. E2PR4AND 32-STATE TRELLISES Comparison results are shown in Fig. 9. The new rate 8/9 code
A E2PR4 Trellis has a 1.75 dB advantage over the RLL-codé@®R4 system

with code-rate loss accounted for. It also improves the perfor-

The resulting two-step #PR4 trellis for this code is shown mance of the 32-state target by 1 dB when compared to the RLL
in Fig. 6. The two-step trellis does not change in time and twided system.

states, 0101 and 1010, are permanently eliminated in every other
step. The detector matched to this code is equivalent to the de-
tector required for the rate 16:18 block code [9].

The two-step (one step lookahead) detector [19] matched tdProposed is a new trellis code that eliminates the most
the code requires only 14 add-compare-select units for its imemmon errors in higher order partial response recording
plementation. Out of the 14 units, eight are four-way and six ackannels while keeping the two-step detector implementation

VII. CONCLUSION
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