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On the Probability of Undetected Error for Overextended
Reed-Solomon Codes
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Patrick Lee, Senior Member, IEEE

Abstract—Upper and lower bounds on the weight distribution of overex-
tended Reed-Solomon (OERS) codes are derived, from which tight upper
and lower bounds on the probability of undetected error for OERS codes
are obtained for g-ary symmetric channels.

Index Terms—q-ary symmetric channel, overextended Reed-Solomon
(OERS) codes, probability of undetected error, weight distribution.

I. INTRODUCTION

In some applications, error correcting codes have been used as pure
error detection codes. In particular, Reed—Solomon (RS) codes have
been used for error detection in some disk drives since the 1990’s be-
cause they have excellent error detection capabilities and do not ex-
hibit the undesirable behavior characteristic of certain shortened bi-
nary cyclic redundancy check (CRC) codes [1]. A further example is
the USB interface standard [2], which specifies the use of a Hamming
code for error detection.

Typically, the error detecting capabilities of these codes are guar-
anteed only when the codeword length is limited to some maximum
number of symbols. For RS codes defined over a finite field with ¢ ele-
ments, F,, the maximum length is ¢ — 1 symbols (or ¢ symbols for an
extended code). However, for various reasons such as format efficiency,
we sometimes use an overextended code, where the codeword length is
allowed to exceed this maximum length. For example, a 16-bit, binary
CRC is most often used to protect codewords consisting of n = 2% — 1
or fewer bits. However, the ultra DMA mode in the ATA standard [3]
specifies the use of a 16-bit CRC for protecting data packets of length
much greater than n bits.

When a block code is used solely for error detection, the decoder
announces the received word to be free of error if it is found in the
codebook. However, errors may have occurred in such a way that the re-
ceived word is a codeword different from the one transmitted, in which
case the errors will not be detected. The probability of such an event is
known as the probability of undetected error, and is denoted by P,4.

Consider an (n, k) linear block code over F,, transmitted over a
g-ary symmetric channel, where each transmitted symbol is received
correctly with probability 1 — p, and as any of the other ¢ — 1 symbols
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with equal probability p/(g — 1). Clearly, for this channel, P, 4 can be
calculated as a function of p as follows:

()]

Pua(p) = ZA,; <(‘,7_;1) ' (1= p)

=1

where A; is the number of codewords with Hamming weight ¢. Equa-
tion (1) relates the probability of undetected error directly to the weight
distribution of the code. Alternatively, P.«(p) can also be obtained
from the weight distribution of the dual code, as follows:

Paslp) = ¢ S A (1 -
=0

where A7 is the number of codewords with Hamming weight i in
the dual code. This can be conveniently shown from (1) using the
MacWilliams identity [4], [S].

When p = (¢ — 1)/g, the received symbols appear to be uniformly
distributed no matter which codeword was transmitted. Therefore, un-
detected error occurs when the received word is any codeword except
the one sent and each such codeword appears with probability ¢~ "
Since there are ¢* — 1 such incorrect codewords, we have

-1 ¢ —n —(n—Fk
Py <qT> = (" =g < g "

qp
qg—1

) -(1-p" @

The same result can be obtained directly from (1). Note that this “purely
random” case does not necessarily correspond to the worst-case error
detection performance [6]-[9], for 0 < p < qq;l. Intuitively, if the
weight distribution of the code is concentrated near certain weights, it
is more likely that a codeword is confused with another when typically
certain numbers of errors occur, rather than when typically an exceed-
ingly large number of errors occur. For the same reasons, P,q(p) is
not guaranteed to be a monotonic function of p for 0 < p < qq;l,
though in [8] the authors were able to show that except for certain trivial
classes of codes, P,q(p) is well-behaved in the vicinity of % (ie.,
1 org=1
wd (=) > 0).

Following [7], [10], [11], we call a code good if P,4(p) < ¢~ ~*
forall0 < p < qq;l, and proper if P,q(p) is monotonic in p for 0 <
p < =1 (Some authors have used qf("fk) — ¢~ " as the goodness
threshold. See [12].) Proper codes are necessarily good, but not vice
versa. Properness and goodness properties of certain classes of codes
are addressed in [6], [7], [9]-[11]. In particular, MDS codes (e.g., RS
codes) are known to be good and proper [11]. Note also that for the
ensemble of all (n, k) linear block codes over F, it is known [12] that
the average probability of undetected error is

n

-1

Pre) =11

u

Tl -y,
q

For systematic codes, a similar result is known [13], [8]
Py =¢ "M - (1-p").

Note that in either case, the average performance of a randomly chosen
code satisfies the conditions for both goodness and properness.

In this correspondence, we consider overextended RS (OERS)
codes. From a practical point of view, these codes are constructed by

0018-9448/$20.00 © 2006 IEEE



IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 52, NO. 8, AUGUST 2006

using a (shift register type) RS encoder but allowing a longer input. Let
C be aRS code over F, with length n = ¢ — 1 and minimum distance
d. Then C can be described as the set of polynomials c(x) such that

—r(2) + 2" u(z) 3)

elx) =

where () is the data polynomial of degree at most n — d, and r () is
the remainder of 27~ " u(x) divided by g(=), the generator polynomial
of C. An OERS code C’ can then be defined simply by allowing ()
in (3) to have degree higher than n — d, such that the length of the code
is extended to n’ > n. This results in a linear (n',n’ — d + 1) code
over .

The rest of the correspondence is arranged as follows. In Section II,
we derive upper and lower bounds on the weight distribution of OERS
codes. In Section III, we apply the results of Section II to obtain bounds
on the probability of undetected error for OERS codes on ¢-ary sym-
metric channels. We show that the bounds are asymptotically tight,
which is corroborated by an example. Section IV concludes the corre-
spondence. Proofs, where not given, are either evident or can be found
in Appendix.

II. WEIGHT DISTRIBUTION

First, a few remarks on notation. Throughout the rest of the corre-
spondence, unless otherwise stated, C is a RS code over F4 with length
n = ¢ — 1, minimum distance d, and generator polynomial g(z); C’
is the OERS code constructed from C with length »’ > n. In most
of our discussions, C and C' will be interpreted as subsets of F[x],
the ring of polynomials with coefficients in F,. If ¢(z) € F,[], then
deg(c(w)), or deg(c), is the degree of c(x), and wt(c(x)), or wt(c),
is the number of nonzero terms in ¢(x), i.e., the Hamming weight of
the corresponding vector of coefficients. For any Euclidean domain D
and a,b € D, R,[b] is the remainder of b divided by a. Vectors are
indicated in bold. If # is a vector, then |z| is the dimension of z.

From the definition of OERS codes given in the previous section, it
is easy to show that C' is also the set of polynomials in 4[] that have
degrees less than n’ and are divisible by g(). This is the definition that
we will use most often.

Since g(«) | ™ — 1, we know that 2" — 1 € C’ forall »' > n.
Therefore, all OERS codes contain codewords of weight 2, and thus
have minimum distance min(d, 2).

Let A’ denote the set of weight-i codewords of C’. We are interested
in finding A; = |Aj| for all . For very low weights, the problem
of determining the corresponding term in the weight enumerator is
tractable—we can fully characterize all codewords of a given low
weight and thereby count them. The results for weight-2 and weight-3
codewords are summarized in the following propositions.

Proposition 1: The number of weight-2 codewords in an OERS
code is

(5)(a—1)* 4+ ab(q—1), ifd>2
Al = (’;’)(q—l), ifd =2

(2)(q—1)2,

where a and b are integers such that n’ = an + 0,0 < b < n.

ifd=1
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Proof: See Appendix A. O
Corollary 2: If d > 2 and n | n’, then A5 = (”’2/") (¢ —1)%
For example, if the OERS code has twice the length of the original

RS code, then A5 = (¢ — 1)? if d > 2.

Proposition 3: The number of weight-3 codewords in an OERS code
is shown in the equation at the bottom of the page, where a and b are
integers such that n’ = an + 0,0 < b < n.

Proof: See Appendix B. O

The study of these special cases motivates a general approach to
understanding the entire weight distribution of OERS codes. The fol-
lowing two lemmas, though elementary, are the basis of much of the
discussion that follows.

Lemma 4: 1f ¢(x) € Fy[r] and deg(c(x)) < n’, then c(x) € C' if
and only if R.n_1[c(x)] € C.
Proof: Note Ry,)[c(x)] = Ryzy[Ran —1[c(2)]]. O

Lemma 5: For all c¢(z) € F,[z]
wt(e(z)) > wt(Raun—1[c(2)]).
Proof: If ¢(x) = Y./ cix', then

Ron_q[e(z)] = Zc,;mﬁ'”m = Z ria’

1=0 =0

<.

where r; = Zi:z—z,,[i]:j ¢;. For each j such that ; # 0, there exists ¢,
i = j mod n, such that ¢; # 0. O

From Lemma 4, since 0 € C, if we define B} := {c(x) € Fg4lz] :
wt(c(z)) = i,deg(c(x)) < n',2™ — 1| e(x)}, then B; C A.. We
first show how B := |B}| can be calculated. For n’ < 2n, the situation
is particularly simple.

Proposition 6: If n' < 2n, then for all 7,

B! = (n;/_zn) (q—1)"/*, ifiiseven
0, if ¢ is odd.

Proof: Note that B: = {c(x) € Fy[z] : wt(c(x)) = i,e(x) =

(z" — Da(x),a(x) € Fylz],deg(a(x)) < n' —n}.Ifn' < 2n, then
deg(a(x)) < n, which implies that a(z) and 2" a(x) have no powers
of z in common. Therefore, i = wt(c(x)) = 2wt(a(x)). This is only
possible if ¢ is even. And the number of such c¢(x)’s is precisely the
number of a(x)’s such that deg(a(z)) < n’ —n and wt(a(z)) = i/2.
O

c;jz? € Fylz], denote its sup-

“

deg(c)
j=0

In general, for every ¢(x) = >
port set as

Wie) == {j 0 < j < deg(c).e; # 0},

Given a positive integer n, we can write

n—1
W(e)= | W(e)n (1 +n2) 5)
(=0

((5)(@a=1D+(5)0) (¢ = Dlg—2), ifd >3
() - -2 () =D+ a) ()@= 0+ (D)) w- 1), ifd=3
he (%) @=D-2). ifd =2
(5 ) -1 ifd =1
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= U Wl ©)

€L, ()

where W, 1(c) := W(c) N (I + nZ) are those indices in the suppon
set of ¢(x) that are congruent to [ modulo n, and £, (c¢) := {l: 0 <
I < n, Wy, (c) # 0}. Clearly, Wh 1)icc,, (o) is a partition of the set
W(c). Hence,

wit(e) = [W(e)l = > [Waile)l.
€Ly (e)
Let £, (¢) be ordered such that £, (¢) = {l1,12,..., 2.0} Where
Iy <la < -+ <z, (o Define the n-ary support profile of c(x) as
wn(c) = (|W,VL‘11(C)|7 |W“J2(C)|v ey |Wn,l‘gn(c)\ (C)D

Then w,, (c) is an ordered partition of wt(c). We count 3; by counting
subsets of B; corresponding to specific n-ary support profiles. Let P; be

» fseN*;zjéj:i},
where N* = Uj’ozl N is the set of vectors of natural numbers. For all
& € Pi, define

the set of all ordered partitions of ¢,i.e., P; :=
Bis = {c(x): c(z) € Bj,w,(c) = 8}.

Then {B; s}sep, is a set partition of 15;. Hence, for all 4,

= IBisl-

s€P;

O]

We are now ready to give the formula for B;.

Lemma 7: Let ¢q4(t), t > 1, be the number of solutions to
>i_ ;= 0,suchthata; € Fy,x; # 0,V j. Then

1 ((q — 1)t - (_1)t71)-

Proof: See Appendix C. O

$q(t) =1 ®)

Proposition 8: For all i,

81 il
n—>b a+1{1<]}>
¢q(b )
7= S0 T
where
Lo JL IS
{15y = 0, otherwise,

b4 (t) is as given in (8), and a and b are integers such thatn’ = an + b,

0<b<n.
n'—1
2i=o

Proof: Note that for all c(z) = cixt € Fylz),

Rocile@]= 3

lELR ()

N
c; |z

JEW, 1(¢)

Therefore, codewords in Bﬁjs can be enumerated with the following
process.
1) Choose L. (¢) C {0,1,...,n — 1} such that | £,.(c)| = |8].
2) Foreach! € L, (c), chooseWn (e) {0, 1,....0 = 13N+
nZ) such that [W, ((¢)| = é.
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3) For each W, ;(c), choose ¢; € F4 \ {0} forall j € W, i(c),
such that 3y, W0 G = = 0.

In step 2, 6; numbers are chosen from {0,...,a} if { < b, and from

{0,...,a — 1} otherwise. In step 1, there are (;’) (‘Z‘_fj)

such that £,,(¢) contains exactly j numbers that are no greater than b.

a+1) Al ( ) choices in
8 I=5+1 )
step 2, for each of which there are ¢4 (6;) choices in step 3. Summing

over all possible values of j, and noting (7), we immediately obtain (9).
O

choices

For each such choice, there are [];_,

Corollary 9: If n | n', then for all i,

(I7|> ﬁ <n /n> Oq(81)-

Remark : Note that in (7), and consequently (9) and (10), we have
summed over all partitions of . However, not all partitions of ¢ are valid
n-ary support profiles for codewords in /3;. For example, if 6 = w,, (c)
for some c(x) € Bj, then by definition of the n-ary support profile,
it must be true that |§] < n, and & < [n'/n] for all . Further, since
2" —1| ¢(x), wehave §; # 1 for alll. Therefore, it suffices to consider

Bi=)

seP;

(10)

Pi(n',n):={6€Pi:|6| <n,2< 8 < [n'/n], VI}. (1)

In all our formulas for calculation of B;, P; can be replaced by

Pi(n',n).

We now show that A, = B! foralli < d.

Proposition 10: Foralli < d, A, = B..
Proof: We show that A; = B;. By Lemma 4, B; C A’. To show
Aj C Bi, note that if ¢(x) € A, then Ryn_1[c(x)] € C. On the other
hand, wt(R.n_1[c(2)]) < wt(e(x)) = i < d, which implies that
Ron [e(2)] = 0. g

Fori > d, the next two propositions provide upper and lower bounds
on A}, respectively.

Proposition 11: For all i > d, A} satisfies the following upper
bound:
(") (¢— 1)~ 4 B!, ifd <i< [n'/n](d—2)
() (q ifi > [n'/n](d - 2).
12)

~ Proof: Let c(x) be a polynomial of weight i, denoted by c(x) =
Z;:l Ck, a*

7, ck; # 0,V j. Recall that the generator polynomial of
C has the form g(z) = where w is a primitive nth

d—2 , s+l

1o (@ — w0,
root of unity in F,, and s is an integer. Hence, c(x) € A if and only
if e(w “'H) =0, forall 0 <1 < d— 2. This condition can be written as

Al < _
- _ l)z—cl-‘,-l7

1wk L Wk
1wk . Wld2ke
(Chy Chy - Ck; ) : =0 (13)
1 w.kq w(d;z)ki
where
G, = en,w™, forall j.

Note that counting ( ¢y,
(5/61 Ek7 ).

Chsy ¢k, ) is equivalent to counting

Cko
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Recall that i = 37, . o Wau(e)| < |Lale)|[n'/n]. If i >
[n'/n](d — 2), then |Ly(c)| > d — 1, which implies that {w*i }i_,
contains at least d — 1 distinct values. Without loss of generality, as-

sume w*1, ... w*a-1 are distinct. Rewrite (13) as
1 ok Wd=2)k1
(E’kl Ekd71 ) : .
1 wka-1 wld=2ka_1
1 wkd W(d=2)kq
=—( 6’% Ck; ) (14)
1 Wk W{d=2)k;

The matrix on the left is a Vandermonde matrix and hence is invertible.
For all choices of (Ek])j:d that are nonzero, (¢y; )‘7;1 is uniquely
determined. By enumerating all nonzero (EkJ )}:d, Wwe can enumerate
all valid choices of (¢, )j=; that satisfy (13), possibly more (since
(Cr; );’;11 so determined may contain zeros). Therefore, for each given
choice of {k;}i_,, there are at most (¢ — 1)'~9*! codewords of
weight ¢. The total number of weight-¢ codewords is hence at most
(V)@ =1

On the other hand, if d < i < [n'/n](d — 2), we break A} into two
parts

A; = Bi + |4\ Bl

By Lemma 4, any codeword c(x) in A, \ B must satisfy
0 # Ran—ile(z)] € C. Therefore, wt(Rzn_1[c(x)]) > d,
which implies that {w"s}5_, contains at least d distinct values. The
reasoning for the first case now applies and we see that | A} \ Bi| is
upper bounded by (”l./) (¢ —1)i—"+, O

Proposition 12: For all i > d, A} satisfies the following lower
bound:

i>{

where

Kl(q—d)(¢—1)"""+ B}, ifd<i<[n'/n](d=1)

()@= Da-v"" > o /nld -1
(15)

K= (16)

> () (27 )arrya

7=0

and @ and b are such thatn’ = an + 5,0 < b < n.

Proof: Let c¢(x) be a polynomial of weight 7, denoted by c(x) =
ijl ckjwkj, ek, # 0,V 5. 1f i > [n'/n](d — 1), then |L,(c)| >
d, which implies that {w*7}j_, contains at least d distinct values.
Without loss of generality, assume that w*1, ..., w*¢ are distinct. Fol-
lowing the notation used in the proof of Proposition 11, we rewrite
(14) as

1wk d=2)ks
(6’61 Chyy ) : :
1 yFa—1 wld=2ka_1
1 whkat1 wld=2kat
= _(E’Cd+1 Ck, ) :
1 ok A=)k
— &, (1 wha wld=Dka ) (17)
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Call the matrix on the left V' and the one on the right W. Note that V'
is invertible, so we can write

(6/<1 5’%—1 ) = —( 5kd+1 E’»‘q )"VV_1
_ Ekd( 1 u)k‘i w(d*Z)kd )vr*l
=7+ cp,v,
where
r=—(Ck,,, G WV
and
v=—(1 whe wld=Dkayy =1,

We now show that for all choices of (Ek] )j-:d+ , that are nonzero, no
matter what r comes out to be, we always have at least ¢ — d choices
of ¢y, # 0 to make ¢(x) a weight-i codeword, i.e., at least ¢ — d
choices of ¢, such that the values {¢x; };];1 determined from (17) are
all nonzero.

First, we claim that v does not contain zero elements. Suppose oth-
erwise, that for some 1 < j < d — 1, v; = 0. By definition
(18)

oV =—(1 whd Wld=2ka Yy

Since v; = (), we can ignore the jth row in V' and rearrange (18) as

(v Vj—1 Ujtl vi—1 1)
1 wk1 ld=2)k1
1 whi-t1 Wd=2)k; 1
ol I A=)k 0.
1 ok Ww(d=2)ka

Note that since {w® }‘;:1 are all distinct, the matrix on the left is in-
vertible, which implies that (v . vi—1 1) =0,
a contradiction.

Now, since v; # 0 forall 1 < j < d — 1, for any given j, there is
at most one nonzero value that ¢z, can take such that r; + ¢;.,v; = 0.
Therefore, there are at least (¢4 — 1) — (d — 1) = ¢ — d nonzero
values that ¢, can take such that ¢y, = r; + éx,v; # 0 for all
j. Thus, for any given {k;}}—,, there are at least (¢ — 1)'~"(¢q — d)
codewords of weight :. So the total number of weight-z codewords is
at least “l./ (g —1)"q - d).

Ifd <i < [n'/n](d—-1), webreak A} into two parts

- Uj—1 Uy4a

A = Bi + |4} \ Bl

Consider the subset of codewords in .A; whose n-ary support profile
is the all-ones vector, i.e., w,(¢) = (1,...,1). All these codewords
must be contained in A; \ 3;, as codewords in 53} have n-ary support
profiles whose elements are no less than 2. There are

5 (1) ()

j=0

-1
IX,j =

choices of {k;}i—; (i.e., W(c)) corresponding to the all-ones support
profile and they all satisfy |£,, (c)| = ¢ > d. Therefore, the reasoning
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of the first case applies and we see that the number of codewords in
AL\ B is at least K[ (q — d)(qg — 1)~ O
III. PROBABILITY OF UNDETECTED ERROR

First, note that any term in (1) is a lower bound on P,4(p). In par-
ticular, for a code with length » and minimum distance d, we have

d
Pud(p) Z Ad <L) (1 _p)n—d-
q—1

This bound is interesting because for any given code, it is the dominant
term in the sum as p — (. From Proposition 1, we immediately obtain
the following result.

Proposition 13: If d > 2, then

Pa(p) > P2 (p)

P& (p) = <(;) + —q(ibl)pz(l —p)"' 2

and a and b are integers such that ' =a(¢—1)+b,0 < b < ¢ — 1.

where

19)

Note that

a
0Lyt P @)= <(2) +
which we denote by P2 In many cases, we have P > q
which implies that the corresponding OERS codes are not good. For
example, if n’ /n is fixed, then as ¢ — oo, P,S;QX ~ Cq™2 1 where C
is a constant that depends only on n'/n. Therefore, for all ¢ > 3 and
q > 1/C, the corresponding OERS codes are not good. The intuition
here is that the number of weight-2 codewords in an OERS code does
not depend on the number of parity-check symbols (d — 1 in thls case).
While P23® is expected to decrease exponentially with d, P is not
affected. For practical values of ¢, P, P2, can be orders of magnitude

larger than ¢~V even when d is just moderately larger than 3.
Next, better bounds can be obtained by simply plugging the results

of Proposition 10, Proposition 12, and Proposition 11 into (1).

Cl,b i 2 - i n'—2
qg-—1 n' n'

—(d—1)
s

Proposition 14: For OERS codes

Eurl(p) S P"fl(p) S Purl(p)
where
r2y(d—1
P , _ BI 1— n'—i
Ean= 3 () a-»
o d ESICEY N
—' 1_ " 1 1 ., T’Llfl
MVET 2 (5)ra-»
p r2y(d-1)
q — A4 n'—i
+ 2 Kip'(1-p) (20)
=17 ; pl-p
and
r2l1(d—2) N
Poap) = Bl (L) (1-p)
ap= > 1<q_1> (1-p)

=1

1 pa n' - I
+(q_1)d—1<1_;<i>1)(1—p) ) 1)

where B; is given by (9), and K} by (16).

I'We adopt the standard asymptotic notations that can be found in, for ex-
ample, [14]
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max

The worst case probability of undetected error, P,y =
maxo<p<1 Lua(p), is then bounded between the maximum values of
the upper and lower bounds.

Corollary 15: For OERS codes

—=max

B:j?x S I[ldx < pud
where
~ —smax D
P"™ .= max P (p) and P = max Puq(p).
P4 ogpgl_ud ‘p) ud 0<p=1 u (p)

We now discuss the tightness of the bounds that we have derived.
First, we show that the bounds given by Proposition 14 are asymptoti-
cally tight for all p as ¢ — oc.

Lemma 16: Letn' /n be fixed. For any fixed 7, as ¢ — oo,

I
K| ~ (". ) (22)
2
where K is as defined in (16).
Proof: See Appendix D. g

Proposition 17: Let n' /n and d be fixed. Then forall 0 < p < 1,
as ¢ — oo,

D, (p)~

ud(p)- (23)

Pua(p) ~

Proof: Tt suffices to show that P,a(p) — P, ;(p) = o(Pua(p)).

First, note that Fud(l) ) can be rewritten as

P

Pup)= ) B (qiﬁ) (1=p)""' + Pip) + Po(p)
i=1
where
[5]e-n
Pp)=—>—|1- ")y =)
1\p)= (¢ — 1)o— 2 i p L
and
L e
Pz(P)ZW Z (7:)]7 (1-p)"

1=d

Next, from the expressions above and (20), it is easy to show that

Poua(p) — P, (p) <A1(p) + Az(p)

where
i [ a1
n 7 n'—i
Aulp) == > >p(1—p)
i=0

and

L e

n q— a1\ i n'—i

AZ(P):W ; ((i)—q_lhi)]? (1-p)" "

Finally, note that A1(p) = o(P1(p)). And by Lemma 16, Az (p) =
o(P2(p)). Therefore, Pya(p) — P, 4(p) = o(Pyua(p)).
Since the result of Proposition 17 holds for all p € (0, 1], it follows

that P77 and P are also tight bounds for P;**
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Corollary 18: Let n'/n and d be fixed. Then forall 0 < p < 1, as

q — oC,

—/max

PITI ax max P
g ™~ L ud ~ ud -

We now show that in many cases, P,y consists predominantly of
the contribution from weight-2 codewords.

Lemma 19: Letn' /n be fixed. For any fixed ¢, as ¢ — oo,
(24)

Proof:: See Appendix E.
Proposition 20: Letn'/n and d, d > 3, be fixed. As ¢ — oo,

P ~ P

max u

Proof: Since P < P < Pog™ it suffices to show that

P2, ~ Py Note that
Pl = Pil
= max Fud(p) — max PLE? (»)
P p
S Il’l}?X {?ud(p) - Pz(uzi) (p)}
[#a-2 z-
. B (L) (- p)
IIl;iX ; (q — 1> ( )
d—1
1 n' > '—i
b g 1— n'—i
T s ;(JM .
[%](d—?) i 1
< B/ P 1— n'—i -
< Z; 1117?}{{ N <—q 1 ( p) + ((j _ 1)d71
H—ﬂ(dfz) , . i : n'—i
N [
=SNCES A VES VA ES VR (R V.

Recall that in the discussion following Proposition 13, we
have shown that for this case Péifx (—)(qu). Therefore,

F:dax - Prgfa)x =0 (Prgi,)‘() . lmplylng Pr(nz.:zx ~ I;!(l{ax O

We should note that since RS codes are usually used with relatively
short block lengths, the asymptotic analysis might not seem very useful.
However, it is clear from the proofs that as long as n' >> f%] (d—1),
i.e.,n > d—1, the actual behavior of the code should be well approxi-
mated by the asymptotic analysis. In applications such as data storage,
where high rate codes are commonly used, this condition is usually sat-
isfied.

The asymptotic results can also be used to simplify the bounds. For
example, from Lemma 16 and Lemma 19, we see that in the lower
bound of (15), B! is negligibly small and can be safely ignored. This
would reduce the number of B;’s that need be calculated in the lower
bound of (20).

3667

_Uppei l)(j)l‘l‘lld i

M=
s
/T True

c M =d ON
Lower:bound '~

P’ud(m
>
o

p

Fig. 1. Upper and lower bounds on P, 4(p) for (2+1 —2,2m+! —5) OERS
codes over Fom .
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Fig. 2. Convergence of P, 4 bounds for (271 — 2, 2™+ — 5) OERS codes
over Fom .

We end our discussion with an example. Let C' be an OERS code ob-
tained by doubling the code length of C, a RS code over Fy» with min-
imum distance d = 4. Fig. 1 plots P, ;(p) and P,q(p) together with
the true P,q(p) for various values of m. Fig. 2 shows more explicitly
how the upper and lower bounds converge to the true probability as m
increases. The true P,4(p) values are obtained through (2), where the
weight distribution of the dual code of ' is found through enumeration
of codewords. It should be noted that this brute-force procedure is only
possible when d is small (so that the dual code is of low dimension).
Even for d = 4, as in our case, for m > 6, the enumeration becomes a
rather long process.

From the figures, we see that our upper and lower bounds are very
tight, except for very small values of m. As the field size increases,
the bounds converge to the true probability of undetected error very
quickly. This is especially true for the bounds on P, ;**. Even P,
converges rather fast. The numerical values of bounds on P, ;** are
shown in Table I. Also, from Fig. 1, we note that when p is small, both
bounds are tight regardless of the field size. This is expected because,
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TABLE 1
BOUNDS ON P™ma* FOR (2m+1 — 2, 2m+1 — 5)OERS CODES OVER Fom
Pr PR Pug P
m =3 | 3.5120e-03  3.3622¢-03  3.7427e¢-03  3.2095e-03
m =4 | 68138¢-04 6.7156e-04 6.9102¢-04  6.4394e-04
m =15 | 1.5004e-04  1.4946e-04  1.5054e-04  1.4550e-04
m =6 | 3.5204e-05 3.5170e-05 3.5232e-05  3.4647e-05
m =17 | 85262¢-06 8.5241e-06 8.5279¢-06  8.4573e-06
m =38 | 2.0980e-06 2.0979¢-06 2.0981e-06 2.0895e-06

as p — 0, both bounds consist predominantly of Pii) (p), which is
asymptotically p?.

IV. CONCLUSION

OERS codes are of practical interest as they have been used in data
storage systems. In this work, we have examined their performance
in terms of probability of undetected error when the codes are used
solely for error detection over a ¢g-ary symmetric channel. We have
obtained upper and lower bounds on P,.4(p), which have been shown to
be asymptotically tight. The bounds are also relatively easy to evaluate
for high rate codes, which are commonly used in storage systems.

Our bounds on the probability of undetected error have been derived
by bounding the weight distribution of the code. The techniques in-
volved in obtaining the weight distribution bounds can potentially be
applied to the study of other RS- or BCH-derived codes.

APPENDIX
ADDITIONAL PROOFS

A. Proof of Proposition 1

If d > 2, we show that every c(z) € A} is of the form a(z' — 27),
wherei = j mod n.Clearly,ifc(x) = a(z'—z7)andi = j mod n,
then g(z) | 2" — 1 | ¢(x); hence c¢(x) € A}. On the other hand, if
c(z) = az' 4+ B2’ € A}, then g(x) | (). Ford > 2, (z — w®)(x —
w1 | g(=) for some primitive nth root of unity w € F, and some
integer s. Hence, c(w®) = ¢(w”™") = 0, from which it is easy to show
that w' = w’ (hence i = j mod n)and o + 3 = 0. Now, note that
Aj can be written as the following union of disjoint subsets

a

U {a(if‘"*" —a') o€ Fy\ {0},

7=1

A, =

;=

0,1,...,max{n" —jn —1,b — 1}}

The result follows from simple counting.

If d = 2, then g(z) = = — w®. A weight-2 polynomial c(z) =
az' 4+ B2’ € Flz] is a codeword if and only if c¢(w*®) = 0, that is, if
and only if 3 = —aw*~9 _So the number of weight-2 codewords is
simply the number of {7, 7 } pairs times the number of nonzero choices
of a.

If d = 1, any polynomial in F[x] that has degree less than n’ is a
(77 ) (¢ —1)% d

codeword. Hence, A5 = (

B. Proof of Proposition 3

For d > 3, the proof is similar in spirit to the first part of the proof
of Proposition 1, and the result is a specialization of Proposition 8 and
Proposition 10. Details of the proof are thus omitted. Essentially, we
show that every c¢(z) € A5 has the form ax® + B2’ + ~a!, such that
a+Fd+~v=0andi =j =1 mod n.
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If d = 3, then g(z) = (2 — w*)(x — w*) for some primitive
nth root of unity w € F4 and some integer s. A weight-3 polynomial
c(z) = az’' 4 B2’ +vy2' € Fylx] is a codeword if and only if ¢(w*) =
c(w ™) =0,ie,

st w(s+1)i

W

(a B ~) ws W) =, 25)
wsl w(s-‘,—] )
Ifi = j =1 mod n, the equation above is satisfied if and only if

o+ 8+~ = 0. This corresponds to ((5) (¢ —1)+ (5)b) (¢ —
1)(¢ — 2) weight-3 codewords as has been calculated for d > 3.
Otherwise, without loss of generality, suppose i % j mod n so
that w’ # w’. From the fact that o, 3,v # 0, it is easy to show
that it must also be true that j 2 ! mod n andl #Z ¢ mod n.
This implies that if {4,j,1} is chosen, we can fix any nonzero
value for v and (a, 3) will be uniquely determined. From the in-
clusion-exclusion principle, we see that the number of {i,j,{}’s
such that no two of the numbers are congruent modulo n is

v) = (7)) amn a2 [(5) -1+ (3) ).
The result now follows after some algebra.

If d = 2, then g(x) = = — w®. We have ¢(x) = axt 4 pad +
~x' € Fglz] is a codeword if and only if ¢(w®) = 0, which is true
T;/ choices
of {, 7,1}, for each of which there are (¢ — 1) choices of @ # 0 and
subsequently (¢—2) choices of 3 % 0 and 3 # —aw* =7 Therefore,
A = (2) (¢ — 1)(q—2).

If d = 1, any polynomial in F[«] that has degree less than n’ is a
) (g —1)3. d

if and only if v = —aw*C™D — 8w*U=Y  There are

codeword. Hence, A = (’3

C. Proof of Lemma 7

Clearly, ¢4(1) = 0. For t > 2, note that to satisfy the equation

we must have r¢ = — Zj;} x;. So 2 is determined if (.77]')3;{ are
chosen. Among the (¢ — 1)"~" choices of (;){_] that are nonzero, a
choice is a valid solution if and only if Zj;i x; # 0. By definition the
number of such choices is ¢, (¢). On the other hand, also by definition,
the number of choices corresponding to Zj;i x; = 01is ¢g(t — 1).
Therefore,

Gq(t) + 0q(t—1) = (g — 1)t717

V> 2. (26)

Consider the sequence of equations
0q(3) + 0q(2) =(q — 1)21
0q() + 04(t—1) = (¢ —1)'"".

Multiplying the equation corresponding to (¢ —1)'~* 77 by (—1)? and
summing up, we obtain

t—2
S(t) =D (=1 (q— 1)
J=0
t—2 1 J
—(g—1 t—1 i
(¢—=1) ; <q - 1)

= % (=1 = (=11, vix>2

It is readily verified that the expression above also holds for ¢t = 1. [
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D. Proof of Lemma 16

Letn’ = an + b, where a, b are integers such that 0 < b < n. Note
that for all fixed o« and 7, as n — oc

n i an
(i)“ N(z) @
If b = 0, we have
/
- n iN an _ n
I“_(i)“ (7) <;)
Ifb # 0,then b, n — b — oo as n — oo. Hence, we have
b\ [(n—b
Kl = <>< > a+1)a"™’
E ()
a—l—l a(n —b)
Z—‘]
a+1 n' —(a+1)b
= 2 i
-(! ) -

E. Proof of Lemma 19

We have
N
B, < (Iﬁl) 1] dat)
S€P;(n' ,n) =1 l
18] 161 [g] 8]
q n 5;—1
~ o2 el s 1
8€P;(n'n) =1 ! =1
5 8] n'
_ ¢! 5] gy
1
§€EP;(n',n) | | =1 b1
sy g
:qL _‘ n
6€P;(n’',n) |5| =1 b
= (]
<o 2l
s5€P; =1 l
=0(q") D
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On Construction of the (24, 12, 8) Golay Codes

Xiao-Hong Peng, Member, IEEE, and
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Abstract—Two product array codes are used to construct the (24, 12, 8)
binary Golay code through the direct sum operation. This construction pro-
vides a systematic way to find proper (8.4, 4) linear block component codes
for generating the Golay code, and it generates and extends previously ex-
isting methods that use a similar construction framework. The code con-
structed is simple to decode.

Index Terms—Array codes, block codes, code construction, direct sum,
Golay codes.

I. INTRODUCTION

The (24,12,8) binary block code, denoted by Cas, was orig-
inally constructed by extending the (23,12,7) Golay code [1], a
unique 3-error correcting perfect code. Because of the optimality
and attractive structure of Ca4 which is self dual and doubly even
[2], it has received considerable attention, leading to a large number
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