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A method of correlation-inter-
Jferometric direction finding has been
improved, which effectively solves the
problem of radio direction finding of
radio emission sources under conditions
of exposure to one or two masking inter-
ference. The problem was solved using
the selection of an unmasked fragment
of the spatial spectrum of the signal
and the reconstruction of the missing
samples of its signal group. As a result
of the synthesis of the proposed meth-
od, estimates of signal samples were
obtained as exact solutions to the pro-
posed energy balance equations. The
resulting solutions provide a significant
increase in the signal-to-interference
ratio and, accordingly, direction-find-
ing accuracy without increasing the
number of reception channels of the
antenna array. As a result of the sim-
ulation, the dependences of the stan-
dard deviation of the bearing estimate
on the signal-to-noise ratio in the pres-
ence of interference were built. Under
the influence of one or two masking
interferences and a signal-to-interfer-
ence ratio of 0 dB, the use of the known
direction-finding method without inter-
ference selection produces an anoma-
lously large direction-finding error of
more than 0.42 degrees, which is practi-
cally independent of the signal-to-noise
ratio. The direction-finding method
with selection of spectral signal sam-
ples masked by interference reduces the
direction-finding error to 0.22 degrees
when exposed to one interference and to
0.3 degrees when exposed to two inter-
ferences. This is due to the presence of
power losses of the usable signal during
the selection of its samples masked by
interference. The proposed method of
direction finding with reconstruction
of signal samples provides a signifi-
cant gain in accuracy by 3-30 times
compared to the method of selection of
masked samples in the range of changes
in the signal-to-noise ratio (—20.5) dB.
The direction-finding error of the pro-
posed method decreases with increas-
ing signal/noise according to a hyper-
bolic dependence. It is advisable to use
the proposed direction-finding method
when masking no more than two sam-
ples of the signal group
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1. Introduction

Radio monitoring is an effective means of controlling the
use of radio frequency resources. The number of radio-elec-
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tronic devices is constantly increasing, especially mobile
ones, with rapidly changing spatial and time-frequency
parameters. Therefore, the most informative component of
radio monitoring today is radio direction finding and deter-




mination of the location of radio emission sources (RES),
which provide spatial localization of radio-electronic equip-
ment [1].

A promising direction in the implementation of radio
direction finding is the use of passive broadband digital cor-
relation radio direction finders, combining high speed and
accuracy of direction finding in a complex electromagnetic
environment (EME).

Simultaneous broadband reception and direction finding
of several emissions may result in mutual masking inter-
ference. To increase noise immunity and direction-finding
accuracy, it is advisable to use interference selection, for ex-
ample, frequency, time, spatial. Increased noise immunity of
radio direction finding is ensured using antenna arrays (AA)
with a multi-lobe radiation pattern. Radio direction finders
with AA provide high accuracy in determining the direction
to RES while completely masking and blocking the signal
with interference in frequency and time. When spatial
partial or complete overlap of radio emissions of signal and
interference occurs, the accuracy of radio direction finding
and monitoring significantly deteriorates.

Therefore, an urgent task of improving radio monitor-
ing tools is to increase the accuracy of direction finding in
complex EME and the effect of masking interference in time,
frequency, and direction of arrival.

2. Literature review and problem statement

Works [2, 3] report studies on the accuracy of estimating
the direction to RES and method optimization. It is shown
that, in contrast to classical direction-finding methods [1],
the applied parallel spatial digital spectral analysis of radio
signals and single-iteration delay estimation provide an ac-
curate bearing estimation with minimal computational and
time costs. The accuracy of direction finding is significantly
affected by the type of spectral analysis window, signal-to-
noise ratio, and signal-to-interference ratio at the inputs of
radio channels. However, these studies do not consider cases
of receiving a mixture of signals and interference. For moni-
toring practice, it is necessary to develop a direction-finding
method using selection and compensation of masking inter-
ference.

In [4], studies were carried out on the accuracy of
the digital method of correlation-interferometric direction
finding with two-dimensional correlation processing of the
spatial signal. A formula for the variance of bearing estima-
tion is derived. It is shown that the main parameters influ-
encing the accuracy of the estimate are the time of radiation
analysis, the magnitude of the spatial shift for correlation
processing, and the type of window weighting function for
digital synthesis of the AA radiation pattern (RP). Howev-
er, the simulation established dependences of the standard
deviation (RMS) of the bearing estimate only on the signal-
to-noise ratio. The influence of masking interference and
possible modification of the method have not been studied.

In [5], a new configuration of the AA matrix was pro-
posed to improve the accuracy of interferometric direction
finding in the range of both low and high frequencies. Simu-
lations have shown the effectiveness of the proposed antenna
element array configuration. In [6], a technique was studied
to compensate for a non-ideal modulating pulse for direction
finding using a time modulation matrix. A reconstruction
of the required envelope shape for the modulation pulse was

applied, and its formula was derived. However, the effec-
tiveness of the proposed solutions is shown without taking
into account the influence of masking interference in time,
frequency, and direction of arrival.

In [7], a data model for a single-channel direction finding
system with switching between antennas was studied. The
work examined compensation for the mutual influence of
antenna elements and the imperfection of the switch. How-
ever, the developed comprehensive model only includes noise
modeling to improve the estimation accuracy. In [8], a new
direction-finding method with spatial spectrum estimation
is proposed. A linear array and one radio frequency recep-
tion channel are used. The autocorrelation matrix for the
digital spectrum of the total array signal is estimated. An
algorithm is proposed for assessing the directions of signals,
including for determining the direction of coherent sources.
This method has shown effectiveness for frequency-coherent
interference. Also, in [9], a similar algorithm for estimat-
ing the direction of the signal to RES using the rotational
invariance method (ESPRIT) is proposed. This work con-
siders the presence of inhomogeneous noise and allows the
estimation of up to M—1 uncorrelated signals. In [10], using
subspace methods, a joint range estimation method is applied
based on the unitary advanced multiple signal classification
(MUSIC) algorithm, also known as the root-MUSIC algo-
rithm. And in [11] they struggle with random deformations
of signal arrays. The ESPRIT and root-MUSIC methods are
generally used in the presence of a priori information about
the number of signals in the mixture and lose stability at low
signal-to-noise ratios. They also have high computational
complexity, just like signal processing in [12].

Work [13] proposed a direction-finding method using
a two-element AA. The time-modulated matrix does not
synchronize samples and uses asymmetric time sequences,
which simplifies the system. A radar with multiple inputs
and outputs was also studied in [14]. An extended virtual
AA with interference mutual communication is used. Algo-
rithms are proposed for estimating the bearing under condi-
tions of using a receiving matrix with homogeneous linear
arrays. Interference is not compensated, but the simulation
showed a low shift in bearing estimates for conditions of
perturbation of the sensor position and gain inhomogeneity
in the AA receiving channels.

In [15], masking interference is combated using an active
emitting radar, which has both direction and range selection.
In [16], a direction-finding method with protection against
multipath propagation of radio waves is proposed. Study [17]
improves the accuracy of parameter estimation for radars
using orthogonal frequency division multiplexing (OFDM)
technology, which also has low computational complexity
due to the use of discrete Fourier transform. In [18], a new
signal processing algorithm using a priori range information
solves interference problems for an airborne active radar
with a conformal AA. In [19], a new target detection algo-
rithm is proposed for low signal-to-noise ratio conditions
using a neural network. In general, the problems of active
emitting radars are considered, which do not operate secret-
ly and cannot always be used in radio monitoring and radio
reconnaissance.

In [20], the problem is considered related to passive radar
detection of ships for operation under real coastal conditions
in the presence of interference from the sea and wind power
plants. Adaptive approaches to pattern generation improve
signal-to-noise ratios. Paper [21] proposes an efficient algo-



rithm for passive estimation of the largest angle of arrival
for a hybrid mm-wave communication system. The com-
putational complexity of processing algorithms is reduced.
In [22], three efficient detectors are developed to detect
distributed targets under unknown interference conditions.
It improves passive detection performance. These methods
enhance the performance of passive radar for certain condi-
tions and type of system.

Thus, an unresolved part of the broad problem of increas-
ing the efficiency of radio monitoring systems is improving
the noise immunity and accuracy of passive ground-based
direction finding under conditions of a priori uncertainty of
the parameters of the received radio emission and the pres-
ence of masking interference.

3. The aim and objectives of the study

The goal of this work is to increase the accuracy of
direction finding in complex EME under the influence of
masking interference. This will improve the noise immunity
and accuracy of radio monitoring.

To achieve the goal, the following tasks were set:

—to improve the digital spectral method of correla-
tion-interferometric direction finding with reconstruction of
the spatial analytical signal for conditions of processing an
incomplete spatial spectrum of the signal;

— to perform an analytical assessment of the noise immu-
nity of the proposed direction-finding method;

— to perform modeling of direction-finding algorithms,
obtain the dependence of the standard deviation of the
bearing estimate on the signal /interference and signal /noise
ratios through modeling.

4. The study materials and methods

The object of our study is an improved digital spectral
correlation-interferometric direction finder with reconstruc-
tion of a spatial analytical signal with the ability to process
an incomplete spatial spectrum of the signal.

The adopted simplifications and assumptions are as
follows. Radio emissions are generated by point RES and
are received by a linear AA in the horizontal plane. Direc-
tion-finding channels of the linear AA have statistically
independent additive stationary normal noise of their own
with zero mathematical expectation and the same spectral
power density within their bandwidth. The intrinsic noise
of the radio channels of AA does not have inter-channel cor-
relation and correlation with the received radio emissions.
We also set that the direction-finding RES are located in the
far zone, and there are no phase fluctuations along the path
of propagation of radio emissions.

The research hypothesis is as follows. The temporal
frequency spectra of radio emissions overlap, and the spatial
spectra of radio emissions partially overlap (radio emissions
come from close directions on the verge of spatial resolution).

Analytical studies were carried out to substantiate the
proposed method and its noise immunity. The simulation
simulates the reception of radio emissions by identical AA
radio channels separated in space Z=64 with additive noise
using a developed software model of a direction finder in
the PTC MathCad environment. Hardware is a laptop for
simulation. The application of the proposed method is appro-

priate for the conditions of direction finding of ground-based
stationary point RES.

When solving the first problem, the theory of correlation
analysis, the Hilbert transform, digital spectral analysis of
received radio emissions, digital synthesis of a multi-beam
RP of a multi-element linear AA were used, an algorithm was
proposed for reconstructing lost spectral elements from a
fragment of the signal spectrum undistorted by interference,
and analytical methods of comparative analysis.

To solve the second problem, digital spectral analysis and
analytical methods of comparative analysis were used.

To solve the third problem, the method of statistical radio
engineering was used, a correlation method for estimating
the bearing, a software modeling method, and a statistical
method for estimating the standard deviation were pro-
posed. A comparative analysis of the obtained dependences
of the standard deviation of the bearing estimate was carried
out for the proposed method of spectrum reconstruction and
direction finding, as well as for known methods of amplitude
interference selection.

5. Results of investigating the spectral method of
correlation-interferometric direction finding for an
incomplete signal spectrum

5. 1. Development of a spectral method of correlae
tion-interferometric direction finding for an incomplete
signal spectrum

To ensure the possibility of passive direction finding of
short-term broadband radio emissions in real time for condi-
tions of complex EME, a search-free digital method of cor-
relation-interferometric direction finding with restoration
of spatial spectral signal groups distorted by interference
was developed. Complex EME occurs when the temporal
frequency spectra of radio emissions overlap, and the spatial
spectra of radio emissions partially overlap (radio emissions
come from close directions on the verge of spatial resolution).

Let a linear AA from Z identical direction-finding

L
channels receive an additive mixture Sy ¢ =ZS, t of L
=
random Gaussian quasi-continuous stationary real ra-
dio emissions S;(¢) with a uniform energy spectrum
S?(w)=const. It is specified that radio emissions are gen-
erated by point RES and are received by a linear AA in the
horizontal plane. Direction finding channels of a linear AA
have statistically independent natural additive stationary
normal noise 7,(¢) with zero mathematical expectation and
the same power spectral density N within their band {o;; ®y}
of transmission.

The intrinsic noise of the radio channels of AA does
not have inter-channel correlation and correlation with the
received S;(¢) radio emissions. It is also specified that the
direction-finding RES are located in the far zone, and there
are no phase fluctuations along the path of propagation of
radio emissions S;(¢).

Thus, the initial research conditions can be represented
as follows:

L

U.(t)=2,8.,(t=1.)+n.(¢), )

=1

where U,(¢) is a mixture of signals and self-noise received by
the z-th direction finding channel;



S,./(t—) — I-th signal, which is received by the z-th direc-
tion finding channel of AA;

T, — signal delay in the z-th direction finding channel
relative to the first reference channel.

Let estimates 0, of directions to direction-finding RES
be determined using non-search correlation processing, that
is, by calculating only one value of the argument T, of the
correlation function for each l-th radio emission Sy(¢).

It is specified that the probability density distribution
pu(o) of radio emissions S;(t) over frequency o within the
band {w;; oy} of transmission of direction-finding channels
is uniform, that is p;(®)=1/(ox/or). Also uniform is the dis-
tribution of the probability density p,(0) of radio emissions
S)(¢) in the direction 0 in the horizontal plane. It is assumed
that the bands of frequencies {®;7; w;y} occupied by the
Fourier spectra S;(jo) of radio emissions are known a priori.

It is assumed that the number L of received radio emis-
sions S)(¢) does not exceed the number Z of direction-finding
channels of the linear AA. In this case, all L radio emissions
received within the band {w;; ©y} of transmission of direc-
tion-finding channels belong to different resolution elements
A(04;0,) in time k-th frequencies oy, and p-th directions 6,:

S, t e 0,0

'

S

l+i

t €A, 050, 2

1+i

A NAL=0|

l+i =1, L

For given initial conditions, it is advisable to use prelim-
inary non-search reception of radio emissions at frequency
o and spatial direction 0,, which is performed alternately. It
is also advisable to search-free correlation assessment of the
directions 6; on RES using the reconstruction of the spatial
analytical signal [3]. It is advisable to carry out search-free
reception at frequency oy, using parallel digital spectral anal-
ysis based on the fast Fourier transform (FFT) algorithm,
implemented in each z-th direction finding channel of AA. Tt
is advisable to implement non-search reception in the direc-
tion 0, using the synthesis of a multi-lobe RP, which is also
effectively carried out based on the FFT algorithm [3, 23].

It is advisable to reconstruct radio emissions S;(¢) received
by alinear AA by means of the Hilbert transform of samples of
the corresponding signal groups (U /(jQp)} peiprLtprisy, formed
at the output of AA with a multi-lobe RP [3].

In this case, the k-th signal group is a selected array
{Ur1G) pepripiny of complex responses of AA with a
multi-lobe RP to the action of the k-th time spectral com-
ponent U, ,(jop) with frequency wy of radio emission of the
I-th RES received by the main lobes of overlapping adjacent
partial RPs Uy,(jQ,), where py ;, py; are the numbers of the
lower and upper frequencies of the selected signal group,
respectively.

When direction finding the /-th point RES by processing
a mixture of radio emissions S,(¢), other (L—1) radio emis-
sions will be station interference, which can significantly
distort its signal group {Ur/(Jp)}pe(pL ipii)-

A search-free correlation estimate of the 6, direction to
the I-th RES is obtained, subject to the presence of masking
spatial interference that distorts the readings of the signal
group {Uri(JQp)}peipLipry of direction-finding radio emis-
sion S,(¢). For this purpose, an analysis of the features of the
formation of signal groups and the corresponding masking
interference at the output of AA with a multi-lobe RP was

performed. Digital synthesis of a multi-lobe RP is carried
out using the FFT algorithm as follows [3, 24]:

Z-1
Uy JQ, =XU., jo, -exp —jQ,-z W z, (3)
2z=0
where Uy (jQ,) is the complex spatial spectrum for the &-th
component of the time spectrum U,;(jo) of the received
mixture U,(¢) of L radio emissions;

Q,=2np/d-Z — the value of the spatial frequency that
determines the direction of the p-th lobe of a multi-lobe RP,
p=0,1,.., Z-1,

d — distance between AA elements;

W(2) is the weighting function of spatial spectral analy-
sis, which determines the shape of the pattern lobe.

Analysis of equation (3) shows that the synthesis of a
multi-lobe RP is equivalent to the action of a parallel set of
spatially matched filters for harmonic spatial signals with
the ability to select interference.

Adjacent p partial diagrams of a multi-lobe RP are sig-
nificantly overlapped by the main lobes, which causes, under
the action of the /-th quasi-harmonic radiation U,,;(joy),
the formation at the output of the multi-lobe RP of a cor-
responding array of m;=py,—py; samples of the signal group
(UG petpr k1)

The interference groups {Uki—1(jQp)}pe(pL.i-t;pri~1] and
{Uk 11 pepLi+1;prs+1) are formed in a similar way at the
output of the multi-lobe RP in response to the action at its
input of the corresponding interference S;-1(t) u Sp1(¢).

Diagrams explaining the formation of signal
{Uri (GO} petpL tpry and two masking interference groups
{Uri-1 G pelpri-tpmi-1) and {Up i1 (G el pLi+1,pi141), are
shown in Fig. 1.

The interference S;((¢t) u Si1(t) are called masking
relative to the signal S;(¢) if their interference groups
{Uk 11} pel pLL.1~tp1i-1] and {Uk i1 G2 pe[pLa+tipH1+1] OVET-
lap in frequency Q, with the signal group {Ur;(G Q) peipL.tpr11;
that is:

DriSPuis
Pii 2 Pris- “)

To ensure the noise immunity of the direction finder un-
der the influence of masking interference, it is advisable for
further analysis to use only a fragment of the signal group
that does not contain elements distorted by interference that
need to be rejected. This is ensured by using the resulting
spatial selection of a fragment of the signal group that does
not contain elements distorted by interference, as follows:

Uk/.l"(jgp)zUk.l(jQp).KF(jQp)7 )

where Kr(jQ,) is the complex transfer characteristic of the

| ’
P4 <Pr<Pr.i+t

spatial filter, and K, (jQp): |
Pria<p<ppid’

Un r(jQ,) — a selected fragment of the signal group
{Ur(GQ)} pepr iy, Which does not contain elements dis-
torted by interference.

The boundary frequencies of a spatial filter with the
characteristic K#(j€,) can be estimated from the ratio of the
frequencies Qax1 and Qpaxi—1, Qmax.1+1, corresponding to the
local extrema of the 1-th signal and (1-1)th, (1+1)th interfer-
ence groups, respectively.
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Fig. 1. Diagrams of the formation and selection of signal and interference
groups: a — radiation pattern of a linear antenna array; b — spatial spectrum for
the A-th component of the time spectrum of the received [-th radio emission;
¢ — spatial spectrum for the k-th component of the time spectrum of
the received (/1)-th and (H1)-th radio emissions; d — complex transfer
characteristic of the spatial filter; e — selected fragment of the signal group,
which does not contain elements distorted by interference

Spatial selection can significantly improve the sig-
nal-to-interference ratio provided that the power of the
masking interference exceeds the power of the usable signal,
that is, the signal-to-interference ratio at the input of the AA
receiving channels is less than one. As a result, abnormally
large direction-finding errors are eliminated. However, the
disadvantage of using such direct selection is the significant
loss of usable signal power and, accordingly, a significant
increase in direction finding error.

Let’s solve the problem of determining (reconstructing)
the values of elements of the signal group {Us,(Gp)}pe(pL. pri)

N

-1

N
i
o

{UkJ (jQp )}

=2 U.(jo,) exp(-jQ,2)- W, (2) :

masked by noise using undistorted sam-
ples of the selected fragment Uy p(jQ,).
This, in turn, will allow for high-quality
reconstruction of the spatial analytical sig-
nal Uy () and high-precision search-free
correlation assessment of the 0, direction to
the /-th RES [3].

For this purpose, all possible options
for generating masking interference are
divided into two groups. The first group
corresponds to two cases when one el-
ement of the /-th signal group with the
lower Q,;; or upper Qpy, frequency is
masked due to the action of one masking
interference:

Q =Q
|: Pra Pu 11 (6)

Pt Priv’

The second group corresponds to four
cases when two elements of the signal group
{Ur1G) petpLtprsy are masked due to the
action of two {Ur-1(JQp)}pe(pr.i-1p1.1-1) and
{Uk1:1(JQp)} pe[pL.1+1;pr1+1) Masking interfer-
ence, that is:

{Qm/ = QﬁH 11 ;
Qﬁn/ :QFI_ a1

Equation (7) shows that the (/-1)th
noise masks one sample of the signal group
with the lower frequency Q,;, and the
(I+1)th noise masks 1 sample of the signal
group {Up (G peipLiprsy With the upper
frequency Q,p..

Thus, in the general case, to reconstruct
a masked signal group, it is necessary to
solve a system of two equations.

The computational costs of recon-
structing a masked signal group have been
minimized, for which equation (7) is rep-
resented using two unknown variables Xj
and Xo.

To do this, an analysis of the features
of the reconstruction of the spatial ana-
lytical signal Uy p(jQ,) was performed
based on the corresponding signal group
{Uk./(jQp)}pdpL.l;pH‘l]v determined based on
the FFT algorithm:

(7N

relpripn]

®)

Pelpiipral

where Uy,(jQ)) is the complex spatial (obtained as a result
of processing the spatial implementation) spectrum for the
k-th component of the array of time spectra U, ;(joz) of the
accepted implementations U,(¢) of the z-channel AA;

Wo(2) — weighting function of spatial digital diagram for-
mation (function of the “window” of spatial spectral analysis).



In turn, the spatial analytical signal Uy 4/(j€,) is recon-
structed within the aperture of the linear AA based on the
discrete Hilbert transform and, taking into account (8), can
be represented by the following model:

Py

Ui (j2)= 2 Ui (]Qp)‘eXp(jQp 2)=

P=Pr.1
=2 U (Q,)-exp(jQ, z+v,, @, )=

=UAk.1(Z)'We(z)'eXP(j(QA.kz‘Z"'\VA.kl) ) €)]

where Q4 u=w-cos®(8/c) — spatial frequency of the k-th
spectral component of the 1-th signal received by AA from
the direction 6y;

Uar1(2), W4 — amplitude and initial phase of the spatial
analytical (complex, reconstructed from spectral compo-
nents of only positive frequencies) signal Uy 1 (jQ,);

Upi(Qp), Wri(jQp) — module and argument of the p-th
sample of the signal group {Up1(jQp)} pe[pLvpriy-

Analysis of equation (9) shows that the distribution of spa-
tial complex samples Uy #1(j€,) of the spatial analytical signal
Uap1(jz) within the AA aperture corresponds to a harmonic
spatial process with an unknown constant frequency Q4 and
argument W, . The distribution has amplitude modulation
Uap1(2)-We(2). This modulation is determined by the digital
beamforming weighting function Wy(z). Also, an essential
feature of the samples of the signal group {Uri(jQu)} peipripmy
is the coherence of the arguments of its samples, that is,

Vi (Qp,__, ) =V (Qp,_,+2n);

\llk.l(Qp“,)z\ljk.l(gp“,-Qn); (10)

Y (Qp,_/+2n):\llk.l (Qp,_/+2n+1)in’

where n=0, 2, 4 are integers for a signal group of six samples.
Analysis of equation (10) shows that the initial phases
W () of all harmonic components of the analytical sig-
nal Uxpi(j2) are significantly correlated and coherent within
groups with even p=2n and odd p=(2n+1) frequency numbers .
Taking into account the indicated properties, to solve the
problem, it is advisable to reconstruct the samples of the signal
group {Upi(GQp)}pe(prrpiy from the selected samples of the
undistorted fragment Uy r(j€,) with minimal computational
costs as follows. It is advisable to determine the reconstruc-
tion equation only for three special points of the AA aperture,
for which the degree of coherence of the harmonic components
Ur1(jQp)-exp(jQ,2) is maximum: at z=0; z=Z/2; z=Z/4:

[\lfk,l (QpL 420 ) =Wy (Qm 42 ) x TC]
[Wk.l (Qpl_ 420 ) =V (Qpl_ 2041 ) * n] 2

[‘ljk'l (QI’LI*'z") =WV (QpL,+2n+1)iTc/ 2:|

5
z=0

an

2=7/437 /4

Taking into account certain features of the signal group
{Un (GO} perpripry and the procedure for reconstructing
the corresponding spatial analytical signal Uy (j2), it is
advisable to determine the following system of equations.
The solution to this system will ensure the reconstruction of
the distorted (incomplete) signal group {Up1(jQu)}pe[pLipr
from its fragment Ug p(jQp):

ﬁ Uy, (jQp) =W, (0);
[fﬁ U“(fﬁp)emﬂjﬂp~Z/2flu@(2/4)= (12)

Pu.i
> UL (9,) exp(jQ,Z /4)

p=prri

When masking only one element of the signal group
{Uk.l(jﬂp)}pe[pL.l;pH.l] we have:

X, =U,,(jQ, ) nm X,=U,(jQ, ) 13)
When masking two elements of the signal group

{Ur1(jQp)} pepr tpriy), the unknown variables Xy and X, are
determined according to equation (7) as follows:

X1:Ukvl(j9pu); (14)
X,=Uu(72,,)-

The solution of equations (13) determines the value of
the modules of the reconstructed elements of the signal
group {Up1(jQp)} pepLpry as follows:

Py

Uy (jQ,;L, ):We (0)- Z Uy (jQp)'(_i)p;

p=pp
Pl

2 Uk.l (jQp)'(_1)p'

P=pra

U, (2, )=W,(0)- (15)

The solution to the system of equations (14) is as follows:

_—b—b*-4ac

Xl
2a

X2:Uk.l(jQpL[+2)_Uk.1(jQpH/'2)+X1’ (16)

where:

b=4U,, (]'Qp,,,fz)_SW; (2/4) Uy, (]Q

I’L/*Z)’

a=2-4W; (Z / 4);
€= (ZU“ (jQpH,—z)_Uk.l (jQpL[+2))2 -
_(Uk.z(jQ,,,_ﬁz))z '(1—4W92(Z/4)),

The arguments of the reconstructed elements of equa-
tions (16) can be determined taking into account the co-
herence of the components of the signal group {Uxi(jQp)}
pe[pLupiy at the point Z=Z/4 of AA as follows:

Wxi :wk.l(Qp“+2);

Yo =Wy Qp,,,—z)' (17)
The values of the reconstructed elements of the signal
group {Up1(jQp)} pe( pr1piry are determined similarly for other
variants of condition (14) for masking it with noise.
As a result, the posed problem of reconstructing the sig-
nal group {Up1(jQp)}pe[pr1pry from its undistorted fragment
Un.r(j,) has been solved.



Taking into account the obtained values of the elements
of the reconstructed signal group {Upi(GQp)}pe[pr1pm ac-
cording to the algorithm [3], an estimate of the spatial fre-
quency Q;and directions 8, to RES for the condition Az=Z/2
is determined:

1 =5 5%
Z/2
ki _
> Sai(Q,Z2/4,32 /4)-sin AV, ,(Q,,A2) K, (o))
xarctg k b

fragment Up r(jQ,) of the signal group {Upi(jQ)} pe[pLipry
undistorted by interference, all interference is in the sector
of their side lobes with a relative level Ks;(Q,). For other
partial RPs K,(jQ,), forming side elements of the signal
group {Upi(jQp)}pepr1piy Masked by interference, adjacent
interference with powers P,;_; and P,44 is in the sector of
the main lobes with the relative level Ky ().

For the developed method of correlation-interfero-
metric direction-finding using signal group reconstruc-
tion, the signal /interference ratio p,; will be determined
only by the relative level Kg;(Q,) of the side lobes of

2 81541 (Q,,Z /4,3Z / 4)-cos (AW, ,(Q,,Az K, (wy,))

s

Y, QA2 =V, Q32/4-V,, Q. 7Z/4; (18)

=Z/4 2,=3Z/4 ANz2=Z/2;

0, = arccos[ﬁl -c/u)S_L].

Taking into account our results, the developed di-
rection-finding method is implemented in the following
sequence of actions. The additive mixture of radio emis-
sions is received simultaneously by Z direction-finding
channels of AA with a multi-lobe directional pattern (3).
For each received radio emission, frequency and spatial
selection of an array of fragments of signal groups is per-
formed sequentially with rejection of elements masked
by interference (5). Next, the complete signal groups are
reconstructed taking into account the elements of their
selected fragments, formulas (16) and (17). Next, taking
into account the reconstructed signal groups according
to (18), the final assessment of the direction to
RES is determined in one cycle of correlation
analysis. Thus, the task of developing a digital

partial RPs. This was obtained by discarding the outer

elements of the signal group {Up.1(jQp)} pepL1ypry masked

by interference and replacing them with reconstructed

elements from the fragment Uy #(jQ,) undistorted by in-
terference. In the presence of two adjacent interference with
powers P, _y and P,,+1, the ratio p,; will be equal to:

PY.I - , (20)
) KSL My

= (Pyi+Pyy,
where mg=(pp1—pr1+1) is the number of elements in the 1-th
signal group;
s1= z Pl 'Kfu (Q
sisting of ]t);:ﬁgpowers of the signal group samples.

For the well-known non-search digital method of cor-
relation-interferometric direction finding with reconstruc-
tion of a spatial analytical signal [3], the signal/noise ratio
K21 under equal research conditions will be as follows. It
will be determined simultaneously by the relative levels of
the side K.(€,) and main Ky;(£,) lobes of the partial radi-
ation patterns of a multi-lobe RP:

p) — power of the l-th signal, con-

spectral method for correlation-interferomet-

ric direction finding with reconstruction of a (P +

spatial analytical signal when processing an in-
complete spectrum of the signal has been solved.

3. 2. Analytical assessment of direction-finding meth-
od interference immunity

The noise immunity of the developed method was as-
sessed in comparison with the well-known method that
does not use the reconstruction of the signal group
{U(GO)} pe[prL1pry for conditions where the signal
of the 1-th point RES is masked by two noises. As "%
an assessment of noise immunity, it is advisable to

use the signal/interference ratio p,,, provided that (P, +P,,) K% mg+ 2 P, KML(

rd-1
the interference power P, is much higher than the

M
MrZ.l

Mooy =
PList PS.I Py (21)
P..) K3, -mg + Z R.1—1'K12\41(Qp)+ Z1P'I+1 K3, ( )
P=pra =Py

The gain K|, in terms of noise immunity of the proposed
method is estimated in comparison with the well-known
method that does not use the reconstruction of the signal
group {Uxi(G)}pe(pLiprry from the fragment Up r(j€,) un-
distorted by interference:

Pris

) 3P Ki(,)

P=Pri p=pp.-1

.(22)

P,>>P, power P, of the self-noise of direction-find-
ing radio channels:

W, =P, /Fb, (19)
where Py is the power of the 1-th direction-finding RES;

P, is the total power of masking interference for the 1-th
signal.

To estimate the signal/interference ratio p,;, we take
into account that masking interference with powers P,
and P, is located in different sectors with respect to the
partial RP K,(jQ,), the output signals of which form the
signal group {Ur1(jQp)}pe[pr1py- For partial RP that form a

(Pri+P,

r.l+

) KSI mg

For example, let’s estimate the gain K, in terms of
noise immunity for conditions L=3 and the worst case
of masking a signal group with two adjacent noises of
equal power P, _1=P,1+1, masking two extreme elements
of the signal group {Upi(jQp)}peipripmy- The weighting
function Wy(2) of the 3-link Blackman beamforming func-
tion was used with the following parameters: side lobe level
Kg=58 dB~0.001; the level of the main lobes Ky (Q,1)=
=Ky (Q,i)=40 dB=0.01 at the lower Q,; and upper Q,n
frequencies of the signal group is the same. Also, the level of



the main lobes Kpy(Q,r+1)=Kunr(Qpr-1)=22 dB=0.1 at the
penultimate frequencies Q,;+1 and Q,y— of the signal group
is also the same; number of elements in the signal group
ms=6. Then according to (22):

Pr.ist
2P, K5, -mg+2- ZP;H K3, ( )
K - P=Pri -
: 2P, - K5, -my
Pr/1 K3, -mg+P,, - (KML( )+K1%4L(Qp,_+1))_
P, K§ -mg -
_ K?L Mg +K1%/IL (Qm )+K1%/IL (Qp,_+1) _
K?L'ms
2 2 2
:(0.001) 6+(0.01)" +(0.1) _1683~323dB. 23)
(0.001)°-6

Analysis of our results of estimating the gain K|, in rela-
tive noise immunity shows its significant increase, all other
conditions being equal. The efficiency of direction finding
of RES also increases accordingly in the presence of
powerful masking interference. Thus, the proposed
method provides a significant increase in the signal-
to-noise ratio and noise immunity of direction finding
in general with a corresponding decrease in the vari-
ance of direction-finding error.

5. 3. Results of modeling the operation of a spec-
tral correlation-interferometric direction finder

The direction-finding accuracy of the proposed
method was studied according to formula (18) by sim-
ulation. The reception of radio emissions by identical
AA radio channels separated in Z space with additive
noise is simulated by using a developed software
model in the PTC MathCad environment, USA. The
initial modeling conditions and AA parameters are
as follows:

—type of signal — with linear frequency modu-
lation;

— operating frequency value fo=2 GHz;

—signal spectrum width value Afs=0.4 MHz;

— antenna array pitch d=0.05 m;

— number of antenna elements Z=64;

— radio emission analysis time 7,=0.1 ms;

— type of internal noise — Gaussian with normal
probability distribution;

—number of samples of the signal group of the
harmonic spatial analytical signal mg=4.

The dependence of the standard deviation of
the bearing estimate og on the signal-to-noise ra-
tio (SNR) in the presence of interference has been
studied. The simulation will be performed for a pair
of angles [60, 52]° of signal arrival and interference
with a signal-to-interference ratio of 0dB. With
this ratio of the signal arrival and interference, their
spatial spectra (signal groups) are overlapped by one
extreme reading. Families of dependences on the sig-
nal-to-noise ratio are obtained.

Fig. 2 shows the dependence of the standard de-
viation of the bearing estimate on the signal-to-noise
ratio (SNR, dB) for the case of one interference. The
figure indicates: “P1grad” is the standard deviation

Pldegrees

P2degrees

P3degrees

of the bearing estimate for algorithm (18) without selec-
tion of the masked spectral sample, and “P2grad” is the
standard deviation of the bearing estimate when using
selection (dropping) (5) of the spectral sample, which is
the overlap of the signal and interference.

The standard deviation of the bearing estimate og was
studied for the case of a signal arriving from the direc-
tion [60]° and two interference from the directions [68,
52]° with a signal-to-noise ratio of 0 dB. With this ratio,
the catch of the signal arrival and two interferences, its
spatial spectrum overlaps with the interference by two
extreme readings - lower and upper. Fig. 3 shows the de-
pendence of the standard deviation of the bearing estimate
on the signal-to-noise ratio (SNR, dB) for the case of two
interferences.

In Fig. 3, the following is indicated: “P3grad” is the
standard deviation of the bearing estimate for the case
without selection of two masked samples, and “P4grad” is
the standard deviation of the bearing estimate for the case of
selection (discarding) of two spectral samples, which are the
overlap of the signal and two interference.

0.5

0.4

0.3

..............

0.2

0.1

0 10 20 30 40 50
SNRdB

Fig. 2. Dependence of the standard deviation of the bearing estimate

on the signal-to-noise ratio for one interference
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Fig. 3. Dependence of the standard deviation of the bearing estimate

on the signal-to-noise ratio for two interference



The error in estimating the bearing for a pair
of angles [60, 52]° of signal arrival and interfer-
ence was studied when the signal-to-interference
ratio changed. Let us set the noise level to be much
lower than the interference level and can be ne-
glected. Fig. 4 shows the dependence of the bearing
estimation error on the signal-to-interference ra-
tio (SIR, dB) for the case of one interference.

In Fig. 4, the following is indicated: “P5grad” is
the error in estimating the bearing for the case of
selection (5) (discarding) one spectral sample, which
is the overlap of the signal and interference, and
“P6grad” is the error in estimating the bearing for
the case of restoring (15) one spectral sample masked
by the interference.

The error in bearing estimation was studied for
the case of a signal arriving from the direction [60]°
and two interference from the directions [68, 52]°
with a change in the signal-to-noise ratio. Let us set
the noise level to be much lower than the interference
level and can be neglected.

Fig. 5 shows the dependence of the bearing
estimation error on the signal-to-interference ra-
tio (SIR, dB) for the case of two interferences. In
Fig. 5, the following is indicated: “P7grad” is the
error in bearing estimation for the case of selection
(discarding) of two spectral samples, upper and low-
er, which are the overlap of signal and interference,
and “P8grad” is the error in bearing estimation for
the case of restoration (16) of two spectral compo-
nents masked by interference.

The standard deviation of the bearing estimate
was studied for the case of a signal arriving from a
direction of 60° and interference from a direction of
52° with a change in the signal-to-noise ratio. Let’s
set the signal-to-noise ratio to 0 dB. Fig. 6 shows the
dependence of the standard deviation of the bearing
estimate on the signal-to-noise ratio (SNR, dB) in
the presence of one interference.

In Fig. 6, the following is indicated: “P9grad” is
the standard deviation of the bearing estimate for
processing with selection (discarding) of one masked
extreme upper spectral sample, and “P10grad” is
the standard deviation of the bearing estimate for
the proposed direction-finding method with res-
toration (15) of the spectral sample of the signal
masked by interference.

As a result, from the obtained plots it was es-
timated that the direction-finding accuracy does
not depend on the signal-to-noise ratio if the main
error arises as a result of the overlap of the spatial
spectra of the signal and interference, which oc-
curs even with a difference of 8° in the directional
angles of arrival. In the case where the signal and
interference are located at a distance of more than
8° in direction, noise increases the influence on
the standard deviation of the bearing estimate ¢0.
According to Fig. 2, 3, it is estimated that when
selecting interference samples, the standard de-

viation of the bearing estimate decreases by 1.5-2 times.
According to Fig. 4-6, it is clear that when reconstruct-
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6. Discussion of results of investigating the spectral
method of correlation-interferometric direction finding
for an incomplete signal spectrum

ing the discarded spectral components of the signal, the

direction-finding error decreases by approximately an

order of magnitude.

The constant increase in the number of radio-electronic
equipment, their spatial distribution density, and mobility



requires an increase in the speed and accuracy of direction
finding of the corresponding radio monitoring equipment.
This problem is effectively solved by the use of digital broad-
band correlation radio direction finders with AA and the
use of parallel spectral and spatial analysis. The high perfor-
mance of such radio direction finders is ensured by methods
of parallel selective reception in frequency and space and
single-iteration estimation of the direction to RES with re-
construction of radiation in the antenna aperture. However,
such known direction-finding methods provide the required
combination of speed and accuracy in the absence of mask-
ing interference.

The proposed spectral method of correlation-interfero-
metric direction finding for an incomplete signal spectrum
effectively solves the problem of radio direction finding of
RES under conditions of exposure to one or two masking
interferences. This is achieved by using the reconstruction
of signal group samples masked by noise. The proposed
method is analytically synthesized using well-tested theory
of statistical radio engineering and spatial parallel selective
reception. As a result, the feasibility of reconstructing spa-
tial signal samples masked by interference with subsequent
one-iteration estimation of the direction to RES is substan-
tiated. As a result of the synthesis of the proposed method,
estimates of the reconstructed signal samples were obtained
as exact solutions to the proposed energy balance equations.
The resulting solutions provide a significant increase in the
signal-to-noise ratio and direction-finding accuracy with-
out increasing the number of AA reception channels. The
analytical analysis of the noise immunity of the proposed
method shows that its use significantly (more than 30 dB)
increases the permissible signal-to-interference ratio SIR
compared to known methods. The high performance of the
proposed direction-finding method is ensured by the use of
a new algorithm for single-iteration estimation of the values
of masked samples of usable signal and the direction to its
RES as a whole.

Simulation modeling of a radio direction finder was car-
ried out using the proposed method for the conditions of the
action of one or two masking interference and the presence
of the antenna’s natural noise. The simulation results are in
good agreement with the results of the analytical analysis
and confirm the significant gain of the proposed method at
equal hardware costs compared to the well-known method
without interference selection, using masked signal sam-
ples, as well as the method with selection of signal samples
masked by interference.

Comparative analysis of dependences in Fig. 2—6 direc-
tion finding errors from the signal-to-noise ratio SNR of the
proposed method and methods without selection and with
selection of masked signal samples showed the following.

Under the influence of one or two masking interferences
and the signal-to-interference ratio STIR=0 dB, the use of the
known direction-finding method without interference selec-
tion generates an anomalously large direction-finding error
(more than 0.42 degrees), Fig. 2, 3, which is practically inde-
pendent of the signal-to-noise ratio SNR. This significantly
reduces the effectiveness of this method in complex EME.
The direction-finding method with selection (discarding) of
signal samples masked by interference eliminates the anom-
alous value of the direction-finding error. However, the error
of this method is quite significant (0.22 degrees), Fig. 4, and
increases (up to 0.3 degrees), Fig.5, under the influence
of two interferences. This is due to the presence of power

losses of the usable signal during the selection of its samples
masked by interference.

The proposed method of direction finding with recon-
struction of signal samples provides a significant gain in ac-
curacy by a factor of 3-30, Fig. 4, 5, in comparison with the
method of selection (discarding) of masked samples in the
range of SIR variations (-20;5) dB. The direction-finding
error of the proposed method depends on the signal /interfer-
ence value SIR and decreases with its increase according to
a hyperbolic dependence. This is completely consistent with
theoretical estimates.

The simulation results confirmed the possibility of
reconstructing signal samples masked by interference and
significantly increasing the accuracy of direction finding
under the influence of powerful masking interference
(SIR less than 0 dB), Fig. 5.

Thus, our results of analytical and experimental studies
show that the proposed high-speed correlation method effec-
tively solves the problem of direction finding in complex EME.

This study has the following limitations. The proposed
method of correlation direction finding effectively solves the
problem of radio direction finding of RES under conditions
of exposure to one or two masking interference, provided
that no more than two samples of the signal group are
masked.

As a drawback of this study, it can be noted that the
simulation was carried out under conditions of complete
identity of the direction-finding channels, that is, assuming
that the non-identity was previously eliminated.

It should be noted that when forming a multi-lobe RP
AA of a direction finder, different types of weighting func-
tion W(z) can be used. Therefore, in the future it is advisable
to conduct studies of the influence on the direction-finding
accuracy of the type of function W(z) and the parameters
of partial RPs for various conditions of the signal/noise,
signal/interference, signal/(interference+noise) ratios and
their parametric optimization.

It is also advisable to conduct research on correlation
direction finding methods for different numbers of signal el-
ements masked by interference when using different types of
weighting function W(z) and the action of powerful masking
interference.

For conditions of very powerful (signal/interference less
than —10 dB) interference, it is also advisable to conduct
research and parametric optimization of methods for prelim-
inary spatial resolution of received radiation at the output of
AA and assess the degree of their mutual masking.

7. Conclusions

1. A high-speed digital spectral method of correlation-in-
terferometric direction finding with reconstruction of a
spatial analytical signal has been developed for conditions of
processing an incomplete spatial spectrum of a signal under
the influence of one or two masking noises. This is achieved
by using the reconstruction of signal samples masked by
noise. Analytical relations for estimating reconstructed
signal samples at the output of the array were obtained. This
ensures effective direction finding of RES using various
types of weighting function W(z) for synthesizing a multi-
lobe radiation pattern, taking into account the power of
masked interference. A combination of reconstruction of
signal samples with subsequent single-iteration estimation



of the direction to RES is proposed, which ensures high
accuracy and speed of the developed direction-finding
method at a signal-to-interference ratio (=20 dB) without
increasing the size of AA and the number of its receiving
channels.

2. An analytical assessment of the noise immunity of
the proposed method was carried out under conditions of
exposure to powerful masking interference. Relationships
for absolute and relative estimates of noise immunity were
obtained. It is shown that the gain in noise immunity of the
method with reconstruction compared to the known method
without sample selection is more than 32 dB. The research
results showed the effectiveness of the proposed method in
complex EME.

3. Modeling of direction-finding algorithms was car-
ried out using methods with reconstruction and selection
of samples masked by interference. The dependence of
the direction-finding error on the signal-to-noise ratio
was studied at a signal-to-noise ratio of 0 dB. The use of
methods with and without selection of samples produces
an anomalously large direction-finding error of 0.42 de-
grees and 0.23 degrees, respectively. The method with re-
construction of readings provides an error of (0.02—0.06)
degrees. The dependence of the direction finding of the
proposed method on the signal-to-noise ratio was also
studied. It is shown that the method with reconstruc-
tion of samples provides a significant gain in accuracy
by 4-8 times compared to the selection method in the
signal/interference range (—20; 10) dB. The simulation
results confirmed the effectiveness of the method for re-

constructing signal samples masked by interference and are
consistent with the results of analytical studies.
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