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Abstract

Introduction. The primary functions of secondary processing of radar information are to detect and maintain
the trajectories of air targets (AT). The AT trajectory detection can be characterised by the probability of detect-
ing trajectory and average autocapture time. When the target moves, its distance from the radar station chang-
es, leading to a change in the signal/noise ratio and the probability of detecting AT.

Aim. To assess the impact of a change in the probability of detection of a straight and evenly moving target at
consecutive time intervals of radar observation upon the characteristics of trajectory detection during second-
ary processing of radar information.

Methods and materials. The research aim was achieved using the methods of mathematical statistics, includ
ing verification of statistical hypotheses, assessment of distribution parameters and theory of perturbations by
small parameters. The ratio of the distance travelled by the AT during the review period to the target range at
the initial moment of its detection was chosen as a perturbation parameter.

Results. Analytical expressions were established for the probability of detecting a straight-moving AT and the
probability of detecting the trajectory of its movement at interval multiples during the study period. The study
illustrated the probability of detecting AT moving away from radar by means of consistent radar observations
with reduced signal/noise ratios and angles between the velocity vector and the AT vector radius relative to the
radar. The increase in AT speed which causes the z parameter to change from 0.01 to 0.07 reduces the proba-
bility of AT detection from 0.727 to 0.52 and leads to a corresponding change in the probability of detecting the
trajectory. If the observation time is reduced by one time interval, the probability of detecting the trajectory is
from 0.03 to 0.04...0.07 for signal/noise 40 ratio and from 0.06 to 0.08...0.11 for signal/noise 25 ratio (with the
probability of false alarm 107%).

Conclusion. The resulting expressions allow for the calculation of directly moving AT trajectory detection, con-
sidering changes in the probability of detecting targets in successive time intervals of radar observations.
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AHHOTaUMA

BBepeHume. OCHOBHbIMW 3aja4amMu BTOPUYHON 06paboTKM pajmonokaLoHHON nHbopmMaumnm ABASKOTCS 06-
HapyXeHne 1 CONPOBOX/EHMe TPaekToOPUiA ABMXEHUA BO3AYLLHbIX Lienei (BLL). Mpu 3Tom npouecc obHapyxe-
HWSA TPaeKTOPUiA ABMXEHUA BL| NPUHATO XapakTepn3oBaTb BEPOATHOCTAMM UX OBHaPY>XeHNs 1 CpeiHM Bpe-
MeHeM KX aBTo3axsaTa. [pun AB/XEHUN Lienn ee AanbHOCTb OT PaAnoioKaLmMoHHoM ctaHummn (P/1C) nameHseTcs,
YTO MPUBOANT K U3MEHEHWIO OTHOLLEHWNS CUTHAN/LLYM 1 BEPOATHOCTM 06HapyxeHus BLI.

Lenb pa6oTbl. OLeHKa BANAHUSA N3MEHEHUS BEPOATHOCTU 06HapYyXXeHs NPAMOANHENHO ABVXYLLENC Lenun
npu PagmMonoKaLUMOHHbIX HabAAEHUAX Ha XapakTepUCTUKM OBHapY>XeHWs TPaekTopun ee ABUXEeHWS npwu
BTOPWUYHOM 06paboTke pagnonokaunoHHom nHopmaymnn.

MeToabl. VICNONb3yOTCA MeTOAbl MaTeMaTUYeCKon CTaTUCTUKK: MpoBepKa CTaTUCTUYECKUX FrMnoTes, OLeHKa
napameTpoB pacripefeneHunii U Teopus BO3MYyLLEHWI MO MafoMy napameTpy. B kauecTse Bo3MyLLatoLLIErO Ma-
paMeTpa Bbl6paHO OTHOLLEHME PpaccTofHWS, npoxogmmoro Bl 3a nepuog o630pa, K AanbHOCTU Lenu B
Ha4vanbHbIi MOMEHT ee 06HapyXeHus.

Pe3synbTatbl. [TonyyeHbl aHanUTUYeCKME BbIPaXeHUs A5 BEPOATHOCTU OOHapyXeHUs MpAMOIMHEHO ABU-
XyLencs B 1 BepoATHOCT 06HapyXeHWa TPaeKToOpUY ee ABUXEHNA Ha WHTepBanax, KpaTHbIX nepunogy ob-
30pa. MponnnCTpUPOBaHO YMeHbLLEHe BEPOATHOCTU 0bHapyxeHus BL, yaansawowerics ot P/1C, npw nocne-
AOBaTe/bHbIX PaAMONOKAUMOHHbBIX HabAAEHNSAX C YMEHbLUEHNEM OTHOLUEHWUA CUFHaN/LyM U yrna Mexay
BEKTOPOM CKOPOCTW U pagnycom-Bektopom Bl oTHocuTenbHo P/IC. YBennueHmne ckopoctu BL, Bbi3biBatoLlee
n3MeHeHne napametpa z ¢ 0.01 go 0.07, NpnBOANT K YyMEHbLLEHMNIO BEPOATHOCTU 06HapyxeHusa BL, ¢ 0.727 ao
0.52 1 K COOTBETCTBYHOLLEMY M3MEHEHWNIO BEPOATHOCTY OBHapY>XXeHNSA TpaeKTopuu. MNpu coKpaLLleH BpeMeH U
HabnoAeHNs Ha OAVH BPEMEHHOV MHTepBan YMeHbLLeHe BepPOATHOCTY OBHapYXXeHWs TpaekTopumn CocTaBNs-
eT ot 0.03 go 0.04...0.07 ana otHoweHus curHan/wym 40 n ot 0.06 go 0.08...0.11 g oTHOLLEHWNA CUrHaN/LLYM
25 (Npv BepOSITHOCTLM NOXHOM Tpesorn 1074).

3akstoveHme. [TonyyeHHble BbIPaXXeHWS MO3BONSIOT PaCcCUNTbIBaTL XapakTepUCTUKN OBHapYXXeHUsS TPaekTo-
PVl BO3AYLUHbIX Leneit, ABUKYLLUUXCA MPSAMOANHENHO, C yY4eTOM M3MeHEHNN BePOATHOCTEN 0bHapyXeHus Lie-
Nnein B nocnefoBaTesibHbIX BpeMeHHbIX HTepBanax 063opa pagMonokaLMoHHbIX HabAAeHNA.

KnioueBble cnoBa: aBT03axBaT TPaeKTOpWK, CpejHee Bpemsi 06HapyXeHWs, ANCNepcus, XapakTepPUCTUKN
0bHapyxeHus

Ana yutnpoBaHma: HaxmaHcoH I'. C., AknHbLUMH [. C. O6HapyXeHre TpaekTOPUIA ABUXKYLLNXCS NPSMON-
HEeNHO BO3AYLUHbIX Liefieil Npy BTOPUYHON 06paboTke pajronokaLumMoHHON nHdopmaumn // N3B. By3oB Poc-
cnn. PagmnoanekTpoHuka. 2019. T. 22, Ne 5. C. 61-70. doi: 10.32603/1993-8985-2019-22-5-61-70
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Introduction. One of the primary tasks solved
by radar is the detection and tracking of moving air
targets (ATs). This problem is solved as a result of
primary and secondary processing of radar infor-
mation (RI). Primary processing comprises the detec-
tion of a target at a certain point in time, while sec-
ondary processing consists in detecting and tracking
the trajectory (sequential detection of the AT over
several predefined scan intervals).

It is customary to evaluate the effectiveness of
solving secondary processing problems in terms of
the probability of detecting the AT trajectory, as well
as the average time of its detection [1-9]. The indi-
cated characteristics substantially depend on the
probabilities of detecting an AT at each of the obser-
vation points, which are generally considered to be
identical during secondary processing of radar data
[3, 4, 9—12]. However, the distance of the AT relative
to the radar can change significantly, causing a
change in the signal-to-noise ratio for the received
signals reflected from the target and, consequently,
the probability of its detection. In addition to the av-
erage capture time, additional information about the
detection of the AT trajectory is provided by a change
in the probability of its detection at predefined time
intervals [13, 14]. Therefore, studying the influence of
changes in the probability of detecting an AT at the
points of its sequential radar observation on the detec-
tion characteristics of the AT trajectories during sec-
ondary processing of radar data is of practical interest.

Thus, the purpose of this study is to assess the im-
pact of changes in the probability of detection of a rec-
tilinearly and evenly moving AT in successive time in-
tervals of radar observation on the characteristics of
the detection of the trajectory of its movement during
the secondary processing of radar information.

Target detection methods. It can be assumed that
the centre of motion moves with the velocity v along a
rectilinear trajectory, which constitutes the angle 0 at the
initial moment of its detection with the radius vector

Ry of the location of the centre of rotation (Fig. 1). The

Radar

Fig. 1. Towards the calculation of the ranges of the targets
in the observation points

target ranges at time intervals Ty, equal to the period
of the radar, are defined as Ry, Ry, ..., Ry.

In this case, the distances between the AT loca-
tion points on the trajectory at the time of observa-
tion are VTy. In this case, the AT range through &

scan intervals is:

Rk =\/R§ +(va0)2 +2kvTyRy cos 0 =

2

kvT, kvT,

=Ry, [1+]| —2 | +2""Ccos6. (1)
Ro Ro

The power of the signal reflected from the target
and received by the radar has the form [1, 2]

P_a?_ Ptr(3<25tAr ,
(4n)° R
where a — the effective value of the amplitude; P, —
transmitter power; G — the antenna gain; o; — radar

cross section; A, — effective antenna surface; R —

range to the target from the radar.
Signal strength received during initial observa-
tion is
b _g2_ PuGoth
0= =5
(47’5) RO

The ratio of the received signal powers at the ini-
tial and current observations has the form

R/Ro =a2/a =(Ro/R)",

from which a’ = a§ (RO/R)4 :
Then the signal-to-noise ratio for the signal re-

flected from the AT located in the &-th time interval
of the scan and received by the radar receiver is

_2°E 2886 (Ro)' _ (Ro)
w ) e[R) @

where

1T
Elzzjuz(t)dt
0

— signal energy at a unit amplitude; Ny — two-way
spectral noise density; Qqp — the signal-to-noise ratio

at the output of the radar receiver when receiving a
signal reflected from the AT at the time of radar ob-

servation at a distance Ry from the radar.

O0HapyskeHHe TPAEKTOPHIi ABMIKYIIIMXCSI MPAMOJIMHEHO BO3AYIIHBIX Leei 63
NP BTOPUYHOH 00padoTKe paguo010KaHOHHOI HHpopMaL UK
Detection of the Trajectories of Moving Rectilinearly Air Targets in the Secondary Processing of Radar Information



H3Bectns By3os Poccun. Pagnosiexkrponnka. 2019. T. 22, Ne 5. C. 61-70
Journal of the Russian Universities. Radioelectronics. 2019, vol. 22, no. 5, pp. 61-70

If the received signal has a random initial phase
and amplitude, while the initial phase is evenly dis-

tributed over the interval (—m; ©t), and the amplitude

obeys the Rayleigh distribution:
o(a)= (a/cg)e_[az/(zcg)l a>0,

where cg — the variance of fluctuations in the ampli-
tude of the signal reflected from the target, then the sig-

nal-to-noise ratio takes the form Qg = 20§ E / Ng-

Taking into account the indicated distributions of
the parameters of the received signal, one can substi-
tute (1) in (2) and decompose the resulting expres-
sion in a series in a small value z=vTy/Ry — the ra-
tio of the distance travelled by the AT during one
scan period T to the target distance at the initial
moment of its detection. Then the signal-to-noise ra-
tio for the signal reflected from the AT located at the
point k of the trajectory and received by the radar re-
ceiver has the form

Qe =Qo(Ro/Ri)* =
=Qp[1-4k(vTy/Rg)cos0 +

+2(60052e—l)kz(vTO/Ro)T. 3)

The probabilities of correct detection of AT at
successive time intervals of radar observations are
determined by the relation [9], [10]

D = F+Q) ™, )

where F is the probability of false alarm.

Substituting (3) into (4) and expanding the last
expression in a series in z, one can obtain an expres-
sion for the probability of correct detection of the AT
at the point k of the trajectory:

Dy =Dy + Akz + Ay (kz) 2, (5)

4Qp InF cos0
=Dy ————;
(1+Qo)
8(In FQq cose)2 .
(1+Qo)*

L INF(4Qocos0)® 20y InF (1-6cos?0)
(1+Qp)° (1+Qp)’

Fig. 2 shows the results of calculating the proba-
bility of correct detection Dy of an AT moving along
a rectilinear trajectory as a function of the number of
the observation interval multiple of the radar scan pe-
riod Tp, . It is illustrated for the signal-to-noise ratio
at the output of the radar receiver when receiving a
signal reflected from a target at the time of radar ob-
servation at a range Ry from the radar Qy =30, at
the ratio of the distance travelled by the AT during
one radar scan to its range at the initial moment of
observation z=0.01 and 0.07, the probability of
false alarm F for various values of the angle 6 be-
tween the AT movement trajectory and its radius vec-
tor at the starting point of observation.

From the curves given in Fig. 2 and relation (1),
it follows that the probabilities of correct detection
Dy decrease with an increase in the observation in-
terval of the AT relative to the initial moment of its
detection, as well as with a decrease in the angle 0
between the direction of motion of the AT and the ra-
dius vector of its location at the initial moment of ob-
servation (k=0). Indeed, a reduction in the angle
leads to an increase in the range of the AT relative to
the radar over the scan interval.

A comparison of the curves in Fig. 2, a and ¢
shows that the decrease in the probability of detec-
tion Dy is also affected by an increase in the speed

of the AT, causing an increase in the distance trav-
elled by it during the time interval of the scan T,

Fig. 2. Dependencies of the probability of correct detection on the number of radar coverage interval:
a-2z=00L F=10% b-2z=00L F=10"5 ¢-z=007; F=10"*
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and, accordingly, its distance from the radar, along
with a decrease in the signal-to-noise ratio for the re-
ceived signal reflected from the AT. So, for 0=25°

at F=10"* and Qo =30, an increase in the AT ve-

locity causing a change in the parameter z from 0.01
to 0.07 leads to a decrease in D3 from 0.727 to 0.52.

A decrease in Dy is also caused by lowering the

probability of false alarm F, caused by an increase in
the threshold level of the decider of the signal detec-
tion receiver. As follows from the curves for 0 =25°

in Fig. 2, a and b, a change in F' from 107 to 10_6
ceteris paribus causes a decrease in the probability
D3 from 0.725 to 0.621.

Characteristics of the detection of the trajectory
of the target. Trajectory detection is carried out in two
stages. At the first stage, the sequential detection of a
target at the first two radar scan periods (observation in-
tervals), accompanied by the formation of tags in the
secondary radar processing system, leads to the initia-
tion of the trajectory (determination of the expected tar-
get trajectory at two points). Herein P =FR,R, where

Ry =Dy, B =Dy are the probabilities of detection of

the target at the initial moment of its observation and
the next scan period. The detection of the trajectory of
the target is carried out following its linking upon detec-
tion of the target (marking) at one of several subsequent
intervals of radar observation [10].

Considering that the probabilities of correct de-
tection of an AT at different periods of its observation
are not the same, the probability of trajectory detec-
tion (the appearance of a mark in any of & subsequent
scan intervals) is defined as

n
LD
k=2
where
Dz, k = 2;
Ac=1p, 1T (©)
D] [(1-Dj). k>2
i=2
— the probability of detecting an AT at the k-th inter-
val of its observation during trajectory auto-capture.

Then the average time of detection of the trajectory
of the AT (the appearance of the third mark) is

n
ZTo(k +1)F1(

_k=2
n
> R
k=2
where n is the number of time intervals for the radar

scan necessary to detect the trajectories of the AT
during the secondary processing of radar data;

=2 KR ho=2 R
k=2 k=2

Similarly, we can obtain the second moment of
estimation of the detection time of the AT trajectory:

n
Y (k+D* R
T, k=2
)=

n
>R
k=2

_ hy +2hy +hy
D

n
where hy = Z k2F1<.
k=2

Then the expression for the variance of the esti-
mate of the detection time of the target trajectory is

2
2 2 _—2(h
6" =T -Tay=Tg [h_z_%J
b hg

In practice, it is customary to use the results of de-
tecting an AT after linking the trajectory in four con-
secutive scan time intervals P,, P, P4, By (n=5)
at the stage of detecting the AT trajectory [10, 12].

Substituting (5) in (6) and after mathematical
transformations, we can obtain:

5

2.
hg = > B =hog +hg1z +hgpz;
k=2

5
2.
hy =D kR =hyo + Mgz + Moz
k=2
5
h2 = z k2H< = hzo +h21Z+h2222,

k=2
where

hoo =1+ 0+ 4%+ hor = Aq(5¢% ~5q-2);

n
PoRt D To(k +1)R hoo = Aoq (2502 —13q - 4) + AZ (6 - 450);
— k=2 —
Tav = i - hlo:2+3q+4q2+5q3;
PR 2. R 3 2
5 Py = A (250° - 2992 ~119 - 2);
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hyy = Aq(1250° — 8192 — 25q — 4) +
+A2(6+50q - 225¢2);
hog =4+9q +16q2 + 25q3;
hyy = A (12563 16192 —53q -10);
hyy = Axq (62503 — 46992 —127q - 20) +
+A2 (42 +330q-1125q2),

moreover, g =1-Dg.

Then
T
Tav=i[hoo+fho+(h01+fh1)z+(hoz+h12)22}
2 Toz[ 2
c =7 hoohao —hip +
0

+(hooh21 + ho1hpg —2Mghyq )z +
+(h00h22 +ho1fp1 +hophog — 2hyohy, — h121) 22}-

Discussion of the results. Fig. 3 shows the de-
pendencies of the average time of detection of the
target trajectory normalised to Ty on the ratio z with

the probability of false alarm (F) 10 and 1078,
The curves in Fig. 3 show that the average detec-
tion time of the AT trajectory (T, ) increases with
an increase in the parameter z (with an increase in the
AT velocity and, correspondingly, its distance from
the radar in one observation time interval). The most
significant factor influencing T, is the signal-to-
noise ratio for the received signal at the initial mo-
ment of observationQy. Thus, a decrease in Q

from 40 to 25 with the probability of false alarm

F =10"* and an increase in the parameter z from 0
to 0.07 leads to an increase in the average detection

Tav/TO
3.60
3.55
3.50
3.45
3.40
3.35

0.01 0.02 003 0.04 0.05 0.06 z

time of the AT path from 0.15 to 0.17...0.22, and

when F=10"% — from 0.21 to 0.19...0.29. With a
decrease in the probability of false alarm to
F=10"° (Fig. 3, b) this value increases at Qy =40
from 0.13 to 0.15...0.2, and at Qy =25 — from 0.19
to 0.17...0.27. Moreover, the increase in T,, with
increasing z grows with a decrease in the angle 0 be-
tween the direction of motion of the AT and its radius
vector at the time of initial observation. The latter is
explained by an increase in the AT distance over the
time interval of the scan, which leads to a decrease in
the power of the signal reflected from the AT, the
signal-to-noise ratio and a decrease in the probability
of detecting the AT.

Fig. 4 shows the dependencies of the root-mean-
square deviation (RMS) o with respect to the average
time of detection of the target trajectory, normalised
to Tp, the ratio z at the values of the probability of

false alarm 10~ and 1075,

It follows from the figure that RMS increases
with an increase in the parameter z. This also de-
pends on the signal-to-noise ratio for the received
signal at the initial moment of observation Qg and

the probability of false alarm F. Decreasing Qg from
40 to 25 with the probability of false alarm F = 107

at the same time as increasing the parameter z (i.c.,
with increasing AT speed) from 0 to 0.07 leads to

RMS increase from 0.14 to 0.15...0.18; at F =10_6,
from 0.14 to 0.15...0.16. Moreover, the change in o
with increasing z increases with a decrease in the an-
gle 6 between the direction of motion of the AT and
its radius vector at the time of initial observation. It
is therefore that a decrease in the angle leads to an
increase in the increment of the AT distance over the

Tav/TO
3.8
3.7—
3.6
3.5

3.4

3.3 | | | | | |
0 0.01 002 0.03 004 0.05 0.06 z

Fig. 3. Average time of detection of the trajectory of an air target:
a- F=10%b- F=10"°
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o/To
0.95
0.85

0.75—

0.65

0 0.01 002 0.03 004 005 0.06 z

Fig. 4. Root mean square deviation of trajectory detection time relative to its average value:
a- F=10*% b- F=10"°

time interval of the scan, as well as, accordingly, to a
decrease in the power of the signal reflected from the
AT and signal-to-noise ratios, thus reducing the like-
lihood of detecting the AT.

The moments of estimation of the detection time
of the AT motion path (average detection time Ty,

and RMS o) are integral characteristics, which
whose derivation averaging is used that takes into
account the probabilities of AT detection at the time
intervals for viewing the motion paths allocated to
detect the motion path. Along with the abovemen-
tioned points, additional information is provided by
changes in the probability of detecting the AT trajec-
tory at specific time intervals of radar observation
(formation of the third mark) with respect to the
probability of its detection at all time intervals allot-
ted for this. These changes are characterised by the
parameters

=) _P2+P3. _P2+P3+P4

23_ 5 1 - 5 l
> K > R
k=2 k=2

reflecting changes in probability during successive
detection of the AT trajectory in the second and third
— as well as in the second and fourth — time intervals
of the scan, respectively.

Fig. 5 shows the dependencies of the Pz, P4 rela-

tionship change on the relationship z =vTy/Ry with the

values of the probability of false alarm 10~ and 1078
As follows from the course of the curves, the de-
pendencies of the change in the probabilities of de-
tecting the trajectory of the targets moving along the
rectilinear trajectory of the AT from the radar de-
crease with an increase in the parameter z (increasing
the speed of the AT and, correspondingly, its distance

from the location of the radar for one observation in-
terval, leading to a decrease in the probability of AT
detection). In this case, the time interval of its obser-
vation has a significant effect on the probability of
detecting the AT trajectory. Indeed, the increase in
P,4 as compared with P,3 at the probability of false

alarm F =1O_4, the signal-to-noise ratio during ini-
tial radar observation Qy =40 and an increase in the

parameter z from 0 to 0.07 is from 0.03 to
0.04...0.07, and at Qp =25 — 0.06 to 0.08...0.11.
With a decrease in the probability of false alarm to

F :10_6, this change at Qp =40 is from 0.06 to

0.07...0.11, while at Qy=25 it is from 0.1 to

0.11...0.17. Moreover, the increase in the change in
the probability of detecting the AT trajectory in the
allotted scan time intervals with increasing z grows
with a decreasing angle between the direction of the
AT movement and its radius vector at the time of ini-
tial observation, which is associated with an increase
in the AT distance over the time interval of the scan
and, correspondingly, with a decrease in power re-
flected from the AT signal, the signal-to-noise ratio
and a decrease in the probability of detecting the AT.
It should be noted that, for small observation in-
tervals, the probability of detecting the AT trajectory
at the allocated scan time intervals is significantly af-
fected by the signal-to-noise ratio at the initial mo-
ment of observation, which depends on the range of
the target and the probability of false alarm. As seen
from Fig. 5, the change in probability P,3, corre-

sponding to the second and third observation inter-
vals, with F =10"% and Qp from 25 to 40, increases

on average by 0.04, while P,, changes by no more
than 0.01...0.03.
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Fig. 5. The change in the probability of detecting the trajectory of an air target at two time intervals during the formation
of the third mark:

a- Py, F=10"% b- Py, F=10";

Conclusion. Analytical relationships were ob-
tained for the probabilities of detecting an AT with a
rectilinear trajectory during its successive observa-
tions along with the probability of detecting the tra-
jectory of the AT at the allotted scan time intervals
during secondary processing of radar data. A de-
crease in the indicated probabilities is revealed when
the ratio of the distance travelled by the target for the

C— Py, F=10"% d— Py, F=10°

scan interval to the range of the target at the initial
moment of its observation is changed along with the
signal-to-noise ratio at the initial moment of observa-
tion and the time interval of observation. The expedi-
ency of taking into account changes in the probabili-
ties of detecting rectilinear moving targets during
their successive radar observations and the detection
of their motion paths is demonstrated.

References

1. Radiolokatsionnye sistemy: osnovy postroeniya i
teoriya [Radar Systems: Fundamentals of Construction
and Theory], ed. by Ya. D. Shirman. Moscow,
Radiotekhnika, 2007, 806 p. (In Russ.)

2. Pomekhozashchishchennost' sistem radiosvyazi s
rasshireniem spektra signalov modulyatsiei nesushchei
psevdosluchainoi posledovatel'nost'yu [Interference Im-
munity of Radio Communication Systems with Expansion
of the Spectrum of Signals by Modulation of the Carrier
by a Pseudo-Random Sequence], ed by V. N. Borisov.
Moscow, Radio i svyaz', 2003, 640 p. (In Russ.)

3. Kiselev V. Yu., Monakov A. A. Assessment of Tra-
jectory Processing Algorithms in Air Traffic Control Radar
Systems: Track Detection. Radioengineering. 2016, no. 3,
pp. 28-36. (In Russ.)

4., Wieneke M., Koch W. The PMHT: Solution for
some of its problems. Proc. of SPIE. 2007, vol. 6699,
pp. 1-12. doi: 10.1117/12.734388

5. Bar-Shalom Y., Blair W. D. Multitarget-Multisensor
Tracking. Applications and Advances. London, Artech
House, 2000, vol. 3, 608 p.

6. Li X. R, Jilkov V. P. A Survey of Maneuvering Target
Tracking. Part II: Ballistic Target Models. Proc. of SPIE
Conf. on Signal and Data Processing of Small Targets.
San Diego (USA), July-August 2001, 23 p.

7. Li X. R, Jilkov V. P. A Survey of Maneuvering Target
Tracking. Part Ill: Measurement Models. Proc. of SPIE
Conf. on Signal and Data Processing of Small Targets.
San Diego (USA), July-August 2001, 24 p.

8. Li X. R, Jilkov V. P. A Survey of Maneuvering Target
Tracking. Part IV: Decision-Based Methods. Proc. of SPIE
Conf. on Signal and Data Processing of Small Targets. Or-
lando (USA), April 2002, 24 p.

9. Li X. R, Jilkov V. P. A Survey of Maneuvering Target
Tracking. Part V: Multiple-Model Methods. IEEE Trans. on aero-
space and electric systems. 2005, vol. 41, no. 4, pp. 1255-1321.

68

O0HapyskeHHe TPAEKTOPHIA ABMIKYIIIMXCSI MPAMOJIHHEiHO BO3AYIIHBIX LesIei

NpH BTOPUYHOH 00padoTKe pagno0KalMOHHOI HH(popMa UK
Detection of the Trajectories of Moving Rectilinearly Air Targets in the Secondary Processing of Radar Information



W3Bectus By30B Poccun. Pagnosnexrponnka. 2019. T. 22, Ne 5. C. 61-70
Journal of the Russian Universities. Radioelectronics. 2019, vol. 22, no. 5, pp. 61-70

10. Willett P., Ruan Y., Steit R. The PMHT: Its prob-
lems and some solutions. IEEE Trans. on aerospace and
electric systems. 2002, vol. 38, no. 3, pp. 738-754. doi:
10.1109/TAES.2002.1039396

11. Kuz'min S. Z. Tsifrovaya radiolokatsiya. Wedenie v
teoriyu [Digital Radar. Introduction to Theory]. Kiev, KVITS,
2000, 428 p. (In Russ.)

12. Vasil'ev K. K., Mattis A. V. Nelineinaya traektornaya
fil'tratsiya v svyazannykh koordinatakh [Nonlinear Trajecto-
ry Filtering in Linked Coordinates]. Radar, Navigation,

Communication. Proc. XXIV Intern. Scientific and Technical
Conf. Voronezh, 17-19 April 2018, vol. 3, pp. 1-8. (In Russ.)

13. Nakhmanson G. S., Komyagin B. P. Efficiency of
Air Target Motion Path Detecting in Case of Radar Data
Secondary Processing. Journal of the Russian Universi-
ties. Radioelectronics. 2017, no. 4, pp. 52-55. (In Russ.)

14. Nakhmanson G. S. Prostranstvennaya obrabotka
shirokopolosnykh signalov [Spatial Processing of Broad-
band Signals]. Moscow, Radiotekhnika, 2015, 256 p. (In
Russ.)

Information about the authors

Gennady S. Nakhmanson, Dr. Sci. (Eng.) (1993), Distinguished Worker of the Higher School of the Russian

Federation (2000), Professor (1992) of the Military Educational and Scientific Center of the Air Force "N. E. Zhu-
kovsky and Yu. A. Gagarin Air Force Academy" (Voronezh). The author of more than 300 scientific publications.
Area of expertise: the processing of broadband signals in radio systems in conditions of internal noise and external
interference; optical processing of signals in real time.

Address: N. E. Zhukovsky and Yu. A. Gagarin Air Force Academy, 54 A Starykh Bolsheviks Str., Voronezh 394064, Russia

E-mail: kig28@mail.ru
https://orcid.org/0000-0002-7450-1890

Dmitry S. Akinshin, Dipl. engineer on "Special Radio Technical Systems" (2012, the Military Aviation Engi-
neering University (Voronezh)). Postgraduate student of the Military Educational and Scientific Center of the Air
Force "N. E. Zhukovsky and Yu. A. Gagarin Air Force Academy™ (Voronezh). The author of three scientific publica-
tions. Area of expertise: the detection of trajectories of air objects in the secondary processing of radar information.
Address: N. E. Zhukovsky and Yu. A. Gagarin Air Force Academy, 54 A Starykh Bolsheviks Str., Voronezh 394064, Russia

E-mail: ads199011@icloud.com
https://orcid.org/0000-0003-3489-8579

Cnncok nutepatypsl

1. PagnonokaumoHHble CUCTeMbl: OCHOBbI MOCTpoe-
HUS 1 Teopus / NoA pea. 4. 4. LnpmaHa. M.: PagnoTtex-
HuKa, 2007. 806 c.

2. MomMexo3alUnLLEeHHOCTb CUCTEM PajnNoCBHa3N C
pacliMpeHViem CnekTpa CUrHanoB Moaynaunelt HecyLuen
nceBAOCNYyYaHOM MOCNeA0BaTeNbHOCTLIO / MO4 pea.
B. H. Bopucosa. M.: Pagno v ceask, 2003. 640 c.

3. Kncenes B. HO., MoHakoB A. A. OueHka kayecTBa
aNnropuTMOB TpPaeKTOpHOM 06paboTKM B pasgMonokauu-
OHHbIX CUCTEMAaX YNpaBaAeHUsa BO3AYLUHbIM ABVXXEHMEM:
obHapy>xeHve TpekoB // PagrnotexHuka. 2016. Ne 3. C. 28-36.

4. Wieneke M., Koch W. The PMHT: Solution for
some of its problems // Proc. of SPIE. 2007. Vol. 6699.
P.1-12.doi: 10.1117/12.734388

5. Bar-Shalom Y., Blair W. D. Multitarget-Multisensor
Tracking. Applications and Advances. Vol. 3. London: Ar-
tech House, 2000. 608 p.

6. Li X. R., Jilkov V. P. A Survey of Maneuvering Target
Tracking. Pt. II: Ballistic Target Models // Proc. of SPIE
Conf. on Signal and Data Processing of Small Targets.
San Diego (USA), July-Aug. 2001. 23 p.

7. Li X. R., Jilkov V. P. A Survey of Maneuvering Target
Tracking. Pt. Ill: Measurement Models // Proc. of SPIE
Conf. on Signal and Data Processing of Small Targets.
San Diego (USA), July-Aug. 2001. 24 p.

8. Li X. R., Jilkov V. P. A Survey of Maneuvering Target
Tracking. Pt. IV: Decision-Based Methods // Proc. of SPIE
Conf. on Signal and Data Processing of Small Targets. Or-
lando (USA), Apr. 2002. 24 p.

9. Li X R, Jilkov V. P. A Survey of Maneuvering Target
Tracking. Pt. V: Multiple-Model Methods // IEEE Trans. on aero-
space and electric systems. 2005. Vol. 41, Ne 4. P. 1255-1321.

10. Willett P., Ruan Y., Steit R. The PMHT: Its prob-
lems and some solutions // IEEE Trans. on aerospace
and electric systems. 2002. Vol. 38, Ne 3. P. 738-754. doi:
10.1109/TAES.2002.1039396

11. KyabmuH C. 3. Undposas pagmonokauus. Beege-
Hue B Teopuito. Kves: KBiLl, 2000. 428 c.

12. Bacunbes K. K., Mattnc A. B. HennHeliHas Tpa-
eKTopHas ¢uabTpauusa B CBA3AHHbIX koopguHatax //
Pagnonokaums, HaBurayms, cesasb: ¢6. Tp. XXIV Mexay-
Hap. Hayu.-TexH. KoH®., BopoHex, 17-19 anp. 2018. T. 3.
C.1-8.

13. HaxmaHcoH T. C., KomsaruH b. M. DpdexTnBHOCTL
O06HapYXXeHNsT TPaeKTOpPUI ABVKEHUS BO3AYLUHbIX Le-
neil Npyv BTOpUYHOM 06paboTke paanoNoKaLMOHHONM
nHpopmaumu // N3B. By30B Poccmun. PagnoanekTpoHumka.
2017. Ne 4. C 52-55.

14. HaxmaHcoH I. C. MNpocTpaHcTBeHHas 0bpaboTka
LLUIMPOKOMONOCHBIX cUrHanos. M.: PagmnotexHuka, 2015.
256 c.

O0HapyskeHHe TPAEKTOPHIi ABMIKYIIIMXCSI MPAMOJIMHEHO BO3AYIIHBIX Leei 69
NP BTOPUYHOH 00padoTKe paguo010KaHOHHOI HHpopMaL UK
Detection of the Trajectories of Moving Rectilinearly Air Targets in the Secondary Processing of Radar Information



H3Bectns By3os Poccun. Pagnosiexkrponnka. 2019. T. 22, Ne 5. C. 61-70
Journal of the Russian Universities. Radioelectronics. 2019, vol. 22, no. 5, pp. 61-70

NHdopmaumsa 06 aBTopax

Haxmancon I'ennaouii Cumonoguy — IOKTOp TexHWYecknx Hayk (1993), 3acimykeHHBIH paOOTHHK BBICIICH
mkosel PO (2000), mpodeccop (1992) BoeHHOro ydeOHO-Hay4HOTrO IieHTpa BoenHo-Bo3mymHbIX cuin "BoenHo-
BO3IyIIHAs akafemus umeHu npodeccopa H. E. XKykosckoro u FO. A. arapuna” (r. Boponex). ABtop 6onee 300 Hay4-
HBIX Tpy#oB. Cepa HayuyHBIX MHTEPECOB — 00pabOTKa IIMPOKOIOJIOCHBIX CUTHAJIOB B PAJHOTEXHMYECKHX CUCTEMaxX B
YCJIOBUSIX BHYTPEHHUX IITyMOB U BHEILIHUX [TOMEX; ONITHYECKast 00padoTKa CUTHAJIOB B pealbHOM MacIuTabe BpeMEHH.
Anpec: Boenno-Bo3nymnas akagemust um. npod. H. E. XKykosckoro u 0. A. I'arapuna, yn. Crapsix bonbiieBukos,
1. 54 A, Boponex, 394064, Poccus
E-mail: kig28@mail.ru
https://orcid.org/0000-0002-7450-1890

Axunowun [Imumpuii Cepzeeeuy — UHXeHep M0 crenuanbHOCTH CrienHanbHble PaIdOTeXHUIECKHE CHCTe-
Mmbr" (2012, BoeHHBIN aBHANMOHHBIN WHKEHEPHBIH yHHBepcuTeT (T. BopoHex)). AXBIOHKT BOCHHOTO Y4eOHO-
HAy9YHOTO IIeHTpa BoeHHO-Bo3aymHEIX cii "BoeHHO-Bo3aymIHas akageMus umern npogdeccopa H. E. Kykosckoro
u 0. A. Tarapuna” (r. BopoHex). ABTop Tpex Hay4HbIX IyOiukanuid. Cepa HaydHBIX HHTEPECOB — OOHAPYKEHHE
TPaeKTOPUI JBIKCHHUS BO3AYIIHBIX OOBEKTOB ITPH BTOPUYHON 00pabOTKe PaaroIOKaIIMOHHON HH(POPMAIIHH.
Anpec: Boenno-Bo3nyninas akagemus um. npod. H. E. XKykosckoro u 0. A. I'arapuna, yn. Crapbeix bonbiieBukos,
1. 54 A, Boponex, 394064, Poccust
E-mail: ads199011@icloud.com
https://orcid.org/0000-0003-3489-8579

70 O0HapyskeHHe TPAEKTOPHIA ABMIKYIIIMXCSI MPAMOJIHHEiHO BO3AYIIHBIX LesIei

NpH BTOPUYHOH 00padoTKe pagno0KalMOHHOI HH(popMa UK
Detection of the Trajectories of Moving Rectilinearly Air Targets in the Secondary Processing of Radar Information



