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Several constructions of optimal LCD codes over
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Abstract

Linear complementary dual (LCD) codes are linear codes which intersect their
dual codes trivially, which have been of interest and extensively studied due to their
practical applications in computational complexity and information protection. In
this paper, we give some methods for constructing LCD codes over small finite fields
by modifying some typical methods for constructing linear codes. We show that all
odd-like binary LCD codes, ternary LCD codes and quaternary Hermitian LCD
codes can be constructed using the modified methods. Our results improve the
known lower bounds on the largest minimum distances of LCD codes. Furthermore,
we give two counterexamples to disprove the conjecture proposed by Bouyuklieva
(Des. Codes Cryptogr. 89(11): 2445-2461, 2021).
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1 Introduction

LCD codes were first introduced by Massey in 1992 to solve a problem in information
theory [33]. In 2004, Sendrier [34] showed that LCD codes meet the asymptotic Gilbert-
Varshamov bound by using the hull dimension spectra of linear codes. In 2016, Carlet
and Guilley [10] investigated an application of binary LCD codes against Side-Channel
Attacks (SCA) and Fault Injection Attack (FIA), and gave several constructions of LCD
codes. They also have been employed to construct entanglement-assisted quantum error
correction codes (see [30,31]). Recently, LCD codes were extensively studied [11-14,35,36].
In particular, an interesting result is that Carlet et al. [13] showed that any code over F,
is equivalent to some Euclidean LCD code for ¢ > 4 and any code over F .2 is equivalent
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to some Hermitian LCD code for ¢ > 3. This also motivates us to study LCD codes,
especially LCD codes over small finite fields. Codes over Fy, F3 and F, are called binary
codes, ternary codes and quaternary codes, respectively.

It is also a fundamental topic to determine the largest minimum distance of LCD
codes for various lengths and dimensions in coding theory. In recent years, much work
has been done concerning this fundamental topic. The largest minimum distance among
all binary LCD [n, k] codes was partially determined in [3,8, 15,16, 22, 25] for n < 40.
It is worth noting that there are many unknowns in [8] and [25]. The largest minimum
distance among all ternary LCD [n, k| codes was determined in [1,5] for n < 20. The
largest minimum diatance among all quaternary Hermitian LCD [n, k] codes was partially
determined in [30-32] for n < 25. More constructions of LCD codes can be seen [2,4,
6,19,21,29,37,38]. One of the interesting constructions is that Harada [19] gave two
methods for constructing many LCD codes from a given LCD code by modifying some
known methods for constructing self-dual codes [20,26-28]. Using these methods, many
new binary LCD codes and quaternary Hermitian LCD were constructed. Therefore, an
open problem is to extend the above results and construct new LCD codes.

There are many typical methods for constructing new linear codes from old ones.
For example, the puncturing and shortening techniques, subcodes construction. In this
paper, we give some methods for constructing LCD codes by modifying the above typical
methods. We show that all odd-like binary LCD codes, ternary LCD codes and quaternary
Hermitian LCD codes can be constructed by our construction methods. That is to say, our
methods are efficient for constructing LCD codes. Using theses methods, we obtain that
some binary LCD codes with better parameters comparing with [8] and [25]. In addition,
we also obtain some binary LCD codes, which are not equivalent to the codes in [25]. We
extend the tables on ternary LCD codes to lengths up to 25. Some ternary LCD codes
with better parameters are constructed comparing with [19]. Finally, we also construct
some quaternary Hermitian LCD codes with new parameters comparing with [32]. These
codes improve the previously known lower bounds on the largest minimum weights. It is
worth mentioning that we give two counterexamples to disprove the conjecture proposed
by Bouyuklieva [8].

The paper is organized as follows. In Section 2, we give some notations and definitions,
which can be found in [24]. In Section 3, we give a method for constructing LCD [n —
0 k—0,>d] and [n— ¢, k,d— (] codes from a given [n, k, d] code with ¢-dimensional hull.
We also give a general method for constructing LCD [n + 1, k] and [n, k + 1] codes from
a given LCD [n, k| code. In Sections 4-6, we construct binary LCD codes, ternary LCD
codes, quaternary Hermitian LCD codes and the related entanglement-assisted quantum
error correction codes. In Section 7, we conclude the paper. All computations in this
paper have been done with the computer algebra system MAGMA [7].

2 Preliminaries

Let [F, denote the finite field with ¢ elements, where ¢ is a prime power. For any x € IF(]]V ,
the Hamming weight wt(x) of x is the number of nonzero components of x. An [N, K, D]
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linear code C over I, is a K-dimensional subspace of IF(]]V , where D is the minimum nonzero
Hamming weight of C'. Let A;(C') denote the number of codewords with Hamming weight
i in C, where 0 < ¢ < N. Then the sequence (Ao(C), A;(C),..., Ax(C)) is called the
weight distribution of C. A generator matriz for an [N, K| code C' is any K x N matrix
G whose rows form a basis for C. For any set of k£ independent columns of a generator
matrix G, the corresponding set of coordinates forms an information set for C. A matrix
is monomial if it contains exactly one nonzero element per row and per column. Two
codes C' and D are equivalent if there is a monomial matrix M such that MC = D. The
Euclidean dual code C1% of a linear code C over F, is defined as

Cr ={y eF) | (x,y)p =0,forall x € C},

where (x,y)p = o0 2y for x = (21,22,...,2x5) and ¥ = (y1,%a, .-, Yn) € FY. The
Hermitian dual code C+# of a linear code C' over F g2 is defined as

Cctu ={y eF} | (x,y)m =0,for all x € C},

where (x,y)y = Zfil x;y; for x = (21, 29,...,25) and y = (y1,¥2,-..,Yn) € Fé\é. Note
that T = 27 for any « € F 2. The Euclidean hull (resp. Hermitian hull) of the linear code
C' is defined as

Hullg(C) = C N C*® (resp. Hully(C) = C N C*H#).

A linear code C over F, is called (Euclidean) LCD if CNC+2 = {0}. A linear code C
over 2 is called Hermitian LCD if C NC*# = {0}. The following lemma is from [18,33].

Lemma 2.1. (1) Let C be a code with the generator matriz G over F,. Then C' is LCD
if and only if GG is nonsingular, where GT denotes the transpose of G.
(2) Let C be a code with the generator matriz G over Fp. Then C is Hermitian LCD if

and only if GG s nonsingular, where G denotes the conjugate transpose of G.

Throughout this paper, let df (N, K) denote the largest minimum weight among all
LCD [N, K] codes over F, (¢ = 2,3), and let d(N, K) denote the largest minimum
weight among all quaternary Hermitian LCD [N, K] codes. An LCD [N, K] code over F,
is optimal LCD if it has the minimum weight dJ(N, K). An LCD [N, K] code over F, is
called almost optimal LCD if it has the minimum weight d} (N, K) — 1.

A vector x = (21, @, ..., x,) € Fy is even-like if " | x; = 0 and is odd-like otherwise.
A binary code is said to be even-like if it has only even-like codewords, and is said to be
odd-like if it is not even-like.

Let C be an [n, k,d] code over F,, and let T" be a set of ¢ coordinate positions in C.
We puncture C' by deleting all the coordinates in T" in each codeword of C. The resulting
code is still linear and has length n — t. We denote the punctured code by C*. Consider
the set C(T") of codewords which are 0 on T7; this set is a subcode of C. Puncturing C(7)
on T' gives a code over [, of length n —¢ called the shortened code on T' and denoted Cr.
The following lemma is also valid with respect to the Hermitian inner product.
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Lemma 2.2. [24] Let C be an [n,k,d] code over F,. Let T be a set of t coordinates.
Then:

(i) (CHp = (CT)t and (CHT = (Cr)*, and

(ii) if t < d, then CT and (C*)r have dimensions k and n —t — k, respectively.

3 Several methods for constructing LCD codes

3.1 LCD codes from shortened codes and punctured codes of linear codes

The puncturing and shortening techniques are two very important tools for constructing
new codes from old ones. In this subsection, we will use these two techniques to construct
new LCD codes with interesting and new parameters from some old LCD codes. Firstly,
we prove that Lemma 22 in [13] is valid with respect to the Hermitian inner product.

Theorem 3.1. Any linear code C over F, (resp. F,2) is the direct sum of a self-orthogonal
code and an LCD code with respect to the Fuclidean (resp. Hermitian) inner product.

Proof. We only consider the Hermitian inner product. Let {aq,...,ap, qpy1,...,ax} be
a basis of C such that {ay,...,a} is a basis of C; = Hullg(C) = C N C+#. Let Cy be a
linear code generated by ayy1,pi0,...,ar. Then C' = C; @ Cy. For any ¢ € Cy N CjH,
we have (¢, ;) = 0. This implies that c € C N C+#. Since C' is LCD, ¢ = 0. Therefore,
C5 is LCD with respect to the Hermitian inner product. This completes the proof. O

The following two theorems are very important and interesting.

Theorem 3.2. If there exists an [n,k,d] linear code C' with (-dimensional hull. Then
there exists a set of £ coordinates position T such that the shortened Cr of C' on T is an
In— {0,k —{¢,>d] LCD code with respect to the Euclidean and Hermitian inner product.

Proof. Let G be a generator matrix of C'. Without loss of generality, we may assume that
G = (Ix|A) = (erilai)i<i<r,

where e, and a; are the i-row of [ (the identity matrix) and A, respectively. Assume
that {r;}_, is a basis of Hull(C) such that the first non-zero position of r; is the i;-th
position. Without loss of generality, we may assume that 1 < i) < iy < --- < 4. Then
iy < k; otherwise r;, = 0, which is a contradiction.

Let T = {iy,i2,...,4} and J = {1,2,...,k} \ T = {j1, 72, -, jr_e} such that j; <
ja < -+ < jr—e. Then we know that {r;}|_; U {(ex|a;)}ics is a basis of C. So the code
C(T') by generating {(ex|a;) }ies is an LCD code by Theorem 3.1. In fact, the generator
matrix for the shortened code Cr on T is

Gr = (ex—ila;,)1<i<k—1

where ej,_,; is the i-row of I;_, and aj, is the j;-row of A for 1 < ¢ < k — ¢. It follows
from C(7T) is LCD that Cr is LCD. The parameters for Cr are obvious. O
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Theorem 3.3. Let C' be an [n, k,d] linear code with {-dimensional hull. If t < d, then
there exists a set of t coordinate position T such that the punctured code CT of C on T
is an LCD [n — £, k,d* > d — (] code with respect to the FEuclidean and Hermitian inner
product.

Proof. The parameters for the punctured code CT of C' on T are obvious from (ii) of
Lemma 2.2. Since C'is an [n, k| linear code with ¢-dimensional hull, C* is an [n,n — k]
linear code with /-dimensional hull. By Theorem 3.2, there exists a set of ¢ coordinate
positions 7" such that the shortened code (C*)7 of C+ on T is an LCD [n — ¢,n — k — (]
code. Tt follows from (i) of Lemma 2.2 that (CT)t = (C*)p is an LCD [n — €,n — k — /]
code. It turns out that CT = ((CT)1)+ is an LCD [n — £, k| code. O

Remark 3.4. By Theorem 3.2, Cr is LCD if T is an information set of Hull(C'). Compared
to the randomness of [25] and [32], we determine the shortened set 7'. In addition, the
corollary 25 in [13] proved that there exists an [n+ ¢, k, > d] Euclidean LCD code if there
exists an [n, k,d| code with ¢-dimensional Euclidean hull. Hence, it is easy to see that
Theorem 3.2 is more effective than [13, Corollary 25].

3.2 Construction method I

Firstly, we recall a typical construction method of linear codes. Let C' be a linear [n, k]
code with the generator matrix GG. Then for any x € Fy, the following matrix

1 x
[
(o 5)
generates a linear [n + 1,k + 1] code. In addition, any linear [n + 1,k + 1] code over F,
can be obtained from some linear [n, k] code using the above construction.
In this subsection, we give a method for constructing many LCD [n+1, k+1] codes with

interesting parameters from a given LCD [n, k] code by modifying the above construction
method of linear codes.

Theorem 3.5. (1) Let C' be a binary LCD [n, k] code with the generator matriz G. Let
x € C* such that wt(x) is even. Then the following matrix

, (1 x
(0 &)
generates a binary odd-like LCD [n + 1,k + 1] code.

(2) Let C be a ternary LCD [n, k| code with the generator matriz G. Let x € C+ such
that wt(x) # 2 (mod 3). Then the following matriz

(1 x
(o 5)
generates a ternary LCD [n+ 1,k + 1] code.
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(3) Let C be a quaternary Hermitian LCD [n, k| code with the generator matriz G.
Let x € C1# such that wt(x) is even. Then the following matriz

(1 x
o = <O G).
generates a quaternary Hermitian LCD [n+ 1,k + 1] code.

Proof. We only give the proof of (1), the other cases are similar. Let r; be the i-th row
of G for 1 <i<k. Let r; be j-th row of G’ for 1 < j < k + 1. Then we have

g=(xrj_1)p=0for2<j<k+1,
E :<rj,1,rj,1)E for 2 S] S k + 1,
E <I'j_1,I'j/_1>E for 2 < j < j/ < k+ 1.

Hence we obtain that

T
GG’ = aGr

0
If C' is a binary LCD code, then it follows from Lemma 2.1 that GG is nonsingular. This

implies that G’G'" is nonsingular. By Lemma 2.1, G’ generates a binary LCD [n+1, k+1]
code. This completes the proof. O

It is easy to see that all binary LCD codes constructed by Theorem 3.5 are odd-like.
Next, we prove that all odd-like binary LCD codes can be obtained by the construction
in Theorem 3.5.

Theorem 3.6. Any binary odd-like LCD [n, k] code is obtained from some binary LCD
[n— 1,k — 1] code (up to equivalence) using the construction of Theorem 3.5.

Proof. Let C be a binary odd-like LCD [n, k] code. According to [8, Propsition 3|, there
is at least one coordinate position ¢ such that the shortened code Cy; of C' on the ¢-th
coordinate is a binary LCD [n — 1,k — 1] code. Without loss of generality, we consider
that ¢ = 1. Assume that Cj;) has the generator matrix G;. Then there exists a binary
vector X' = (xf, 2, ..., 2/ ) of length n — 1 such that the following matrix

»¥n—1
1 x
G = (0 Gl)

is a generator matrix of C'. Since Cyy is a binary LCD code, F;‘_l = 0{1}690{1}L. So there
are X = (1, 22,...,&y_1) € C{l}l and y = (Y1, %2, ..., Yn—1) € Cp1y such that X’ =x+y.
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Using the binary vector x = (z1,Z2,...,Tp_1) € C’{l}L of length n — 1 and G; we get
a generator matrix G’ of a linear [n, k] code C’ by Theorem 3.5. And

(1 x I x+y\
w0 i)l 7a) e

Thus the given code C' is equivalent to C’, as desired. We assert that wt(x) is even;
otherwise (1|x) € C'N C+, which is a contradiction. This completes the proof. O

Finally, we give two counterexamples to show that Conjecture 1 in [8] is invalid.

Conjecture 3.7. [8, Conjecture 1] Let k be an even position integer and n > k be
another integer. If d¥(n, k) is even and d¥(n — 1,k) = d¥(n, k) — 1, then all binary LCD
[n, k,d¥(n, k)] are even-like codes.

Proposition 3.8. There ezist optimal binary odd-like LCD [14,8,4] and [16, 10, 4] codes.

Proof. According to [22, Table 3], there exist optimal binary odd-like LCD [13,7,4] and
(15,9, 4] codes, which have the following generator matrices respectively

100000000110001

1000000110101 010000000011110
0100000011110 001000000011101
0010000001101 000100000110010
0001000100110 |, 000010000011011
0000100001011 000001000010111
0000010111011 000000100111111
0000001111100 000000010110100

000000001111000
By applying Theorem 3.5 to the LCD [13,7,4] code, a binary LCD [14, 8,4] code C’
is constructed, where x = (1001110001100). The code C” has weight distribution as:
[(0,1), (4,24), (5,36), (6,36), (7,60), (8,45), (9, 28), (10, 20), (11, 4), (12, 2)].

Similarly, a binary LCD [16, 10, 4] code is constructed, where x = (111111011001111),
which has weight distribution as:

[(0,1), (4,43), (5,81), (6,96), (7, 189), (8,207), (9, 162),
(10,144), (11, 66), (12,21), (13, 13), (15, 1)].

In the sense of equivalence, these two LCD code are also constructed by [22]. Here we
just show that we can also get such codes by our method. O

Remark 3.9. Let n = 14 and k = 8. By [22, Table 3], d¥(14,8) = 4 and d¥(13,8) = 3.
The condition of Conjecture 3.7 is satisfied. However, the binary LCD [14, 8,4] code in
Proposition 3.8 is odd-like. Therefore, Conjecture 3.7 is invalid. Similarly, the odd-like
binary LCD [16, 10, 4] is also a counterexample of Conjecture 3.7.
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3.3 Construction method I1

In this subsection, we recall another typical construction methods of linear codes. Let
C be a linear [n, k] code with the generator matrix G over F,. For any x € F} \ C, the

following matrix
, (%
7= (¢)

generates a linear [n, k + 1] code. In addition, any linear [n, k + 1] code over F, can be
obtained from some linear [n, k] code using the above construction.

Next, we give a method for constructing many LCD [n, k + 1] codes with interesting
parameters from a given LCD [n, k| code by modifying the above construction method of
linear codes.

Theorem 3.10. (1) Let C be a binary LCD [n, k] code with the generator matriz G. Let
y € C* such that wt(y) is odd. Then the following matriz

@ - (g)

generates a binary LCD [n, k + 1] code.
(2) Let C be a ternary LCD [n, k| code with the generator matriz G. Lety € C+ such
that wt(y) # 0 (mod 3). Then the following matrix

@ - (g)

generates a ternary LCD [n, k + 1] code.
(3) Let C' be a quaternary Hermitian LCD [n,k] code with the generator matriz G.
Lety € Ct such that wt(y) is odd. Then the following matriz

@ - (g)

generates a quaternary Hermitian LCD [n,k + 1] code.
Proof. The proof is similar to that of Theorem 3.5, so we omit it here. O
Next, we consider the converse of Theorem 3.10.

Theorem 3.11. Any binary odd-like LCD [n,k,d] code is obtained from some binary
LCD [n,k —1,>d] code (up to equivalence) by the construction of Theorem 3.10.

Proof. Let C be a binary odd-like LCD [n, k, d] code with the generator matrix G. From
[11, Theorem 3], there exists a basis ¢y, s, ..., ¢, of C such that ¢; -¢; = 1if ¢ = j and
c;-c¢; = 0 otherwise. Let Cjy be a binary code with the generator matrix G = (¢;)1<i<k—1,
where ¢; is the i-th row of Gy. From [11, Theorem 3], Cy is LCD. This implies that
F3 = Cy & Ci-. So there are x = (z1, %9, ...,2,) € Co and y = (y1, Y2, - .-, Yn) € Cy such
that ¢y =x+y. Since ¢, ¢ Cp, y = cx —x & Cy.
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Using the binary vector y = (y1,¥,...,yn) € Cot of length n and G, we get a
generator matrix G’ of a linear [n, k + 1] code C’ by Theorem 3.10. And

b (Y L (xtyY ()
@ (&)~ () - (6)~¢
Thus the given code C' is equivalent to C’, as desired. It turns out that wt(y) is odd;

otherwise y € Cy N Cy, which is a contradiction. This completes the proof. O

Theorem 3.12. Any ternary Euclidean (resp. quaternary Hermitian) LCD [n, k] code is
obtained from some ternary FEuclidean (resp. quaternary Hermitian) LCD [n,k — 1] code
by the construction of Theorem 3.10.

Proof. According to [23, Propsition 4], we know that any ternary LCD [n, k] code contains
a ternary LCD [n, k — 1] subcode and any quaternary Hermitian LCD [n, k| code contains
a quaternary Hermitian LCD [n, k — 1] subcode. The rest of the proof is similar to that
of Theorem 3.11, so we omit it here. O

4 New binary LCD codes

The constructions of optimal binary LCD [n, k] codes were studies in [3,8,15,16,19,22,25].
It is worth noting that there are many unknowns in [8] and [25]. Hence, we will construct
these unknown binary LCD codes by Constructions I and IT in Section 3.

4.1 Some important inequalities

Let d¥(n, k) denote the largest minimum weight among all binary Euclidean LCD [n, k]
codes. By adding zero column, the following inequality is obvious.

Lemma 4.1. Suppose that k < n. Then d¥(n+1,k) > d¥(n, k).
The following lemmas are nontrivial and they were proved in [11] and [8].
Lemma 4.2. [11, Theorem 8] Suppose that 2 < k <n. Then d¥(n,k) < d¥(n,k —1).
Lemma 4.3. [8] Let k and n be two integers such that 1 < k < n. Then we have
(1) If k is odd, then d¥(n, k) < d¥(n—1,k—1).
(2) If k is even and d¥(n, k) is odd, then d¥(n+1,k) > d¥(n, k) + 1.
(3) If d¥(n, k) is odd, then d¥(n+2,k) > d¥(n, k) + 1.
Combining Theorem 3.2 and [8, Proposition 5], we give an improved upper bound.

Corollary 4.4. Let k and n be two integers such that 2 < k < n. Then we have
d¥(n, k) <max{dy(n — 1,k —1),d¥(n — 2,k —2)}.
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Proof. Assume that C' is a binary [n, k,d] LCD code. Let C; be the shortened code of
C' on i-th coordinate for some i € {1,2,...,n}. By [8, Proposition 5], we know that
dim(Hull(C;)) < 1. If dim(Hull(C;)) = 0, then there exists a binary [n — 1,k — 1,d]
LCD code. If dim(Hull(C;)) = 1, then there exists a binary [n — 1,k — 1,d] code with
one-dimension hull. By Theorem 3.2, there exists a binary [n — 2,k — 2,d] LCD code.
This completes the proof. O

Let C’f;b dls denote a binary [n, k,d] linear code with the generator matrix an,la d>
where / is the dimension of hull for such code. When ¢ = 0, let Cj,, 1.4, = Cg%k, s denote
a binary LCD [n, k, d] code.

4.2 New binary LCD codes

From [8], only the exact value of d¥(29,11) remains unknown for n = 29.
Proposition 4.5. There is a binary LCD [29,11,9] code.

Proof. By the MAGMA function BKLC, there is a binary linear [30, 11, 10] code 0[130711710}2
with one-dimensional hull. By Theorem 3.2, the shortened code (0[130711710]2){1} on the first
coordinate position is a binary LCD [29,10, 10] code Ciag,10,101,- We apply Construction
IT to the code Ciag,10,10,- Let us take y = (00010101101110101001100010001), one can
construct a binary LCD [29,11, 9] code Ciag11,9),- O

Although the binary LCD code Ciag 11,9}, in Proposition 4.5 has the same parameters
with the binary LCD [29, 11, 9] code in [25, Proposition 3], their construction methods are
different. In addition, the parameters in bold in Tables 1-3 denote that the corresponding
code has new parameters according to [8] and [25].

Proposition 4.6. There are binary LCD [30,11,9] and [30,15,7] codes.

Proof. 1t follows from Lemma 4.1 and Proposition 4.5 that there is a binary LCD [30, 11, 9]
code. By the MAGMA function BKLC, there is a binary linear [36, 21, 7] code 0[636’21’7]2

with 6-dimensional hull. By Theorem 3.2, the shortened code (C[%ﬁ,m,ﬂg)T of C[%Gﬂl,?]z is
a binary LCD (30,15, 7] code Ci30,15,7,, where "= {1,2,3,5,17,19}. O

Remark 4.7. We list in Tables 1-2 some binary LCD codes obtained by Theorems 3.2,
3.5 and 3.10. To save the space, the codes in Tables 1 and 2 can be obtained from
https://ahu-coding.github.io/codel/.
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Table 1: The binary LCD codes from Theorem 3.2

The code C’fm oudlo The set T Cr References

Ci0,11,10 {1} 29,10, 10] Theorem 3.2
Clig 1.7 {1,2,3,5,17,19} 30,15, 7] Theorem 3.2
0[132,21,6}2 {1} [31, 20, 6] Theorem 3.2
0[134 15,9] {1} (33,14, 9] Theorem 3.2
0[33 22,6]2 \ (33,22, 6] Theorem 3.2
0[34 22,6] \ (34,22, 6] Theorem 3.2
0[36 16,10]2 \ [36, 16, 10] Theorem 3.2
0[743,27,7}2 {1,2,3,5,9,17,25} (36,20, 7] Theorem 3.2
Cli0.13.13]5 {2,3,5} (37,10,13] Theorem 3.2
Ca5’29’7}2 {1,2,3,5,9,17,21,25} [37,21,7] Theorem 3.2

]

Note that the code C[én,k,d]g is the best-known binary [n, k, d] code from MAGMA [7].

Table 2: The binary LCD codes from Theorem 3.5 and Theorem 3.10

The given Cj, 1 41, The vector x or y o References
[30,15,7] (110001101111110101111111001001) [31,16,7] Theorem 3.5
[31,16,7] (1110101000111010001110111011001) [32,17,7] Theorem 3.5
[32,17,7] (11010011101011101011011000110111) [33,18,7] Theorem 3.5
[33,14,9] (111000000011111011010110010000110) [34,15,9] Theorem 3.5
[34,18,8] (1100000000000110001000101101010110) [35,19,7] Theorem 3.5
[34,22,6] (1111111111111111111111111111111111) [35,23,6] Theorem 3.5
[36,16,10] (110100000100001000011010100001101110) [37,17.,9] Theorem 3.5
[37,21,7] (0011101010001001101010110111111001111) [38,22,7] Theorem 3.5
(38,10,14] (11110000110000000000000000000111111110)  [39,11,13]  Theorem 3.5
[38,22,7] (10011010101101001101010111000000101111)  [39,23,7] Theorem 3.5
[29,10,10] (00010101101110101001100010001) [29,11,9] Theorem 3.10
[31,20,6] (0000111101010000100101010011100) [31,21,5] Theorem 3.10

Note that the given code C|, 1 q), in Table 2 is from Tables 1-2. In addition, the codes Cj34,15g), and
C[38,10,14], are the extendcodes of the codes C[33,15,7], and Cis7,10,13],, respectively (see Table 3).

We list in Table 3 some binary LCD codes by using some inequalities, where the given
code C'in Table 3 is from Tables 1-3.
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Table 3: The binary LCD codes from some inequalities

The given C C’ References H The given C C’ References
29.11,9]  [30,1L,0]  Lemma 4.1 [3521,6]  [36.21,6]  Lemma 4.1
20,11,0]  [31,11,10]  (3) of Lemma 4.3 || [35,23,6]  [36,23,6]  Lemma 4.1
[31,16,7] [31,15,7] Lemma 4.2 [36,18,8] [37,18,8] Lemma 4.1
[31,16,7] [32,16,8] (2) of Lemma 4.3 || [35,19,7] [37,19,8] (3) of Lemma 4.3
[32,16,8] [32,15,8] Lemma 4.2 [36,20,7] [37,20,8] (2) of Lemma 4.3
31,21,5]  [32.21,5]  Lemma 4.1 36,23,6)  [37.23,6]  Lemma 4.1
[32,15,8] [33,15,8] Lemma 4.1 [37,10,13] [38,10,14] (2) of Lemma 4.3
32,16,8]  [33,16,8] Lemma 4.1 37,17.9]  [38,179]  Lemma 4.1
[32,17,7] [33,17,7] Lemma 4.1 [37,19,8] [38,19,8] Lemma 4.1
33,22,6]  [33,21,6] Lemma 4.2 37,20,8]  [38,20,8] Lemma 4.1
[33,18,7] [34,18,8] (2) of Lemma 4.3 || [37,21,7] [38,21,7] Lemma 4.1
34,18,8]  [34,17,8] Lemma 4.2 37,23,6]  [38.23,6]  Lemma 4.1
[34,17,8] [34,16,8] Lemma 4.2 [38,10,14] [39,10,14] Lemma 4.1
33,21,6]  [34,21,6]  Lemma 4.1 38,20,8]  [39,20,8]  Lemma 4.1
[34,17,8] [35,17,8] Lemma 4.1 [38,22,7] [39,22,8] (2) of Lemma 4.3
34,18,8]  [35,18,8]  Lemma 4.1 39,22,8]  [39,21,8]  Lemma 4.2
3421,6)  [35,21,6] Lemma 4.1 39,10,14]  [40,10,14]  Lemma 4.1
[34,15,9] [36,15,10] (3) of Lemma 4.3 || [39,11,13] [40,11,13] Lemma 4.1
3517,8]  [36,17.8]  Lemma 4.1 39,21,8]  [40,21,8]  Lemma 4.1
35,18,8]  [36,18,8]  Lemma 4.1 39,22,8]  [40,22,8]  Lemma 4.1
35197  [36,19,7]  Lemma 4.1 39,23,7]  [40,23,7]  Lemma 4.1

Remark 4.8. We give Tables 4 and 5 by combining Tables 1-3, [25, Tables 1-3] and [8,
Tables 1-2]. Furthermore, the diamond “¢” indicates that the construction method of the
corresponding binary LCD code is different from that of [25]. The asterisk “x” indicates
that the corresponding binary LCD code has new parameters comparing with [8] and [25].

Table 4: Bounds on the minimum diatance of binary LCD codes

n\k 9 10 11 12 13 14 15 16 17
29 10 10 9°¢ 8 8 8 6 6 6
30 11 10 9°-10 9 8 8 7 6 6
31 11 10 10° 10 9 8 7°-8 7 6
32 12 11 10 10 9-10 8-9 8* 8* 7
33 12 12 10-11 10 10 9-10 8°-9 8° 7*-8
34 13 12 11-12 11 10 10 9°-10 8°-9 8*
35 13-14 12-13 12 12 10-11 10 9-10 9-10 8*
36 14 12-14 12-13 12 10-12 10-11 10° 10 8°-9
37 14 13*-14  12-14 12-13 10-12 10-12 10-11 10 9°-10

38 14-15 14* 12-14 12-14 11-12 10-12 10-12 10-11 9°-10
39 14-16  14°-15 13°-14 12-14 11-13 11-12 10-12 10-12 10-11
40 15-16  14°-16 13°-15 13-14 12-14 11-13 10-12 10-12 10-12
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Table 5: Bounds on the minimum diatance of binary LCD codes
n\k 18 19 20 21 22 23 24 25 26 27 28 29 30

29 6 ) 4 4 4 3 2 2 2 2 2 1

30 6 5-6 5 4 4 4 3 2 2 2 2 1 1
31 6 6 6 5¢ 4 4 4 3 2 2 2 2 2
32 6 6 6 5°-6 ) 4 4 34 3 2 2 2 2
33 7 6 6 6° 6 ) 4 4 4 3 2 2 2
34 8* 6-7 6 6° 6 5-6 4 4 4 34 3 2 2
35 8* -8 6-7 6" 6 6° 5 4 4 4 4 3 2
36 8* 7°-8 T8 6°-7 6 6° 6 ) 4 4 4 34 3
37 8°-9 8* 8* 7*-8  6-7 6° 6 56 5 4 4 4 4
38 9-10 8°9 8° 7°-8 T8 6°-7 6 6 6 5) 4 4 4
39 10 9-10 8°9 8* 8* 7*-8  6-7 6 6 56 5 4 4
40  10-11 9-10 9-10 8*-9 8° 7°-8 68 67 6 6 6 5) 4

5 New ternary LCD codes

The constructions of optimal ternary LCD [n, k| codes were studies in [1,5,19]. Hence, we
will construct some unknown ternary LCD codes and extend a result of Araya, Harada
and Saito to length 25 by Constructions I and II in Section 3.

5.1 Some important inequalities

Let d¥ (n, k) denote the largest minimum weight among all ternary Euclidean LCD [n, k]
codes. By adding zero column, we have d%(n + 1,k) > d¥(n, k).

Lemma 5.1. [23] Suppose that 2 < k <n. Then d¥(n,k) < d¥(n,k —1).
Lemma 5.2. [5] If 20 < n < 25, then we have
d¥(n,n—2)=2, df(n,n—3) =2, d¥(n,n —4) =3.

According to [1], we know that d¥(n,n—1) = 1if n = 0 (mod 3) and d¥(n,n—1) =2
if n=1,2 (mod 3). The following proposition is a generalization of [8, Proposition 5].

Proposition 5.3. Let C be a ternary linear [n, k,d] code and dim(CNCL) = s. If C; is the
shortened code of C ini-th coordinate for some 1 € {1,...,n}, then dim(C;NC) < s+1.

Proof. Without loss of generality, we can consider the shortened code C; of C' on the
first coordinate. If all codewords have 0 as a first coordinate, then dim(Cy N Cy) =
dim(C' N Ct) = s. Otherwise C = (0|C) U (1|u + C1) U (2]2u + C) for a codeword
(1,u) € C. Let H = CNC* and H; = C;NC. There are two possibilities for H, namely
H=(0|H)orH=(0|H)U1jv+H)U (2|20 +H). In both cases, H' C H,.

(i) If H' = Hy, then dim(H,) = dim(#) or dim(H) — 1.

(ii) If H' ;Cé Hi. Take yy,90 € Hi\H' C C, NC{. Tt follows from y; € C) that
0,9;) € C. If follows from y; € Ci- = (C*)! that (\;,y;) € C* for some \; € Fs. If
A\ = 0, then (0,y;) € CNC* = H. Implying that y; € H’, which is a contradiction. Hence
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Ai # 0. So (0, Aay1 — A\1ya) € H, which implies that Asy; — A\jyo € H'. It turns out that
Hi=H U(y1 + H)U (2y; + H') and dim(H;) = dim(H') + 1. Since dim(H') = dim(H)
or dim(H) — 1, we have dim(#,) = dim(#) or dim(#) + 1. This completes the proof. O

Corollary 5.4. Let k and n be two integers such that 2 < k <n. Then we have
d¥(n, k) <max{di(n — 1,k —1),d¥(n — 2,k —2)}.

Proof. The proof is similar to that of Corollary 4.4. The main difference is that we use
Proposition 5.3 instead of [8, Proposition 5. O

5.2 New ternary LCD codes
Firstly, we give some known ternary LCD codes from [5].
13 < d3(23,4) < 14, d3(24,4) = 15, 15 < d3(25,4) < 16.

According to [5], there are ternary LCD codes Clig 6,9)55 Cl20,5,11]55 C[20,6,10)5 and Clao s g5 »
they have the following generator matrices respectively.

1000000000011111111
0100000001122211100
0010001112111100000
0001001222120011000 [’
0000101201211010010
0000011121010120110

10000000001111111111
01000001110001111222
00100012212210211221 |,
00010112110222210000
00001120122021212101

10000000000001111111

10000000000111111111 01000000001111111000
01000000111221111000 00100000111221100000
00100011211111000100 00010000122101021000
00010012021110110010 |7 100001000122210010100
00001001112100201110 00000100112022020020
00000112200122120001 00000010120122000110

00000001020202221110

Proposition 5.5. There are ternary LCD [20,7,9] and [20,12, 6] codes.

Proof. We start from the ternary LCD code Cjig9],- By applying Theorem 3.5, we can
construct a ternary LCD [20,7,9] code Cla 79, With the generator matrix

1/1110200110000071710222
O[T 00000O0O0O0O0GOTI1T1T1TIT1T1T1]1
0lo 1000000011222 11100
Gpoze,=|0/0 010001 112111100000
0loo0100122212007171000
oloo0o01012012110100T10
oloo0oo00111210101201T10

By the MAGMA function BKLC, one can construct a ternary LCD [20,12, 6] code. O
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Remark 5.6. We list in Tables 6-7 some ternary LCD codes obtained by Theorems
3.2, 3.3, 3.5 and 3.10. To save the space, the codes in Table 6 can be obtained from

https://ahu-coding.github.io/codel/.

Table 6: The ternary LCD codes from Theorems 3.2 and 3.3

The code Cﬁb Kl The set T Cr References

C[(0]20,12,6]3 \ [20,12,6] Theorem 3.2
0[021,12,6]3 \ [21,12,6] Theorem 3.2
Clo1, 15,45 \ [21,15,4] Theorem 3.2
0&1,17,3]3 \ [21,17,3] Theorem 3.2
Cfg25,9,11]3 {1,2,3} [22,6,11] Theorem 3.2
0%5,13,8]3 {1,2,9} [22,10,8] Theorem 3.2
C[23,17,4]3 \ [23,17.4] Theorem 3.2
C[024,18,4]3 \ [24,18,4] Theorem 3.2
C'[%14,29,8]3 {2,3,4,5,6,7,8,9,10} [35,20,8] Theorem 3.2
C[140,29,6]3 {2} [39,28,6] Theorem 3.2
The code Cﬁl Kodls The set T cT References

C[BQ7,5,16]3 {1,2,5} [24,5,13] Theorem 3.3
C[429,6,16]3 {1,2,3,4} [25,6,13] Theorem 3.3

Note that the code Cfn_’k’d]s is the best-known ternary [n, k, d] code from MAGMA [7].

Proposition 5.7. There are ternary LCD [22,11,7] and [24, 16, 5] codes.

Proof. We start from the ternary LCD codes Clao,10,8]; and Clog,15,6]; (see Tables 6 and 7).
By applying Theorem 3.10, we can construct ternary LCD codes Ci 11,7, and Cla,16,5)

with the following generator matrices, respectively,

G2,11,7; =

1101222110122211012200

1000010000002002210122
0100020000102002111010
0010010000101020000122
0001020000222012211022
0000110000110010202010
0000001000011020021021
0000000100221002122200
0000000010212022221211
0000000001101002102021
0000000000000111111110

» G165, =

15

001121202101001122102021

100000000000000120201111
010000000000000112011000
001000000000000112110022
000100000000000020110211
000010000000000020021220
000001000000000002002122
000000100000000012220010
000000010000000001222001
000000001000000021102102
000000000100000011100011
000000000010000022120200
000000000001000002212020
000000000000100000221202
000000000000010012012221
000000000000001022211121




Table 7: The ternary LCD codes from Theorem 3.5 and Theorem 3.10

The given C|,, g, The vector x or y c’ References
[19,6,9] (1102001100000110222) [20,7,9]  Theorem 3.5
[20,5,11] (21112201000000010021) [21,6,10] Theorem 3.5
[20,6,10] (02112000000000121221) [21,7,9]  Theorem 3.5
[20,8,8] (12021210000020212222) [21,9,8]  Theorem 3.5
[21,6,10] (200002221000002020221) [22,7,10] Theorem 3.5
[21,7,9] (222210000000002002222) [22,8,9]  Theorem 3.5
[21,12,6] (120000022222120122212) [22,13,6] Theorem 3.5
[21,15,4] (010000111012101011211) [22,16,4] Theorem 3.5
[21,17,3] (010021201100021201212) [22,18,3] Theorem 3.5
[22,6,11] (1211021222210000112200) [23,7,11] Theorem 3.5
[22,7,10] (1112202121010001202201) [23,8,10] Theorem 3.5
[22,8,9] (2210022110000011120021) [23,9,9]  Theorem 3.5
[22,11,7] (0010002100121001211101) [23,12,7] Theorem 3.5
[22,13,6] (2110210002112020111112) [23,14,6] Theorem 3.5
[23,7,11] (10112100000000000102211) [24,8,10] Theorem 3.5
[23,12,7] (00100211121000112121012) [24,13,7] Theorem 3.5
[23,14,6] (22100010002211222202121) [24,15,6] Theorem 3.5
[24,8,10] (020212110000000020010011) [25,9,10] Theorem 3.5
[24,15,6] (102200010201120202000120) [25,16,6] Theorem 3.5
[24,16,5] (010000010021012212210010) [25,17,5] Theorem 3.5
[24,18 4] (121000002021110021222212) [25,19,4] Theorem 3.5
[35,20,8] (12202110000000002101221001212020220) [36,21,8] Theorem 3.5
[36,21,8] (100200212100000112200221222000012121) [37,22,8] Theorem 3.5
[39,28,6] (021020210000200202112021120012101111112)  [40,29,6] Theorem 3.5
[22,10,8] (1101222110122211012200) [22,11,7] Theorem 3.10
[22,13,6] (0020100000102202121012) [22,14,5] Theorem 3.10
[23,14,6] (00020100000102202121012) [23,15,5] Theorem 3.10
[24,15,6] (001121202101001122102021) [24,16,5] Theorem 3.10
[25,9,10] (1112101001021000011020001) [25,10,9] Theorem 3.10
[25,10,9] (1222121000002000212020021) [25,11,8] Theorem 3.10

Note that the given code Cj,  q), in Table 7 is from Tables 6-7.

Corollary 5.8. dZ(21,9) = 8,d¥(22,10) = 8,dZ(23,11) € {7,8},d¥(24,12) € {7,8}.

Proof. By Tables 6 and 7, there are ternary LCD [21,9,8], [22,10,8], [23, 11 ,7] and
24,12, 7] codes. From [5, Table 7], we know that d¥(19,7) = d3E(20 8) = 8. It fol-
lows from Corollary 5.4 that d%(21,9) < max{d¥(20,8),d¥(19,7)} = 8. Slmllarly, we

have d2(22,10) < 8, d2(23,11) < 8 and d(24,12) < 8. 0

Remark 5.9. Combining the Database [17] and the above results, we give lower and upper
bounds on minimal distance of ternary LCD codes with length 20 < n < 25, where the
parameters for ternary LCD codes of the length 20 can be found in [5]. All results are
listed in Tables 8-9.
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Table 8: Bound on the minimum distance of ternary LCD codes

n\k 4 ) 6 7 8 9 10 11 12 13 14
20 12 11 10 9 8 7-8 7 6 6 ) 4
21 12 11-12 10-11  9-10 8-9 8 7-8 6-7 6 9-6 4-5
22 12-13  11-12  11-12 10-11  9-10 8-9 8 7-8 6-7 6 5-6
23 13-14 11-13 11-12 11-12 10-11  9-10 8-9 7-8 7-8 6-7 6
24 15 13-14 11-13 11-12 10-11  9-11 8-10 7-9 7-8 7-8 6-7
25 15-16 13-15 13-14 11-13 10-12 10-11  9-11  8-10 7-9 7-8 6-8
The parameters in bold denote the corresponding code has new parameters according to [5].

Table 9: Bound on the minimum distance of ternary LCD codes

n\k 15 16 17 18 19 20 21 22 23 24 25
20 3-4 3 2 2 2 1

21 4 3 3 2 2 1 1

22 4-5 4 3 3 2 2 2 1

23 5-6 4-5 4 3 3 2 2 2 1

24 6 9-6 4-5 4 3 3 2 2 1 1

25 6-7 6 9-6 4-5 4 3 3 2 2 2 1

Proposition 5.10. There are ternary LCD [37,22, 8] and [40,29, 6] codes.

Proof. We start from the ternary LCD code Cigs 20,g], (see Table 6). By applying Theorem
3.5, we can construct a ternary LCD [36, 21, 8] code Cl6 21,5],, where x = (122021100000000
02101221001212020220). We start from the ternary LCD code Cfzs 21,5),- By applying The-
orem 3.5, we can construct a ternary LCD [37,22,8] code Ciz7 905, With the generator

matrix
00200212100000112200221222000012121

12202110000000002101221001212020220
10000000000000000002022221010101110
01000000000000000001000102121110222
00100000000000000001012011212012220
00010000000000000001020101211002220
00001000000000000001011202212110220
00000100000000000000011011011221211
00000010000000000001000222021120121
00000001000000000002010122110001211
00000000100000000001001002211120122
00000000010000000001000000220120202
00000000001000000001022110121221020
00000000000100000002002210101110220
00000000000010000000012210020002210
00000000000001000001010102100010121
00000000000000100002011110121220211
00000000000000010002001211010111101
00000000000000001001011201001200001
00000000000000000102020021111120020
00000000000000000010001212121210201
00000000000000000000101202110122001

G37,22,8)5 =

[N eNeoNeoNeoNeoleoNeoNeoleoleoBeolBoBoBoBoBoNeoNeoN-Il S I

[sNeNeoNeoNeoNeolNeoNeoNeoNeoEeoBeolBoBoBoBoNoNoNeoNel el
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We start from the ternary LCD code Cisg 23 6], (see Table 6). By applying Theorem 3.5, we
can construct a ternary LCD [40, 29, 6] code Clyp,29,6],, where x = (021020210000200202112
021120012101111112). O

Remark 5.11. We can construct some ternary LCD codes with better parameters com-
pared with [19]. For example, the ternary LCD code of the length 37 with the dimension
22 has the minimum distance 8, while the ternary LCD code of the length 37 with the di-
mension 22 in [19, Corollary 6.3] has the minimum distance 7. That is to say, the ternary
LCD code Ci37,22,g), We obtained is also considered new. The code Clyp 29,6 also has better
parameters compared with [19, Corollary 6.3].

6 New quaternary Hermitian LCD codes

Let Fy = {0,1,w,w?}. Let di(n,k) denote the largest minimum distance among all
quaternary Hermitian LCD [n, k] codes.

Proposition 6.1. There are quaternary Hermitian LCD [22,12,7], [23,13,7], [24,14,7]
and [25,15,7] codes.

Proof. By the MAGMA function BKLC, one can construct a quaternary (25,15, 7] code
0[42571577}4 with 4-dimensional Hermitian hull. According to Theorem 3.2, the shortened
code (0[425’1577]4)T on T = {1,2,3,4} is a quaternary Hermitian LCD [21,11,7] code
C21,11,7,, which has the following generator matrix

10000000000 w w? 0 W?w?w 1 w 1 w?
010000000001 0 1 1 1w?0 w w w
00100000000w? 1 w?w? 0 0 w? 1 1 w?
00010000000w? 1 ww?w?w 0 ww?0
00001000000w?w? w 0 w 1 0 ww?w
G[21,11,7]4: 000001000000 w?1 0 w ww?0 w1
00000010000 ww?>1 1 0 w OO0 0 w
00000001000 w w? w 0 w?w?w? w? w? wW?
000000001000 w 0 1 0 w?w w 0 w?
000000000101 0 w?w?w 0 w 1 w?w
000000000011 1 ww 1 00wl w

By applying Theorem 3.5, one can construct a quaternary Hermitian LCD [22, 12, 7] code,
where x = (1w1100000w0wwww00w?w?w?0).

By the MAGMA function BKLC, one can construct a quaternary [26,16,7] code
0[32671677}4 with 3-dimensional Hermitian hull. According to Theorem 3.2, the shortened

code <Cf9)26,16,7]4)T on T = {1,2, 3} is a quaternary Hermitian LCD [23, 13, 7] code Cl2313,7,,
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which has the following generator matrix

[\

1000000000000 0 w?w? 0 wWw?wW?0 1 0 1
0100000000000 w 0 1 w?20w?20 0 1 1
0010000000000w? 1 0 1 w 1 w? 1 w?w?
0001000000000w?w? 0 0 w? 0 ww?0 w
0000100000000w? w 0 w? 1 w?1 1 w?w
0000010000000 1 ww?w ww?l1 1 1 w
G[23,13,7]4: 0000001000000w? 1 0 w ww?0 w 1 0
0000000100000 w 1 w?0 0 ww 1 01
0000000010000 w w ww?1 1 1 w 1 1
0000000001000 w 0 1 0 w?w w 0 w?0
0000000000100w?w? w w 1 w? 0 0 w?w?
0000000000010 w ww?1 1 1 w? w w?w?
0000000000001w?0 1 0 1 1 1 w?1 w?

By applying Theorem 3.5 to the code Cla313,7),, one can construct a quaternary Her-

mitian LCD [24, 14, 7] code Claa,14,7],, where x = (0ww?0w001wilwww?w?w?00wllww).
By applying Theorem 3.5 to the code Cj4,14,7,, one can construct a quaternary Hermi-
tian LCD [25, 15, 7] code Clas15,7],, where x = (11001w?lww?0w?w?100w w?www’01w?w).
O

Remark 6.2. Compared with Table 3 in [32], the quaternary Hermitian LCD codes in
Lemma 6.1 have better parameters than their parameters. For example, the quaternary
Hermitian LCD code of the length 24 with the dimension 14 has the minimum distance
7, while the quaternary Hermitian LCD code of the length 24 with the dimension 14
in [32, Table 3] has the minimum distance 6. That is to say, the quaternary Hermitian
LCD code Clg4,14,7, We obtained is also considered new.

As an application, we can construct some EAQECCs with different parameters from
quaternary Hermitian LCD codes. We use [[n, k, d; ¢]]> to denote a binary entanglement-
assisted quantum error correcting code (EAQECC) that encodes k information qubits
into n channel qubits with the help of ¢ pre-shared entanglement pairs, and d is called
the minimum distance of the EAQECC. EAQECCs were introduced by Brun et al. in [9],
which include the standard quantum stabilizer codes as a special case. It has shown that
if there is a quaternary Hermitian LCD [n, k,d] code, then there is a binary EAQECC
with parameters [[n, k,d;n — k]]2 (see [31, Lemma 2.1']). Hence, as a consequence of
Proposition 6.1 and [2, Lemma 3.3], we have that

Corollary 6.3. For (n,k,d) € {(22,12,7),(23,13,7),(24,14,7),(25,15,7)} and a non-
negative integer s, there is a binary EAQECC with parameters [[n+ 4k’13, k,d+4"1s;n+

4k—1 °
3 S — k]]Q

Proof. Combining with Proposition 6.1 and [2, Lemma 3.3], we know that there is a qua-
ternary Hermitian LCD [n+ M%s, k,d+4%=1s] code for (n, k,d) € {(22,12,7),(23,13,7),
(24,14,7),(25,15,7)} and a nonnegative integer s. According to [31, Lemma 2.1’], there
is a binary EAQECC with parameters [[n + %8, k,d+4*1s;n + Lg_ls — K]]o. O
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Example 6.4. According to Corollary 6.3, there are binary EAQECCs with parameters
[[22,12,7;10]]2, [[23,13,7;10]]2, [[24,14,7;10]]> and [[25,15,7;10]]s. However, the best
known binary EAQECC:s in [17] have parameters [[22, 12, 6; 6]]2, [[23, 13, 6; 7]]2, [[24, 14, 6; 7]]2
and [[25, 15, 6; 8]]2. The EAQECCs we construct have larger minimum distances.

7 Conclusion

In this paper, we have introduced some methods for constructing LCD codes over small
finite fields by modifying some typical methods. We have constructed many new binary
LCD codes, ternary LCD codes and quaternary Hermitian LCD codes, which improve
the known lower bounds on the largest minimum weights. As a consequence, we used
two counterexamples to disprove the conjecture proposed by Bouyuklieva. Finally, as an
application of quaternary Hermitian LCD codes, we found some binary EAQECCs with
new parameters. We believe that our methods can produce more results for LCD codes.
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