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SELECTOR OF CLASSIFIED TRAINING SAMPLES FOR SPATIAL
PROCESSING OF SIGNALS UNDER THE IMPACT OF COMBINED
CLUTTER AND JAMMING

Context. In the conditions of combined clutter and jamming radar performance is significantly degraded. This is due to the decorrela-
tion of a point source of an active jamming by spatially distributed passive clutter. The methods of forming classified training samples to

adjust the weight coefficients of spatial filters are introduced.

Objective. The goal is developing an effective method of forming of classified training samples generated by an active masking
jamming, for spatial processing of radar signals in a situation of the clutter influence.

Methods. The scientific novelty of this work is in developing a new method of forming the training samples based on the estimation
of the width of the normalized autocorrelation function in each range resolution element. On-the-fly analysis of the components of
combined clutter and jamming in each range resolution element improves the quality of the components classification and, as a result,
minimizes the effect of passive clutter on a spatial filter adaptation process.

Results. The theoretical and practical aspects of the forming of the classified training samples are analyzed. A functional flow block
diagram of the classifier of combined clutter components was developed.

Conclusions. Using of the on-the-fly analysis of the combined clutter and jamming components in each range resolution element
improves the quality of the clutter classification, which is important in complex hydrometeorological conditions.

Keywords: radar signals processing, adaptive spatial filtering, combined clutter and jamming, classified training samples, normalized

autocorrelation function, functional flow block diagram.

NOMENCLATURE

ACF — autocorrelation function;

ADC - analog to digital converter;

D — divisor;

COMP — comparator;

AA - adder-accumulator;

DR - delay register;

B(t) — correlation function of a random process;

¢ — speed of the electromagnetic wave,

AD — range resolution of the radar;

i — sample number of the received signal,

k — number of the phase channel;

N — number of Fourier transformation points;

n — number of repetition period;

p — variable for signal delay;

R, — normalized autocorrelation function of active
jamming;

R, — normalized autocorrelation function of passive
clutter;

R(p) — signal autocorrelation function, normalized to its
power, in each element of range resolution;

[0, 7] — interval of forming weight coefficient;

U, — jamming amplitude in i-sample;

T — time of signal delay while calculating the ACF;

UO — complex value of the signal at the main input of the
spatial filter;

UZ — complex value of the signal at the output of the
spatial filter;

U + — complex value of the signal at the input of the
compensation channel;
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W — complex value of the weight coefficient;

WO — initial complex value of the weight coefficient;

W, — current complex value of the weight coefficient;
W ®) — energy spectrum of a random process;

X ;(n) — complex value of the signal amplitude at the i-th
time in the n-th repetition period,

X (k) — complex value of the signal at the output of the
k-th phase filter;

|p| — absolute value of the normalized inter-channel
correlation coefficient.
INTRODUCTION

The most difficult conditions for a radar system operation
are the simultaneous effect of active jamming and passive
clutter. As it is known, active masking jamming may have of
natural or artificial origin [1]. However, regardless of'its origin,
it is a point source. Passive clutter is the result in of
reflections of the probing signal from the hydrometeors,
dipole clouds, and underlying surface [2]. Spatially
distributed nature of clutter degrades the spatial correlation
for point sources of active masking jamming [3]. This leads
to a significant deterioration in the quality of its
compensation.

Information on the spatial distribution of hydrometeors
in range and altitude of their location from the [4], gives
possibility to assume that the signals reflected from them
are non-stationary in time. Non-stationary are also the
signals reflected by the underlying surface and chaff clouds
[6]. The dimensions of the cloud of one chaff batch in the
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vertical (horizontal) plane are 0.6 ...1 km in 5 min after the
throw and 1.6 ... 2 km in 10 min after the throw [2]. Therefore,
we can assume that, taking into consideration real spatial
distribution of passive clutter, on the scanning range it is
possible to find time intervals to form the classified training
samples which related to the active masking jamming [5].
Using classified training samples in spatial signal processing
enhances the efficiency of signal processing under the
impact of combined clutter that determines the relevance of
the topic of this article.

The goal is developing an effective method of forming
of classified training samples generated by an active masking
jamming, for spatial processing of radar signals in a situation
of the clutter influence.

1 PROBLEM STATEMENT

Optimal signal processing in the conditions of combined
interference with the using of adaptive antenna arrays can be
provided by joint (non-separable) space-time processing with
simultaneous compensation of active (jamming) and passive
(clutter) interference. However, its implementation even on
the modern element base is extremely difficult [5]. Therefore,
during designing modern samples of radar stations, it is
necessary to use a separate two-stage signal processing
procedure. Possible realizations are space-time or time-space
signal processing [6]. In this case, the well-known auto-
compensators of the interference are used as the adaptation
element of the spatial filter [1]. It was noted in [5] that, from
the point of view of the possibility of obtaining the classified
training samples, spatio-temporal (space-time) processing is
preferable. Therefore, we can clarify the problem that will be
solved in this article and formulate it as follows. It is necessary
to review the existing methods of forming the classified
training samples for adapting the weight coefficients of the
auto-compensator of interference while spatio-temporal
(space-time) signal processing and the structure optimization
of the interference classifier.

The main problem to be solved in this work is the
development of a new method for classifying the
components of the combined interference, which ensures
their classification in each element of the range resolution.

2 LITERATURE REWIEW

When the two-stage space-time signal processing is
doing in separated way, the jamming acting on the side lobes
of the antenna pattern is compensated firstly by adjusting
the weight coefficients of the auto-compensator. Then
spectral analysis of signals is performed (DFT based) as
temporal processing in modern radar systems:

. N-1 .
Xk)= ¥ anXi(n)eXp{ 2k } 1)
n=0 N

Further we will assume that the number of probing pulses
in the emitted pulses sequence is equal to the number of
points of the Fourier transform. An example is an American
ASR-9 radar with a number of filter channels, depending on
the pulse repetition frequency, equal to 8 or 10 [7], or the
Ukrainian radar station 36D6 [8], in which 8, 12 or 16 filter
channels are realized.

A simplified block diagram of the space-time processing
is shown on Fig. 1.
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Figure 1 — Simplified block diagram of space-time processing

In accordance with this block diagram, the complex value
of the interference at the output of the spatial filter can be
written in the following form:

Us,=Ug, ~WUy . @)

In this case, the complex value of the weight coefficient

W in the circuit using the classical Widrow algorithm [9] is
defined as

Wi =W; 20U Us. . 3)
or
p
W (H)=20 [ Uy (U (1)t Wy, )
0

In [10], it was proposed to use the time interval which
corresponded to the end of the radar range to form the
classified training samples when adaptation of the weight
coefficients of the auto-compensator of the interference.
The duration of the interval ¢ in the expression (4) when
forming the weight coefficients is determined by the speed
of the auto-compensator for the interference. The proposed
technical solution was based on the assumption that the
intensity of passive interference decreases substantially
with increasing distance. However, in an experiment
conducted in polygon conditions, it was determined that
for spatially distributed cloud systems of the Cb type [4],
the intensity of passive interference, even at the maximum
range, can significantly exceed the noise level of the receiving
parts of the radar station. It does not let ensure effective
compensation of the active component of the combined
interference.

In patents [11, 12] the methods of forming the training
samples with real non-stationary nature of clutter in range
are introduced. The methods proposed in the patents are
based on the posteriori information on the distribution of
the passive component of the combined clutter in range.
When active jamming and passive clutter act simultaneously,
the latter decorrelates the signals from a point source of
active clutter. Therefore, in the proposed methods current
estimation of the distribution of a normalized coefficient of
the inter-channel correlation in range is carried out. In this
case it is possible to select the time interval for the forming
of the classified training samples with the maximum value of
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the correlation coefficient, which corresponds to the lowest
level (or eliminated) of passive clutter.

Absolute value of the normalized inter-channel
correlation coefficient |p| can be calculated by the method

of “sliding window” at intervals which has of m range
elements

\UO o
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The number of range elements subject to averaging in
the expression (5) is determined by the time of adaptation
weight coefficients in a spatial filter.

In the patent [11] with calculating by the expression (5),
the value of the normalized coefficient of inter-channel
correlation is processed in the threshold device. In this case,
if the calculated value of the current distance interval exceeds
a threshold, that is corresponds to “no passive clutter”,
this interval is used as the classified training samples while
adapting a spatial filter.

The disadvantage of this method is the use of a threshold
device, which does not allow considering in detail the
distribution of a normalized correlation coefficient in range,
for example, for determining the time interval with a maximum
value of the inter-channel correlation.

The patent [12] proposes a method, which provides a
more detailed analysis of the distribution of an inter-channel
correlation coefficient in range, which is the following. Values
calculated by the expression (5) are stored, and at the end of
the probe pulse repetition period by comparing all calculated
values in the interval with a maximum value of the normalized
inter-channel correlation coefficient is determined. In the
next repetition period in a given interval the classified training
samples for the adaptation of weight coefficients of a spatial
filter is formed.

The common disadvantage of both methods is a certain
probability of presence in m averaging intervals of some
range elements exposed to passive clutter, which defines
the limit the possibilities of classification. Therefore, to
improve the quality of the clutter classification it is
interesting to develop a method for estimation the possible
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impact of passive clutter on the forming of the classified
training samples in each range resolution element.

3 MATERIALS AND METHODS

There is a theorem of Wiener-Khinchin [13], asserting
that a correlation function of a random process B(t) and an

energy spectrum W (w) are interconnected by the Fourier
transform:

1 7 T
B(‘c):%__‘;o W(w)e’® do, ©)
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This follows from expressions (6) and (7) that the wider
an energy spectrum of a random process is, the shorter is a
correlation interval and, accordingly, the more a correlation
interval is, the narrower is an energy spectrum of the process.

Given that the correlation function of passive clutter is
wider than active noise jamming, it is possible to determine
the moment of exposure to passive clutter by the value of
the correlation interval.

In Fig. 2 curves R, and R, show normalized
autocorrelation functions (ACF) of active jamming and
passive clutter at ratio of the spectral width of five to one,
respectively.

A possible solution to this problem can be achieved by
the on-the-fly calculation and estimation of the width of the
normalized autocorrelation function of combined clutter in
each interval AD, which determines the range resolution of
the radar:

C
AD:ETi’ )

where c is the speed of the electromagnetic wave, t; — the

duration of the probe pulse.

The essence of the proposed method of forming the
classified training samples is following. Taking into
consideration a sufficiently bigger processing productivity
of the existing electronic components, it is possible to form
n received signal samples in the interval, which determines

the range resolution of the radar AD. This allows to

Figure 2 — Normalized ACF of active jamming R, and passive clutter R,
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calculate the signal autocorrelation function R(p), which
normalized to its power [14], in each element of range
resolution.

n n
R(p)=YUUs. /3 U}. ©)
i=1 i

where i — the sequenced number of the received signal
sample, n — the number of them, U, — the signal amplitude in
i — samples, p — variable determining a signal delay in the
forming of ACF (p=1, ...,n). Wherein the time of signal delay
¢ while calculating the ACF is equal to:

t=pii. (10)
n

In the future, by comparing the width of the ACF to a
threshold the range resolution elements affected by passive
clutter are detected and excluded while forming the training
samples. This makes it possible to create the classified
training samples generated by active clutter only, and be

ensured in high quality of the compensation of the latter.

4 EXPERIMENTS

A functional flow block diagram of the device that
implements the proposed method of forming the training
samples is shown in Fig. 3.

For calculating the ACF the envelope of the signal is
demodulated, then in each range resolution element the
analog to digital converter ADC forms n samples, which, in
accordance with formula (10) are delayed in delay registers
DR,... DR and then supplied to the first inputs of the
multipliers X. To the second inputs of n multipliers X the
respective nondelayed samples get directly from the ADC.
On the outputs of n multipliers X n products of the numerator
of the expression (9) are formed, they accumulate in
respective adder-accumulators AA and are fed to first inputs
of n divisors D (as a dividend). The signals from the output

ofthe ADC also supplied to both inputs of (n+1)-th multiplier.
Squared signal samples in accordance with expression (9)
are accumulated in adder 44 ,, and supplied to the second
inputs of n divisors D. As a result, on the outputs of n
divisors D ACF values of the received signal, normalized
according to power (9) will be formed, wherein each
calculated value of ACF corresponds to its delay time (10).

The calculated values of the ACF get to n inputs of the
ACF width calculating block, where by means of comparison
the sequence number of the p, divider is determined, on the
output of which the normalized correlation function is close
to some fixed level, e.g., 0.5. Estimated in this way the width
of the ACF (p,*1;/n) is supplied to the comparator COMP.
The value of the threshold is set so that the probability of
exceeding it under the influence of active jamming were small
enough. When the threshold is exceeded it is determined
that in the given range AD (8), equal to the range resolution
element, there is passive clutter. At the same time, on the
output of the comparator COMP a logic level, prohibiting
the use of this interval to forming the classified training
samples is generated.

A significant advantage of the proposed method is the
possibility of obtaining the classified training samples of
maximum duration. This is achieved by the analysis of the
components of combined clutter in each range resolution
element.

5 RESULTS

As a result of the research, a new method of forming the
classified training samples using a posteriori information
was proposed to form the weight coefficients of the adaptive
spatial or polarization filters under conditions of the
combined clutter and jamming.

In the known correlation method [12], a posteriori
information is used on the current estimation of the
distribution of the normalized inter-channel correlation
coefficient at range intervals. In this method, range intervals

—> ——
> DR, ] X —— AA, D, —>>
ACF
ADC > DR, X b— AA ”l D, |—> Wldth_
> calculating
T : :: : 2 R ; | block
Envelope —>> >
> DR, X, —1 AA, D, }—
demodulator| | > >
F Xn‘.] —1 AAn}l [P - COMP

Figure 3 — Functional flow block diagram of the device for the forming of the training samples
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at which passive interference decorrelates the active noise
interference are eliminated from the forming of the training
samples. However it is impossible to obtain a time interval
of sufficient duration for forming the classified training
samples in the lower beams of the radar in complex
hydrometeorological conditions and intensive reflections
from the underlying surface.

It is possible to classify the components of the combined
interference in the proposed method by forming a set of
samples in an interval equal to the resolution element,
followed by averaging in calculating the width of the
normalized ACF. In this case, each resolution element in
which there is no passive interference (clutter) can be used
to form the classified training samples for generating the
weight coefficients of the adaptive filters for suppressing
the active component of the combined interference.

6 DISCUSSION

Figure 4 shows energy “azimuth-range portraits” of
reflections obtained in the lower beam of the S-band radar
36D6, which are taken from article [15]. In the near part of
the range (up to 100 kilometers) clutter is formed by re-
reflections from the underlying surface of the earth. Their
intensity reaches 50—-60 dB. In the middle part of the range
(100-150 kilometers) clutter is formed by reflections from
rain clouds. It is shown in [16] (by modeling), the
compensation of the jamming becomes problematic if the
level of jamming is less then level of clutter.

An analysis of the given energy characteristics shows
that even in the lower beam of the directivity pattern of the
antenna at the range coordinate there are small intervals at
which clutter is absent or have a much lower intensity. It is
obviously, the proposed method makes it possible to
generate the classified training samples generated by an
active noise interference by using samples from resolution
elements, where there is no clutter.

CONCLUSIONS

1. The scientific novelty of this work is in the development
of a new method of forming the training samples, based on
the estimation of the width of a normalized autocorrelation
function in each range resolution element. On-the-fly
analysis of the components of combined clutter and jamming
in each resolution element improves the quality of

Range 20
Figure 4 — Azimuth-range portraits of clutters for 36D6 radar
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classification of clutter components and, as a result,
minimizes the effect of passive clutter on spatial filter
adaptation process.

2. The advantage of the proposed method is also the
possibility of obtaining the classified training samples with
maximum duration. It is achieved by the analysis of the
components of combined clutter and jamming in each range
resolution element.

3. The practical novelty is in the development of a
functional flow block diagram realizing the proposed method.
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©®OPMYBAY KITACUPIKAIIIHOI HABYAJIbHOI BUBIPKU IIPH IPOCTOPOBIN OBPOBII PANIOJOKALIIMHAX
CHUTHAJIIB B YMOBAX JIi KOMBIHOBAHOI 3ABAIU

AKTyaubHicTh. B yMOBax BIUIMBY KOMOIHOBaHUX 3aBaj €(EKTHBHICTb POOOTH pajiooKallifHHX 3aco0iB icTOTHO moripiyerses. Lle
00yMOBJIEHO JEKOpPEIISLI€I0 TOYKOBOIO JPKEpeaa aKTUBHOI 3aBajld MPOCTOPOBO-PO3IOALIEHHM XapaKTepoM IacuBHOI 3aBaju. Po3rianaloTscs
Metoau GpopMmyBaHHs KiacudikaliiHol HaBuaIbHOI BUOIPKY 11 ajanTauii BaroBux koe(ilieHTiB POCTOPOBUX (LIBTPIB.

Merta. Po3pobka edexruBHoro Merony GpopmyBanHs kiacupikaliiHoi HaBpyaabHOT BUOIPKH, TIOPOLKEHOI AKTHBHOIO MACKYIOUOIO 3aBaJI010,
JUIsl TPOCTOPOBOi 0OPOOKM PafioNOKaLIMHUX CUTHAJIB B yMOBAX OJHOYACHOI'O BILIMBY IIACHBHMX 3aBal.

MeTtoau. HaykoBa HOBU3HAa pOOOTH IOJArae B po3poOLi HOBOTo mMerony (GopMyBaHHS HaBYaJIbHOI BHOIPKM, 3aCHOBAHOIO Ha OLIHII
HMIMPUHU HOPMOBAHOI aBTOKOPEIALIHHOT (QyHKIIT B KOXKHOMY €lEMEHTI PO3AUICHHS 1O AanbHOCTI. [loTouHuii aHaNi3 ckiIagoBuX KoMOiHOBaHOL
3aBaji B KOKHOMY €JIEMEHTI PO3/UICHHS MIJBHIINYE SKICTh KJIacU(iKallii CKIaJoBUX 3aBaj i, 1K HACIIJJOK, MIHIMI3y€ BIIMB IIaCUBHOI 3aBaJy Ha
npolec ajanrauii IpocTopoBoro (iurbTpa.

Pe3yabraTn. Po3nisHyTO TEOpeTHYHI Ta NPAaKTHYHI aclekTH GpopMyBaHHs Kiacudikaniiinoi HaBuanbHOI BHOipku. Pospobneno ¢yHkiio-
HaJlbHY cXeMy KiiacudikaTopa ckias0oBUX KOMOIHOBaHOI 3aBajiu.

BucHoBku. Ilotounnii aHani3 ckiaJjoBuX KOMOIHOBAHOI 3aBaid B KOXKHOMY €JIEMEHTI PO3JILIEHHS 10 JAJBbHOCTI MIJBUILYE SKICTh KiIacH(i-
Kamif 3aBaj, 0 BaXIMBO B yMOBaX CKJIAITHOI TiIpOMETEOpOIOriyHOi 00CTaHOBKH.

KuarouoBi ciioBa: 00poOka paaionokaiiifHuX CUTHATIB, aIalTHBHA IIPOCTOPOBA (inbTparlis, KOMOIHOBaHA 3aBaja, KiacupikalliiHa HaBYAIIb-
Ha BUOIpKa, HOPMOBaHa aBTOKOpEIsliiHa (yHKI, QYHKIIOHAIBPHA CXeMa.

IMusza 1. M.!, Byrposa T. 1.2, Jlaepentnes B. H.3, Cemenos JI. C.*

'II-p TexH. Hayk, npodeccop, IIpopekTop 1Mo HaydHO-IIEHATOrHYECKHil paboTe M BOMPOCAM MEPCIEKTHB Pa3BUTHS YHHBEPCUTETa, 3allo-
POKCKMI HALIMOHAJIBHBIA TEXHUYECKUH YHUBEPCHUTET, 3al0poXKbe, YKpanHa

*KaHz. TexH. HayK, JOLCHT Kadeapsl PaquOTeXHUKN U TEICKOMMYHHKAINi, 3alOPOKCKUH HALIMOHAIBHBIA TEXHUYECKUH YHUBEPCHUTET,
3anopoxbe, YKpanHa

SKaHz. TexH. HayK, HAYAIbHUK HayIHO-MCCIEIOBATEIBCKOTO oTaeieHns1, KasenHoe npeanpusrie «HayqHO-PON3BOICTBEHHBIH KOMILIEKC
«ckpay, 3amopoxbe, YkpanHa

“Hauanbuuk otnena, Kasennoe npeanpusrue «Hayuno-nponssogctsennbiii komiuieke «Mckpay, 3anopoxbe, Ykpanuna

®OPMUPOBATEJb KIACCUPUILIMPOBAHHON OBYYAIOIIENA BHIBOPKU IPU IIPOCTPAHCTBEHHOM OBPA-
BOTKE PAJIMOJIOKALIMOHHBIX CUTHAJIOB B YCJIOBHUSIX BO3AEACTBUS KOMBUHUPOBAHHOMN MIOMEXHU

AKTYaJIbHOCTB. B ycroBusix Bo3aeiicTBusl KOMOMHHPOBAHHBIX TIOMEX 3(Q()EKTHBHOCTh pabOThI PaMOIOKALIMOHHBIX CPEICTB CYIIECTBEHHO
yxynmaercsi. 9T0 00yCIOBICHO AEKOPPENsMell TOYeYHOr0 MCTOYHHKA aKTHBHOM MOMEXM MPOCTPaHCTBEHHO-PACIPENCICHHBIM XapaKTepoM
MaCCUBHOM oMexH. PaccmaTpuBaroTcest MeTobl (pOpMUPOBAHHMS KIIacCU(PUIIMPOBAHHOI 00y4atomieil BHIOOPKH ISl aalTaluy BECOBBIX K0d(du-
LHEHTOB IPOCTPAHCTBEHHBIX (PUIIBTPOB.

Heas. Pazpabotka a¢pdpexruBHOrO MeTona hopmMupoBanus KinaccuGUIUPOBAHHON 00yJaroleil BEIOOPKH, MOPOXKICHHOW aKTUBHON MACKH-
pyroLIei MOMEeXO0M, JUIsl MPOCTPaHCTBEHHOH 00pabOTKU paIoIOKALIMOHHBIX CUTHAJIOB B YCJIOBHSX OJTHOBPEMEHHOIO BO3/ICHCTBHS MACCUBHBIX
OMeEX.

MeTtoabl. Hayunast HOBU3Ha pabOTBI COCTOMT B pa3paboTke HOBOrO Merona (popMUpOBaHHs 00ydaroumiei BHIOOPKH, OCHOBAaHHOTO Ha
OLICHKE IIUPHHBI HOPMUPOBAHHON aBTOKOPPEISIIMOHHOM (yHKINH B KXKIOM JIEMEHTE pa3pelieH s 110 TaabHOCTH. TeKyIuii aHaInu3 cocTaBis-
IOIMX KOMOMHUPOBAHHOM IIOMEXH B Ka)X/IOM 3JIEMEHTE Pa3peleHH s MTOBBIIAET KaUyeCTBO KIACCU(HMKALIUM COCTABIISIONINX TOMEX M, KaK Cle/-
CTBHE, MUHUMHU3HUPYET BIMSHUE ACCUBHON MIOMEXU Ha MPOLECC aJalTallli IPOCTPAHCTBEHHOTO (QUIbTPA.

Pe3yabTaThl. PaccMOTpeHbI TEOPETHYECKUE M NPAKTUYECKUE aCIeKThl (JOPMUPOBAHMS KJIAacCH(PUIIMPOBAHHOW 00yuaroiieil BHIOOPKH.
Pa3paborana ¢yHKIMOHANBHAS cXeMa KIacCH(UKATOPa COCTABIIONINX KOMOMHHUPOBAHHON MOMEXH.

BoiBoabl. Tekymuii aHaIn3 cOCTaBISIIOMMX KOMOMHUPOBAHHOM MOMEXU B KXK/IOM JIEMEHTE pa3pellieH s M0 JaJbHOCTH MOBBIIIACT Kaye-
CTBO KJACCH(HUKAIMHU MOMEX, YTO Ba)KHO B YCIIOBHUSIX CIOKHOM I'MAPOMETEOPOIIOrHYECKON 0OCTaHOBKH.
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KuoueBble c10Ba: 00paboTka paroNOKalHOHHBIX CUTHAJIOB, alallTHBHASI IPOCTPAHCTBEHHAs (DUIIBTPALHs, KOMOMHUPOBAaHHAs [1OMEXa,
K1accu(ULUUpOBaHHas 00yyaromasi BbIOOpKa, HOPMHPOBAHHAs aBTOKOPPEALMOHHAs QyHKIMA, QYHKIMOHAIbHAS CXeMa.
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