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Abstract—Radio and signal processing systems often use spread-spectrum and pulse compression
techniques combined with the matched filtering approach as the main signal processing scheme. Among
different signals that have been designed for these techniques, Golay complementary sequences are well
known signal constructions, which are additive complementary sequences in terms of the nature of their
signal processing. The similar multiplicative complementary sequences, which based on generalized
binary Barker sequences, also exist. Spectral and detection features of generalized binary Barker
sequences and Golay complementary sequences, their comparative analysis are given in the article.
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I. INTRODUCTION

Generalized binary Barker sequences are a kind
of sequences, which can be synthesized by
deterministic regular generation rules [1]. These
sequences are characterized by regular structures of
sequences and their aperiodic autocorrelation
function. They also contain all known Barker
sequences of lengths N <13 as particular cases.
Unfortunately, these sequences have large values of
sidelobes in the autocorrelation function, which
restricts their direct use in spread-spectrum and
pulse compression techniques. However, generalized
binary Barker sequences form systems of
multiplicative complementary signal-code
constructions, which are characterized by rejection
of sidelobes during their joint signal processing [2],
and therefore they can be used in radio systems
using a modulation technique that is typical for
Golay complementary sequences [3].

The article contains extended results of the
research [4] and focuses on spectral and detection
features of multiplicative complementary signal
constructions, which based on generalized binary
Barker sequences, and a comparative analysis of
these features with the case of Golay complementary
sequences.

II. ANALYSIS OF PUBLICATIONS

A number of publications were devoted to the
methodology of synthesis, analysis and signal
processing of generalized binary Barker sequences.
They were first proposed in [1]. Generation rules for
them and their structures were described in detail in
[5]. Correlation properties of generalized binary
Barker sequences, including complete mathematical
expressions for aperiodic autocorrelation function,

were synthesized and analyzed in [6]. Aspects of the
use of this kind of sequences in DSSS technique
were described in [7], [8]. A synthesis of
multiplicative complementary signal-code
constructions, which based on generalized binary
Barker sequences, a theoretical continuity of these
signal constructions and known Barker binary
sequences, which based on a statistical model of
correlated  signal  components and  their
clusterization, were systematically shown in [2].

In view of the considered research results and
publications, the article deals with some
characteristics (spectral and detection) in the context
of signal processing of generalized binary Barker
sequences and their multiplicative complementary
structures.

It should also be noted that described in the
article kind of signals and signal processing are
connected with spread-spectrum and pulse
compression techniques, which boil down to a signal
generation and processing in a wider bandwidth than
in the case of using of more simple signals.
Typically, these techniques use electric and radio
signals in radar technologies [9],
telecommunications [10], and navigation systems
[11], however ultrasonic applications have been also
designed, e.g., the prototype of an airborne
ultrasonic array that combines pulse compression
techniques with positioning algorithms in order to
achieve accurate determination of the position of the
reflectors placed in front of the array [12], and the
method of evaluation of position and velocity
measurement for a moving object by pulse
compression using ultrasound [13]. The pulse
compression techniques and related signals as
probing signals have been also applied in the field of
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automation and motion control, e.g., to monitoring
of a nonlinear model for the longitudinal motion of a
Boeing-747 [14] and in the model of real-time
monitoring of a closed-loop nonlinear GTM aircraft
(NASA generic transport model) [15]. A matched
filtering is the main signal processing method for the
pulse compression technique and it is realized in
signal processing equipment by means of a matched
filters [16], [17].

III. PROBLEM STATEMENT

The accuracy of signal detection of a signal in the
pulse compression technique depends on sidelobes
in the signal after matched filtering and their
absolute peak sidelobe level (PSL), therefore, must
be as low as possible.

In the case of a signal in spread-spectrum radio

system, which based on a binary sequence a; € {1}
(i= LN, N—the length of sequence), the signal Z()
after  matched  filtering  reproduces the

N
R(p)= Z a;d; .

J=l+n

autocorrelation function

L= O,(N—l) , of this sequence:

Z(1)=

= > R()[H(t-(N+i)t)-H(t=(N+1+i)1)],

i=—N+1

where H(x) — the Heaviside step function.

In view of the above, sidelobes of autocorrelation
function of a sequence «; defines sidelobes in the
signal  Z(t) after matched filtering and

max{|R(p|p¢0)|}=PSL also must be as low as

possible.

A synthesis of sequences with low values of
aperiodic autocorrelation PSL is still a theoretical
problem in general.

This problem boils down to the fact that the
systematic deterministic methods for synthesis of
such signals for the case of an arbitrary length of
sequence are unknown, and the complexity of this
problem is associated with an algorithmic
undecidability of arbitrary algebraic Diophantine
equations (Hilbert’s Tenth Problem) [18].

However, there are well known binary and non-
binary sequences and their combinations with low
sidelobes or equivalent sidelobes of autocorrelation
function. An overview of known binary sequences
with low autocorrelation PSL for their maximum
lengths N was given in [4], [19].

There are also known non-binary sequences,
which have low values of PSL or its equivalent, e.g.,

ternary pulse compression sequences that consist of
a, e{O,il} [20],
compression sequences [21]. Binary sequences and
their combinations are the most suitable in radio
systems due to their binary structure. Among binary
combinations, which give equivalent low sidelobe
level of autocorrelation function, the Golay
complementary sequences (complementary codes)
and related complementary code keying (CCK)
scheme are well known and used type of signal
constructions [3].

The aim of the article is to research and compare
particular features, namely, spectral and detection
ones of additive (based on Golay complementary
sequences) and multiplicative (based on generalized
binary Barker sequences) complementary signal
constructions.

elements polyphase pulse

IV. GOLAY COMPLEMENTARY SEQUENCES AND
GENERALIZED BINARY BARKER SEQUENCES AS
ADDITIVE AND MULTIPLICATIVE COMPLEMENTARY
SIGNAL CONSTRUCTIONS, RESPECTIVELY

The binary Golay complementary sequence pair
consists of two sequences a; €{*l} and b {1},

i=1,N, N=2"1026", n, k, m are non-negative
integers, with a property that the result of adding of
sidelobes of their autocorrelation functions is equal
to zero [3].

An example of such sequences for
N=2'1026"=8 are a= {-1;-1;-1; 1; 1; 1;-1; 1};
b= {-1;-1;-1; 1;-1; -1; 1;-1} [4].

Golay complementary sequences are additive
complementary sequences due to features of their
signal processing, namely, a total rejection of
sidelobes of autocorrelation function in the process
of adding of results of matching filtering. In [1], [2]
were proposed and described signal constructions
that based on generalized binary Barker sequences,
which have the similar technical effect to Golay
complementary sequences (low resultant values of
sidelobes after joint signal processing) in a
multiplicative sense. Described in the article
multiplicative complementary signal constructions
may consist of K >2 binary sequences of different
lengths and provide a signal after multiplication of
results of matched filtering with a central main lobe
equals to a result of multiplication of all lengths of
sequences, which are part of a system of mentioned
K binary sequences, and a normalized maximum
absolute sidelobe level equals to 1/Nx, where N is
the maximum length of sequence in a the system of
sequences [2], [4].
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An example of such sequences at K=2 are
a={1;-1;-1} (N1=3) and b={1;-1;1;1;
-1;1; 1; 15 15-1;-1;-13 (N, =12) [4]. If K=3, the
sequence c={1;-1;1; 1;-1; 1; 1; 1;-1; 1; 1; 1; 1;
-1; 1; 1; 15-1; 15 15 1-1;-1;-1} (V3= 24) is also a part
of the system of multiplicative complementary
signal construction based on generalized binary
Barker sequences. If K =4, the sequence d= {I;
-1; 15 15-15 15 1; 1;-15 15 15 15-15 15 15 15-15 15 15 1;-1;
1, 1;1;1;-1;1;1; 1;-1; 1; 1; 1;-1; 1; 1; 1;-1; 1; 1; 1;
-1; 1; 1; 1;-1;-1;-1} (N4=48) is also a part of one,
etc. in accordance with generation rules in [2].

V. SPECTRAL AND DETECTION FEATURES
OF GENERALIZED BINARY BARKER SEQUENCES
AS MULTIPLICATIVE SIGNAL CONSTRUCTIONS

In this section are presented simulation results,
which focused on spectral and detection features of
generalized binary Barker sequences and their
comparison with such features of Golay
complementary sequences. Sequences a and b from
Section IV were used for simulation of signal
processing in the case of Golay complementary
sequences and in the case of generalized binary
Barker sequences. The case of analysis of structures
of mentioned signal constructions without the
impact of noise was described in detail in [4] and the
case with the impact of noise is considered in this
article more detail.

Simulation conditions are as follows:

1) input signals at the input of signal processing

exist within the time range ¢ €[24,48] ps;

2) there is the Gaussian noise at the input of
signal processing; values of signal to noise ratio
(SNR;,) are in the range -10..30dB for each
component of signal construction.

The first point of the presented results is the
spectral  characteristics of considered signal
constructions (without noise). Spectral
characteristics of considered Golay complementary
sequences (duration of the element of a sequence is
3 us), which were evaluated by the fast Fourier
transform in a logarithmic scale (dB), are shown in
Fig. 1 (the maximum values are normalized and
equal to 0 dB). Spectral characteristics of considered
generalized binary Barker sequences (duration of the
element of a sequence is 8 us and 2 ps for the
sequences a and b, respectively) are shown in Fig. 2.

Analysis of spectral characteristics shows that
Golay complementary sequences in a pair have the
same bandwidth of the main spectrum lobe
(Afo=0.333 MHz) and almost the same peak-to-
average ratio of spectral components -—-M
(20.3...21.2 dB in the bandwidth 1 MHz).
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Fig. 1. Spectral characteristics of considered Golay
complementary sequences (on the left — sequence a, on
the right — sequence b)
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Fig. 2. Spectral characteristics of considered generalized
binary Barker sequences (on the left — sequence a, on the
right — sequence b)

In contrast with Golay complementary
sequences, generalized binary Barker sequences
have significantly different values of the main
spectrum lobe (the difference is 4 times:
Afy=0.125MHz for the sequence a, and
Afo=0.5 MHz for the sequence b) and significantly
different values of the peak-to-average ratio of
spectral components —M (the difference is 11 dB:
27.3 dB for the sequence a, and 16.3 dB for the
sequence b).

Thus, generalized binary Barker sequences are
characterized by a greater imbalance of spectral
characteristics between sequences in a system than
Golay complementary sequences. These spectral
features may define design features of a physical
layer of a radio system and specifics of used
modulation scheme and signal processing (e.g.,
selection of reference signals etc.).

The second point of the presented results is the
detection features of considered signal constructions.
There are two cases of simulation results are
presented below: at signal to noise ratio (for signal
and noise power) for each component of signal
construction at the input of signal processing scheme
SNR;,=30dB and SNR;,=-10dB, which are
bounds of studied range of the value SNRy,.

In Figure 3 are shown input signals with noise
a(®)+n@) and b(¢) + () for considered Golay
complementary sequence pair at SNR;, = 30 dB.
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Fig. 3. Input signals based on Golay complementary
sequences (N = 8) at SNR;, =30 dB

An output signal Z(¢) after signal processing,
which based on matched filtering and adding of its
results, and its parameters (SNRg. and SNRy;, in
dB, are signal to noise ratios in sidelobes and in the
main central lobe, respectively; Gs. = SNRg;—SNR,
and GyL = SNRy—SNR;,, in dB, are processing
gains in sidelobes and in the main central lobe,
respectively) for considered Golay complementary
sequences at SNR;;, = 30 dB is shown in Fig. 4.
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Fig. 4. Output signal after signal processing for input
signals based on Golay complementary sequences (N = 8)
at SNR;, =30 dB

In Figure 5 are shown input signals with noise
a(?) + n(?) and b(¢) + n(¢) for considered generalized
binary Barker sequences at SNR;, =30dB. An
output signal Z(¢) after signal processing, which
based on matched filtering and multiplication of its
results (described in detail in [2]), and its parameters
(SNRs, SNRyi, Gst, Gumy) for  considered
generalized  binary  Barker  sequences  at
SNR;, =30 dB is shown in Fig. 6. Note that non-
zero sidelobes of Z(f) are accounted for as a part of
noise in SNRg; for a correctness of the comparison
with Golay complementary sequences.

L5
1+ .
03 T

0
=03 T
-1F " ’ T
-15

a(®)+n()

0 4 8§ 12 16 20 24 28 32 36 40 44 48 52 36 60 64 63 72

t. Us

15
L i
0.3F H ﬂ b
~ T A ]
-1+ -

_13[) 4 8 12 16 20 24 28 32 36 40 44 48 32 36 60 64 68 72

t, us

Fig. 5. Input signals based on generalized binary Barker

sequences (N, = 3; N, = 12) at SNR;, =30 dB
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Fig. 6. Output signal after signal processing for input
signals based on generalized binary Barker sequences
(N, =3; N, =12) at SNR;, = 30 dB

In Figure 7 are shown input signals with noise
a(®)+n@) and b(¢) + n(f) for considered Golay
complementary sequence pair at SNR;, = —10 dB.
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Fig. 7. Input signals based on Golay complementary
sequences (N = 8) at SNR;, =—10 dB

An output signal Z(¢) after signal processing and
its parameters (SNRgr, SNRyp, Gsi, Gwmy) for
considered Golay complementary sequences at
SNR;, =—10 dB is shown in Fig. 8.
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Fig. 8. Output signal after signal processing for input
signals based on Golay complementary sequences (N = 8)
at SNR;, =—10 dB
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In Figure 9 are shown input signals with noise
a(?) + n(?) and b(¢) + n(¢) for considered generalized
binary Barker sequences at SNR;, =—10 dB.
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Fig. 9. Input signals based on generalized binary Barker
sequences (N, = 3; N, = 12) at SNR;, =-10dB

An output signal Z(¢) after signal processing and
its parameters (SNRgr, SNRyp, Gsi, Gwmy) for
considered generalized binary Barker sequences at
SNR;,=-10dB is shown in Fig. 10 (non-zero
sidelobes of Z(¢) are also accounted for as a part of
noise in SNRg; for a correctness of the comparison
with Golay complementary sequences).

Note that in Fig. 4, Fig. 6, Fig. 8 and Fig. 10 a
detection using the criterion max{|Z(¢)|} was
observed in the main lobe. It is a particular cases at
SNR;, =—10dB and, of course, a probability to
register a detection in sidelobes (an error of the first
genus) in Fig. 8 and Fig. 10 is a very large in a
general case in different simulations.

Analysis of results of signal processing shows
that at very large (30 dB) and at very small (-10 dB)
values of SNR;, Golay complementary sequences
are better than generalized binary Barker sequences.

Detection at # = 51.78 ps using the criterion max {|Z(z)|}
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Fig. 10. Output signal after signal processing for input
signals based on generalized binary Barker sequences
(N, =3; N, =12) at SNR;, =-10 dB

However, within this range at medium values of
SNR;, generalized binary Barker sequences are able
to provide larger values of Gs, e.g, at
SNR;, = 14 dB [4].

Dependences of efficiency of signal processing in
sidelobes and in the main lobe, which is estimated
by the parameters SNRg;, SNRyp, Gsi, Gumi, on the
value of SNR;, for considered Golay complementary
sequences and generalized binary Barker sequences
are shown in Fig. 11 and Fig. 12.
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Fig. 11. Dependences of SNRg; and SNRyy; on SNR;, for
considered Golay complementary sequences and
generalized binary Barker sequences
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The range of values of SNR;,, where generalized
binary Barker sequences provide better efficiency by
the criterion of larger values of SNRg; and Gg. than
Golay complementary sequences (less noise in
sidelobes and less number of errors of the first
genus), are marked in Fig. 11 and Fig. 12 as contrast
zones.
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Fig. 12. Dependences of Gs; and Gy, on SNRy, for
considered Golay complementary sequences and
generalized binary Barker sequences

Note that a better efficiency (using the criterion
Gsy) in the range SNR;,=-2.2...19dB of
generalized binary Barker sequences in comparison
with Golay complementary sequences is also
observed in conditions of almost the same total
bandwidth (667 kHz and 625kHz for Golay
complementary sequences and generalized binary
Barker sequences, respectively), 33.3 % less value
of a duration of the main lobe (3 ps and 2 ps for
Golay complementary sequences and generalized
binary Barker sequences, respectively), which
provides less measurement uncertainly for a time (in
synchronization systems) or for a distance (in radar
and navigation systems). At the same time, Golay
complementary sequences provides better efficiency
by the criterion of larger values of SNRy and Gy
than generalized binary Barker sequences (less noise
in the main lobe and less number of errors of the
second genus).

VI. CONCLUSIONS

Spectral and detection features of multiplicative
complementary signal constructions based on
generalized binary Barker sequences and their
comparison with Golay complementary sequences
were studied in the article.

Results of comparative analysis allow to state
features and conclusions, which are as follows.

Advantages of generalized binary Barker
sequences in comparison with Golay complementary
sequences (values are indicated for considered in the
article parameters of analyzed signal constructions):

1) the total bandwidth estimated by the criterion
Afy is 6.3 % less (667 kHz and 625 kHz for Golay
complementary sequences and binary Barker
sequences, respectively);

2) the measurement uncertainly for a time (e.g.,
in synchronization systems) and for a distance (e.g.,

in radar and navigation systems) is 33.3 % less (3 us
and 2 us for Golay complementary sequences and
generalized binary Barker sequences, respectively);

3) in contrast with Golay complementary
sequences, generalized binary Barker sequences
provide larger values of the processing gain in
sidelobes Gsp in the range SNR;,=-2.2...19 dB
(4.1 dB greater at SNR;, =7.8 dB, as a maximum
value of Gysy); it causes less noise in sidelobes and
less number of errors of the first genus in the case of
the use of generalized binary Barker sequences.

At the same time, the main disadvantage of
generalized binary Barker sequences in comparison
with Golay complementary sequences is that the
processing gain in the main central lobe Gy is less
(8..10 dB Iess). It causes more noise in the main lobe
and greater number of errors of the second genus in
the case of the use of generalized binary Barker
sequences in radio and signal processing systems.
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O. I'. T'oayonnuuii. Oco0auBOCTI MYyJbTHILUIIKATABHO KOMILIEMEHTAPHUX CUTHAJIBHUX KOHCTPYKIii
HA OCHOBI y3arajJbHeHUX OiHapHHuX nmociainoBHocTell bapkepa

PamiorexHiYHI CUCTEMH Ta CUCTEMU OOPOOKH CHTHAIIB YaCTO BUKOPHCTOBYIOTH IIHPOKOCMYI'OBI CUTHAJIM Ta
y3rokeHy QinmpTpanito s ix obpodku. KommnemenrtapHi koqu [ones € noOpe BiIOMHMH CHUTHAJIBHO-
KOJIOBUMH KOHCTPYKIIISIMH Cepell PI3HUX THUIIB IIUPOKOCMYTOBHX CHTHaJIIB. BOHM € aauTHBHO
KOMITJIEMEHTApDHUMH CHTHaJlaMd 3 TOYKH 30py 1iX 00poOku. Takox iCHYIOTh TMOMIOHI J0 HHUX
MYJIBTUTUTIKATUBHO KOMITJIEMEHTAPHI CHTHAJIM HA OCHOBI y3araJbHEeHHX OiHapHUX mociigoBHocTel bapkepa.
VY craTTi nmpoaHai3oBaHO OCOOJIMBOCTI BHSBIICHHS Ta CIIEKTPalbHI XapaKTEPUCTUKU IMX THITIB CHTHAIIB.
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[TokazaHo, 10 JOIUTBHICTh BUKOPUCTAHHS TOTO Y IHIIOTO THITY CUTHAJbHMX KOHCTPYKIH 13 3a3HAYCHHX
3aJIeKHTh BiJl CHTHAIbHO-32Ba/I0BOTO CTaHY Ha BXOJIi CCTEMU 00pOOKH CHTHAIIIB.

Karouosi cioBa: y3aranbpHeHi OiHapHi nocnigoBHOCTI bapkepa; komminementapHi koau [Tomest; y3romkeHa
¢inbTpalis; 00podKa CUTHAIIB; CIIEKTPAIbHI XapaKTePUCTUKHU; BUSBIICHHS CUTHAIIIB.
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A.T.Toayouuumit.  Oco0eHHOCTH  MYJbTHIUIMKATABHO  KOMILUIEMEHTAPHBIX  CHTHAJIBHBIX
KOHCTPYKIIUii HA 0OCHOBE 00001IEHHBIX OMHAPHBIX MOC/eq0BaTeabHOCTEl Bapkepa

Pa}lI/IOTeXHI/I‘IeCKI/Ie CHUCTEMBI U CUCTCEMbI 06p360TKI/I CUTHAJIOB 4aCTO HUCIIOJIb3YIOT IHyMOHOZIO6HBIe CHUI'HAJIbI
M COTJIaCOBaHHYIO0 (MUIIBTpAIUIO I MX 00paborku. KomiuiemeHTapHbie KOABI ['oyiess SBISIOTCS XOPOILIO
HU3BCCTHBIMU CHUT'HAJIbHO-KOJOBBIMH KOHCTPYKUUAMU CPE€AN PA3HBIX THUIIOB IHyMOHOZIOGHBIX curdanos. Ouu
ABJIAIOTCA aAJIUTHUBHO KOMIIJIEMCHTAPHBIMH CUTHAJIaMU C TOYKH 3PCHUA UX 06p360TKI/I. Taxxke CYIIECTBYIOT
MOIOOHBIC UM MYJBTUIUIMKATHBHO KOMIUJIEMEHTAPHBIC CHUTHAJbl Ha OCHOBE OOOOINEHHBIX OWHAPHBIX
nocienoBaTenbHocTell bapkepa. B craTthe mpoaHain3upoBaHbl 0COOCHHOCTH OOHAPY)KEHUS U CIIEKTPaIbHbIC
XapaKTePUCTUKU 3TUX THUIIOB CHTHAJIOB. [oka3zaHo, 4TO 1eIeCco00pa3HOCTh UCIIOIb30BAHUS TOTO I MHOT'O
THUIIA CHUTHAJIBHBIX KOHCprKIII/Iﬁ M3 YKAa3aHHBIX 3aBHUCUT OT CUTHAJILHO-TIOMEX OBOM O6CT3HOBKI/I Ha BXOJC
cHCTeMbI 00pabOTKH CHTHAIIOB.

KnawueBbie cioBa: 0000mEHHBIE OMHAPHBIE MOCIENOBATENBHOCTH bapkepa; KOMIUIEMEHTApHBIE KOJbI
lonest; cornmacoBanHas GuibTpaius; 00padoTKa CUTHAJIOB; CIEKTPabHBIC XapaKTEPUCTHKH; OOHApYKEHUE
CHUI'HAJIOB.
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