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ABSTRACT. We calculate the asymptotic merit factor, under all rotations of
sequence elements, of two families of binary sequences derived from Legendre
sequences. The rotation is negaperiodic for the first family, and periodic for
the second family. In both cases the maximum asymptotic merit factor is 6.
As a consequence, we obtain the first two families of skew-symmetric sequences
with known asymptotic merit factor, which is also 6 in both cases.

1. INTRODUCTION

We counsider a sequence A of length n to be an n-tuple (ag, a1, ...,a,—1) of real
numbers. The aperiodic autocorrelation of A at shift u is
n—u—1

Aitir, for0<u<n
Calu) = ;0 7

Ca(—u) for —n < u <0,
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and its energy E(A) is C4(0). Provided that EO<|U‘<n[C’A(u)]2 > 0, the merit
factor of A is defined to be

[E(A)]
FA) = ———+—.
>, [Ca(w)?
0<|ul<n
The sequence A = (ag, a1, ...,an—1) of length n is called binary if each a; takes

the value +1 or —1, in which case E(A) = n. Let F,, be the maximum value of the
merit factor over the set of all 2" binary sequences of length n. The Merit Factor
Problem, which is to determine the value of lim sup,,_, ., F},, is important not only in
digital communications engineering but also in complex analysis, theoretical physics,
and theoretical chemistry (see [5] for a survey, and [6] for background on related
problems). The current state of knowledge on this problem can be summarised
as 6 < limsup,, . F < oo, where the lower bound arises from an analysis due to
Hgholdt and Jensen [4] of a periodically rotated Legendre sequence (see Theorem 2).
There is also considerable numerical evidence, though currently no proof, that an
asymptotic merit factor greater than 6.34 can be achieved for a family of binary
sequences related to Legendre sequences [2].

In this paper we determine the asymptotic merit factor, at all rotations of se-
quence elements, of two families of binary sequences constructed from a Legendre
sequence of length n. The first family is derived from a “negaperiodic” construc-
tion described by Parker [8], and its sequences have length 2n; the second family
is derived from a “periodic” construction described by Yu and Gong [12], and its
sequences have length 4n. For both families, the maximum asymptotic merit fac-
tor over all rotations is 6, equal to the best proven result for limsup,, .., £,. For
the negaperiodic construction, the maximum value of 6 was previously proved by
Xiong and Hall [11] for two specific negaperiodic rotations, following numerical work
in [8], but no asymptotic merit factor values at other negaperiodic rotations were
previously known. For the periodic construction, the general form of the merit fac-
tor over all periodic rotations was determined numerically for large n by Yu and
Gong [12], but no asymptotic values were previously known.

A skew-symmetric sequence is a binary sequence (ag, a1, ..., a2, ) of odd length
2m + 1 for which

(1) ami; = (=1 am_; for0<j<m.

By slight modification of the negaperiodic and periodic constructions we obtain
two families of skew-symmetric sequences, each with asymptotic merit factor 6 (see
Corollaries 6 and 9). To our knowledge, these are the first constructions of families
of skew-symmetric sequences for which the asymptotic merit factor has been cal-
culated. Historically, skew-symmetric sequences were considered to be good candi-
dates for a large merit factor, in part because half of their aperiodic autocorrelation
coefficients are guaranteed to be zero (see [5, Section 3.1] for background). While
skew-symmetric sequences of length n that attain the optimal merit factor value F),
are known for

n € {3,5,7,9,11,13,15,17,21, 27,29, 39, 41, 43, 45,47, 49, 51,53, 55, 57, 59},

they are not known for any larger values of n, because the value of Fj, itself is not
known for n > 60 [5]. Golay [3] argued heuristically that the supremum limit of
the merit factor of the set of skew-symmetric sequences is equal to lim sup,,_, . Fn,
which would imply that nothing is lost by restricting attention to the subset of
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BINARY SEQUENCES WITH LARGE MERIT FACTOR 137

binary sequences that are skew-symmetric (see [5, Section 4.7] for a discussion).
In view of this, it is particularly interesting that the asymptotic merit factor of
the skew-symmetric sequence families constructed here is equal to the best proven
result for limsup,,_, ., F, namely 6.

2. DEFINITIONS AND NOTATION

In this section we introduce further definitions and notation for the paper.
Let A = (ag,a1,...,an—1) and B = (bg,b1,...,b,—1) be sequences of equal
length n. The aperiodic crosscorrelation between A and B at shift u is

n—u—1
> ajbjp, for0<u<n
Caplu)=4 = 7
Cp.a(—u) for —n <u <0,

and the periodic crosscorrelation between A and B at shift u is

n—1

Ra p(u) = Z ajib(j4u) modn for 0 <u < m.
§=0

By adopting the convention that C'4 g(—n) = 0, we can write
(2) Rapu)=Cap(u)+Capu—mn) for0<u<n.

The aperiodic autocorrelation C4(u) defined in Section 1 equals Cy 4(u) for
|u| < n. From the definition of Cy(u) and F(A) we have the relation

IS B

for the reciprocal merit factor 1/F(A). The periodic autocorrelation of A at shift u
is

Ra(u):= R a(u) for0<u<n.

Given a sequence A = (ag,a1,...,an—1) of length n, we write [A]; to denote
the sequence element a;. Let A = (ag,a1,...,an—1) and B = (bg, b1,...,bm_1) be
sequences of length n and m, respectively. The concatenation A; B of A and B is
the length n + m sequence given by

{0
Provided ged(m,n) = 1, the product sequence A @ B of length mn is defined by
[A® Bl *= aj mod nbj modm for 0 <j < mn,
and the m-decimation of A is the length n sequence C' defined by
[C; = Gmjmodn for 0<j<mn.

The periodic rotation A, of A by a fraction r of its length (for any real r) is the
length n sequence given by

(4) [Ar]j ‘= Q(j4|nr|) mod n for 0 < Jj<mn,
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138 K.-U. ScumipT, J. JEDWAB AND M. G. PARKER

and the negaperiodic rotation Ay of A by the fraction r is the length n sequence
given by

(5) [45]; := { “Gtlnr)ymodn for 0 <j<n— |nr
' —Q(jt+|nr)) mod n fOr m— |nr] < j < n.

The sequence Aj can be viewed as the first n elements of the length 2n sequence
(A; —A)z. For example, take r = 2 and A = (+,+, +, —, +, —, —), where + and —

3 7
represent sequence elements +1 and —1, respectively. Then we have

A"“ (+a a+a_a_a+a+)a
Ar = (+a ,+, a_a_a_)
(A7_A)% = (+7 7+7_7_7_7_7_7+7_7+7+7+7+)'

3. LEGENDRE SEQUENCES

This section describes Legendre sequences and their asymptotic merit factor
properties. (See [10], for example, for background on number-theoretic properties
of Legendre sequences.)

Given a prime n and an integer j, the Legendre symbol (j|n) is defined as

0 forj=0 (modn)
(jIn) :=< —1 for j not a square modulo n

+1 otherwise.

The Legendre symbol is multiplicative, so that

(6) (a|n) (b|n) = (ab[n),
and
(7) a=b (modn) implies (a|n)= (b|n).

A Legendre sequence X = (xg,x1,...,%,—1) of prime length n is defined by
1 forj=0
Ij = . .
(jln) for0<j<n.
In our analysis it will often be convenient to change the initial element in a Legendre
sequence to be zero, so that
zj=(jln) for0<j<mn.

Then we will call X a modified Legendre sequence. The periodic autocorrelation
function of a modified Legendre sequence X is given [10, p. 294] by

(8) Rx(u)=—-1 for 0 <u<mn.

We shall make repeated use of the following result, under which up to o(y/n)
elements of a sequence of length n can be changed by a bounded amount without
altering the asymptotic reciprocal merit factor:

Proposition 1. Let {A(n)} and {B(n)} be sets of sequences, where each of A(n)
and B(n) has length n. Suppose that, for each n, all elements of A(n) and B(n)
are bounded in magnitude by a constant independent of n. Suppose further that, as
n — oo, the number of nonzero elements of B(n) is o(y/n) and that F(A(n)) =
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BINARY SEQUENCES WITH LARGE MERIT FACTOR 139

O(1) and E(A(n)) = Q(n).! Then, as n — oo, the elementwise sequence sums
{A(n)+ B(n)} satisfy
1 1

FAm) + B)  Fam) o)

Proof. For each n, by the definition of aperiodic autocorrelation and crosscorrelation
we have

Catmy+Bn) (W) = Camy(u) + Cpmy(w) + Camy,Bn) (1) + Con),am)(u) for Ju| < n.

Since, by assumption, all elements of A(n) and B(n) are bounded in magnitude by
a constant independent of n, and the number of nonzero elements of B(n) is o(y/n)
as n — 00, it follows that

(9) Camy+Bm) (W) = Cam)(u) +o(v/n) asn — oo.
This implies by the definition of F(A(n) 4+ B(n)) that, as n — oo,
1 1

= U o(v/n)]?
F(A(n) + B(n))  [E(A(n) + B(n))2 0<|Zu:<n[CA<n>( )+ o(v/n)]

1
- [E(A(n)+B(n))]2< > [Cagm (w))?

0<|ul<n

(10) +o(n) | D [Cam(w)? + 0(n2)>

0<|ul<n

since, by the Cauchy—Schwarz inequality,

) o(ﬁ)OAm)(u)sJ( > o) X o).

0<|ul<n 0<|ul<n 0<|ul<n

Now by setting v = 0 in (9) and dividing by E(A(n)) we obtain, as n — oo,

E(A(n) + B(n)) _, o o(v/n)
E(A(n)) E(A(n))
=1+o0(1),

since E(A(n)) = Q(n) by assumption. The square of the reciprocal of this relation
is

[E(A(n))]?
[E(A(n) + B(n))]?
Substitute in (10) and use the definition of F(A(n)) to show that, as n — oo,

=1+0(1) asn— oo.

T O VEFGAR) |, F(A@m)
F(Am) + By~ FAm) W) <” ") Bty T %E(A(n))]?)
1
:W(l‘i‘(’(l)%

since FI(A(n)) = O(1) and E(A(n)) = Q(n) by assumption. O

1We use the notation o, O, and € to compare the growth rates of functions f(n) and g(n) from
N to R in the following standard way: f(n) = o(g(n)) means that f(n)/g(n) — 0 as n — oo;
f(n) = O(g(n)) means that there is a constant ¢, independent of n, for which f(n) < cg(n) for all
sufficiently large n; and f(n) = Q(g(n)) means that g(n) = O(f(n)).
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140 K.-U. ScumipT, J. JEDWAB AND M. G. PARKER

A result similar to Proposition 1 was stated in Corollary 6.3 of [2], but with con-
ditions on the asymptotic growth of the sequence elements A(n) and their merit
factor F'(A(n)) mistakenly omitted.

The asymptotic merit factor of a Legendre sequence has been calculated at all
periodic rotations:

Theorem 2 (Hpholdt and Jensen [4]). Let X be a Legendre sequence of prime
length n > 2, and let v be a real number satisfying |r| < % Then
1 1 1\2
fm F(X,) 61 ° (Il =3)"
n——aeoo
The constraint |r| < % in Theorem 2 is for notational convenience only, since by
definition X, is the same as X, for any real r. By Proposition 1, Theorem 2 also
holds for the modified Legendre sequence X’ of length n, since X', differs from X,
in exactly one element for each n. The exact, rather than the asymptotic, value of
F(X,) in Theorem 2 has been calculated [1] by refining the analysis of [4], but the
exact value is not required here.
The following generalisation of Theorem 2 is a key tool of this paper:

Theorem 3. Let X be a modified Legendre sequence of prime length n > 2, and let
r, s, and t be real numbers satisfying [r+2t| < 1 |s| < 1, and |t| < i. Let {r(n)},
{s(n)}, and {t(n)} be sets of real numbers such that ns(n) and nt(n) are integer
for each n, and such that, asn — oo, r(n) =r+0(n=1), s(n) = s+0(n=1), and

t(n) =t+O(n~1). Then, as n — oo,

1
ﬁ Z CXr(n)7X7‘(n)+s(n)(u) CXT(n)+t(n))Xr(n)+s(n)+t(n)(u)
lul<n

= ¢ +8(Ir+ 3 = 1)” +2(Is| = 3)* +2(|t] - 3)* + O(n" ' (logn)?).
Proof. See Appendix. O

We can recover Theorem 2 from Theorem 3 by setting r(n) = r and s(n) = t(n) =0
for each n, applying (3), using Proposition 1 to alter the initial element and thereby
change a modified Legendre sequence into a Legendre sequence, and then taking the
limit as n — oo. There is no loss of generality in Theorem 3 from the restrictions
Ir+ 52 <1 |s| <1 and |t| < 1, since X, 1 = X, for all r. Nonetheless, we will
find it useful to define, for real r, s, t, c,

)l = c)?  for|r| < %
(1) 9(r,e) = {qﬁ(r +1,¢) forallr, c
and
(12) U(r,s,t) = ¢ +80(r + 2, 1) 4+ 2¢(s, 1) + 26(t, 3),

so that the conclusion of Theorem 3 can be rephrased to hold for unrestricted r, s,
t as n — oo:

1
E E : OXT(n)1XT(7L)+s(7l)(u) CXT‘(71)+t(n)7XT(n)+s(n)+t(n)(u)
Ju|<n

(13) =1(r,s,t) + O(n"'(logn)?).
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It is easily verified that ¢(r + %, %) = ¢(r, %) for all r, which implies that

(14) ¢(r, 1) =o(r', L) provided r’ = r + £ for some integer a.

4. THE NEGAPERIODIC CONSTRUCTION

In this section we present the first of our two constructions, involving a negape-
riodic rotation Y5 (as defined in (5)) of a sequence Y of length 2n that is in turn
derived from a sequence X of odd length n. Lemma 4 analyses this construction
for the case r = p, where p is subject to the constraint that np is integer (which
forces the number |[2nr] of rotated elements in the negaperiodic rotation Y; to be
even). We then show in Theorem 5 that, in the specific case that X is a Legendre
sequence, Lemma 4 can be used to determine the asymptotic merit factor of Y3 for
all real r, regardless of whether |2nr| is even or odd.

Lemma 4. Let X be a sequence of odd length n, each of whose elements is bounded
in magnitude by a constant independent of n, and let Z be the 2-decimation of X.
Let v be a real number, and write p := |nr|/n and § := %L Define Y to be the

first 2n elements of the sequence X & (+,+,—,—). Then, as n — 00,
> Oy, ()
|ul<2n
=Y ([Cz (W) + Cz, s (W] +[Cz,.2,.5(W) = Cz, 5.2, (w) + O1)]?) .
|lul<n

Proof. We firstly determine an explicit expression for [Y;];, and deduce an expres-
sion for Cy, (u). By analysis of the cases u even and u odd, we then express |Cy, (u)]
in terms of crosscorrelations of periodically rotated versions of the sequence Z,., for
both positive and negative values of u. Squaring and summing over w then gives
the required result.

Write X = (20,21, .-+, Zn-1), Y = (Y0, Y1, - Y2n—1), and Z = (20,21, -+, Zn—1)-
Now element j mod 4 of the sequence (+, -+, —, —) can be written as (—1)@"=9/2,
for any integer j. By the definition of Y we therefore have

i%—j

(15) Yi=(=1)"2 Zjmoan for0<j<2n.

Write k := L%J Since np = |nr] is integer, the definition (5) of Y} gives, for
0<j<2n,

[Y"] _ Y(j+2np) mod 2n for 0 < J<2n-—2np
i ~Y(j+2np) mod 2n for 2n — 2np <j<2n

1)

(_
(1)
(G+2np—2nk)% —(j+2np—2nk)
(_1)k+ 2 T(j4+2np) mod n

ky(j+2np) mod 2n
Ey

j+2np—2nk) mod 2n

from (15). Since n is odd, this implies that

i2=i_,, .
[Yﬁ]j =(-1)" PZ(j42np) moan for 0 < j < 2n.
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Therefore, for 0 < u < 2n,

ﬁ7u2n—u—1
CYﬁ (u) = (_1) 2 (_1)Jux(j+2np) mod n L(j+u+2np) mod n
=0
ﬁ7u2n—u—1
= (_1) 2 Z (_1)JU[X;X](j+2np) mod 2n[X;X](j+u+2np) mod 2n
7=0
ﬁ7u2n—u—1
ST D SRS
7=0
where W = (wo, w1, ..., wan—1) := (X; X),. Take the absolute value, and separate

both the summation index j and the argument u into even and odd values, giving

n—u—1 n—u—1
(16) |Cy,(2u)| = Z W Wa(jqu) + Z W2+ 1W2(j4u)+1 for 0 <w < n,
j=0 j=0
(17)
n—u—1 n—u—2
‘Oyﬁ(Qu + 1)| = Z W jWo(jpu)+1 — Z W2j+1Wa(jpu)42| for 0 <u < n.
i=o =0

We next express (16) and (17) in terms of crosscorrelations of periodically rotated
versions of the sequence Z,.. Now, for all integer i, j satisfying 0 < 2j +i < 2n we
have

wajvi = [X; X](2j4i+2np) mod 2n
= L(2j+i+2np) mod n
= L(2j4+(n+1)i4+2np) mod n
= L2(j+nid+|nr]) mod n>

by definition of § and p. Since nd = ”T“ is integer because n is odd, we therefore
have, for all integer 7, j satisfying 0 < 2j + i < 2n,

W2j5+4i = Z(j+nid+|nr|) mod n
= [Zr+i5]j'
Substitution in (16) and (17) then shows that
(18)  |Cy,(2u)| = |Cz, (u) + Cz, ,(w)| for 0 <u <n,

and

’CYIS (2u + 1)’ = ’CZT>ZT+6 (u) - (CZT+57ZT+25 (u) - [ZT+5]n—u—1[ZT+25]n—l)’
(19) = ’CZT,ZTH (u) = Cz, 5.2, 05 (1) + O(l)‘ for 0 <wu < n,

since, by assumption, the elements of X are bounded in magnitude by a constant
independent of n and so the term [Z,45]n—u—1[Zr+26]n—1 18 O(1) as n — oc.

We lastly find expressions corresponding to (18) and (19) for negative values of
the argument. For any sequence A, by definition

(20) Ca(u) =Ca(—u) for0<u<n,
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and so (18) implies that

|Cy, (—2u)| = |Cz,(—u) + Cz,.,(—u)| for 0 <u<n.
By combining this with (18), we obtain
2 2
(21) > Oy, u)] = > [Cz(u) + Cz, 5 (w)]".
Ju|<n |ul<n

Furthermore, by applying (20) to (19) we also have, for 0 < u < n,

‘CY,S(_2U’ - 1)’ = ‘CZerﬁs (u) - CZT+5,ZT+25 (u) + 0(1)‘

= ‘(RZer+5 (U’) - OZT,ZTJra (u - n))
- (RZ?"+57Z7‘+25 (u) - OZT‘+57ZT‘+25 (u - n)) =+ 0(1)|

by (2), using the convention that C4 p(—n) = 0 for sequences A and B of length n.

But rotation of each of the sequences Z, and Z,,.5 by nd = ”T“ elements (to
produce sequences Z, 5 and Z,125) does not change their periodic crosscorrelation

function, so Rz, z,,,(u) — Rz, 5,2,..;(u) is identically zero. Therefore
|Cy5(—2u - 1)| = |CZT7ZT+5(’U, —n) = Cz, 5.7, 05U —1) + O(l)} for 0 <u <n.
By combining this with (19), we obtain

n—1

2 2
> [Cv,Qua D] = > [Crz0ps(u) = Crpys 2,05 (W) + O(1)] 7,
u=-n |ul<n

which, after addition of (21), gives the required result. O

We now take the sequence X of Lemma 4 to be a Legendre sequence and, using
Theorem 3, derive the asymptotic merit factor of the resulting sequence Y at all
negaperiodic rotations.

Theorem 5. Let X be a Legendre sequence of prime length n > 2, and let v be a
real number satisfying |r| < % Define Y to be the first 2n elements of the sequence
X® (+,4,—,—). Then

1 IEER for|r| <
lim F(Y5) | g+8(rl = 3)° for i <|r|<

n——-aoo

Proof. Write X = (z9,%1,...,Zn_1) and let X’ be the modified Legendre sequence
(0,21,...,2,—1). The sequence Y’, obtained using X’ instead of X in the definition
of Y, differs from Y in exactly two elements. By Proposition 1, it is therefore
sufficient to show that 1/F(Y’7) has the asymptotic behaviour claimed for 1/F(Y5).
To simplify notation, we continue to work with X and Y but set g := 0.

Write p := |nr]/n so that, by the definition (5),

) YG+i2nr)) med2n  for 0 < j < 2n — [2nr]
Yi]; =

~Y(j+|2nr]) mod 2n  fOT 2n — [2n7] < j < 2n,
;] = 4 YUt2ler]) mod2n for 0 < j < 2n —2|nr|
- _y(.7+2|_7lrj) mod 2n for 2n — 2LnfrJ S .] < 2.

For each n, either |2nr| = 2|nr|, in which case the length 2n sequences Y3 and Y;
are identical, or else [2nr| = 2[nr| + 1, in which case Y; and Y; share a common
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subsequence of length 2n — 1. By Proposition 1, it is therefore sufficient to show
that 1/F(Y;) has the asymptotic behaviour claimed for 1/F(Y7).
Let Z be the 2-decimation of X. For 0 < j < n, this gives

[Z]; = 2j mod n
= (2jn)
by (7). Then by (6) and the definition of a modified Legendre sequence,
[Z]; = 2|n) [X]; for 0<j <n,
so that Z = (2|n) X. Therefore
Cz, 2z, (u) = Cx, x,(u) for all integer u satisfying |u| < n and all real s, .

Application of Lemma 4 to the modified Legendre sequence X then gives

LY o) = Y ([0 )+ Ox, @)
|ul<2n |lul<n
(22) (O X (0) = O X,as (0) + O(V)] )
where
(23) 0=10(n):= n2—|;L1.

We complete the proof by using Theorem 3 to evaluate the expansion of the right
hand side of (22) as n — co. When - 2otu)<nlCx, X005 (W) = X,y 5 X005 (u)]? is
expanded into three sums, by Theorem 3 each of the sums is O(1) as n — .
Therefore, by the Cauchy-Schwarz inequality, the additional contribution arising
from the inclusion of the term O(1) in the second square bracket of (22) is O(n~1/?),
which can be neglected. By applying Theorem 3 and (13) to the six resulting sums in
the expansion of the right hand side of (22) (noting from (23) that 6(n) = 3+O0(n~1)
as n — 00), and then taking the limit, we obtain

tm_ = S Oy, (]’

n—-oo N,
|u|<2n

=1(r,0,0) + ¥ (r + 3,0,0)
+ 2¢(r, 0, %) +¥(r, %70) +(r + %7 %7 ) — 29(r, %7 %)
(24) =24+32¢(r+1,3) +166(0, 3)

by the definition (12) of ¢ and by (14). By the definition (11) of ¢, in the given
range |r| < 1 we have

1

1

r? for |r] < 1
@) ¢<r+i,i>—{ o el s

Now, since zp = 0, the definition of Y gives [E(Y})]> = (2n — 2)?. Substitution of
(25) into (24), together with the relation (3), then yields

1 i 48 for |r| < %
lim F(Yz) | L+8(r|—4)" for L <|r|<i,

n——aoo
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as required. O

The maximum asymptotic merit factor obtained under the construction of The-

orem 5 is 6, which occurs at r = 0 and at r = % The special cases r =0 and r = %
of Theorem 5 were proved by Xiong and Hall [11] in response to numerical evidence

presented by Parker [8, Figs. 1,2].

Corollary 6. Let X = (zg,21,...,2n—1) be a Legendre sequence of prime length
n = 1 (mod 4), and define Y to be the first 2n elements of the sequence X ®
(+,4+,—,—). Then the sequence Y;(—) is skew-symmetric of length 2n+ 1 and has
asymptotic merit factor 6.

Proof. Take r = 0 in Theorem 5, and apply Proposition 1 to show that
lim F(Y;(-))= lim F(Y)=6.

It remains to show that Y; (—) is skew-symmetric. Since n =1 (mod 4), we know
that (—1|n) =1 (see [10, p. 184], for example), and it follows from (6) and (7) that

(26) Tn—j=z; for0<j<n.
Now by writing Y; (=) = (yo, Y1, - - -, Y2n), from (15) we find that, for 0 < j < n,

(n+3)2 —(n+4)
Yn+j = (_ 2 T

(=2 (n—j
(—1) (n=)?—( )xn ;
by (26). Then using (15) again we obtain

Yntj = (_1)jyn—j for 0 < j < n,

and by construction the same equation also holds for j = n since yg = zg = 1.
Therefore the sequence Y; (—) is skew-symmetric, by the definition (1). O

To our knowledge, Corollary 6, together with Corollary 9 to be proved in Section 5,
are the first known asymptotic results on the merit factor of a family of skew-
symmetric sequences.

In the case n = 3 (mod 4), the sequence constructed in Corollary 6 does not
satisfy the skew-symmetry condition (1). However, in that case we can instead form
the length 2n + 1 sequence Y’; () and then set the central element of this sequence
to be 0. The resulting ternary sequence (ag, a1, ..., as,) also has asymptotic merit
factor 6, and satisfies the following modification of the skew-symmetry condition:

Untj = (—1)j+1an,j for 0 < j <n.

5. THE PERIODIC CONSTRUCTION

In this section we present the second of our two constructions, involving a periodic
rotation Y, of a sequence Y of length 4n derived from a sequence X of odd length n.
Lemma 7 analyses this construction for the case r = p, where np is integer (which
forces the number |4nr| of rotated elements in Y, to be a multiple of 4). We then
show in Theorem 8 that, in the case that X is a Legendre sequence, Lemma 7 can
be used to determine the asymptotic merit factor of Y,. for all real r.
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Lemma 7. Let X be a sequence of odd length n, each of whose elements is bounded
i magnitude by a constant independent of n, and let Z be the 4-decimation of X.
Let r be a real number, and write p := |nr]/n and

5o {% forn=1 (mod 4)

ntl forn=3 (mod 4).

Let Y be the length 4n sequence X ® (+,+,+,—). Then, as n — 00,

3 3 ik(it+k+2 ?
Soevw]P =3 (Z(—mf% )czrﬂayzH(iMm(w+o<1>> .

|u|<4n k=0 |u|]<n \i=0

Proof. This proof is closely modelled on that of Lemma 4, and so is presented in
less detail.

Write X = (20, 21,...,2n—1) and Y = (Yo, Y1, .-, Yan—1). By definition of ¥ we
can write

j37j2

(27) Y =(=1)"7 Zjmoan for0<j<4n.

Since np = |nr|, the definition (4) of Y, then gives

i3 _ 42

(Yol = (=1) " 2(j14np) moan for 0<j < dn.
Therefore, for 0 < u < 4n,

< Ju(tut?)
CYp (u) = (_1) 2 Z (_ ) 2 Z(j4+4np) mod n L(j4+ut4np) mod n

= (-7 (=) wjwy,

where W = (wog,wn, ..., wan—1) := (X;X;X;X),. Take the absolute value, and
separate the summation index j according to its value mod 4 to obtain

4n—u—i71J

3
iu(itu+2)
|pr (u)| = Z(—l) 2 Z W45+ Whj it for 0 < u < 4n.
i=0 =0

Since nd is integer by definition of 4, a similar argument to that used in the proof
of Lemma 4 shows that

Waj+i = [Zrtis); for all integer 7, j satisfying 0 < 45 + 14 < 4n.

Therefore, for 0 <u <nand 0 < k < 3,

47174u7k7iflj

3
ik(itk+2)
|Cy, (4u + k)| = Z(_l) 2 (Zr+is)j[Zr v (i 1)8)i4u
i—0 )
3 ik(itk+2)
(28) = Z(_l) 2 CZr+i6;Zr+(i+k)6 (’U,) + 0(1) :
i=0
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We deal with negative values of the argument of the left hand side of (28) as in
the proof of Lemma 4, using (20). For 0 < u < n and k = 0 this gives

3
(29) Oy, (~4u)l = Y Cz,,,5(—u) + O(1)

=0

)

while for 0 <u < n and k € {1,2,3} we have

|Cy, (—4u — k)|
3
ik(itk+2)
= Z(_1> 2 (RZT+i57ZT+(i+k:)(5 (u) - OZT+i57ZT‘+(i+k)(5 (u - n)) =+ 0(1)
1=0
2 (it ht2)
(30) = Z(_l) 2 CZr+i67Z7‘+(i+k)6 (’U, - TL) + 0(1) )
=0

where the terms involving the periodic crosscorrelation R cancel since, for each
ik(i+k+2)

ke {1,2,3}, (-1)" = takes the value +1 twice and the value —1 twice as i
ranges over 0 < 4 < 3. By combining (29) and (30) with (28) we obtain the required
result. O

We now take the sequence X of Lemma 7 to be a Legendre sequence and, using
Theorem 3, derive the asymptotic merit factor of the resulting sequence Y at all
periodic rotations.

Theorem 8. Let X be a Legendre sequence of prime length n > 2, and let r be a
real number satisfying |r| < i. LetY be the length 4n sequence X ® (+,+,+, —).
Then

1 % + 8r? for|r| < %

n@mF(E) % +8(|r| — %)2 for % <|r| < %

Proof. Write X = (z9,21,...,2n-1) and p := |[nr|/n. By Proposition 1, we can
take g = 0. Furthermore, the length 4n sequences Y, and Y, share a common
subsequence of length at least 4n — 3, and so by Proposition 1 it is sufficient to
show that 1/F(Y,) has the asymptotic behaviour claimed for 1/F(Y;). Following
the method of proof of Theorem 5, the 4-decimation Z of X is given by Z = (4|n) X,
so by (6) we have Z = (2|n)?X = X. Application of Lemma 7 then gives

2
n2 Z [CYP (u)f a2 Z (Z(_l) S )CXr+z’6;Xr+<z’+k)é (u) + O(l)> ’

|u|<4n k=0 |u|<n \i=0
where
3t forn=1 (mod 4)
(31) 0=14(n) =
il forn =3 (mod 4).
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As n — oo we can neglect the O(1) term, as in the proof of Theorem 5, so that

lim % Z [C’yp(uﬂ2

|u|<4n
P S ik (it k+2)+5k(+k+2)
. ik(itk+2)+ik(it+k+2)
= lim E E E (-1) 2
n—-:oo
k=0 i=0 j=0
1
ﬁ E OXT+7:(57XT+(7:+)€)5 (U)OXT+j(57XT+(j+k)5 (u)
Ju|<n
ik(itk+2)+ik(+k+2) . L.
= E (-1) p (r+iA kA, (5 —1i)A)
0<i,5,k<3

by Theorem 3 and (13), where from (31) we have §(n) = A+ O(n~!) as n — oo
and

3 forn=1 (mod 4
(32) A= {‘1‘ ( )
1

forn=3 (mod 4).

By the definition (12) of ¢» we then obtain
1

lim — Z [C’yp(uﬂ2

n—soo n
|u|<4n

ik(i+k+2)+jik(i+k+2) il
— Z ) R (g + 8¢ (r+ LERLYN %)

0<4,5,k<3

+2¢ (kA, 3) +26 ((j — )A, %))

:i Z (_1)W(%+8¢(T+é,i))

=0 0<i,5,k<3
i+j+k=£ (mod 4)

(33) Iy Z (_1)ik(i+k+2)zjk(j+k+2) (¢ (kA, %) + ¢ ((j . i)A, %))

0<,5,k<3

by (14), for both possible values of A given in (32). By direct calculation we find

that
Z ( 1)ﬂc<i+k+2)+2jm+k+2>_{16 for ¢ =2
0<i,j,k<3 O fOI' 6 S {O, 1, 3},
i+j+k=£ (mod 4)
and that
> (=D : o (kA, 1)
0<4,5,k<3

ik(itk+2)+jk(j+k+2) . .
= > (-1 2 P((G—DA, 3) =4

0<4,5,k<3

for both possible values of A. Substitution in (33) then gives

ADVANCES IN MATHEMATICS OF COMMUNICATIONS VoLuMmE 3, No. 2 (2009), 135-156



BINARY SEQUENCES WITH LARGE MERIT FACTOR 149

and then, since [E(Y,)]? = (4n — 4)%, by (3) and (25) we conclude that

1 B %—0—87"2 for |T|§i
im F(Y,) | s+8(r| 1) fori<|r

n——oo

1
§§7

as required. O

The maximum asymptotic merit factor obtained under the construction of The-
orem 8 is 6, which occurs at r = 0 and at r = % Theorem 8 explains the
numerical results obtained by Yu and Gong [12, Fig. 1], based on the sequence
Y =X®& (+,+,+,—), for all values of r. It can readily be modified to explain also
their numerical results based on the related sequence X ® (—, +,+,+).

Corollary 9. Let X = (x9,x1,...,2n—1) be a Legendre sequence of prime length
n =1 (mod 4), and let Y be the length 4n sequence X ® (+,+,+,—). Then the
sequence Y; (+) is skew-symmetric of length 4n + 1 and has asymptotic merit fac-
tor 6.

Proof. The proof is similar to that of Corollary 6. Take » = 0 in Theorem 8, and
apply Proposition 1 to show that

lim F(Y;(+)) =6.

n—-m:ao©0

To show that Y (+) is skew-symmetric, write Y; (+) = (yo,91,- .-, Y4n) and note
that (26) holds since n = 1 (mod 4). Then from (27) we have, for 0 < j < 2n,

@n+5)3—(2n+4)?
2

Yon+j = (_1 Tj mod n
. en—ji)3—(2n—j?
= (_1)]+ 2 T(2n—35) mod n
= (_1)]y2n—j7

and by construction the same equation also holds for j = 2n since yg = 2o = 1. O

6. CONCLUSION

Theorems 5 and 8 establish the asymptotic merit factor of a negaperiodic con-
struction described in [8] and a periodic construction described in [12], based in
both cases on Legendre sequences. Corollaries 6 and 9 provide families of skew-
symmetric sequences having asymptotic merit factor 6, equal to the current best
proven result for limsup,,_, . Fj,.

However there is considerable numerical evidence, though currently no proof, that
an asymptotic merit factor greater than 6.34 can be achieved for a family of binary
sequences constructed via periodic appending of a Legendre sequence [2]. Numerical
results displayed by Yu and Gong [12, Fig. 3] for the periodic construction, and
reported by Parker [9, p. 12] for the negaperiodic construction, indicate that both
constructions also attain a merit factor greater than 6.34 under suitable appending.
A possible direction for future research is to attempt to prove that the asymptotic
merit factor of these appended sequences is equal to the (as yet undetermined)
asymptotic merit factor of the periodically appended Legendre sequences described
in [2].
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APPENDIX: PROOF OF THEOREM 3

This appendix contains a proof of Theorem 3. Our starting point is the method of
Hgholdt and Jensen [4], which calculates the reciprocal merit factor of an arbitrary
sequence of odd length n as the sum of expressions involving complex nth roots
of unity. We generalise this method in Lemma 10 in order to calculate the sum
of products of crosscorrelations of periodic rotations of an arbitrary odd-length
sequence. We then prove Theorem 3 by applying Lemma 10 to the specific case of
a modified Legendre sequence.

Write

€ = e?™/™  for integer j, where i := v/—1.

Given a sequence A = (ag, a1, .. .,an—1) of length n, we define the z-transform of A
to be the function Q4 : C — C given by

n—1
z) = g apz”,
k=0
and define

(34)  Aa(j, k,0) ZQA €a)Qa(€ar;)Qa(€arr)Qaleare) for integer j, k, L.

Lemma 10. Let X be a sequence of odd length n. Let S and T be integers, and
write s := S/n and t :=T/n. Then

2n2—|—1A
(35) |z<: Cxx. (1) Ox X0 (1) = —35—= Ax(0,0,0) + B+ C + D,
where
n—1
_ _ - 1+e
Z (e + ) Ax (0,0,1) + (6“7 + ) Ax (0,0, )] ﬁ
2 —(S+T
C=-2 3 [+ 1) + ) Ax 0.k
O T) ——F—— €k
+ TN Ax (8,0, 0) +, T e, Rx(k,0,0)] - T Tt
n—1
p-2 [(e + el )Ax(0,k, k) + eg T Ax (K, 0,k)] - _
n? k=1 o * o 11— exf?

Proof. Let U, V, W, Y, Z be any sequences of length n. Straightforward manipu-
lation shows that

Qu(z)Qv(z™") = Z Cuyv(u)z=" forall z# 0.

lu|<n
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Since QU(ejfl) = Qu(e;), we then have

% i Qu(e;)Qv(e;) Qw(e;)Qz (e )
=0
+ % 2 Qu(—¢€;)Qv(—€;) Qw(—€;)Qz(—¢))

93 Z Z Z (1+ uﬂ)) CU,V(U)OW,Z(’U)E;(U-H})

J=0 |u|<n |v]<n

B 2_;2 3 3 (1 + (—1)‘“‘*”) Cuv (u)Cw,z(v)

lu|<n utve{0,n,—n}

36) = % > Cuv(W)Crw(u),

Ju|<n

because n is odd and by definition Cw,z(—u) = Czw (u).
Let j be an integer and let  be real. By definition of Y,,

(37) Qv, (ej) = & " Qy (¢)

and then, by the interpolation formula

ZQY 6”6

(see [4, p. 162], for example), we have

(38) Qv, (~ Z o *

)
ek—l—ej

and therefore

(39) Qv,(—¢)) Z FQy (en)
Take U = X,V = X,, W = X4y, and Z = X; in (36) and substitute from (37),
(38) and (39) to obtain

1
= Z Cx x,(u)Cx, x.,,(u)

n—1 —
1 -
S W NBIEEH E 1D SIS S EL
j=0 j <a,b,c,d<n

7=0

€q €4 €e €5

“Qx(€a)Qx(er)Qx (€)Qx (€a) -

€q T €5 €p + €5 €c+ €5 €4+ €5
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1 8

o >—Ax(0,0,0) + 7 Z e T el e e,
0<a, b, c,d<n

n—1 62

40 €q € (€c) J 5
(40) - Qx(ea)Qx () Qx (ec)Qx (€ Jgo (€a +€5)(ep + €5)(ec + €5)(€a + €5)
by definition (34) of Ax. Hgholdt and Jensen [4] calculated the value of the sum
over j in (40) according to which of a, b, ¢, d (in the range 0 < a,b,c,d < n) are
equal and which are distinct, distinguishing five cases:

_ 2
J
; et et et e)e T e)
0 for a, b, ¢, d distinct
20,2
nfn2+2) 1 fora—b—c—d
48 €2
n? €q 1+ €4
2. _athd f =b= d
=3 8 €uleq —€q)? ora 7
n? 1
- for a = b, and a, ¢, d distinct
4 (e, —€c)(€q — €q)
n? 1
R et

We therefore partition the sum over a, b, ¢, d in (40) into sums of the same four
types as those giving a non-zero result above, written in the same order, noting that
each type requires multiple contributions because of the asymmetry with respect to
a, b, ¢, d of the € terms. This gives

1
(41) ZCXX w)Cx, x.,,(u) = =—=Ax(0,0,0)+ A+ B+C +D,

2n3
lu|<n

where, after abbreviating Qx to @, the sums A, B, C, D are given by

n 2
- 6:5 Z|Q ca)l’
1 T s 2
B=— 3 [t 6,) (Qe)* Qlea) Qe
,;1,}‘17 n + (€;£§+T 1 €bea ( ) )Q(Eb):| . E(a,eiﬁa_'i;be)l;)

C=-2 5 [+ g e+ ) Qe PN

no°
+ e ata (Qe)'Q ) )

0<a,b,c<n
a,b,c distinct
—(S+T) } Cad
+ - .
€p_a  €c a(Q ) (€a — €v)(€a — €c)’

D=-"0 3 [ + Q)P
HTN Q) @@

€a — €p)?
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By the definition (34),

n?+2
6n°

and substitution in (41) gives the required term in Ax(0,0,0). We complete the

proof by showing that the remaining sums B, C, D in (41) have the required form.

For the sum B, replace the sum over b (where 0 < b < n and b # a) by a sum over

k:=(b—a)modn (where 1 <k < n) to give

A= Ax(0,0,0),

n—1ln—1

B= 22 [< + ) (Qea)” Qlea) Qleasr)
(T ) (@) Q) Qe | G

and then use (34). For the sum D, use the same procedure together with the identity

(€q — eb)2 = —€q6|1 — eb_a|2.

For the sum C, replace the sum over b and ¢ by a sum over k := (b — a) mod n and
¢:= (c—a) modn to give

c=-2 D (65 41) (e + €F) 1Q(ea) PQleatr) Qleare)

a=0 1<k, f<n

T T (Qe) Qlearr) Qleare)

_|_€]:(S+T)€[ (Q(Ea))2 Q(eaJrk) Q(GGJFZ) ’ m7

and then use (34). O

The method of Hpholdt and Jensen [4] deals with the special case S = T = 0 of
Lemma 10.

Proof of Theorem 3. We apply Lemma 10 to the sequence X, ), setting S := ns(n)
and T := nt(n). Since S and T are integer for each n by assumption, the se-
quences X, X; and X,y appearing in (35) map to Xy(n)4s(n)» Xr(n)4t(n), and
X (n)+s(n)+t(n); Tespectively, so that the left hand side of (35) becomes

1
ﬁ Z CXr(n)7X7‘(n)+s(n) (u) CXr(n)+t(n)) Xr(n)+s(n)+t(n) (u)

|u|<n
We will prove the desired result by finding the asymptotic form of the right hand
side of (35) as n — oo, evaluating the sum D and the term involving Ax, ., (0,0,0),
and bounding the sums B and C.
Write R := |[nr(n)| and X = (20, 21,...,2n—1). Since the modified Legendre
sequence X satisfies

zjy/n  forn=1 (mod 4)

QX(Ej):{in\/ﬁ forn=3 (mod 4)

(see [10, p. 182], for example), where i := y/—1, the definition (34) together with
(37) gives

n—1

(42) AXT(n) (_], k, 6) = 6?7164»5 . TL2 Z La Latj Lat+k Lat-l-
a=0
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e The term involving Ax,,,(0,0,0). Since X is a modified Legendre sequence,

we have
0 forj=0
(43) = ory ="~
1 for0<j<n.
Therefore (42) gives
on? +1 o2n? +1
3In T a5 AXr(n) (07 Oa O) = W n2(n - 1)
2 -1
(44) :§—|—O(n ) asn — oo.
e The sums B and C. We have
1= 8 [Ax,,,(0,0,k)]
1Bl = 75 11— €2
k=1 k
_ n? Ry (k)|
5 Z = €k|2

by (42), (43) and the definition of Rx in Section 2. Then by (8),

45 Bl <
(45) 1B| ngzu_%'z

Since |Ax, . (0,k,0)] = |Ax, ., (k,0,0)] by (42), we also have

r(n)

CEEIDY

1<k,l<n
k#l

r(n)
6 [Ax. (0K, 0)|
|1 _€k| . |1 —€[|

v

12 Z n? |Rx((k — ¢) mod n) — xpm,
nb® o [1—er| |1 — e
)

by (42) and (43). Then using (8) and the inequality |z;zy| < 1,

24 1
C - -
| |_7’L Z |1—€k|-|1—€g|

1<k,t<n
k#6

Combining with (45), we obtain

n—1 2
24 1
B < — _—
SIBI +1C] < 3 <kz_:1 |1_6k|>
(46) =0(n *(logn)?) asn — oo,

since S 7} ﬁ < nlogn (see [4, p. 162], for example).

o The sum D. By (42) for 1 <k <n we have Ax, . (0,k, k) = n?

Ax, . (k,0,k) = €% - n%(n — 2), so that

v (

D:4(n_2)nz:1 S+€k+62R+S+T 1
n3 |1_€k|2
k=1

(n—2) and
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We wish to apply the identity

n—1 j 2 . 2 2
1 2
(47) E |1—€7k€k|2 = % (% — 5) _n 21_ for integer j satisfying [j| <n
k=1

(see, [7, p. 621], for example). By the definition of R, S, and T and the
assumptions r(n) = r + O(n1), s(n) = s + O(n~1), and t(n) =t + O(n~1),
as n — 0o we have

(48) R=nr+0(1), S=ns+ O(1), and T = nt + O(1).

Then, since |s| < & and || < § by assumption, we know that [S| < n and
|T| < n for all sufficiently large n.
— Case 1: 2R+ S+ T — 1] < n for all but finitely many n. In this case, we
apply (47) to show that, for all sufficiently large n,

o o) ()

2R+S+T—1 1\°| n2+2
+ - — i
n 2 8 '

By (48), as n — oo we find that
2 2 s 2 _
(50) D=2(s|=3)" +2(t|=3)" +8(r+ 5= 5)" =3 +0(n"").

— Case 2: 2R+ S + T — 1] > n for infinitely many n. In this case (48),
together with the assumption |r 4+ 5| < &, implies that

27
(51) |2r + s+t =1.
For each sufficiently large n, either 2R+ S+T—1| < n, so that (49) holds;
orelsen < |2R+ S+ T — 1| < 2n, in which case (by applying (47) with
j =2R+S+T+n—1, choosing the appropriate sign for & so that [j| < n)
equation (49) again holds but with the term (1 2R+ S+ T — 1| — %)2
replaced by (L |2R+S+T —1|— %)2 By (48) and (51), the contribu-
tion of this term as n — oois (1—3)? = (1—1)?, so the same conclusion
(50) applies as in Case 1.

The result now follows by substituting the asymptotic forms (44), (46) and (50)
in (35). O
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