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New systems of binary sequences, that give the similar correlation properties after signal processing
as that of the Barker sequences, are suggested and analyzed. The author considers processing of such
systems, as well as ways of their application to radio systems and their comparison with complementary
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Barker sequences (codes) are generally well
known in telecommunication systems (DSSS
technology, synchronization) and radar techno-
logy. They are characterized by low sidelobes
of normalized autocorrelation function (ACF)
IRSL(1)| <1/N (N is the length of sequence) [1].
Binary Barker sequences (elements a; € {1}) are
only known for lengths N = 2; 3; 4; 5; 7; 11; 13.
There are no these sequences for odd lengths
N > 13, but it is unknown about an existence
of these sequences for even lengths N > 4
[2, p. 109]. Ternary Barker sequences (elements
a; € {0, =1}) are also known up to length N = 31
[é, p. 23]. There is a known kind of sequences
called “Generalized Barker Sequences (Codes)”,
they are polyphase sequences which consist of ele-
ments a; € {exp(j-2nk,/M)}, k<M [4]. Polyphase
Barker sequences are known up to length N =77 [5].

The problem boils down to a controversy con-
cerning the existence of sequences or systems of
sequences with a greater length that would make
it possible to obtain after their processing an ACF-
signal with a low value of sidelobes and a narrow
central-lobe (as that of the Barker sequences). One
of the solutions of this problem is the complemen-
tary sequences [6]. They are pairs of sequences of
lengths N = 2710%26™ (n > 0, k> 0, m > 0; except
for the case n = k = m = 0) with a property that
the result of adding of sidelobes of their ACF is
equal to zero. Complementary sequences are used
in pulse compression radar systems, telecommu-
nication systems TEEE 802.11b/g and other ap-
plications. Although the complementary sequences
are a good technical solution, the optimal ACF
structure synthesis problem still hasn’t been solved
in general, and there may be some other kinds of
sequences that can, for instance, provide better
noise stability of radio systems and consistency
with some digital modulation techniques, e.g.,
QAM.

This research is a continuation of the research
described in [7] and concerns the problem of syn-
thesis of the optimal ACF structure. The goal of
this study is to suggest new systems of binary se-
quences ggeneration rules for such sequences) and
their application in signal processing, which would
make it possible to obtain ACF-signals with the
maximum normalized absolute value of sidelobes
1/N .. (as that of the Barker sequences), where
N_ . 1s the maximum length of sequence in the
system of sequences.

Systems of Barker-like Sequences

Systems of sequences being suggested consist
of the Barker sequence a = {—1; 1; —1; —1; —1}
(length N = 5) and binary sequences of lengths
N =2027, q=0,1, 2,3, ..., which can be ob-
tained by using the generation rule

(—1, i=1;

-, 1=2m+1;

=1 "ay,,, 1=2n;

g = Ay, for subtype A, i= Nt 1-2n: )

—-a,, forsubtype B,
-a,, , forsubtype A, i= N+2-2n:
a,,  forsubtype B,

im=1,(N/4-1); n=1,N /4.

Such systems of sequences allow to obtain, after
the joint signal processing (considered below), an
ACF-signal with the maximum normalized abso-
lute value of sidelobes 1/N ., which would match
to the maximum value of sidelobes in a Barker
sequence of length N, if it existed. Therefore,
such systems of sequences may be called “Barker-
like systems of sequences”.

Such system can contain subtype A or subtype B
sequences (signs of some ACF sidelobes depend
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0, t=2+4m, m:0,(

4

N >12 in
N,t=0;
{ 1 forsubtype A, _ _ {3
R(z) =) [—1 forsubtype B,
N

1);

on the subtype, but their absolute values do not
depend on the subtype).

Generation rule (1) generally gives binary se-
quences of lengths N =4k, k=1, 2, 3, ..., but in
our case only lengths N = 20-29, ¢ =0, 1, 2, 3, ...
are required.

The ACF of sequences that have been obtained
by (1) is partly presented for certain T values and

(2)

It is important that the central lobe of ACF
R(0) = N is always separated from the first
high sidelobe by low sidelobes (0 or +1); high
sidelobes are concentrated between zero sidelobes
(att=2+4m, m=0,1,2,3, ...).

The structure of sequences which have been
obtained by (1) is shown in Fig. 1.

Signal processing and ways of using Barker-
like systems of sequences

Signal processing and ways of application of
the suggested systems of sequences are based on
the following property of the systems: the result
of multiplication of ACF-signals (at the outputs
of matched filters), that exist at the same time
interval and match to these sequences, constitutes

U,(H)
1
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Fig. 1. Structure of suggested subtype A (a) and subtype B (b) sequences
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Fig. 3. Matched filters for sequences
N =5 (a) and N,=20 (b)
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Fig. 4. Forms of signals after MF for sequences N ;=5 (&) and N,=20 (b), and the result of their multiplication (c)
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shortest element of sequences in all the system)
and low sidelobes (normalized absolute values do
not exceed 1,/N,,.y).

Let us take a detailed look at signal processing
by using the example of the Barker-like system
consisting of two sequences {—1; 1; —1; —1; —1}
(N, =5, Barker sequence) and {-1; 1; —1; —1; 1;
-1; —-1; -1; 1, —-1; —1; —1; -1; 1; —1; —1; —1; 1;
1; 1} (N, = 20, sequence of subtype A). In Fig. 2
are shown signals for those sequences (the same
time interval, e. g. 20 ps, is used). Matched filters
(MF) for signals of each sequence are shown in
Fig. 3, and ACF-signals after the matched filters
and the result of their multiplication (central-lobes
of ACF-signals are reduced to the zero moment)
are illustrated in Fig. 4.

In the case of the suggested systems of sequences
the multiplication of ACF makes it possible to
combine their advantages (low sidelobes of ACF,
and narrow central-lobe of ACF,) and neutralize
their disadvantages (wide central—zlobe of ACF, and
high sidelobes of ACF,). It is possible because the
ACF of suggested sequences has a comb structure:
the central-lobe is always separated from the first
high sidelobe by low sidelobes (0 or +1) — this
results in the appearance of a narrow central-lobe
after multiplication. High sidelobes are also sepa-
rated from one another by zero sidelobes. Thus low
and high sidelobes of different ACFs are partially
or totally cross-thinned — this leads to partial or
total sidelobe suppression.

Characteristics of some of the suggested Barker-
like systems of sequences (data are confirmed by
computer modeling) are given in Table 1.

Theoretical justification of the fact, that the
maximum normalized absolute value of ACF
sidelobes is 1/N . for any possible number of
sequences in a system, is expected in further re-
search.

Using the Barker sequence of length N =35 in the
suggested systems is important for the considered
case, because if other basic binary Barker sequence
(e.g., N=13) and system (e.g., N,=13 and N,=52)
were used, the resultant maximum normalized
absolute value of sidelobes wouldn’t be 1/N_
(for the case N,=13 and N,=52 it would be 7,/169,
which is more than 1/N__ =1/N,=1/52).

In Fig. 5 is shown the signal processing system
for Barker-like systems of sequences. Delay lines
(29%1 = 0.5)1,,, in this system are used to align in
time the centers of the central lobes.

In Table 2 an example of possible modulation
scheme for DSSS technology is shown. In this
example we have used the system of sequences
N,=5 and N,=20 and QPSK modulation with
Gray coding.

In our example, for correct operation of the signal
processing system in a DSSS-transmitter, to transmit

U, (f) MF for
——>| sequence
N, =5
Ut MF for
——>| sequence .51,
N, =20
Qutput
U;(f) MF for
———>| sequence 3.51,
N, =40
U,..(t) MF for N
227 51 sequence @705, o TIs
N “ 202972

Fig. 5. Signal processing of Barker-like systems
of sequences

Table 1
Characteristics of some of the suggested Barker-like systems of sequences
Central-lobe Maximum normalized
. ) Example of
. width of ACF value of sidelobes of :
Sequences in the system in the result of ACF in the result of the suitable
S AP modulation
multiplication multiplication
N, =5and N, = 20 T /20 1,20 QPSK
N, =5, N,=20and N, = 40 Ty /40 1,/40 8-PSK
16-PSK or
N, =5, N,=20, N;=40 and N, = 80 Ty /80 1,80 16-OAM
N, =5, N, =20, N; =40, N, =80 i
and N, = 160 Ty /160 1,/160 32-QAM
N, =5, N, =20, Ny =40, N, = 80, i
N, = 160 and N, = 320 Ty /320 1,320 64-QAM

T — signal duration.
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Table 2
Example of using of the considered sequences in DSSS
Bit 1 0
Chips
-1 1 -1 -1 -1 —1 1 -1 -1 -1
(N,=5)
Chips
AN -1 - -] |- Tt -t 1|1 |-1f-1-1
(N2=2O)
QPSK |z|3z|x|x [5a|7x|7n|7e3x| n | x| & | & 3x| & | & | & |3x|3x|3x3x| & |3n|3n|7x|5x|5n|5n| & |3x|3x3x3xn| = |3n|3n(3n| x| x| &
phases |4|4|4|4[4| 44|44 |4|4|4|4|4[4|4|4|4|414|414|4(4|4|4|4|4|4|4]4|4]4|4(4]4|4]4]|4|4
Table 3

Comparison of Barker-like systems of sequences with complementary sequences

Parameter

Barker-like systems of sequences

Complementary sequences

The main principle of signal
processing

Multiplication
of results of matched filtering of
each sequence

Adding
of results of matched filtering
of each sequence

Quantity of sequences in
the system

L>2

L=2

Lengths of sequences in the
system

N, =5 (Barker)
N, =20202 =2 . L

N1 = N2 = 2"-10k-26m,
n>0, k=20, m=>=0, except for
thecasen=k=m=20

Maximum normalized value

of sidelobes of ACF in the 1,/(20-2572) 0
result of signal processing

Central-lobe width in the

result of signal processing Ts/Ny Ts/N,

Suitable modulation

2L-level shift keying modulation
(e.g., 64-QAM for L = 6)

4-level shift keying
modulation (e.g., QPSK)

a zero bit, it is necessary to invert only one chip flow,
which matches to the sequence N, = 20; the chip
flow for the sequence N, = 5 is constant and doesn’t
depend on the bit value. Generally, in such systems
may be inverted a certain odd number of chip flows,
but not more than the total number of these flows.

Comparison of Barker-like systems of
sequences with complementary sequences

One of the nearest analogs of the suggested
Barker-like sequences are the complementary
sequences. Their comparison is shown in Table 3.

Thus, by the criterion of value of ACF sidelobes
after signal processing, the proposed systems of
sequences are slightly inferior to known comple-
mentary sequences and equal to Barker sequences.
Another important factor in the application of the
proposed systems of sequences is noise stability of
a telecommunication or radar system. In the case
of application of such systems of sequences, after
signal processing non-stationary noise tends to ap-

pear if stationary noise is at the input (unlike com-
plementary systems, where after signal processing
the stationary noise appears). However, multipli-
cation of useful signals during signal processing
(used for Barker-like systems of sequences) may
give better noise stability than adding of useful
signals (used for complementary systems). The
issue of noise stability when using the suggested
Barker-like systems of sequences will be addressed
in further research.

Conclusions

The proposed systems of binary sequences
and signal processing using such systems make
it possible to obtain ACF-signals with the same
maximum normalized absolute value of sidelobes
as the one for the Barker sequences. It has been
established using computer modeling, that the
maximum length of binary sequences of such
systems is at least 320.

Comparison of the suggested sequences with
the known complementary sequences shows that
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both this types are complementary, but matched
filtering results in the case of the proposed
sequences are multiplied, while for the known
sequences the results are added.

Due to their properties after signal processing,
the suggested systems of sequences can be used
in the pulse-compression radar technology, in
synchronizing system, and in DSSS technology
for wideband signal forming and data transfer.
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BAPKEPOIIO/IIBHI CUCTEMM ITOCJIJOBHOCTEN TA IX OBPOBKA

3anpononoeano ma npoaHAaIi308aH0 HOBT cucmemu OIHAPHUX NOCATO08HOCMEN, KT OAMb MAKL K SAACTNUSOCTI
pynxuii asmoxopeaauii nicas o6pobxu cuznanie, uwo i nocaidosnocmi Baprepa. Pozeasmymo npunyun ix 06-
pPOOKU, WAAXU SUKOPUCTNAHHS 6 PAOIOCUCTEMAX, SUKOHAHO IX NOPISHANbHUU AHANI3 3 KOMNIEMEHMAPHUMU
nocai0osHoCMAMU.

Katouosi cnosa: nocaidosnocmi baprepa, xomniemenmaphi nocaidosnocmi, Kopeasyitini eracmugocmi, npudy-
wenns Glunux neocmox, 00podKa cuzHaLis.
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