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Abstract

Objectives. One of the most important tasks in the development of goniometric systems is improving resolution
in terms of angular coordinates. This can be achieved in two ways: firstly, by increasing the aperture, which is very
expensive and often technically challenging to implement; secondly, with the help of digital signal processing
methods. If the recorded signal sources are located close to each other and not resolved by the Rayleigh criterion, it
can be impossible to determine their number, location and reflection characteristics. The aim of the present work is
to develop a digital signal processing algorithm for obtaining angular superresolution.

Methods. Mathematical methods for solving inverse problems are used to overcome the Rayleigh criterion, i.e.,
obtain angular superresolution. These problems are unstable, since there is an infinite number of approximate
solutions and false targets may occur. The search for the optimal solution is carried out by minimizing the standard
deviation.

Results. A description of a mathematical model for a goniometric system is presented. A signal processing algorithm
is developed based on existing methods according to the principle of parameterization of user functions. Results of
numerical experiments for achieving superresolution by algebraic methods are given along with an estimation of
solution stability. The accuracy and correspondence of the amplitude of the obtained objects to the initial parameters
are measured. The degree of excess of the Rayleigh criterion by the obtained solution is estimated.

Conclusions. Algebraic methods can be used to obtain stable solutions with angular superresolution. The results
obtained correctly reflect the location of objects with a minor error. Errors in the distribution of the signal amplitude
are small, appearing false targets have negligible amplitude.
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Pesiome

Llenu. OnHa n3 BaXXHENLNX 33434 Pa3BUTUS YIITIOMEPHBIX CUCTEM — YJTyuLLIEHNE Pa3peLLatoLL,ein CoCOOHOCTY MO yrio-
BbIM KOOpAVHATaM. TOro MOXHO A06UTLCS ABYMS Crocobamu: BO-NMePBbIX, yBENIMYEHNEM anepTypbl TAKON CUCTEMBI,
4YTO BECbMA 0POro 1 4aCTO TEXHNYECKN TPYAHOBLIMOIHVMMO; BO-BTOPbIX, C MOMOLLLIO METOA0B LMPPOBOM 00paboT-
K1 curHanoB. Ecnm pernctpmpyemblie UCTOYHUKN CUrHAMa pacnosioXeHbl 611M3K0 APYr K APYry 1 HE pa3peLualoTcs no
Kputepuio Panes, To HEBO3MOXHO ONpPenennuTb UX KOIMYECTBO, PACMOIOXKEHNE U XapakTepPUCTUKN OTpaxeHus. Lienb
paboThl — pa3paboTka anroputma LUMdpPoBo 06pPaboTKM CUrHANOB AJ15 NOJIy4EeHUS YI/IOBOrO CBEepXpaspeLleHnst.
MeToapbl. VIcnonb3oBaHbl MaTeMaTU4ECKME METOAbI PELLEHNS 0OPATHbIX 3a4a4. ATV METOAbI MO3BONSAIOT NPEOAONETh
KpuTepuii Panes, T.e. 4aloT BO3MOXHOCTb MOMY4nTb YII0BOE CBEPXpa3peLleHne. JaHHble 3ana4v 06naaatT HEYCTOM-
4YMBOCTHIO. CyLLLEeCTBYET OECKOHEYHOE KONIMHYECTBO NMPUOVKEHHbBIX PELLEHWNI, BO3MOXHO BO3HUKHOBEHME JIOXKHbIX Lie-
nen. Nounck oNTUManbHOro peLleHns NPOBOAUTCA NyTEM MUHUMM3ALUN CPEeAHEKBAAPATUHECKOrO OTKIIOHEHNS.
Pe3ynbTaTthl. B cTathe NprBeneHoO onncaHme MmateMaTyeckon Mmoaenn paboTsl yroMepHon cuctemsl. Ha ocHoBe
CYLLECTBYIOLLMX METOA0B pa3paboTaH anropntmM 06paboTku CUrHana, UCMosb3yIOLLMIA NPUHLMN NapamMeTpmsaumnm
NonNb30BaTENLCKMX OYHKUMIA. [peacTaBneHbl pe3dynbTaTbl YMCIEHHbIX 9KCMEPUMEHTOB MO LOCTUXEHUIO CBEpPX-
paspeLlueHus anrebpanyeckumMmm metogamu. NpoBeaeHa oueHka YCTOMYMBOCTU peLleHus. VIamepeHbl TOHHOCTb U
COOTBETCTBME aMMINTYAbl MOJIyYEHHbIX OOBEKTOB HavyasbHbIM napamMmeTpam. MNpoBegeHa oueHka CTeneHn NpeBbl-
LeHns Kputepus Panes nofy4eHHbIM peLLEHNEM.

BbiBoabl. [lokadaHo, 4To anrebpanvyeckne MeToAbl MO3BOASAT MOSy4yaTb YCTOMYMBLIE PELUEHUS C YI/IOBbIM
cBepxpaspelleHmem. MNMonyyaemMble pe3dynbTaTbl MPABUIIbLHO OTPaXatoT PACMOIoXKeHNe 0O6bEKTOB C HE3HAYUTENb-
HOV owmnbKon. OWwnbKN B pacnpeneneHnn amnanTyabl CUrHana HeBenmku, NnosiBASIOLLMECS NTOXHbIE LLeNn UMEKOT
npPeHebpexXrMo Manyio amnianTyay.

KnioueBble crioBa: KOMMbIOTEPHOE MOAENNPOBaHNE, CBEPXPA3PELLEHNE, MONCK OOBEKTOB, UMUTALMOHHAsA MOAESb

e Moctynuna: 15.12.2021 ¢ Jopa6oTaHa: 17.05.2022 ¢ MpuHaTa kK ony6nukoBaHuio: 24.06.2022

Ona untupoBanua: LyknH A.A., MaenoB A.E. MapameTpusaums nonb3oBaTenbCkux GyHKUMA B umndpoBon obpa-
60TKe cCuUrHanoB AN MOJSyYeHUs YrioBOro ceepxpaspelweHus. Russ. Technol. J. 2022;10(4):38-43. https://doi.

org/10.32362/2500-316X-2022-10-4-38-43

Mpo3payHocTb pUHAHCOBOMN AEeATENIbHOCTU: ABTOPbLI HE UMEKDT PUHAHCOBOM 3aMHTEPECOBAHHOCTN B NPELCTaB/EH-

HbIX MaTepmnanax nin Mmetogax.

ABTOPbI 3a9BNSIOT 06 OTCYTCTBUM KOHMMKTA MHTEPECOB.

INTRODUCTION

Goniometer systems have many applications. The
determining criteria for the implementation of such a
system are accuracy and speed. There are various ways
to obtain angular superresolution—the Capon method,
the thermal noise method, MUSIC (MUIltiple Slgnal
Classification), ESPRIT (Estimation of Signal Parameters

via Rotational Invariant Techniques), etc. Methods such
as MUSIC and ESPRIT use narrowband signals and are
inefficient when applied to broadband and ultra-wideband
signals (UWB). Many of these methods are not sufficiently
effective and universal, because at a signal-to-noise ratio
of less than 20 dB, errors occur in the solution [1-8]. In
addition, not all of the listed methods allow one to solve
two-dimensional problems [9—11].
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In this study, an algorithm for the approximate
determination of the angular location of closely spaced
targets has been developed. The algebraic methods
considered in the article make it possible to obtain a solution
with low computational costs. The presented algorithm has
a high speed, which allows it to be used in real time. To
assess the quality of the method, the degree of excess of
the Rayleigh criterion by the obtained solution is measured.

PROBLEM STATEMENT

The model of the signal received by the surveillance
system is a two-dimensional integral (1):

U(x,y) :=_|.F(x—q,y—”)1(61»”)d”d% (D
Q

where F(x, y) is the radiation pattern (RP) of the observation
system; Q is the two-dimensional region of the source
location; (g, ) is the angular distribution of the amplitude
of the signal source, which is to be determined [12, 13].

The purpose of the study is to develop a digital
signal processing algorithm for obtaining angular
superresolution. To accomplish this, it is necessary to
restore the angular distributions of the reflected signal
amplitude from the measured signal U(x, y) and the
known characteristics of the goniometric system. This
can be achieved through obtaining an approximate
solution of the linear Fredholm integral equation of the
first kind of the convolution type (1).

Obtaining angular superresolution using digital signal
processing U(x, y) is a solution to the inverse problem.

SOLUTION METHOD

The search for a solution to the inverse problem is
carried out based on the parametrization [14, 15], when
instead of the unknown function /(g, r), the expansion of
the desired distribution of amplitudes with respect to a
given system of orthogonal functions is used. Then the
solution can be represented in the form:

oo N
1(q,r)=2aigi(q,r)zZal-gi(q,r), 2

i=1 i=1

where a; are unknown coefficients; g/(g, r) are functions
specified by the user. The coefficients @, can be found by
minimizing the standard deviation of the solution in the
region 0 > Q from the original signal:

82 =
2

=J U(x,y)—iaij.F(x—q,y—r)gi(q,r)drdq dydx, 3)
0 i=l Q

where 0 is the two-dimensional region of scanning.

To do this, the partial derivatives of 8 with respect
to a, are equated to zero. The result is a system of linear
algebraic equations (SLAE) of N equations:

a=GV, 4)

where

= [ ;W (x, y)dyde,
0

= [ F(x-q.y-r)g,(q.r)drdg, )
Q
V= UGy (x,)dvds. ©)
0

Although the angular superresolution increases
when using a larger number of functions g(q, r), the
dimension of the SLAE also increases along with the
consequent instability of the solution, which manifests
itself in the form of false signal sources and distortions
in the resulting solution. This is due to the characteristic
problem of inverse problems that minor changes in the
initial data—for example, random variables (noise)—
can lead to significant errors, i.e., instability. While low
levels of noise in well-posed problems can lead to small
errors in the solution, the resulting solution in inverse
problems may differ from the true one by several orders
of magnitude.

RESULTS OF NUMERICAL EXPERIMENTS

The resulting solutions of inverse problems were
studied in the course of numerical experiments on
mathematical models. The source objects and the
received signal are shown in Fig. 1, where 0 5 is the
RP half-width. Three-point objects were specified. All
objects are located sufficiently close to each other and
are not resolved by the Rayleigh criterion.

Fig. 1. Model of the received signal
and the source objects:
1 — original objects; 2 — received signal
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The form of the signal U(x, y) does not allow objects
to be observed separately, in particular, three original
objects merge into one (mesh surface 2).

In order to search for a solution, nine functions
g(q, r) are specified to cover the entire region € under
study, three of which are shown in Fig. 2.

e0‘5

Fig. 2. View of three user-defined functions

The original objects and results of solving the SLAE
system (4)—(6) are shown in Figs. 3a and 3b, respectively.

As a result of the experiment, a stable solution
with angular superresolution was obtained. The angular
coordinates of all three objects are determined with good
accuracy, with the found amplitudes of the central and
right object appearing close to the original (= 80%), while
the amplitude of the left object is slightly lower than the
original (= 60%). The resulting angular superresolution
significantly exceeds the Rayleigh criterion (the angular
distance between objects is 0.30).

CONCLUSIONS

The possibility of using algebraic methods to
obtain stable solutions of inverse problems with angular
superresolution, which reflect the location of the original
objects with a slight error (the coordinates of the original
objects and the resulting solution coincide), has been
demonstrated. The errors in the distribution of the signal
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