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On the Performance of Turbo Product Codes over
Partial Response Channels

Jing Li, Erozan Kurtas, Krishna R. Narayanan, and Costas N. Georghiades

Abstract—This paper evaluates the performance of single-parity inferiority over PR channels also. However, when used as an
check turbo product codes (TPC/SPC) over partial response chan- outer code in a serial concatenation with an interleaver and

nels. A rate-0.94 and a rate-0.89 TPC/SPC code are considered ; ; e

for use with PR4/EPR4 channels with proper precoding and with a precodeq Cr.‘"?‘””e' .(COIIectlv'er Vleyved as a recurswg Inner
turbo equalization. Gains of 4.5 to 5 dB are obtained at BER of Co_de)' a significant interleaving gain results. In particular,
10-5, revealing performance comparable to that of low density 9gains of 4.5-5 dB are observed for a rate-0.94 and a rate-0.89

parity check codes. Apart from its linear encoding/decoding com- TPC/SPC code over ideal PR4/EPR4 channels, comparable to
plexity and highly parallelizable decoding algorithm, TPC/SPC  that of LDPC codes, yet with less complexity. Further, error
codes demonstrate favorable error statistics which are in harmony statistics show that TPC/SPC codes tend to work in harmony
with the outer Reed—Solomon error correction code (RS-ECC), with the outer RS-ECC codes, which possibly makes them

indicating it to be a promising candidate for future recording o .
systems. a more promising candidate than LDPC codes for future

. . . magnetic recording applications.
Index Terms—bata storage system, iterative decoding, Tgh . g pp d foll Secti Il add
message-passing decoding, partial response channels, precoding, € paper IS organized as 10llows. Section addresses

turbo product codes. the fundamentals of TPC/SPC codes. Section Il presents the
system model with discussion on precoding and the itera-
tive approach. Section IV reports simulation results. Finally
Section V concludes the paper.

TERATIVE decoding is being seriously considered for ap-

plication in future magnetic recording systems. After being Il. FUNDAMENTALS OF TPC/SPC ©DES
precoded, filtered and equalized to some simple partial respo S€| -
. . > Introduction

(PR) target, the magnetic recording channel can be modeled
as an inter-symbol interference (ISI) channel and, hence, turbd® turbo product code [4], also known as a block turbo code
equalization has been shown to provide good performance [ﬁS_TC), is composed of multi-dimensional arrays of codewords

Turbo codes and low density parity check (LDPC) codd&om linear block codes, upon which an iterative soft-in soft-out
have demonstrated impressive coding gains on magndSO) decoding is employed. A 2-dimensional turbo product
recording channels [1]-[3]. But a turbo decoder uses a compfegde.C, formed from component cod€s ~ (n;, ki, di, Gi),
MAP (maximuma posterior) decoder with many states. Ant = 1, 2, has parameterniny, kiky, didy, Gi @ Ga),
LDPC code has considerably less decoding complexity, byheren, &, d, andG denote the codeword size, user data size,
its encoding is(O(n?)). Further, it has been seen that larg8Vinimum distance and generator matrix, respectlv_ely, @nd
error bursts within a block may easily cause failure of the outdgnotes the Kronecker product. A popular way to interpret a
Reed—Solomon error correction code (RS-ECC) [5]. TPC code is to treat it as a serial concatenation of its component

Single-parity check turbo product codes (TPC/SPC) whidedes with linear block interl_eaver in betweep. However a
are a simple type of turbo product codes (TPC) [4] posse-EEC/SPC code can also be viewed as a special type of struc-
many inviting properties for recording systems, such ddred LDPC codes, where each row in each dimension satisfies
high-rate, linear encoding/decoding complexity and a highfyycheck [5]. Hence while the general treatment of a TPC code
parallelizable encoding/decoding procedure. While turbo a#tiVvia the Chase algorithm, a TPC/SPC code can be decoded
LDPC codes have been under extensive investigation in d#&ing a simple graph-based message-passing algorithm similar
storage research, little has been reported about TPC/SPC cd@idat of an LDPC code. To the interest of recording systems
in this area. This paper will step through the critical issue¥here high-rate codes are required, we focus on 2-d TPC/SPC
of TPC/SPC codes as applied to PR channels and highlig@des only, but the above properties as well as the decoding
new results. The fact that single-parity check (SPC) codes Algorithm are easily extended to the multi-dimensional case.
intrinsically weak codes and that TPC/SPC codes are worse ] )
than LDPC codes over ANGN channels tend to indicate thér Decoding Algorithm

Assuming even-parity check codes, bipolar modulation and
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Effect of precoding

TABLE | e
DECODING ALGORITHM FOR 2-D TPC/SPC ©DES o ' : ' ' '
. .
Initialization: 102k o ]
for i =1to Ny, for j =1 to Ny, /f_’
1 2
Lom = ;277‘1‘“7', LC,E‘,I.) = Legﬂ.) = O, 107k '.‘ J
Tterations: oy '
Decoding C;: for i = 1 to Ny, for j =1 to Ny, £ L ]
) -1 Los,+Lef?) @ -2
Le; j=2tanh™ ([T1ci<p, 15 tanh(—=—*)), s
Decoding Cy: for j =1 to Ny, for i =1 to Ny, 10°L . | - 4
_ Loy ;+L (1) : no precoding P
Lef}:%anh (i<t ny ons tanh(i’—z—-e—‘i )s . 551%1*8?
Soft output and decision: 107 31 /(1:D+D3) 3
for i =1to Ny, for j z)l to 1\([21)> 4:1/(14D+D% DY)
-7 1 1 1 1 1 1
LLR;; = Loy; + Le; ; + Le; j, 55 4 45 5 55 6 6.5 7
§,;=LLR;; >070:1, Eb/No (dB)
Fig. 2. Effect of precoding.
TPC/SPC over PR Channel n Turbo Equalization
s rpoispdh PR ¥ £ [MAP docode Trcdesder]l s Since TPC/SPC codes have a minimum distance,of= 4
] channel[{ ™4 (SISO digger @Iso uer > even for very high rates, an interleaving gain results. It should
outer code _ inner cod{ ! : be noted that a high-rate punctured convolutional code usually
_ hasd,, < 3 and, hence, TPC/SPC codes can be expected to
Fig. 1. System model of TPC/SPC codes over PR channels. outperform high-rate convolutional codes. In comparison to an
LDPC code, since a randomly-constructed LDPC code gener-
. TPC/SPC ®DES OVERPR CQHANNELS ally has a very large minimum distance, precoding cannot bring
o further (effective) spectral thinning. It has been shown in [7] that
A. System Model and Turbo Equalization the performance of LDPC codes (with average column weight

We study an ideal system model where the recording chan@gis worse with precoding than without precoding, so for a fair
impulse is modeled as a perfectly equalized partial resporggmparison, no precoding is used for LDPC codes in this work.
polynomial (PR4 or EPR4) with additive white Gaussian nois&é 2-D TPC/SPC code has minimum distance of only 4 and
(Fig. 1). It should be noted that the PR4 channel is not penéterefore encounters many undetectable errors. Several tech-
ized for noise-boosting at high frequencies. This approach hzgues have been proposed to improve the distance spectrum of
been used in several other papers including [1] and [3]. The oBRC/SPC codes. However, they usually either decrease the code
servation that PR channels can be effectively viewed as a rateafe or increase the complexity and, hence, are not of interest.
convolutional code leads to a natural form of serial concatenatedn addition to enhancing the distance spectrum, the precoder
structure with the 1SI channel considered as the inner code aaigo affects the convergence of the turbo equalization process
TPC/SPC code as the outer code. With proper precoding, thisd, hence, the precoder should be carefully chosen. In partic-
inner convolutional code appears recursive, providing the palar, the best precoder for PR4/EPR4 channels is shown to be
tential for interleaving gain. Turbo equalization [also known a/(1 & D?) [7], and our simulation confirms the claim (Fig. 2).
iterative decoding and equalization (IDE)], is exploited to iterate
soft extrinsic information in log-likelihood ratio (LLR) form IV. SIMULATION RESULTS
between the inner and the outer code. The random interleaveéimulation ParametersWe study 2-d TPC/SPC codes with

in between works to decorrelate LLRs and to eliminate err .
bursts. Each turbo iteration (big loop) in TPC/SPC system co Féte 0.89 and 0.94 which are formed from (17,16) and (33,32)

'8bC codes, respectively. We combine 16 (172 TB)C/SPC
poses of one round of inner MAP decoding (implemented usi i . ' :
the BCJR algorithm), followed by 2 rounds of iterations in out;%%dewords and 4 (33, 32YPC/SPC codewords respectively to

brm an effective data block size of 4K bits, to obtain a larger

TPC/SPC decoder (small loop). interleaving gain.
) Bit Error Rate: As shown in Fig. 3, gains of some 4.5-5 dB
B. Precoder and Distance Spectrum over uncoded partial response maximum likelihood (PRML)

A precoder typically takes the form af (D) whereg(D)is systems are observed for TPC/SPC codes at BERTf. Also
a polynomial in the binary field. Precoding makes the inner cogeesented are curves for a r&g = 0.89 and16/17 = 0.94
(i.e., ISI channel) appear recursive, and will (in conjunction witregular LDPC codes with column weight 3. It should be noted
the random interleaver) improve the distance spectrum of there thatirregular LDPC codes of such high rates have been seen
overall code (spectral thinning) by mapping low weight errdo perform slightly worse than regular codes [8]. Precoding is
events to higher weight ones, leading to an interleaving gaused for TPC/SPC codes and no precoding for LDPC codes. Al-
It has been shown that the minimum distance of the outer catb®ugh not shown, a rate-0.94 LDPC is seen to be 0.5 dB worse
should be at least 3 [6] in order to obtain an interleaving gaiwith than without precoding on PR4 channels at BER®f3.
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9 TPC (w/ precode) vs LDPC (w/o precode) TPC/SPC, 6.5 dB LDPC, 6.5dB
10 ' ' ' ' ' ' 10000 - 10000 _
1 iter 1 iter
~ — TPC/SPC 5000 BER=3.22e-3 5000 BER=2.51e-3
107°F , ~~~  -.- —  LDPC 1 ByteER=2.37e-2 ByteER=1.60e-2
' % 50 00 0 50 100
-3
10 uncodfd E 700 3 ftor 40 3 fter
uncoded 350 BER=9.56e-6 20 BER=1.18e-5
0107k ‘ EPR4 ] ByteER=6.90e-5 ByteER=7.49¢-5
o d @ ol 2, j |
- o 300 25 50 2 2(_) 50 100
10'5 L - A i ‘S . o 5 i
- YA\, g 5 iter = iter
RoB9t 1L AN 20 BER=6.63e-7 1 F1.75e-6
10} vV R-0.94 10 ByteER=4.68e-5 [ “ tHER=9.91e-6
Reoggl ' ' EPR4 0 el 0
EPR4 R-0.04 1 e 25 50 {0 50 100
10'74 L : ! = : : o~ ” 10 jter 10 iter
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Eb/No(dB) | EfleER=7.13e—7 ByteER=1.60e-6
Fig. 3. Performance of TPC/SPC versus LDPC. 00 5 10 15 20 OO 15 30 45 50

byte-errors/blk (200,000 blks) byte-errors/blk (160,000 blks)
Block Error Pattern: Magnetic recording systems require

BER of less thari0—1%. Such low error rate is achieved by conFig. 4. Blockerror statistics;&axis:_ number of byte errors in a block;axis:
catenating an RS-ECC at the very end to clear up the I,esid(L)j(‘%ﬁurrence of such blocks, BER: bit error rate, ByteER: byte error rate).

errors. A typical RS-ECC works on the byte level, capable of

correcting up td byte errors in each data block of size 4K bitstatistics are examined and TPC/SPC codes are seen to have

or 512 bytest(is usually around 10 to 20). Hence the maximummuch smaller error bursts than LDPC codes. The results have

number of uncorrected errors after the modulation code in eastiown that TPC/SPC codes should be seriously considered for

block should be small. Whereas LDPC codes are shown to haatential application in future magnetic recording systems.

undesirable bursty errors [5], TPC/SPC codes appear to have

nicer error statistics. Fig. 4 compares the error statistics for a

TPC/SPC and a LDPC code over EPR4 channels (both have ef- _ o

fective block size 4K, rate 0.94). The statistics are collected overtl] T-M-Dumanand E. Kurtas, "Comprehensive performance investigation
! e . ) of turbo codes over high density magnetic recording channel®fdn.

200000 and 160000 blocks of 4k bits, respectively. Although  Gjobecom1999.

we cannot reliably predict the performance of the outer RS cod€2] W. Ryan, L. McPheters, and S. McLaughlin, “Combined turbo coding

at very low BER’s such a30~—'® based on the limited obser- and turbo equalization for PR4-equalized Lorentzian channel®yan.

. o Conf. Intl. Sci. Sys1998.
vation, the results clearly indicate that TPC/SPC codes possesg) J_OLn_ ,:Qm A_C::rieydsmann' E. Kurtas, and S. McLaughlin, “Low density

better burst error statistics than LDPC codes. parity check codes for magnetic recording,3ifth Allerton Conf.1999.
[4] P. Elias, “Error-free coding,IRE Trans. Info. Theoryvol. IT-4, pp.
29-37, Sept. 1954.
V. CONCLUSION [5] J.Li, E. Kurtas, K. R. Narayanan, and C. N. Georghiades, “On the per-
. . . . . . . formance of turbo product codes and LDPC codes over partial response
This paper investigates the potential of applying single-parity  channels.” Intl. Conf. on Comm. 01, to be published.

check turbo product codes to magnetic recording systems. A6] S. Benedetto, D. Divsalar, G. Montorsi, and F. Pollara, “Serial concate-
random interleaver, precoder and turbo equalizer are used to hation of interleaved codes: Performance analysis, design, and iterative

f f ial . PR ch decoding,”IEEE Trans. Info,vol. 44, no. 3, May 1998.
orm a power structure of serial concatenation over chanyz; k.r. Narayanan. Effect of precoding on the convergence of turbo equal-

nels. To maximize interleaving gain, multiple TPC/SPC code-  ization for partial response channelEEE J. Select. Areas Commun.
words are combined before interleaving. Gains of 4.5-5 dB are __ [Online]. Available: htip://ee.tamu.edu/~krishna/jsacmagrec. pdf.
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