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Abstract—Binary primitive triple-error-correcting Bose—~Chaudhuri-

Hocquenghem (BCH) codes of length m = 2™ — 1 have been the
object of intensive studies for several decades. In the 1970s, their covering
radius was determined in a series of papers to be p = 5. However, one

problem for these codes that has been open up to now is to find their coset
distribution. In this paper this problem is solved and the number of cosets
of each weight in any binary primitive triple-error-correcting BCH code is
determined. As a consequence this also gives the coset distribution of the
extended codes of length N = 2™ with minimum distance 8.

Index Terms—Bose—Chaudhuri-Hocquenghem (BCH) codes, coset dis-
tribution, covering radius.

I. INTRODUCTION

Let GF(2™) denote the finite field with 2™ elements. A binary linear
[n, k]-code C' is a k-dimensional subspace of GF(2)". The Hamming
distance between two vectors is the number of components in which
they differ. The minimum distance of the code is the smallest Ham-
ming distance between any two distinct codewords in the code. A coset
of the code C'is the set of vectors a + C for some a € GF(2)". The
coset leader for a coset of a linear code is a vector of smallest weight
in the coset. The weight of a coset is the weight of a coset leader. For
an optimal complete decoding algorithm for a linear code, where all
codewords are sent equally often, the errors which are corrected are
exactly the coset leaders. An important problem in determining the per-
formance of a linear code is therefore to determine the distribution of
the cosets of the code (i.e., to determine the number of cosets of each
weight).

The family of triple-error-correcting binary primitive Bose—Chaud-
huri-Hocquenghem (BCH) codes of length n = 2™ — 1 has been thor-
oughly studied since the 1960s. The weight distribution of these codes
was determined by Kasami [9] for odd m. For even m the method of
Kasami did not work. Berlekamp [2, Table 16.5], [3] and [4] gave the
weight distribution of the extended codes for even values of m. The
covering radius of a code is the maximum weight of a coset leader.
In the 1970s, the covering radius of these codes were shown in a se-
ries of papers by Assmus and Mattson [1], van der Horst and Berger
[8] and Helleseth [7] to be p = 5. However, one problem for the
triple-error-correcting binary primitive BCH codes that has been open
up to now is to find the coset distribution of these codes.

We will assume throughout the rest of this paper that m > 5 since the
number of cosets of the binary triple-error-correcting code in this case
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is 2°™ (cf. MacWilliams and Sloane [10, p. 262]), while the case m =
4 is degenerated in the sense that it only contains 25m/2 cosets, since
«” has a minimum polynomial of degree m /2 = 2. Let K; denote the
number of cosets of weight 7. Since the code is triple-error-correcting
the values of Ky, K1, K2 and K5 are immediately given by

Since the covering radius of the code is known to be 5, it is therefore
sufficient to determine /X4 and K. Some partial results were given by
van der Horst and Berger [8] who came up with the following bounds
for K4 and K5

1 ; 4
K, < gn(on“) + 10n — 3) and K5 > 5"(" +2)

and they conjectured that equality holds for m > 8. They were able
to prove this conjecture for 8§ < m < 12 using a computer search.
They further verified that the conjecture does not hold for m = 5, 6
and 7. The main result of this paper is to show that their 30-year-old

conjecture holds and therefore to prove the following theorem.

Theorem 1: Let K; denote the number of cosets with a coset leader
of weight 7 in a triple-error-correcting binary primitive BCH code of
length n = 2™ — 1 where m > 8. Then the distribution of the cosets
is given by

Ko=1

= (})

w= (1)

= (3)

Ky = %71(571? +10n = 3)
Ks = %n(n +2).

One should observe that an even harder problem is the “full” problem
to find the weight distribution of the vectors in any coset of the binary
primitive triple-error-correcting codes (or their extended codes). This
problem has been studied in the papers by Charpin and Zinoviev [6]
and Charpin, Helleseth, and Zinoviev [5]. This problem remains open
for even m while it was solved (i.e., expressed in terms of some expo-
nential sums) for odd m in these papers.

II. COoSETS OF BCH CODES OF LENGTH n = 2™ — 1

The proof of our main result in Theorem 1 will be rather self-con-
tained. We will apply and simplify some of the techniques developed
in van der Horst and Berger [8] in combination with some new ideas
needed to prove their conjecture. The focus of the very long and
technical paper by van der Horst and Berger [8] was to construct
a complete decoding algorithm for the triple-error-correcting BCH
code. Their studies of the complete decoding algorithm was partially
motivated by the desire to use the triple-error-correcting BCH code in
source coding. We will mainly focus on the distribution of the weights
of the cosets in order to prove their conjecture.

The binary triple-error-correcting primitive BCH code has parity-
check matrix H defined by

2 -1
1 a « .ooat
3 6 3(n—1)
H=11 « « o
5 5
1 a® (},10 a:o(n 1)
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where « is an element of order n = 2™ — 1 in GF(2™), i.e., the code
consists of all binary codewords ¢ = (co,c1,...,cn1) € GF(2)"
such that eH'" = 0.

The syndrome s of a received vector r is

8 = TH” = (51,53755)

where # = (ro,71,...,7,—1) and H'" denotes the transpose of the

matrix H.

The decoding starts by computing the syndrome of the received
vector and then finding a coset leader in the coset with the same
syndrome 8 = (S1,.53,.55). The vectors in a coset all have the same
syndrome and our problem is to find a coset leader, i.e., a vector of
smallest possible weight with this syndrome. Therefore we need to find
nonzero and distinct elements X, Xo,..., X, (the error-locations)
in GF(2™) with the smallest possible w such that

w

Si=)Y X; (M

j=1
fori = 1, 3, 5. Equivalently, we need to determine a locator polynomial

w

aX)=J[X+X)=X"40 X"+ 40,

=1
of minimal weight w, such that (1) holds with nonzero and distinct X;’s
in GF(2™).
The Newton identities give a relation between the coefficients of the
locator polynomial o (X') and the error-locations via
Sl + g1 = 0
So+ 0151+ 202 =0
S3 4+ 0152 + 0251 + 303 =0

Si+o01Si-1+025i 24 +i0, =0
fori < w.Fori > w then
S,', + 0'157‘—1 + -+ 011:—1Si—117+1 + (Twsi—w =0.

We use the convention that o; = 0 when ¢ > w.
The Newton identities imply
51 =01,
S3 =015 + 0251 + 03,
Ss :0'15? + 0255 +0’sz + 0451 + o5.

Throughout this correspondence, we define the trace function from
GF(2™) to GF(2) by

m—1

Tr(x) = Z 2
1=0

A. The Cosets of Weight w = 1
The locator polynomial of a coset leader of weight 1 is
O'(X) = X + Sl

since the syndrome (54, S3, Ss) is given by S; = X7 forj = 1,3,5.
The cosets of weight 1 are therefore the n cosets with syndromes of
the form (Sl,Sf,Sf) where 51 # 0.
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B. The Cosets of Weight w = 2

The locator polynomial of a coset leader of weight 2 corresponding
to the error-locations X; and X leads to a syndrome given by S; =
X{ + XJ for j = 1,3,5. Note that 51 # 0 since the error-locations
are distinct. We obtain by simple direct calculations from the Newton
identities that Ss = S? + 0251 and S5 = S} + 72.55.

Comparing the two expressions for o2, we have

o2 = (S5 +57)/S1 = (S5 + 57) /Ss.

Since 01 = 51, the locator polynomial in the case of a coset leader
of weight 2 is given by

7(X)=X>+ 51X + (S5 + S7) /S1. @)

This polynomial has two distinct nonzero zeros in GF(2™) when
S1 Sé 0,53 # S? and T'r ((53 =+ S?) /513) = 0.

Note that the two expressions for ¢ lead to the following relations
between the syndrome components

M =52+ 5}8;5+ 555, + 5% = 0.

Observe that there are n choices of S1 # 0 and (n — 1)/2 choices
of S # S} such that Tr ((53 + Sf) /Sf) = 0. Therefore the
cosets with syndromes (Si,S3,S5) where S; # 0, Sz # S7,
Tr ((Ss+57)/S?) = 0 and Ss is such that the condition M = 0
holds are all the (g) cosets of weight 2.

C. The Cosets of Weight w = 3

In this case, the Newton identities lead to o1 = .S and the following
two expressions for o3:

o3 =853 -|-5i3 + 0251
and
(T3Sf =55 —|—5? + 0253.

Note that if S5 = S7 the first expression substituted into the second
one implies S5 = S 2, contradicting that w = 3. Therefore, S3 # S3
and comparing the expressions above leads to

o = S5 + 5753
2T 5+ ¢

and substituting for o2 in the expression for o3 gives

g3 =Sy +Sf + 0254
_ 55457+ 5551+ 515
- Sz + 53
M
S+ 53

where
M =53+ 5355 + 555, + 5%

Hence, the locator polynomial in the case w = 3 is

Ss + 5% S3 M

— X
G e X 3)

c(X)=X*+5 X"+ SR
3 1

Note that M # 0 since o3 = X X2X3 # 0 (all X; are nonzero
elements) for the case of an error corresponding to a coset leader of
weight 3.

Even though we do not need this fact in this paper it is useful for the
decoding algorithm of these codes to observe that it follows from well
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known properties of cubic polynomials that a necessary condition for
three distinct zeros of the locator polynomial is that

513
Tr <—(55 5 1) =0.

(S5 + S3)°

D. The Cosets of Weight w = 5

We will study the conditions for cosets of weight w = 5 with a lo-
cator polynomial with nonzero distinct zeros X, X2, X3, X4 and X5.
The following theorem characterizes some particular cosets of weight 5
in the triple-error-correcting codes with a syndrome (S, Ss, S5 ) where
S1 # 0. These will later be shown to be all cosets of weight w = 5

with S1 # 0.

Theorem 2: Let D be a coset with syndrome (Si,Ss,S55)
such that S; # 0, M = S35 + 5783 + 5551 + 57 = 0, and
Tr ((Ss + St) /S?) = 1. Then D is a coset of weight 5.

Proof: Since the covering radius of the triple-error-correcting
BCH code is known to be 5, it is sufficient to show that the weight
w of the coset D is at least 5. Since S; # 0 the coset has weight
at least 1. By the trace condition in the theorem it follows that
S3 # S and therefore the coset has weight at least 2. Further, since
Tr ((53 + Sf) /Sf) = 1 it follows that w # 2 since the locator
polynomial (2) for w = 2 does not have its zeros in GF(2") unless
Tr ((Ss+ 57)/S?) = 0. The coset cannot have weight 3 either,
since the locator polynomial (3) for a vector of weight 3 has constant
term 0 when M = 0 and therefore cannot have three distinct nonzero
zeros. It follows that the coset has weight at least 4. We therefore
assume that the coset has weight 4 and we will show that this is
impossible.

From the Newton identities, we obtain

03 =83+ S + 025,
and
S5+ ST 4 0255 + 0357
= S .
Substituting for o3 in the expression for o4 gives
_ S5+ S357 4 02(Ss + 57)
S1

T4

04

Hence, the locator polynomial is
F(X)=X"+5 X"+ 02 X"+ (S5 + 57 +7251) X

_1_554-535%2 ';Uz (53+S?). @)
1

Since this polynomial has four distinct zeros in GF(2™) it can be fac-
tored as
o(X)= (X 4+aX +b)(X°+ (a+ S)X +d). )
Comparing coefficients, we obtain
oy =d+b+ala+ S1)
o3 =ad +bla+ S1)
o4 =bd.
From the first identity, we obtain
d=o2+b+ala+ S1)
and from the second, we get
o3 =ad + b(a+ S1)
=aos + a,b+(12(a+ S1)+ab+ bS5,
=aos + az(a 4+ S1)+ 051

Hence,

o3 +aos+ a*(a+ S1)

b=
S1
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and substituting the value for b in the expression for d above gives

o3+ (a+ S1)os + ala + S1)*
S '

d=

The third identity now gives
2

(0’3 +aos —I—a,Q((l, + S )) (0‘3—1—((1,—1—51 Yoa4a(a+ S )2) =0457.
Substituting
03 =S5+ 55 + 025

and
_ Ss +535% + 02 (53 +5i0’)

o4 =
Si

into this expression, we obtain
((a+ S1)os + S5+ S +a’(a+ S1))
X (aoy + S5 + 57 +ala+ 51)2)
= 5551 + 535f + o2 (5351 + Si}) .

Collecting the coefficients of o3, 05 and the constant term and dividing
the resulting expression by a(a + S1)S; gives

2
aTs ay _
(5) +(5) =0 ©

b S2 4+ 5% + 555, + 5553 N Sz + 57 a*(a+S1)?
Sia(a+ 51) G 53
_ M n Sy + 57 a*(a+ 51)?
Stala + S1) S3 S
M/ S S3 + 53
- z(x+1) S3
and * = a/S. The trace of k is given by
M/SY | Ss+ 57 4,
Tr(k)=Tr <J(¢/+11)+ % Lyt 4o )
M/SY | Ss+ 57
(e i)
Since M = 0, the trace condition in the theorem gives
Ss + Sf) -1
S? '
This contradicts (6) which only has a solution in GF(2™) when
Tr(k) = 0, and therefore a coset weight of w = 4 for D is impos-

sible. Since the code has covering radius 5, we conclude that the coset
D has weight 5. O

where

+ 2% (a® + 1) )

®)

Tr(k)=Tr <

Remark 1: Note that the number of cosets of weight w = 5 of this
form is n(n + 1)/2. This follows since there are n choices of S; # 0
and for each nonzero S1, there are (n + 1)/2 choices of S3 such that
Tr ((53 + 57 ) /53 ) = 1. Observe that S5 is uniquely determined by
S1 and S3 since M = 0.

The following result can be found in [8]. We include a simpler and
more direct proof for the sake of completeness.

Lemma I: There are (512 413n) /6 cosets of weight 5 with S, = 0.
Proof: Note that, for m > 4, there are (n + 1)* cosets with

S1 = 0. Further, observe that all nonzero cosets with S; = 0 must
have odd weight. Indeed, as we saw above, it is impossible for cosets
of weight 2, since X7 # X,. That cosets of weight 4 with §; =
0 are impossible can be seen from the following simple arguments.
Assume that some coset D has syndrome (S| = 0, S5, .55) and assume
that X;, X, X3, and X, are error-locations of some vector of D.
Recall, that Xy, X2, X3, X4 are mutually distinct nonzero elements
in GF(2™). Now we see from (1) that for any & € GF(2™) a 4-tuple
(X1 4+ h, Xo+ 1, X5+ h, X4+ h) forms the error-locations for a
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vector with the same syndrome (S1 = 0, 53, S5 ). This can easily be
verified by checking the syndrome of this 4-tuple and using that

4 4 2
d Xt = (Z Xl)
=1 =1

=57

and similarly

4 4 4
doxi= <ZXZ> =St
=1 =1

Now take h = X;, which is not forbidden. Then we obtain a 3-tuple
(X2 + X1, X3 + X5, X4 + X1) which has this syndrome. But this
means that D is a coset of weight 3.

The number of nonzero cosets of weight 3 with S, = 0 are the
number of (unordered) ways to select nonzero and distinct X, X2 and
X5 such that Xy + X2+ X3 = 0 and is therefore equal to n(n — 1) /6.
This means that the number of cosets of weight 5 with 5; = 0 therefore
is ((n +1)*> = 1) — n(n — 1)/6 (since we cannot choose S and Ss
both equal to zero), which equals (51> + 13n)/6. d

Remark 2: Note that adding the number of cosets in Lemma 1 with
S1 = 0 to the number of cosets with S; # 0 in Remark 1 obtained
from Theorem 2 we obtain the following useful bound

. 2
Ks > n(n+1) n 5n° + 13n
= 2 6
4
= gn(n + 2).

E. The Cosets of Weight w = 4

To prove the conjecture by van der Horst and Berger [8] it is sufficient
to show that all cosets with S1 # 0, except for the ones in Theorem 2,
have weight at most 4.

In order to prove Theorem 3, we need the following crucial lemma
which is proved by Moreno and Moreno [11].

Lemma 2: Let F be the algebraic closure of ' = GF(2™). Let
f(z),g(x) € Flz] where deg f < r = deg g and g(z) is a polyno-
mial with ¢ distinct zeros in F. Let L denote the set of zeros of g(x)
in F.If ffi; # h(x)* + h(x) for any rational function h(z) € F(x),
then

Z (—I)T](gé:;) < (t_|_,r_2)\/2?+1_

zEF\L

Based on this lemma we are able to prove the following theorem.
This is a key result in order to complete the determination of the coset
distribution.

Lemma 3: Letu # 0,u € F = GF(2™). For m > 10 and for
given ¢ = 0 or 1 there exists an element z € F'\ {0, 1} such that

™ (siar) = (mwem) =

Proof: Let T be the number of elements in ' = F \ {0,1},
obeying the conditions in the theorem. Further, let e(f) = (—1)" "),

Then standard methods give
u
l+e| ———m—
>) ( e <:v3<:v+ 1>)>

u
7= 3 (e (st

zEF!

(e (2 5))

and
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21+Z < +1)3)+§, <3(.1+1)

= 5
+I§/e< e +1)3>+;,( e <m)
+1;/( 2 < +1)3)+1;,( 1) <w>
-I-I;/(_l)ie <11(;L3(J£7j_14)r31))

In order to apply the bound of Lemma 2, we have to check that all
functions a(x)/b(x) which appear in the sums above satisfy the con-
dition of the lemma. We take, for example, the function uz:/(z + 1)%.
We have to show that there is no rational A (x) € F(x) such that

(piirl)s = h(x)? + h(z). )
Suppose, on the contrary, that there is a rational function h(x) =
a(z)/b(x) which satisfies (9). We can assume without loss of gener-
ality that ged (a(z),b(z)) = 1. We obtain
web(x)? = (& + 1)%a(2)(a(z) + b(x)).

This is a polynomial equality. So, the left-hand side of this equality
is divisible by (= + 1)”. This means that b(x) is divisible at least by
(z + 1)%. But then, the right hand side of this equality is divisible by
(2 + 1)*, which is impossible, since a(z) cannot be divisible by z + 1
when b(«) is divisible by =+ 1. We therefore conclude that the equality
(9) is impossible. Hence we can apply Lemma 2 to this sum. The other
functions in all the sums above are treated in the same way.

Using the bounds for the exponential sums given in the lemma above
implies that all the last seven sums are upper bounded by c¢v/2'" +
1, where c¢ takes the values 4,4, 6, 2, 2, 2, and 6, respectively, starting
from the first sum after 3 1. It follows therefore that 87" > 2™ — 2 —
26/2™ — 7 and so T is strictly positive for m > 10. O

Theorem 3: Let m > 10 and let D be a coset such that S; # 0
which does not obey both the conditions M = 57 4+ 5753 4+ 555 +
57 =0and Tr ((Ss + S7) /57) = 1. Then D is a coset of weight at
most 4.

Proof: We will show that we can find a polynomial o (X) of de-
gree 4 with four zeros (not necessarily distinct) in GF(2™) with the re-
quired syndrome. We will show that we can select the coefficient o> of
X2 in the polynomial o (X ) in (4) such that it has all zeros in GF(2™).
This implies that (1) holds and therefore that the coset has weight at
most 4. If some of the zeros of ¢(X') are 0 or repeated this leads to a
coset of weight less than 4.

Set z to be an element of GF(2™) \ {0, 1}, such that

o M/ST O\ [ Ss+SY
T1<:v<x+1>)‘T‘< 5

/6 6
o (MISE N g M/SE
3z +1) z(z+1)3

and

) 0.
This can be done by Lemma 3.
Set o2 to be a solution in GF(2™) of the quadratic equation

2
a2 a2
=5 =5 k=0
<Sf> " <Sf>+

_ M/S? | Ss+ SY
T ox(z+1) S3

where

+ .732(.77 + 1).
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This can be done since Tr(k) = 0, by the choice of x in the previous
step. Then set

251

73 =53 +Sf + 025,
S5 + 5357 + 2(S5 + SF)

Tg =

S1
and
a=_5x
p_ 03t ao: +a’(a+5))
Si
g3t (a+ S1)oz+ala+ 51)
| — S
and

o(X)=(X"4+aX +b)(X° 4 (a4 S1)X +d).

Note that since » ¢ {0,1} and S; # 0, we cannot have @ = 0 nor
a = 5. Further, observe that

2
) =1 (2 0 50

a?S,
—Tr Sz—l—sl —I—((l—|—51 g2+ a (G+S1)
a2S,
Sz—l—s; [
r< a?51 +a51+a—+51+ >

3 2
:TT<M+ 0-2‘ +E+i+1)_

a2S; a?8% a5
Since a = Six, then we obtain
Tr(b/a®) =T (53+S1 +(;?9é51+0251 +$+1>
(53+S1)/S1 + k +;v+l)

1 1
rJ(r+1)+$ +1l4+ax+ >

tan)

=m(
( M/51
=T

Similarly we obtain
2
T1'< d 9>:Tr<05+(a+51)024;a(a+51) )
(a4 81)2 (a+51)25,
T <S3 + 57 + aoy +ala+ 51)2)
(a4 51)%5; '

Note that this is the same formula as for Tr(h/a?) with a4 S, replaced
by a or equivalently x replaced by = + 1. Therefore we have

Then note that o (X') factors into linear factors and

(X)) =X*"+5X° 4+ (ala+ S)+ b+ DX
+(ad + (a + S1)b)X + bd

and routine calculations show that
o(X)= Xt 4o X+ 02X+ 03X +04.

For each ¢ let T; be the sum of the ith powers of the roots of o (X)
(repeating roots according to their multiplicity in such sums). Then it
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remains to show that 7; = S; for i = 1,3, 5. The Newton identities
give us

T1 =01
T3 :(J'le + 011 403
s 201T14 + 0215 +03T12 + o411

and since 01 = 51, we have T1 = S7. Then

T3 :ULS$+UZSL+0'3

by the definitions of ¢ and o3. Further,

T =01Sf + 0253 +035% + 0454
255

by the definitions of 71, o3 and o4. We conclude that the zeros of o (X)
obey the syndrome equations in (1). Note that if some of the zeros of
o (X)) are 0 or equal, it means that the coset has a coset leader of weight
less than 4. In any case, the coset D has weight at most 4. (I

Proof of Theorem 1: The theorem was shown to be true for 8 <
m < 12 by a computer search due to van der Horst and Berger [8].
From Remark 1 following Theorem 2 we know that the number of
cosets of weight w = 5 with S1 # 0 is at least n(n + 1)/2. Fur-
ther, from Remark 2 following Lemma 1 we know that the number of
cosets of weight w = 5 with S; = 0 equals (57> + 13n)/6, which
implies that K5 > % n(n + 2).

According to Theorem 3 all cosets with S; # 0 other than those
in Theorem 2 have weight at most 4. It follows therefore that K5 =
2 n(n + 2) and therefore, since the total number of cosets is (n + 1)*,
that K4, = %n(onz + 10n — 3).

III. THE COSET DISTRIBUTION OF EXTENDED BCH CODES OF
LENGTH n = 2" WITH MINIMUM DISTANCE d = 8

In this section we determine the coset distribution of the extended
codes of the triple-error-correcting BCH codes. Denote by B the ex-
tended binary primitive BCH code of length N = 2™ with minimum
distance 8. The parity-check matrix H**" of B is defined by
11 1 1 ... 1
01 a o ... ot
01 o af Aty

5 5(n—
01 a° a] 0 Oé"(n 1)

Hext _

where « is an element of order n = 2™ — 1 in GF(2™). Note that the
syndrome in this case is a 4-tuple (S, S1, S3,.95).

Denote by I'; the number of cosets of B of weight . Since B is an
extended binary [N = 2™,k = N — 3m — 1]-code with covering
radius at most 6, we have immediately that

6 3 3
Z [, =2N% and Z [y = Z [oi1.
=0 =0 i=1

1 and that clearly T; = (?) fori = 1,2,3, we

Iy+Ts=N°— 1—<W)

Using that Ty =
deduce that

2

s = N°® — <A) - <W) = EN(N —1)(3N +8).
1 3 6

and

Hence, to find the complete coset distribution we have to find the
number I's or I'4. From the previous sections we know the coset
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TABLE 1
COSET DISTRIBUTION OF BCH CODES
m K() Kl KQ K3 K4 K5
5 1 31 465 4495 13020 | 14756
6 1 63 1953 39711 160524 | 59892
7 1 127 | 8001 | 333375 1717548 | 38100
TABLE 11
COSET DISTRIBUTION OF EXTENDED BCH CODES
m | g I Iy I's T4 s Tg
5 1 32 496 4960 17515 27776 | 14756
6 1 64 | 2016 41664 200235 220416 | 59892
7 1 128 | 8128 | 341376 | 2050923 1755648 | 38100

distribution for the code of length n = 2™ — 1. Further, we observe
that

This can be seen since any coset of weight 6 of the code B of length
N = 2™ isreduced to a coset of weight 5 of the corresponding code of
length n = 2" —1, and vice versa, when we do overall parity checking.
In other words, more precisely, a coset with syndrome (57, S3, S5)
has weight 5 in the binary triple-error-correcting BCH code of length
n = 2™ — 1 if and only if (So = 0, 51, S3,S5) is the syndrome of a
coset of weight 6 in the extended code. Therefore, I's = I(s and the
coset distribution of the extended code follows directly from the coset
distribution of the binary primitive triple-error-correcting BCH code
and this gives the final result below.

Theorem 4: Let I'; denote the number of cosets with a coset leader
of weight ¢ in the extended triple-error-correcting binary primitive
BCH code of length N = 2" where m > 8. Then the distribution of
the cosets is given by

=1

o (7)

= (1)

== (1)

I, = é(N —1)(6N? — 5N — 2)
1

s = EN(N —1)(5N +38)
4 .
s = g(N —1)(N+1).

For completeness sake, the number of cosets with a coset leader of
weight ¢ in the triple-error-correcting binary primitive BCH code of
length n = 2™ — 1 and in the extended code are given in the Tables I
and II when m = 5,6, and 7.

IV. CONCLUSION

We have determined the distribution of cosets in the binary primitive
triple-error-correcting BCH codes of length n = 2™ — 1. This solves
the conjecture from 1976 by van der Horst and Berger. As an easy
consequence this also gives the coset distribution of the extended codes
of length N = 2™ and minimum distance d = 8.
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On Quasi-Cyclic Interleavers for Parallel Turbo Codes

Joseph J. Boutros, Member, IEEE and Gilles Zémor, Member, IEEE

Abstract—In this correspondence, we present an interleaving scheme
that yields quasi-cyclic turbo codes. We prove that randomly chosen
members of this family yield with probability almost 1 turbo codes with
asymptotically optimum minimum distance, i.e., growing as a logarithm
of the interleaver size. These interleavers are also very practical in terms
of memory requirements and their decoding error probabilities for small
block lengths compare favorably with previous interleaving schemes.

Index Terms—Convolutional codes, iterative decoding, minimum dis-
tance, quasi-cyclic codes, turbo codes.

1. INTRODUCTION

It is now well known that the behavior of turbo codes, although very
powerful under high noise, exhibits an error floor phenomenon that can
be explained by poor minimum distance properties. More specifically,
it can be shown that for randomly chosen interleavers, the expected
minimum distance of a classical two-level turbo code remains constant
[21], [19], i.e., does not grow with block length. Can the error floor
behavior of turbo codes be improved by designing the interleaver in a
way that differs from pure random choice?
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