Contemporary Mathematics

The merit factor of binary sequence families
constructed from m-sequences

Jonathan Jedwab and Kai-Uwe Schmidt

ABSTRACT. We consider the asymptotic merit factor of two binary sequence
families obtained from an initial binary sequence family using a “negaperiodic”
and a “periodic” construction. When the initial sequences are m-sequences,
both of the constructed families have the same asymptotic merit factor as the
initial family, at all rotations of sequence elements. A similar property was
previously shown to hold when the initial sequences are Legendre sequences.
However we show by example that this property appears to fail for a general
initial sequence family.

1. Introduction

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

n—u—1
a;iGir, for0<u<n
Ca(u) = Jgo 7
Ca(—u) for —n <u <0,

and its energy E(A) is C4(0). Provided that Zo<\u|<n[cA(u)]Q > 0, the merit
factor of A is defined to be

[E(A)?
FA) = ————>——.
> [Ca(u)]?
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 F(A) = n. Our objective is to understand the
behaviour, as n — o0, of the optimal value of the merit factor F(A) as A ranges
over the set of all 2" binary sequences of length n.
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The merit factor is important both practically and theoretically. The larger
the merit factor of a binary sequence that is used to transmit information by mod-
ulating a carrier signal, the more uniformly the signal energy is distributed over
the frequency range; this is particularly important in spread-spectrum communi-
cation [BCHS85|. The optimal value of the merit factor of a binary sequence is
studied in complex analysis, in statistical mechanics, and in theoretical physics and
theoretical chemistry (see [Jed05] for a survey of the merit factor problem, and
[Jed08] for a survey of related problems).

The only non-trivial infinite families of binary sequences for which the asymp-
totic value of the merit factor is known are: Legendre sequences and some gen-
eralisations, including Jacobi and modified Jacobi sequences; m-sequences; and
Rudin-Shapiro sequences and some generalisations. The largest proven asymptotic
merit factor of a binary sequence family is 6, which is attained by rotated Legendre
sequences (see Theorem 5). Furthermore, there is numerical evidence, although not
yet a proof, that a merit factor value greater than 6.34 can be consistently attained
for long binary sequences [BCJ04].

In this paper, we study two product constructions that were previously analysed
in [STPO09]. A first, “negaperiodic”, construction inputs a length n binary sequence
and outputs a length 2n binary sequence. A second, “periodic”, construction inputs
a length n binary sequence and outputs a length 4n binary sequence. We find
in both the negaperiodic and the periodic case that the asymptotic merit factor
of the output sequence family is the same as that of the input sequence family,
at all rotations of sequence elements, when the input sequences are m-sequences.
The same property was previously shown to hold (up to rotation of both output
sequences by the same amount) when the input sequences are Legendre sequences.
However we show by example that this property appears to fail for general input
binary sequences.

2. Definitions and Notation

In this section we introduce further definitions and notation for the paper.
Let A = (ap,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
S ajbjp, for0<u<n
Cap(u):=4 j=0 7"
CB7A(—U) for —n <u < 0.

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

1 1

2
(2.1) A - L e lgn[cA(u)]
for the reciprocal merit factor 1/F(A).
Given a sequence A = (ag, a1, ...,a,—1) of length n, we regard any expression
for the sequence subscript to be reduced modulo n, so that a;;,, = a; for all i; we
write [A]; to denote the sequence element a;. Let A = (ag,a1,...,an—1) and B =

(bo, b1, .. .,bm—1) be sequences of length n and m, respectively. The concatenation



MERIT FACTOR OF BINARY SEQUENCES 3

A; B of A and B is the length n + m sequence given by

gy | fr0si<n

bj—p forn<j<n+m.
Provided ged(m,n) = 1, the product sequence A ® B of length mn is defined by
[A® B]j :=ajb; for 0<j<mn.
Provided ged(d,n) = 1, the d-decimation of A is the length n sequence C defined
by
[C]; :==aq; for0<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

[Ar]j == ajq|nry) for 0<j<m,

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

As]; = Ajtnr) for0<j<n—|nr]
" —Qjqnr] forn—|nr] <j<n.

The sequence A 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

Ap = (4, =+, = =+, +),
Ar=(+,—,+,—— — =),
(A =A)e = (+,—+,— — — —, =+, =+ + +, +).
Given a sequence A = (ag,a1,...,a,—1) of length n, the z-transform of A is

the function @4 : C — C given by
n—1
(2.2) Qa(z) =Y a;2.
j=0

3. m-sequences

This section provides background and some required results on m-sequences.
Let GF(2™) be the finite field containing 2 elements, and let tr : GF(2™) —

GF(2) be the absolute trace function on GF(2™) given by tr(z) := Z;’L:Bl 2? . An
m-sequence X = (2o, %1,...,Tn—1) of length n = 2™ — 1 is defined by

(3.1) z; = (=10 for0<j<n

for some primitive element o of GF(2™) and some nonzero element 3 of GF(2™).
We shall require the following properties of m-sequences (see [GGO5] for a

detailed modern treatment; these properties were originally derived using an alter-

native definition of m-sequences involving a linear recurrence relation [Gol67]).

LEMMA 1. Let X = (g, x1,...,Zn—1) be an m-sequence of length n = 2™ — 1,
as in (3.1).

(i) The rotated sequence X, is an m-sequence for every real r.
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(ii) ([Gol67, p. 78]) Provided that ged(d,n) = 1, the d-decimation of X is an
m-sequence.

(iii) ([Gol67, Thm. 4.3]) There is a permutation w of {1,2,...,n—1}, determined
by the primitive element o in (3.1), for which

(3.2) TiTjyu = Tjpn) Jorallue{l,2,...,n—1} and for all j.

(iv) ([Gol67, p. 86]) Let ¢; := e2™V=Li/n for integer j. The z-transform of X
satisfies

1 for =0 (mod n)

n+1 otherwise.

|Qx(ej)* = {

The asymptotic merit factor of an m-sequence was calculated as 3 by Jensen
and Hgholdt in 1989, which by Lemma 1 (i) implies:

THEOREM 2 ([JH89]). Let X be an m-sequence of length n = 2™ — 1 and let
r be a real number. Then
lim F(X,)=3.

n—-oo
4. The Negaperiodic and Periodic Construction

In this section we describe the negaperiodic and periodic constructions, out-
lining how they will be applied to m-sequences and summarising their previous
application to Legendre sequences.

Let X be a sequence of odd length n. The negaperiodic construction applied
to X outputs the length 2n sequence N(X), where

N(X);—=N(X) =X (+,+,—,—-).
The periodic construction applied to X outputs the length 4n sequence
PX)=X® (+,+,+,—).
The following result gives an expression from which we can calculate the merit
factor of N(X) at negaperiodic rotations:

LEMMA 3 ([SJP09, 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 r be a real number, and write p := |nr|/n and
0:= nz—-;l Then, as n — o0,

> [Conixy, W)

|u|<2n
=Y ([Cz. () + Cz, s (W] +[Cry. 2,5 (W) = Crp s 2,005 (W) + O(D)]?) .
Ju|<n

Similarly, the following result gives an expression from which we can calculate the
merit factor of P(X) at periodic rotations:

LEMMA 4 ([SJP09, Lemma 7]). 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 4-decimation of X. Let r be a real number, and write p := |nr]/n and

5. {%Zl forn=1 (mod 4)

il forn=3 (mod 4).
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Then, as n — 00,

3

3 ik(i+k+2 :
> [Coreon, @] =>" > (Z(—UI 5 )Cz,,.+,.5,z,,+<i+k)a(u)+O(1)> :

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

We will consider the sequences N(X) and P(X) in the case that X is an m-
sequence. By Lemma 1 (ii), the asymptotic form of the expressions in Lemmas 3
and 4 involving the decimated sequence Z can then be determined, provided we
can evaluate the asymptotic form of 3°, _,, Cx x. (u) Cx, x,,, (u) for suitable real
s and t; this evaluation will be carried out in Section 5.

A Legendre sequence X = (xo,x1,...,2Zn—1) of prime length n is defined for
0<j<nhby

1 for j a square modulo n
e
’ —1 otherwise.

The asymptotic merit factor of a Legendre sequence was calculated for all periodic
rotations by Hgholdt and Jensen in 1988:

THEOREM 5 ([HJ88]). Let X be a Legendre sequence of prime length n > 2,
and let 7 be a real number satisfying |r| < 3. Then

1 _1 1\2
i Fx) o o=

n——oo

Lemmas 3 and 4 were previously used to obtain asymptotic merit factor results for
N(X) and P(X) in the case that X is a Legendre sequence:

THEOREM 6 ([SJP09, Theorems 5 and 8]). Let X be a Legendre sequence of
prime length n > 2, and let r be a real number satisfying |r| < % Then

im F((N(X)y)  Tm F((P(X)),)  |&+8(r| - 42 ford<pr|<i

n——m>0o0

1 1 {%—FS?"Q for|r| < 1

The results of Theorems 5 and 6 are displayed in Figure 1, for r taking values
in the range [0,1) (noting that any sequence A satisfies A,41 = A, for all r).
The left graph shows how the asymptotic merit factor of a Legendre sequence X
varies with periodic rotation r. The right graph shows how the asymptotic merit
factor of N(X) varies with negaperiodic rotation r; the same graph also shows
how the asymptotic merit factor of P(X) varies with periodic rotation r. Each of
the functions represented in the right graph is simply a translation of the function
represented in the left graph.

5. Asymptotic Cross-Correlation Expression for m-Sequences

In this section we find the asymptotic value of }7,, _, Cx.x, (u) Cx, x.., (u)
for real s, t and an m-sequence X of length n, in readiness for the calculation in

Section 6 of the asymptotic form of the expressions in Lemmas 3 and 4.
Write

— 6271'\/71]’/71

€; for integer j.



6 JONATHAN JEDWAB AND KAI-UWE SCHMIDT

F F

'S
T

'S
T

3 3

2 2L

1t 1t

! ' ' - r ! ' ' - r
0 0.25 0.5  0.75 1 0 0.25 0.5  0.75 1
FIGURE 1. Variation of asymptotic merit factor of a Legendre se-
quence with rotation, before (left graph) and after (right graph)
application of the negaperiodic/periodic construction.
Given a sequence A = (ag, a1, ...,a,—1) of length n, let

(5.1) Aa(d, k. 0) ZQA €a)Qa(€at;)QA(carr)Qalears) for integer j, k, £,
using the definition (2.2) of the function Q4. The following result generalises the
method of Hgholdt and Jensen [HJI88] for calculating the reciprocal merit factor of
an arbitrary sequence of odd length n as the sum of expressions involving complex
nth roots of unity:

LEMMA 7 ([STPO09, 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

2n? 41
Z CXX Cxt7 bﬂ( )— Ax(0,0,0)+B+C1+CQ+D1+D2,

3nd
lu|<n
where
— —(S+T—-1) ——  l+e
Z |: €k +€k AX(O 0 k) ( € +€k)AX(0,0,k)i| . m,
k=1
—(S+T-1) T S
2 (€x +en) (el +¢7)
= —— A k¢
G ns 13;@ 01— en)(l—e) x(0,k,0),
()
2 SeTAx (k,0,0) + e, T Ve, Ax (K, 0, 0)
Cr=—" )

(1—ex)(1—ep) ’

1<k, <n
k#L

_ 5k+€k
D17H5Z| = Ax(0,k, k),

n-l S+T-1
D22n5z|1—6k|2 x (K, 0, k).

We wish to apply Lemma 7 to an m-sequence X. The following lemma bounds
the magnitude of some of the terms that will result.
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LEMMA 8. Let X be an m-sequence of length n = 2™ — 1. Then

(5.3) [Ax(0,k, 0)| <n(n+1)  for0<k,l<n, where k # ¢,
(5.4) IAx(k,0,0) <n(n+1)% forl<kt<n.

PROOF. Let « be the primitive element of GF(2™) appearing in the defini-
tion (3.1) of the m-sequence X = (xg,1,...,%n—1), and let © be the permuta-
tion determined by « satisfying (3.2). Then by the definition (2.2) we have, for
0<k<n,

Qx (6(1 QX €a+k Z Z mTLj€q ;ik

—1
_ ) LU =]
= E TjtuTi€ €7,

u=0 j7=0

by writing u := (m — j) mod n. The v = 0 summand of this expression is zero, and
then by (3.2) we get, for 0 < k < n,

n—1n—1

Qx (6)Qx (€asr) = Z Z i pn(u)€r —(j+m(u)) W(u) el

u=1 =0
n—1
(5.5) = Qx(er) Y en e,
u=1

It follows from the definition (5.1) that, for 0 < k,¢ < n and k # ¢,

n—1

Ax(0.k,0) = >~ (Qx(e)@x(eare)) (Qux(e)@x (earn))

a=0

n—1ln—1

_QX GZ QX 51@ ZZ m(u) _W(U)Z uU—v

u=1 v=1
n—1

=nQx(e)Qx(er) Y &y

u=1
= Ox(e)Qx (en)er ),

which implies (5.3) using Lemma 1 (iv).
We can similarly use (5.5) to show that, for 1 < k, ¢ < n,

n—1

x(6,0.0) = 3 (Qx(e)Qx(ewrn)) (Qx(e)Qxearr))
a=0

n—1n—1

n—1
_ QX(%)QX(Q) Z Z €Z(U)GZ(’U) Z GZ'H’
a=0

u=1 v=1

n—1
=nQx(er)Qx (er) Z ez(u)eg(n—u).
u=1
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This implies (5.4) by using Lemma 1 (iv) together with the inequality

7r(u 7r(n w)

(n—i—l)% for 1<k t<n

(see [JTJH91, Lemma 3.5], for example). O

We now apply Lemma 7 to an m-sequence X in order to evaluate the desired
asymptotic form.

THEOREM 9. Let X be an m-sequence of length n = 2™ — 1, and let s and t
be real numbers satisfying |s| < 1 and |t| < 1. Let {s(n)} and {t(n)} be sets of
real numbers such that ns(n) and nt(n) are integers for each n, and such that, as
n — 00, s(n) = s+ 0(n~t) and t(n) =t + O(n1). Then, as n — oo,

Z Cx Xb(n) CXt(n) Xb(rt)+t(7L)( )

|lu|<n
= 542(sl =) +2(1t - 3)* + 0 (n F0gn)?) .

ProOOF. Apply Lemma 7 to X, setting S := ns(n) and T := nt(n). Since S
and T are integers for each n by assumption, the left hand side of (5.2) becomes

Z CX X§(77 CX{(n 7Xs(n)+t(n)(u)'

lul<n

We now prove the result by finding the asymptotic form of the right hand side of
(5.2) as n — oo, evaluating the term involving Ax(0,0,0) and the sum D;, and
bounding the sums B, Cy, Cs, and Ds.

The term involving Ax(0,0,0). From (5.1) and Lemma 1 (iv) we have

2n% 4+ 1 2n? + 1 9
WAX(OaOvO):W(l"'(n_l)(n"_l) )
2
(5.6) =3 +0(Mn ") asn — oco.

The sum Dy. From (5.1) and Lemma 1 (iv), for 1 < k < n we have
Ax(0,k, k) =2(n+1)+ (n —2)(n+ 1)
(5.7) =n’(1+0(n")) asn— o.
We wish to apply the identity

n? (i 1\> n2+2
(5.8) Z = €k|2 =5 <? 5) BT for integer j satisfying |j| < n

(see, [JJHI1, p. 621], for example). By the definition of S and T and the
assumptions s(n) = s + O(n~!) and t(n) =t + O(n~1), as n — oo we
have

(5.9) S=ns+0(1) and T = nt + O(1).

Then, since |s| < 1 and |t| < 1 by assumption, we know that |S| < n
and |T'| < n for all sufficiently large n. Therefore, by (5.7) and (5.8), as
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n — oo we have

4 o n2 1S 1N\ m2m 1\ n?+2
Di= 25 (1+0(n ))l7(7_§ 5 %) o
2 2 _
(5.10) =2(]s|—4)" +2(t|l-3)" -+ +0(n™"),

by (5.9).
The remaining sums. By Lemma 8, we can bound the remaining sums by

8|AXOOk| 2\ 4[Ax(0, K, 0)|

Ek|2 nd

1Bl +1Ci] = — E:

1oren T el [1— el
kL

e e I
|1 €k|2 |1 —6k| . |1 —6@|

1<k, L<n
k£l
8(n+1) gf L\
n -+
ot <k—1 |1_€’“|> 7

2 2|A kOf A kOk‘
ol + Do) < =y ZAxB0OL H5Z' Xt

n? 1<k, £<n 1 —exl- |1_€€| 1 — ex)?
)

2
n+1 i
P |1—6k|

(n+1)2(|B] +|C1]) + (|Ca| + |Ds])

n—i—lg — ?
e (S )
)2

(5.11) =0 (n_% (logn

\ /\

N

| /\

Therefore

|B+ C1 + Ca + Dy

IN

as n — 00,

since 22;11 ‘17—1@' < nlogn (see [HI88, p. 162], for example).

The result now follows by substituting the asymptotic forms (5.6), (5.10), and
(5.11) in (5.2). O

There is no loss of generality in Theorem 9 arising from the constraints |s| < 1 and
|t| < 1, since any sequence A satisfies A1 = A, for all r.

6. Asymptotic Merit Factor Calculation

In this section we apply Lemmas 3 and 4 to an m-sequence X, using Theorem 9
to evaluate the resulting asymptotic form. In this way we calculate the asymptotic
merit factor of N(X) and P(X).

We firstly note the following result, under which o(y/n) elements of a length n
sequence can be changed by a bounded amount without altering the asymptotic
reciprocal merit factor:
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PROPOSITION 10 ([STP09, 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(v/n) and that F(A(n)) = O(1) and E(A(n)) = Q(n)." Then, as n — oo, the
elementwise sequence sums {A(n) + B(n)} satisfy

! = (14 0(1)
F(A(m) + B(m) _ F(A() |

We now prove the main results of the paper as Theorems 11 and 12.

THEOREM 11. Let X be an m-sequence of length n = 2™ — 1, and let r be a
real number. Then

lim F((N(X))7) = 3.
PRrROOF. Let N(X) = (yo,¥1,---,Y2n—1) and write p := |[rn|/n. By the defini-
tion of negaperiodic rotation,

Y(j+2nr]) mod 2n for 0 < j <2n— |_2’I’L’I"J
(N(X))e], =4 Ytz |
—Y(j+(2nr]) mod 20 fOT 20 — [2n7] < j < 2n,
Y(j+2|nr]) mod 2n for 0 S] < 2n — ZI_HTJ
(Nl =4 o) _
~Y(j+2[nr]) mod 2n fOr 2n —2|nr| < j < 2n.

For each n, either |2nr| = 2|nr|, in which case the length 2n sequences (N (X))r
and (N (X)); are identical, or else |2nr| = 2|nr| 4+ 1, in which case (N (X)) and
(N(X))7 share a common subsequence of length 2n — 1. So by Proposition 10, it
is sufficient to show that lim, .. F((N(X))z) = 3.

Let Z be the 2-decimation of X. By Lemma 3, as n — oo we have

% Z [Cvixy, (w)]?

|u|<2n

(6.1)
= ﬁ Z ([CZT (u) + CZ'r~+6 (U')]Q + [CZTWZ’V'+5 (U') - CZW~+5,ZW~+25 (u) + 0(1)]2) )

|ul<n

where § = d(n) := %L Ignoring temporarily the term O(1), the six terms in the
expansion of the right hand side of (6.1) each take the form

1
ﬁ Z CZ7'+it§az'r~+(i+k)§ (u)CZ'V'+]57Z7'+(j+k)5 (u)
|lul<n

for some 4, j, k € {0,1}. Furthermore, Z, ;s is also an m-sequence, by Lemma 1 (i)
and (ii). We can therefore apply Theorem 9 with X = Z,,,5 and s(n) = kdé(n)
and t(n) = (j — i)6(n) (noting that nd(n) is integer for each n and that d(n) =

1We use the notation o, O, and © to compare the growth rates of functions f(n) and g(n)
from N to RT in the following standard way: f(n) = o(g(n)) means that f(n)/g(n) — 0asn — 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)).



MERIT FACTOR OF BINARY SEQUENCES 11

24+ O(n™1)) to show that, as n — oo, the terms in the expansion of the right
hand side of (6.1) are given by

1
) Z CZ'V~+iéazrr~+(i+k)§ (U)CZ7'+anZ'r~+(j+k>5 (u)
jul<n
2
(6.2) =3+2(i- %) +2 (551 - 1) +0 (nhogn)?) .

Since the right hand side of (6.2) is O(1) as n — o0, by the Cauchy-Schwarz
inequality the additional contribution arising from the inclusion of the previously
ignored term O(1) in (6.1) is O(n~2), which can be neglected. Using (6.2) to
evaluate the expansion of the right hand side of (6.1), we then find that

2 4
|ul<2n
and the required result follows from (2.1). 0

THEOREM 12. Let X be an m-sequence of length n = 2™ — 1, and let r be a

real number. Then
lim F((P(X)).) = 3.
n——-mao

PROOF. The proof is similar to that of Theorem 11. Write p = [rn]/n.
The length 4n sequences (P(X)), and (P(X)), share a common subsequence of
length at least 4n — 3, and so by Proposition 10 it is sufficient to show that

Let Z be the 4-decimation of X. By Lemma 4, as n — oo we have

1 2
= > [Crexn, )]
|u|<4n
p 2
1 3 3 ih(ith+2)
(6.3) = n2 Z Z(_l) CZ7+it§aZ'y~+(i+k)§ (w)+0(1) | ,
k=0 |u|]<n \t=0

where § = §(n) := %L (since n = 3 (mod 4) for all n > 1). Z, s is an m-sequence,
by Lemma 1 (i) and (ii). We can therefore apply Theorem 9 with X = Z, ;5 and
s(n) = ké(n) and t(n) = (j —4)d(n), where ¢, j, k € {0,1, 2,3}, to show that

1
) Z CZT+115,ZT+(11+k>5 (U)CZr+j5,ZT+(j+k>5 (u)
|ul<n
Ikl 1 2 =il _ 1)? -1 2
(6.4) 3—1—2( 5) +2( 1 —§> —l—O(n 2(logn)>
as n — oo. Expand the right hand side of (6.3) and substitute from (6.4), ne-

glecting the contribution of the term O(1) in (6.3) as in the proof of Theorem 11,
to give

ik (it k+2)tikGtk+2) k 2 i 2
- Yy (e (W ()Y,

0<k,i,j<3
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Direct evaluation of the sum over k, ¢, and j reveals that

. 1 2 4
Jm s 2 [Coron, )] = 3,
|u|<4n
and the required result follows from (2.1). O

7. Conclusion

Comparison of Theorems 11 and 12 with Theorem 2 shows that the graphical
property noted at the end of Section 4 for Legendre sequences also holds for m-
sequences. These results suggest the possibility of three general properties of odd-
length binary sequence families X:

(a) there is a constant ¢ = ¢(X) for which

(7.1) lim F((N(X)) = lim F(X,) forallr,
n—>00 n—0o0

r+c>

provided both limits exist.
(b) there is a constant d = d(X) for which

(7.2) lim F((P(X))r4q) = lim F(X,) forallr,

provided both limits exist.

(7.3) lim F((N(X))7) = lim F((P(X)),), forallr,

n——-maoo n——moo
provided both limits exist.
However we now show numerically that at least one of these proposed properties,
namely (7.3), appears not to hold in general.
The Rudin-Shapiro sequence pair A" B(™) of length 2™ is defined recursively
by

B(m) .= A(m=1). _g(m—1)

)

{A<m> = Alm=1), Bm=1)

where A(®) = B = (4). Littlewood calculated the asymptotic merit factor of
each sequence A™ and B("™) of a Rudin-Shapiro pair to be 3 in 1968:
THEOREM 13 ([Lit68]). Let A", BU™ be a Rudin-Shapiro pair of length n =
2™, Then
F(A™) = p(BM) = 3

Remove the initial element of the sequence A to produce a sequence A, of
odd length 2™ — 1 (whose asymptotic merit factor remains 3, by Proposition 10).
It appears from the data shown in Figure 2 that

(7.4) F(N(A;™))~3 and F(P(A;(™))~1.5 for large m,

which in turn implies that (7.3) is false for X = A§m> and r = 0.

We propose the following open problems:

(1) Can the apparent property (7.4) be proved?



MERIT FACTOR OF BINARY SEQUENCES 13

F
4r %
30

I Negaperiodic
oL construction

Kk kK kK ok ko k Kk k Periodic
Ly construction
‘ ‘

1 23 456 7 8 91011121314 1516 17 18

FIGURE 2. Variation of merit factor of N(Agm)) and P(Agm))

with m, where AY”) is the Rudin-Shapiro sequence A(™) of
length 2™ with the initial element removed.

(2) For r # 0, how does the asymptotic value of F((AY”))T), F((N(Agm)));), and
F((P(A™)),) behave?

(3) For which odd-length binary sequence families X do properties (7.1), (7.2), and
(7.3) hold?

In closing, we remark that the asymptotic value of F((N(X))7) and F((P(X)),)
can be calculated in the case that X is a Jacobi sequence or modified Jacobi se-
quence of length pg, by following the method of [JJH91] and deriving the corre-
sponding version of Theorem 9 for such a sequence. Under the same conditions on
the relative growth rate of the primes p and ¢ as in [JJH91, Eq. 5.11], the resulting

asymptotic merit factor graphs are identical to the right graph of Figure 1. The

special cases r =0 and r = % of this result were proved for p = ¢ = 1 (mod 4) by

Xiong and Hall [XHO08, Thm. 5.2].
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