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The expediency of using a
compensation radiometer (CR)
with periodic absolute calibra-
tion as a sensor for preprocess-
ing the information of correla-
tion-extreme navigation systems
(CENS) of unmanned aerial vehi-
cles (UAV) was shown. This is
determined by the possibility of
obtaining and using the estimates
of gain fluctuations obtained in
previous frames which will pro-
vide an increase in the radiom-
eter sensitivity. In addition, due
to the accumulation of informa-
tion, an increase in accuracy of

measur t of the el ts of
the current image formed by the
CENS will be provided.

The algorithm of process-
ing the obtained calibration esti-
mates during linear processing
corresponds to a certain digital
filter (DF). By defining a set of
the DF weight coefficients, it is
possible to improve the CR fluctu-
ation sensitivity by reducing the
gain fluctuations. Up to 1.8-time
gain in sensitivity can be reached
Jor typical frequency and time
parameters of the compensation
radiometer of UAV CENS.

The problem of synthesis of
a digital filter was set. A solu-
tion to the problem of synthesiz-
ing an optimal digital filter was
proposed. Its use in a CR will
improve the fluctuation sensitio-
ity. In its turn, this will make it
possible to improve the quality of
a current image generated by the
system when siting by means of
sighting surfaces with low-con-
trast objects taking into account
Sluctuations in radio-brightness
temperature.

It was found that the gain in
sensitivity when using the opti-
mal digital filter increases with
an increase in the operating
period of the radiometer and an
increase in the digital filter order.

Improvement of fluctuation
sensitivity of the CENS data pre-
processing system is important
Jor UAV location in low-contrast
areas
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1. Introduction

national economy and military affairs necessitates ensuring

their effective functioning in various application condi-

Significant expansion of the scope of application of un-  tions [1]. Modern high-precision UAV navigation systems
manned aerial vehicles (UAV) both in various sectors of the  are based on the application of strapdown inertial naviga-




tion systems (SINS) which can be supplemented with both
satellite navigation systems (SNS) and correlation-extreme
navigation systems (CENS) [1]. However, despite the high
accuracy indicators of SNS, their application for correction
of UAV SINS is not always effective. This is connected with
a significant dependence of their functioning on weather
conditions and interference situations. In addition, the
application of SNS leads to a loss of autonomy of the UAV
navigation system.

CENS including optoelectronic CENS as the best sys-
tems in terms of accuracy have no these shortcomings [2].
However, the efficiency of these systems also depends on me-
teorological conditions and interference situations. In such
conditions, significant worsening of quality of generated
current images (CI) used in CENS to solve the UAV posi-
tioning problem can occur. Based on this, a millimeter-wave
radiometric channel with a sufficiently high resolution can
be used as an additional information retrieval channel. How-
ever, along with this advantage, the positioning accuracy of
the UAV with radiometric CENS may turn out to be insuf-
ficient because of the low sensitivity of the radiometer. The
problem of improving the sensitivity of the radiometric sen-
sor becomes even more obvious when using reference areas
with low-contrast objects for UAV positioning. Thus, ensur-
ing the required efficiency of UAV application necessitates
the search for ways to increase the fluctuation sensitivity of
the radiometers used in CENS.

The influence of seasonal and diurnal variation of ra-
dio-brightness temperature of the sighting surface objects
further emphasizes the relevance of studies in the field of
further improvement of radiometric channels for receiving
and preprocessing information signals.

2. Literature review and problem statement

Models of radiometric CI and reference images (RI)
are given in [1]. The possibility of reducing the influence of
geometric distortions on the accuracy of CENS positioning
was shown. Algorithms of forming RI and decision function
were proposed. The problem of developing a method of form-
ing the CENS decision function was solved. The method is
based on the current image preprocessing which consists of
its stratification relative to the average value of the back-
ground radio brightness temperature and construction of a
set of selective images. At the same time, the authors ignored
the issues of improving the quality of the T1 being generated.

The results of the development of a method of localiza-
tion of the siting object in the TT in the event of the appear-
ance of false objects caused by geometric distortions are
presented in [2]. Sizes of the siting objects and the degree of
contrast between them were not taken into account.

The results of localization of object contours in images
based on the Hough transformation are presented in [3],
however, the potential influence of CI distortions on the
problem-solution was not considered.

Study [4] has suggested localizing objects in images
based on fractal analysis. The influence of distortions and
blurring of boundaries between objects in images were not
taken into account.

It was proposed in [5] to sharpen the outer contours of
recognition objects by means of detecting contour points of
the objects. The CI distortions and the ways to eliminate
them have not been studied.

The solution to the problem of localizing objects in im-
ages for a three-dimensional ground scene is given in [6]
without taking into account its influence on perspective CI
distortions.

A CENS diagram with an operational mapping unit is
presented in [7]. The unit implements the well-known ap-
proach to simultaneous positioning and mapping based on
recursive Bayesian estimation. However, CI formation by
means of comparing with EI based on mapping information
is not shown.

Methods of image segmentation using various infor-
mative parameters are considered in [8]. The possibility of
forming homogeneous regions for finding additional infor-
mation about the region of interest in the image is shown.
The methods are generalized and do not take into account
the peculiarities of CENS functioning.

Results of applying an L-band radiometer on a UAV are
presented in [9]. Experimental studies indicate the presence
of essential errors in positioning.

Results of applying inexpensive radiometric hyperspec-
trometers are presented in [10]. It was established that plani-
metric accuracy can reach 4.6 m at a height of 344 m above
ground which shows that the application of radiometers in
navigation is promising.

A method of efficient synthesis of RI based on fractal anal-
ysis is proposed in [11]. The method was developed without
taking into account potential distortions in original images.

It is proposed in [12] to form RI based on the con-
struction of a field of correlation analysis. The influence of
distorting factors and the magnitude of contrast between
objects were not considered.

A method was proposed in [13] for improving the accu-
racy of CENS siting in the presence of several bright objects
on a sighting surface and deliberate interference. The prob-
lem of siting was solved in the presence of a group of bright
objects on the sighting surface. Brightness variation was not
taken into account.

Approaches to detection and localization of objects in
images are based in [14] on the Hough transform. The prob-
lem is solved without taking into account the influence of
distorting factors on CI.

The results obtained in developing methods of secondary
image processing based on adaptation to quantization value
are presented in [15].

Results of comparative analysis of models of fluctuation
sensitivity of radiometers of various types are presented
in [16]. The preference of using a compensation radiome-
ter (CR) in comparison with a modulation radiometer is
shown when studying noise signals close to absolute zero. No
ways of improvement of the fluctuation sensitivity are given.

The results of studies on improving the quality of prima-
ry radiometric images formed by means of radiometric scan-
ning devices of compensation type using weight processing
of amplitude-phase field distribution in antenna aperture us-
ing window functions (classical and Kravchenko functions)
are presented in [17]. An increase in fluctuation sensitivity
of the radiometer was not considered.

The results of the development of an algorithm of optimal
processing the signals of intrinsic radio-thermal radiation in
a CR with an unstable gain are presented in [18]. The devel-
opment has provided low sensitivity to fluctuations in the
pre-detector section of the radiometer.

Thus, the solution to the problem of forming images by
radiometric channel using low-contrast objects and taking



into account fluctuations of brightness temperature has not
received proper development. It is explained by the fact that
more attention was paid to the methods and algorithms of
secondary processing. The issues of improving the primary
processing systems were assumed as already resolved and
were considered without taking into account peculiarities of
the algorithms of functioning of secondary processing sys-
tems. In addition, the study of ways to improve the efficiency
of CENS functioning was performed for high-speed aircraft.
At the same time, it was not taken into account that the
range of UAV velocities allows the use of the frame-by-frame
mode of operation of the CENS radiometric channel. These
circumstances indicate the advisability of using a CR with
periodic absolute calibration which has the highest potential
sensitivity in preprocessing channels. Taking into account
the adaptive methods of secondary information processing
in CENS developed to date, it is proposed to use estimates of
the gain coefficient (GC) obtained in previous frames. Due
to the accumulation of information, this will make it possible
to ensure an increase in accuracy of measuring the image
elements. If linear processing of calibration samples obtained
in the previous frames is used, then such an algorithm will
correspond to the algorithm of some digital filter (DF).

Application of radiometers using non-recursive DF in the
calibration signal channel in space systems of earth survey
is known [19]. In this case, the radiometer structure was
analyzed for the case of equal weighting coefficients of the
DF. That is, the average value of the calibration readings
obtained in the previous frames of the system operation
was calculated and the concept of the DF was not used at
all. Obviously, it is necessary to apply the weighted mean
value of calibration counts. The closer in time the calibra-
tion count is to the moment of taking the frame, the greater
the corresponding weight coefficient of the DF should be.
In this regard, it becomes necessary to solve the problem of
synthesizing the optimal DF at which the sensitivity of the
CR will be maximum. This will improve the quality of imag-
es of the sighting surfaces with low-contrast objects formed
by the system.

3. The aim and objectives of the study

The study objective implies improving the fluctuation
sensitivity of the CENS radiometric channel for UAV posi-
tioning in terrain areas with low-contrast objects.

To achieve this objective, it is necessary to solve the
following tasks:

— form statement of the problem of synthesizing the opti-
mal DF of the UAV CENS CR,;

—solve the problem of synthesizing the optimal DF of
the CR;

—perform numerical calculations and analyze the results
of synthesis of optimal DF.

4. Materials and methods used in the study

A CR with periodic absolute calibration was chosen as
a system of preprocessing the CENS radiometric channel.
The choice in favor of this radiometer was determined by the
simplicity of its circuit design and dependence of its trans-
mission coefficient on noise parameters of reference gener-
ators and values of the output digital function. To ensure

measurement of estimates in absolute scale in each period,
it was necessary to measure signals of two reference sources
with equivalent noise temperatures Ty and Ty, for example,
Tet=Tmax, Te2=Thmin. The receiver transfer characteristic was
assumed to be linear. The optimal digital filter was sought
in the class of linear non-recursive digital filters for which
there is no problem of stability. The dynamic range of such a
radiometer is from Ty, t0 Thay.

Statement of the problem of synthesis of the optimal
digital filter of a CR with periodic absolute calibration
was formed using the method of synthesis of non-recursive
digital filters. When setting the problem, it was taken into
account that the UAV CENS operates in real time. This
means that it was sufficient to synthesize a digital filter with
no memory.

Description of measurement readings, estimates of an-
tenna temperature, errors in determining the coefficient of
transmission of the receiving path are based on the methods
of the theory of signal parameter estimates and radiometry.

The amplitude-frequency characteristic of the digital
filter was determined based on the z-transformation from
the impulse transient response. The transfer function was
determined using the theory of integrals and series.

It was proposed to synthesize the optimal digital filter ac-
cording to the criterion of minimum dispersion of the estimate
of the radiometer antenna temperature which is ensured by
determining the set of its corresponding weight coefficients.
The set of weighting coefficients of the digital filter which
provides for minimum dispersion of estimate of the radiome-
ter antenna temperature was determined using the Lagrange
multiplier method. In this case, the condition of ensuring
stationarity of the Lagrange function in terms of weight coef-
ficients was imposed. The Lagrange multipliers at the point of
local extremum were defined using the matrix theory.

It is advisable to analyze the results of the synthesis of
the digital filter on the basis of an estimate of the gain in
sensitivity of the CR for real frequency parameters of the
radiometer and temporal conditions for the formation of the
frame of images of the sighting surface of the UAV CENS.
The parameters for calculation were taken from [19]. The
following radiometer parameters were used in calculations:
Af=1.0 GHz; A=0.65*10"19; for J=2 and J=10; t,=(0.2...100) s,
the ratio t|ty changed from 0 to 1.

Numerical estimates of sensitivity gain when using opti-
mal DFs were obtained on the basis of numerical simulation.
The initial data for modeling corresponded to real time con-
ditions for the formation of the CENS of image frames and
the frequency parameters of the radiometer corresponded to
the typical values.

5. The results of synthesis of a digital filter in the
reference channel of a CR with periodic absolute
calibration

5. 1. Statement of the problem of synthesis of an
optimal digital filter of a CR with periodic absolute cal-
ibration

Fig. 1 shows a block diagram of a CR with periodic abso-
lute calibration and the principle of its operation is explained
by the pulse-time diagram shown in Fig. 2.

It is of interest to solve the problem of synthesizing the
optimal DF, i.e., determine such a set of weight coefficients
at which the sensitivity of the radiometer is maximal.



digital function used to form one

ﬁjl ';?n petl Comp. Jiifig ADC value of the output digital function.
s tor radiom. tor .
¢ f |> = Note that, DFs with memo-
q ry (L>0) can be used in the systems
NG - Adder of processing accumulated data, in
T, ‘L R particular in earth survey systems
[Integra - in which a mode of operation in
tor QADC PF J . real time is not required. Only dig-
NG ) | ital filters with L=0 can be used in
To Bynchron systems of the class under consid-
izer S|ADC DF2 eration.
I> The following can be written for
| each measurement count:
. . . . . . nty+t +1/2
Fig. 1. Block diagram of a CR with periodic absolute calibration Z (ts :1 v(t)dt,
T nty+t-1/2
Using a modulation switch, input of the CR (without an
integrator) at each cycle with a period ty is connected either 3t,/2<t,<t,-1,/2, 3)

to the antenna or to the output of one of the reference noise
generators. These generators are characterized by noise tem-
peratures Ty and Tes. The modulation switch is controlled
by a synchronizer.

In this case, a series of measuring counts of the radiome-
ter output voltage are formed with the help of the integrator.
They are converted into a digital code by means of an ana-
log-to-digital converter (ADC). The integrator is character-
ized by the integration time .

V(1)
Vi (nt) Vi((n+1)t,)
u,(ty)
Vv, (nt X ) BN
Ty | Tk T t
tS
nty ty (n+ 1)ty

Fig. 2. Pulse-time diagram describing the principle of
operation of the CR with periodic absolute calibration

In this case, a pair of calibration counts are formed using
an integrator with integration time T:

nty+1,/2
a(n)=" [ o)
Tk nty-1, /2
1 nty+31; /2
7,(nt,)=— o(t)de. 1)

Tk ntyiny )2

Let us restrict ourselves to the search for optimal DF
in a linear non-recursive DF class for which there is no
stability problem and the algorithm is determined by the
expression [20—-22]:

Ve

=~

V,(nt,)= hiaj[(n_i)tk]’ jet2 (2)

i=-

where A; is the DF weight coefficients; L, J=0,1,..., Q=L+J+1
is the DF order, that is, the number of counts of the input

belonging to the n-th cycle and delayed by time t, relative to
the moment nty; the antenna temperature estimate is deter-
mined from expression [23]:

I, (t)= B{[Zjn ()% (ntk)]c(ntk)+7:z1}+
+(1-B){[@,(£,) - Vs (nt,) Je(nt, )+ T.,}, %)

where
T-T,
_ s e 0,1,
b= -7, <1l
c(nty)=——a"Te )

V,(nt,)-V,(nt,)’

c(nty) is the transmission coefficient of the receiver.
Introduce centered random quantities:

8V, (nt, )=V, (nt, )= MV, (nt,), jel,2
and represent the relation (5) in the form:
c(nt,)=c,/(1+8V/AV),
where
AV=MV,-MV,, ¢,=(T,-T,)/AV,
3V =58V, -5V,
Assume 8V<<AV and obtain:
c(nt,)=c,(1-8V/AV).

Then the relative root-mean-square error € in determin-
ing the coefficient c(nty) from formula (5) is:

\/M(c—co)z _ \/(6?'91 +6?'62) - V26,

Co r,-T, TA_T(Q.

E=

In practical applications, the radiometer sensitivity is
significantly less than its dynamic range, so we will consider
¢ (ntp)=co VneN. Then, after performing statistical averag-



ing over the ensemble of realizations in (5), the following is
obtained:

M'ﬁ.='R.+(1—ih,J[n+BTM+(1—ﬁ)T02]y (6)

i=-L

whence it follows that in order for the estimate T be un-
biased, i. e., MT T.=0, the DF weight coefficients must
satisfy the followmg condition:

J
th:1' (7

It can be shown that for the estimated T variance

s

) =BV, (nty)~(1-B)V, (nt, )]

the following ratio is true:

oy (t,) M[u

max o (t)=c? (t)=cM[a,(t)-V,(n)],  ®

Te[T, T ]

i. e., the variance is maximum at T;=T,; (in this case, p=1).
Therefore, in what follows, we restrict ourselves to calculat-
ing the radiometer sensitivity for this worst case.

Transform expression (8) to the following form:

o (t)=c [ . o, ©

where Sy(f) is the spectral voltage density at the radiome-
ter output which for the case ¢=T,/T,<<1 is determined by
the ratio:

5.(/)= f [Sg(/ )+A1f]; (10)

H(f)=sinc(nft)e > —sinc(nft,)H, (f).

The frequency response (FR) Hy(f) of the digital filter
is determined by z-transformation from the impulse tran-
sient response [20]:

J
A=Y he
) ZL ;

Then the transfer function ‘H (f )‘z takes the form:

sincnftcos2nft, — ’

2
(= J
| (f)| —sincnft, Y, b cos2nfit,

i=—

i=—L

J 2
+| sinenftcos2nft, —sinenft, Y b, sin2nfitk] .

This expression can be converted to the following form:
2 .
|H(f)| =sinc’nft+sinc’nft, x

J
X Y hhycos2nft,(I-i)-

il=—L

J
-2sincnftsinenfT, Y. h;cos2nf (it, +1,).

i=L

an

Calculate the integral
= [l () dr
0

Using tabular integrals [24]

_[sin c’axdx = an/2,a>0;

0

Tsine _b)/2b<a
Jsinczaxcos%xdx: n(a=b)/2b<a;
0,b>a

0

the following is obtained:

jsin c’nftdf =1/2x;

0

Jsincznfrk cos[antS(i—k)]dfziﬁik;
0 AN

Tsin c’nftsinc’nfx, cos[an(ktk ~t, )] df =0,

0

where it is taken into account that £,>7, 1.
Now expression (9) can be represented as:

o (h)=(8T,) [ 1+— 2h2+AAfTJ| |df

(12)
Tpi=L
where 8T}, is the fluctuation sensitivity of the CR;
h=(h,,...h,)e R/
Integration in (12) gives the following:
o (h)=(8T,) [t+AfF ()], (13)
where
;| +2C(vit, +t,)-
F(h)=D(v7,)+ X k| ~, : (14)
o ‘,2 hC (x|l =ilt,)
=L
T . . 2
D(x,y)z2Aj(smcnfx—smcnfy) df/f7, (15)
0
C(x,y):4AIsincnfxsincnftk sin® mfydf/f. (16)
0

As a result of calculating the integrals (15), (16), the
following is obtained:
AF(—y)cosYTHn

Clx,y)=——>—=—(2 bs
(.9) 2n°xt, (v +1) (2my)"

T 1+ " T+
1+ kix —| 1+ u +
2y 2y
X
_ v+ g v+
+|1- u —11- L
2y 2y

) a7)



2A COSYTHEF(—Y)TCYA

D(x,y)=

ay(y+1)

xl:(y—x)w—(y+x)7+1+y(2x)y+x(2y)y:|. (18)

In the case of y>>x, 1, formula (17) can be simplified by
expanding each of the terms in square brackets into a Taylor
series and keeping the quadratic terms. As a result, the fol-
lowing is obtained:

C(x,y)=~-24y(2my)"” cosYT”nr(—y). (19)

Now we can formulate the problem of synthesizing a
DF that is optimal according to the criterion of minimum
variance of the estimate T,, determined from formula (13):
find a set of weight coefficients of the DF, i. e., the vector

ﬁ:(ﬁ_p...,ﬁ])e R™/*' minimizing the function F(h) given
by relation (14) subject to constraint (7).

5. 2. Synthesis of an optimal digital filter of a CR with
periodic absolute calibration

The problem posed in p. 5. 1 belongs to the class of smooth
extremal problems with a constraint of equality type [25]. To
solve it, set up the Lagrange function:

L(h,k):F(h)+k(ihi—1),

(20)

and use the theorem [25]:

“If h is alocal extremum point in the problem (14), (17),
then there is such Lagrange multiplier A that the condition
of the Lagrange function stationarity is satisfied with re-
spect toh”, i. e.,

%(ﬁ,i):o, ie L.

To find the optimal element (ﬁ,i), take a system of
L+J+2 equations:

N

) A?‘ck +C(tit, +t,)-

J A
—12 hC[vll-it,]
=L
J A
N h=1.
Li=—L

Let us restrict ourselves to the class of physically realiz-
able DFs with L=0. Write the system (21) in a matrix form:

21)

y=Zx, (22)
where
[ B -C, -C, -C, 1/2]
-C, B —C, -C, 1/2
72 -C, -C, B -C,, 1/2
-, -C,, C,, B 1/2
| 1 1 1 1 0 |

y=[-C(tt),~C(vt,+1,)...~C(x. Jt,+1,),1] e R

’

x= [ho,...,h‘,,k] e R/,

C,=C(t,.in), iel J, B=1/(Aft,)-C(x,,0). (24)

The system of equations (24) can be solved by one of the
known methods. When constructing the system matrix, it
is expedient to assume that the submatrix corresponding to
the variables Aj,..., fiy is symmetric.

The following is obtained from (13) for the coefficient
K=07,/8T}:

K =1+ Af7F. (25)

Note that solution to system (21) takes the following
form for A=0:

h=(J+1)", (ieW). (26)

Consequently, in this case, the DF with the same weight
coefficients is optimal. Call such digital filter a quasi-opti-
mal filter.

5. 3. Analysis of the results of synthesis of a digital filter
and elaboration of recommendations on their practical use

Fig. 3shows the results of calculating the coefficient K de-
pending on the ratio z,/#; for optimal DFs with /=2 (Fig. 3, @)
and /=10 (Fig. 3, b) (thick curves) and corresponding qua-
si-optimal DFs (thin curves).

1‘? /=2 | 1=2 1=0.2s =

. /
——

1.6 // 100s

1.5/
10s mp—1

1.4/

13 b1

e

1.2

0 02 04 06 08 t/t
a

Kt /=2 | J=10 t,=0.2s

ez e

L6 100s |

. —

1.5

1.4 P"’ —

1.3 /—-——-—' Tos

1.2 /ﬁ%—

1.1

0 02 04 06 08 t/
b

Fig. 3. Graph of K(ts/t,) dependence: a—at /<=2 ; b—at /<10

The following radiometer parameters were used in cal-
culations: Af=1.0 GHz; A=0.65-10"'%; y=1.3. The calculation



results indicate that the sensitivity gain when using op-
timal DFs increases with an increase in the period of the
radiometer operation (the period between frames) ¢ and
an increase in the DF order /. For systems of the considered
class ;=1 s, the gain turns out to be insignificant when
using optimal DFs and it is possible to use quasi-optimal
digital functions with the same weight coefficients to in-
crease the system speed.

Fig. 4 illustrates the dependence of the coefficient K on
the DF order J. For optimal DFs, gain in sensitivity increas-
es monotonically with an increase in J and for quasi-opti-
mal DFs, there is an optimal value of J. With an increase
in the period 7, the optimum shifts to the region of smaller
values of /.

1K7 t, /=2 t,=0.25 t=0s
1.6 —
1.5 /V\
1.4 100s
1.3
1.2
1.1 t,=1s
1.0
0 4 8 12 16 J

Fig. 4. Dependence of Kon J

It follows from Fig. 4 that in systems of the class under
consideration characterized by the value of #=1s, the use
of a DF of the order of />5 practically does not give a gain
in sensitivity leading to an increase in computational costs.
Therefore, it is advisable to use the DF with J<5 to solve the
set tasks.

6. Discussion of the results obtained in synthesis of the
digital filter and development of recommendations for
their practical application

The presented results are a continuation of the de-
velopment of methods for increasing the efficiency of the
UAV CENS functioning. The proposed approach features
further improvement of the CENS data preprocessing sys-
tem through improvement of the radiometer’s fluctuation
sensitivity. This problem is solved by determining the set
of weight coefficients of DF of CR with periodic absolute
calibration at which the gain fluctuations will be minimal.

During the synthesis of the digital filter of the CR,
a number of initial relations (9), (12) were obtained for
the variance of estimation of the radiometer antenna
temperature. Based on these relations, expression (13)
was obtained for the variance of the antenna temperature
estimate as a function of the DF weight coefficients. This
has made it possible to formulate the problem of finding
a set of the filter weight coefficients from the criterion
of minimum variance of the estimate determined from
formula (13) minimizing the function F(%) given by rela-
tion (14). Since the expression (4) for the radiometer an-
tenna temperature includes the transmission coefficient of
the receiving path (5), a connection between fluctuations

of the CR amplification coefficient and the DF weight
coefficients becomes obvious. In other words, the set of
GF weight coefficients at which gain fluctuations are
minimal provides the maximum fluctuation sensitivity of
the radiometer.

In the course of solving the problem of synthesizing a DF,
it was found that a digital filter with the same weight coef-
ficients is optimal (26). Numerical calculations have shown
that when using the UAV CENS, the gain in sensitivity from
the use of optimal DF turns out to be insignificant in com-
parison with the quasi-optimal DF (with the same weight
coefficients). Therefore, it is advisable to use quasi-optimal
digital filters. In this case, the use of digital filters of order
J>5 is virtually inexpedient.

The advantage of the considered approach consists in
an increase in fluctuation sensitivity of the CR based on
the use of digital filters with the same weight coefficients
up to potentially achievable sensitivity. This ensures the
simplicity of the signal processing device. In addition,
such radiometers are simple in their circuitry, e.g., in
comparison with the two-channel CR. They have small
dimensions which makes it possible to use them in the
UAV CENS.

Thus, the use of CR with periodic absolute calibration
in combination with adaptive algorithms of the secondary
image processing systems will provide a solution to the prob-
lem of UAV positioning in real time when using low-contrast
objects.

It is advisable to carry out further development of this
study in two lines. The first line concerns defining the object
types which, by their contrast, can be used for UAV position-
ing taking into account fluctuations of the radio-brightness
temperature. The second line concerns the coordination
of functioning of the considered system for preprocessing
information of radiometric UAV CENS with a secondary
processing system based on adaptive algorithms.

In the aggregate, the study results will be useful in
improving the software package for the formation of a uni-
modal decision function in various conditions of radiometric
CENS operation.

7. Conclusions

1. Statement of the problem of synthesis of DFs has been
worked out. The problem statement differs from the known
one in that determination of the set of the DF weighting
coefficients is made according to the criterion of minimum
variance of the radiometer antenna temperature.

2. The problem of synthesis of optimal DF was solved. It
was found that in the absence of fluctuations in the gain of
the receiving path, the DF with the same weight coefficients
is optimal. In this case, such a DF is quasi-optimal.

3. Numerical calculations showed that gain in sensi-
tivity monotonically increases with an increase in J for
optimal DF and there is an optimal value of J for quasi-op-
timal DF. It was found that with an increase in the peri-
od 1, the optimum shifts to the region of smaller values
of J. In the UAV CENS featuring the value of #=1 s, the
use of a DF of the order of />5 virtually does not ensure a
gain in sensitivity but is leading to higher computational
costs. Therefore, it is advisable to use the DF with J<5 to
solve the set tasks.
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