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Abstract—Auto-correlation functions of low-density bi-
nary sequences generated by Bernoulli map and nonlinear
feedback shift registers are discussed in this paper. First,
we theoretically evaluate auto-correlation functions of low-
density chaotic binary sequences generated by Bernoulli
map based on chaos theory. Next, we numerically evaluate
auto-correlation functions of low-density periodic binary
sequences generated by nonlinear feedback shift registers
(NFSRs).

1. Introduction

Chaotic binary sequences with various correlation prop-
erties can be designed by using a class of chaotic maps
and binary functions [1]. Chaotic binary sequences can
be applied to CDMA communications, cryptosystems, and
Monte-Carlo simulations. Basically, in these applications,
chaotic binary sequences are designed as balanced se-
quences, that is, the probability of 1 (or 0) in the sequences
is equal to %

On the other hand, LDPC (low density parity check)
codes [2], which have been attracting attention recently, is
specified by a parity-check matrix with mostly 0’s and rel-
atively few 1’s. One of methods to construct row (or col-
umn) vectors of such a parity-check matrix of LDPC codes
is to use random numbers. Chaotic sequences can also be
used for constructing LDPC codes [3].

In this paper, we first evaluate auto-correlation functions
of low-density chaotic binary sequences generated by the
Bernoulli map based on chaos theory. Next, we evaluate
auto-correlation functions of low-density periodic binary
sequences generated by nonlinear feedback shift registers
(NFSRs) which can be regarded as finite bit realization of
the Bernoulli map [4].

2. Low-Density Chaotic Binary Sequences Generated
by Bernoulli Map

Using a one-dimensional nonlinear difference equation
defined by

Xpe1 = T(Xy), X, €l =1d,e], n=0,1,2,---, (1)

00

we can generate a chaotic real-valued sequence {x,} ),
where x, = 7"(x) (xo = x is an initial value). We trans-
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Figure 2: An example of binary functions given by eq.(5)
(m=3,i=2)

form such a real-valued sequence into a binary sequence
{B(xx)}”, by using a binary function B(x) (€ {0, 1}). The
theoretical auto-correlation function of such a binary se-
quence {B(x,)} , is defined by

C(:B) = f1 (B(x) = (B))(B(x'(x)) = (B))f*(x)dx, (2)

under the assumption that 7(x) has an invariant density
function f*(x), where (B) denotes the expectation of the
binary sequence {B(x,)}, defined by

(B) = f1 B (0dx. 3)

In this paper, we also use the normalized auto-correlation
function defined by R(¢; B) = C(¢; B)/C(0; B).
Here, we use the Bernoulli map 7(x) defined by
2 O<x<?d)
T(x)‘{ -1 (b<x<l)

“)
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Table 1: Theoretical normalized auto-correlation functions
R(¢; BY)

(e[t ]2 [3-]
B | 37| 17| 0
BY | -1y7|-17| 0
3)

BY | -1/7] 17| 0
B | -17 ]| -1/7] 0
3)

B | -1/7|-1/7| 0
BY | -1/7] 17| 0
BO | -1y7|-17| 0
BY | 3/7| 17| 0

Table 2: Theoretical normalized auto-correlation functions
R(¢; BY)

e[ 1 [ 2 | 3 [4-]
BY | 715 15| 1/15] 0
BY | -1/15 | -1/15 | =1/15 | ©
B | —1/15 | -1/15 | 1/15] 0
BY | -1/15 | -1/15 | =1/15 | 0
BY | -1/15 | -1/15 | 1/15] 0
BY | -1/15 15| -1/15| 0
BY | -1/15 | -1/15 | 1/15| ©
B | —1/15 | =1/15 | =1/15 | 0
BY | -1/15 | -1/15 | -1/15 | ©
B | —1/15 | -1/15 | 1/15] ©
B\ | -1/15 /5| -1/15| 0
BY | -1/15 | -1/15 | 1/15] 0
BY | -1/15 | =1/15 | =1/15 | 0
BY | -1/15 | -1/15 | 1/15] 0
BY) | -1/15 | =1/15 | =1/15 | 0
BY | 7/15| 1/5| 1/15] 0

which is one of the simplest piecewise linear chaotic maps
with the interval / = [0,1] and f*(x) = 1. The map is
shown in Fig.1. As will be shown later, the Bernoulli map
can be approximated by NFSRs with finite bits.
Furthermore, we use binary functions defined by
Bgm)(x) =0, (x) - ®%(x) @=0,1,---,2"-1), (5

m

where m is a positive integer and ®;(x) is a threshold func-
tion defined by

|1 (x=zp
©.(x) ‘{ 0 (x<1o. ©)

An example of such binary functions is shown in Fig.2,
where m = 3 and i = 2 (i.e., B(23)(x)). Since the invari-
ant density function of the Bernoulli map is f*(x) = 1,
the expectation (probability of 1) of the binary sequences
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Figure 3: Numerical results of normalized auto-correlation
functions R(¢; Bl@)

{Bfm) (X)), is given by (Bgm)) = 27" which implies the
sequences are low-density binary sequences for m > 2.

We theoretically evaluate the low-density auto-
correlation functions of the binary sequences {Bﬁm)(x,,)};‘;o
using Perron-Frobenius operator [5]. Consequently, the
normalized auto-correlation functions are given by

2m—( -1 ) )
W (I_%J =i mod 2m—[)
. plm)y _ )
RECB7) = ~3w—7 (Ll #imod 2m=t) )
0 (€ = m),

where | x| denotes the largest integer not exceeding x. Ta-
bles 1 and 2 show the results for the cases m = 3 and m = 4,
respectively. From these tables, we find that there are bi-
nary sequences with positive and negative auto-correlations
but there are no uncorrelated sequences.

We also numerically evaluate the auto-correlation func-
tions of the binary sequences {Bfm) (xn)}n’\':‘o1 using a com-
puter with 64-bit floating operation, where we set N =
1,000, 000. Figures 3 and 4 show the numerical results
with the theoretical functions. The numerical results are in
good agreement with the theoretical ones.
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Figure 4: Numerical results of normalized auto-correlation
functions R(¢; B§4) )

3. Low-Density Periodic Binary Sequences Generated
by NFSRs

Figure 5 shows a k-stage NFSR whose feedback cir-
cuit is nonlinear (a combinational logic circuit). Maximal-
period binary sequences of period 2* generated by k-stage
NFSRs are called de Bruijn sequences [6].

Let us transform a state of the register at time n, denoted
by {ax-1(n), ax—»(n), - - -, ap(n)}, into a decimal integer %, €
[0,2F — 1] as

fo=aon) 25+ ai(n)- 22+ o+ @ () - 20, (8)

Plotting (%,, X,+1) for an NFSR, we can obtain a one-
dimensional (1-D) map (so called, return map). An ex-
ample of such maps is shown in Fig.6, where k = 4. It is

nonlinear feedback
(combinational logic circuit)

34N [H—{a4n [H----—( a0 |

Figure 5: k-stage nonlinear feedback shift register
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Figure 6: An example of 1-D return map of NFSRs (k = 4)

0 000 001| 010 011 100 101 110 1110

0 1, 2, 3., 4505, 6, 7
232k 232k 232k 232k 232k 232k 232k ok
Figure 7: An example of binary functions given by eq.(9)
m=3,i=2)

easy to understand that the shapes of such 1-D return maps
are similar to the Bernoulli map denoted by solid lines,
which implies that the NFSRs approximate the Bernoulli
map with finite bits [4].

Noting that an integer sequence {%,)2' generated by
a k-stage NFSR corresponds to a real-valued sequence
{xa},2, generated by the Bernoulli map, we define bi-
nary functions for such a maximal-period integer sequence
(%125 by
BI(x) = 04 5(0) = Oumy(x) (i=0,1,---,2" = 1), (9)

where m < k. An example of such binary functions is
shown in Fig.7, where m = 3 and i = 2 (i.e., 3(23)(x)). Note
that égm) (x) can be realized by a combinational logic circuit
with m inputs, where m inputs are the most m significant
bits of the NFSR, that is, {ao(n),a,(n),--,a,,_1(n)}. For
example, the binary function 3(23)(x) in Fig.7 can also be
written as

~(3) _ 1 if ao(n)al(n)az(n) =010

B, %) _{ 0 otherwise. (10)
Since each integer in {0, 1, - -, 2k — 1) appears once in

. . o s 2k
a period of a maximal-period integer sequence {xn}izo1
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Table 3: Normalized auto-correlation values R(¢; l§§3)) for
some de Bruijn sequences of period 64 generated by 6-
stage NFSRs.

| i | ¢] DB1| DB2 [ DB3 | chaos |

v 377 3/71 377 3/7

o (21 171 7] 177 1/7
(000) | 3 0 0 0 0
4 0 0/ -1/7 0

1 =171 =171 =177 =177

v [ 2 =17 =17 =17 =177
001) | 3 0 0 0 0
all =171 =171 177 0

L[ =171 =171 =171 =177

2 |2 17 1y g 1/7
010) | 3 0 0 0 0
4l =171 =177 0 0

V[ =17 =171 =177 =177

3 (2l =17l =a7 =17 =177
011) | 3 0 0 0 0
a7 =17] 177 0

V[ =171 =171 =171 =177

4 (2 =17 =17 =177 | =177
(100) | 3 0 0 0 0
4l =17 =177 177 0

1T =171=171 =171 =177

s (20 w7l 17 17 1/7
(101) | 3 0 0 0 0
417 177 0 0

v =177 =171 =177

6 (20 =171 =1/71=1/71 =177
(110) | 3 0 0 0 0
all 7 7 -7 0

v 377 3/71 377 3/7

7 1210 17 1y 17 1/7
ainy | 3 0 0 0 0
all =171 =171 =177 0

of period 2%, the probability of 1 in a binary sequence
{I?Em)()%,,)}ii})l (or the average of the sequence) is equal
to 27", which also corresponds to the binary sequence
{Bgm)(x,,)};’l":0 generated by the Bernoulli map. Note that
the number of 1’s in the sequence {Bgm) ()Ac,,)}ﬁk:‘o1 is exactly
equal to 2%,

Now we define the periodic auto-correlation function of
a binary sequence {1@1(.'”)()%,,)}fl":‘o1 of period N = 2% whose
average is 27" by

N-1
A A 1 A N
. plm)y _ (m) ¢ & —my ¢ pm) ¢ 2 -m
CEB™ = 5 DB G2 B G moa v2 ™
(11)

Also, the normalized periodic auto-correlation function is
defined by R(¢; B™) = C(¢; B™)/C(0; B™). We numeri-
cally evaluate the periodic auto-correlation functions of the
low-density binary sequences {Bgm)()%,,)}ﬁk:‘ol generated by
k-stage NFSRs, where k = 6 and m = 3. Table 3 shows the
normalized auto-correlation values R(¢: 353)) =1~4
for three different de Bruijn sequences (denoted by “DB1”,
DB2”, and “DB3”) of period 64. In the table, the column
denoted by “chaos” shows the theoretical values given in
Table 1. There are some different auto-correlation values
at £ = 4 for the three de Bruijn sequences. However, the
auto-correlation values for ¢ < 3 are equal to each other
and they are exactly equal to the theoretical values.

4. Conclusion

We theoretically and numerically evaluate auto-
correlation functions of low-density chaotic binary
sequences generated by Bernoulli map. We also numer-
ically evaluate auto-correlation functions of low-density
periodic binary sequences generated by NFSRs. It is
remarkable that the auto-correlation values of low-density
periodic binary sequences generated by NFSRs are
completely equal to the theoretical ones for small time
delays. The application of such periodic low-density
binary sequences to LDPC codes is a future topic.
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