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ABSTRACT

Context. The constant increase in the number of radio electronic equipment leads to an ever-increasing complication of the
electromagnetic environment. That requires constant monitoring to ensure electromagnetic compatibility, as well as the development
of high-quality universal antennas for radio monitoring systems.

Objective. The goal of the work is construction of a mathematical model of an antenna system for radio monitoring stations and
calculation of its main accuracy characteristics.

Method. The most important metrological characteristics of a measuring instrument are methodical and instrumental errors, that
is, the dependence of these errors on the parameters of structural elements of the signal processing device, which is integrated with
the antenna array. Consequently, the mathematical model of the antenna system should take into account not idealized, but real
transmission coefficients of the most critical structural components. Besides, to ensure transparent functional relations between the
voltages in the mathematical model is necessary to limit the number of variables informative voltages. With this approach, the
determination of instrumental errors is greatly simplified, and analytical expressions become more suitable for assessing the
influence of structural elements on the accuracy of measuring processes.

Results. Analytical relations were obtained that reveal the influence of different elements and circuits of the device on the
measurement accuracy of the radiation fields parameters.

Conclusions. The present findings confirm that the presented antenna system provides a measurement of the main parameters of
the radiation field both in the conditions of a satisfactory electromagnetic environment. Moreover, in the conditions when another
frequency of radiation acts at the frequency of the useful signal. The angular resolution, that is, the ability to separate signals with an
insignificant angular spacing of signal sources and interference, depends not only on the directivity characteristics of the antenna
array but also on the accuracy of establishing the distances between the phase centres of real and virtual vibrators. The operating
frequency range of the antenna array is limited not only by the deformation of the radiation pattern as well by the errors in the design
of the antenna structural elements.

KEYWORDS: radio monitoring systems, antenna array, accuracy characteristics, methodical errors, instrumental
€rTors.

ABBREVIATIONS E,, E;, are vectors of field intensities from sources
AFC is an amplitude-phase corrector; a and b:
AFTU is an amplification and frequency )

. ; F(8,0) is a directivity characteristic;
transformation unit;

BNT is a block of nonlinear transformations; k is a wave number ;
COU is a controlled oscillator unit; K is a transmission coefficient from vibrator
DDRS is a device of display and recording signals; terminals to the input terminals of frequency converters;
DIRS is a device for indication and registration of k, , kj, are wave numbers for the waves of sources a
signals; and b;
EMC is electromagnetic compatibility; a - o a
. . o K, is a sensitivity factor of the voltage U; to
EMRD is an electromechanical rotary device; o Y g !
ID is an identification device; azimuth error of the source b;
LC is a linear converter; K¢ is asensitivity coefficient of the voltage U} the
MT is a measuring transducer; o )
RMS is a root-mean-square; estimation error of the distanced between the phase
SCU is a switch control unit; centers of vibrators;
SID is a signal identification device; K¢ s a sensitivity coefficient of the voltage Uj' to
TVG is a test voltage generator. b )
the estimation error of the distance d . between the
NOMENCLATURE . )
. . . phase centers of vibrators and screen;
a is a transmission coefficient of frequency b o b
converters and amplifiers of intermediate frequency; Ky, 1s a sensitivity factor of the voltage Uy to
d 1is a distance between phase centers of antenna ) .
clements: inaccurate setting of the angle 6, = 90";
d,. 1is a distance from the screen to antenna
elements;
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K g is a sensitivity factor of the voltage Ulb to the
1

error in the azimuth of the source b;
K fc is a sensitivity coefficient of the voltage Ulb to
Lad!
the estimation error of the distance between the vibrators
and screen.
K (‘; is a voltage sensitivity coefficient of the source
2

a to the inaccuracy of the azimuth bearing to the source
b;

K, is an ellipticity coefficient;

Ky is a sensitivity of the ellipticity coefficient to
the errors of the value m ;

K; is a sensitivity of the ellipticity coefficient to the
errors of the angle v ;

K $ is a sensitivity of the ellipticity coefficient to the
errors of the angle v .

K59 is a sensitivity factor of the voltage Uy to

instrumental error of the voltage U.;
Kg is a sensitivity factor of the voltage U, to the
error of the voltage Uy ;

K;l is a sensitivity factor of the voltage U, to the
error of the voltage US ;

Kél is a sensitivity factor of the voltage Uy to the
error of the voltage US .

K(;V is a sensitivity to change of the voltage U, ;

Kﬁ is a sensitivity to change of the voltage U, ;

K f is a sensitivity of the calculation result to the
azimuthal angle error;

Kf is a sensitivity of the calculated value of the
field intensity to the errors in the distances between the
elements of the antenna array;

K 5 is a sensitivity of the calculated value of the

field intensity to the errors in the distances from the
vibrator to the screen.
[ is a length of the vibrator arm;

lofr s an effective length of the vibrators;

m 1is a ratio of the meridional component of the field
intensity to the azimuthal value;

P(6,9) is an unit polarisation vector;

T} is a transmission coefficient of the measuring

transducer;
t.q 1 a transmission coefficients of adders;

t, is a transmission voltage coefficient of detectors;

tr is a transmission coefficients of a filter;

Ty is a circuit transmission coefficient;
¢, 1s a transmission coefficients of a rectifier;

t,, 1s a transmission coefficients of a squarer;

sq
U is a complex voltage;
Uy, is a particular threshold value;

wp is a function that takes a value wp:O if

p=5,8911and w, =1 if p=1,2,3,4,6,7,10,12;
al is a derivative of the phase a ;

a . . .
O, is a phase shift, which occurs when the waves

fall from the source a to the antenna aperture;

OL? is a phase shift that occurs when the waves fall

from the source b;

a . . . .
Ysc 18 a phase shift, which occurs due to mirror
images of vibrators, for wave source a;

yfc is a phase shift of the waves source b, which is
caused by the screen;

v is a derivative of the phase y%. with respect to
the azimuthal angle;

y! is a derivative of the phase yfc with respect to
the meridional angle;

da, dlyr, OK are the relative errors of the
amplification factor a, of the effective length /,; and
the feeder transmission coefficient K ;

AB, is a determination error of the angle 0, ;

A@ is an error of the azimuthal angle;

AB is an error of the meridional angle;

0 is a meridional angle of the spherical coordinate
system;

09, ¢, are unit vectors of the spherical coordinate
system,

A is a length of the electromagnetic wave;

csEe

o, OE? are mean square errors of the estimates

of the field intensity components;

0T2 is an errors in transmissions of detectors and

adders of the LC block of the 2nd level,
oTy is a relative RMS error of the transmission

coefficient 7;;
G\llg is a RMS error of function wg;
¢ is an azimuth angle of the spherical coordinate

system;
¥ 1s an angular separation of radiation sources;

\|IZ , \4/[1’, are products of harmonic quantities.
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INTRODUCTION

Radiomonitoring antenna arrays are used not only as
a means of monitoring the electromagnetic environment
but also as measuring devices for onboard and ground
equipment. The antenna array makes it possible to
determine the angular coordinates of the radiation
sources, the polarization characteristics of the
electromagnetic waves, to estimate the intensity of the
electromagnetic fields and others.

In this regard, there is a need to provide a
radiomonitoring antenna with metrological
characteristics as part of the measuring device. Such
features can be obtained as a result of experimental
research of the finished product.

However, the possibility to provide an accuracy
requirement of the device is lost, or its level is
ascertained. It is quite challenging to improve it
practically. From the other hand, some analytical
expressions show the influence of different elements and
circuits of the device on the accuracy of measurements of
radiation field parameters. In this case, the measurement
errors can be reduced to the required level by choice of
specific components.

The object of study is the process of constructing the
antenna systems with signal processing for radio
monitoring stations.

The subject of study is the process of constructing
the antenna systems with signal processing for radio
monitoring stations.

The purpose of the work is to build a mathematical
model of the antenna system with the characteristics of
accuracy, which took into account the real transmission
coefficients of the most critical structural components.

1 PROBLEM STATEMENT

Since the antenna monitoring system is primarily a
measuring device, there is a need to provide the system
with  accuracy characteristics. Methodical and
instrumental errors are the most critical characteristics
of the measuring devices. It means that dependence of
these errors on the parameters of the structural elements
of a signal processing device is integrated with the
antenna array. Therefore, it is necessary to construct a
mathematical model of the antenna system, which would
take into account the real transfer coefficients of the
most critical structural components. Besides, to ensure
transparent functional expressions between voltages in a
mathematical model, the number of variable informative
voltages should be limited. With this approach, the
definition of instrumental errors is significantly
simplified. Analytical expressions become more suitable
for evaluating the influence of structural elements on the
accuracy of measurement processes.

2 REVIEW OF THE LITERATURE
As known, an increase in the number of radio-
electronic means leads to a complication of the
electromagnetic environment and, accordingly, requires
a solution to the problem of ensuring electromagnetic

compatibility (EMC) [1, 2]. In other words, there is a
need for the use of measuring means of radiomonitoring
[3-5], which in their composition have an antenna
system. In radiomonitoring systems, antennas of various
configurations are used — from the simple vibrator [6] to
complex antenna arrays [7, 8].

In the article [9] an ultra-wideband monopole
antenna for EMC measurements is presented. The
proposed EMC measuring antenna can be used for EMC
radiations detection in printed circuit boards (PCB) and
many digital devices such as mobile handsets, PDAs and
other mobile communication systems. An article [10]
presents two new types of ultra-wideband antennas for
EMC measurements. Both antennas have a compact size
and can have multiple ports for flexibility in
measurement tests. The radiation patterns of the
antennas can be directional or of multibeam. The
antennas have a low manufacture cost and lightweight,
easy for installation, which is especially crucial for low-
frequency antennas. The designed tapered TEM horn
antenna [11] has the merits such as wideband, simple
feeding network, low profile compact size with
reasonably good antenna performances such as return
loss, peak gain and radiation patterns. A paper [12]
presents a new biconical broadband antenna, which is
used for EMC test application. Compared with the
conventional biconical antenna, the proposed antenna is
small in size and good in electrical characteristics.

Smart antenna arrays provide more opportunities for
monitoring the electromagnetic field. The adaptive
beamforming algorithm can aim at the direction-of-
arrival of jammer automatically. In an article [13], a new
robust beamforming control method is presented to
widen nulls of an adaptive antenna array. In this
proposed method, the weight vector is optimized to
involve the minimization of a quadratic function. The
presented method can provide improved robustness
against the interference angle shaking and suppress the
interference signals. In a letter [14], the performance of
smart antennas with uniform circular arrays (UCAs) is
examined. The primary motivation for this selection is
the symmetry UCAs possess. That provides UCAs with
a significant advantage. It lies in the fact that the beam
azimuthally through 360 with little change in the
beamwidth or the sidelobe level can be scanned. A paper
[15] describes an approach to interference suppression
by adaptively thinning the array to reject sidelobe
interference. Changing the random thinning can lower a
sidelobe or place a null in the direction of interference.
In a paper [16], a novel symmetric weighted thinned
array with pattern reconfigurable antenna is proposed to
achieve wide-angle scanning performance.

Designs of four-element antenna systems with signal
processing have been developed for measuring the
parameters of the electromagnetic field [17]. An example
of calculating the metrological characteristics of this
antenna system was also presented, as well as possible
measurement errors and their main sources [18]. It should
be noted that the measurement errors of the output values
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were presented as the sum of the components with
specific influence coefficients. They did not include the
transmission coefficients of real elements of the structural
diagram.
3 MATERIALS AND METHODS

To study the accuracy characteristics of
radiomonitoring antenna systems a four-element antenna
system was selected (Fig. 1) [19, 20]. The operation
mode of the antenna system is given by the processor
and switches Sw1-Sw4. The main mode is where the
switch outputs are connected to the terminals of the
antenna unit 1', 1", 2' and 2". The signal processing
device consists of the following parts: an
electromechanical rotary device (EMRD), switches
Sw1-Sw4, test voltage generator (TVG), controlled
oscillator unit (COU), switch control unit (SCU),
amplification and frequency transformation unit
(AFTU), amplitude-phase correctors (AFC), subtractor
Al1-A4, adders X1-X4, amplitude detectors D1-DS§,
squarers Q1 and Q2, filters F1 and F2, rectifiers R1 and
R2, the device of display and recording signals (DDRS),
the identification device (ID).

The block diagram in Fig. 1 can be divided into two
main parts — an antenna array and a block of
amplification and frequency conversion of signals.

The latter consists of the following parts:

— a measuring transducer (MT) creates voltages that
are proportional to the components of the electric field
intensity in a linear orthogonal polarization basis;

— double-level linear converter (LC) is based on
linear adders and consists of a block of the 1st level (1
LC) and a block of the 2nd level (2 LC);

— block of nonlinear transformations (BNT);

— signal identification device (SID);

— processor and device for indication and registration
of signals (DIRS).

The combination of these blocks and the functional
connections between them are shown in Fig. 2.

A new (simpler) voltage numbering was introduced
for the convenience of further analysis of the block
diagram. The transition from the voltages indicated in
the structural diagram [19, 20] to the voltages used in
the block diagram is given in Table 1.
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Figure 1 — Structural diagram of the antenna system [19, 20]
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Table 1 — The equivalence of the voltages of the structural diagram [19, 20] and the block diagram is shown in Fig. 2
Structural . . . . . . . . . . . . . .
diagram U5 U6 U7 U8 U9 UlO Ul 1 U12 U13 U14 U15 Ul 8 U19 U22

Block . . . . . . . . . . . . .
diagram Ul U2 U3 U4 US U6 U8 U9 UlO Ul 1 U12 U13 U14
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Figure 2 — Block diagram of the antenna system

The antenna unit consists of four elements located on
the tops of an imaginary quadrilateral [19]. Each antenna
element consists of two mutually perpendicular vibrators
(symmetrical or non-symmetrical). Vibrators axes
coincide either with the perpendicular to the surface of
the earth or with the horizon line. So, the vertical
vibrator has the directivity characteristic:

F(6)=sin0, (1)

and the unit polarization vector [7] takes the form
pP,(6,9) =0y, where 0 is the meridional angle of the
spherical coordinate system; ¢ is the azimuth angle; 6,

is a unit vector of the spherical coordinate system.
The directivity characteristic of a horizontal vibrator
is defined as:

F(0,p) =+1-sin? 0Osin’ ¢, 2)

and the unit polarization vector is pj(0,¢)=¢@,, where
¢, 1s a unit vector of the spherical coordinate system, in
which the angle ¢ is measured from the normal to the

antenna aperture.

Expressions (1) and (2) are valid when /<<Ai,
where [/ is the length of the vibrator arm, and A is the
length of the electromagnetic wave. This condition is
satisfied when wusing active antennas. Therefore,
formulas (1) and (2) are characterising the properties of
active antennas with high accuracy.

The antenna array through the line switch in the
transmitter operates in three configurations, which
provide the ability to work in three modes. In the first,
basic mode (mode A4) the antenna array consists of two
elements — two vertical and two horizontal vibrators.
The phase centers of the vibrators are horizontally
separated by a distance d (the square side length). In
mode B, four vertical vibrators are used, which are
located on the square tops. There is a distance d
between their phase centers. In mode C, the same
antenna array is created as in mode B, but with
horizontal vibrators.

The set of vibrators are located at a distance d,
from the screen. This is a reason that in any mode, in the
analytical expression for the output voltage of the
vibrator the multiplier i2sin(kd,.sinOcosp) appears,

where k =2n/A isthe wave number.

The following matrix equation determines the
dependence of the output voltages from the intensities of
the electric fields in mode A:

U 09F (0,)e'™ 0F (0,)e'™

l:]2 T (PoF(Oa,(Pa)éijg (P()F(eb,(pb)'ei:‘? )

l{s GoF(ea)eﬂaA: a eOF(eb)e*’“f 1o
Us PoF (B0 )e ™ @oF (Bp,¢p)e”"™

{Ea sinyf(.]

X >

E, sinyfC

where o =k,dsin0,sing, is a phase shift, which
occurs when the waves fall from the source a to the
antenna aperture (Fig. 2); a?:kbdsineb sing, is a
phase shift that occurs when the waves fall from the
source b; Ye. =k,d. sin0,cosp, is a phase shift,
which occurs due to mirror images of vibrators, for
wave source a; y2. = k,d,, sinB,cosp, is a phase shift
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of the waves source b, which is caused by the screen;
k, =2mn/\,, k,=2m/L, are wave numbers for the

waves of sources a and b; E,, E, are vectors of field
intensities from sources a and b;T) =2al,zK is a

transmission coefficient of the measuring transducer; a
is a transmission coefficient of frequency converters and
amplifiers of intermediate frequency; /I, is the

effective length of the vibrators; K is a transmission
coefficient from vibrator terminals to the input terminals
of frequency converters.

Equation (3) takes into account that electromagnetic
waves, which are emitted by two independent sources at
almost the same frequencies with wavelengths A, and

Ay, act on the radiomonitoring antenna.

The transmission coefficients 7,; of the adders
should be taking into account. Then received signals
with voltages Ul s ...,U4 , are transformed into the first
level following the equation:

US tyd 0 - tad 0 Ul
U 0 ¢ 0o ¢ U

' 6 _ ad ad x| 2 . (4)
U7 laq 0 lad 0 U3

Us 0 tw O —tu] |U,

The absolute nominal values of the transmission
coefficients ¢,;, of adders are the same. However, when

considering instrumental errors, the value cannot be
regarded as a common factor. It cannot be taken out of
the limits of the transfer matrix. The transmission
coefficients #,; for each voltage are set independently.

Therefore, the errors of any element of the transmission
matrix must be taken into account without regard to
different transmission coefficients.

Signals with voltages obtained by the second level of
linear transformations:

U9 tyd 0 0o - tud US

Ug| | 0 —twg tw 0 Us
o= x| . (%)
Uil |tae 0 0 iy U,

U12 0 tad tad 0 US

The block of nonlinear transformations (BNT)
incorporates 12 amplitude detectors, which form direct
voltages proportional to the amplitudes of the
corresponding alternating voltages. As the result, at the
outputs of the BNT the voltages are obtained:

U =td|U3

,5=5,6,..,12, (6)

where ¢; is the transmission voltage coefficient of the
detectors.

Voltages U5 and U8 are used in the block of

nonlinear  transformation. Based on this, for
determination of angles ¢, and ¢, indicator signals

U13 and U 14 are created.

More simplified notation for some quantities should
be introduced before writing expressions for indicator
voltages of the azimuthal angles of radiation sources. It
is advisable to present it in the form the voltages, which
are used in equations (3), (4), and (5):

T

T rra..a tb. b iW?’E
Up - (Up\llp + Up‘l’p )e 2 (7)
where U% and U? are amplitude factors that depend on
p p

field intensities Ea, Eb and index p; \y?, and \4/1}), are

products of harmonic quantities; w, is a function that

P
takes a value w, =0 if p=5,89,11 and
p=12,3,4,6,7,10,12.

The quantities that are used in equation (3) are
written for the static mode. That is for the antenna
system state, when the normal to the aperture of the

wpzl if

antenna array coincides with the angles 0=90° and
¢ =0. Or they coincides with the direction to one of the

radiation sources.

In the case of direction-finding, the aperture of the
antenna rotates in the meridional and azimuthal planes.
Therefore the phase shifts acquire the following values:

oy =k,d cos(0, —0)sin(o, —);

ocf = kpd cos(8;, — 0)sin(@y, — ¢);

Vi = kydc c05(0, ~0)cos(e, —0);|
Yoo = kyd e cos(8, — 8)cos(@, — ),

where 0, ¢ are the angular direction of the normal to

the aperture of the antenna array, that is, the angles 6
and ¢ are the deviation of the antenna from a given
initial state.

Formulas for the directivity characteristics (1) and
(2) are converted in the same way:

F(®,)=cos(8,-0), g=a,b;

F(©,,94) :\/1—cosz(eq —9)sin2((pq - Q).
In the exponential indexes, the minus sign refers to
other indexes of functions v , that is, to p=3,4. The

expressions for the amplitude factors U¢ and U
change depending on the index p. Thus, to p = 1,_4 have
the following voltage values
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. -0
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where functions \uf, are defined as

wiy =™ cos(0, —0)siny L, if ¢ = a,b;

€)

yis= et \/l—cosz(Gq —O)Sinz((pq —@)siny?..

The voltages that are included in the right column
matrix equation (8) are such values

70 _ 0.
be =t (10)
U:]P :TlEc(Ip,qza,b,

where 7 =2alyK and Eg =(90,Eq), Eg’ =((p0,Eq).
The expression for the voltages U,; and U,, can be
written in the form using this notation:

07,0 a b,
Uiz =TinUaUp W5 Vs (11

a. b

Ui =TnUJUwE R,
where Ty =4t,4t4t 155t ; 1s the circuit transmission
coefficient, which consists of an adder with a
transmission ¢, , a detector with a transmission #;, a
rectifier with a transmission ¢., a squarer with a

transmission 7y, and a filter with a transmission 7 ;

v =cos®, —0)sinaf sinyf, ,

yd = \/l—cosz(eq -0) sin2((pq —@)sinad siny?,

g=a,b.

From expressions (10) it follows that the voltages
U3 and U4 acquire a zero value at ¢, =¢ and
¢, = ¢ . That is, the antenna aperture must be rotated in
a horizontal plane until the indicator voltages U;; and
U,, are zero. Thus, the azimuthal directions of the

sources a and b are located.
To estimate the error in determining azimuth,
consider the case where the angle ¢ is close to the angle

¢, . Antenna position setting is completed when the
voltages U;; and U,, nearer to a particular threshold

value U, .

Considering that ¢, —¢ = Ag , from expressions (11)

with A, <<1 the following expressions can be

obtained:

sin[k,d cos(0, —0)sinAp,] < Mé’;

’ (12)
sin[k,d cos(0, —0)sinAg,] < M,

where the right-hand side of the equations (12) the

values M 3 and M q[; represent the next functions

Mg _u, Cy cos(6, —0)cos(0;, —0)sin[k,d cos(0, —0)siny]x :
LA™ sin[k,d,. cos(8, —0)cosy]sin[k,d,,. cos(0, —0)]

M=, C(p\/l—cosz(ea—G)Sinzxsin[kadcos(ea—e)sinx]x :
xsinfk,d. cos(, —0)cosy]sin[kyd,. cos(©; —0)]
Co=TNUSUY, Co=TyUSUY lues th
0 =1inUaUp, Co=1inUgU, are values that are
independent of coordinate angles; x=¢, —¢,; is the
angular separation of radiation sources. The value of the
meridional angle 0 in the functions M g and M(g is

equal to /2.
From equations (12) it follows that

. b
. | arcsin M
Ag), < arcsin| ———9
kpd sin 6y,

or (13)

arcsin M (};

A@j, < arcsin
b kyd sin 0,

The azimuth error ¢, is determined by the same
formulas (13) when the index b is changed to index a.

For estimation of the measurement error of the
meridional angle 6, it is necessary to consider the
operation of the antenna system in mode B. Since the
perpendicular to the aperture coincides with the
azimuthal angle ¢,, the matrix equation (3) is

somewhat simplified:

U, eia? ez’ai’ eiaf
ca . a ) 0 s

U, _ ells gm0z IO y U, cos(0, —0)sinyy, (14)
_ina a b . . >

Us e Psel % Uy cos(0, —0)siny?.
. a . a

U, P (I (e

where af =k,d cos(0, —0)siny ; oci’ =0;
Y?c =k,d. cos(0, —0)cosy ;
Y?C = kpd . cos(8, —0) ;
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af =k,dsin(0,-0); g=a,b.

After the first level of linear transformations, two
voltages are formed. They depending only on the field
intensity of the source a. Their values according to
equation (4) equal to

Us =202 sina? cos(6,, — 0)siny%.e'*

Ug =202 sinad cos(8, —0)siny%.e %

At the second level of linear transformations of these
voltages, two more voltages are formed:

Uy = i4U2 cos(8, —0)sina? siny“ sino,

Uyy =409 cos(0, —0)sinad siny%, cosa .

By rotating the aperture of the antenna array in the
meridional plane, it was achieved that the value U9 is

less than the threshold value Uy, >Uy. Which can be

interpreted as the orientation of the normal antenna
aperture to the direction of wave radiation from the

source a. When this voltage U 11 takes on the value

Uy =400 sin(k,,d siny)sin(k,d . cosy).  (15)

The determination error of the angle 0, depends on
the threshold voltage level U, , and if Ug =0 is equal
to

a

AB, < arcsin( arcsinBé’j ,

U '
4U2 sin(k,d sin ) sin(k,d. cosy)

where B§ =

The amplitude value of the voltage Uy; (15) makes

it possible to calculate the meridional component of the
intensity field vector of the radiation source a. Using the
relation (10), it follows

£ _ Un
a 2 . . :
4t 4t 54Ty sin(k,d siny) sin(k,d . cosy)

(16)

In the case when the horizontal component EJ more

than the vertical component ES , the meridional angular

coordinate of the source a is better to determine in the
mode C of operation of the antenna system. In this
mode, the antenna array, as noted earlier, consists of
four horizontal vibrators. The matrix equation (14)

varies only at the expense of multipliers in the right
matrix column, which are the direction characteristics of

the individual vibrator, namely: Ug cos(®, —0) changes

to U;p\/l—cosz(ea ~0)sin®y , and Ul?cos(eb -0) to
¢
Uy -
As a result of such a simple transformation of
equation (14), it can be written that

A9, < arcsin(kaarcsianP’ ),

U '
40U cosy sin(k,d siny)sin(k,d . cosy)

a _
where B(p =

The azimuthal component of the field intensity vector
equal
Uni

EY = .
‘ 4tdt§dT1 cosy sin(k,d siny)sin(k,d . cosy)

(17)

After determining the angular coordinates of the
radiation sources, the antenna system returns to the main
mode of operation — mode 4.

Assume that the radiation of the source b is
suppressed. In this case, the polar axis of the spherical
coordinate system is parallel to the axes of the vertical

vibrators when 0, =90°. The direction to the radiation
source b coincides with the perpendicular to the antenna
aperture, that is ¢@; =0°.

Denote the angular separation of radiation sources in
the azimuthal plane as y=¢,—-¢,, and in the

meridional plane as yg =0, —0;,. The phase shifts,

what occurs due to the difference in beams paths,
acquire the following values:

af =k,dsiny;
océ7 +Aoci7 =0=x(kpd cosyg)Ao; (18)

Y?c = kadsc COS X5

b
Vse =kpd g cOSYg.

Taking into account the phase shifts values and the

fact that aj <<1 from formula (9) expressions for the

functions 7 is obtained

a _ *iad . a.
Vi3 =¢€ TSIy e

W3 +Ayls = (1+iAk,d cosy ) cos g sinyl.; (19)
’ ’ 1

+iod .
Y44 = e cosysiny;

\Vg,“ = (1xiA@kyd cosyg)sin Y.[s)c"
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Voltages U, (when p=l,_4), using expressions

(18) and (19), are written in the form (7). That make it
possible to obtain a ratio for calculating instrumental
errors. It is necessary to bear in mind the fact that the
individual components of the total error AU, differ

both in amplitude and phase. Therefore, the correct error
estimate is the root-mean-square (RMS) value. It should
also be noted that the RMS errors of voltages U; and

Uz, U, and U, are the same, that is cUz =cU; and
cUy =oU,.

A voltage error Ujcan be obtained, taking into
account all the above

1

0 2 2 a a2 by
ocU, =U 9{(0T sin +(o }2 +
1=Uq 1) Yse +(OWT) 20)

+Up {(cmz cos? 1o sin v, + (o) 22,

where the content of the component of the error cU; is

defined as oT; :\/(Sa)z +(Blyy)* +(8K)* s the
relative RMS error of the transmission coefficient 7 ;

da , SIeﬁf, 0K are the relative errors of the
amplification factor a, of the effective length /. and

the feeder transmission coefficient K ;

1
c\y? = {(KglA(p)z +(K§16d)2 +(K5618dsc)2ﬁ )

1
2 2 2
c\yfz{(KglAe) +(K(’;1Aq>) +(K§’618dsc) E;

K(‘;l = \/(OLZ siny®)? + (y? cosy%)? is the sensitivity
factor of the voltage U{' to azimuth error of the source
b, o =k,dcosy is derivative of the phase
af ;v =k,d,. sinyis derivative of the phase y§. with
respect to the azimuthal angle; Ksl =dy siny§. is the
to the
estimation error of the distanced between the phase

sensitivity coefficient of the voltage U}

. a4 _.a a - o
centers of vibrators; Ko = YscCOSYye 18 the sensitivity

coefficient of the voltage U{' to the estimation error of
the distance d,. between the phase centers of vibrators
and screen; Kg] = sin Xesinyfc —y% cos xecosyfc is the
sensitivity factor of the voltage Ulb to an inaccurate
setting of the angle 0, =90°; yf =kpdgesinygy is

derivative of the phase yfc with respect to the

meridional  angle; K(bpl = kyd cos? X g Sin v is  the

sensitivity factor of the voltage Ulb to the error in the

azimuth of the source b; Kfcl = vb. cos Yo €OS b is the

sensitivity coefficient of the voltage Ulb to the

estimation error of the distance between the vibrators
and screen.

Instrumental error for the voltage U, (Uy)

1
oUy =US{oT)? cos” gsin v, +(owd)? 2 +
1
+UZP{(GT1)2 sin”y?, +(Gw§)2}5=
where

1
oy§ = {(ng A@)? +(a? cosysiny%.8d)? + (v cosy cosy?dd, ) E;

ng = \/((1? cosy sin y?c)2 + (sinysiny%, + 4 cosy cos y?c)z

is the voltage sensitivity coefficient of the source a to
the inaccuracy of the azimuth bearing to the source b;
1

b (yé’ cosyi’CAE))2 + (kpd cos? xsinyi’cA(p)2 2
oy, = is
b b 2
+ (YSC COSYSCSdSC)
RMS error of function ) .
Similarly, using equation (4), the errors of the

voltages Uy, ..., Ug are found.

Since the amplitudes of the voltages U, for s =18

(6) are used by the processor to calculate the parameters
of the radiation field, formulas for the voltage errors on
the right side should have one more component. That is
due to the inaccuracy of setting the transmission
coefficient ¢, of the amplitude detectors. For example,

formula (20) takes the form

1
oU, = thf{[(GTl)z +(otg)*Isin? v +(oyf)? }2 +

1
+th§’{[(ch)2 +(cstd)2]cos2 Yo sin’ y[S)C +(0\yf)2 F,

where ot; =At;/t; is a relative error of detector
transmission coefficient.

Similarly, the expressions for voltages UZ, U3 and

U 4 are written.

The expression for the error of the voltage U 5 varies

as follows
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GUS =2tdtadU(? X

1
2

8t cosa)? +
( ad c) +(wa)2 +

x{sin? y%,

+(ot, cosad)? +(oT; )2

1
2 2 2 2
0 (8t4q)™ +(3t4) +(GT]) x| 2
+2t,4t,,Up .
X c0S > Yo sin? yfc + (csw{’)2
Similarly, the inaccuracies in the transmission of
detectors in the errors of the voltages Ué, U7 and U8

are taken into account.

In the process of detection, variables can be formed.
However, they can be filtered entirely, and their
influence can be almost neglected.

In mode 4, in the presence of noise (source b) the
voltages U9 and Ulo (5) are used. For the analysis of

errors, the values of their amplitudes can be written as:

ngtd\ug\=

= 1\ (aaUs)? +(t0qUs ) = 2tqUs taqUs ) 0S5

Ull =ld‘U11‘:

=14 \/(fadUs )2 +(taaUg )* +2tqqUs Nt 4qUy ) cos y,
where y is the phase shift between phases of vectors
E® and E9; the
Us:

Us = 21,,U% sina % siny?, s
amplitude of voltage
Ug =2t,,UQ cosysina§ siny§. is the amplitude of the

voltage Uy .
The following notation is introduced to obtain

Ug = 21,12, sina? siny%US;

Uy = 2tdta2d sinod siny?cUE;

Ua =\/(U2)2+(U2°COSX)2—2U,?U§,P COS Y, COS Y ;

Uy :\/(U3)2+(U;p cosy)? +2U2U¢ cosy cosy.

RMS errors of the voltages Ug and Ull are
expressed through the coefficient of sensitivity

6Uy =57, Uy ) + (KoUs)? + (KfoUs)?:

sU,, =\/(8T2 U +(K'oUs)? +(K§'aUg)?,

where o7, :\l(Std)ZJr(&ad)z is the errors in

transmissions of detectors and adders of the LC block of

UY —U? cosy cosy
Uy

the 2nd level (7, =t,t,, ); K59 =T

is the sensitivity factor of the voltage U, to the

instrumental error of the voltage U 55

U? cosy —U? cosy
b

a

Kg =T, is the sensitivity factor

of the voltage Uy to the error of the voltage US;

U + U9 cosy cosy
T

11
K5 = A
Ua

is the sensitivity factor of

the voltage U,; to the error of the voltage US;
U cosy +U? cosy

11
K =T, <
Ua

is the sensitivity factor of

the voltage U, to the error of the voltage US .

On the next step, the received voltage in the mode 4
with noise is used to calculate the parameters of the
electromagnetic field of the source a.

The phase shift calculated by the formula

Ui -Ug
CosyY =—————.
4AT2UL U,

From this formula, it follows that the error of the
trigonometric function is equal to

2 2
(K;VGUg) "r(Kl\VlGU”) +

c(cosy) =
+cos? (28T, )? +(cUs)* +(cUg)?],
U2
where K;" =—— 2 is the sensitivity to change of
2T*UUy
U2
the voltage Uy ; Kl“; =+ is the sensitivity to
2T°UsUg

change of the voltage U, .

The ratio of the meridional component of the field
intensity to the azimuthal value is estimated as

Us
m =—=-cosYy, .

8

The mean square error of the ratio m is defined as

om :m\/(ch5 )2 +(cUg )2 +(tg)(A(p)2 . (21)
The tangent of the double angle of inclination of the
polarization ellipse is equal

tg2y = 2mcosy (22)

m* -1
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Using the formula (22) can be found

1
oY= n {(mz ~ 1)’ (sinyay)” +}2 (23)

(m? +1)? —4m? sin® y |+ (m? +1)*(cosyom)?
Another important polarization parameter is the

ellipticity coefficient, which is calculated by the formula

. . 1
msin’ Yy —sin2ycosy + = cos’ Y
K, = ”} .29

mcos> Y +sin2ycosy + ~sin? Y
m

The errors of his calculation are defined as

m* +1

K07 \/(K,encm)z +(KSop)? + (KoM, (25)

oK, =

e

. 1 .
Q:mcos2 y+sm2ycosw+—s1n2y;
m

2
m2—
Ky = 5

m(m~ +1)
sensitivity of the ellipticity coefficient to the errors of the

2

the

siny cosy cos\y — 3 cos2y is
m”+1

is the

m .
value m; Kyez siny cosy —cos2y cosy

sensitivity of the ellipticity coefficient to the errors of the
angle v; K =sinycosysiny is the sensitivity of the
ellipticity coefficient to the errors of the angle v .

Measurement errors of the meridional and azimuthal
components of the vector of the electric field intensity are
determined from the correlations. This correlations bind

magnitudes Es and EJ with the voltages U5 and US,

or from the expressions (16) and (17) in modes B and C.
According to the formula, which is shown in the work
[19], can be written

0 _ Us
‘ 2T, T, sin(k,d siny)sin(k,d . cosy,)

Based on this ratio, the RMS value of the absolute
error can be obtained

N | —

(ch U)Z+GT2+<5T 2y
oEY = £ s /US| +(T)? +(oTy) ’

+(KEAQ)® +(Kf8d)” +(K ) 8dy,)?

Kf =[k,d cos yctg(k,dsiny)—

where is the sensitivity

- kadsc sin XCtg(kadsc cos )]
of the calculation result to the azimuthal angle error;

Kf =k,dsinyctg(k,dsiny) is the sensitivity of the
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calculated value of the field intensity to the errors in the
distances between the elements of the antenna array;

K dE =kyd. cosyctg(k,d, cosy) is the sensitivity of

the calculated value of the field intensity to the errors in
the distances from the vibrator to the screen.

The formula for the azimuthal component of the
electric field intensity is written as

Ug

E? = .
2T, T, cosysin(k,d siny)sin(k,d cosy)

The error in calculating the azimuthal component of
the field intensity is equal to

(ch8 /118)2 +(T))? +(0Ty)? +

GE;O - E;p E 2 E 2 E 2
+(Kppho) +(Kfdd)" +(Kj 3dy,)

where the sensitivity coefficient to the errors of the
azimuth angle is somewhat different from Kf , namely

Kf(p =K, —tgy[sin(k,d siny)sin(k,d, cosx)]_l.
From the expressions for the sensitivity coefficient
K f , it follows that the inaccuracy in the dimension d can

limit the resolution of the antenna system.
In the absence of radiation at frequencies that are
close to the frequency of the source a (E, =0),

processes in the antenna system differ significantly from
methods with interference suppression. In this case the
formula (21) is simplified

om :m\/(GUé)2 +(c5U7)2 .

The remaining polarization parameters and their
errors are calculated by the formulas (22), (23), (24) and
(25).

The meridional and azimuthal components of the
electric field intensity vector can be calculated by the
voltages U; and Ug:

U
E 2 S A
2T, T, sinkd,,
U
EQ = 6

2T, T, sinkd,,

The mean square error of the estimates of the field
intensity components are equal to

2020
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[(6T})? +(0Ty)* + (kdg,ctgkd,, )

0 2
GEa = U7

x(8d )V UESY: 4| ———1
(5dyeNED +| e

[(6T))? +(cT)? + (kdctgkd , )* X

2
GEZIP = U6

x(8d )V NE?)? +| ——6
(8de)"WEq) 2T\ T, sinkd,,

From last formulas it follows that the bandwidth of
the antenna system depends primarily on the error &d,,.,

that is the accuracy of establishing the distances between
the phase centers of the antenna elements and the screen.

4 EXPERIMENTS

The Mathcad was used to construct experimental
graphs. The study of dependences of measurement errors
of polarization parameters was chosen as an example for
proving the correctness of the derived relations. For this
reason, the above formulas (23), (24), and (25) were used.
It was decided in these formulas to fix the next
components of the relative and absolute errors in
measuring the inclination angle of the polarization ellipse
and the ellipticity coefficient. The error in determining the

ratio of the meridional component Eg of the field

intensity to the azimuthal £ is om =0.01. This error

om , following formula (21), in turn, depends on errors in
determining voltages Us and Ug, angle of separation of

radiation sources and error in determining the azimuthal
angle in case of operating mode 4. Ay =1deg is the error

in determining the phase shift between the phases of the
vectors E 2 and E®. An increase in these components

leads to a sharp increase in errors in measuring the
polarization parameters and changing like their
dependences.

5 RESULTS

In Fig. 3 dependences of the error in measuring the
angle of inclination of the polarization ellipse on the ratio
of the meridional component of the field intensity to the
azimuthal value are shown.

To build the dependence of the error in determining
the polarization coefficient on the inclination angle of the
polarization ellipse (Fig. 4). The error in determining the
inclination angle of the polarization ellipse was chosen as
oy=0.5 grad (= 0.009 rad). The value of the error in

determining the coefficient of ellipticity inadmissibly
increases with an increase in this error.

2 0025 ;
< ’
=
S s
= :
50 > (.02 Ja—
£E v=o0| 7
= g e
22 =75
s = 0.015 ’
£ y=600 s\
2 =
E 2 \y|=45° 7z
£ Z om y=300_, rmrmtmslm i .
- = y=15° N
°g - [ PR ——
§ = sae T SR vy PP Cervaerisiss
£ 9 e
b o I i
=
=
0 0.2 0.4 0.6 0.8 1.0

The ratio of the meridional component of the field intensity to the
azimuthal value, m

Figure 3 — Dependences of error in measuring the inclination
angle of the polarization ellipse on the ratio m
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The error of the ellipticity coefficient , 6K,

=)

0 0.262 0.524 0.785 1.047 1309 1.571
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Figure 4 — Dependences of error in measuring the polarization
coefficient on the inclination angle

6 DISCUSSION
From the results of modelling errors in measuring the
polarization characteristics of the wave, the following
conclusions can be drawn.
From the formula (23) and Fig. 3 it follows that

when y =90° and m=1, the error in measuring the

inclination angle of the polarization ellipse %7 becomes
uncertain. Under these conditions, the wave polarization
of the understudy becomes circular. Moreover, the angle
of inclination y of the polarization ellipse loses its

meaning. It was using the formula (25) and graphs in
Fig. 4, it can be concluded that when v=90° and
m =0, the measurement error oK, of the ellipticity

coefficient also becomes uncertain. In this case, the
wave polarization becomes linear, and the ellipticity
coefficient K, loses its meaning.

The smallest errors in measuring the polarization
parameters are possible for the cases of linear
polarization (when measuring the inclination angle of
the polarization ellipse) and circular polarization (when
measuring the ellipticity coefficient).

Based on the formulas obtained in work, the first level
of the linear converter, which is built on linear adders, has
the most significant influence on the errors in measuring
the parameters of the investigated wave (polarization
parameters, components of the electric field intensity).
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CONCLUSIONS

In summary, this paper argued that the errors of
measuring the electromagnetic field parameters by
radiomonitoring antenna systems were researched. As an
example, the low-element antenna array with a primary
signal processing device was chosen. This antenna system
provides the essential functions of radiomonitoring
include the following: automated space inspection and
radiation source detection, automatic determination of the
angular coordinates of the radiation sources, interference
suppression at frequencies close to the frequency of
controlled radio emission, measurement of electric field
intensity, measurement of the polarization parameters of
the radiation field. The synthesized structural diagram of
the antenna system is provided with auto-control circuits,
which guarantees timely detection of failures and
maintenance of the system in working order, as well as it
is functioning within the precision characteristics laid
down in the design.

The scientific novelty. In the article, the mathematical
model of the antenna system for radiomonitoring stations
was built. The mathematical model takes into account the
transmission coefficients of the most important structural
components. To simplify the determination of
instrumental errors, the number of variable informative
voltages were limited.

The practical significance. As a result of
mathematical analysis, analytical expressions were
obtained to assess the influence of structural elements on
the accuracy of measurement processes. The dependences
of the measurement errors of the main field parameters on
the RMS errors of the voltages at each stage of the signal
processing in the structural diagram are shown. That
makes it possible to accurately determine the circuit node
that most affects the measurement error of a specific
parameter of the electromagnetic field.

It was found that angular resolution depends not only
on the directivity of the antenna array but also on the
accuracy of establishing the distances between the phase
centres of real and virtual antenna elements. The
operating bandwidth of the antenna array is limited not
only by the deformation of the pattern but also by the
errors of the antenna element design.

Prospects for further research. Future studies could
fruitfully explore the accuracy of the antenna system
operation further by simulation using MATLAB software.
Additionally, an experimental study is planned using
different types of elements in the antenna array.
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AHOTAULIA

AxTyanbHicTh. [TocTiliHe 301bIICHHS KiJTBKOCTI PafioeIeKTPOHHOTO 00IaAHAHHS IPU3BOAUTH 10 BCE OUIBLIOTO YCKIIaIHEHHS
€JIeKTPOMAarHiTHOI 0oOcTaHOBKH. [y 3a0e3ledeHHs EJIEKTPOMArHiTHOI CyMiCHOCTI MOTpiOCH MOCTIMHMIT MOHITOPHHT, a TaKOX
Ppo3po0Ka SAKiCHOI yHIBEpCAIbHOT aHTEHH JJIsl CUCTEM PaliOMOHITOPHHTY.

Meta podoTH — mnoOynoBa MaTeMaTHYHOI MOJETl AaHTEHHOI CHCTEMH JUIS CTAaHLIH pPaJiOMOHITOPHHTY Ta PO3PAaXyHOK Il
OCHOBHHX XapaKTEPUCTUK TOUHOCTI.

Metoa. Haii6inpl Ba)KIMBUMU METPOJIOTIYHUMY XapaKTEPUCTHKaMH BUMIPIOBAIBHOTO 3ac00y € METOJMYHA 1 IHCTpYMEHTAIbHA
MOXHOKH, TOOTO 3aJICKHICTh IMX MOXHOOK BiJl MapaMeTpiB KOHCTPYKTUBHHX CJIEMEHTIB, Ha SKUX OyIyeTbcs MPUCTPii 0OpoOKU
CHUTHAJIIB, 110 IHTETPYETHCSI 3 aHTEHHOIO pemriTkol. OTxe, NOTPiOHO MOOyAyBaTH MaTeMaTHYHY MOJENb aHTCHHOI CHCTEMH, B SIKii
BpaxoBaHi Oyiu 0 He izeanizoBaHi, a peaubHi Koe(illieHTH epeaadi HaOIIbII BaXXKIMBUX KOHCTPYKTHBHHX CKJIanoBux. KpiM Toro,
TS 3a0e3MevYeHHsI MPO30puX (PYHKUIOHAIBFHUX 3B’ SA3KIiB MK HANPYraMd B MaTeMaTHYHIM MOJEINI CiTiJ OOMEXHUTH KUTBKICTh 3MiHHUX
iHpopMaTHBHUX HampyT. [Ipy TakoMy miaXoXi BU3HAYEHHS 1HCTPYMEHTAJIBHUX MMOXHOOK CYTTEBO CIHPOCTHUTHCS 1 aHANITHYHI BUpa3H
CTaHyTb OLTBII IPUIATHUMH I OL[IHKU BIUIMBY KOHCTPYKTUBHUX €JI€MEHTIB Ha TOUHICTh BUMIPIOBAILHUX IIPOIIECIB.

PesyabTaTn. OTprMaHi aHATITHYHI CHIBBIHOLIEHHS, SIKI PO3KPHBAIOTH BIUIMB PI3HMX €JIEMEHTIB i CXeM IPUCTPOIO Ha TOYHICTH
BHMIPIOBaHHS TapPaMEeTPIB MOJTiB BUIIPOMiHIOBaHb.

BucnoBkn. [IpencrtaBnena aHTeHHa cucTeMa 3a0e3lieyy€ BHMIPIOBAaHHS OCHOBHUX IIapaMETpIiB IIOJISI BHIPOMIHIOBAHHS SIK B
YMOBaX 330BUJIBHOI €JICKTPOMArHiTHOI OOCTAaHOBKHM, TaK i B yMOBAaxX, KOJM Ha YacTOTi KOPHCHOTO CHTHANy [i€ iHIIE IKepeso
BUNpOMiHIOBaHHA. KyToBa po3pi3HIOBaJIbHA 31aTHICTb, TOOTO MOMJIMBICTh BHOKPEMIIIOBATH CHIHAIM IIPU HE3HAYHHX KYyTOBHX
PO3HECEHHSX JKepell CUTHALY 1 3aBail 3aJCKHTh HE TUIBKH BiJl XapaKTEPUCTHKH CIPSIMOBAHOCTI aHTEHHOI PEIIITKH, ane i Bix
TOYHOCTiI BCTA@HOBJICHHS BifcTaHed MiXK (Pa30BHMH LIEHTpaMH peajbHHX 1 BipTyadpHHX BiOpaTopiB. PoGoumii miama3oH yacToT
QHTEHHOI PEUIiTKH OOMEXYETHCS He Juie AeopMalli€io AiarpaMy CHpsIMOBAHOCTI, ae i HOXHOKaMU BUKOHAHHS KOHCTPYKTUBHHX
CJICMEHTIB aHTEHH.

KJIIOUOBI CJIOBA: cucremu paaiOMOHITOPUHTY, aHTEHHA pEIIiTKa, XapaKTEePUCTHKH TOYHOCTi, METOJIMYHI ITOMHIIKH,
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aBUALMOHHBIN yHuBepcureT, Kues, Ykpauna.
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AHHOTAIUA

AKTyanbHOCTb. [IOCTOSHHOE yBEIMYEHHE KONMYECTBA PAAMOICKTPOHHBIX CPEICTB BEAET K BCce OOMIBIIEMY YCIOKHEHHIO
JIEKTPOMATHUTHOI 00CTaHOBKH. DTO TpeOyeT MOCTOSIHHOIO MOHUTOPHHTA JUI 00ecIeYeH s JIEKTPOMAarHUTHON COBMECTUMOCTH, a
TaKKe pa3padOTKM YHUBEPCAIbHBIX AaHTEHHBIX CUCTEM PaJIIOKOHTPOJIS.

Hean padoTbl — NOCTPOEHHE MAaTEMaTHYECKOM MOJEJIM aHTEHHOM CHUCTEMBI Ul CTaHIMH PaJUOMOHMTOPHHIA U pacdeT ee
OCHOBHBIX XapaKTepPUCTHK TOUHOCTH.

Metoa. Haunbonee BaXHBIMH METPONOTMYECKUMHU XapaKTEPHCTHKAMK H3MEPHUTENLHOTO CPEJCTBA SABIAIOTCS METOAMYECKas U
MHCTPYMEHTaIbHas MOTPEIIHOCTH, TO €CTh 3aBUCHMOCTh 3THX IIOTPENIHOCTEH OT MapaMeTpOB KOHCTPYKTUBHBIX 3JIEMEHTOB
ycTpoiicTBa 00pabOTKM CUTHATOB, KOTOPOE HHTETPUPYETCS ¢ aHTEHHOH pemeTkoi. CremoBaTenbHO, MaTeMaTHYecKas MOJAEIb
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AQHTEHHOH CHCTeMBI JOJDKHA YYHTHIBATH HE HACAIM3MPOBAHHBIC, a peajbHble KO3(GUIMEHTH Mepenadd Haubojee BaXKHBIX
KOHCTPYKTHUBHBIX COCTaBIIsIIOIMX. Kpome Toro, st obecredeHns: npo3payHbiX (QyHKIMOHAIBHBIX CBS3CH MEXTy HalpsSHKCHHUSIMU B
MaTeMaTH4YeCKOi MOJeNM ObUIO OrpaHWYeHO KOJMYECTBO MEPEeMEHHBIX HMH(OpPMATHBHBIX HampspkeHud. [Ipum Takom momxone
OIPE/IENICHNs] MHCTPYMEHTAIbHBIX IOTPEIIHOCTEH CYIIECTBEHHO YMPOINAETCS U aHAIUTHYECKHE BBIPAKEHUS CTaHYT Oolee
MPUTOAHBIMU IS OL[EHKH BIMSHUS KOHCTPYKTHBHBIX 3JIEMEHTOB HA TOYHOCTh M3MEPHUTENBHBIX MPOLECCOB.

PesyabTarsl. [lomydeHs! aHAaIUTHYECKHE COOTHOIICHHS, KOTOPBIE PACKPHIBAIOT BIMSHHWE PA3MIHBIX 3JIEMEHTOB M Ieel

mpubOpa Ha TOYHOCTH H3MEPEHHUI TapaMEeTPOB MOJICH M3ITydCHUH.

BUOpaTOpOB.

BruiBoasl. [lpencraBneHnas aHTeHHash cHCTeMa OOECHEYMBAET M3MEPEHHE OCHOBHBIX IapaMETPOB IO M3IyYCHUS KaK B
YCIIOBHSX YIOBJIECTBOPUTENBHON >JIEKTPOMarHUTHOM OOCTAHOBKM, Tak M B YCJIOBHSX, KOTJa Ha YacTOTE IIOJIE3HOTO CHUTHAaia
JIEWCTBYET IPYroil MCTOYHUK M3IydeHWs. YTJIOBas pas3peliaromas CIlocOOHOCTb, TO €CTh BO3MOXKHOCTH BBIIGNSTH CHTHAJIBI IPH
HE3HAUUTENIbHBIX YIJIOBBIX Pa3HECEHHs] MCTOYHUKOB CUTHAJIA U IOMEXH, 3aBUCUT HE TOJBKO OT XapaKTEPUCTHKH HAIpPaBIECHHOCTU
AQHTEHHOM PpEIIeTKH, HO M OT TOYHOCTH YCTAHOBJICHUSI PACCTOSHUHA MexTy (a30BBIMHM IEHTPAMHU PEalbHBIX U BHUPTYaJIbHBIX

PaGoumii fguama3oH YacTOT AHTEHHOW pEIISTKH OrPaHHYMBACTCS HE TOJNBKO JAedopMmaneil auarpamMMbl

HarpaBJICHHOCTHU, HO U MOTPEIIHOCTAMHU BBIIIOJTHEHUA KOHCTPYKTHUBHBIX DJIEMECHTOB AaHTCHHBI.

KJ/JIIOUEBBIE CJIOBA:

OH_II/I6KI/I, HUHCTPYMCHTAJIbHBIC OIIHOKH.
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