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Cancellation of Linear Intersymbol Interference
for Two-Dimensional Storage Systems

S. Van Beneden1, J. Riani1, J. W. M. Bergmans1, and A. H. J. Immink2

Eindhoven University of Technology, 5600 MB Eindhoven, The Netherlands
Philips Research Laboratories, 5656 AA Eindhoven, The Netherlands

This paper discusses the cancellation of linear intersymbol interference (ISI) in two-dimensional (2-D) systems. It develops a theory for
the error rate of receivers that use tentative decisions to cancel ISI. It also formulates precise conditions under which such ISI cancellation
can be applied effectively. For many 2-D systems, these conditions are easily met, and therefore the application of ISI cancellation is of
significant interest. The theory and the conditions are validated by simulation results for a 2-D channel model. Furthermore, results
for an experimental 2-D optical storage system show that, for a single-layer disk with a capacity of 50 GB, a substantial performance
improvement may be obtained by applying ISI cancellation.

Index Terms—Cross-talk cancellation, intersymbol interference cancellation, residual intersymbol interference, two-dimensional op-
tical storage.

I. INTRODUCTION

STEADILY increasing storage densities are a clear trend in
storage systems. Increasing amounts of intersymbol inter-

ference (ISI) are a consequence of this trend. A possible tech-
nique to deal with this ISI is ISI cancellation. In this technique
tentative decisions are used as input to an interference canceller,
which attempts to remove those linear or nonlinear ISI compo-
nents that are not expected by the main bit detector. These unex-
pected ISI components are denoted in the remainder as residual
ISI (RISI) components. In general, RISI components originate
from the fact that the equalizer is not able to perfectly shape the
ISI structure induced by the storage channel into the ISI struc-
ture expected by the bit detector (defined by a so-called target
response). The part of the RISI components that originates from
symbols subsequent to the current one (i.e., from future sym-
bols), is denoted as precursive ISI.

The general structure of an ISI cancellation scheme is de-
picted in Fig. 1 for a one-dimensional (1-D) system. The equal-
ized signal is a distorted and noisy version of the recorded
bits . Based on tentative decisions with respect to these
recorded bits , the interference canceller generates an esti-
mate of the RISI contained in the equalized signal . To make
the scheme causal, is delayed until tentative decisions are
available for all symbols that induce precursive RISI. The RISI
estimate is subtracted from this delayed version of to pro-
duce a signal that is ideally free from RISI. This signal is used
as input of the main detector. This main detector produces the
final decisions . The benefits of the ISI cancellation technique
are: simplicity, ability to handle both linear as nonlinear RISI
components and absence of loops (i.e., ISI cancellation can be
pipelined).

In general, ISI cancellation works effectively if two con-
ditions are fulfilled. First, all the cancelled RISI components
should have a relatively small magnitude (with respect to the
magnitude of the target-response components). Second, errors
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Fig. 1. General structure of an ISI cancellation scheme.

that affect the main and the tentative decisions measured at the
same instant should be statistically independent. In practice
the latter condition is fulfilled if the cancelled RISI compo-
nents originate from symbols that have sufficient “temporal
separation” from the current symbols [1]. In a 1-D system, the
number of small RISI components tends to be limited and for
this reason the performance gain of ISI cancellation is usually
small. As a result ISI cancellation is seldom used in practical
systems because the substantially increased complexity is not
justified by the marginally increased performance.

Besides the trend of increasing storage densities, there is also
a general trend of increasing data rates. The development of
two-dimensional (2-D) storage systems fits with this trend and
permits exploitation of parallelism. The parallelism is achieved
by packaging data in a group of adjacent tracks or rows and by
parallel processing of these tracks [2]. The physical proximity
of the tracks causes 2-D ISI during readout. The main topic of
this paper is the use of linear ISI cancellation in 2-D systems
to deal with 2-D RISI components. The 2-D ISI cancellation
technique presented in this paper is general and can be applied
to a variety of 2-D systems: MIMO, holographic storage, page-
oriented optical memories, patterned magnetic media, and 2-D
optical storage.

In this paper, we argue that the application of ISI cancella-
tion is of significant interest for 2-D systems. A first argument
is the fact that the number of small RISI components is increased
considerably with respect to the 1-D case. As a result, the per-
formance gain by applying the cancellation technique will also
increase. A second argument is the fact that only little additional
complexity may be required for the application of ISI cancel-
lation techniques. Because 2-D detection is often accomplished

0018-9464/$20.00 © 2006 IEEE
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by several iterations of smaller detection units to avoid the com-
plexity of a full 2-D Viterbi detector [3], [4], decisions of one of
these smaller detection units can be used as tentative decisions
by the canceller. As a result no additional bit detectors need to be
implemented to produce these tentative decisions. Summarizing
these arguments, with a limited additional complexity (only the
interference canceller needs to be added, not an additional de-
tector) ISI cancellation in a 2-D system may improve perfor-
mance significantly.

In this paper, the attention is limited to the cancellation of
linear ISI. This limitation is reasonable as in general the linear
components account for the bulk of the total RISI and moreover
in [1] the cancellation of nonlinear ISI components is shown to
be ineffective.

An experimental 2-D optical storage system, called TwoDOS,
is used to illustrate the performance improvement. For
TwoDOS, a partial response maximum likelihood (PRML)
receiver with a stripe-wise Viterbi detector (SWVD) was de-
veloped [5]. This SWVD performs two consecutive detection
iterations. As a result, the outputs of the first iteration can be
used as tentative decisions in an ISI cancellation scheme. The
application of linear 2-D ISI cancellation in the PRML receiver
improves the performance of the system significantly at very
limited additional complexity.

In Section II, a historical overview of ISI cancellation
schemes for 1-D systems is given. Also in Section II, ex-
isting reception techniques for 2-D systems are discussed. In
Section III, the 2-D ISI cancellation scheme is proposed and
analyzed. Finally, in Section IV, experimental results of linear
2-D ISI cancellation are presented for the TwoDOS system.
These experimental results show a substantial performance
improvement by applying linear 2-D ISI cancellation.

II. OVERVIEW OF ISI CANCELLATION

In 1-D systems, the adaptive canceller usually employed in
echo cancellation was first applied to adaptive equalization by
Gersho and Lim [6]. Their work was the extension of early
work by Proakis [7]. They developed a cancellation structure
that achieves the optimal performance, i.e., the isolated-pulse,
matched filter reception. For this to happen, cancellation should
be based on the actual data, i.e., on data without decisions errors.
Because of the noncausal nature of the cancellation structure, it
is necessary to use tentative decisions to synthesize the precur-
sive RISI components. This cancellation structure is sometimes
referred to as a two-stage equalizer. The first stage produces ten-
tative decisions which are used by the cancellation filter while
the second stage produces final decisions based on the equal-
izer output signal after cancellation of the RISI components.
Gersho and Lim suggest the use of a linear equalizer (LE) as
the first-stage equalizer. Significant signal-to-noise ratio (SNR)
gains are observed using the canceller compared to an LE. A
theory has been worked out on data-aided equalization tech-
niques including linear, decision feedback, and canceller based
equalizers [8]. In both [6] and [8], the analysis was based on
the mean-square error criterion and ideal (i.e., correct) decisions
are assumed. Wesolowski [9], [10] showed that the error perfor-
mance of the canceller critically depends on the performance of

the first-stage equalizer. Therefore, a decision feedback equal-
izer was proposed as the first-stage equalizer. The replacement
of the LE by a decision-feedback equalizer (DFE) yields a mod-
erate improvement in performance. Based on the assumption
that the final decisions will be better than the tentative deci-
sions, it has been argued that replacing tentative decisions by
final decisions to synthesize the postcursive RISI contribution
(RISI originating from past symbols), will improve performance
[11].

The combination of a linear ISI canceller combined with
an error reducing circuitry, called quantized logical equalizer
(QLE), has been proposed in [12]. In [13], through a simulation
study, the performance of the canceller was shown to lag well
behind the Viterbi Detector and to provide little improvement
over a DFE at high recording densities. However for specific
low-pass channels, the performance of the canceller was shown
to approach that of a maximum-likelihood detector if the input
data is constrained using a run-length-limited code [14]. The
use of reliabilities produced by the error-correcting decoder
in the ISI cancellation mitigates the error propagation [15].
This approach can be generalized to an iterative scheme of
alternately cancelling RISI components and decoding. Fur-
thermore, the ISI cancellation technique can be applied to
nonlinear channels [11], [16], [17] resulting in SNR gains at
the detector input. The corresponding error rate improvements
are not shown. In [18] the problem of error propagation is ad-
dressed. Error propagation caused by the first stage can degrade
the effectiveness of the cancellation technique severely. To
mitigate the degradation, nonlinear cancellation combined with
trellis coding was proposed. This scheme requires two Viterbi
detectors, which leads to an increased complexity.

In general, the cancellation technique can be shown to be ef-
fective if the ISI that is being cancelled is “small” and if er-
rors affecting final and tentative decisions are statistically in-
dependent [1], [19]. The latter condition basically means that
the cancelled RISI components should originate from symbols
that have sufficiently “temporal separation” from the current
symbols.

In commercial 1-D storage systems, the application of ISI
cancellation is limited. Two main reasons can be identified for
this limited application: 1) the presence of an auxiliary (Viterbi)
detector to produce the tentative decisions will cause a substan-
tial increase in overall complexity and 2) the number of “small”
ISI components that can be cancelled effectively is in general
quite low, and as a result the potential performance improve-
ment is small [1].

For 2-D storage systems, receiver structures have been pre-
sented based on linear equalization (LE) [20], [21], decision
feedback equalization (DFE) [22]–[24], and iterative detection
[25], [26]. The extension of the 1-D ISI canceller to its 2-D
equivalent has however not been reported. In this paper, the ap-
plication of cancellation techniques is described for 2-D storage
systems. The major drawbacks of ISI cancellation in 1-D sys-
tems become much smaller for 2-D systems. First, due to the
2-D nature, it should be clear that the number of small ISI com-
ponents is increased considerably with respect to the 1-D case.
As a result, the performance gain by applying the cancellation
technique will increase. Second, because of complexity issues,
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Fig. 2. System model. The assumed channel model is depicted in combination
with the ISI cancellation scheme.

bit detection in 2-D systems is hardly if ever accomplished by a
full 2-D Viterbi detector [3], [4]. Instead, detection is often ac-
complished by several iterations of smaller detection units. As
the detection process is divided into smaller subprocesses, it is
possible to use decisions of one of these smaller subprocesses
as tentative decisions in cancellation techniques. As a result,
with a very limited additional complexity (only the interference
canceller needs to be added), ISI cancellation in a 2-D storage
system can yield a significant performance gain.

III. LINEAR ISI CANCELLATION IN 2-D SYSTEMS

In this section, linear 2-D ISI cancellation is presented and
analyzed. The 2-D ISI cancellation scheme together with the
assumed channel model is shown in Fig. 2. The signals

where represents the number
of tracks, are output of a linear 2-D channel model. Because of
the linearity, the overall 2-D channel response of each track
can be separated into two 2-D responses: one response expected
by the detector (the target response) and one response which is
undesired in the detector (the undesired RISI response). There-
fore the signal belonging to track can be expressed as
the sum of three terms. The first term is the desired partial re-
sponse signal value (obtained by convolving the target response
with the bits); the second term is the undesired RISI value (ob-
tained by convolving the undesired RISI impulse response with
the bits); and finally a noise term

(1)

where is the target response expected by the detectors,
is the RISI impulse response, are the channel

inputs are noise samples, and
is the length of the target response. Here, we assume all tracks
have the same target and RISI response. In total, there are
precursive RISI components and postcursive RISI compo-
nents. Notice that is a noncausal impulse response if

(precursive RISI). In this section, the noise samples
are assumed to be white and Gaussian with variance and
the noise samples of different tracks are uncorrelated. For every
track an interference cancellation filter with impulse response

generates an estimate of the RISI contained in
based on the tentative decisions for and

, where is the delay introduced by

the tentative detector. In general, to effectively cancel all RISI,
the response should be equal to . The RISI es-
timates of all tracks are subtracted from delayed versions of
(with a delay of symbols such that tentative decisions
are available for all precursive RISI components). The resulting
signals are used as inputs of the main detector which pro-
duces the final bit decisions . In this paper, we assume for
simplicity reasons that the main and the tentative detector op-
erate based on the same target response . This assump-
tion is however not strictly needed. For example, a configuration
is possible where besides also part of is can-
celled and as a result the main detector operates on a truncated
version of [27].

In Section III-A, the symbol error rate of a Viterbi detector
is analyzed in case RISI is present at the detector input. Subse-
quently, the symbol error rate of the ISI cancellation scheme of
Fig. 2 is analyzed in Section III-B. The effect of error propa-
gation on the overall receiver performance is discussed in Sec-
tion III-C. Finally, Section III-D illustrates the effectiveness of
the ISI cancellation scheme for three simplified channel models.

A. Probability of Error of a Viterbi Detector in the Presence
of RISI

The probability of symbol error of a 2-D Viterbi detector
(VD) in the presence of 2-D RISI can be derived following the
same approach as presented in [1] for a 1-D system. The differ-
ences between the 1-D and 2-D case together with the main con-
clusions are highlighted here. The probability of symbol error is

(2)

where is the set of all possible 2-D error events in which
the null event (no errors) is excluded, is the number of
symbol errors in the error event and is the probability
that error event occurs. Also

(3)

where is the probability that the VD selects the path corre-
sponding the error event instead of the path corresponding to the
actual data sequence, i.e., .
Furthermore, is the probability of occurrence of a data se-
quence that supports the error event .

Assume that the path associated with differs from the cor-
rect path for . Define

(4)

where is the ideal detector input for
track at time given a specific data sequence

is the total RISI for
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track at time and is the data sequence according to the
error event (i.e., ).

The VD will select the wrong path if

(5)

or, equivalently, if

(6)

Let be the total number of symbols transmitted for a single
track and the vector space of -tuples of real numbers. It
is convenient to define the following vectors in

(7)

Since clearly for or , we can
express the condition for error event to occur as

(8)

where and is the Euclidian weight (de-
noted as Euclidian distance in the remainder of the text) of a
particular error event :

(9)

In the absence of any RISI, , and the Eu-
clidian distance reduces to which is
the usual expression for the distance of error event .

B. Probability of Error of the ISI Cancellation Scheme

It is convenient for the analysis of the error performance of
the ISI cancellation scheme to assume that both the main and
the tentative detectors of Fig. 2 are VDs. Both VDs are matched
to the desired component of the channel (i.e., the target response

). An interference canceller with response
for every track is fed with the decisions of the tentative VD. The
probability of error for the cancellation scheme can be expressed
as

(10)

where is the set of all error events without the null event,
is the set of all error events including the null event, is
the number of symbol errors in the error event is the
probability that the tentative VD selects the path associated with
error event and the main VD selects the path associated with
error event , and is the probability of the occurrence
of a data sequence that supports both and as possible error
events.

The probability can be computed by expressing the
conditions for which both VDs make a decision error. The con-
dition for the tentative VD is given by (8), whereas the condition
for the main VD can be obtained by replacing in condition
(8) by . Therefore, the conditions for and are

(11)

and

(12)

where

(13)

and

(14)

Conditions (11) and (12) define a region in delimited by
two -dimensional hyperplanes. It is always possible to
introduce an orthogonal transformation such that and
lie on a 2-D plane. Then the hyperplanes become simple straight
lines and the region can be easily visualized. As a result the joint
probability of and can be computed by integrating the 2-D
Gaussian density with unit variance

(15)

Three cases are of interest:

• Case I: The two vectors and are orthogonal. In this
case the joint probability of and can be expressed as

(16)

• Case II: The same error event occurs in the tentative and
the main detectors , and . Because the
two conditions (12) and (11) must be satisfied, the joint
probability can be expressed as

(17)

In general, and hence the probability of
error of the ISI cancellation scheme is basically determined
by the probability of error of the tentative detector.

• Case III: Vectors and are neither parallel nor orthog-
onal. In this case, the integral does not have a closed-form
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solution but some tight upper bounds can be computed in
many cases of interest.

In Section III-C, the effect of error propagation on the perfor-
mance of the receiver is studied.

C. Error Propagation in the Receiver Using Tentative
Decisions for ISI Cancellation

For each , consider the set of all those events that
satisfy the condition

(18)

This condition is obviously met in case for
(the case of no RISI), but also in case is or-

thogonal to . Therefore, as a result of (14), the distance
of event is not affected by the existence of event in the ten-
tative detector. The summation of (10) can then be split into two
terms as follows:

(19)

where

(20)

and

(21)

where is defined as the complement of with respect to
[as defined in the text following (10)]. The probability rep-
resents the error rate of the main VD in case RISI is absent, i.e.,
the case of ideal cancellation. Following the results presented in
Section III-A, this error rate can be expressed as

(22)

where

(23)

is the probability of event in the main detector.
The probability represents the error propagation effect

caused by the errors made by the tentative detector. The cancel-
lation scheme will be effective if , i.e., bit errors due to
error propagation will not significantly determine the overall bit
error rate. However if , error propagation will mainly
determine the overall bit error rate. Here, we analyze individual
terms contributing to and determine when they will lead to
error propagation.

• Case I: For small RISI values, will
not be significantly smaller than , i.e.,

and . Therefore

(24)

and error events of this type will not cause error propaga-
tion. If is dominated by these events, the cancellation
scheme will be effective because is essentially deter-
mined by the error rate (ideal cancellation). The perfor-
mance of the tentative detector will not influence the overall
performance as the performance of ideal cancellation de-
termines the overall performance, i.e., no additional per-
formance improvement can be obtained by improving the
reliability of the tentative detector. For this reason a simple
detector (e.g., a symbol-by-symbol detector) may be used
as tentative detector. The cancellation scheme only ceases
to be effective when RISI values tend to become large.

• Case II: The terms can contribute to only if
. For many channels, events

satisfying this condition have large distances and as a re-
sult will not significantly contribute to . However, there
are channels where events satisfying this condition do have
minimum distance and as a result are the dominating terms.
Since usually (in words, cancellation with
erroneous decisions is worse than no cancellation at all),
the error rate of the cancellation scheme is essentially de-
termined by the error rate of the tentative detector. There-
fore, the cancellation will be ineffective.

• Case III: Nonorthogonal error events with minimum or
nearly minimum distance will cause error propagation and
as a result the cancellation will be ineffective.

To summarize, the main conditions for which ISI cancellation
can work effectively are stated:

• the RISI must be small such that the main VD can make
relatively reliable decisions even if the tentative detector
makes a decision error and such that the tentative detector
can make relatively reliable decisions in spite of the RISI;

• errors affecting the main and the tentative detector must be
statistically independent.

D. Examples

In this section, a simple example of a 2-D ISI cancellation
scheme will be used to study the effect of error propagation.
A system with three adjacent tracks is considered ,
where the data symbols in the different tracks form a hexagonal
structure. A full 2-D VD is used as tentative and as main bit
detector. These detectors operate based on the target response

(25)

where the parameter . For every track , the noise sam-
ples are white and Gaussian with variance . The noise
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Fig. 3. Example 1: BERs of the main and the tentative VD are plotted
versus SNR together with BERs of ideal cancellation. Both theoretical (t) and
simulation (s) results are shown. (a) �=S = 0:05. (b) �=S = 0:10.

samples of different tracks are uncorrelated. Furthermore, SNR
is defined as

(26)

where is the total received energy per transmitted
bit. Three different RISI impulse responses are considered.

1) Example 1: In this example, the RISI impulse response
is defined as ( is aligned with defined above)

(27)

The different RISI components originate from symbols adjacent
to the symbols that have nonzero coefficients in the target re-
sponse . The theoretical bit error rates (BERs) of the main
and the tentative VD are plotted versus SNR in Fig. 3. In the
left plot, and in the right plot . Further-
more, the BER in case ideal cancellation is performed , is
also shown in Fig. 3.

These theoretical results are validated by simulation results.
For low SNRs, the theoretical BER of the tentative VD is not
very accurate. This can be explained by the fact that in the sim-
ulation (as in reality) only one error event can occur for a single
data pattern while the theoretical BER is calculated by summing
the errors of all possible error events for a single data pattern.
Furthermore, it must be noted that the theoretical and the simu-
lated results for the main VD do not match well for large values
of . This is due to the fact that all tentative error events
that lead to case II and case III situations (nonorthogonal error
events) are not taken into account because of the computational
complexity and especially for large values of these error
events may have small Euclidian distances. As a result, the the-
oretical BER of the main VD is not a very accurate estimate of
the actual BER. The BERs presented in Fig. 3 show that the ISI
cancellation scheme does not achieve the performance of ideal
cancellation even for small values of . For this example, the
temporal separation between the symbols causing the RISI and
the detected symbols is very limited and as a result the ISI can-
cellation will suffer from error propagation. However, the BER
of the main VD is better than the BER of tentative VD. This can

Fig. 4. Example 2: BERs of the main and the tentative VD are plotted
versus SNR together with BERs of ideal cancellation. Both theoretical (t) and
simulation (s) results are shown. (a) �=S = 0:05. (b) �=S = 0:10.

be explained by the fact that due to the large number of RISI
components, cancellation with a limited amount of erroneous
decisions is better than no cancellation at all. As a result, im-
pressive gains in BER are observed for both small and large RISI
amplitudes despite the error propagation. Concluding, ISI can-
cellation for this RISI impulse response substantially improves
the BER even though error propagation due to nonorthogonal
error events prevents the system to achieve ideal cancellation
performance.

2) Example 2: In this example the RISI impulse response
is defined as

(28)

Theoretical and simulated BERs of the main VD, the tentative
VD, and ideal cancellation are plotted in Fig. 4 versus SNR.
For this RISI impulse response, the symbols causing RISI have
sufficient temporal separation such that the vectors and

are orthogonal for the error events with minimum dis-
tance. As a result error propagation is limited and the BER of
the ISI cancellation scheme is almost equal to the BER of ideal
cancellation. The ISI cancellation scheme ceases to work effi-
ciently if the value becomes too large. In this case also
nonminimum distance error events will cause error propagation
and as a result the BER deteriorates. But the obtained BER im-
provement is so impressive (the SNR gain amounts to 5 dB at

) that cancellation of RISI components with large
amplitudes is nevertheless very valuable.

3) Example 3: In the previous examples, the RISI impulse
response represented amplitude distortions. In this example,
phase distortion is treated. The RISI impulse response is
defined as

(29)

Theoretical and simulated BERs of the main VD, the tentative
VD, and ideal cancellation are plotted in Fig. 5 versus SNR. De-
spite the fact that the error events of the main and the tentative
VD are not always orthogonal, the performance of the ISI can-
cellation scheme is not severely affected by error propagation.
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Fig. 5. Example 3: BERs of the main and the tentative VD are plotted
versus SNR together with BERs of ideal cancellation. Both theoretical (t) and
simulation (s) results are shown. (a) �=S = 0:05. (b) �=S = 0:10.

Fig. 6. Example of hexagonal structure for TwoDOS with R = 7. The
configuration of stripe-wise Viterbi detection is also shown for this example:
two iterations of stripe detectors are used to detect the bits of the broad spiral.

From the results shown in Fig. 5, it is clear that the ISI cancella-
tion scheme works efficiently in case RISI is present in the form
of phase distortion.

The results presented in these examples clearly show that the
conditions for effective cancellations are easily met in 2-D sys-
tems. Even if error propagation becomes an issue, the perfor-
mance improvement is significant in all cases. The examples
show that ISI cancellation is effective for amplitude and phase
distortion and as a result ISI cancellation will also be effective
for a combination of both distortions.

IV. EXPERIMENTAL RESULTS FOR TWODOS

In the TwoDOS system, bits are stored on a hexagonal lat-
tice [28]. In contrast with conventional optical recording (CD,
DVD and BD), where the bits are stored in a single spiral (a
1-D sequence of bits), in TwoDOS the bits are organized in a
so-called broad spiral. The broad spiral contains a number of
bit tracks, stacked upon each other to form a hexagonal structure
(see Fig. 6). Adjacent rotations of the broad spiral are separated
by a guard band consisting of a bit track without any pits. The
data is read out with an array of laser spots arranged such that
each spot is centered on one of the bit tracks within the broad
spiral. A multi-spot photo detector integrated circuit is used to
generate a so-called high-frequency (HF) signal for every bit
track.

A PRML receiver has been built for TwoDOS [5], [29]. It
consists of a bit detector preceded by an adaptive equalizer, an
adaptive DC compensator, an AGC, and a timing recovery loop.
A 2-D VD performs joint bit detection on all bit tracks. To re-
duce the complexity of a full-fledged 2-D VD, the VD is divided
into smaller processing units (called stripe VD). Each stripe VD
covers a limited number of bit tracks (so-called stripes with a
typical height of 2 or 3 bit tracks). This detection configuration is
called a stripe-wise Viterbi detector (SWVD) [30] and is shown

Fig. 7. Estimated amplitudes (normalized with respect to S) of the RISI
impulse response at the detector input for r = 3. The x axis is the tangential
direction and the y axis is the radial direction (centered around track r = 3).
Both axis are scaled in terms of a , where a is the distance between two
bits measured on the disk (a = 138 nm for a 50-GB disk).

in Fig. 6 together with the hexagonal structure. The SWVD con-
sists of two detection iterations, where every iteration consists
of stripe VDs which are organized in a V-shape. The first iter-
ation is performed by stripe VDs ( up to in the figure)
each covering two bit tracks, which results in a stripe VD with
16 states. The second iteration consists of stripe VDs ( up to

in the figure) each covering three bit tracks which results in
a stripe VD with 64 states. In every iteration, the binary output
from a first stripe VD is passed to a next stripe VD to be used
as side-information in the branch metric calculations [30]. The
outputs of the first iteration are used as side-information in the
second iteration.

Electronic beam recorded disks with a capacity of 50 GB
(single layer) are placed in an experimental read-out system to
produce experimental replay signals (for these disks ).
The read-out is conducted under relatively favorable conditions
(no scratches, no dropouts, limited amount of dust). The angle
of the disk with respect to the laser beam can be varied in a
controlled way to identify the performance of the system (BER)
for varying angles (denoted as tilt angles). Subsequently, the re-
play signals are digitized and are applied to the TwoDOS re-
ceiver. In the TwoDOS receiver, an ISI cancellation scheme is
implemented that uses the outputs of the first iteration as tenta-
tive decisions. The impulse response of the interference can-
celler is estimated using an identification scheme. This identi-
fication scheme estimates the RISI impulse response at the de-
tector input in a data-aided way (using a training sequence). This
RISI impulse response of the central track is shown in
Fig. 7 for 1.0 of radial tilt. The RISI components are lim-
ited in amplitude . In this case, there are more
than 20 RISI components with a significant amplitude .
Hence, application of 2D ISI cancellation might be very ben-
eficial. In the equivalent 1-D case, there would be only four or
five significant RISI components and ISI cancellation would not
be beneficial. Furthermore, RISI originating from symbols with
limited temporal separation from the symbols of the target re-
sponse (in the figure dots with indices
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) is nonnegligible. Based on the latter ob-
servation, ISI cancellation will suffer from error propagation
and as a result the performance of ideal cancellation will not
be achieved. In Section IV-A, the performance of ISI cancel-
lation is discussed in case a SWVD is used that consists of
two detection iterations. The reliability of the tentative decisions
can be improved by inserting an additional detection iteration.
This topology with three detection iterations is discussed in Sec-
tion IV-B. Another method to improve the reliability of the ten-
tative decisions is the application of cross-talk cancellation be-
fore the first detection iteration. This topology with cross-talk
cancellation in combination with two and three detection itera-
tions is discussed in Section IV-C.

A. SWVD With Two Detection Iterations

The results of the experimental system with an SWVD that
consists of two detection iterations are shown in Fig. 8. In this
figure, together with the BER of tentative decisions (outputs of
the first iteration), the BER after the second iteration is plotted
versus the radial tilt angle for three different topologies: 1) no
ISI cancellation; 2) ISI cancellation based on the outputs of the
first SWVD iteration (denoted as decision-directed, DD cancel-
lation); and 3) ISI cancellation based on the actual bits written
on the disk (denoted as data-aided, DA cancellation which is
clearly not applicable in practical systems but serves as refer-
ence for ideal cancellation). The first topology (no ISI cancel-
lation) is the detection topology described in [3]. The perfor-
mance of this topology will be used as reference to judge the
performance of the different topologies.

The application of ISI cancellation is beneficial for this ex-
perimental system. The BER at nominal conditions (no radial
tilt) is improved from 8.7 10 to 3.9 10 . Also, the
so-called bath tub curve (the BER versus tilt angles) has broad-
ened, i.e., higher tilt angles can be allowed to achieve the same
performance. For example, at a given , the al-
lowed margins for radial tilt are improved from
to . Hence, ISI cancellation nearly doubles the al-
lowed tilt margins for this experimental system. These results
show that still a substantial amount of RISI is left at the input
of the tentative detector. The comparison of the results of the
DA and the DD ISI cancellation shows that although the ISI
cancellation scheme considerably improves the performance, it
does not reach the performance of ideal cancellation. This per-
formance gap between DA and DD ISI cancellation indicates
that error propagation is an issue for this kind of RISI impulse
response.

B. SWVD With Three Detection Iterations

By improving the reliability of the tentative decisions used
in the cancellation scheme, error propagation may be lowered
and as a result the overall performance may be enhanced. One
way to improve this reliability is the insertion of an additional
detection iteration with 2-track stripe VDs. This insertion will
not substantially increase the overall complexity as an iteration
with the 3-track stripe VDs is much more complex than an iter-
ation with 2-track stripe VDs. As a result a topology with three
detection iterations is used: first, two iterations of 2-track stripe
VDs and, finally, one iteration of 3-track stripe VDs. Before the

Fig. 8. BER for different radial tilt angles (in degrees). BER is calculated
for different receiver topologies: without ISI cancellation, with ISI cancellation
based on the tentative decisions (DD ISI Cancel) and with ISI cancellation based
on the actual data (DA ISI cancel).

second and before the third iteration interference cancellers are
applied to cancel RISI components based on the decisions of
respectively the first and the second iteration. The results of the
detector with three iterations are presented in Fig. 9. These re-
sults should be compared with the results of the detector with
two iterations (see Fig. 8).

By comparing the results of these two detectors, a couple of
conclusions can be drawn.

• The insertion of an additional iteration of -track stripe VDs
improves the reliability of the tentative decisions by a factor
of 10.

• Even without any ISI cancellation the additional detection
iteration improves the tilt margin from to

.
• The BER of the final decisions by applying DD ISI cancel-

lation is improved by inserting an additional iteration. The
tilt margin in this case is improved from to

.
• Even for the configuration with three detection iterations,

error propagation is still an important issue. This can be
seen by comparing the results of the DA and the DD cancel-
lation schemes. Especially for higher tilt angles, the perfor-
mance gap can be explained by the fact that the RISI com-
ponents with limited temporal separation from the target re-
sponse have a large amplitude such that error propagation is
enhanced (see Fig. 7). For small tilt angles, the amplitude
of these RISI components is so small that error propaga-
tion is very limited and as a result, the DD ISI cancellation
scheme (almost) achieves the performance of ideal cancel-
lation (DA ISI cancellation).

Summarizing, the insertion of an additional iteration of 2-track
stripe VDs improves the performance of the ISI cancellation
scheme substantially.

C. Cross-Talk Cancellation

In the detection process, not all bits are defined by the branch
in the trellis of a stripe VD: some of them lie either within the
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Fig. 9. BER for different radial tilt angles (in degrees). BER is calculated
for different receiver topologies with three detection iterations: without ISI
cancellation, with ISI cancellation based on the tentative decisions (DD ISI
cancel) and with ISI cancellation based on the actual data (DA ISI cancel).

Fig. 10. Single-sided version of the cross-talk cancellation scheme.

bit-track immediately above the stripe or within the bit-track im-
mediately below the stripe. These bits are considered as the side-
information that is required for the stripe VD. In the SWVD,
side-information is taken from the array of most recent bit de-
cisions. However, in the first iteration no bit decisions are avail-
able yet. This means that side-information is either not present
or has a very poor quality for example when it is generated by
simple threshold detection. This lack of side-information is re-
flected in the fact that BER of the first detection iteration is quite
low. This can be seen in Fig. 9, where a BER improvement of
a factor of 10 can be observed between an iteration of 2-track
stripe VDs without and with side-information (the tentative de-
cisions of respectively the first and the second iteration).

A possible alternative that enables us to avoid using unreli-
able side-information is cross-talk cancellation (XTC). Here, we
will start the discussion with a single-sided version of the con-
ventional XTC scheme as shown in Fig. 10, i.e., only using one
side-row for compensation of cross talk.

The filtering is performed using a finite impulse response
(FIR) filter. The taps of this filter are denoted , and
are adapted using a least mean square (LMS) algorithm based
on some suitable criterion. We can write the XTC scheme as

(30)

with the detector input signal of row at time instant .
Signal is the compensated signal.

Fig. 11. Scheme showing the first iteration of the stripe-wise detection
including cross-talk cancellation. The white arrows indicate where the
compensated signals are used. Note that the compensated signals are only used
at the boundaries with low certainty.

Several criteria are possible to update the filter taps. For a
practical implementation we have chosen to minimize the mean
square error, where the error is taken as the difference between
the actual result of cross-talk cancellation and the signal that
we would expect after ideal cross-talk cancellation based on the
target response. In [31], it is derived that a data aided LMS algo-
rithm to minimize this squared error can be replaced by a non-
data aided zero forcing (ZF) algorithm by scaling the resulting
filter coefficients and adding a DC-term to the output signal.
The big advantage of this scheme is that it does not need any
preliminary decisions. The ZF based algorithm is applied in the
first iteration of the stripe-wise detection at the low-certainty
boundary according to the diagram in Fig. 11.

The experimental results where XTC was applied before the
first iteration, are shown in Fig. 12. In the left part of the figure,
BERs are shown for an SWVD with two detection iterations
and in the right part of the figure an SWVD with three detection
iterations was used. Three different topologies were employed:
1) no ISI cancellation; 2) DD ISI cancellation; and 3) DA ISI
cancellation.

Based on Figs. 12 and 9, the following observations can be
made.

• The reliability at the output of the first iteration with XTC
is not as good as the one obtained after a second iteration
of 2-track stripe VDs without XTC: 3.7 10 with re-
spect to 1 10 . This difference can be explained by the
fact that the detection with XTC does not take the signal
energy of the cancelled track into account during the detec-
tion process.

• The performance of the DD ISI cancellation scheme for
topology with two detection iterations and XTC is compa-
rable with the performance obtained by applying three de-
tection iterations with in between DD ISI cancellation and
without XTC (tilt margin are respectively
and ). For this reason, the topology with two
iterations in combination with XTC is preferable to the
topology with three detection iterations, because the latter
topology is more complex.

• For the SWVD with both two and three iterations, DD
ISI cancellation almost achieves ideal cancellation perfor-
mance for small tilt angles. As the tilt angle becomes larger,
the amplitude of the RISI components increases and as a
result error propagation is invoked. This error propagation
causes the performance of the ISI cancellation scheme to
deviate from the performance of ideal cancellation.

By applying XTC, an additional detection iteration of 2-track
stripe VDs and ISI cancellation in between every detection iter-
ation the tilt margin is improved from (see Fig. 8)

Authorized licensed use limited to: Eindhoven University of Technology. Downloaded on January 30, 2009 at 05:39 from IEEE Xplore.  Restrictions apply.



VAN BENEDEN et al.: CANCELLATION OF LINEAR ISI FOR 2-D STORAGE SYSTEMS 2105

Fig. 12. BER for different radial tilt angles (in degrees). BER is calculated
for different receiver topologies with XTC: without ISI cancellation, with
ISI cancellation based on the tentative decisions (DD ISI cancel) and with
ISI cancellation based on the actual data (DA ISI cancel). (a) Two detection
iterations. (b) Three detection iterations.

to . Summarizing, in all different receiver topolo-
gies (two or three detection iterations, with or without XTC), the
application of ISI cancellation consistently improves the perfor-
mance of the receiver substantially.

V. CONCLUSION

In this paper, we have studied the application of linear ISI
cancellation in 2-D systems. A first argument in favor of ISI can-
cellation is the fact that the number of small RISI components
increases considerably with respect to the 1-D case. As a result,
the performance gain by applying the cancellation technique
also increases. A second argument is the fact that only little ad-
ditional complexity may be required for the application of ISI
cancellation. Because 2-D detection is often accomplished by
several iterations of smaller detection units to avoid the com-
plexity of a full 2-D Viterbi detector, decisions of one of these
smaller detection units can be used as tentative decisions by the
canceller. As a result, no additional bit detectors need to be im-
plemented to produce these tentative decisions. Summarizing

these arguments, with a limited additional complexity (only the
interference canceller needs to be added, not an additional de-
tector), ISI cancellation in a 2-D system may improve perfor-
mance significantly. Experimental results based on the read-out
of a 50-GB single layer-disk were provided for an experimental
2-D optical storage system. These results show that the applica-
tion of ISI cancellation nearly doubles the allowed tilt margin at
a BER of 10 . Furthermore, by applying an additional detec-
tion iteration or by applying cross-talk cancellation to improve
the reliability of the tentative decisions, the allowed tilt margin
increases even further.
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