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Abstract— This paper introduces low-complexity block codes,
termed pattern-eliminating codes (PEC), which achieve a potentially large performance improvement over channels with
residual inter-symbol interference (ISI). The codes are systematic,
require no decoding and allow for simple encoding. They operate
by prohibiting the occurrence of harmful symbol patterns. On
some discrete-time communication channels, the (n, n − 1) PEC
can prohibit all occurrences of symbol patterns causing worstcase ISI. The effectiveness of a PEC is shown to be uniquely
determined by the sign-signature of the channel response, and a
simple criterion is given for identifying channels for which the
(n, n − 1) code is effective. It is also shown that for most channel
signatures, the (n, n − 1) PEC can be augmented by a (0, n − 1)
runlength-limiting (RLL) code at no additional coding overhead.
This paper also explores properties of the (n, n−b) PEC for b > 1.
The simulation results show that the (n, n − 1) PEC can provide
error-rate reductions of several orders of magnitude, even with
rate penalty taken into account. It is also shown that channel
conditioning, such as equalization, can have a large effect on
the code performance and potentially large gains can be derived
from optimizing the equalizer jointly with a pattern-eliminating
code.

I. I NTRODUCTION
Inter-symbol-interference (ISI) limited channels occur commonly in practice, often as a consequence of hardware
power/complexity constraints, which reduce the practical degree of equalization achieved (for example, in high-speed chipto-chip interconnects). Although a variety of existing communication techniques, such as Tomlinson precoding [1], partialresponse maximum likelihood (PRML) [2], vector coding [3]
or distance-enhancing constraint coding [4] among others,
combat the ISI to some degree, their complexity/hardware
requirements may not be suitable for all applications. Instead,
this paper explores the possibility of achieving a performance
gain relying only on simplistic encoding and decoding. The
result is a class of systematic binary block codes, termed
pattern-eliminating codes (PEC), which allow for simple encoding, trivial decoding and provide a performance benefit
by improving the minimum decision distance. The regime of
interest requires the noise to be relatively small compared
to the effect of dominant interfering symbols and occurs for
instance in an under-equalized high-speed link. Over most
channels, the pattern-eliminating codes can also exhibit additional runlength-limiting properties at no additional coding
overhead.
This paper is organized as follows. Section II describes the
conditions under which prohibiting harmful symbol patterns

can have a significant effect on the system performance.
Section III develops the pattern-eliminating codes. Section IV
analyzes the performance of pattern-eliminating codes and
discusses conditions under which the benefit provided by such
codes exceeds their overhead penalty. The practical example
of Section V illustrates the potential benefits of such codes
and suggests avenues for future work.
II. S YSTEM M ODEL A ND W ORST- CASE - DOMINATED
R EGIME
The system model considered is that of an equivalent
discrete-time communication system, where the effects of
equalization or matched filtering are reflected on the channel
response. The system employs some form of antipodal binary
modulation. The binary symbols entering the encoder are
assumed to be statistically independent, identically distributed
and equiprobable. Equivalent system noise is assumed to be
zero-mean, additive, independent of the transmitted symbols
and independent across the time indices. The probability
distribution of the noise random variable is irrelevant. To
account for complexity constraints, the detection is assumed
to occur on a symbol-by-symbol basis following a MAP rule.
The decision threshold is placed at the origin.
The equivalent communication channel is given by coefficients h−l , . . . , h−1 , h0 , . . . , hm , where L = l + m + 1 is the
length of the channel response. Coefficient h0 is associated
with the principal signal component; all other coefficients
are interference-causing. Assuming, without loss of generality,
that h0 > 0, the L-symbol pattern p is defined as
p = (−sign h−l , . . . , −sign h−1 , 1, −sign h1 , . . . , −sign hm )
Considering some stream of binary symbols, symbol Xi ∈
{−1, 1} will incur the worst-case ISI if and only if
(Xi+l , . . . , Xi , . . . , Xi−m ) ∈ {p, −p}.
Thus, the two finite sequences ±p are referred to as the worstcase symbol patterns.
The regime of interest is that where the error probability
is strongly contingent on the occurrence of the worst-case
symbol patterns, and is referred to as the worst-case-dominated
regime. Given the symbol Xi = 1 observed at some time
instant i, the unilateral error probability perr is given by
perr = P(Yi < 0|Xi = 1), where Yi is the corresponding
received signal. Let f : 0 < f ≤ 1 denote the a posteriori
probability, conditioned on Xi = 1 and on the event Yi < 0,
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of symbols Xi+l . . . , Xi−m forming the worst-case pattern p.
More precisely,
(1)
P(X = p|Yi < 0, Xi = 1) = f.
Then, the worst-case-dominated regime can be identified with
the conditions under which a system operates at some large f .
Assuming the noise is of finite support, f = 1 indicates that a
detection error can only occur when coupled with the worstcase interference. Although the behavior in the limit f → 1
for noise of infinite support requires a more careful argument,
it is intuitively obvious that as f increases, so does the relative
importance of the worst case symbol patterns with respect to
the error probability. Note that the error probability due to all
other symbol patterns becomes

P(Yi < 0|X = x, Xi = 1)2−L+1 = (1 − f ) perr . (2)
x=p

Adding a code to the previously described system, let Ψi
denote the set of allowed transmitted symbol sequences X =
(Xi+l , . . . , Xi+1 , 1, Xi−1 , . . . , Xi−m ). Then, the unilateral
error probability for symbol Xi becomes

−1
perr =
P(Yi < 0|X = x, Xi = 1) |Ψi | .
(3)
x∈Ψi

Assuming the code prohibits the worst-case patterns ±p
from occurring on symbol Xi , the following result specifies
the corresponding error probability. It suggests that for any
code that prohibits the occurrence of the worst-case patterns on
some symbol Xi , the error probability for that symbol vanishes
as a factor of 1 − f in the limit f → 1. This suggests that, for
large f , there is a potential benefit of focusing on codes with
pattern-eliminating properties.
Proposition 1. For some uncoded system, let f : 0 < f ≤ 1
denote the a posteriori probability of the worst case symbol
pattern p, conditioned on Xi = 1. After imposing some set of
constraints on the transmitted symbols, assume that p ∈ Ψi
for some time index i. Then,
perr ≤

2L−1
(1 − f )perr
|Ψi |

where perr is the unilateral error probability for Xi in the
coded system.

Notice that x∈Ψi P(Yi < 0|X = x, Xi = 1) ≤
Proof
x=p P(Yi < 0|X = x, Xi = 1) where the second sum is
indexed over x ∈ {−1, 1}L−1 . The result follows by applying
Equation 2 and Equation 3.
Note that achieving a high value of f generally requires the
minimum decision distance to be positive—otherwise, multiple symbol patterns on either side of the decision threshold
are likely to cause errors. The value of f also improves with
decreasing noise. In particular, f is low when the noise is
on the order of the smallest interference coefficient. It is thus
beneficial to define the worst-case interference in terms of
“significant” interference coefficients only, which extends the
applicable range of the technique. Section V shows that a highspeed link system operates at very high f in the presence of
insufficiently equalized dispersion.

III. PATTERN - ELIMINATING C ODES (PEC)
Results of Section II show that if a code constraint prevents
the worst-case patterns from occurring on a given symbol,
the error probability for that symbol vanishes as 1 − f when
f → 1. This paper develops properties of (n, k) systematic
binary block codes whose function is to prohibit the worstcase patterns from occurring on any information symbol. The
resulting codes are termed the pattern-eliminating codes.
A. The Principle
A pattern-eliminating code (PEC) is a (n, n − b) systematic
binary block code, where b is the number of constrained
symbols per block of n. Its goal is to constrain the stream
of transmitted symbols in order to prevent any occurrence of
the worst case patterns ±p from the k = n − b information
symbols. In general, the b constraint symbols have little, if any,
redundancy-checking worth and are simply discarded upon
detection. Thus, a pattern-eliminating code offers the benefit of
trivially simple decoding for complexity-constrained systems.
The following analysis of the pattern-eliminating codes
focuses the question of when b constrained locations in a
block of n are sufficient to prevent any occurrence of the
worst-case patterns ±p on the n − b information symbols. On
such channels, an (n, n−b) pattern-eliminating code is said to
be effective; otherwise, the code is said to be ineffective. Note
that the effectiveness of the code does not take into account the
rate penalty inherent to all codes with overhead deployed over
bandwidth-limited channels. This is discussed in Section IV.
The b constraint symbols are assumed to be consecutive. For
channels with no pre-cursor ISI, the b constraint symbols are
transmitted prior to the k information symbols; for channels
with pre-cursor ISI, the location of the constraint symbols is
adjusted accordingly. The b constraint symbols are set based
on the fully known history affecting each of the k information
symbols, that is, taking into account the current k information
symbols as well as the L − b − 1 previously transmitted
symbols, where L is the channel length. This is illustrated
in Fig. 1 for the case where n = L. This choice allows the
most efficient use of the constrained locations, as considering
the full transmit history reduces the set of goals that the b
constraint symbols need to achieve.
n

n-b-1
b
n

Fig. 1.

n-b-1

“Encoding” for Pattern-eliminating Codes

Concerning the codeword length n, it is necessary that
n ≤ L, as otherwise at least one of the constraint symbols
will have no effect on at least one of the information symbols.
The following results are derived under the strictest condition,
letting n = L, and generalized where appropriate. This choice
minimizes the coding overhead, while letting n < L generally
decreases the stress on the constraint symbols. For instance,
letting n < L extends the set of channels for which an
(n, n − 1) code is effective.
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B. Pattern Elimination With a Single Constraint Symbol
This section focuses on identifying the channel signatures
for which an (n, n−1) PEC is effective. The channel signature
s for a channel of length L is defined as the L-tuple specifying
the signs of the channel coefficients. Most of the subsequent
results follow from the one-to-one correspondence between
s and p. Specifically, the proofs and examples proceed by
attempting to nest worst-case symbol patterns and observing
the implications on the structure of the channel. To nest two
symbol patterns is to stagger them by k symbols, where1
k = 1, . . . , n − b − 1 and equate the terms which overlap,
as illustrated in Fig. 2. The figure also illustrates the extent
to which the ability to nest worst-case patterns constrains the
set of possible channel signatures. In particular, there are only
two possible worst-case patterns (p and p , as shown), and
thus only two channel signatures, that can be nested on some
two consecutive symbols, that is, for k = 1.
p

p0 p1 p2 p3 p4 p5 p6 p7 p8 p9 p
10

0

p

= p1 = p2 = p3 =
_ (1, 1, 1, 1, 1, 1, 1, 1, . . . )
=+

p ...
4

p0 p1 p2 p3 p4 p5 p6 p7 p8 p9 p

10

p0 p1 p2 p3 p4 p5 p6 p7 p8 p9 p

10

-p 0 -p 1 -p 2 -p 3 -p 4 -p 5 -p 6 -p 7 -p 8 -p 9 -p

10

Fig. 2.

= - p1 = p 2 = - p3 = p 4
p‘ = +
_ (1, -1, 1, -1, 1, -1, 1, -1, . . . )

p

0

...

Nesting Two Worst-case Symbol Patterns

Prior to formulating a general criterion, the following example illustrates how an (n, n−1) PEC can fail to be effective
over a given channel.
Example 1 Consider some channel response given by coefficients h0 , h1 , . . . , hL−1 and let the corresponding channel
signature s be entirely positive, that is, s = (1, 1, 1, . . . , 1).
It follows that the worst-case patterns ±p are given by p =
(1, −1, −1 . . . , −1). Let n = L and consider the codeword
symbols (Xn , . . . , X2 , X̃1 ), where X̃1 is the single constraint
symbol whose value is set in some arbitrary fashion. Suppose
(Xn , Xn−1 , . . . , X2 , X̃1 ) = (1, −1, . . . , −1, −1) = p.
Then, it suffices to “toggle” the value of X̃1 to prevent
the corresponding worst-case pattern from occurring. The
transmitted codeword becomes,
(Xn , Xn−1 , . . . , X2 , −X̃1 ) = (1, −1, −1, . . . , −1, 1) = ±p.
However, given the above choice, consider the sequence of symbols X2 , . . . , X2−(n−1) , where symbols
X0 , . . . , X2−(n−1) correspond to the first n − 2 information
symbols of the previously transmitted codeword. Then, if
X0 , X−1 , . . . , X2−(n−1) = (1, 1, . . . , 1), it follows that
(X2 , −X̃1 , X0 , . . . , X2−(n−1) ) = (−1, 1, 1 . . . , 1, 1) = −p.
Thus, when X̃1 = −1, the symbol Xn is affected by the
worst-case interference, while when X̃1 = 1, the worst-case
1 The choice for the range of k reflects the fact that the ISI which affects
constraint symbols is irrelevant, since these are discarded upon detection.

interference affects symbol X2 . It follows that an (n, n − 1)
PEC is ineffective on this channel.
The following result provides the general criterion for
determining whether, on a given channel, an (n, n − 1) PEC
is effective. The result extends to channels with pre-cursor ISI
through a change in indexing.
Proposition 2. Let n = L and p = (1, p1 , . . . , pn−1 ). Then,
the following two statements are equivalent:
(A): An (n, n − 1) pattern-eliminating code is ineffective.
(B): The worst-case patterns ±p are such that there exist some
integers k and m, where k, m ≥ 1 and k + m ≤ n − 1, so
that pj = pk pj+k for all 0 ≤ j ≤ n − k − 1, j = m, but
pm = −pk pm+k .
Proof Let x, y ∈ {−p, p} be some two worst-case
symbol patterns. Create a pattern y by “toggling” exactly one
symbol in y. Then, if x and y can be nested so that they are
separated by at most n − 1 symbols, the (n, n − 1) PEC is
ineffective (a worst-case pattern occurs regardless of the value
of the constraint symbol). Conversely, it is clear that this is
the only way for the PEC to fail. The condition (B) directly
follows by translating the previous statements into appropriate
notation.
The above result is in essence a search algorithm of linear
complexity. For instance, the channel of Example 1 fails with
k = n − 2 and m = 1. Note, however, that the result is
derived under the most restrictive condition, letting n = L.
As a general rule, since most of the proof techniques rely
on nesting worst-case patterns, relaxing this condition further
limits the extent to which different patterns can be nested and
can thus improve the performance of a PEC. To illustrate this
fact, reconsider the code of the previous example while adding
one pre-cursor coefficient h−1 to the channel, but maintaining
the codeword length constant.
Example 2 Now consider the channel of length L + 1 given
by h−1 , h0 , . . . , hL−1 where s = (1, 1, 1, . . . , 1) as previously.
The worst-case patterns ±p become:
p = (−1, 1, −1, −1 . . . , −1).
Consider a pattern-eliminating code of codeword length n =
L. Following the previous notation, assume that
(Xn , . . . , X2 , X̃1 ) = p.
In this case, note that it still suffices to “toggle” the value
of X̃1 to prevent the corresponding worst-case pattern from
occurring. However, due to this particular channel signature
and the fact that, while nesting symbol patterns, the pre-cursor
symbol needs to be taken into account as well, it is impossible
to nest a second worst-case pattern that would lead to a
contradiction. The code is therefore effective.
The above example can be generalized to show that for
an all-positive channel of length L, an (n, n − 1) PEC is
effective as long as n < L. This result is of practical use,
as it indicates how an (L − 1, L − 2) PEC can be successfully
applied to dispersive channels. As another illustration, for
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the two channels of Fig. 2, an (n, n − 1) PEC is effective
for any n ≤ L. The result follows by noticing that the
worst-case patterns always nest fully, which implies that it is
impossible to derive a contradiction similar to that derived in
Example 1. Lastly, for channels where one constraint symbol is
sufficient, the following result establishes a simple algorithm
for setting its value, which provides the basis for possible
efficient implementations.
Proposition 3. Consider a channel over which an (n, n − 1)
PEC is effective. Let xn , . . . , x2 denote some realization of the
n − 1 codeword information symbols and x0 , . . . , x2−(L−1)
denote a realization of the L − 2 previously transmitted
symbols. Then, the optimal value of the constraint symbol x1
can be determined as follows.
Pick some x ∈ {−1, 1}. If setting x1 = x yields
(xi , . . . , xi−L+1 ) = ±p for i = 1, . . . , n − 1, then x is
the optimal choice. Otherwise, set x1 = −x.
Proof For any x ∈ {−1, 1}, if (xi , . . . , xi−L+1 ) =
±p for i = 1, . . . , n − 1, then x is the best possible value
for xi . Otherwise, since x can take only two values and since
an (n, n − 1) code is effective for this channel, then the
complement of x is necessarily the desired choice.
C. Timing Benefits of the (n, n − 1) PEC
Consider the symbol pattern r representing a run of n ones.
The following proposition shows that over most channels, the
encoding algorithm of Proposition 3 can be augmented by a
second, analogous rule to prohibit all occurrences of patterns
± r in addition to ± p. The result is a (n, n − 1) PEC with
a runlength-limiting property, allowing for a maximum run of
n − 1 ones (or negative ones).
Proposition 4. The (n, n − 1) PEC can be augmented by a
rule to additionally prohibit all runs of 1s (or -1s) of length
n if and only if the channel’s worst-case pattern ± p is such
that there exists no integer j, where 1 ≤ j ≤ n − 1, so that
pj = −1 and pi = 1 for all i = j, 0 ≤ i ≤ n − 1.
Proof First note that the (n, n−1) PEC can systematically
prohibit all runs of 1s of length n or longer if and only if it
prohibits the occurrence of patterns ± r, defined previously.
Setting the value of the constraint symbol to prohibit the
occurrences of the pattern r creates patterns ± p̃ where p̃i = 1
except at some index j, where 1 ≤ j ≤ n − 1. If p̃ is
also the worst-case pattern for the corresponding channel, the
pattern-eliminating rule and the runlength-limiting rule are not
compatible. Conversely, if such p̃ is the channel’s worst-case
pattern, then in seeking to prohibit it, the encoder can create
patterns ± r.
The above result shows that an (n, n − 1) PEC can
be augmented by the (0, n − 1)-RLL2 rule at no ad2 The first parameter indicates the minimum guaranteed runlength, while
the second indicates the maximum tolerated runlength. The RLL codes in
magnetic recording provide some minimum runlength as means of reducing
the ISI. This is however not necessary in digital transmissions, which include
the high-speed links, and the value of the first parameter is usually set to zero.

ditional coding overhead. This is possible for all but
(n − 1)2−(L−n) × 100% of the channel signatures. In
fact, if n = L, the n − 1 excluded signatures are
of the form ± (1, −1, 1, 1, . . . , 1), ± (1, 1, −1, 1, . . . , 1), . . . ,
± (1, 1, . . . , 1, 1, −1).
D. Pattern Elimination On Any Channel
While an (n, n − 1) PEC is effective only over certain
channels, [5-6] shows that an (n, n − b) PEC is effective over
any channel as long as n ≥ 2. Note, however, that if an
(n, n − 1) pattern eliminating code can be rendered effective
by letting n = L − 1, the result of the following section shows
that an (n, n − 2) code with n = L provides no additional
performance benefit. The (n, n − 1) code is then preferable
due to the encoder simplicity.
E. Extending Pattern Elimination
For cases where f may not be sufficiently large for a
pattern-eliminating code to yield a significant performance
improvement, it may be beneficial to extend the set of prohibited patterns. The following proposition, proven in [56], provides a preliminary result concerning the ability of a
pattern-eliminating code to prevent all occurrences of patterns
distant from the worst-case pattern by d symbols or less.
Proposition 5. For a channel of length L and an (n, n − b)
PEC with n = L,
d ≤ 3b/4 for b even or 3b/4

for b odd.

For instance, for an (n, n − 2) PEC with n = L, the result
yields d = 1, so the code can reliably eliminate only the worstcase symbol patterns, over any channel. The above proposition
also provides a lower bound on the amount of overhead
necessary to achieve a certain performance. In general, for
relatively short channels, it suggests that a potentially large
overhead may be required when wishing to eliminate patterns
from a larger set.
IV. P ERFORMANCE OF PATTERN - ELIMINATING C ODES
From Proposition 1, a pattern-eliminating code reduces the
error probability of an uncoded system by factor of at least
1−f , and therefore yields a large improvement for high values
of f . As discussed in Section II, a higher value of f can be
obtained by considering the worst-case patterns formed only
by the “significant” interference coefficients, whose magnitude
is large compared to the standard deviation of the noise. It
remains to determine when, given a bandwidth-limited system,
the benefit of the pattern-eliminating code exceeds its rate
penalty.
Consider an (n, n−b) PEC applied to the six communication
channels illustrated in Fig. 3 a) - f). The channels have the
same signature, but differ by the position of the significant
interference coefficients and by their respective magnitudes.
Suppose that on channels with an all-positive signature, the
code guarantees some d symbols of separation between allowed symbol patterns and the worst-case patterns when n =
L. Denote the corresponding improvement in the minimum
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a)

b)

c)

distance by ∆c . Moreover, the low-complexity encoding and
decoding further renders the pattern-eliminating codes a more
suitable alternative to standard RLL codes in some systems,
as further illustrated in the following section.

a

V. C ASE S TUDY: T HE H IGH - SPEED L INK

e)

Fig. 3.

f)

Channel Examples

decision distance, guaranteed for any information symbol, by
∆c . For channels a) - c) whose interference coefficients of
equal magnitude a, the improvement is given by
∆c = 2da

(4)

On the other hand, for channels d) - f) where the interference
coefficients are of varying magnitude,
∆c = min(|hj1 | + ... + |hjd |) where 1 ≤ j1 < ... < jd ≤ b.
(5)
The above expression shows that the optimal performance is
derived when the interference coefficients of equal magnitude,
keeping the total power constant. Otherwise, for some channels, there may be a benefit to “spacing” out the constrained
locations within a block of n symbols so that the minimum is
no longer taken over consecutive coefficients. Note, however,
that (n, n − 1) PEC yields ∆c = 2δ, where δ denotes the
magnitude of the least coefficient. When δ is relatively small
compared to other coefficients, the error on the corresponding
symbol dominates the error expression and the (n, n − 1) PEC
may not yield a sufficient improvement.
For systems where the rate penalty is not critical, the
above difficulty can be circumvented by reducing the codeword length n until all interference coefficients are of some
suitable magnitude. It suffices that the significant interference
coefficients are consecutive, and need not occur adjacently to
the principal signal component, as shown in Fig. 3 c) and f).
However, for typical bandwidth-limited systems, both the code
rate and the performance improvement ∆c need to be taken
into account to evaluate the full effect of the code. For some
coded system operating at rate R, let R = R n−b
n denote the
equivalent uncoded data rate, so that the effective information
rates of the coded and the uncoded system are equal. Let ∆r
denote the improvement in the minimum decision distance
when decreasing the signalling rate from R to R . Thus, for
the pattern-eliminating code to yield a benefit compared to an
uncoded system operating at a lower rate, it is necessary that
∆c ≥ ∆ r .

(6)

The rate penalty of a pattern-eliminating code can be
mitigated by exploiting its timing benefit, as the comparison
baseline becomes a coded system operating at rate R. In particular, compared to a typical (0, n−1)-RLL code, the (n, n−1)
PEC augmented by the RLL property accomplishes the same
goal, while at the same time improving the minimum decision

Channel M32

0.3
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-3

0.2

Tap Value

d)

Following the guidelines of Section II for achieving large f ,
it is not difficult to “fabricate” a communication channel for
which an arbitrarily-large benefit can be derived [5]. Instead,
for a realistic example, consider the dispersive high-speed
backplane link channel (ATCA M32 [7]) of Fig. 4. Highspeed links are high-rate chip-to-chip interconnects, subjected
to severe power and complexity constraints, yet critically
dependent on the accuracy of the transmission3 . In this example, the link is equalized with a 2-tap finite-order impulse
response filter and the filter coefficients are given by c1
and c2 where, to satisfy the peak power constraint at the
transmitter, |c1 |+|c2 | = 1. The coefficients values are explored
exhaustively, though, in practice, they are set either according
to a zero-forcing criterion or an eye-maximization criterion [8 10]. The resulting error rates, computed from Proposition 1 for
typical high-speed link noise levels (noise rms of σ = 1mV),
are shown in Fig. 5. The three distinct plots correspond to three
distinct codeword lengths displayed in the order of increasing
overhead, that is, for n = 7, 6, 5, respectively. All three
scenarios operate at a coded rate of 9 Gbps.
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Fig. 4. The High-speed Link Channel – a) Unequalized pulse response at 9
Gbps, b) Frequency response.

In all three figures, the pattern-eliminating code yields a
significant benefit compared to an uncoded system operating
at the same data rate. For n = 7 the symbol-error probability
is reduced by four orders of magnitude, fifteen orders of
magnitude with n = 6 and is “eliminated” with n = 5. The
extent of this improvement is due to the fact that a high-speed
3 Typical high-speed link symbol error rates are on the order of 10−15 . An
overview of a high-speed link as a communication system is available in [8].
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Uncoded and Coded Error Probabilities

VI. C ONCLUSION
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Fig. 5. High-speed Link Performance – Each plot displays the error behavior,
as a factor of the equalization type, for a coded system operating at 9 Gbps,
an uncoded system operating at 9 Gbps, and an uncoded system operating at
an equivalent information rate. The abscissa indicates different values of the
filter coefficient |c1 |. The three plots correspond to three different patterneliminating codes, namely a) (7, 6), b) (6, 5), and c) (5, 4). The vertical
lines correspond to filter coefficients for a zero-forcing equalizer and eyemaximization equalizer.

link can operate in the worst-case-dominant regime at very
high values of f .
However, in neither of the three cases does the coded
system outperform the uncoded system operating at the same
information rate (lesser data rate). This is due to the fact that
the communication channel degrades rapidly with increasing
data rates. Thus the benefit of a pattern-eliminating code
for this particular system rests upon its runlength-limiting
property. In other words, if the RLL property alone is sufficient
to justify the coding overhead, then the pattern-eliminating
code provides a significant performance benefit. Note that DCbalancing/RLL (10,8) codes [9], which bear no known patterneliminating properties, are frequently used in high-speed links.
Furthermore, note that the vertical lines in Fig. 5 correspond
to optimal coefficient values, computed using the zero-forcing
and eye-maximization criteria. In particular, note that neither
criterion generally matches with the filter coefficients which
optimize the performance of the pattern-eliminating code.
For instance, for n = 6, applying the standard zero-forcing
criterion reduces the code benefit by over ten orders of magnitude. Since the pattern-eliminating codes are strictly channeldependent, there is generally a benefit to tailoring equalization
to pattern-eliminating codes, rather than considering the two
problems as separable. Viewed differently, there is a potential
benefit in “conditioning” the communication channel, through
some form of equalization, to optimize the performance of a
pattern-eliminating code.

This paper introduces a simple approach to improving the
communication over ISI-limited channels. In particular, it provides conditions under which an (n, n−1) pattern-eliminating
code (PEC), which requires only low-complexity encoding
and trivial decoding, is effective. It also explores potential
benefits of the (n, n − b) pattern-eliminating codes for b ≥ 1,
principally regarding the guaranteed degree of separation from
the worst-case symbol patterns. Specifically, while b = 2
achieves a guaranteed separation by one symbol away from the
worst-case for any channel, the number of constraint symbols b
required to provide some minimum separation d goes as 4d/3
and may therefore be impractical for relatively short channels,
due to large overhead.
Compared with an equivalent uncoded system operating at
the same data rate, the (n, n − 1) PEC is shown to provide
error-rate reductions of multiple orders of magnitude for
practical channels and noise levels. Further work on channelconditioning methods is required to optimize the benefit of a
PEC with the rate penalty taken into account. However, these
codes already represent a powerful tool for systems where the
rate penalty is small or justifiable. For instance, augmenting
the pattern-eliminating code with runlength-limiting properties, achievable over most channels, can yield a significant
benefit for systems where such properties are required.
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