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The article considers the option of organizing joint processing of radar information in a multistatic rangefinder - doppler radar
system. The least-squares method is used to obtain analytical expressions for oblique ranges and radial velocities of targets during
joint processing of range-finding measurements of various types. The obtained expressions for inclined ranges have some
similarities with the secondary processing of radar information, with the only difference being that the weighting coefficients for the
evaluated parameters are updated in the case of successive measurements as data are received, and in the case of joint processing,
they depend on the number of positions and the number of measurements. It is shown that the joint processing of measurements of
the inclined range, the sum of the distances, the radial velocity and the rate of change of the total range allows to increase the
accuracy of measuring the location of an air object and the projections of its velocity vector on the axis of a rectangular coordinate
system. The physical basis for increasing the accuracy of positioning is to use redundant measurements by processing the total
ranges. The considered option of processing redundant measurements in a multistatic radar system does not require time to
accumulate data, and the task of increasing accuracy is solved in one measurement cycle. The potential accuracy of determining the
location of an air object for different values of the standard errors of the determination of rangefinding parameters in a multistatic
radar system at various distances between positions has been calculated. For an arbitrary trajectory of an air object, simulation-
statistical modeling was performed, which allows to obtain the mean square errors of determining the location and velocity vector
of the air object. A gain is shown in the accuracy of determining the location and velocity vector of an air object in comparison with
traditional algorithms for determining coordinates in long-range multistatic radar systems.
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INTRODUCTION

The topic of the coordinate measurement in the multistatic radar system (MRS) is covered in
the remarkable amount of the Russian and foreign academic works. There are different variants of ra-
dar data (RD) processing in the radar and radionavigation systems described in them. The problem of
the air-break object coordinates high-precision measurement is usually solved by increasing the radar
system power potential (by increasing of the pilot signal power, high-speed aerial jet effect coefficient,
radio set response, etc.), expanding of the pilot signal spectrum, using of the coherent integration.
Nevertheless, the given approaches have a certain number of disadvantages. Increasing of the radar
system power potential is problematic in certain cases for grounds of the structural system and opera-
tion. Involving the complex and spread spectrum signals allows to increase the range measuring accu-
racy, but while using of antenna systems with the measuring accuracy not high enough to measure the
angular point the accuracy benefit is not considerable in some cases.

In the radio navigation tasks the required accuracy is achieved by the choice of the navigation
space module algorithms advanced development and the best ground flight radio support facilities lo-
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cation; the location of the test station aboard the air-break object at the land-based distance from the
devices of the user, which allows us to compute the differentional corrections by the precisely known
base between the receiver units. The article [10] covers the procedure of signal acquisition and meas-
urement in case of interference in the bistatic radar systems. The paper [11] considers in detail the var-
iants of locating the radar and connection systems in the MRS which allow to maximize the connection
between the signal and noise of every single channel; the geometric accuracy factor is contemporarily
reduced to the minimum. The article [12] grounds the location accuracy tests increasing approaches in
multilaterality systems; the works [13] and [14] cover the data reduction procedures in certain bistatic
position couples of the radar system, [15] covers the location accuracy estimation in the conditions of
the destabilizing factors, exposures, multiple-beam radiowave distribution, etc. The aircraft location
accuracy involving differentially range-measurement and azimuthal measurements is researched in the
work [16]. These approaches allow to increase the aircraft coordinates recognition accuracy in some
cases, but the procedures of collaborative range and Doppler measurement reduction for coordinate
measurement and object moving items are not covered in these works.

While the secondary radar information proceeding (SRIP) the optimum filtration procedures
based on Kalman filter modifications, a, B filtration algorithms [19], spline procedures [20], etc. Tra-
jectory data filtration procedures are limited by the object motion hypothesis and the considerable ob-
servation interval is required for measurement accumulation in the aim of the appropriate accuracy
achievement while SRIP. The aircraft maneuver cycle performing cuts the filtration algorithms quality
ratings down and requires some extra procedures in the aim of its sighting and filter beefing-up coeffi-
cients change.

While the ternary radar information proceeding (TRIP) arrangement the slope estimation accu-
racy is increased by blending of the different RS incentive index marks for one certain object with ac-
count for weight factors which are in inverse proportion to the relevant inadvertency dispersions [21].

The radar information complexation while TRIP by the incentive index marks blending based
on the different RS measurement results requires a-priori knowledge of the object coordinates recogni-
tion inadvertency dispersions or undertaking of the reckoning procedure in the aim of their estimation.

The purpose of this article is to develop the cooperative measurement proceeding methods and
algorithms in the range measurement doppler MRS in the aim of the aircraft location investigation and
the definition of its speed vector projection to the rectangular coordinate system centreline.

THE AIRCRAFT POSITION FINDING INVOLVING THE RANGE MEASUREMENT

The works [1, 2] show that cooperative radar information processing in the MRS is the most
valuable one as it allows to derive the potentially larger information content from the current aware-
ness. The feature of such a data proceeding approach is that all the positions are able to receive the
fended signals in the area of responsibility while being irradiated by any relaying position. The coop-
erative data proceeding allows to make the redundant measurements in the system; this is the physical
basis of the coordinate recognition accuracy increasing. If the quantity of the range measurement items
(inclined ranges and distance amounts) being estimated is more than the number of required values,
there will be changes in the MRS which might be used for the line-of sight range recognition accuracy
increasing as relating to every single coordinate.

The synergy of spacely spread-out RS with circularly disposed antenna arrays or multiple-beam
active phased array antennas scanning the defined area in the azimuthal and elevation plane is the vari-
ant of MRS for the cooperative data proceeding. Involving the low directional antennas is also possible
in case of non-requiring the considerable range according to the mission requirements.

Let us consider the summarily- range measurement radar system consisting of the send-receive
positions N. The measurements of slant Ry, R, ... Ry and summarized rangesRy;,, Ry21, Ryyv-1) are
conducted in this system.
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There are N range measurements and N(N — 1) distance amounts measurements possible in
such a system, which provides us with n = N” measurements of the estimated parameter. Let us write
the scalar algebraic coupled equations, according to the considered range measurements.

‘Ry+...+0-R,,
N uzmepeHui

R,=0-R+0-R,+0-R,+...+1-R

N(N-1)°
v =R 1R, +0-Ro+..+0- Ry,
. ~ - ~ ~ (1)
s =1 R +1-R, +0-R, +...+0- Ry oy
R, =1-R+0-R,+1-R+...+0-R . .,
Am ~1 ~2 ~3 ~N(N71) N (N - 1) U3MEpPEHUM
sy =1'R+0-R, +1-R, + +O-RN(N_1),
RZN(N%) =0-R+0-R,+0-R, +...+1-RN(N71),
where f?i i = 1, N are the slant ranges to the aircraft resp in relation to the i position, and Ry; j
ati,j = 1,N, i # j are the summarized ranges to the aircraft in relation to the i and j positions.
In the matrix form the coupled equations will take the form of
2= AZ, 2)

where 27 = ||§1,§2 . Ry, Rs12, Ry21, Ry13, ---'ﬁN(N—l)ijll is the matrix (row-vector) of the fundamen-

tal measurements; their size is 1xn;

A is the coefficient matrix of the indeterminates; their size is Nx n;

7T = ||ﬁ1, R, ..Ry || is the matrix (row-vector) of the required range estimations; their size is 1 x V.
The results of the certain measurements might not be used in the real setting, for instance, due

to the air object dropping. To take the factor into account, let us interpolate the scalar matrix; its size is

nxn A=diag[i, A, .., A,], = 1,7 this matrix takes into account the presence or absence of the

relevant measurements. If the measurement i is used while handling the problem, then A; = 1, if it is
not used, then A4; = 0. Involving the least squares method in (2), we will obtain [22, 23]

7 = (ATAWA) AT AWz, (3)

where W is the dispersion matrix of the relevant range-measurement items; its size is n X n.
We shall obtain the covariance inadvertency matrix for the case of dispersion range measure-
ment uniformly precise measurements 65 = o and distance amounts o35y = o&. The matrix diagonal

element are the range measurement standard error dispersions while the cooperative data proceeding
in MRS

W2 = o2(ATWA)™. (4)

10
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The solution (3) corresponds to Hauss-Markoff theorem of the effective scalar estimations, be-
cause the estimation for the certain system of the scalar argument function relation has the minimal
dispersions among the multitude of the scalar bias-free estimations for any error equations and in case
of the scalar correspondence to the required items. This solution is reasonable in case of fulfilling the
Hauss-Markoff conditions: the observation model is scalar by the coefficients, is rated in a correct way
and envelops the additive component, the changes are not correlated, expectation function of the eval-
uated process is zero.

In case of the four-position system, the conjugated coefficient matrix for indeterminate items
will take the form of:

1 00011 T11T1T1HO0O0O0O0O0O0
AT0100110000111100
001 00O0T1T1TUO0O0OT1T1TQO0O0OT1'1
000100O0O0OT1TT1TUO0O0OT1T1T1:1

()

With regard to (3) and (5) we shall obtain the range amounts while the joint processing of
measurement:

| . . . . . . . .
1 :g(l 1R —2R,—2R,—2R, +9R,, +9R,,, +9R , +9R,,, +

+ 9R214 + 9Rz41 - 4R223 - 4R232 - 4R224 - 4Rz42 - 4R234 - 4R243 ) ’

~ 1 A A - 5 D D > R
Rz =E(1 1R2 —2R1 _2R3 _2R4 +9R212 +9R221 _4R213 _4R231 a

A

- 4R214 - 4Rz41 + 9R223 + 9R232 + 9R224 + 9Rz42 - 4R234 - 4Rz43 ) >

(6)
R L 5 5 Lop
.= E(] IR, 2R, =2R —2R, —4R;, —4R., +9R, s + IR, —

A

- 4Rz14 - 4R241 + 9R223 + 9R232 - 4R224 - 4Rz42 + 9R234 + 9R243 ) ’

R, =é(1 IR, —2R,—2R, —2R —4R.,, —4R,, — 4R, , 4R, +

+9 R214 + 9Rz41 - 4R223 - 4Rz32 + 9R224 + 9Rz42 + 9Rz34 + 9Rz43 )

While measuring the doppler frequency shifts as regard to every F,. position and the doppler

frequency drift, derived by the rate of change of the total range Fjy; we might obtain the radial speed
amounts in analogy with (6), where it is necessary to use R; = 0.51;F; and R):ij =R, + Rj = AiFpsi
instead of the ranges and distance amounts.

The covariance range measurement inadvertency matrix in case of uniformly precise measure-
ments and in case of 6% = 0%y =03 and at 64y = 465, 045 = 160¢ according to (4) and (5) accord-
ingly will take a form of

11
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11 2 2 2 7 -1 -1 -1 26 2 -2 2
-2 11 =2 =2 , 1\-r 7 -1 -1 1|2 26 -2 2

| — oty W.. =— Gro W, . =— o2 (7)
R esl—2 =2 11 =2 ° 2 q6l-1 =1 7 =1 *¢ 3502 2 26 -2 °

-2 =2 =2 11 -1 -1 -1 7 -2 -2 -2 26

In the aim of orthogonal coordinates recognition let us consider N non-linear equations which
link the aircraft required coordinates,

Ry =y (X —x)?+ (Y —y)? + (H — h)2, 3

where x;, y;, h; are the RS location coordinates.
The orthogonal coordinates might be recognized by using either numerical methods or least
squares

Zp = (ARTAR)—lARTZRa ©)
in this case
Ax, Ay, Ay, R12 - Rz2 - d12 + d22
Axy Ay Ay, R12 _R32 _d12 "'d32
Ay =|Axy, Ay, Ahy|> z, =05||R* =R —d?+d?| > (10)
Axy,  Ayy,  Ahy, Rl2 - Rz%/ - d12 + dz?/

where Ax;; = x; — xj, Ay;; =y; —yj, Ahjj =h;—hj, ad; = /xlz + y? + h? is the distance from

the origin of coordinates to the i-position.

THE POSITIONING OF THE AIRCRAFT SPEED VECTOR PROJECTION
ON THE CARTESIAN-COORDINATE SYSTEM AXIS

Let us perform a differentiation of (9) in time in the aim of aircraft speed vector amount recog-
nition on the cartesian-coordinate system axis

Zo=[ (A5 A0) (A2 A720) = (A A) (A A+ 4 ) (47 4) 47z, | (D
where
Mg A Al RR —R.R, —dd+dd,
_ Axy, Apy, Nsz R,R, —R,R, —d,d, +d,d,
A =|| Ay Ay, Ahyy |, Zp = R,R, —R,R, —d3d3 +deN )
A).CN(Nfl) A)'}N(N—l) AhN(Nfl) RN—IRN—] - RNRN - dN—]dN—l + deN

12
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Ax;; = % — X5, Ay = Vi — V), Ahij =h; — hj is the distance change speed between the posi-
tions by the relevant orthogonal coordinates x;, y;, h; are the RS location change speeds,
g, = itetywithih)

;=

i

is the RS moving-off speed from the origin of coordinates.

In case of the stationary position, X; = 0, ¥; = 0, i; = 0, (11) will take a simpler form:

Zr = (4" Ax ™) AR" 2, (12)
R R —R,R,
Rsz _RNRN
Lo=| RER -R.E, |, (13)
RN—IRN—I _RNRN

Based on (9), (10), (12), (13), the aircraft speed vector coordinate and projection recognition on
the cartesian-coordinate system axis is possible in a single data proceeding cycle without considering
the limits on the motion hypothesis of the object location. We might recognize the whole aircraft speed

vector V =+ X2 + Y2 + H2 basing on (12) and (13).
THE OBJECT POSITION AND ITS SPEED VECTOR ACCURACY ESTIMATION

Figures 1 and 2 demonstrate the results of calculating the potential aircraft location recognition
accuracy in the fourposition RS. The distance from the origin of coordinates to every RS is d = 25. The
resulting error of the aircraft spatial variable location recognition is expressed by the complete correla-
tion matrix [24]

o =+/tr[(DTW-1D)"1],

where tr is the matrix trace (the amount of the diagonal elements), and D is the matrix of the partial
differential coefficient in the form of

oR, OR, OR,
|%x o o
dR, OR, OR,
p=|x o
ORy ORy ORy
% or o

Range measurement quadratic mean errors were thought to be equal to o, = 50 m. The numeri-
cal calculations were conducted while the aircraft moving in a circumferential direction relating to the
origin of coordinates on the constant altitude and range Ry. The amounts of location recognition quad-
ratic mean errors (QME), derived for the different measurement accuracy, are denoted by some num-
bers in Figures 1 and 2: 1 - the range - measurement system in case of uniformly precise measurement
without their cooperative proceeding;2, 3, 4 - the cooperative measurement proceeding resp in case of
02 =0f u ofs=1602,0% =0l u ofs=40f, 0f =0¢ u oh5x=0¢.

13
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There are the results obtained from the aircraft position and the speed vector modeling for the
considered MRS recognition in Figures 3 and 4. The primary data measurement inadvertencies are
subordinated to the normal statistical law with the zero mean and are tied functionally to the ratio of
signal -to- noise. The aircraft reference coordinates are chosen as X =0, Y = 1.5d, H = 0.2d. While
changing the aircraft path the fundamental measurement recognition QME reached the range of

og= 5+60 m, ogs =5+60 m at the radial speed of o = 2+6 m/s, the summarized range change speed
of oy =2+10 m m/s.

.
>

120

15

(i)

180 >
o, M
21 330 330
240 300 240 300
270 270
Fig. 1. The potential accuracy of determining Fig. 2. The potential accuracy of determining
the location of an air object at Ro=4d the location of an air object at Ry=0.5d
o | o, . M/C &
15 1H
100 100
\\:- \\ IJ-
’ t ’ > : + : - "
T Aot (i T Aot
= &0 - 210 0 2x107 <107 y pq — 4x10% _ 220" o 2:10% &0t Y. om
Fig. 3. The standard error of determining Fig. 4. The standard error of determining the projection
the location of an air object of the velocity vector of an air object

That is what denoted by the numbers in Figure. 3:

1 — the aircraft position QME;

2 — the aircraft position QME in case of cooperative measurement proceeding;
and Figure 4:

1 — the aircraft speed vector QME;

2 — the aircraft speed vector QME in case of cooperative measurement proceeding.

CONCLUSION
The formulas for line-of-sight ranges and radial speeds of the items in case of the cooperative
measurement proceeding in range-measurement doppler multilocational radar system are derived. The

recognition of the object location orthogonal coordinates and its movement parameters is possible due
to these formulas.

14
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The principal feature of the data redundancy in MRS is that the considerable amount of time for
data accumulation is not required, and the problem of increasing the accuracy is handled for the single
measurement cycle.

The formulas for line-of-sight ranges are similar to the secondary radar data proceeding proce-
dures. The only contrast is that the weight coefficient of the estimated parameters are brought up to
date as soon as the data is available in case of QME, and depend on the number of positions and the
measurements quantity in case of the cooperative data proceeding.

In the context of the considered instance the potential accuracy of the location recognition is
1.12 — 2. 25 times for the small-based system and 2.3 — 4.1 for the large-based one. The benefit from
the location estimation accuracy and the aircraft speed vector on the cartesian-coordinate system axis
is 1.2 — 2.8 times in the context of the considered instance for the aircraft certain path.
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B craree paccmarpuBaeTrcs BapuaHT OpraHM3alMM COBMECTHOM 00pabOTKM  paauoNioKalioHHOHW HH(opMmarmu B
MHOT'OIIO3ULIMOHHON JaIbHOMEPHO — AOIJIEPOBCKOM PaJlioJIOKallMIOHHON chcTeMe. MeTo0M HauMEHBLIMX KBaJApaToB MOTyYEHbI
AHAMTUYECKUE BBIPAKCHMS [UI HAKIOHHBIX JAJbHOCTEW W paJUabHBIX CKOPOCTEH MeNield NpU COBMECTHOH 00paboTke
JTATTEHOMEPHBIX M3MEPEHUI pa3fIHBIX TUTIOB. [loMydeHHBIe BRIpaKEHUS I HAKJIOHHBIX NAJFHOCTEH MMEIOT OIpeei¢HHOS
CXOZICTBO C TIPOLIEAYpaMH BTOPHUYHOW OOpabOTKH PaAMOIIOKAIMOHHONW WH(OpPMAIMH C TOM JIMIIb Pa3HHLEH, YTO BECOBBIC
KO3 (UIMEHTHI TIPX OIEHIBAEMBIX MTApaMeTpax B CITydae IPOBEACHHUS IOCIEIOBATEIHHBIX N3MEPEHNH OOHOBIIAIOTCS TI0 Mepe
MOCTYIUICHUS JJAHHBIX, & B CI[y4ae COBMECTHOH 00paOOTKM 3aBHUCST OT YHCIIa MO3UINK 1 KonpdecTsa mMepenni. [lokasano, uro
coBMecTHasi 00paboTKa M3MEPEeHHH HAKIIOHHOW JAIBHOCTH, CYMM PacCTOSIHHH, PaJHalibHOM CKOPOCTH M CKOPOCTH HW3MEHEHUs
CyMMapHOﬂ JAJIBHOCTU MO3BOJIICT MOBBICUTH TOYHOCTH M3MEPCHUSA MECTOIIOJIOKEHUSA BO3QYITHOTO 06’])CKT8. )41 HpOGKLII/Il‘/II €ro
BEKTOpPa CKOPOCTH Ha OCH MPSIMOYTOJNBHOW CHCTeMbl KoopiauHar. dPu3ndeckass OCHOBA IOBBIEHHS TOYHOCTH OMNPEAEICHUS
MECTOIOJIO’KEHHS 3aKIIIOYaeTCsl B MCIIOJIb30BAaHMM HM30BITOUHBIX HM3MEpEeHHi 3a cuéT OOpabOTKM CyMMapHBIX IaJIbHOCTEH.
PaccmarprBaemslii BappaHT 00paOOTKH M30BITOYHBIX H3MEPEHMH B MHOTOIIO3UIIMOHHON PaMOJIOKalMOHHOI CHCTeMe He Tpedyer
BPEMEHH JUISl HAKOIUICHUsS JAHHBIX, @ 3aJaya IOBBIIIEHHS TOYHOCTH PEIIAeTCs 3a OAWH LMK IMPOBEACHUS H3MEPEHUIL
[IpoBeneHsI pacyeTs MOTEHIMAIBHON TOYHOCTH ONPE/IEIICHNS MECTOTIONOKEHHS BO3AYIITHOTO OOBEKTA IS PA3IMYHOTO 3HAUCHUS
CpEeITHEKBAIPATIHYECKIX OMMOOK OIpEeNeNieHIs TaTbHOMEPHBIX MMapaMeTpOB B MHOTOMO3UIIMOHHOM paFioJIOKAllOHHON cUcTeMe
MPU  PA3NIMYHBIX PACCTOSHMSX MEXITY MOZUIMSIMA. [T TIPOM3BONIBHOM TPAeKTOPHH BO3MYIIHOTO OOBEKTA IIPOBEICHO
MMUTAIMOHHO CTAaTUCTHYECKOE MOJIEIMPOBAHNE, IIO3BOJLIIONICE MONYYWTh  3HAYEHWS CPEIHEKBAIPAaTHUECKHX OIIHOOK
OTIpeNIeNIeHHsI MECTOIOJIOKEHNSI M BEKTOpPa CKOPOCTH BO3AYIIHOTO 0O0BekTa. 1Ioka3aH BBIMIPHII B TOYHOCTH OMNPEHCICHUS
MECTOIIOJIOKEHUS M BEKTOpPAa CKOPOCTH BO3AYIITHOTO OOBEKTa MO CPABHEHHIO C TPAIMLIMOHHBIMU AITOPHTMaMH ONPEICICHUS
KOOPAHHAT B JAJIbBHOMCPHBIX MHOT'OITO3UITUOHHBIX PAUOJIOKAIITMOHHBIX CUCTEMAX.

KiioueBnle ci1oBa: MHOT OIO3UIMOHHASA PAaArUOJIOKAUs, AAJIbHOMEPHbBIC, CYMMAPHO — HJAJIbHOMCPHLIC, paJdaibHass CKOPOCTb,
MECTOIOJIOKEHUE, BEKTOP CKOPOCTH, CPCAHCKBAAPATHICCKAA OIIMOKa.
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