TRANSINAV

http://www.transnav.eu

the International Journal Volume 12
on Marine Navigation Number 3
and Safety of Sea Transportation September 2018

DOI: 10.12716/1001.12.03.14

Synthesis of Binary Group-Complementary Sequences

V.M. Koshevyy

National University “Odessa Maritime Academy”, Odessa, Ukraine

ABSTRACT: Algorithm of binary {-1, 1} group-complementary sequences direct construction for any sequences
length N is suggested. On the base of these sequences the signals with very wide frequency bandwidth may be
constructed (up to the ultra wideband (UWB) signals). Synthesized sequences may found their application in

radar and communication.

1 INTRODUCTION

A pair of finite binary sequences of the same length
with the sum of their autocorrelation functions equals
zero was introduced by Golay with connection with
study of infrared spectrometry in [1, 2, 3]. These
sequences are called a pair of complementary
sequences. Generalized complementary sequences
were considered in [4]. These generalized
complementary sequences, named group-
complementary sequences, may contain more than
two sequences and find their applications in radar [5-
19] and communication [20, 21]. The properties of
complementary sequences and their relation to other
types of codes were investigated by several authors in
[3, 4, 5 6, 7, 22] and in survey article [22]. The
problems for further resolving were pointed in [23]. A
pair of finite binary complementary sequences doesn’t
exist for any lengths of sequences. The necessary
condition for existence a pair of finite binary
complementary sequences had been specified in [3].
Latter, necessary condition was extended to the cases
of Group-complementary sequences [4]. Next
extension to the complementary sequences with the
mismatched filtering were done in [8, 11, 12, 13],
where filter design problem was addressed for a

given set of sequences with the considered signal-to-
noise losses constraints and complementary
properties. At the approach [8, 11] no other types of
interference were supposed. The number of equations
to be solved in [8] was equal to PN +2N — 1, where P —
number sequences in set, N — length of each sequence.
In [12, 13] another approach for the filter design with
the considered signal-to-noise losses constraints and
complementary properties was suggested, where only
NP equations are needed to be solved. Most
importantly, this approach not only allows for signal-
to-noise ratio maximization, but also provides a
possibility for interfering reflection suppression with
given range-velocity distribution. Also synthesis of
sequence  code-filter pairs under additional
constraints with group complementary properties is
suggested in [12]. The necessary condition for a
sequence code-filter set to be complementary, under
the mismatched filter conditions was obtained in [12].
It should be noted that the classical Golay
complementary pair does not exist for odd N, but
does exist for the mismatched case. In [13]
demonstrated the efficiency of suggested approach to
the filter synthesis under additional constraints with
group-complementary properties on the base of
numerical calculations. It was shown that signal-to-
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noise ratio loses is decrease with increasing memory
of optimizing filters in set. Methods of sequences
and corresponding mismatched (in common case)
filters synthesis, which worked out in [12] and
provides complementary properties, relates to the
direct methods of sequences and filters construction.
Those direct construction methods give the possibility
to obtain sequences and corresponding filters with
complementary properties for any given length.
Besides in [12, 13] were suggested the recursive
constructions of new sets of sequences and filters on
the base of known sets of sequences and filters with
complementary properties without any additional
calculations. The counting of filters, which provides
the tolerance for Doppler shifts together with proper
choosing the order of sequences and corresponding
filter dislocation was considered in [14]. Design of the
binary complementary sequences under matched
filtering more frequently is provided by recursive
constructions. It is known only one method for direct
construction in condition of match sequences filtering,
suggested by Golay [3]. But it was worked out for the
sequences with lengths N= 2™. Thou essentially
restricted the possibility of practical using of this
approach. It not only couldn’t be use for odd N, but
also for most of even N either. For example it couldn’t
be used for N=6; 10; 12; 14; 18; 20; 22; 24; 26 and so on.
In paper [20] was given a particularly compact
description of this construction by using Algebraic
Normal Forms.

In this paper we present the direct construction
method for binary complementary sequences under
matched filtering for any sequences lengths N.
Choosing N big enough one can get signals with big
product time length on frequency bandwidth, so can
get UWB signals with complementary properties.

2 DIRECT CONSTRACTION

Set of P sequences (length N) S(N)t [Sop, Syp Sy lp]

where s' means transposed vector S, order number
p=1+P, with elements s e {l-1}, (n=0+N-1), which
for providing group—complementary properties may
be derived by the next way:

s —el ()

np

N L o

> ZmpZWl =0, for n=0, n=1;, p=1+P, p=2""

In fact .. mp2m l—p 1, which is the 2-adic
decomposmon of p-1.Thus a code of sequence in
set is determined only by its length N and order
number p in set. For example, direct construction of
the group-complementary binary sequences set with
length N=3 will be considered. Number of sequences

is equal P=2 '=4 From (2), (1) we get:
Zo =0; Zy =0; Zy =0; Sot =1; Sii =1; S =1;
2o, 2n=1, 2=, Se=1;50=1, Sn=;
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20320, Zi3=0; Z2=1; Sw=1;56=1; Sn=j,
Zy, =0; Zyy =1; Zy4 =1; Sos =1; Sis =1 S =1
Thus the matrix of group-complementary

sequences set:

(N)t
Sl

(N) .
[SI = 3)
SéN)t

for considered example N=3; P=4 have the form :

11 1
sE0=|] ' 4)
1 -1 —1

The aperiodic auto-correlation function of S( "

aS(

Re " =3NS Sy » 0SKSN-1:

§(N) s

R, =R} @)

For [S]” we have:

s

i Ye RS =273 ©6)

So, group- complementary property is
fulfilled. The proving group-complementary
property of sequences, derived on the base of
expressions (1), (2), for any N can be gotten by
means of mathematical induction method.
Suggest that the property is true for N. Consider
what follows from this fact for N+1. Matrix for N
is [S ](PN) (P=2""). For N+1 this matrix transforms
by the next:

o 5

To matrix, getting by this way (7), with the size
Nx2 should be added at the right new last column
with size:

SNl

SN2

1x2V; : 8)

SNZN

The resulting matrix [s[§*) consists of matrix (7)
with additional column (8) and has the size (N+1)

" . For row p of the matrix [s|N* the sum of
aperiodic auto-correlation function values (5) over all
k  (k=1+N) with considering (5), (7) and (8) we have:



S N)
NDZk oSinp = Ro"

SNP Zk:l S(N*k)p (9)

N (N+1) (N)
SR =R R
k=0 K k= 0
( )Z S(N)
S+ 2, R

The sum of auto-correlation functions for all rows

can be written as:
S(N 1) N-=1 S(N)
=Y R YR

DI
N)
+Zplz RS +Zp:ISNPZk:IS(N—k)p
(N+1)
+(5 )

where ROS Po= R 2 Considering  (7),
expression (10) may be rewritten in the next form:

N+1) oN (N+1) )
PIND WL AEED I UREE) I I A
+ZK 1Son- k>p[z +Zp N4 1SNP}

S(N 1)

(10)

(11)

According to (2) and (1) expression in square

Zacgets i, (11) is equal Zero

+ N =01)Next term in (11) is

) equal Zero 5i +l‘ZNp v« =0 - according our
supposing for N. Expressmn (11) can be written as

(N+l) N (N+l)

3R (12)

Zp IZk 0

Compare with (6). Thus, group-complementary
property of binary sequences for N+1 is proved.

So, expressions (1), (2) for direct construction of
binary  sequences with  group-complementary
property are true for any sequences length N .

3 REDUCTION OF THE NUMBER SEQUENCES IN
SET

Above-cited direct method of construction gives the
possibility to get binary sequences with group-
complementary property for any length N. The
number of sequences in set for that is equalF = 2¥=%,
It does mean that the set of 2¥~* sequences with
length N are group-complementary. But inside of this
set exist a lot another sets with the same lengths and
with less number sequences in them. For example if
N=4, so P=8. Sequences with order numbers p=3 and
p=5 create complementary pair, the same for p=2 and
p=8. Sequences with order numbers p=1, p=4, p=6, p=7
create the group-complementary set of four signals,
and with order numbers p=1, p=3, p=4, p=5, p=6, p=7 —
of six signals. For N=5, the number of sequences is
P=16. Sequences with order numbers p=2, p=5, p=10,
p=13 create the group-complementary set of four
signals; the same we have for sequences with order
numbers p=3, p=8, p=11, p=16. Sequences with order
numbers p=1, p=4, p=6, p=7, p=9, p=12, p=14, p=15
create group-complementary set of eight signals. And
so on. For N=7 we have P=64 and will discuss only a
part of sequences with reduction number signals in a
set. Sequences with order numbers p=5, p=27, p=50,
p=b9; p=17, p=23, p=45, p=47; p=5, p=12, p=50, p=53;
p=2, p=14, p=47, p=58;, create group-complementary

sets with four signals in each. Sequences with order
numbers p=8, p=9, p=19, p=30, p=34, p=47, p=53, p=60;
p=1, p=12, p=23, p=30, p=40, p=45, p=50, p=59; create
group complementary sets which contain eight
signals in each. Using given length and corresponding
order numbers one can get the group-complementary
sequences on the base of expressions (2) and (1). For
example, in the case of sequences length N=7 and
order numbers sequences in set p=17, p=23, p=45, p=47;
which mentioned above, on the base (2),(1) can be got

Znp 7 Snp :

Z,7 =[0,0,0,0,0,1,0] 5 s,,, =[1,1,1,1,1,-1,1]; =0 = 6; p=17;
2oy, =[0,0,1,1,0,1,0]'5,,, =[1,1,-1,-1,1,-1,1]; n=0+ 6; p=23;
Zos =[0,0,0,1,1,0,1]5 5, =[1,1,1,-1,-1,1,-1]; =0+ 6; p=45;
2, =[0,0,1,1,1,0,1]55,,; = [L,L,-1,—1,-11.-1]; =0 + 6; p=47.

For N=10 we have P=512. Sequences with order
numbers p=201, p=390; p=236, p=320; Ccreate
complementary pairs. From (2), (1) can be got for
these cases:

2oy =[0,0.0,0.1,0,0.1,1,0] 5 5,50, =[1.111L-11,1,.-1,-1,1]; #=0+9; p=201;

Zuso =[0.1,0.1,0,0,0,0,1,0]7 5,500 =[1.-1. 11 1,1,1,1,-1,-1]; =0 + 9; p=390;

Z,3 =[0,1,1,0,1,0,1,1,1,0] 7 5,5 =[1,-1,-1,1,-1,1,-1,-1,-11] s n=0+9;
p=236;

Zyo =[L-L-L-L-L-L-LL1-1]ss =[L-L-L-L-1-1,-111-1]/
n=0-+9; p=320.

Obtained complementary pairs coincides with
Golay complementary pairs for N=10 [3]. Sequences
with order numbers p=32, p=107, p=133, p=218, p=232,
p=280, p=298, p=373, p=387, p=496; create the group-
complementary set of ten signals with length N=10.
For N=11 sequences with order numbers p=245, p=421,
p=581,p=789; create the group-complementary set of
four signals and with order numbers p=1, p=184,
p=234, p=286, p=367, p=467, p=571, p=584, p=733, p=882,
p=908, p=933; create the group-complementary set of
twelve signals. And so on. So, these examples show
that for any length N inside general set with P=2
exist a lot of sets with less number signals in it. As
example, N=18 contain the set of four group-
complementary sequences:

[1-11-11111-1-111-11111-1]
[1-11-11111-1-1-1-11-1-1-1-11]
[1111-111-1-1111-11-1-1-11]
[1111-111-1-11-1-11-1111-1],

Many others sets of sequences with group-
complementary properties and different number
sequences in each group exist in N=18 general set (the
numbers of sequences in each group are always even
numbers). For N=24 general set of sequences also
contain a lot of sets with group-complementary
property with different number sequences. We can
demonstrate one of those sets with four sequences in
it:

[11-11111-111-111-1-1-111-11111-1]
[11-11111-111-111-1-1-1-1-11-1-1-1-11]
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[11-11111-1-1-11-1111-111-11-1-1-11]
[11-11111-1-1-11-1111-1-1-11-1111-1].

For N=26 can be demonstrated a few set with
group-complementary ~ property = which  been
contained in general set:

The set with two sequences in it

[111-1-1111-11-1-11-11-11-1-111-11111]
[111-1-1111-11-1-1-1-1-11-111-1-11-1-1-1-1].

This pair of sequences is coincide with pair that
was obtained in [25] using a ‘by hand’ technique. It
was shown that complementary sequences of length
26 have only one basic ‘kernel’. The next set contains
four sequences in it:

1-1-11-11111111-11111-111-11-1-1-11]
1-1-11-111111-1-11-1-1-1-11-1-11-1111-1]
11-1-1111-11-111-11111-1-1-11-1111-1]
11-1-1111-11-1-1-11-1-1-1-1111-11-1-1-11].

—_—— —

4 CONCLUSION

In the paper the direct method of group-
complementary binary sequences construction for any
length N is suggested. It was shown that inside of
general group-complementary set of sequences exist a
lot of group-complementary sets with less number
sequences in it. That gives wide possibility for
reduction number of sequences in each set.
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