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ABSTRACT

The synthesis of a recurrent filter has been carried out, which
makes it possible to take into account the slowly varying
measurement error present at its input. The results of modeling
the synthesized filter are presented. The expediency of
applying the filter for the nonlinear correlation function of
slowly varying errors of radar measurements is shown.
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1. INTRODUCTION

In radar stations, for processing a mixture of a signal with
noise and estimating the parameters of the trajectories of
tracked objects, recurrent digital filters are used, which make it
possible to obtain errors in estimating the parameters of
trajectories that are significantly less than the errors in
measuring coordinates. One of the components of the total
measurement errors of radar stations are correlated errors due
to various factors [1-3, 9]. Accounting for such errors is
expedient in high-precision radar systems, when the
fluctuation errors and correlated errors of the object
coordinates are comparable in magnitude [3,4, 6].

An example of such systems is airborne radar stations, the
position of which in space is determined by data from satellite
radio navigation systems (for example, the Global Positioning
System (GPS)) located on board the aircraft [5-7, 10, 11]. To
eliminate the correlated error, filters can be used, synthesized
on the basis of the maximum likelihood method and requiring
the accumulation of measurement information for the entire
observation session [2, 3, 5-10] or requiring an expansion of
the vector of estimated parameters [5-7, 12-15], which makes
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such filters difficult to implement or reduces the quality their
functioning. Therefore, it was required to develop a filter free
from these disadvantages.

The purpose of the article is to synthesize a recurrent filter that
allows one to take into account the slowly varying
measurement error present at its input and significantly reduce
its component at the output.

2. MAIN MATERIAL

Suppose the dimension Z, at the moment t is a
superposition of the useful signal and errors:
z, =Hx,+v, +Ab f , (1)

where X, - vector of true values of coordinates determined by
the parameters of target movement and time;

v - vector of uncorrelated measurement errors;

n

Ab, - random vector with zero mean and given correlation
matrix;

f, —known a priori nonrandom time function;

Ab f,=b, — vector of correlated measurement errors of
tracking coordinates;

H - operator of correspondence between measured and
estimated parameters. Wherein:
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M[v,]=0,M[v,vi]1=R,,M[b,]=0,
M[bnbz]=Rbn,M[b fb'f 1= Rbnfnz.

n'-nTn-'n

()

Measurements (1) are fed to a recurrent filter that implements
the smoothing operation in accordance with the expressions
[4, 16-18, 20-22]:

Fx

nin-1 = n

X ©)

17

I:’n/n—]. = I:I:’n—].l:T 1
P,=(1-KH)P, ,(I1- KnH)T + KanKI,
Xn =Xy T Kn (Zn - HXn/n—l)‘

(4)

where X,,,,_1 — extrapolated vector of estimated parameters;

F — extrapolation matrix;

X, - vector of estimated parameters;

n

P, - correlation matrix of parameter estimates errors;

P

n

1 - Extrapolated matrix P, ;

K

n

— matrix filter gain;
| - identity matrix.

When passing through the filter, correlated errors form
additional parameters (errors) of the trajectory in accordance
with the expression (5):

Aan = Axbn/n—l + I<n (bn - HAan/n—l)' (5)

The correlation matrix of errors in estimates of trajectory
parameters caused by correlated errors is by definition equal
to:

an =M [AanAXI“] . (6)
Substituting the value Ax,, w3 (7) in (8) and after
transforming, we get:

P, =(1-K H)P,, ,(I-K H) +(I-K H)L KT+ -
+K LT (1-K H)" +K R, KT '

where L, =M[AX,,, ,AX] ] matrix of correlation
coefficients between extrapolated parameters formed by

correlated errors and correlated errors at the moment t_;
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Poiny = MIAX,,, o AX ] correlation  matrix  of

extrapolated errors in parameter estimates due to correlated
errors.

The total error of the parameter estimates is characterized by
the total correlation matrix:

(2) PZn = Pn + an ' (8)

Obviously, the optimal algorithm for recursive estimation of
the trajectory parameters should provide the minimum total
errors.

Optimal Estimatio&f\lgorithm Synthesis

According to the posed problem of minimizing the total
estimation errors, the filter gain must satisfy the condition:

K; =argmin Sp(HP,, H"). 9)

Using an expression for matrices P, and P,, of (4) and (8),
get:

HP, H™ =H(I-K H)P,, ,(1-K H)H +
+HK R KTHT + H(I-K H)P, ., (I-K H)TH +
+H(I =K, H)L,KTH" + HK LT (1K H)"H™ +
+HK R, KTH'

. (10)

For determining K’ in accordance with (10) we find the

Frechet derivative [5-12] of (11) with respect to K, and
equate it to zero:

+H"HK HP,, H" +H"HK R, -
~H"HP,, H" +H"HK HP, H +
+HHK, R, +H HL, —H"HK HL, -
~H"HK,L"H" =0

(11)

Having solved (12) w;th respect to the filter gain, we get:

K; = (Pn/n—lHT + an/n—].HT - Ln) x

(12)
><(HPn/n—lHT + Fan + Han/n—lHT - Rbn - HLn - L1;1 HT )71

Thus, the recurrent filter for estimating the parameters of the
target trajectory con(%ifts of the following operations:

Xnin-1 = I:Xn—l’ (13)

P.n1=FP _,FT, (14)

n/n
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AXpnjna = I:Axbnfl* (15)
T
I:>bn/n71 = prnle ) (16)
T
I—n = M[Axbn/nflebn 1. (17)
I<n = (Pn/n—lHT + an/n—].HT - Ln)>< (18)
x(HP,, ,H"+R +HP, , H +R, —HL, - LTnHT)fl’
Xn =Xpmat Kn (Zn _Hxn/n—l)’ (19)

Pn :(I_I<nH)Pn/n—1(|_}‘<nH)T +KanKI ' (20)
Pn :(I_I<nH)Pn/n—1(|_}‘<nH)T +KanKI ' (22)

P,=(0-K HP,, ,(1-KH"+(1-KHLK+

T K R @)
+K,L,(I-K H) +K R, K,

In the filter, it remains to define the method for calculating the
matrix of correlation coefficients L, and residual vectors

b,—-HAx,, .
With linear filtration, the following relation is valid:
Aan = Bn—lb(nil) !

where B, - weight matrix;

b — vector of n—1 measurements correlated errors.

Let the filtration be carried out along one coordinate I,
R,,=f’(t,)of , b" P =Ar®

where @, =] f (), f(t,),... T (t,)] -

Then the extrapolated vector of parameters can be written as:

AXbn/n—l = Bn—lq)n—lArb = an/n—lArb ’

where Xg/n-1 —
formed by sampling a nonrandom function f(t).

vector of errors of parameter estimates

Tak xak b, =Ab, f =Ar f , then we have

Ln =M [an/n—lArn2 fn] = an/n—lf 62

n~rb*

Thus, separating estimates and measurements, you can write:

AXbn/n—l = an/n—larb ’ bn = Grb fn :
Then formulas (18) and (22) take the form:

T

Ln =Axbn/n—1® fn’
where 0 - BCKTOp CPCAHCKBAJIPATUICCKUX 3HAYCHUI
AMIUIUTYBI.

Filter Study Results

To assess the quality of the proposed filter, statistical modeling
was carried out. As a result of modeling the dependences of the
root-mean-square errors of smoothing of the parameter r on
the number of measurements n with respect to the
root-mean-square errors of uncorrelated errors, obtained from
the results of 100 statistical realizations. The information
update period is To=1s, the root-mean-square error of
uncorrelated errors in measuring the coordinate r is ¢ =1 m,
root mean square error o, = 1 m and o, = 2 m. When forming
correlated errors, the function f(t)=sin(2nt/T,), where T, -

correlation interval. The estimation interval of the object
parameters is equal to the correlation interval T, =60 s.

It follows from the analysis that the synthesized filter makes it
possible to reduce the estimation errors of the parameter r in
comparison with the usual Kalman filter up to 2 times with
equal uncorrelated errors and up to 3.5 times, provided that the
grading exceeds the uncorrelated errors twice.

3.CONCLUSION

1. A synthesis of a recurrent filter has been carried out, which
allows one to take into account the slowly varying
measurement error present at its input.

2. The simulation results showed that, depending on the ratio
of the variance of uncorrelated and correlated measurement
errors, the synthesized filter can reduce the errors in
estimating the parameters of the trajectory of the object in
comparison with the Kalman filter by several times.
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