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BO30YKICHHUSIX U CKOJIb YTOTHO OOJIBIINX ITPOMEKYTKAX BPeMEHH. SIBHOE pElICHUE YIIOMSIHYTOH 3aJa4i HaXOAUTCS TOCPEI-
CTBOM MOCTPOCHHUS OOPATHOTO MATPUYHOTO OMEPATOPa U METOJa MHTEIPANTbHBIX TpeoOpa3oBanuii. JokasaH Takke KpUTEPHUid
Pa3peIIMMOCTH, 00ECIICYMBAIOIINN KOPPEKTHOCTh (YU3UUCCKUX/UHIKCHEPHBIX YCIOBUI U MATEMATHYCCKYHO TEXHHKY BBIYHC-
neHui. IIpennoskeHHbIH aHATUTHYECKUI TOAX0A MPEACTABIAET YacTh 00IIero MeToa, IeTalbHO UCCIIEAYIOIEro TOBEICHNE
3JIEKTPOMArHUTHOTO MTOJIS B PA3JIMYHBIX CPEiax.

Kniouesvie cnosa: nuddepennmanpas cucrema MakcBeina, o0miee BOJTHOBOE ypaBHEHHE, KpaeBasi 3aja4a OTHOCH-
TEJIFHO HANPSHKEHHOCTEH 3JIEKTPOMArHUTHOTO TIOJIS.

L. Yu. Dmitrieva. Analytical study of electromagnetic wave propagation in the finite homogeneous lines. The sug-
gested results represent a special case of the general scientific trend dealing with mathematical modeling and analytical study
of electromagnetic field phenomena described by the systems of PDEs (partial differential equations). A specific
electrodynamic engineering process is specified by the differential Maxwell system whose effective research implies correct
theoretical and physical statement in terms of the general wave PDE regarding all field intensities. Based on this equation, the
corresponding boundary problem determines electromagnetic wave propagation in the isotropic homogeneous finite lines
under expofunctional excitations and arbitrary large time intervals. Explicit solution of the aforesaid problem is found using
inverse matrix operator construction and the integral transform method. Solvability criterion is also proved, supporting cor-
rectness of the physical/engineering conditions and mathematical computing technique. The proposed analytic approach rep-
resents part of the general method investigating electromagnetic field behavior for arbitrary media in detail.
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Reviever Dr. techn. sciences, Prof. of Odesa nat. polytechnic univ. Maksimov M.V.

Received May 5, 2014

UDC 621.391:621.376+004.312.26 N.I. Kushnirenko, engineer,
V.Ya. Chechelnytskyi, Dr. techn. sciences, Prof.,
Odes. Nat. Polytechn. Un-ty

DIGITAL MODULATION METHOD BASED ON PERFECT
BINARY ARRAYS

Introduction. Modern telecommunication systems operating in a multipath propagation condi-
tions must possess high resilience, robustness and secrecy. It is known [1] that the secrecy primarily
determined by the energetic and parametric secrecy. Noise-like signals are commonly used to ensure
communication secrecy. Such signals are built on the basis of certain algebraic structures.

Term “noise-like signals” is referred to the signals, for which the product of their bandwidth F
and elementary symbol duration T is much greater than 1. This product is called the processing gain
and denoted as B, 1.€.78

B=FT. (1)

For the noise-like signals the processing gain B <1. The wider bandwidth F of noise-like signal,
which is the spreading code (1), the higher the energetic and parametric secrecy of communication.
The frequency of noise-like signals changing and their selection from the signal ensemble depends on
many requirements to a communication system and can’t be unambiguously determined [1].

Literature review. Noise-like signals can be designed using various structures. More recently,
the heightened attention in domestic and foreign papers is paid to the application of Perfect Binary
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Arrays (PBA) to solving of various problems of radio engineering, for example: encryption tasks; syn-
thesis of antenna aperture; perfect time-frequency codes design; new classes of block error-correcting
codes design; new classes of orthogonal, biorthogonal and minimax noise-like signals with the
multiloop cyclic shift property design, etc. However, many problems in the theory of the PBA and
their applications require further research.

The PBA is two-dimensional matrix of size NxN [2]

P(N)=|p.,]. )
where
pi; €{+1,—1} — elements of PBA;
i=0,N —1 — numbers of rows of PBA;
j=0,N -1 — numbers of columns of PBA.
Matrix (2) has an ideal two-dimensional periodic autocorrelation function (2D PACF)
N 0 - 0
R =|na = 0 0 0 ®)
0 0 0
where
m=0,N —1 — numbers of 2D PACF rows;
n=0,N —1 — numbers of 2D PACF columns.
Elements of 2D PACF (3) of PBA are calculated using equation
EHE N?,whenm=n=0;
rmn = pi 'p[+m itn — ’ ’ (4)
R ,Z:; R {O, others m and n,

while values i+m and j+n are calculated modulo M.
An example of the PBA P(4) size of 4x4 and its 2D PACF R(4) respectively given below

+ + - - 16 0 0 O
+ 4+ + o+ 0 0O 0 O
P(4)= , R(4)= .
- 4+ + - 0 o 0 O
- 4+ - 4 0 0O 0 O

Here and further the elements of PBA “+1”” and “~1” denoted as “+” and “-” respectively.

There are known the PBAs of order N =2* and N =3-2%, where k=1,2,3,4,... is non-negative
integer. The general equation to estimate the power of complete U(N)-class of PBA of arbitrary order,
when N =2* >4 is given below [3]

k=1)/ k=1y/ ket . .
> A & ' ifk is odd;
v 7212 g2 _22"*'-1

)

if k 1s even.

For the complete U(2)-class of the PBA, the power (5) is ¥, =4, for U4)-class —
Yy =384 [3].
Research, given in this paper is performed within the Research work “Methods of informational

security in broadband telecommunication systems”, which is carried out by Information Security De-
partment, Odessa National Polytechnic University.
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Aim of the research is to develop the method of information transfer using the PBAs, which is
based on cyclic shifts of rows and/or columns of the base PBA.

The following problems must be solved to achieve this:

— Evaluate the properties of the PBAs while the cyclic shifts of its rows and/or columns are performed.

— Evaluate the properties of two-dimensional periodic cross-correlation functions of equivalence
class PBAs.

— Elaborate digital modulation method, based on PBA’s cross-correlation properties within
equivalence class.

— Develop decoding method for equivalence class-built PBA signals.

Main Body. Consider the properties of the PBAs, which are dependent on cyclic shifts of matrix
rows and columns.

Theorem 1. The 2D PACF of PBA P(X) is invariant regarding its cyclic column shift by s (s<N)

positions right (left). The shifted PBA can also be viewed as a new PBA with the same 2D PACF.
Proof. Indeed, if the elements of matrix p, ;, which are cyclically shifted right by s columns —
Dij.s (it is equivalent to the cyclic shift by N—s columns left) are substituted into (4) and taking into

account that indices of p are reduced modulo N, we obtain
N-1N-1 N-1N-1
Vinn = Zzpi,j+spi+m,j+n+s = Zzpi,jp[+m,j+n >
i=0 j=0 i=0 j=0
which is equivalent considering sum permutation invariance.
For example, for PBA

+

0 +
P’(4)=

+ o+ o+

+ o+
+_
-+ - o+

under cyclic shift of columns to the left, we obtain the following new structures of PBAs

+ o+ - - + - - 4
0 + o+ o+ o+ + o+ o+ 4+
P (4) = , P (4)= ;
- 4+ o+ - + o+ = -
-+ -+ + - o+ -]
[— -+ 4] -+ + =]
, + o+ + + + o+
P (4)= , P(4)=
+ - = 4+ - - o+ 4+
-+ = ] + - o+ -

Theorem 2. The 2D PACF of PBA P(N) is invariant to its cyclic row shift by s (s<NV) positions

up (down). The shifted PBA can also be viewed as a new PBA with the same 2D PACF.
Proof. If the elements of matrix p, ;, which are cyclically shifted down by s rows — p,, . (itis

equivalent to the cyclic shift by N—s rows up) are substituted into (4) and taking into account that in-
dexes of p are reduced modulo N, we get next equation

N-1N-1 IN-1

rm,n - pi+s,jpi+m+s,j+n

= pi,jpi+m,j+n s
i=0 j=0 i=0 j=0
which is equivalent considering sum permutation invariance.
For example, for PBA
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+ + - -
0 + 4+ o+ o+
P (4) =
-+ - +

under cyclic shift of rows up, we obtain the following new structures of PBAs

+ - - + o+ o+ o+

. A - + o+ -
P (4)= , P (4)= ;

- + + - - + - o+

-+ -+ + + - -

- + + -] - + - 4+

s - o+ - 4| + + - -
P (4)= , P'(4)= .

+ + - - + + o+ o+

+ + o+ o+ -+ o+ -

Property 1. Each PBA order of N generates an equivalence class of matrices — E(N)-class of
PBA by means of cyclic shift of rows and/or columns operations, the power of E(N)-class is given by

Yo =N (6)

Thus, any arbitrary PBA, which is built in any way, in fact, specifies the equivalence class of
PBAs with the power (6).

This property is of practical importance for the design of the E(N)-class PBA generator since it is
no longer necessary to store in the memory the structures of the PBAs of equivalence E(N)-class, the
power of which increases exponentially with growth of order N (5), and the number of elements in the
PBA grows in proportion to N°. In Table 1, as an example, the equivalence E(4)-class of PBAs is rep-
resented. It is constructed on the basis of the generator matrix

+ + - =
+ + o+ 4+
P(4)= .
-+

-+
Indices [k1, k2] next to the name of PBA (Table 1) indicate the number of positions by which

rows and/or columns in the base (generator) PBA P'""(4) is cyclically shifted, where k1 denotes

number of cyclic shifts of rows up, £2 is number of cyclic shifts of columns to the left.
The concept of two-dimensional periodic cross-correlation function (2D PCCF) can now be in-

troduced for arbitrary PBAs P°(N)and P'(N)

B(N)=|b,..|» (7
where the elements of 2D PCCF (7) for PBAs P’(N) and P'(N) are calculated using next equation
N-1 N-1 0 |
bm,n = pi,jpi-ﬁ—m,j-#n . (8)
i=0 j=0

Theorem 3. For any given PBA P’(N)and any PBA P'(N), obtained from P’(N) by cyclic

column shift by s positions, the 2D PCCF of P’(N) and P'(N) is equal to 2D PACF of P’(N) with
the same column shift.
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Table 1
Equivalence E(4)-class of PBAs
+ o+ - - [+ - - + - =+ 4] -+ o+ ]
POl 4 = + o+ o+ o+ pOl(g) = + o+ o+ o+ PO 4 = + o+ o+ o+ Pl (g = + + o+
-+ o+ - + o+ - + - + - - o+ 4+
-+ -+ + - + - -+ - 4] + - + -
+ o+ o+ ] [+ + o+ [+ + o+ 4] + o+ o+ +]
P4y =| + Tl Py = + T ety = - - f Py =| T +
-+ -+ + - o+ - -+ -+ + - o+ -
+ o+ = -] + - =+ - - + 4] -+ o+ -
-+ o+ - + + - - + - - + - -+ 4]
LI + -+ P4y = + - o+ - o + -+ Pl (g = + - + -
+ o+ - - + - -+ - - o+ o+ - + -
+ o+ o+t + + o+ +] + + o+ +] + + o+
-+ = 4] [+ - + - -+ = 4] + - o+ -]
PiI(g) = + o+ - - Pl 4y = + - - o+ pialgy =™ T + o+ Py =| + o+ -
+ o+ + + o+ o+ o+ + o+ 4 + o+ 4
- + -] + + - -] + - - +] - - + +]

Proof. By substituting elements p,lﬂ ; with pf +s (which are equivalent to pf ; cyclically shifted
right by s columns or N—s left) in (8), we get

2

-1 N-1

sz /pz+m Jn+s >
Jj=

W
=

and taking into account that the indices of p are calculated modulo N, we get
N-1 N-1

m n+s Z Zpl ijm JjHn+s >

i=0 j=0

9
Q.E.D.

Theorem 4. For any given PBA P°(N) and any PBA P'() , obtained from P°(N) by cyclic row shift
by s positions, the 2D PCCF of P°(N) and P'(N) is equal to 2D PACF of P’(N) with the same row shift.

Proof. By substituting elements p,lﬂ ; with pl.om ; (which are equivalent to pg ; cyclically shifted
down by s rows or N—s up) in (8), we get

2

-1 N-1

Zpljpl+m+l Jj4n >
Jj=

and taking into account that the indices of p are calculated modulo N, we get

W
=

N-1 N-1

m+s n Z sz /pH—m+S Jj+n o (10)
i=0 j=0

Q.E.D.
Results. In the Table 2, as an example, the 2D PCCFs of base (generator) matrix

+ + - -
+ + + 4+

P(4)= .
-+ - 4+

EJIEKTPOHIKA. PAJIOTEXHIKA. 3ACOBHM TEJIEKOMYHIKALITIA



ISSN 2076-2429 (print) . . . . 223
ISSN 2223-3814 (on line) [pani OxeceKroro moJiTexHIYHOTO yHIBEpcHUTETY, 2014. Bum. 1(43)

of order N =4 with cyclic shifts parameters of rows and columns [ 0,0 ] and all the other matrices of
equivalence E(4)-class of PBAs from the Table 1 with parameters of cyclic shift [£1, k2] are given.

Table 2
2D PCCF of the PBAs of equivalence E(4)-class

1
1

16 0 0 0 0 16 0 0 0 0 16 0 0 0 0 16
B4 = 0 0 0 0 B4 = 0 0 0 0 e 0 0 0 0 B(4) = 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0] 0 0 0 0 0 0 0 0
BI04 = 16 0 0 0 BU4) - 0 16 0 0 BO1(4) = 0 0 16 0 B4 = 0 0 0 16
o 0o 0 o “lo 0o 0 o “lo 0 o0 o0 1o 0o 0o o0
0 0 0 0 0 0 0] 0 0 0 0 0 0 0
[0 0 0 O] 0 0 0 O] [0 0 0 0] [0 0 0 0]
B4 - 0 0 0 0 B (4) = 0 0 0 0 B4 - 0 0 0 0 B4 = 0 0 0 0
6 0 0 0 0 16 0 0 0 0 16 0 0 0 0 16
0 0 0 0] 0 0 0 0 0 0 0 0] 0 0 0 0]
fo 0 0 O] (0 0 0 0] (0 0 0 0] 0 0 0 ]
BE04) = 0 0 0 0 B4 = 0 0 0 0 N 0 0 0 0 B4y = 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
16 0 0 0] 0 16 0 0] 0 0 16 0] 0 0 0 16

As follows from Table 2, the 2D PCCF of base PBA and PBA, the rows and/or columns of which
are cyclically shifted relative to the base PBA, contains one peak. The energy of this peak is £=N".
The shifts of this peak relative to its location in 2D PACF determine unambiguously the number of
cyclic shifts of rows and/or columns of the base PBA.

Equations (9) and (10) are of great practical importance, since it is, in fact, strict grounding of
digital modulation method based on the cyclic shifts of base PBA.

Theorem 3 and 4 define the technique of signal decoding, constructed on the basis of the equiva-
lence E(N)-class of PBAs. From analysis of Table 2 follows, that in case of N’ signals of E(N)-class
detection by receiver, a single two-dimensional matched filter is needed. It must be built on the basis
of the filter signal — the base PBA, and 2D PCCF maximum search scheme. In general case, N two-
dimensional matched filters required for optimum detection of arbitrary structure signals.

Conclusions. The paper is focused on PBA correlation properties regarding to cyclic shifts of
PBA rows and/or columns. Also, the properties of two-dimensional periodic cross-correlation func-
tions of PBAs equivalence class are discussed.

The digital modulation method based on PBA equivalence class is elaborated. This method is easy to
implement in hardware, since the shifting device is much easier to implement than the PBA generator.

A set of theorems regarding PBAs 2D PCCF formed a basis which allowed for elaboration of novel
PBA detection method which in general case allows to reduce the complexity of receiver N* times.
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AHOTAIISI / AHHOTALIUA / ABSTRACT

H.I. Kywmnipenko, B.A. Yeuenvnuyvkuti. Metoa ingopmauiiitnoi Moxyasiii Ha 0a3i J0CKOHAIUX ABIHKOBHX pelITOK.
Meroto € po3pobka MeToxy nepenadi iHpopMmarii Ha 6a3i JOCKOHANHMX JBIHKOBUX PEIIITOK, KU 3aCHOBaHHMH Ha 1X CTPYKTY-
PHEX i KOpEISILITHUX BIACTUBOCTSX. [IpeacTaBieHo i JOBEACHO BIACTUBOCTI €KBIBaJIEHTHOTO KJIACY JOCKOHAIMX IBIHKOBUX
pewitok. Ha ocHOBI BracTHBOCTEH JBOBUMIPHHX MEPIOIUYHUX B3a€EMHOKOPEIAIIMHUX (QYHKIIH Mik 0a30BOI0 JOCKOHAIOIO
IBIIKOBOIO PEIIITKOIO 1 BCiMa IHIIUMH PEUIITKaMHU €KBIBaJICHTHOTO KJIACYy 3aIIPOIIOHOBAHO METOA iH(OPMAIIITHOT MOy JISII].
Jaunuii Metoq Moke OyTH BUKOPHCTAHMH JUIsi mepeiadi AUCKPETHHX LU(PPOBHX MOBIIOMICHb 3a JONOMOTOK IUKIIYHUX
[IMPOKOCMYTOBUX CHUTHANIB, MPH LbOMY JIEKOIyBaHHS LUX CHUTHANIIB MOXE 3AiHCHIOBATHCS 3a JOIMOMOIOK €IWHOTO Y3ro-
JDKEHOTO 3 OIOPHOIO JTOCKOHAJIOI0 ABIHKOBOIO PEUITKOI0 (ibTpa. 3alpONOHOBAHUN METOJ[ JJO3BOJISIE CIPOCTUTH anapaTHy
peanizamito MpUCTPOiB PO3Pi3HEHHS CHUTHAJIB 1 BUPINIMTH TOJOBHY NMpoOJieMy paio3B’s3Ky — ICTOTHO CHPOCTHUTH CXEMY
nexoznepa. OTpuMaHi pe3ysIbTaTd MOXKYTh 3HAHTH 3aCTOCYBaHHS B OJHOKAHAIBHUX CHHXPOHHHX CHCTEMax 3B’A3Ky 3 IIyMO-
MOAIOHUMH TBOBUMIPHUMH LUKIIIYHUMU CHTHATAMH.

Kniouoei cnosa: nockoHana ABIHKOBa pelIiTKa, METOA MOIYJIALIl, €KBiBaJIeHTHUH KJIAC, IIUPOKOCMYTOBHIA CHTHAJL.

H.U. Kywnupenxo, B.A. Yeuenvnuyxuii. MeTon MHGOPMALHOHHOH MOAYJISIUM HA 0a3e COBePLIEHHBIX IBOMYHBIX
peureTok. Llensio sBisieTcs pa3paboTka MeToa repefadu HHpopManuy Ha 6a3e COBEPUIEHHBIX ABOWYHBIX PEIIETOK, KOTO-
PHIif OCHOBaH Ha MX CTPYKTYPHBIX M KOPPEIIIMOHHBIX CBOHCTBaxX. B paboTe mpexcTaBieHbl U JOKa3aHBI CBOMCTBA KBHBA-
JICHTHOT'O KJIacCa COBEPLICHHBIX JIBOMYHBIX perieTok. Ha ocHOBe CBONWCTB ABYMEPHBIX NEPUOAUYECKUX B3aUMHOKOPPEIISLU-
OHHBIX (YHKIMII MeXTy 0a30BOH COBEPIIEHHOH NBOMYHOW PEIIECTKOH W BCEMH OCTAJbHBIMH PELIETKAMH SKBHUBAJEHTHOTO
KJacca MpeUIokKeH MeToA MHGOPMALMOHHON MOIYJLUK. JIaHHBIH METOA MOXET OBITh MCIIONB30BAH Ul Iepeladyu Auc-
KPETHBIX IIU(POBBIX COOOIICHUH C MOMOLIBIO IUKINYECKUX LIIMPOKONOJIOCHBIX CHTHAJIOB, NIPU 3TOM JIEKOJUPOBAaHUE ITHUX
CUTHAJIOB MOXKET OCYLIECTBIATHCA C MOMOILBIO €IMHCTBEHHOIO COIJACOBAHHOTO C OMOPHOI COBEPIIEHHOH IBOMYHON pe-
meTkoi GubTpa. [IpennokeHHbI MEeTOI TIO3BOJISICT YIPOCTUTH aNMapaTHYIO pean3aliio YCTPOHCTB pa3IMueHus] CUTHAJIOB 1
PELNUTh MIABHYIO MPOOIEMy PaaNOCBA3H — CYIIECTBEHHO YIPOCTHTH CXeMy Jekoaepa. [lomydeHHble pe3yabpTaThl MOTYT HAHTH
MIPIMEHEHNE B OTHOKAHATBEHBIX CHHXPOHHBIX CHCTEMaX CBSI3H C ITyMONOJOOHBIMHU JIByMEPHBIMH IIUKIMIECKAMI CHTHAJIaMH.

Knrouesvie cnosa: coBepllieHHas: JBOMYHAS PEILETKA, METOA MOYJISIIMHU, SKBUBAJICHTHBIN KJIACC, IUPOKOIIOIOCHBII CUTHAIL

N.I Kushnirenko, V.Ya. Chechelnytskyi. Digital modulation method based on perfect binary arrays. The aim is to develop
the method of information transfer using perfect binary arrays, which is based on their structural and correlation properties. The
properties of the equivalence class of perfect binary arrays are presented and proved in the paper. On the basis of the properties of
two-dimensional periodic cross-correlation functions between a base array and all the rest perfect binary arrays within the equiva-
lence class the digital modulation method is proposed. This method can be used for transmission of discrete digital messages by
means of cyclic wideband signals. The decoding of these signals can be implemented with a single filter matched with base perfect
binary array. The proposed method can simplify hardware implementation of signal detection devices and solve the main problem of
the radio communication, namely, greatly simplify the decoder circuit. The obtained results can be used in single channel synchro-
nous communication systems with noise-like two-dimensional cyclic signals.

Keywords: perfect binary array, digital modulation method, equivalence class, broadband/wideband signal.
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