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Abstract. In this work, construction methods for formally self-dual codes are generalized
in the form of block A-circulant matrices. The constructions are applied over the rings Fa,
Ry = Fy + uFy and S = Fa[u)/(u® — 1). Using n-block A-circulant matrices for suitable
integers n and units A, many binary FSD codes (as Gray images) with a higher minimum
distance than best known self-dual codes of lengths 34, 40, 44, 54, 58, 70, 72 and 74 were
obtained. In particular, ten new even FSD [72, 36, 14] codes were constructed together with
eight new near-extremal FSD even codes of length 44 and twenty-five new near-extremal
FSD even codes of length 36.
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1. Introduction

Formally self-dual codes are those that have the same weight enumerators as their
duals. Iso-dual codes are codes that are equivalent to their duals. Of course self-
dual codes are both iso-dual and formally self-dual but there are formally self-dual
codes that are not self-dual. Formally self-dual codes can have better minimum
distances than self-dual codes of the same lengths, as will be showcased throughout
the paper. Formally self-dual codes work in the exact same way for the Assmus-
Mattson theorem as self-dual codes and they have been studied quite extensively in
the literature. For shortness of the notation, throughout the paper, we will use the
abbreviation FSD to describe formally self-dual codes.

Betsumiya and Harada studied binary optimal odd FSD codes in [2], whereas
Dougherty et al. considered optimal FSD codes over F5 and F7 in [§8]. In [3], a
classification of FSD even codes of lengths up to 16 was done. In [10], a classification
of extremal even F'SD codes of lengths 20 and 22 was done. Extremal double circulant
FSD even codes were classified in [13]. Betsumiya and Harada considered FSD codes
related to Type II codes in [4]. Near extremal FSD even codes of lengths 24 and
32 and later FSD even codes of lengths divisible by 8 were studied in [14] and [20],
respectively. In [6], a classification of extremal even FSD codes of length 30 was
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made. In [11], optimal subcodes of FSD codes of lengths 16-22 were analysed by
using their distance profiles.

Parallel to our main methods, some recent studies have shown that good FSD
codes can be obtained from FSD codes over certain rings. A family of rings of
characteristic 2 was used quite effectively in [19] to obtain FSD codes with better
minimum distances than the self-dual ones as well as some near-extremal FSD codes.
In [1], constructions were applied to the rings F3 + vF5 and F5 + vF5 to find some
good FSD codes over the fields F3 and F5 with better minimum distances than the
self-dual codes.

Two main construction methods for FSD codes use double circulant and bordered
double circulant matrices over the binary field as well as over appropriate rings. In
this work, we will generalize these methods by introducing a general block-matrix
construction as well as A-circulant matrices. Our construction methods generalize
all the existing methods of constructions and their effectiveness is demonstrated by
the highly substantial number of good FSD codes (near-extremal or better than self-
dual) that we have obtained. We will apply our methods to three main alphabets,
all of characteristic 2, namely the binary field F3, the ring R; = F9 + ulF and
S = Falu]/(u® — 1). In the case of S, since the Gray map is not duality-preserving,
we will prove the existence of the MacWilliams identities that are preserved under
the Gray map, which help us find binary FSD codes as the images of FSD codes
over S. Using n-block A-circulant matrices for suitable integers n and units A\, we
were able to obtain many binary FSD codes with a higher minimum distance than
best known self-dual codes of lengths 34, 40, 44, 54, 58, 70, 72 and 74. Ten new
even [72,36,14] codes were also constructed. In addition to these, eight new near-
extremal FSD even codes of length 44 and twenty-five new near-extremal FSD even
codes of length 36 were obtained.

The rest of the paper is organized as follows: In Section 2, we give the necessary
preliminaries about FSD codes as well as the rings over which the constructions
are described. In particular, the MacWilliams identities are given for the Lee weight
enumerators of codes over S, to demonstrate that the image of FSD codes are binary
FSD codes. In Section 3, the main construction methods are described with the
proofs. Section 4 includes numerical results, where many good FSD codes of different
lengths constructed through our constructions are tabulated.

2. Preliminaries

In this paper, we will work mainly on the binary field Fy and two of its ring ex-
tensions, namely Fy + uFy, where u? = 0 and S = Fy[u]/(u® — 1). In order to
understand the constructions better, we will recall some of the properties of these
rings, leaving aside the binary field as an obvious case. We refer the reader to [16]
for the definitions and notations on codes.

Let R be one of the rings; Fa, R; or S and C a code of length m over R. The
dual of C is defined as C* = {g € R™ | y-T = 0 for all T € C}, where - denotes
the Euclidean inner product @-b = 3" a;b;. A code C is said to be self-orthogonal if
C C C*, self-dual if C = C* and iso-dual if C is permutation equivalent to C*+. The
code is said to be even if all the codewords have even Lee weight.
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Definition 1. A code C is called FSD if the code C and its dual C* have the same
weight enumerator. A binary FSD even code of length m is called extremal if d =
2 |m/4] + 2 and near-extremal if d =2 |m/4].

The ring Fo + uFy ~ Falu]/(u?) is a commutative ring of characteristic 2 and
it contains the binary field as a subring. It has just one non-trivial ideal, given by
(u). Type II, Type IV, self-dual codes and cyclic codes over Fy 4+ uFs have been
studied extensively in [9]. Through its different extensions that appeared later in
the literature, we now refer to this ring as Rj.

We recall that a linear code C of length m over the ring R; is an R;-submodule
of R

The elements of R; are 0,1, u, 14w and their Lee weights are defined as 0,1, 2,1,
respectively.

A Gray map ¢ is defined as ¢ : R}* — F3™

¢ (@+bu) = (b,a+b), (1)

where @,b in FJ'. ¢ is a distance preserving, duality preserving isometry from
(R, dr) to (F%m,dH), where dj, and dy denote the Lee and Hamming distance
in R and F3™, respectively. This means if C is a linear code over R; with parame-
ters [m, 2k, d], (here 2 means the number of the codewords), then ¢ (C) is a binary
linear code of parameters [2m, k, d]. Moreover, ¢(C1) = ¢(C)*.

Since the Gray map is a duality-preserving map, self-dual codes over R; have
self-dual binary images, but more importantly for our work we have the following
theorem, as a consequence of the duality-preserving property of ¢:

Theorem 1. IfC is an iso-dual code over Ry of length m, then ¢(C) is an iso-dual
binary code of length 2m. If C is an FSD code over Ry of length m, then ¢(C) is an
FSD binary code of length 2m.

2.1. The ring S = Fy[u]/(u* — 1) and the MacWilliams Identity

The ring Fa[u]/(u? — 1), which will be denoted by S here, was used quite effectively
in [17] to construct many new binary self-dual codes of length 68. Thus we recall
some properties of the ring S from [17], leaving some of the details for the work in
question.

We start by observing that the ring is structurally quite familiar, namely S =
Fy x Fy. S is not local and its ideal structure is given by Iy C L2, 114102 C S,
where;

Iy = (1+u+u2) = {O,1+u+u2},
Iiw=04+u)= {O,u+u2,1+u,1—|—u2}.

The units in S are given by {1, u, uz} and the non-units are

{u+u2,1+u,1+u2,1—|—u+u2}.
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A linear code C of length m over S is an S-submodule of S™ and has a generating
matrix that is permutation equivalent to

Ik1 A B C
G=1 0 (u+u2) I, 0 (u+u2) D
0 0 (I+u+u?) Iy, 1+u+u?)E

We define a Gray map as follows:
ot ST E
a+bu+cu’ — (a,b,e).
Definition 2. The Lee weight of an element © = a + bu + cu® € S is the Hamming
weight of its Gray image, i.e. wy, (a +bu+ cu?) = wy (a) + wy (b) + wy (c).

Since the Gray map ¢ introduced above does not preserve orthogonality, we can-
not immediately have a theorem such as Theorem 1. In order to have an analogous
result, we need to show that the MacWilliams identities for the Lee weight enumer-
ators of codes over S exist. We will quickly establish this by using Wood’s results
in [21].

Let us label the elements in S = {g1,92,...,9s8} as S = {0,u?, u,u+u? 1,1+
u?, 14+ u, 1+ u+ u?}

Definition 3. The complete weight enumerator of a linear code C over S is defined
as

cwee (X1, Xa, ..., Xg) = ZXYM(E)X;M(E) ) .'ngs(5)7
ceC

where ng, (€) is the number of appearances of g; in the vector €.

The complete weight enumerator gives us a lot of information about the code,
such as the size of the code, the minimum weight of the code and the weight enu-
merator of the code for any weight function.

Now, since S is a Frobenius ring, the MacWilliams identities for the complete
weight enumerator hold. To find the exact identities we define the following character
on S :

Definition 4. Define x : S — C* by
x(a + bu + cu?) = (=1)°.

It is easy to verify that x is a non-trivial character when restricted to each non-
zero ideal, hence it is a generating character for S.

Then we make up an 8 x 8 matrix T', by letting T'(4, j) = x(gig;). The matrix T
is given as follows:

11 1 1 1 1 1 1]
1 1 1 1-1-1-1-1
1 1-1-1 1 1-1-1
1 1-1-1-1-1 1 1
1-1 1-1 1-1 1-1
1-1 1-1-1 1-1 1
1-1-1 1 1-1-1 1
1-1-1 1-1 1 1-1
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The following theorem then follows from [21] (Theorem 8.1) quite easily:

Theorem 2. Let C be a linear code over S of length m and suppose C* is its dual.
Then we have

1
cweer (X1, Xa,...,Xg) = WCWGC(T' (X1, X2,..., Xg)"),

where ()t denotes the transpose.
Now, in S, we have wr(0) = 0; wr(1) = wr(u) = wp(v?) = 1; wr(1 +u) =
wr(14+u?) = wr(u+u?) = 2 and wr, (1+u+wu?) = 3. Thus, identifying the variables

corresponding to the elements with the same weight we get the symmetrized weight
enumerator, namely,

swee(X,Y, Z,W) = cwec(X,Y,Y,Z,Y, Z, Z, W). (2)

Now, combining Theorem 2 and the definition of the symmetrized weight enu-
merator, we obtain the following theorem:

Theorem 3. Let C be a linear code over S of length m and let C* be its dual. Then
we have
sweer (XY, Z, W) =

ﬁswec(X+3Y+3Z+W,X+Y—Z—W,X—Y—Z+W,X—3Y+3Z—W).

We are now ready to obtain the MacWilliams identity for the Lee weight enu-
merator. Define the Lee weight enumerator for codes over S as the homogeneous
polynomial

Leec(W, X) =Y Win—wel® xwe®, (3)
ceC

Considering the weights that the variables X, Y, Z, W of the symmetrized weight

enumerator represent, we easily get the following theorem:

Theorem 4. Let C be a linear code over S of length m. Then
Leec(W, X) = swee(W?3 W2X, WX? X3).
Now combining Theorem 3 and Theorem 4 we obtain the following theorem:

Theorem 5. Let C be a linear code over S of length m and let C+ be its dual. With
Leec(W, X) denoting its Lee weight enumerator as given in (3), we have

1
Leecr (W, X) = mLeec(W + X, W - X).
Note that this is exactly the same identity that is satisfied by the Hamming
weight enumerators of binary codes. The existence of the identity gives us the
following corollary that is of central importance for our work:

Corollary 1. If C is an FSD code over S of length m, then ¢(C) is a binary FSD
code of length 3m. Moreover, the Lee weight enumerator of C is the same as the
Hamming weight enumerator of ¢(C).
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3. Constructions

In this section, we introduce the construction methods for FSD codes over commu-
tative Frobenius rings by block A-circulant matrices.

Let R be a commutative Frobenius ring and v = (v1, v, . .., vy, ) an element of the
R-module R™. The A-cyclic shift of v is defined as o (v) = (A\vp, v1, V2, ..., Vm—1),
where A € R. An m x m square matrix A is called A-circulant if every row is a
A-cyclic shift of the previous one, in other words, A is in the following form:;

aq as ag -+ Qm
)\CLm ay az - QAp-—1
)\amfl Aam ap - AGm-2
)\ag )\a3 )\@4 s aiq
If A = 1 the matrix is simply called circulant. Recently, in [19], Karadeniz et

al. applied the double and bordered double circulant constructions for a family of
commutative Frobenius rings of characteristic 2. The constructions were generalized
to double A-circulant codes in [1]. A-circulant matrices share properties of circulant
matrices such as they commute with each other and they are permutation equivalent
to their transposes.

Theorem 6. Let A; be a \-circulant matriz of size m x m for 1 < i < n over R.
Suppose that there is a weight function on R such that wt(a) = wt(—a) for alla € R.
Then the code C generated by

Al A2 A An
An Al e Anfl

G = [Imn |M} where M = L . (4)
A2 e An Al

is an FSD code over R. Moreover, C is iso-dual if char (R) = 2. The code is called
an n-block \-circulant code.

Proof. Let C be the code generated by G. Then the dual C* of C is generated by
G = [M|~In] .
Let II,, be the permutation
Im,=(01,n)2,n—-1)---(k—=1,n—k+2)(k,n—k+1),

where k = |n/2]. Tt is easily observed that A; and A! are permutation equivalent
since when II,,, is applied to rows and then to columns of A;, we obtain Af. So the
matrix

Ai Ag Afl
Al A - AL
M=" " "
AL - AL A

n
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is obtained by applying II,,, to each block of M. Then M? is obtained by applying II,,
to M’ block-wise. Let C” be the code generated by G” = [ M™ |Lny, |. The matrices
G and G” are permutation equivalent and so are the codes they generate. On the
other hand, C* and C” have the same weight enumerator since wt(a) = wt(—a) for
each a € R. Hence C is formally self-dual. Moreover, C is isodual if R is a ring of
characteristic 2 since C+ = C”. O

Theorem 7. Let M and R be as in (4); a,b € R and let b denote the all-b row of
length mn. Then the code generated by

a b

b M

is an FSD code over R. The code is iso-dual when char (R) = 2 and it is called a
bordered n-block A-circulant code.

|:Imn+1

Proof. Let C be the code generated by G. Then the dual C* of C is generated by

b
G/_[ZtMt

- Ianrl :|

Applying the same permutations as in the proof of Theorem 6, we see that C is
equivalent to C”, which is generated by

a b
GH = |:bt Mt }Imn-i-l ] .

On the other hand, C* and C” have the same weight enumerator since wt(a) =
wt(—a) for each a € R. Hence C is formally self-dual. Moreover, C is isodual if R is
a ring of characteristic 2 since C*+ = C”. O

The constructions given in theorems 6 and 7 can be generalized further by consid-
ering \g-circulating blocks of matrices. Such a code is called Ag-n-block A-circulant
code. We illustrate this construction in the following example;

Example 1. Let R = Ry andr1 = (1 +w,u), ro = (1,14 u), r3 = (1 +u,1 4+ u)
and r4 = (0,u) be the first rows of circulant matrices Ay, As, As and A4, respec-
tively. Let C be the Ao block circulant code over Ry generated by

A1 Ay Az Ay
XAy Ay Ay Az
MAs MAy A Ay |7
AoAz AoAs AoAy Ay

G=|Ig

where A\g = 1+u. Then C is an iso-dual code. The binary code ¢ (C) is a binary even
FSD code of parameters [32,16, 8], which is optimal. A partial weight distribution of
the code is given by 1 4 36428 4+ 2048210 + 672022 + ---. Even FSD codes of these
parameters have been studied extensively in [14].

More examples for the generalization of Theorem 7 are given in Tables 3,4 and
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4. Computational results

In this section, the methods from Section 3 are applied to the rings Fo, Ry and S.
FSD codes with parameters better than self-dual codes are tabulated. New near-
extremal FSD even codes are constructed for lengths 36, 38 and 44. For the rest of
the paper (.)* is used to denote that the code is optimal as a linear code and (.)°
is used to denote that the minimum distance of the code is the distance of the best
known linear code with respect to the online database [12].

Remark 1. In the tables that follow, n denotes the number of blocks, m denotes
the length of each block, a and b denote the borders of the block circulant matriz
(In the case of bordered double circulant constructions given in Theorem 7), A; is a
A-circulant matriz for each 1 <1 < n and Xy is as in Example 1. The order of the
automorphism group of C is denoted by |Aut(C)|. In order to fit the upcoming tables
we denote the element 1 +u of Ry as 3 and 1 +u+u? of S as 7. All computations
were run on an average PC, using the magma algebra system ([5]).

Example 2. Let A1 and Az be 2 X 2 (1 4 u)-circulant matrices over Ry with first
rows r1 = (1,1 +u) and ro = (1 + u,u). Then the bordered 2-block (1 + u)-circulant
code generated by

u 1 1 1 1
1 1 14ul4+u u
G=|Is|1 1 1 u 14w
114+u u 1 14w
1 v 14u 1 1

18 an iso-dual code over Ry. The binary image of the code is an odd binary FSD
[20, 10, 6]" code that is optimal as a linear code. A partial weight distribution of the
code is 1+4025+16027+13028+- - - and its automorphism group has order 28 x3x 5.

Example 3. Let C be the pure double circulant code with the first row
r = (11000100101111110100111).

Then C is an iso-dual code by Theorem 6. The code C is an optimal linear [46,23,11]"
code and a partial weight distribution of C is given by

14 33122 4+ 96602'2 + 12144025 4 23529026 + . ..

With respect to the online database of linear codes, [12], a binary linear [46,23,11]"
code is constructed as a shortened puncturing of the unique Type II [48,24,12]". The
code C is equivalent to the one kept in [12].

4.1. Binary even FSD (72,36, 14] codes

The existence of a Type II binary self-dual [72, 36, 16] code is an open problem that
has generated a lot of interest in the last four decades. Equivalent to the same
problem is the existence of a binary Type I self-dual [72,36,14] code. The best
known binary self-dual codes of length 72 have minimum distance 12, see [7, 15].
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The first examples of binary [72, 36, 14] FSD even codes were constructed in [19]. In
this section, we construct 10 binary FSD even [72, 36, 14] codes, which are different
than the codes given in [19]. The results are given in Table 1.

Example 4. Let A =1+ u, n = 1 and let C be the double \-circulant code with
the first row r1 = (u,0,u,u,0,u,0,0,0,u+ 1,0,1,u+ 1,u+1,1,0,1,1,) over R;.
Then C is an iso-dual code. The Gray image ¢ (C) of C is a binary FSD even
code of parameters [72,36,14]. A partial weight enumerator of the code is given by
1+ 90362 4 121959216 ...

T1,...,Tn Partial weight distribution

000110011, 111101100, 101111100, 100011011 | 1 + 914421F + 120807210 + - --

000100101, 011101011, 101000000, 110110000 | 1 + 87482% + 123525210 + - - -

101110001, 000100010,001010011, 101011101 | 1 + 874821% + 1236602° + - --

000100101,011101011,000101111, 000100110 | 1 + 90722 + 121383216 + - .-

000100110, 001010101, 101000000, 110110000 | 1 + 864021% + 124479210 + - -

111100111010,110101101100, 111011001011 | 1 + 86402 + 125433216 + - ..

000111110111,001101011000, 100110001101 | 1 + 92882 + 12053721 + .-

100100010000010111111111000111010000 1+ 88202 + 122841216 + - -

= Qo Qo s ] ] S

100100010000010111000011000100111011 1+ 8748211 + 123831210 + - ..

Table 1: Binary F'SD (72,36, 14] codes as n-block circulant codes over Fa

4.2. New near extremal binary FSD even codes

Extremal binary FSD even codes do not exist for many lengths and the non-existence
of near-extremal binary FSD even codes have been studied in [18]. In [13], possible
weight enumerators of near-extremal binary FSD even codes of lengths 16 to 46 has
been determined. In this section, we construct new binary near-extremal FSD even
codes for lengths 36, 38 and 44, where possible weight enumerators are;

Wie = 1+ (225 + a)y® + (2016 — 6a) y** + - - -,
Was =1+ (171 + o) y® + (1862 — 5ar) y™* + - -+,
Wys = 1+ (1320 + a) 2% 4 (10461 — 8a) 2'2 + - - .

The existence of near-extremal binary FSD even codes is known for weight enu-
merators; a =0, 9, 13, 18, 27, 36, 45, 47, 63, 64, 72, —4, —9, —21, —27, —36, —38,
—45, =54, —55 and —72 for Wsg; o =0, 22, 31, 44, 66, 176, —19, —22, —44, —53,
—66, —176 for Wyy.

In this work, we were able to construct binary near-extremal FSD even codes
with weight enumerators; o =3, 6, 12, 15, 21, 24, 30, 33, 39, 42, 48, 60, 96, 144, —3,
-6, —12, —15, —18, —24, =30, —33, —42, —144 in Ws4; a =10, 30, 50, 80, —10,
—11, =30 and —70 in Wyy4.



100 A. KAvA AND B. YILDIZ

Example 5. Forn =1 and A = 1, let C be the double circulant code over S of
length 12 with the first row of A1 as 11 = (l,uz, 14+u,u+u1,1+ uz). Then C
is iso-dual by Theorem 6. The Gray image of C is a binary near-extremal FSD even
code with weight enumerator a = 144 in Wss. The weight enumerator of the code is
different than the ones in [13].

More new near extremal FSD even codes are constructed in Table 2.

A 1 a,b |[Aut(C)] !
1 (u1+u O71—|—u) 14+u?u 30 3
1 (1+u?1+u? uo7) 14+u? 1 15 6
U (O 14+u? 1,u+u?, u) u+u?,u 3 12
U (1+u70,1,0) 1+u,1 3 15
U (u0u+u u? 1+u) 1+u?1 3 21
u (1—|—u u?, u, u® 1) u+u?, 1 3 24
U (1,1,0 U ,7) 14+ u?u? 3 30
1 (u?,0,14u? 1,1+ u) 14+ 4?1 15 33
U (1—|—u,7,7,0,1+u2) 1+u,1 3 39
U (1+u2,7,1,u2,u2) 14+ u,u 3 42
1 (u,uQ,u,l—i—uQ,u) u—+uZu 15 48
u (7,0 14+, 7,1) 14+u,u 3 60
1 (u+u2,u+u2,1,1,1+u2) 1+ u, u? 60 96
U (7,u,u+u2,0,0) 1+ u?u 3 -3
u (0,u* 1,u,7) 14+ 4?1 3 —6
1 (0,7,1+u2,0,1) u+u?,u 15 —12
U (1—|—u,u,1—|—u,0,u2) 14+u?u 3 —15
U (7,u,1+u,1,7) 1+ u, u? 3 -18
1 (1+v?u,1,1+4%0) 14+u,u 15 —24
u (7,0,u,u,1) 1+ u 3 -30
U (1+u2,u+u2,7,u,0) 14+ u,u 3 —-33
1 (1+u,1+u,u,u2,0) 1+ u?, u? 15 —42
1] A+u? 1+uul+uu) [ 1+ d? 1440 —144

Table 2: 2/ new near extremal FSD even codes of length 36 over S by Theorem 7

For a list of known near-extremal FSD even codes of length 38 we refer to [13].
In the following example we construct a code with a new weight enumerator by
applying bordered 2-block circulant construction on Fs.

Example 6. Let C be the bordered 2-block circulant code with r1 = (111100111),

= (101011100) and a =1 = b over Fy. The code C is an even code and it is FSD
by Theorem 7. |Aut (C)| = 2 x 3% and C has a weight enumerator with « = —9 in
Wis.

Example 7. Let C be the binary bordered 3-block circulant code with vy = (1110101),
ro = (1100100), r3 = (0010100), a =0 and b = 1. Then C is a near-extremal FSD



FORMALLY SELF-DUAL CODES FROM BLOCK A-CIRCULANT MATRICES 101

even code with weight enumerator « = —11 in Wyy. The existence of an FSD code
with this weight enumerator was unknown. The automorphism group of the code has

order 3 x 7.

We were able to construct seven near extremal binary FSD even codes of length
44 with new weight enumerators as Gray images of FSD codes over R;, which are
listed in Table 3.

n| X | A TlyevoyTh a,b | |Aut(C)] a

21 3 |1 (w01u3), (03u01) 3,3] 2x5 | 30
2131 (0330u) , (33101) 3,3| 2x5 50
511 [ 1] (13),(10), (ww),Bu) (33) | L1| 2% 10
501 (1] (30),(11),(1u), (ud)(ul) | 1,1 225 80
511 [ 1] (w0),(u3),(03),A1)(13) | L1| 25 | —10
511 | 1] (Bu),(0u),(lu), (uvu) (13) | 1,1 225 -30
511 [ 1] (3u),(03),(33),(13) (w0) | L1| 25 | —70

Table 3: Optimal [44,22,10] FSD even codes as images of bordered n-block circulant codes over Ry

Remark 2. Throughout the paper the binary FSD codes that have been listed have
better minimum distances than the best known self-dual codes, except for the ones
listed in Tables 2 and 10, which have the same distance as the corresponding extremal

self-dual code.

Theorem 6 is applied over Fo in Table 8. Its generalization is applied over Ry
and S in Table 4 and in Table 6, respectively. Theorem 7 is applied in Tables 5, 7,
9 and 10.

Ao | A 1 ro Partial weight distribution
1 [ 1] (01113) | (013u0) | 1+ 2802% + 1052210 + - --
1 [ 1| (1uOuu) | (1330u) | 1+ 32027 +992210+ ...
T [ 1] (ulu03) | (u303u) | 1+ 34027 +972210 4.+
3 [ 1] (1013u) | (3u303) | 1+ 26027 + 1030210+ -
3 | 1] (11u01) | (33100) | 1+2802% +10102%10 +---
3 11 (10u33) | (u1033) | 1+ 30027 + 1020210+ -
3 | 1] (u3u00) | (110ul) | 1+ 3202° + 100020 + ---
3 [ 1] (u3311) | (00013) | 1+ 3202%+ 982210+ ..
3 [ 1] (0udlu) | (1111u) | 1+ 36027 922210 + ...
3 3] (01133) | (uluw) | 1+ 3402 4982210 + ...
3 [ 3] (03u30) | (u1331) | 1+ 24027 + 1166210+ ---
3 | 3] (00u33) | (3u03u) | 1+3002% + 1022210 + ...
3 | 3] (1030w) | (01311) | 1+ 3202% + 1012210 +

Table 4: Binary [40,20,9]b FSD codes as Gray images of 2-block circulant codes over R
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ni{m|ry,...rm a,b | |Aut(C)| | Partial weight distribution
218 11000001, 11010100 0,1 26 1417228435229 4 ---
2 8 [10001010,10110001 0,1 |27 1+2042% + 38429 + - -
218 10001101, 00011001 1,1 26 14 2202% 4+ 38429 4 ---
2 |8 [10001011,11101111 | 0,1 | 2° 1+2362% + 41627 + - -
2 [ 8 |10111110,10000101 | 0,1 | 27 1+ 26825 + 44829 + - -
4 14 ]1110,1000,0110,0111 | 0,1 | 293 1+ 14025 + 32027 + - -
4 14 ]1001,1000,1000,0111 | 0,1 | 2°3 1 +2042% + 51229 + - -
4 14 11010,0110,0001,1100 | 0,1 | 29573 1+3322% + 64027 + - -
1 |16 | 1000101110011100 0,1 24 1+1922% 429827 + -
1|16 | 0111001100101101 0,1 24 14 2002% 4+ 3802° 4 - - -
1|16 | 1100101001101001 0,1 24 1+2082% + 28227 + - --
1 |16 | 0001111011101111 0,1 |2° 1+2082% + 38827 + - -
1 |16 | 1110011000111110 0,1 |27 1+2102%+ 28429 + - -
1 |16 | 1000101110110000 0,1 |27 1+ 21228 + 39229 + - -
1|16 | 1100001111101001 1,1 27 1+ 22025 4+ 3842% + - -
1 |16 | 0110111010000110 0,1 |27 1+22428 +26627 + - -
1|16 | 1010111011110010 0,1 24 1+ 22428 428227 + - -
1|16 | 0101010000011001 0,1 24 1+ 24028 + 26627 + - -
1|17 | 10101110111110110 pure | 17 1+ 15328 + 52727 + - -
1|17 | 01111110100011111 pure | 17 141702% 452729 4 - --
1 |17 | 11101000001001011 pure | 17 1+ 18728 +4592° + - -
1|17 | 11001111111100110 pure | 2 x 17 1418728 449329 + ...
1 [ 17 [ 11011101000100100 | pure | 17 1+ 20428 + 44229 + - -
1|17 | 11111010111011001 pure | 17 1422128 440827 + - -

1 |17 | 10011011011000010 pure | 17 1+ 25528 + 81627 + - - -
Table 5: Optimal binary linear (34,17, 8] codes as odd FSD codes over Fa
niX|A TlyeeesTn Partial weight distribution
3[W? 1 [ (+uuu), (wiutv?0), (1+ulutu?) 1472921 + 3096212 + - -
3[W? 1 [ (T4+u,1+42%0),(1+u,0,1),(w%1,7) 1+ 8642 + 3123212 + ..
31 [1 [(1,1,0,(1,0,14+¢?), (W u+u?1+u?) 141080z + 5706212 + - - -
311 1 (0,7,1+u),(1+u.,1+u2,1+u2) ,(u, 1,u) 1+ 14042™ 4 503122 + - .-
1] - u (1+11,,1+uz,1+11,2,1,u,+u2,7,71,+11,2,71,, 1) 1462121 + 2970212 + .-
1]- u (u—i—u?,u?,l,u+u2,u,u+u2.,1,u+u2,u+u2) 1+ 648211 + 3051212+ - -
1]- u (1,17u,u,u,1+uQ71+u+’1424,1+u2,0) 1+729211 43051212 4 - -
1]- Ju | WP ute®u+e®, 7T 1+uu+u? 14+u,7,u) 1+ 8642 + 291622 + - -
1 |- U (1+u,1+u2,1+u2,1,u+u2,1+u,u,1,1) 149182 + 3132212 .-
L]- [ (L1+4d® 1, T ut+ v u, L7, 1+ u) 1+ 8912 42889212 4 ...

Table 6: Binary FSD [54,27, ll}b codes as Gray images of F'SD codes over S
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1

T2

3

T4

Partial weight distribution

1111001

1011001

0111111

1000101

1+ 3290212 4 40565211 4 - - -

1011110

0000110

0011011

1111111

1+ 3388212 + 39879214 + ...

1001111

0111011

0011000

0101000

1+ 3395212 4 39830211+ - - -

0000100

0100100

1000101

1001110

1+ 3402212 + 39783214 + ...

0001001

1101111

1000101

1110011

1+ 3437212 + 39536217 + - -

0111111

0100000

0111001

1001111

1+ 3437212 4 39482211 + - -

0011100

1010000

0011111

0011110

1+ 350022 43909714 + - -

1001100

0110000

0000101

1001100

1+ 350022 4 390952™ + - -

1000110

0011110

1011111

1001100

1+ 3507212 + 38990212 + - .-

1111001

1010000

1010100

0011110

14 3542212 4 388032™ + - --

1001011

1010010

1000111

0111011

1+ 3563212 + 38600212 + - - -

1110011

1001110

0000110

0000001

1+ 3591212 4 38402211+ - -

0101100

0101000

1111010

1001011

1+ 3598212 43841121 + -+

0011000

0100110

0110110

0111000

1+ 3619212 4 38208211+ - -

1100001

0101000

1010001

1000001

1+ 364022 + 380612 + - --

1101110

1000100

0101100

0101101

1+ 3668212 + 37921214 + ...

0101100

0010011

0111001

0011110

1+ 3703212 4+ 3767421 + - -

1110101

1100101

0110111

0111010

1+ 3745212 4 37382211 4 - -

0001010

1000000

1000011

1101010

143766212 + 37177214 + ...

1010111

1010001

1010011

0110110

1+ 3850212 4 36589211+ - - -
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Table 7: Binary [58, 29, 12]b FSD codes as bordered 4-block circulant codes over Fo witha=1=»5

1

T2

3

T4

5

Partial weight distribution

1000111

0101010

0100110

0100001

0111001

1+910213+588021%+. ..

1110011

0001000

1000110

0100110

0000011

141120218 +574021% - ..

1101101

0101000

0011010

0100010

1100110

1+11552134+6405214+- -

0110111

1001110

0001000

0001000

0110100

141295213 4+581021%+- -

0010101

1111000

1001100

1111001

1001001

14+12952134+5635214+- .-

1100100

1110010

0001110

0110001

1010111

14+1400213+60202+- -

0111100

0111101

1110100

1010101

1001100

1+14352134+55652114 -

1010011

0010010

1001100

1100010

0010111

141505213 4+5670214+- - -

1001111

0010110

1000000

0100110

0101110

1+150521%+ 612521+ - -

0010111

1001111

0011011

0100110

1111000

14+15402134+5530214+- -

Table 8: Binary [70,35,13] FSD codes as 5-block circulant codes over Fa
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nlilm/|ry,...,m Partial weight distribution

4 |9 ]101000100,101111100,010001001,011100100 | 1 + 66812z1% + 98703210 + - --
4 19 | 100001110,110100110,000011001,001000010 | 1 + 67142 + 98538216 + - .-
4 |9 ]100111101,111010111,101000000,101100110 | 1 + 672321% + 98673210 + - --
4 19 ]111011010,010010001,111001000,110100000 | 1 + 687621* + 97980210 + - --
4 19 ]000111101,001011001,011100111,111011000 | 1 + 72722* + 95568216 + . .-
3 | 12 ] 001011000110, 101011001001, 000100000000 | 1+ 60782* 4+ 10217726 + ...
3 | 12 | 000100001111,100101010110,111000101011 | 1 + 62222T% + 10217716 + - .-
3 | 12 | 111101000001,110110100101,010100100011 | 1+ 627021% 4 100497216 4. .-
3 | 12 | 001001100101,000000100110,010111110101 | 1 + 661821 4 9918920 + - ..
3 | 12 | 000100011101,010010001100,101101010110 | 1 + 73742'% 4 95553216 4 ...
2 | 18 | 101001111011011100,010110010001101110 1463902 + 100446216 + - .-
2 | 18 | 101000100111110001,010110011100111011 14655221 + 99906216 + - ..
2 | 18 | 100011101000011000,011111010001010010 1+ 673221 + 98538216 + ...
2 | 18 [ 010111001111100011,011010100101111000 1+ 693021 + 98088216 + - ..
2 | 18 | 001101101010011100,110111011100101100 1+ 695721 + 97035216 + - -

Table 9: Bordered n-block circulant [74, 37, 14]b FSD codes over Fo witha=1=5

nlim)|nry,...,m™ a,b | Partial weight distribution

2 19 | (u03033u00), (01100u131) 3,1 [ 1445182 4803642 - -
2 [ 9 [ (u10013303), (u00111uu0) 1,1 | 1+ 45542™ 481072210 4 ...
2 19 | (3ul011111), (u3u331010) 3,1 [ 1447402 + 7983626 - -
2 [ 9 [ (0u03013u3), (1uu33311u) 1,3 | 1452022 + 77610210 4 - -
2 19 [ (133uu0310), (3u310u101) 3,1 [ 1452082 4+ 779162 - -
2 [ 9 | (vuu003131), (0010uuuul) 1,1 [ 1452622 + 77232210 4 ...
2 9 [ (03u110100), (111113033) 3,1 | 1453402 + 7752626 - - -
316 | (11303u), (30u3u3), (330131) | 3,1 | 1+ 42062 + 82047216 + ...
316 | (wu0133), (u31ul0), (00u0u0) | 3,3 | 1+ 471621 + 80295276 + - -
316 | (103uu3), (31lulu0), (1101u3) | 1,1 | 1+ 4842217 + 78663216 + - --
3 16 |(331033), (31u010), (03ull3) | 3,3 | 1+ 486621 + 79239276 + ...
316 | (111313), (u033ul), (0udllu) | 1,1 | 1+ 486621 + 79455216 + ...
3 16 | (111300), (1001u3), (u1303u) | 1,3 | 1+ 577821 + 75711216 + ...

Table 10: Binary [76, 38, 14]b FSD codes as Gray images of bordered n-block circulant codes over

Ry
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