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Abstract—We introduce two detection methods for uncoded
two-dimensional (2-D) intersymbol interference (ISI) channels. X i . r. i
The detection methods are suitable for a special case of 2-D ISI "/ Row ISI Yii Column IST |—+P) ©J)  Channel -

g

channels where the channel response is separable. In this case T Detector
the 2-D ISl is treated as the concatenation of two one-dimensional

ISI channels. The first method uses equalization to reduce the ISI Separable ISI Channel N, 02

in one of the two dimensions followed by use of a maximuna
posteriori (MAP) detector for the 1SI in the other dimension. The
second method employs modified MAP algorithms to reduce the Fig. 1. A separable 2-D ISI channel is viewed as two 1-D ISI channels.

ISI in each dimension. The implementation complexity of the two

methods grows exponentially in the ISI length in either the row ) ) ) o )

or column dimension. We develop two iterative decoding schemes effects of IS| as detection. The iterations and decisions directly

based on these detection methods and low-density parity-check associated with the low-density parity-check (LDPC) codes,
codes as error correction codes. Simulation results show that the \yhich are used for error correction, are referred to as decoding.

bit-error-rate performance loss caused by the 2-D ISI for the Various detection algorithms for 2-D ISI have been proposed
separable channel response considered is less than 1 dB over a

channel without ISI. This motivates equalizing a general 2-D IS 1N [1]-[4]. The detection method proposed in [2] is able to gen-
channel response to a nearby separable matrix. erate soft decisions for the recorded binary bits. This algorithm
Index Terms—Equalization, iterative decoding, nonbi- iFergtiver performs the calculgtiqn of t"YO p_arts, namely, the
nary MAP, turbo equalization, two-dimensional intersymbol likelihood exchange and the likelihood filtering. The calcula-
interference. tion of the first part entails computing a set of combining coef-
ficients. For anL x L ISI matrix, the number of the combining
coefficients is exponential ifi? [2]. Thus, it is impractical to
use this method for applications where ISI spreads over a large
WO-DIMENSIONAL (2-D) intersymbol interference neighborhood, for example, high-density storage media. In this
T (ISl) arises during detection in page-oriented opticgdaper, we propose and investigate the performance of two new
memories [1] and possibly in future magnetic recording sydetection methods that have a computational complexity pro-
tems. Current hard disk drives store data in concentric trackgrtional to the exponential df. The underlying premise here
and since the spacing between adjacent tracks is large, iththat the 2-D ISI matrix is separable into a product of two vec-
detection/decoding algorithms ignore the intertrack interfetors, thus allowing us to treat the 2-D ISI as the concatenation
ence without significant performance loss. While conventionaf two one-dimensional (1-D) ISI channels, a 1-D row ISl fol-
recording density is becoming saturated due to the so-calleded by a 1-D column ISI (Fig. 1).
“superparamagnetic” phenomenon, great efforts have been dedFhe first method uses equalization to reduce the ISl in one of
icated to new magnetic recording technologies in recent yeafse two dimensions followed by a maximunposteriori(MAP)
Reducing the bit-aspect ratio is one approach to increasifyj detector for the ISl in the other dimension. When used with
recording density, but it leads to increased interference from thBPC codes, the MAP detector and the LDPC decoder form an
adjacent tracks which, taken together with the downtrack |Sterative decoder.
can be treated as 2-D ISI. In this paper, we propose and studyrhe second method performs detection by using an iterative
the performance of iterative detection and decoding algorithrdstector that employs modified MAP algorithms for the ISl in
for storage media having 2-D ISI during readback. Throughoeach dimension. This detector is very similar to the detector of
the paper, we refer to the part of the algorithms that mitigate teerially concatenated convolutional codes (SCCCs) [6] but for
two differences. First, the trellis of the 1-D ISl in the column di-
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and ECS-9900159. . o _ observed directly, necessitating modification in the MAP algo-
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we will achieve this technology in the future. Advanced media,

such as patterned media, together with multitrack optical trans-
ducers or magnetic recording sensors [7], [8], promise advancec -5 ; : . . - : ,
systems that could implement and fully utilize 2-D recording 5 6 7 8 9 10 11 12

——&-——Row-and-Column

strategies. Ew/No [dB]
The rest of the paper is organized as follows: Section Il de-

. . . . Fig. 3. Performance comparison for detection algorithms.
scribes the system model. Section Il provides a brief descnp9 P g

tion of the detection methods for an uncoded 2-D ISI channel.
The iterative decoding schemes are described in Section itgrative decoding schemes, we define the signal-to-noise ratio
Simulation results are presented in Section V, and conclusids
are drawn in Section VI.

i hii
Ey/No = 10log;, (ﬁ (3)

Il. SYSTEM MODEL

We assume the channel is a discrete 2-D ISI channel. TWQereC Is the code rate.
user bitd,, is encoded by an error correction code (ECC) en-
coder, and the encoded bits are scanned into a niXtrisith IIl. DETECTION ALGORITHMS FOR2-D ISI CHANNELS
elementsr; ; € {£1}. The binary level signaling may corre- |n this section, we describe two detection methods designed
spond to saturation recording on a magnetic medium or the a@r the case when the channel response matrix is separable. For
sence and presence of holes on an optical medium. The out9eneral channel response, equalization might be considered

of the channel is a matriR with elements to equalize the channel response to a nearby separable matrix.
The separable matrix can be chosen with the same consideration
L—1 L-1 as 1-D partial-response equalization, i.e., the spectrum of the
Tij = Z Z Tilky et ks Ry + i (1) separable ma.trlx.should be wgll matched to that of t.he ?—D ISI
P —, so that the noise is not excessively boosted by equalization. The

minimum mean-squared error (MMSE) criterion might be used
wheren; ; are realizations of a zero-mean, varianéeadditive to design the equalizer [1].
white Gaussian noise (AWGN) sequence. The channel response
used for our simulations is A. Combination of Equalization and MAP Approach

This method uses equalization to reduce the ISl in one of the
1 05 two dimensions. Therefore, after equalization, the 2-D ISI de-
h = <0.5 025) (2)  tection is reduced to a 1-D ISI detection problem. For the re-
maining ISI, a MAP detector, described in [5] and [10], is used.
This channel response is separable fiitd.5]7 - [1 0.5]. In In this paper, zero-forcing (ZF) and MMSE criteria are used
(1), L represents the number of elements over which the 18 equalization. The performance of this approach using both
extends in each dimension. With the above assumptions, JMSE and ZF criterion is shown in Fig. 3. For comparison,
recording system can be represented by a discrete-time cdit@- 3 also shows the performance of a 2-D MMSE detection
munication system shown in Fig. 2. Anticipating the use of joirflgerithm designed for a general 2-D ISI [11], [12]. The equal-
turbo decoding and equalization, the dashed line in Fig. 2 plger assumes that the inputs have a Gaussian distribution, which

vides a path to feedback information from the decoder to ti&an @pproximation. The 2-D MMSE equalizer as implemented
detector. here has infinite support.

For error correction, we use LDPC coset codes [9]. Prior to . )
transmission over the channel, a widitguard band of-1'sis B- Row-and-Column Detection Algorithm
added around the matrX. The reason for using the guard band Given the observation matriR, the calculation of the exaat
is to isolate sectors in 2-D and also to provide ISl trellis termingosterioriprobability (APP) of each element of the input matrix
tion. To evaluate the performance of the detection methods a¥ds computationally intractable. However, the AFRz; ; =
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Fig. 4. Detector for the separable channel model shown in Fig. 1. Fig. 5. Row ISl trellis.

X |R), can be approximately calculated with an iterative dé—jerg, the super;cnptE‘ IS used o represent extrinsic m_for-
tector. The structure of the iterative detector is shown in Fig. ppation. For the first iteration, there is no information available

' : cE(y. . — V) is initiali
In the following, we briefly describe the algorithms of the conffom the row detector; hencé,"*(y; ; = Y') is initialized to

stituent column and row detectors in Fig. 4. zero. This follows from the assumptipn that the four input sym-
1) Column Detector:As mentioned before, the column ISIbOIS to the column (_jetec_tor are equr_oba_\bl_e. Alter _computlng

trellis is not binary. In fact, for ai. x L ISI matrix, the number the column LLR defined in (4), the extrinsic information

of inputs to the column ISl in Fig. 1 can be as many&sFor LTE(?/i,j =Y)=Ly,;=Y|R.;) — LCE(y,L-J =Y) (9

the considered channel response, the row ISI output mtrix , .
has elements; ; € {—1.5,—0.5,0.5, 1.5}. Thus, the column IS passed to the constituent row detector (Fig. 4).

ISI trellis has four states and four inputs corresponding to eact?) R?(W IfDehtector:The inputs to theIrO\;v ISI zmﬂi € {fi}]}'
state. Also, there are four branches arriving and departing frgifl® {@sk of the row detector is to calculate the LLR of the row
each state. The column detector takes a columR @ind cal- 1=/ inPut symbols

culates the log-likelihood ratio (LLR) of each element of the p (xij — 11 ’LT’?)
corresponding column in matri¥. The MAP algorithm for a L"(z;;) = log ’ b
binary trellis [5], [10] can be extended to a MAP algorithm for P (l‘m' =1 ’ Lg’_l?)
nonbinary trellises [13]. Here, we give a brief description of the ’
nonbinary MAP for the column ISI trellis. The LLR fay; ; is 2 o) D (M’Jm L{;E)
defined as = Jog — 2=t - (10)
/ T
o B ( P(UL] . | R_]) ) Exiwz':m_)l p (m ,m, Li,: )
L(yij = Y |R.j) = log
Plyij = _1-/5 |R. ) and the LLR of the row ISI output symbols
T e R L (s =¥ |LF)
= log (4)
2 e B p(s', s, R.j) P (y =Y LTE)
yi,j=—01.5 _ IOg ] i
whereR. ; represents thgth column of the observation matrix, P (yi,j =-15 L{F)
s’ and s represent the starting state and the ending state of a , E
branch of the column IS| trellis, respectively. In this section, we 2 (! m) P (m ym, L )
use the superscript™to represent the information produced or = log Yig =Y (12)
used by the column detector, and similarly define the symbol > (m'm) P (mﬁm-/ L,TE)
“r” for rows. Obviously,L¢(y; ; = —1.5|R.;) always equals yij==15
zero. The choice of the basel.5 is arbitrary. In (4), the joint whereL!® represents the extrinsic information for tith row
probabilityp(s’, s, R. ;) consists of three terms [10] given by (9), andrn’ andsm represent the starting state and the
, . N el . ending state of a branch of the row IS trellis, respectively. In this
p(s’, s, Ruj) = ag_1(s") - 7i(s's s) - Bi(s). (®)  case, we directly apply the Bahl-Cocke—Jelinek—Raviv (BCJR)

algorithm to the binary row ISl trellis (Fig. 5). In (10) and (11),
the value ofp(m’, m, LTE) can be calculated using the BCJR
. o/ . / algorithm. Itis necessary to modify the calculation of the branch
aj(s) = ZW’“(S »8) g (s). ©6) transition probabilityy; (m’, m) of the row ISl trellis due to the
# fact that there is no direct observation of the row ISI output.
The backward recursion is given by The modification is to calculate the branch transition probability
of the row ISl trellis solely based on the extrinsic information
Bi(s') = Z Vg1 (', 8) - Bigi(s)- (7) obtained from the column detector. For example, for the labeled
s trellis branch(m’, m) in Fig. 5

The forward recursion is given by

The branch transition probability for the column ISI trellis o _ exp(L"F(y; ; = —0.5))
v£(s', s) is calculated using the extrinsic information provided '* S vei-ta—0s0515 XPLTE (Y =Y))
by the row detector (12)

(', m)

Ye(s',8) = p(rijlyi; =Y) ~exp(L"E(yi7j =Y)). (8 whereL’“E(ym =Y) is given by (9).
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The detection is performed iteratively between the colunfrig. 7. This iterative detector consists of three concatenated constituent
detector and the row detector. The information passed from fifgeder/detectors.
row detector to the column detector is the difference of (11) and
) In Fig. 7, we see that the row detector is connected to both
B . E B the column detector and the LDPC decoder. So we consider
LF(yij=Y)=L" (yi; =Y |Li,: ) =L (i =Y). the information obtained from both the column detector and the
(13) LDPC decoder in calculating the branch transition probability,

m’, m), for the row ISl trellis. Assuming that the column de-

. o i
~Once a predefined number of iterations are performed, (]@:tor and the LDPC decoder make independent decisions, we
gives the LLR of the channel input symbols. The performangg,e

of this channel detector after one iteration is shown in Fig. 3

(named row-and-column). . exp(L"E(y; j; = —0.5))
Ve(m',m)= : E
Z)’e{—l.S,—0.5,0.5,1.5} exp(L™E(y;; =Y))
IV. ITERATIVE DECODING FOR2-D IS| SYSTEMS
. . . L . exp(L"PPC(z;,; = 1))
In this section, we describe two iterative decoding schemes EXe{—l,l} exp(LIPPC(z,; + = X))

for the system considered in Fig. 2 using the detection schemes
described in the previous section and LDPC codes for error cor-

rection. We also briefly describe the “full graph” algorithm [11],for the labeled branch in Fig. 5. HeBLPPC(z; ; = X) is the

[12], which is a scheme for joint eq_uallzatlon and decoding f%rxtrinsic information provided by the LDPC decoder to the row
a general 2-D ISI. In the next section, we compare the perf(%fétector

mance of the full graph algorithm with the schemes for a sePa-\\e also study the performance of the aforementioned de-

rable 2-D ISI to illustrate their superior performance. coding scheme when only the type-Il subiteration, between the
) o o row detector and LDPC decoder, is performed. This alternative

A. Using the Combination of Equalization and MAP Approaclicheqyle is considered because the number of input symbols to

For the system shown in Fig. 2, the diagram of an iteratithe column detector increases exponentially with the row ISI

decoder is shown in Fig. 6. The equalizer performs equalizatiangth, which significantly increases the number of computa-

in the row dimension. For this scheme, iterations are performgdns performed by it. Therefore, in this alternative scheme, only

between the column MAP detector and the LDPC decoder. Thre column detection is performed after which the 2-D ISl is

equalizer does not join the iteration process. We observe thattteated as a 1-D ISI.

iterative decoder is a 2-D version of turbo equalization schemes

for 1-D ISI channels [14]. C. Full Graph Message-Passing Algorithm

(14)

The full graph algorithm uses message passing to perform
joint equalization and decoding for 2-D ISI. The message

The iterative decoder using the row-and-column detectigrassing is performed on the joint three-level graph of the LDPC
scheme is shown in Fig. 7. Every iteration in this schermmde and the channel ISI. The LDPC code graph, which forms
consists of two types of subiterations. The type-I subiterationtise upper two levels, is a bipartite graph depicting how the
performed between the column detector and the row detectwydeword bit nodes are connected to the check nodes. The
After a fixed number of these subiterations, the row detecttmwer two levels are the channel ISI graph showing how the ISI
passes its extrinsic information to the LDPC decoder, startingduces dependencies among the codeword bits. The algorithm
the type-Il subiteration, which is performed between the rofirst performs a fixed number of iterations on the LDPC code
detector and the LDPC decoder. The LDPC decoder uses Higartite graph. If decoding fails, then message passing is
information passed to it by the row detector to calculate theerformed on the three-level graph for a fixed number of
pseudo-posterioriprobabilities of the codeword bits, whichiterations.
are then passed back to the row detector. The second iteratiohe message-passing schedule per iteration for the three-level
then starts with the row detector using these probabilities gsaph is as follows: codeword bit nodés; ;) to observed
prior information and performing its subiterations (type-1) witldata nodegr; ;); observed data nodes to codeword bit nodes;
the column detector. This process continues until a predefineatleword bit nodes to check nodes; and finally, check nodes to
number of iterations are exhausted. codeword bit nodes.

B. Using the Row-and-Column Detection Algorithm



WU et al. ITERATIVE DETECTION AND DECODING FOR SEPARABLE 2-D INTERSYMBOL INTERFERENCE 2119

ISI-free
Full Row-and-Column
Half Row-and-Column

o -1 ™
- = @ Full graph
© ®
» & ® . ¢ MMSE-MAP
© |
m -2 ZF-MAP
=2 ®
o L *
- ]
.5 . *
I L]
£ !
L &
=
o5
L J *
=
-6
0 1 3 5
E,/N, [dB]
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in Fig. 8, named “half row-and-column,” shows the performance
after five iterations. With more iterations, no performance im-
provement was observed.

The row-and-column and the full graph decoding schemes
have a linear complexity in the code block length. However, the
full graph algorithm has a computational complexity exponen-
tial in L? for an L x L 1SI matrix, whereas for the row-and-
column method it is exponential ib. Thus, we obtain not only
improved performance but at a lower cost also.

The fifth curve from the left is the performance after ten it-
erations of the equalization and MAP approach using MMSE
equalization. The equalizer used for the simulation has seven
taps [16]. The sixth curve from the left is the performance after
ten iterations when a ZF criterion is used for equalization. The
performance is worse than the MMSE equalizer case because
the ZF equalizer causes more noise correlation than the MMSE
equalizer. In each case, the LDPC decoder performs 20 itera-
tions after every MAP equalization.

VI. CONCLUSION

We have introduced two detection methods for uncoded
separable 2-D ISI channels. These methods are able to generate
soft decisions and, therefore, are suitable for iterative decoding
with error correction codes. We also studied two iterative
decoding schemes using these detection methods with LDPC
codes. The best decoding performance is achieved using the
row-and-column detection method, which employs modified
MAP detectors for the ISI in each dimension. This method
outperforms the full graph algorithm developed for a general
2-D ISI[12] for the separable channel response considered. The
computational complexity of the row-and-column method is
exponential in the channel response length in either dimension.
This motivates equalizing a general 2-D ISI| channel response to

Fig. 9. BER performance of the full row-and-column decoding scheme fey nearby separable matrix, then applying the iterative decoding

varying number of iterations.

V. SIMULATION RESULTS

methods described here.
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