1334

[16] C. Ding, G. Xiao, and W. Shan, The Stability Theory of Stream
Ciphers. Berlin, Germany: Springer-Verlag, 1991, vol. 561, Lecture
Notes in Computer Science.

D. H. Lee, J. Kim, J. Hong, J. W. Han, and D. Moon, “Algebraic
attacks on summation generators,” in FSE 2004. Berlin, Germany:
Springer-Verlag, 2004, vol. 3017, Lecture Notes in Computer Science,
pp. 34-48.

N. Li and W. F. Qi, “Symmetric Boolean functions depending on an
odd number of variables with maximum algebraic immunity,” IEEE
Trans. Inf. Theory, vol. 52, no. 5, pp. 2271-2273, May 2006.

F. MacWilliams and N. Sloane, The Theory of Error Correcting
Codes. Amsterdam, The Netherlands: North Holland, 1977.

W. Meier, E. Pasalic, and C. Carlet, “Algebraic attacks and decomposi-
tion of Boolean functions,” in Advances in Cryptology — EUROCRYPT
2004. Berlin, Germany: Springer-Verlag, 2004, vol. 3027, Lecture
Notes in Computer Science, pp. 474-491.

L. Qu, G. Feng, and C. Li, On the Boolean Functions with Maximum
Possible Algebraic Immunity: Construction and a Lower Bound of the
Count [Online]. Available: http://eprint.iacr.org/2005/449.pdf.

[17]

(18]

[19]

[20]

[21]

Distance-Preserving and Distance-Increasing Mappings
From Ternary Vectors to Permutations

Jyh-Shyan Lin, Jen-Chun Chang, Rong-Jaye Chen, and
Torleiv Klgve, Fellow, IEEE

Abstract—Permutation arrays have found applications in powerline
communication. One construction method for permutation arrays is to
map good codes to permutations using a distance-preserving mappings
(DPM). DPMs are mappings from the set of all g-ary vectors of a fixed
length to the set of permutations of some fixed length (the same or longer)
such that every two distinct vectors are mapped to permutations with the
same or larger Hamming distance than that of the vectors. A DPM is called
distance increasing (DIM) if the distances are strictly increased (except
when the two vectors are equal). In this correspondence, we propose
constructions of DPMs and DIMs from ternary vectors. The constructed
DPMs and DIMs improve many lower bounds on the maximal size of
permutation arrays.

Index Terms—Distance-increasing mappings, distance-preserving map-
pings, permutation arrays, powerline communication.

[. INTRODUCTION

Permutation arrays as combinatorial objects have been studied
for many years. However, a few years ago, Ferreira and Vinck [6]
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found applications in powerline communication: permutations ar-
rays can be used as error correcting codes. For a given length NV, a
permutation array (of length V) is a set of permutations of the set

array is, as usual, the smallest Hamming distance between the per-
mutations. For the application, there is the usual trade off between
minimum distance and size of the code (permutation array).

Because of the application in powerline communication, there has
been a renewed interest in permutation arrays, and a substantial number
of papers with new and better constructions have appeared during the
last 67 years, see the list of references. One way to construct permu-
tation arrays, introduced by Ferreira and Vinck [6] is to use the image
of codes under a distance preserving mapping (DPM) from binary vec-
tors to permutations. A mapping from the set of all binary vectors of
length n to the set of all permutations of {1,2,..., N} is called a
distance-preserving mapping (DPM) if every two distinct vectors are
mapped to permutations with the same or even larger Hamming mu-
tual distance than that of the vectors. A distance-increasing mapping
(DIM) is a special DPM such that the distances are strictly increased
(except when the two vectors are equal). Since the mapping is distance
preserving, the minimum distance of the image (which is a permutation
array) is lower bounded by the minimum distance of the code. A DIM
will increase the minimum distance. A number of papers have studied
various constructions of DPMs and DIMs, with variations: [2]-[15],
[17]. The permutation arrays constructed by this method are the best
known for many values of the parameters N and D.

Since the largest ternary codes of length n and minimum distance
d are (in most cases) larger (often substantially larger) than the binary
codes with the same parameters, it is clear that a DPM from ternary vec-
tors in many cases will give larger permutation arrays than the known
constructions. Existence of such DPM has therefore been an interesting
and important open question. The main result of this correspondence
is the construction of a DPM from ternary vectors of length n > 13 to
permutations of the same length. We also construct DIM from ternary
vectors of length n > 3 to permutations of length n + 2. We give a
few numerical examples to illustrate that this indeed gives much better
permutation arrays. We note that another construction of a DPM from
ternary vectors [15] has been submitted after our initial submission of
this correspondence. The construction method is quite different and
certainly of independent interest.

The correspondence is organized as follows. In the next section, we
introduce some notations and state our main results. In Section III, we
introduce a general recursive construction of DPMs and DIMs. In Sec-
tions IV and V, we introduce mappings that can be used to start the
recursion in the three cases we consider.

II. NOTATIONS AND MAIN RESULTS
Let S denote the set of all N! permutations of F. A permutation
7w : Fy — Fx is represented by an N-tuple 7 = (71, m2,...,7N)
where m; = 7(i). Let Z3 denote the set of all ternary vectors of length
n. The Hamming distance between two permutations 7, p € Sy is

di(m,p) = |{j € Fx : 7w # p;}-

Let F, ~ be the set of injective functions from Z5' to Sx . Note that
Fn,n is empty if NT < 3",
For N > n, let P, ~ be the set of functions in F,, n such that

dr(f(x), f(y)) 2 du(x,y)

forallx,y € Z3 . These mappings are called distance-preserving map-
pings (DPM).

0018-9448/$25.00 © 2008 IEEE
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For N > n,let Z,, v be the set of functions in 7, such that

du(f(x), f(y)) > du(x,y) )]

for all distinct x,y € Z3'. These mappings are called distance-in-
creasing mappings (DIM).

An (N, D) permutation array (PA) is a subset of Sx such that the
Hamming distance between any two distinct permutations in the array
is at least D. An (n,d; q) code is a subset of vectors (codewords) of
length n over an alphabet of size ¢ and with distance at least d between
distinct codewords. One construction method of PAs is to construct an
(N, D)-PA from an (n,d; q) code using DPMs or DIMs. More pre-
cisely, if C' is an (n,d; ¢) code and there exists a DPM f from Z}
to Sn, then f(C') is an (N, d)-PA. If f is a DIM, then f(C') is an
(N, d+1)-PA. This has been a main motivation for studying DPMs. Let
P(N, D) denote the largest possible size of an (V, D)-PA. The exact
value of P(NN, D) is still an open problem in most cases, but we can
lower bound this value by the maximal size of a suitable code provided
a DPM (or DIM) is known. Let A,(n,d) denote the largest possible
size of an (n, d) code over a code alphabet of size ¢. In [5], Chang er al.
used this approach to show that for N > 4and 2 < D < N, we have
P(N,D) > A3(N, D —1).1In [4], Chang further improved the bound
to P(N,D) > Ay(N,D—¢) forany é suchthat3 < 6+1 < D < N
and any N > Ns, where N5 is a positive integer determined by 6, e.g.,
Ny = 16.

Our main result is the following theorem.

Theorem 1:
a) For N >5and2 < D < N, we have

P(N,D)> As(N —=2,D — 1).

b) For N > 10and 2 < D < N, we have

P(N,D)> A3(N — 1, D).

¢) For N > 13and2 < D < N, we have

P(N,D) > A3(N, D).

Bounds on As(n,d) and As(n, d) have been studied by many re-
searchers, see e.g., [16, Ch. 5], and [1]. In general, the lower bounds
on P(N, D) obtained from use of ternary codes are better than those
obtained from binary codes. For example, using Chang’s bound [4],
we get P(16,5) > A2(16,3) > 2720, whereas Theorem 1 gives
P(16,5) > A3(16,5) > 19683. Similarly, Chang’s bound gives
P(16,9) > A2(16,7) > 36 whereas the new bound gives P(16,9) >
A3(16,9) > 243.

The proof of the theorem is done by explicit construction of DPMs
and DIMs. More precisely, we give constructions that show the fol-
lowing lemma which in turn implies the theorem.

Lemma 1:

a) Zn n+2 is nonempty for n > 3.

b) Pr,nt1 is nonempty for n > 9.

¢) P n is nonempty for n > 13.

A relatively simple recursive method is given (in the next section)
to construct a mapping of length » + 1 from a mapping of length .
Explicit mappings that start the recursion in the three cases are given
in last part of the correspondence.

III. THE GENERAL RECURSIVE CONSTRUCTION

For any array u = (w1, t2,...,u,), we use the notation u; to de-
note the element u; in position z.

We start with a recursive definition of functions from Z3 to Sx . For
f € Fn n,define g = H(f) € Frng1,n41 as follows. Let

X = (x1,22,...,2,) € Z¥ and f(x) = (¢1.92,...,9N).
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Suppose that the element N —4 occurs in position 7, that is ¢, = N —4.

Then
N+1, fori=N+1
9(x[0); = {p fori # N + 1
N -4, fori=N+1
g(x[1); = N+1, fori=r
@i, fori g {r, N +1}.
If n is even and =, = 2, then
N4+1, fori=N-1
9(x|2)i = ¢ pn—1, fori=N+1
©is fori € {N —1,N +1}.
otherwise (n is odd or x,, < 2), then
N + 1, fori = N
9(x[2); =< @n, fori=N+1
Vi, fori g {N,N +1}.

We note that g(x|a); # f(x); for at most one value of i < N.
For f € F, m, we define a sequence of functions f, €
FrntM—m, for all n > m, recursively by

fm = fand fo4o1 = H(f,) forn > m.
Lemma 2: If f,, € Prm.ar where M > m, m is odd, and
Jro(xX)as € {M —4,M — 3} forallx € Z3"
then f, € Pu ntir—m foralln > m.
Lemma 3: If fr, € L, 11, where M > m and m is odd, and
J(xX)as € {M — 4, M — 3} forallx € Z3"

then fr, € Z,, ngni—m foralln > m.
Proof: We prove Lemma 3; the proof of Lemma 2 is similar (and
a little simpler). The proof is by induction. First we prove that g =

Fmt1 € T v Letx,y € Z5" and

f(x)=(p1,02,...,0m), or =M — 4
Fy)=(nvze o), v = M — 4
We want to show that
41 (g(xla). gy 1)) > dis ((xla). (y10))
if (x|a) # (y[b).
First, consider x = y and a # b. Since oy # M — 4, it follows
immediately from the definition of ¢ that

drr(g(xla). g(x[b)) > 2 > 1= dys (x]a), (x]D)).
For x # y, we want to show that
dr(g(x|a), g(y[b)) — du(f(x), f(y)) = dr(a,b)
for all a,b € Z3 since this implies
du(g(x|a), g(y1b)) > du(f(x), f(¥)) + du(a,b)
> du(x,y) + du(a,b)

=du((x]a), (ylb)).
The condition (2) is equivalent to the following:

@

M1
Z (Agi—Ayi) > du(a,b)

=1

3)
where
Agi = dua(g(xla)i, g(ylb)i) and Ay = du(f(x):i, f(¥):)

and where, for technical reasons, we define Ay 341 = 0. The point
is that at most three of the terms A, ; — Ay ; are nonzero. We look at
one combination of a and b in detail as an illustration, namely a = 1
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and b = 2. Then g(x|a); = f(x): and g(y|b); = f(y): and so
Agi= Ay foralli < M 4 1, except in the following three cases:
i fx)e fy) g(xla)i g(ylb)
r M—-4 Yr M+1 Yr
M @M Y @M M+1
M+1 — — M—4 VM
i ‘ Ari Agi | Agi— Ay
r Oorl 1 Oorl
M Oorl 1 Oorl
M+1 0 1 1.

Note that we have used the fact that y5y # M — 4. We see that
YAy = Api) > 1 =dpu(a.b).

The other combinations of a and b are similar. This proves that
1 = 9 € L1, m41.

Now, let h = H(g) = fin+2. A similar analysis will show that i €
Tn+2,m+2. We first give a table of the last three symbols in 2 (x|aiaz )
as these three symbols are the most important in the proof. Let ¢ =
M — 3. By assumption, s < M

aias h(x|ara2)ar  h(x|ara2) v h(x|ara2) o
00 oM M+1 M+2
10 o M—4 M+ 2
20 M+1 Y M+2
01 ©M M+1 M-3
11 oM M—4 M-3
21 M+1 ©Mm M-3
02 M M+2 M+1
12 o M2 M—4
22 M+2 ©M M+ 1.

In addition
h(x|laz), = M + 1 and h(x|a:1), = M + 2.

Note that we have used the fact that o # M — 3 here, since if we
had o1 = M — 3, then we would for example have had h(x|01)y =
h(x]01) p742. From the table, we first see that

(ln(h(x|a1 az), h(X|l)1 bg)) > dn(a1 a2, b bg)

if ayas # bibs. For example h(x|10) and h(x|21) differ in positions
r,s, M, M+1and M +2. As another example, 2(x|02) and h(x|22)
differ in positions M and M + 1.

Next, consider dr(h(x|aiaz), h(y|bib2)) for x # y. We see that

dir(h(x|aias);, h(y|biba):) > dir(f(x)s, f(y):)

for i < M from the table above, we can see that
dpr(h(x|a1az) v h(x|araz) v h(x|aras)ar 4o,
h(y[bib2)arh(ylbibo) ars1 h(ylbib2)ri+2)
> dr(enr, yar) + drr(aiaz, bibs).
As an example, let a;a2 = 10 and b, b2 = 02. Then
h(x|10) ar, R(x|10) sty A(x[10) A2 = onr, M — 4, M + 2
and
”(y|02) s, 2(y|02) a1, R(¥|02) 2 = var, M + 2, M + 1.
The distance between the two is 2 (if pas = ~as) or 3 (otherwise).
The other combinations of aa9 and bybo are similar. From this we
can conclude that i € Z,,42 v+2 in a similar way we showed that

g € Lm+1,0+1 above.
Further, we note that

h(X|(l,1(l2)]w+2 g {(A[ + 2) - 4, (JL[ + 2) - 3}
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Therefore, we can repeat the argument and, by induction, obtain f, €
TnntM—m foralln > m.

A function F' € Z5 5 such that F/(x)5 ¢ {1,2} was found by com-
puter search. Here is a listing of the elements x € Z3 and the corre-
sponding values of F(x) € Ss

(0,0,0)(1.2,3,4,5), (0,0,1)(1,2,5.4,3), (0,0,2)(1,2.3.5,4

(0,1,0)(4.2,3,1,5), (0,1,1)(4,2,5. 1 3). (0,1,2)(5,2.3.1, )
(0,2,0)(1,4,3,2,5), (0,2,1)(1,4,5,2,3), (0.2,2)(1,5,3,2,4)
(1,0,0)(2,3.1,4,5), (1,0,1)(2,5 4 .3), (1,0,2)(2,3.1,5,4)
(1,1,0)(2.3,4,1,5), (1,1,1)(2 5,4 .3). (1,1,2)(2,3,5,1,4)
(1,2,0)(4,3,1,2,5), (1.2,1)(4,5,1, ). .3), (1,2,2)(5,3,1,2,4)
(2,0,0)(3.1,2,4,5), (2,0,1)(5,1,2,4,3), (2 0.2)(3.1,2.5,4)
(2,1,0)(3,4.2,1,5), (2.1,1)(5,4,2,1,3), (2.1,2)(3.5,2,1,4)
(2.2,0)(3,1,4,2,5), (2.2,1)(5,1,4,2.,3), (2,2,2)(3.1,5,2,4).

This, combined with Lemma 3, proves Lemma 1 a).

Remark: The recursive construction can be generalized. In the con-
struction above we defined r by ¢, = N — 4. The recursion would
work equally well if we defined » by ¢, = N — ¢ for some fixed ¢t > 3
and changed the conditions in the lemmas to

fm (X)‘w ¢ {A[ —t, M —t+ 1}. @)
It is also possible to vary the ¢ from one step to the next as long as, for
allx € 73
{ N —t# fu(x)n, )
N -t Q {fﬂ (X)Nflv I (X)N }v
One reason we chose a fixed ¢ is that if the condition (4) is satisfied at
the start of the recursion, then (5) is satisfied for all n > m.

if n is odd
if o is even.

IV. CONSTRUCTION OF A MAPPING IN Py, 1 FOR 2 > 9

To prove Lemma 1 b), using Lemma 2, we need some f € Ps 10
such that

f(x)10 & {6,7} forall x € Zj. )

An extensive computer search has been unsuccessful in coming up with
such a mapping. However, an indirect approach has been successful.
The approach is to construct f from two simpler mappings found by
computer search. We describe this construction.

For a vector p = (p1, p2,...,pn) and a set

let p\ x denote the vector obtained from p by removing the elements
with subscript in X . For example

(P15 P2, P35 P15 P55 P )\{1,5) = (P2, 3, P4, ps)-

By computer search we have found mappings G € F5 7 and H €
Fa,e that satisfy the following conditions:
N 6 € {G(X)1
7€ {G(x)4
c) forevery distinct x,y € Zas

dr(G(x)\ 71, GYN\7y) = du(X,¥):
€{H(u)1, H(u)2, H(u)s };
e) forevery distinctu, v € Z3;
dy (H(u)\ (5,61 H(V)\(5,61) > du(u,v).

Explicit listing of the mappings GG and H have been omitted for space
reasons (page limitation on correspondences), but it has been included
in an early version of the manuscript stored in arXiv, [14]. We will

now show how these mappings can be combined to produce a mapping
f € Py,10 satisfying (6).

a) foreveryx € z3

s G(x)2, G(x)3};

b) forevery x € Z3, ,G(x)s,G(x)6 };

d) foreveryu € Z?, 1
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Letx € Z5.Thenx = (xL,Xr), where x;, € Z3 and xp € Zi.
Let
(@1, 92,93, 91, 95, 6, p7) = G(X1)
(71,725 732 74,75, Y6) = H(xr) + (4,4, 4,4, 4, 4).
We note that Condition d) implies that v5 > 6 and 6 > 6. Similarly,
Conditions a) and b) imply that ¢7 < 5.

Define p = (p1,p2,-..,pio) as follows:
Pi =s, if1<i<3 and ¢; =6
Pi =6, if4<i<6 and @; =7
Pi = i, if1<:<6 and ¢; <5
pi = @7, if7<i<9 and vi_e =

pi if7<i<10

[l
)

(1—6 5

In p, swap 1 and 6 and also swap 2 and 7, and let the resulting array
be denoted by m. More formally

m =1, if p;, =6
T =2, ifp; =7
w; =6, ifp; =1
=1, if p; =2
Ti = pi, otherwise.
Then define
f(x) =m.

We will show that f has the stated properties. We first show that 7 €
S10. We have ¢ € S7 and 7 is a permutation of (3,6, 7,8,9,10). 1
particular, 5, 6, and 7 appear both in ¢ and ~. The effect of the first lme
in the definition of p is to move another element (5 ) into the position
where ¢ has a 6. Similarly, the second line overwrites the 7 in p, and
the fourth line overwrites the 5 in ~. The definition of p is then the
concatenation of the six first (overwritten) elements of  and the five
first (overwritten) elements of . Therefore, p contains no duplicate
elements, that is, p € Sio.

The element 1 in p must be either in one of the first six positions,
coming from ¢, or in one of the positions 7-9 (if ¢7 = 1). Similarly, the
element 2 must be in one of the first nine positions of p. Therefore, both
6 and 7 must be among the first nine elements of 7, thatis w10 & {6, 7}.

Finally, we must show that £ is distance-preserving. Let x # x’, and
let the arrays corresponding to x’ be denoted by ', v/, p’ and . By
assumption

drr(x,x") =dp(x5.X1) + dir(Xr. XR)

<dn(evry A\7y) + dn(ngs.ep Nisey)- (D
For1 < ¢ < 6 we have
dir(ir 7)) < dr(pis pi)- ®)

If ¢; = ¢} this is obvious. Otherwise, we may assume without loss of
generality that ¢} < ; and we must show that p; # pi. If o; < 5,
then

If ¢; = 6, then
pi =i <5and p; =35 > 6.
If o; = 7,then 4 < i < 6 and so ¢ #* 6. Hence
pi =i <5 and p; = v > 6.

This completes that proof of (8). A similar arguments show that for
7 < i < 10 we have

dr(vie.vies) < du(pipy) ©)
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and that for 1 < ¢ < 10 we have
dri(pispy) < du(mi,m).

Combining (7)-(10), we get

10)

du(x,%') <dulpyry. o\ry) + du (N gs,63 M 45,6))

SdH(/)v ) SdH(ﬂ—?ﬂ—)'

Hence, f is distance-preserving.

V. CONSTRUCTION OF A MAPPING IN P,, ,, FORn > 13

The construction of a mapping f € Pi3,13 which proves Lemma
1 ¢) is similar to the construction in the previous section. However,
the construction is more involved and contains several steps. We will
describe the constructions and properties of the intermediate mappings.
The details of proofs are similar to the proof in the previous section and
we omit these details.

We start with three mappings R, S € F3,5 and T € Fu6. These
were found by computer search and are listed explicitly below. These
mappings are used as building blocks similarly to what was done in the
previous section. They have the following properties:

e forevery x € Z3, 1€ {R(x)1, R(x)2, R(x)3};

o foreveryx € Z3, R(x)s # 5

e forevery distinct X,y € Zg;
dr(R(x)\{a.53, B(Y)\(a,51) 2 dur(x.¥);

o foreveryx € Zs, 2 € {S(x)1,5(x)2,5(x)s}:

o foreveryx € Z3, S(x)s # 1;

e for every distinct X,y € z3
du(S(xXN\ {153, S(¥ )\ {a51) > du (X, ¥);

e foreveryx € Z3, 2¢€ {T(x)1, T(x)2,T(x)3};

(x)s # 1;

e for every distinct X,y € Z3
da(T(x)\{5,61- T (Y)\{5,6}) 2 du(x,¥).

e forevery x € Zg, T

Listing of the elements x € Zj and the corresponding values of
R(X) c S5

(0,0,0)(1,2,3,5,4), (0,0,1)(1,4,3,5,2), (0,0,2)(1,5,3,4,2)
(0,1,0)(1,2,4,5,3), (0.1,1)(1,4,2,5,3), (0,1,2)(1,5,4,3,2)
(0,2,0)(1,2,5,4,3), (0,2, 1)(1 4,5 3 2), (0,2,2)(1,3,5,4,2)
(1,0,0)(4,1,3,5,2), (1,0,1)(5,1,3,4,2), (1,0,2)(2,1,3.5,4)
(1,1,0)(3.1,4,5,2), (1,1,1)(5,1,4,3,2), (1,1,2)(2,1,4.5,3)
(1,2,0)(4,1,5,3,2), (1,2,1)(5,1,2,4,3), (1,2,2)(2,1,5,4.,3)
(2,0,0)(4,2,1,5,3), (2,0,1)(5,4.1,3,2), (2,0,2)(2,5,1,4,3)
(2,1,0)(3,2,1,5,4), (2,1,1)(3,4@, 5,2), (2,1,2)(3,5,1,4,2)
(2,2,0)(4,3,1,5,2), (2,2,1)(5,3,1,4,2), (2,2,2)(2,3,1,5,4).

Listing of the elements x € Z3 and the corresponding values of
S(x) € Ss

(0,0,0)(2,1,3,4,5), (0,0, 1)(2 4 3,1,5), (0,0,2)(2,5,3,1,4)
0,1,0)(2,1,4 3) (0,1,1)(2, ,.,3), (0,1,2)(2,5,4,1,3)
(0,2,0)(2,1,5,4,3), (0,2,1)(2,4.5,1,3), (0,2,2)(2.3,5,1,4)
(1,0,0)(4,2, 3, 1 o) (1,0,1)(5, z 3,1,4), (1,0,2)(1,2,3,5,4)
(1,1,0)(3,2,4,1,5), (1,1,1)(5.2,4,1,3), (1,1,2)(1,2,4,5,3)
(1,2,0)(4,2,5,1,3), (1,2,1)(5,2,1.4,3), (1,2, 2)(1,2,5,4,3)
(2,0,0)(4,1,2,5,3), (2,0,1)(5,4,2,1,3), (2,0,2)(1,5,2,4,3)
(2,1,0)(3,1,2,5,4), (2,1,1)(3,4,2,1,5), (2.1,2)(3,5,2,1,4)
(2,2,0)(4,3,2,1,5), (2,2,1)(5.3,2,1,4), (2,2,2)(1,3, o, 5,4).
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Listing of the elements x € Zi and the corresponding values of In p, swap 1 and 7 and also swap 5 and 8, and let the resulting array

T(x) € Sg be U(x). It has the following properties:
(0,0,0,0)(2.4,3,1,5, 6) (0,0,0,1)(2,4,3,6,1,5) o foreveryx € Z5, 7 € {U(x)1,U(x)2,U(x)s}
(0,0,0,2)(2,4,3,5,1,6), (0,0,1,0)(2,1,4,6,5,3) o foreveryx € Z5, 8 € {U(x)s, U(x)s,U(x)7}
(0,0,1,1)(2,1,4, 3 6 5), (0.0,1,2)(2,1,4,5,6,3) e for every distinct X,y € z8

4 /

OO D a LS © 100058160 U0 a3 U Dgasy) 2 dr(.9)
(0,1,0,1)(2,4,5,3,1.6), (0,1,0,2)(2,5.3,4,1,6)
(0,1,1,0)(2,5,4,1,6.3), (0,1,1,1)(2.5.4,3,1,6) B. Construction of V € Fr g
(0,1,1,2)(2,1,5,4,6.3), (0,1,2,0)(2.3.5,1,6,4) Letx € Z7 and let
(0,1,2,1)(2,5,1,3,6,4), (0,1,2,2)(2,5,1,4,6,3)
(07270,0)(2,673,1,5,4), (0,2,01)(24,6.3175) (591,992,@3,594,@5) :R(.’I)1,,r~2,.173)
(0727&2)(2767&47 17 5)7 (072~ 1, O)(236~4? 1’573) (')"1,')/2,’}/3,74,’)”5,7@) :T(m4,f05,ﬂ:6,m7) + (3,3, .. ,3)
(0,2,1,1)(2,6,4,3,1.5), (0,2,1,2)(2,1,6,4,5.3)
(0,2,2,0)(2,3,6,1,5,4), (0,2,2,1)(2,6,1,3,5,4) Define p = (p1,p2,-..,ps) as follows:
(0,2,2,2)(2,6,1,4,5,3), (1,0,0,0)(1,2,3,5,6,4) _ ,
(1,0,0,1)(1,2,3,6,5.4), (1,0,0,2)(1,2,3,4,6,5) pi=ve, il <i<4 and pi=3
(1,0,1,0)(3,2,4,1,6.5), (1,0,1,1)(3,2.4,6,1,5) pi=pi, if1<i<4 and @;#5
(1,0,1,2)(3,2,4,5,1,6), (1,0,2,0)(4,2.1,5,6,3) pi=ps, if5<i<9 and i 4=4
(1,0,2,1)(4,2,1,3,6,5), (1.0,2,2)(4.2.1,6,5,3) pi =74, if5<i<9 and 4 #4.
(1,1,0,0)(6,2,3,1.5,4), (1,1,0,1)(1,2,5,3,6.,4)
(1,1,0,2)(6,2.3,4,1,5), (1,1,1,0)(3,2,5,1,6,4) In p, swap 2 and 5, and let the resulting array be V' (x). It has the
(1,1,1,1)(6, 2.5, 3,1,4), (1,1,1,2)(6.2.5,4,1,3) following properties:
1 i ; (Z);E 21 }1(5)2: 87;:38&?;:;?;7 3 e foreveryx € Zé, 1e {V(x)l,Y’Z(x)z.‘i(x)g}
(1,2,0,1)(1,2,6,3,5,4), (1,2,0,2)(5,2,3,4,1,6) * foreveryx € Zs, 2 € (V)5 Vix)o, Vix)r}
(1,2,1,0)(5,2,4.1,6,3), (1,2,1,1)(5,2,6,3,1,4) o forevery distinct x,y € Z3
(1,2,1,2)(5,2,6,4,1,3), (1,2,2,0)(4,2,6,1,5,3) da(V(x)\{a,97, V(¥)\fa,0}) = du(x,y).
(1,2,2,1)(5,2,1,3.6,4), (1,2,2,2)(5,2,1,4,6.,3)
(2,0,0,0)(1,4,2.5,6,3), (2,0,0, 1)( 4,2,3,6,5) ,
(2,0,0,2)(1,4,2,6.5.3), (2,0,1,0)(3,1,2.5,6,4) C. Construction of f € Pis.13
(2,0,1,1)(3,1,2,6,5,4), (2,0,1,2)(3,1,2,4,6.5) Letx € Z;" and let
(2,0,2,0)(4,3,2,1,6,5), (2,0,2,1)(4,3,2,6,1,5) , .
(2,0,2,2)(4,3,2,5,1,6), (2.1,0,0)(6,4.2,1,5,3) (”l‘w’“"%):LL(“‘““”""'“)
(211!01)(67412371w5) (21 )( 5 2,4‘6.3) (”,’1,”/2,...§79) :‘/(L7,lg,¢13)+(4.4q.4)
(2,1,1,0)(3,5,2,1,6,4), (2,1,1,1)(6,1,2,3,5,4) _ _
(2,1,1,2)E6,5,2,4,1,3§, @1 ;E 6.3.2.154) Define p = (p1,p2,-..,p13) as follows:
(2,1,2,1)(4,5,2,3,1,6), (2,1, 2 2)(6,3,2,4,1,5) pi =va,  if1<i<3 and ;=T
(2,2,0,0)(5,4,2,1,6,3), (2,2,0,1)(5,4,2,3,1,6) pi=pi  if1<i<3 and @i #T
(2,2,0,2)(1,6,2,4,9,3), (2,2,1.0)(3,6,2,1,5,4) =, f4<i<6  and i =8
(2,2,1,1)(5,1,2,3,6.4), (2,2,1,2)(5.6,2,4,1,3) ' ,
(2,2,2,0)(5,3,2,1,6,4), (2 2,2,1)(4,6,2.3,1.5) pi=git1, if4<i<6  and g #8

=

(2,2,2,2)(5,3,2,4,1,6) pi = @4, if7<i<9 and v, =9

pi =%i—e, MHT7<i<9 and i #5
, if10<:<13 and ~—5=6
pi =%i—s, if10<i<13 and ~i—5 # 6.

>

I
b
el

A. Construction of U € Fs 5

Let x € Z§ and let .
In p, swap 1 and 9 and also swap 2 and 10, and let the resulting array

(21,92, 93,94, 95) = R(x1, x2, 23) be f(x). Then

(15725 735 745 ¥5) = S(2a, 25, 26) + (3,3, 3,3, 3). f € Pisas and f(x)15 € {9,10}.

Define p = (p1, p2,...,ps) as follows:
. ) VI. CONCLUSION

Pi =5, ifl1<i<4 and ¢; =5
. , We have given a recursive construction method for DPMs and DIMs
i = P, f1<i<4 d o 5
pr=e l - ], - and i # from ternary vectors. In three cases we have found DPMs that can be
pi =5, if5<i<8 and 7ig=4 used to start off the recursion, in one of the cases the DPMs are DIMs.
pi =vi—a, 5 <i<8 and vi_4 # 4. Hence, in one case we get an infinite class of DIMs and in the other
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two cases we get infinite classes of DPM. The most important result is
the construction of DPM from ternary vectors of lengths at least 13 to
permutations of the same length. Using the DPMs (or the DIMs) and
known ternary codes, we get new larger permutation arrays in many
cases; a couple of examples are gives as illustrations.
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Complete Mutually Orthogonal Golay Complementary
Sets From Reed—-Muller Codes
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Abstract—Recently Golay complementary sets were shown to exist in the
subsets of second-order cosets of a g-ary generalization of the first-order
Reed-Muller (RM) code. We show that mutually orthogonal Golay com-
plementary sets can also be directly constructed from second-order cosets
of a ¢-ary generalization of the first-order RM code. This identification can
be used to construct zero correlation zone (ZCZ) sequences directly and it
also enables the construction of ZCZ sequences with special subsets.

Index Terms—Complementary sets, generalized Boolean function, mutu-
ally orthogonal Golay complementary sets, Reed—Muller (RM) codes, zero
correlation zone (ZCZ) sequences.

I. INTRODUCTION

Zero correlation zone (ZCZ) sequences are a generalization of
orthogonal sequences. Their superior correlation properties can be
utilized to improve the spectral efficiency of an approximately syn-
chronized! CDMA system over a similar system that uses conventional
orthogonal sequences [3]. Further, CDMA systems employing ZCZ
sequences have been shown to be performing as well as OFDM sys-
tems in fast time-varying multipath channels at a considerably lower
computational complexity [14]. Recently, ZCZ sequences have found
applications in ternary direct sequence Ultra Wideband (TS-UWB)
systems [13]. It has been shown that the TS-UWB (also known as
multicode UWB) systems employing appropriate ZCZ sequences can
support different data rate requirements at a constant bit error rate
performance level [13]. They are also applicable in broadband satellite
IP networks, where sequence sets with small autocorrelation and cross
correlation within a detection aperture are needed [15], [16].

Mutually orthogonal Golay Complementary Sets (MOGCS) are
an integral part in the construction of ZCZ sequences. Traditionally,
ZCZ sequences have been constructed by iterative methods starting
from a pair of MOGCS. In [3], several constructions of ZCZ se-
quences starting from any set of MOGCS were given. Many recursive
constructions of MOGCS are known [9],2 [3], [6], [7], [5], [3]. In
[1] and [2], a long standing problem of directly constructing Golay
Complementary Sets (GCS) [6] was solved by constructing GCS from
Reed-Muller (RM) codes. Specifically, GCS were shown to be subsets
in second-order cosets of a g-ary generalization RM, (1, m) of the
first-order RM code. Size of the set was shown to be directly related to
a graph associated with the coset leader.
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IA DS CDMA system is said to be approximately synchronized if the modu-
lated sequences are synchronized up to a small fraction of the sequence length.

2The concept of zero correlation sequences first appears in [9] as semiperfect
sequences.
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