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Minimal Binary Linear Codes

Cunsheng Ding

Abstract—1In addition to their applications in data communi-
cation and storage, linear codes also have nice applications in
combinatorics and cryptography. Minimal linear codes, a special
type of linear codes, are preferred in secret sharing. In this
paper, a necessary and sufficient condition for a binary linear
code to be minimal is derived. This condition enables us to
obtain three infinite families of minimal binary linear codes with
Wmin/Wmax < 1/2 from a generic construction, where wy,i, and
Wmax, respectively, denote the minimum and maximum nonzero
weights in a code. The weight distributions of all these minimal
binary linear codes are also determined.

Index Terms—Boolean function, linear code, binary code,
minimal code, secret sharing.

I. INTRODUCTION

ET g be a prime power. Let n, k, d be positive integers.
An [n, k, d] linear code C over GF(q) is a k-dimensional
subspace of GF(¢)" with minimum (Hamming) distance d. Let
A; denote the number of codewords with Hamming weight i in
a code C of length n. The weight enumerator of C is defined by
1+ A1z4+A2z%2+- - +A,z". The sequence (1, Ay, Az, -+, Ay)
is called the weight distribution of the code C. A code C is
said to be a r-weight code if the number of nonzero A; in the
sequence (A1, Az, ---, Ay,) is equal to 1.
The support of a vector v € GF(g)", denoted by Suppt(v),
is defined by

Suppt(v) = {1 <i <n:v; #0}.

The vector v is called the characteristic vector or the incidence
vector of the set Suppt(v). A vector u € GF(g)" covers a
vector v € GF(g)" if Suppt(u) contains Suppt(v). We write
v < u if v is covered by u, and v < u if Suppt(v) is a proper
subset of Suppt(«). By definition, the Hamming weight wt(v)
of v satisfies

wt(v) = [Suppt(v)]. (D

A codeword u in a linear code C is said to be minimal if u
covers only the codeword au for all a € GF(g), but no other
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codewords in C. A linear code C is said to be minimal if every
codeword in C is minimal.

Minimal linear codes could be decoded with the minimum
distance decoding method [1], and have applications in secret
sharing and secure two-party computation [5], [9], [10], [14],
[17], [20]. Hence, constructing minimal linear codes is an
interesting research problem. The following is a sufficient
condition for a linear code to be minimal [1].

Lemma 1 (Aschikhmin-Barg): A linear code C over GF(q)
is minimal if wmin/wmax > (¢ — 1)/q. Herein and hereafter,
Wmin and wmax denote the minimum and maximum nonzero
Hamming weights in C, respectively.

In the literature many minimal linear codes satisfying the
condition wmin/wmax > (¢ — 1)/g have been reported.
However, no infinite family of minimal linear codes with
Wmin/Wmax < (g — 1)/q was found until the recent break-
through in [8], where an infinite family of such binary codes
was discovered. The purpose of this paper is to derive a
necessary and sufficient condition for a binary linear code to be
minimal. This condition enables us to obtain three infinite fam-
ilies of minimal binary linear codes with wmin/Wmax < 1/2
from a generic construction. To the best of our knowledge,
only one infinite family of such minimal linear codes was
reported in the literature [8]. As a byproduct, we establish the
weight distributions of all the proposed minimal binary linear
codes. Our work is inspired by the idea of [8], though our way
of proving the minimality of binary linear codes is different.

The rest of paper is organized as follows. In Section II,
we introduce basic results on Boolean functions and
Krawtchouk polynomials which will be needed in the sequel.
In Section III, we present general results about minimal binary
linear codes, including a new sufficient and necessary condi-
tion for a binary linear code to be minimal. In Section IV, we
introduce a general construction of linear codes from Boolean
functions and use the Walsh transform of Boolean functions
to characterize minimal binary linear codes. In Section V, we
present three infinite families of minimal linear codes with
Wmin/Wmax < 1/2 from some specific Boolean functions using
the general construction. Finally, we conclude this paper and
make some comments in Section VI.

II. PRELIMINARIES

A. Boolean Functions and Walsh Transforms

A function f from GF(2)" to GF(2) is called a Boolean
function. For a Boolean function f from GF(2)" to GF(2),
its Walsh transform is defined by

fwy=" D" (=pfWtex

xeGF(Q2)"
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where w € GF(2)™ and w - x is the standard inner product of
w and x. Another related Walsh transform of f is defined by

fw)y=" D fEEnvs,

xeGF(Q2)"

where f(x) is viewed as a real-valued function taking on
only 0 and 1.

The relation between the two kinds of Walsh spectra is well
known and documented below.

Lemma 2: Let f(x) be a Boolean function on GF(2)™.
Then

if w=0,

it w#0. @

—2f(w)

The support of a Boolean function f(x) on GF(2)" is
defined by

= [212270

Suppt(f) = {x € GF2)" : f(x) = 1},

For simplicity, let ny = [Suppt(f)| throughout this paper.

B. Krawtchouk Polynomials and Their Properties

In this section, we introduce Krawchouk polynomials and
summarize their properties, which will be needed in subse-
quent sections. A proof of these results could be found in
[15, Ch. 2, Secs. 2 and 7].

Let m be a positive integer, and let x be a variable taking
nonnegative values. The Krawtchouk polynomial is defined by

k X m —x
Py (x, m) = ;(—1)1 (j)(k i ) 3)

J

where 0 < k < m. We write Px(x) := P (x, m) for simplicity
whenever there is no ambiguity. It is easily seen that

= Z Py (x)Zx.
k=0

€ GF(@2)™ with Hamming weight

(1 + Z)m—X(l _ Z)x

Theorem 3: Let u
wt(u) =i. Then

> =D = RG).

wt(v)=k

The next theorem documents further basic properties of the
Krawtchouk polynomials.

Theorem 4: Let symbols and notation be as before. Then
we have the following.

o 2o (08 Pr) =27 (")
P(i) = (=1) Ppi(i), 0 < i

° < m.
o Pu(k)=(— 1)"

o Pk(l) — m=2k 2k m

° Pk(o) krs

Theorem 5: Let symbols and notation be as before. We have
Pi(x) = (=1 Pe(m — x).

An upper bound on the absolute value of Krawtchouk
polynomials is presented as follows.
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Theorem 6: [6, Lemma 4] Let 1 < k < [Z7!] and
1 <i<m—1. Then

|Pe()] = Pr(1).

Theorem 7: [6, Lemma 1] Let i, m, k be integers such that
i,m>1and 0 <k <m. Then

k
ij(i’m) =
=0

Combining Theorems 4, 5, 6, 7 directly yields the following.
Corollary 8: Let 1 <k < L’”2_3J and 2 <i <m — 1. Then
we have the following.
k 1-2k
Z] IP(Z)’<1+mm 1 ( k )
2
.Z 1P(1)_Zj lmmj(j)'

PG —1,m—1).

III. MINIMAL BINARY LINEAR CODES

In this section, we will derive some general results on
minimal binary linear codes. We first prove the following.

Lemma 9: Let a € GF(2)" and b € GF(2)". Then a < b if
and only if

wt(a + b) = wt(b) — wt(a). 4)
Proof: By definition, the symmetric difference of Suppt(a)
and Suppt(d) is given by
Suppt(a) ASuppt(b)
= [Suppt(a) \ Suppt(b)] U [Suppt(b) \ Suppt(a)].
Note that

wt(a + b) = |Suppt(a) ASuppt(d)|.

By definition, a < b if and only if
Suppt(a) € Suppt(b),

which is equivalent to

Suppt(a) ASuppt(b) = Suppt(b) \ Suppt(a).

The desired conclusion then follows from Equation (1). [ |
As a consequence of Lemma 9, we deduce the following.
Theorem 10: Let C C GF(2)" be a binary linear code. Then

C is minimal if and only if for each pair of distinct nonzero

codewords a and b in C,

wt(a + b) # wt(a) — wt(b). )

For two-weight linear codes, we have the following simple
but useful result.

Theorem 11: Let C be a two-weight binary linear code with
length n and weights w; and wj, where 0 < w1 < wy < n.
Then the following statements hold.

(1) If wy # 2wy, then C is minimal.
(2) If C is minimal and w; is odd, then wy # 2w;.
Proof: Let a and b be two codewords with weight
w1 and w», respectively. Note that a+b is a nonzero codeword
of C. Obviously,

wt(a + b) = wt(a) + wt(b) — 2|Suppt(a) N Suppt(b)|. (6)
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(1) Assume that wy # 2w;. If a < b, then
|Suppt(a) N Suppt(b)| = |Suppt(a)| = wt(a).
It then follows from Equation (6) that
wt(a + b) = wt(b) —wt(a) = wy — wy.

Clearly, wt(a + b) # wj. Otherwise, w; = 0. Consequently,
wt(a + b) = w;. We then deduce that wy = 2w, which is
contrary to our assumption. Hence every codeword in C is
minimal.

(2) Assume that C is minimal and w; is odd. Since
Suppt(a) N Suppt(b) < Suppt(a), by Equation (6), we deduce

wt(a 4+ b) > wt(b) — wt(a).

The equality holds if and only if a < b. If wy = 2wy, then
wt(a+b) > w; which implies wt(a+b) = w; or wt(a+b) =
w>. Due to Equation (6) and that wq is odd, wt(a+b) = w; is
impossible. Then wt (a+b) = wt(b)—wt(a) = w; and a < b,
which is contrary to our assumption. Hence w> # 2w;. [ |

For three-weight codes, we have the following.

Theorem 12: Let C be a three-weight binary linear code
with length n and weights w;, wy and w3, where 0 < w; <
w> < w3 < n. Then C is minimal provided that

wy # 2wy, w3 # 2wy, w3 # 2wy and w3 # wy + wy. (7)
Proof: Suppose that
wt(a + b) +wt(b) = wt(a) (8)

for two distinct nonzero codewords a and b in C. In this case,
wt(a) # wt(b). Otherwise, wt(a 4+ b) = 0 and consequently,
a = b, which is contrary to our assumption that a # b.
Note that wt(b) # 0 and wt(a) # 0. It then follows that
wt(a 4+ b) < wt(a) and wt(b) < wt(a).

By (8), wt(a) cannot be w;. If wt(a) = wj, Then
wt(a + b) = wt(b) = w;. In this case, wy = 2w, which is
contrary to one of the conditions in (7). If wt(a) = w3, then
there are two possibilities. The first case is that wt(a + b) =
wt(b). In this case, we have either w3 = 2w or w3 = 2wo,
which is contrary to one of the conditions in (7). The second
case is that wt(a + b) # wt(b). In this case, we arrive at the
conclusion that w3 = w» + w;, which is contrary to one of
the conditions in (7).

Summarizing the conclusions in all the cases above, we see
that (8) is impossible. The desired conclusion follows from
Theorem 10. [ |

Clearly, Lemma 1 for ¢ = 2 is a direct consequence of
Theorem 10. It has been the tool for proving that a binary
linear code is minimal in the literature. However, it will be
shown later that the condition wmin/Wmax > 1/2 is too strong.
Some binary codes are indeed minimal, but do not satisfy this
condition.

IV. A GENERAL CONSTRUCTION OF MINIMAL BINARY
LINEAR CODES FROM BOOLEAN FUNCTIONS

A. The General Construction of Binary Linear Codes From
Boolean Functions

In this section, we introduce a construction of binary
codes from Boolean functions, which was considered
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in [4], [8], [18], and [19]. Though the construction is simple,
interesting codes could be obtained.

Let f(x) be a Boolean function from GF(2)" to GF(2)
such that f(0) = 0 but f(b) = 1 for at least one b € GF(2)".
We now define a linear code by
u € GF(2) ] )
v € GF(2)"

The following theorem should be well known [4], [8], [18],
[19]. However, for completeness we will sketch a proof of it.

Theorem 13: The binary code Cy in (9) has length 2" — 1
and dimension m + 1 if f(x) # w - x for all w € GF(2)".
In addition, the weight distribution of C; is given by the
following multiset union:

2"+ f(w) : w e GFQ)™\ {0}} U {f(0)} U
(2" w e GF@2)™ \ {0}} U {0}
={Q2" - f(w))/2: w e GF(2)"} U
(2" w e GF(2)" \ {0}} U {0}.
Proof: By Lemma 2,

Cr=1@f(x)+v-X)reGF)m\(0} :

f(w) — z (_1)f(x)+w-x
xeGF(2)™
_[2m—2f(0) ifw=0,
- i—zf(w) if w #0.

On the other hand,

fw)y= > (=pf@twes

xeGF(2)m
=2" —2|{x e GFQ2)"\ {0} : f(x) + w-x = 1}].

Combining the two equations above and the definition of the
Hamming weight of a codeword yields the desired conclusion
on the weight distribution. Since f is not a linear function,
the dimension of the code C; must be m + 1. |

Let f(x) be a Boolean function from GF(2™) to GF(2)
such that f(0) = 0 but f(b) = 1 for at least one b € GF(2™).
We now define a linear code by
u € GF(2)
v € GF(2™)

One can similarly prove the following.

Theorem 14: The binary code Cy in (10) has length 2" — 1
and dimension m + 1 if f(x) # Tr(wx) for all w € GF(2™).

In addition, the weight distribution of C; is given by the
following multiset union:

2"+ f(w): w e GFQ™* U {f(0)} U
(2" w e GF(2™)*} U {0}
={Q@" - f(w))/2: w e GFQ™)} U
(2" w e GE@2™)*} U {0}.

Cr= I(Mf(x) + Tr(vx))xeGFrEm)\(0) ] . (10

B. When Are These Codes Minimal?

One main result of this paper is stated in the next theorem.
Theorem 15: Let Cy be the code of Theorem 13. Then Cy
is minimal if and only if

fly+ f(e) #2m (11)
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and

fay = fy#2" (12)
for every pair of distinct vectors 2 and ¢ in GF(2)™.

Proof: Denote (GF(2)™)* = GF(2)"\{0}. We define the
following linear code

Sm = {(u - x)xeGF@ym)* 1 u € GF(2)™}.

This code is the Simplex code with parameters [2"" — 1,
m, 2"~ 1]. Clearly, every nonzero codeword in S,, has weight
om=l,

Let the vector f be defined as

f = (f(x))xeGF@ym)*-
By definition, every codeword a in Cy can be expressed as
a=uqf+s,,

where u, € {0,1} and s, is a codeword in S,,. We next
consider the coverage of codewords in Cy by distinguishing
the following cases.

Case I: Let a and b be two distinct nonzero codewords
in S,,. Since wt(a) = wt(b) = 2”!. Consequently, one
cannot cover the other.

Case II: Let a = f + s, and b = f + 53, where s, and sp
are two distinct codewords in S,,. Note that a + b = s, + 55
is a nonzero codeword in S,,. It then follows from Lemma 9
that

a<b < wt(b) —wt(a)=2"""
and
b=<a < wt(a)—wt(b)=2""".

Case III: Let a = f + s, and let b be a nonzero codeword
in S,,, where s, is a codeword in S,,. In this case, a + b =
f + s, + b which is not a codeword in S,,. It then follows from
Lemma 9 that

a<b & wt +sq+b)=2""—wt(f +s4)
and
b=<a < wt(f+sq+b) =wt(f +s5,) — 2" L.

Combining the discussions in the three cases above and the
proof of Theorem 13 proves the desired conclusion. [ |

V. THREE FAMILIES OF MINIMAL BINARY LINEAR
CODES FROM THE GENERIC CONSTRUCTION

In this section, we shall present three families of minimal
binary linear codes with wmpin/wmax < 1/2 from some specific
Boolean functions using the general construction documented
above.
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A. The First Family of Minimal Binary Linear Codes

In this subsection, we assume that m is a positive even
integer with m > 6 and we let = 7. A partial spread of order
s (an s-spread) in GF(2)" is a set of s t-dimensional subspaces
Ei, Ey,---, Eg of GF(2)" such that E; N E; = {0} for all
1 <i < j <s. Clearly, the order of a partial spread is less
than or equal to 2 + 1. Let {Ey, E3, -- - , Eg} be an s-spread
in GF(2)™. It is well-known that partial spreads can be used
to construct Bent functions [11]. In the sequel, we shall use
partial spreads to obtain a class of Boolean functions which
can generate a family of minimal binary linear codes with
wmin/wmax = 1/2

Let f; : GF(2)" — GF(2) be the Boolean function with
support E; \ {0}, i.e.,

oy L ifx e Ej\ {0},
filx) = [ 0, otherwise.

Lemma 16: Let f be the Boolean function over GF(2)"
defined by

N
f=>f (13)
i=1
Then
2m —25(2' —1), 1 time,
fw) =1 2s, (2" +1—5)(2' — 1) times,
—2*1 4 25, s(2" — 1) times.

Proof: 1t is easily verified from the definitions of f and f;
that

f(w)
s —1), if w=0,

=1{-s, ifwgE! forall 1 <i<s, (14)
2f —, ifw;lé()arldweEil for some 1 <i <,

where ElL denotes the dual space of E;. The conclusion
then follows from Equations (2) and (14) and the definitions
of E;’s. |

Lemma 17: Let s be any integer with 1 <s <2’ + 1, and
f be the Boolean function defined in Equation (13). When
s € {1,2!,2" + 1}, we have

fmy+ fo) #2m

and

fh)y — f(6) #2"
for every pair of distinct vectors 2 and ¢ in GF(2)™.
Proof: The conclusions follow directly from
Lemma 16. [ |
Theorem 18: Let s be any integer with 1 <s <2’ +1 and
s & {1,2',2" + 1}, and f be the Boolean function defined in
Equation (13). Then the code C; in Equation (9) is a [2" —
1,m + 1] minimal linear code with the weight distribution
in Table I. Furthermore,

provided that s < 2772,
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TABLE I
THE WEIGHT DISTRIBUTION OF Cf IN THEOREM 18

Weight w No. of codewords A,
0 1
s(2t —1) 1
2m—1l s 2t+1-s)(2t-1)
om—1 2m — 1
2m—1 42t — s(2t —1)

Proof: The conclusions follow directly by combining
Theorem 13, Lemmas 16 and 17. [ |
Remark 19: It can be seen from Table I that the code Cy in
Theorem 18 has at most four weights. It is easy to check that
Cy is a three-weight linear code when s € {2/~1,2/=1 + 1},
and otherwise a four-weight linear code.
The following numerical data is consistent with the conclu-
sions of Theorem 18.
Example 20: Let m = 6 and s = 2. Then the set C in
Theorem 18 is a minimal code with parameters [63, 7, 14]
and weight enumerator

1+ 2% + 49739 + 63 732 + 14 738,

Obviously, wmin/wmax = 14/38 < 1/2.

Example 21: Let m = 8 and s = 4. Then the set Cy in
Theorem 18 is a minimal code with parameters [255, 9, 60]
and weight enumerator

1429041952 4255 212 - 60 ',

Clearly, wmin/wmax = 60/140 < 1/2.

B. The Second Family of Minimal Binary Linear Codes

In this section, we propose a family of minimal binary linear
codes with wmin/wmax < 1/2 from the Boolean functions
belonging to the general Maiorana-McFarland class. Let m be
an arbitrary positive integer and s, ¢ be two positive integers
such that s 4+ ¢t = m. The function in this class has the form

fx,y)=¢x) y+g),

where x € GF(2)*,y € GF(2)!, ¢ is an arbitrary mapping
from GF(2)* to GF(2)’, and g is an arbitrary Boolean function
in s variables. It is known that the construction in (15) has been
widely used to generate Boolean functions with interesting
cryptographic properties (see [3], [7], [11], and [16] for more
details).

For the Boolean function defined by (15), it is easy to verify
that

15)

ot Z (_1)g(x)+h1»x’
xep=1(h)
0, ha & Imé,

hy € Img,

fhi, ho) = (16)

for any (h1, hy) € GF(2)* x GF(2)".

Lemma 22: Let U and V respectively be subsets of GF(2)*
and GF(2)" such that 2° —|U| < 2" —|V|. Let ¢ be an injection
from GF(2)*\ U to GF(2)"\ V. Then, for the Boolean function

IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 64, NO. 10, OCTOBER 2018

TABLE 11
THE WEIGHT DISTRIBUTION OF Cf IN THEOREM 23 FOR ODD s

Weight w No. of codewords A,
0 1
-1 t
om 2m 1 4 25(2 —5—2)+((1+Z)/2)
2m—1 +2t—1 823—1
2m—1 _ 2t—1 928 + 823—1
am=1 _ 2t=1(1 4+ 5 — 27) @)
for 1 <i<s&i#1ts
2m—1 4 2t=1(25 — 5 1) 1
TABLE III

THE WEIGHT DISTRIBUTION OF Cf IN THEOREM 23 FOR EVEN s

Weight w No. of codewords A,
0 1

om—1 2m — 14252t —5—2)
ammt ottt 52571+ ((443)/2)
2m71 _ 2t71 25 4 52571 + 85;2)
om—1 _2t=1(1 4 5 — 2i) ?)
forlgigsandié{%,sgz
2m—1 4 9t=1(9s — 5 — 1) 1
in Equation (15),
f(h, ko)
20> (=DEWHhx Ly e Imgp NV,
xep~(h2)
2 (—1)8@ BT ) py e Tmg\ v, (7
0, hy & Img.
Proof: The conclusion follows directly from

Equation (16). |

Theorem 23: Let m > 7 be an odd integer, s = (m + 1)/2,
and t = (m — 1)/2. Let U = {x € GF(2)* : wt(x) > 2}
and V = {0}. Let f be the Boolean function defined in
Equation (15), where g = 1, and ¢ is an injection from
GF(2)*\U to GF(2)"\V and ¢ (x) = 0 for any x € U. Then the
code C in Equation (9) is a [2" —1, m+1,2" "1 =2/~ 1(s—1)]
binary minimal code with

wmin/wmax = 1/2

Furthermore, the weight distribution of C is given by Table II
when s is odd and Table III when s is even.

Proof:  According to Theorem 3 and the fact that
|U| =2% —s — 1, we have

e 2S_s_1, if h]:O,
Z(—l) = {—(Pl(i)-i-l), if wt(hy) =1,

xelU
where P1(i) = Pi(i,s) = s — 2i due to Equation (3). It then
follows from Equation (17) in Lemma 22 that

f(hi, h2)
2125 —s—1), if h1 =0 and hy = 0,
21(s 4+ 1 —2i), if hy # 0, wt(hy) =i and hy = 0,
—21(=1)¢7' 1) if hy € Tmg \ {0},
0, if hy ¢ Imé,
(18)

where i runs fromA 1 to s. It is clear from Equation (18)
that f(hy,hy) £ f(l1,€2) # 2™ for any pair of distinct
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TABLE IV
WEIGHT DISTRIBUTION

Weight w No. of codewords A,
0 1

2t + 300 Pi(0) ()
1<i<m

i=1 (7) 1
gm—1 2m —1

(h1, h2), (€1,€2) € GF(2)* x GF(2)". By Theorem 15, Cy is
minimal. The parameters and weight distribution of Cy then
follow by combining Theorem 13, Equation (18), and the facts
that [Im¢| = s 4+ 2 and ¢~ (h2) # 0 for any hy € Img \ {0).
From the weight distribution of Cy, we know that wmin =
o=l _2t=1(g — 1) and wmax = 2" 1 +2/71(25 —s —1). It is
clear that wmin/wmax < 1/2. This completes the proof of this
theorem. [ |

The results above tell us that minimal binary linear codes
Wwith wmin/wmax < 1/2 can be obtained if the subsets U and V
are suitably chosen. It would be possible to construct more
minimal binary linear codes with wWmin/wmax < 1/2 from other
subsets U and V.

The following numerical data is consistent with the conclu-
sion of Theorem 23.

Example 24: Let m = 7. Then the set C; in Theorem 23
is a minimal code with parameters [127, 8, 52] and weight
enumerator

1+427 45429 159 2% +36 2% + 270 4+ 21,

Obviously, wmin/Wmax = 52/108 < 1/2.

Example 25: Let m = 9. Then the set Cy in Theorem 23 is
a minimal code with parameters [511, 10, 224] and weight
enumerator

1457222 + 102240 4 112 228 + 809 725¢ 4+ 807264
+52272 +2288 +Z464.

It is clear that wmin/wmax = 224/464 < 1/2.

C. The Third Family of Minimal Binary Linear Codes

For a positive integer k with 1 < k < m, let S(m, k) denote
the set of all vectors in GF(2)" with Hamming weight at
least 1 and at most k. Let g(,; 1) be the Boolean function of m
variables with support S(m, k). In the following, we consider
the linear code Cy, ,, in Equation (9).

Theorem 26: The code Cg(m,k) has length 2" — 1, dimension
m + 1, and the weight distribution in Table IV.

Proof: Llet w € GF(2)" with Hamming weight i.
By definition and Theorem 3,

k
Bmp) = D (=D" =" Pi(). (19)
j=l1

xS (m,k)

The desired conclusions then follow from Theorem 13. [ |
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Theorem 27: Let1 <k < m. ThenC
only if

Smi) 18 minimal if and

k k
> Pilin)+ > Pj(ia) # —2""" and

j=1 j=1

k k
D Piti) = X Pii) #2"
j=1 j=1

for all pairs (i1, i) with 1 <i; <m and 1 <iy <m, and

k k
PNIOEESY (’")
j=1 =1 N

(20)

21

forall 1 <i <m.
Proof: By Equations (2), (19) and Theorem 4, we deduce

k
22554 ()
—22.-1 Pi()
where w € GF(2)" has Hamming weight i. Then the desired
conclusion follows from Theorem 15. ]

Before giving a class of minimal linear codes with

Wmin/Wmax < 1/2, we firstly present a few lemmas below.
Lemma 28: The following equations hold.

(1) For 1 <k < 23],

k

()2 ()
=\ J

(2) If m is odd, then

if w=0,

f(w):{ if w0,

m—k—2

-2

j=k

(3) If m is even, then

m—=2

j=1
Proof: (1) Note that

j=1 ( .
k—1 k
m — 1 m—1

2" )z0)

j=o ™ 7 j=1

k—1 m— 1 m—2 m— 1
=2 ) -

j=0 J Jj=m—k—1 J

1
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The proof is then completed. (2) Note that
(2) If m is odd, then k

()-

m—1

ML
M
~
=

.
A~
~. 3
—

I
[N

™

Jj=1

I
L LM
3
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~
+
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3
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VN
3
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I
MN
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3
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+
Mi
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3
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N
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N
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| =3 +

Lo
N =
4+ ~—
+
Y
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N~
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)

I
3
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(=) —_
X
3
=
~
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~
3 =
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T
—_
N
%
VA
>~ 3
|
e
D N
o~
3
|

J
—om—1_ _ (’";1 —1 if k is even,
—(" " =1 if k is odd.
(3) The proof is similar to that of (2) above, and is  Then we complete the proof. m
omitted. u Lemma 30: Let 2 < k < LmT*3J and m > 7. For any

Lemma 29: Let2 <k < L’”T_3J and m > 7. Then we have | <i <m, then
the followings.

k
(1) The equation z Pii)| < (m — 1) o
j=1 k
K om— 2j (m m— 1
z . j = X -1 Proof: By Corollary 8, we have
=1
j ’z IP(Z)’<1+mm112k(k)if2<i§m_1a
holds. e
Pi(i) = N if i =1, (22)
(2) If k is even, then Zk 1 P @) = Z/ 1" m ( ) if i
]:1P(1)— j=1( l)f(j) if i =m.
k
Z(_l)j (m) _ (m - 1) 1 Due to Lemma 29, if k is even, then
— J k ’ k X

—1
> rm=>rm=("")-1-0
j=1 j=1
if k is odd, then

k ' _
(_1),(71):_(:41 )—1. . )
VAR > rm=—("; "))
j=1

If k is odd, then

k
Proof: (1) The proof is completed by noting that

Jj=1 J j=1
m) j(m k
>\ —22—(.) 1 ( 1)—1
,-_1(! <m\; ; M=,
k
ZZ(m)_ZZ(m_I) From (22), it is clear that
=iy RARE — 2k (m —1 m—1
P; 1 1
m—1 m—1 m—1 Z 0 = M -1 ( k )< +( k )
=>. )0 ) 22
j=1 J J j=1 J for any 2 < i < m—1. From the discussions above, we deduce
k B k _ that
:Z(M1)_z(m 11) k . m— 1
=1 T > PG| < L)
j=1

J
_(m - 1 |
- k - for any 1 <i < m, which completes the proof. |
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The following theorem describes an infinite class of minimal
codes satisfying wmin/wmax < 1/2 under certain conditions.

Theorem 31: Let2 <k < LmTJJ and m > 7. Then the set
Cgmy 1n Theorem 27 is a minimal code with parameters

k
M1, m41, }:(@)

=1

Furthermore, wmin/wmax < 1/2 if and only if

k
m m—1
1 2 < 2m—1 )
22 (1) == ( k )
j=1
Proof: If k = 1, then by Theorem 27 we deduce that
Cg(uyy 18 not minimal as Py(m) = —P1(0) = —(7). In the

following, we assume that 2 < k < LmT_3J.
By Lemma 30, for any 1 <i < m, we have

‘ —1
Z?“”E(mk)+l

<()-x()

Thus Inequality (21) holds. On the other hand, for any
1 <i <m, we have

m—1 1<kP,<m—1 1
_( k )_ —]; "(’)—( k )*‘

Hence, for any pair (i1,ip) satisfying 1 < i; < m and
1 <ip < m, one obtains

k k
m — 1
2 P+ Pii) 2 2( . ) 2
J=l1 J=1
and

k k
> Py = Pin) < 2(’"; 1) s
i=1 i=1

Note that

)

This implies that the inequalities in (20) hold. We then deduce
that Cg,, ,, is minimal by Theorem 27.
By Table IV and Corollary 8, we derive that all the nonzero
Hamming weights of Cg, , are
k
wi =25 (’7)
wy = 2m—1,
- k j
w3 =2m=1 4 Zizl(—lz)f(?),
Wy = 2m—1 + Zj:l mm J (’}1),

w(i)=2""14 21;21 Pj(i)for2 <i <m—1,
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where [y 0] = 14 2 for 2 < <
and 2 <k < |52 |. Hence, for2 <i <m — 1,
11— M(m_ 1)
m—1 k
< w(i)

1 m—1—2k (m—1
<2414+ — .
m—1 k
Since 2 < k < LmTJJ, we have w; = le‘:l ('7) < om=l —
w> by Lemma 28. It is clear that wy < w4. By Lemma 29,
we deduce w4 > w3. Since

>(7)-x(})

J=1

2m71

(23)

iu - (—Uf)(’?)
> ()

j is odd,
K+l 1

< Z( ) <2" R
j=1 7

1<j<k

by Lemma 28 we deduce that

k k
wy = (m) <2m 4 Z(—l)j(n.l) = w3.
—\J — J
j= j=
Note that
k m m—1—2k (m—1
)1+
—\J m—1 k

J
+m—1—2k m—1
m—1 k

(") ()

Due to k < LmT*3J, we then obtain that
k

Bt

j=1
m—1
> (m
< Z() < 2"~ for odd m
j=o
and
' -1 k
j=1
m—2
= (m
< Z( ) < 2"1 for even m
j=o
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by Lemma 28. Then by Inequality (23), we have
w) < w(i) forany 2 <i <m —1.
In the following, we shall prove that
wg > w(i) forany 2 <i <m — 1.
Due to Inequality (23), it suffices to prove that

k
_ m-—2j(m
=2m1
04 L)

j=1 J

+m—l—2k m—1
m—1 k)

k
—2j —1-2 —1

SE (M) s ——= o O TS
m Jj m—1 k

> 214

Thus Inequality (24) holds and
wq > w(i) forany 2 <i <m — 1.
From the discussions above, we deduce that
k m
Wmin = W] :Z( )
j=1 ™
and

—1
wmax:w4:2ml+(mk )_1-

Then 222 < J if and only if

k
m m—1
1+2 < om-l
! ;(1)— (")

which completes the proof. [ ]
As corollaries of Theorem 31, we have the following.
Corollary 32: Let m > 7. Then C, in Theorem 27 is a
minimal code with parameters

2
M1, m41, Z(m)
j

j=1

(m.2)

Furthermore, wmin/wmax < 1/2.
Example 33: The set Cg(,, in Theorem 27 is a minimal
code with parameters [127, 8, 28] and weight enumerator

14 2% 43529 4 56297 4 127:% 4 28 2% 4 8275,
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Furthermore, wmin/wmax = 14/39 < 1/2. Note that some
weights in Table IV may be the same in certain cases. Hence
the code has at most m + 2 weights. This example shows that
the code has in fact 6 (rather than 9) weights.

Corollary 34: Let m > 9. Then Cq, 5 in Theorem 27 is a
minimal code with parameters

3
M1 m+1, Z(m) .
=1

Furthermore, wmin/wmax < 1/2.
Example 35: The set Cgy, in Theorem 27 is a minimal
code with parameters [511, 10, 129] and weight enumerator

14224219 49 2241 1 12624 4 8472 4+ 1267
+511 2296 + 3677 + 842701 4 36297 4 97711,

Furthermore, wmin/wmax = 129/311 < 1/2.

VI. SUMMARY AND CONCLUDING REMARKS

The main contributions of this paper are the following:

o A necessary and sufficient condition for a binary linear
code to be minimal (Theorem 15).

o A necessary and sufficient condition for a two-weight
binary linear code to be minimal (Theorem 11).

o A set of sufficient conditions for a three-weight binary
linear code to be minimal (Theorem 12).

o Three infinite families of minimal binary linear codes
With wmin/wWmax < 1/2 (Theorems 18, 23, and 31).

We remark that constructing infinite families of minimal
binary linear codes with wmin/wmax < 1/2 is a hard problem
in general. It would be nice if more infinite families of such
codes could be found. Another construction of binary linear
codes was surveyed in [12] and [13], which may contain more
infinite families of such binary codes. To the best of our
knowledge, no infinite family of minimal linear codes over
GF(g) with wmin/wmax < (g — 1)/q for ¢ > 2 is reported
in the literature, though a specific example of such code was
presented in [10].

It should be noted that linear codes employed for secret
sharing are preferred to be minimal, in order to make
the access structure of the secret sharing scheme to be
special [14], [20]. Such codes may not have very good error-
correcting capability. The minimal binary codes presented in
this paper are for secret sharing, not for error correction.
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