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The article is developed algorithm of mathematical modelling of the formation process of
the reflected monophonic signal in the presence of several reflection objects has been
worked out. The algorithm consists of the following phases: setting the initial values,
calculating the vectors values of the monophonic signals as a sum of signals reflected from
each object, the vectors change by taking into account the amplitude error, the phase shift
and the frequency of the probing signal. The mathematical modelling of the process of the
objects distance measuring using multi-frequency phase method has been performed. In the
process of modeling we have changed the basic parameters of the probing signal and the
monophonic reflected signal, namely: initial frequency, frequency incremental step,
frequency instability, amplitude designation error and monophonic signal phase shift error.
Monte Carlo method has been applied in the process of modelling. Frequency instability
was set according to normal distribution, and the amplitude and phase error were set with
uniform distribution. The mathematical modelling of distance measuring using multi-
frequency phase method has shown that distance measuring error is decreased if the
probing signal frequency instability and the monophonic signal vectors measurement error
are reduced. With regard to the abovementioned the mean square deviation of the distance
is decreased. Calculations of the distance error coincide with the data obtained by the
mathematical modelling. It has been found that it is appropriate, in the process of the
objects probing at the depth of 50 meters, to use the frequency incremental step of 4 MHz,
where the signal generator frequency instability is at least 10 f, the amplitude

measurement error is 1/1024 ay, , the phase shift measurement error does not exceed

0.1°. In this case, the distance measurement error does not exceed 0.6 m.
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Introduction

The problem of high-precision measurement of distance and radial velocity of moving
targets such as surface, air and sea ones is not new. Various radars are used to solve the
problem. Different types and kinds of problems can be distinguished depending on the
problem to be solved by the radar station. Protection of the state borders turns out the most
acute problem. In this case, identification of pinpoint targets at close distances from each
other and their identification at considerable distances is undoubtedly a critical task.

The known methods for measuring distances in radar-location mainly use impulse-type
signals and signal separation reflected from each object at time of their arrival. In this
connection the probing signals which provide sufficient accuracy occupy a significant
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frequency range. This creates problems when constructing units of distance-measurement
radar systems [1, 2].

The phase methods of distance measuring are the most accurate ones. They allow
precision of the target distance measuring provided that the frequency range of probing
signals is strictly limited, by virtue of the fact that we use harmonic signals and multi-scale
approach [1].

Recently developed distance measuring multi-frequency phase methods allow to
separate the signals reflected from many objects using limited frequency range of probing
signals and measurements of the reflected signals vectors [1].

The theoretical material and methods of radar measurements can be used to develop
fundamentally new radio systems of distance measuring, to measure the radial velocity of
targets and conduct radar observation in the military sphere. This is especially true concerning
development of radar systems which are to identify targets from each other at short distances
in a single line. In order to set the limits of the distance measuring multi-frequency phase
method using we have to perform mathematical modelling and specify major dependencies
between the probing signals parameters and the parameters of accuracy and discrimination
power.

Main body

Determining accuracy and discrimination power of the method is a multidimensional
problem, in other words these values depend on many input parameters, namely: initial
frequency, spectrum width, frequency incremental step, distance between adjacent objects,
amplitude error, phase error. Let us consider the most important parameters that influence the
potential accuracy and discrimination power of the method, namely initial frequency and
frequency incremental step. The accuracy and discrimination power are important
characteristics of distance measuring. They allow, knowing the results permissible accuracy,
to set requirements for the measurement conditions, namely frequencies and instruments
error. In this case, we consider the error as the difference between the true distance d and the
measured one / with reference to the true distance, viz relative error:

|71
O =——, (1)

where 4 — true distance; / — measured distance.

Discrimination power is the minimum distance between two adjacent objects Ad,
wherein the method allows their identification as two separate objects, rather than as a single
one. This can be expressed by the equation:

Ad =d, —d,, max(Al,Al) < Ad, )

where Al1, Al> — absolute errors of distances; d1, d» — true distances to the objects.

The formula on the right side is the separability condition: if all absolute errors are less
than the real distance between the adjacent objects then we separate them. Let us use
mathematical modelling to determine the dependence character of accuracy and
discrimination power on the initial frequency and frequency incremental step. To do this we

must have the values of the "measured" vectors B, at each probing frequency. Therefore, we

will calculate these vectors analytically, setting the true values of the distances to the objects
and the amplitudes of each reflected signal. These operations can be represented in the shape
of the flow chart (Fig. 1).
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Fig. 1. Control flow chart for calculating vectors b(k) for mathematical modelling

According to the flow chart Fig. 1 we calculate the phase shifts of harmonic signals
reflected from each object using the following expression:

:—TE k f’k:
C

oy 1...n, (3)

where n — number of objects; d, — true distances; f — initial frequency; ¢ — wave-propagation

velocity.
Calculation of the vectors of monophonic signals in the complex form is done in the
following manner:

b(k)=3 a-(cos(k-¢,)+ j-sin(k-9,)), k=1..N, ()

i=1

where a; — true amplitudes of the vectors reflected from each object; inc — frequency
incremental step; N — required number of frequencies.
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We must take into account the fact that the calculation of the distance will depend on
both the initial frequency and the incremental step of probing frequencies variation. The
initial frequency is taken into account in the expression (4) by putting it in the calculation of
the phase shift.

We use the following expression to take into account the incremental step of
frequencies variation:

b(k) = Zn:ai N k=1, N, (5)
i=1

where inc - frequency increment which takes the values from 0 to 1.

So, we have considered all the mathematical operations required for modelling. Before
we start modelling, it should be noted that the characteristics under research, namely accuracy
and discrimination power, can be divided into potential and real. Potential characteristics are
the maximum characteristics that can be provided by the method not taking into account the
errors of real devices. In this case the computation error (it cannot be excluded) is taken into
account only. But this error can be minimized by increasing the capacity of calculations. The
real characteristics take into account the errors of the real devices, namely the voltmeter and
the phase meter (of course the computation error is present in this case). The reasons and
nature of the device errors were discussed above. The research of potential accuracy and
discrimination power of the distance measuring multi-frequency phase method was carried
out in the preceding chapter. So let us not dwell on the conditions of the experiments
performance but let’s consider only the obtained results.

The accuracy and discrimination power is affected by the following parameters: initial
frequency f, frequency incremental step Af', measurement error of amplitude of monophonic

signal Aa,, measurement error of phase shift of monophonic signal A¢,, instability of
probing signal frequency Of . During the measurements this means that the objects probing

frequencies are changed with a specific constant incremental step (increment) to be expressed
in fractions of a unit and we will denote it by inc. The analysis of the determined parameters
indicates that a number of parameters which influence the accuracy of measurement have
determined character, and the rest of them are random in character. The first group includes
initial frequency and incremental step of probing frequency variation. The second group
includes the errors of amplitude and phase shift measurements and also instability of
frequency of the probing harmonic signal. When performing the modelling it is necessary to
take into account the determined nature of the first group of parameters and random nature of
the second group.

Modelling of the determined parameters influence is carried out by their change from
the initial value to the final value in some incremental steps. As a rule the initial value is taken
at zero level. The upper value is limited by the capacity of receiving and transmitting
equipment, measurement units, etc. By virtue of the fact that terminable parameters include
frequency, then it is necessary to rely on the capability of harmonic signals generators,
frequency range of transceivers, measuring devices of phase shifts and amplitudes. Since the
harmonic signals can be generated, transmitted and received within a wide range of
frequencies, then the measuring devices of the phase shifts and amplitudes are characterised
by the limited frequency range. Thus, namely the frequency parameters will determine the
modelling. The most common are the methods and technical means of measuring amplitude
and phase shifts that are effective in the frequency range of 10 MHz [1-4]. Parameters that are
random in character should be set given that they have their own probability characteristics
i.e. distribution law, expectation function and mean square expectation.

To study the impact of various factors upon the accuracy of the distance measuring
using the multi-frequency phase method with regard to their random nature it is necessary to
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develop appropriate mathematical models with introduced probability distributions. Let us
consider the influence of each factor separately.

It is possible to use frequency generator with control option or frequency synthesizer to
set the frequency grid. In both cases taking into account the impact of various factors
frequency generation occurs with some instability i.e. long-term or short-term. The
probability of frequency occurrence has normal distribution law that must be considered in the
process of mathematical model development. Wherein the expectation function has the value
of the required frequency, and the mean square expectation depends on the instability value of
the generator. A quartz-crystal generator is characterised by a typical value of frequency
instability, which vary from 10 1o 108, Taking into account the mathematical expression for
the phase shift calculation of the harmonic signal reflected from the object located at some
distance (3) we must introduce a random frequency value with provision for probability
distribution:

4-nt-d, -normald| f +inc-Afc
¢, = : L/ h f],k=1...n. 6)
c

where normald [ f +inc-Afoc f} is a coversine that sets the random value of the probing

signal frequency with expectation function f +inc-Af" and mean square deviation o, .

To calculate the vectors of monophonic signals the resulting expression must be
substituted in the expression (5). Frequency instability is changed through the values of 107
no 10, We use Monte Carlo method to carry out mathematical modelling. We produce at
least 1000 calculations for adequate modelling. After calculating we perform statistical
processing of the received values of the objects distance. We construct histogram of the
frequency of the data occurrence, reveal the nature of the distribution function, find
expectation function, and values dispersion.

The results of mathematical modelling of the impact of the frequency instability upon
the measurement result of the objects distance are shown in Table 1.

Fig. 2 and 3 show the dependence of the distance measuring error on the frequency
instability.
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Fig. 2. Dependence of the distance measuring error on the frequency instability for:

a— Af/f=10%; b— Af/f =10
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Table 1.

The research of influence of frequency instability upon the error of the objects distance
measuring

Instability of
frequency, Af/ f

10°

10°¢

True value

10

17

25

35

10

17

25

35

Expectation
function, m

10.07

16.25

26.32

34.96

9.99

16.98

25.05

34.99

Expectation
function of
function deviation
from average
deviation, m

0.31

1.78

2.35

0.32

0.03

0.15

0.32

0.02

Mean square
deviation, m

0.15

4.45

6.87

0.19

0.002

0.039

0.12

0.0009

Distance error, m

0.07

0.75

1.32

0.04

0.01

0.02

0.05

0.01

Instability of
frequency, Af/ f

107

True value

10

17

25

35

10

17

25

35

Expectation
function, m

10.00

16.99

24.99

35.001

9.999

16.999

24.999

34.9999

Expectation
function of
function deviation
from average
deviation, m

0.003

0.015

0.029

0.002

1-10*

810+

0.001

0.0001

Mean square
deviation, m

1-107

0.0003

0.0014

8106

4.10°®

8-10®

3-10°¢

1.7-10°

Distance error, m

1-10*

0.01

0.01

0.001

1-10°

0.001

0.001

0.0001

f
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0.8 1
0.6+
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0.047
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b

Fig. 3. Dependence of the distance measuring error on the frequency instability for:

a— Af/f=107; b- Af/f=10"
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The obtained dependencies show that the distance measurement error using multi-
frequency phase method decreases by the exponential relationship.

Let us perform mathematical modelling in order to study the impact of measuring error
of the monophonic signal amplitude and phase shift upon the distance measuring error using
multi-frequency phase method. Let us make use of the common mathematical modelling
algorithm. Its main stages are the following: setting the initial conditions; introducing
measurement errors; carrying out calculations according to the method of measurement;
repeated calculations in order to apply Monte Carlo method to receive a sample of the given
size; statistical analysis of the obtained modelling results.

Let us introduce the restrictions of initial conditions in order to perform mathematical
modelling. Let us assume that the values of distance are within the range of 50 m. Let us set
four distances: 10 m, 15 m, 30 m and 35 m. If the maximum distance is 50m then according to
the expression:

c
<
lmax - 2fmm > (7)
the minimum frequency should not exceed 3 MHz Let us set the frequency incremental
step less than 3 MHz In order to introduce the signals measurement errors in the results of the
calculations let us define the parameters of the probing signals to be measured. The values of
the vectors of the probing signals are measured according to the analytical multi-frequency
method. Each vector of the signal is set by the signal amplitude and initial phase. When the
probing signals are used we carry out measurements of the phase shift between the reflected
monophonic signal and the reference probing signal. Let us use the following expression to
model the monophonic signal:

/i o

a; (f)= Z aehn (8)

where a, — signal amplitude reflected from i object; ¢, — signal phase shift reflected from i
object; f, — current frequency; f,, — initial frequency.

Adding the error into the mathematical model is carried out by superposition of random
values upon the monophonic signal amplitude and the phase shift. To do this we used the

tools of MatLab R 2013 mathematical software. Accordingly the expression (8) will be the
following:

" /i 4 /i
az (f) — Zaiefmin + Aajefmt‘n

i=1

& ©)

where Aa; —amplitude error on j frequency; A¢, — phase error onj frequency.

The errors of amplitude and phase are set with uniform distribution since modern digital
measuring instruments are characterised with the measurement error exactly with such
function. The amplitude error dispersion is set within 0.1% and 0.001%, the phase shift is set
within 1° to 0.01° which corresponds to methodical and instrumental measurement errors of
modern measuring instruments.

Let us estimate the impact of each factor upon the result of the distance measurement.
Firstly, let us determine the impact of the frequency incremental step change. The frequency
incremental step change is set within 1.5 MHz to 2.5 MHz. Increase in value is 0.5 MHz.

Wherein we set the minimum value of amplitude determination errors (1/4096 ay ) and phase
shift (0.01°).
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To illustrate the received sets of distance with random component the following
histograms of frequency distribution of the values occurrence have been constructed (they are

shown in Fig. 4 - 5).
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Fig. 4. Histograms of distance distribution in case of initial frequency is =2 MHz and
minimum values of the phase shift and amplitude errors where: a — L=10 M, m=10.0005,
sigma=0.064134; b — L=15 M, m=15.0001, sigma=0.20129; ¢ — L=30 M, m=30.0024,
sigma=0.42011; d — L=35 M, m=35.0011, sigma=0.6384
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Fig. 5. Histograms of distance distribution in case of initial frequency is f=2.5 MHz and
minimum values of the phase shift and amplitude errors where: a — L=10 M, m=10.0002,
sigma=0.014017; b — L=15 M, m=14.9992, sigma=0.0333; ¢ — L=30 M, m=29.9992,
sigma=0.062326; d — L=35 M, m=34.998, sigma=0.13516
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The analysis of the received histograms leads to the following conclusions. The laws of
distance distribution at small values of the frequency incremental step are close to the
Rayleigh law (Fig. 4). The law is normal for greater frequencies (Fig. 5). In this connection
the deviation of the expectation function from the true value of distance is decreasing. This is
also true for the mean square deviation.

Let us explore the impact of the monophonic signal amplitude determining error as the
next stage. The amplitude error is set from the minimum value of 1/4096 a5 to its maximum

value of 1/256ay . Change of error is carried out in two times that corresponds to one

discharge of the analog-to-digital converter. The phase shift measurement error is set to the
lowest (0°). The incremental step of frequency change is 2.5 MHz. The analysis of the
received data shows that the distribution laws for small errors are similar to the normal law.
The distribution law is similar to Rayleigh law in case of the great values of the amplitude
error. Deviation of the expectation function from the true value and mean square deviation
increases in case of error increase.

Let us explore the impact of the phase shift measurement error upon the distance
measuring error as the next stage. In the process of modelling we will change the phase shift
within 0.01° to 0.5° with the error change by 5 times. The amplitude measurement error is set
for 1/4096 ay . The incremental step of frequency change is 4 MHz. The analysis of the

received data shows that the error of the phase shift identification affects the value of the
expectation function deviation from the true value and mean square deviation. When the
phase shift error increases the distance error and mean square deviation also increase.
However, the greatest distance error observed does not exceed two thousandths of a meter.
That is why, the phase shift measurement methods and devices with an accuracy of 0.5° or
greater are enough for measuring purposes. This conclusion is particularly important taking
into consideration the fact that the presence of noise can significantly impact the values of the
phase shift measurement error.

The peculiarity of the multi-frequency phase method is solving the system of linear
equations as one of the stages of the distance finding. In this case, the accuracy of the distance
measurement is affected by the conditioning number of the system matrix of linear equations
of the multi-frequency phase method. It has been shown that the value of the monophonic
reflected signal vector is different at different frequencies. Thus, changing the frequency
values of the probing signals results in changing of the conditioning number and therefore the
objects distance measuring error.

The results of mathematical modelling. The general trend is that the conditioning
number decreases to a certain minimum value with the increase of the initial probing
frequency. Then it increases to its maximum value with the following decreasing. This
dependency is periodically repeated with the frequency increasing. With the increase of the
probing frequency change incremental step the periodicity of the dependency is preserved,
however, the minimum value is changed. The performed modelling shows that the change
incremental step value of 4 MHz of the probing frequency preserves the minimum value of
the conditioning number 13.5 for the initial frequency of 35 MHz. But the conditioning
number is 16 for zero initial frequency. The lowest value of the conditioning number is
observed when the frequency change incremental step value is 3.9 MHz. Dependency graph
for this frequency incremental step is shown in Figure 6.

On the other hand, when a smaller probing frequency change incremental step was set
within 2.5 to 3.5 MHz the conditioning number was 3-5 times bigger comparatively to its
minimum value. Thus, the following conclusion can be drawn. Probing with less frequency
incremental step does not significantly increase the matrix conditioning number so there is a
transfer of the amplitude and phase shift measurement errors with their slight increase into the
distance measuring error. Thus we can narrow the frequency range of probing signals. To
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reduce the distance measuring error we should use more accurate methods of amplitude
measuring and it will allow simplifying measurement instrumentation.
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Fig. 6. Dependence of the conditioning number of the system matrix of linear equations on
the initial probing frequency for the frequency incremental step of 3.9 MHz

The other values of distance result in a change of dependence. When the distance of one
object is changed, the value of the conditioning number and the frequency it is observed at is
changed.

As well as the accuracy of the distance measuring depends on the frequency range of
the probing signals, the discrimination power of the distance measuring multi-frequency
phase method depends on the frequency of harmonic signals the scanning of the objects is
accomplished by. It is necessary to establish the relationship between the minimum distance
between the objects which can be identified and the initial frequency.

Based on theoretical provisions laid down in the previous works of the authors, if the
objects are located in close proximity, the vectors of the signals reflected from two objects at
the beginning of the frequency range are close to each other. In this connection the increase of
the probing frequency results in the increase of the monophonic signals vectors. To separate
the two vectors it is necessary that the angle between the vectors is not less than the minimum
value that can be separated. This condition may be met by different ways. Firstly, it is
possible to measure the phase shift and amplitude of the monophonic signal with a given
accuracy according to which the signals reflected from each object are separated by the results
of solving the system of linear equations. Secondly, it is possible to increase the frequency
change incremental step of the probing signal. It results in the increase of the angle between
the vectors and thus the phase difference between them, which allows you to separate the
signal reflected from each object. In this case, it is possible to measure the phase shifts and
amplitudes of the signals reflected from each object with greater error. Thirdly, the
discrimination power depends on the conditioning number of the matrix.

The practice of radar distance measurement says that identification capability is
determined by the distance measuring error. And it is determined by its doubled value A/.
Therefore, in order to determine the distinguished capability we can use the expression (2).
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Let us perform mathematical modelling in case of near location of the objects and
establish relationships with a precision measurement of the phase shift and amplitude of the
monophonic signals and the conditioning number of the system matrix of linear equations.

Let us take the initial conditions for the modelling as follows. We set four objects like in
the previous modelling. The distance between two objects is from 2 to 1 m. The distance of 10
m is used as a reference one. We also will change the incremental step of the frequency from
2.5 MHz to 4 MHz, the original frequency from 0 to 1 MHz and the phase shift measuring
errors from 1° to 0.1° and amplitude from 1/256 ay .. to 1/2048ay .. of the monophonic

signal. The result of the mathematical modelling is to establish the basic laws of various
factors influence upon the probability characteristics of the objects distance.

The obtained data show that identification is improved with frequency increasing. With
regard to the above mentioned the smaller is the distance between the objects, the greater
frequency incremental step is to be set. Moreover, there is some critical frequency which
provides the possibility of the objects identification. The change of the initial frequency does
not result in any significant changes in the objects distance distribution histogram. In the same
way the change of accuracy in determining the amplitude of the monophonic signal within a
number of discharges also dos not result in the improvement of the objects identification.

The change of the phase shift measuring accuracy results in the change of identification
indicators. It has been determined above that the identification capability depends on the
phase shift measurement error of the monophonic signal. Similarly, the discrimination power
depends on the value of the error.

Conclusions

1. The algorithm of mathematical modelling of the formation process of the reflected
monophonic signal in the presence of several reflection objects has been worked out. The
algorithm consists of the following phases: setting the initial values, calculating the vectors
values of the monophonic signals as a sum of signals reflected from each object, the vectors
change by taking into account the amplitude error, the phase shift and the frequency of the
probing signal.

2. The mathematical modelling of the process of the objects distance measuring using
multi-frequency phase method has been performed. In the process of modeling we have
changed the basic parameters of the probing signal and the monophonic reflected signal,
namely: initial frequency, frequency incremental step, frequency instability, amplitude
designation error and monophonic signal phase shift error. Monte Carlo method has been
applied in the process of modelling. Frequency instability was set according to normal
distribution, and the amplitude and phase error were set with uniform distribution.

3. The mathematical modelling of distance measuring using multi-frequency phase
method has shown that distance measuring error is decreased if the probing signal frequency
instability and the monophonic signal vectors measurement error are reduced. With regard to
the abovementioned the mean square deviation of the distance is decreased. Calculations of
the distance error coincide with the data obtained by the mathematical modelling. It has been
found that it is appropriate, in the process of the objects probing at the depth of 50 meters, to
use the frequency incremental step of 4 MHz, where the signal generator frequency instability
is at least 10° f, the amplitude measurement error is 1/1024 Ay max » the phase shift

measurement error does not exceed 0.1°. In this case, the distance measurement error does not
exceed 0.6 m.

4. The research results of influence of the probing signal initial frequency and
incremental step change in the distance measuring error has revealed that the changes in these
two parameters result in the system matrix of linear equations with different values. The result
is the matrixes with equal values of the conditioning number. The initial frequency increase
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results in reducing the conditioning number from the values of tens of thousands to 15-20.
The probing signal frequency change incremental step also results in the change of the
conditioning number, but in a smaller range. Lower distance measuring errors are observed at
small values of the conditioning number, due to the fact that the matrixes with such
conditioning numbers less propagate the monophonic signal vector error onto the resulting
error in distance.

5. The research of the identification capacity of the distance measuring multi-frequency
phase method has been carried out. It has been shown that the identification of two objects
located at a close distance depends on all the factors affecting the measurement accuracy and
have the same dependencies.
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3amada BUCOKOTOYHOTO BUMIPIOBAHHS JAJIBHOCTI Ta pafialbHOI IIBUAKOCTI PYXOMHUX IiIeH,
SK Ha3eMHHX, HOBITPSIHUX TaK 1 MOPCHKUX, € HEHOBOIO. [I7is1 11 po3B’s3aHHS 3aCTOCOBYIOTH
pi3HOMaHITHI pamioiokariitai 3acobu. B 3amexxHOCTI Bin 3amadi, Ky MalOTh BHPIIIyBaTH
pajionoKauiiHi CUCTEMHM, PO3PI3HsIOTH 1X pi3Hi Tumnu 1 Buau. Haiibinbm roctpo mocrae
3aBJJaHHSI OXOPOHU KOPZAOHIB JiepaBu. B TakoMmy pasi po3pi3HEHHS MaJIOPO3MIPHUX LIS
Ha HEBEJIMKHUX BiJICTAHAX Ta HA 3HAYHUX JAIBHOCTIX € OE3CYMHIBHO aKTyalbHOIO 3a7aucio.
Bimomi MeTou BUMipIOBaHHS TATBHOCTEH B pajioioKallii, B OCHOBHOMY, BUKOPHUCTOBYIOTh
IMITYJIbCHI CUTHAIM Ta PO3AUIEHHS CHTHATIB, BIIOMTHX BiJ KOKHOTO 00’€KTY, 3a 4acoM
npuxony. Ilpm mpoMy 30HAYIOUI CHIHaNIM, IO 3a0e3Me4yloTh JOCTAaTHIO TOYHICTb,
3aiiMalOTh 3HAYHUI 4YacTOTHHHU Amiama3zoH. Lle cTBoproe mpobnemMu mpu moOyHoBi OIIOKIB
MAIGHOMIPHHUX —pamioNoKalifHux cucreM. HaifGinpmm TowHMMH € (a3oBi  MeTomu
nmanpHOMETpii. BOHM MO3BOJNAIOTH 3a0€3MEYUTH BHCOKOTOYHE BUMIPIOBAaHHS TABHOCTI
el 32 YMOBH YITKOTO OOMEXEHHS YaCTOTHOTO Jiama3oHy 30HAYIOYMX CHTHAJIB, aKe
BUKOPHCTOBYIOTbCSI TapMOHIYHI CHUTHAJIM Ta 0araToOUIKaIbHICTh. AHAII3 OCTaHHIX
JOCTIKeHb IOKa3aB, II0 PO3pO0JICHI B OCTaHHI POKH 0ararodacToTHi ()a30Bi METOIU
JAJIbHOMETPIi  J03BOJIAIOTh  PO3AUIATH CUTHAIM, BiAOWUTI Bix 0Oaratbox 00’€KTiB,
BUKOPHCTOBYIOYH OOMEXEHHI YaCTOTHHUM [iara3oH 30HAYIOUMX CUTHAJIIB Ta BUMIPIOBAHHS
3HAYCHb BEKTOPIB  BIAOWTHX CHTHANiB. TeopeTHYHI TMOJIOKEHHS Ta  METOIU
panioyoKalifHMX BUMIPIOBaHb MOXXHa BHKOPHCTOBYBATH JUIS PO3POOKH IPHHIMIIOBO
HOBUX paJiOCHCTEM JAJIbHOMETpIii, BHMMIPIOBaHHS paJiabHOI IIBMAKOCTI Iijed Ta
PamioIOKAIHOTO CIIOCTEPEKEHHSI y BiMCBEKOBIH cdepi. OcoOMMBO e aKTyalbHO IPHU
PO3po0IIl pamioIoKaifHIX CHCTEM, IO TIOBUHHI PO3PI3HATH IIiIi HA HEBEIMKUX BiICTaHIX
OIlHA BiJ| OJTHOI Ha ONHIH diHii. B cTarTi mpoBegeHe MaTeMaTHYHE MOJICIIOBAHHS MIPOIECY
(hopMyBaHHSI CyMapHOTo BiIOMTOrO CHTHaJy 3a HAsBHOCTI JEKUILKOX 00’€KTIB BiIOUTTS.
[Ipouec MopentoBaHHS CKJIAJa€ThCs 3 €TaliB: BCTAHOBJICHHS I0YAaTKOBUX 3HAUYEHB;
PO3paxyHOK 3Ha4€Hb BEKTOPIB CyMapHHUX CHUTHAIIB SK CyMH CHIHANIB, BIIOMTHX Bif
KOXKHOTO 00’€KTy, 3MiHa BEKTOPIB IIUISXOM BpaxyBaHHs HMOXHMOKHM aMILTITYIH, (a30oBOro
3CYBY Ta YacTOTH 30H/yIOUOro curuainy. [IpoBeneHo MaTeMaTHYHE MOJIEIIOBAHHS IIPOLIECY
BUMIpDIOBaHHS JIAJILHOCTI 00’€KTiB 3a OaraTodacToTHUM (a3oBuM MeToaoM. Ilpu
NIPOBEJICHHI MOJICIIIOBaHHS 3MIHIOBAINCh OCHOBHI ITapaMeTpH 30HIYIOYOTO CHTHAIY Ta
CYMapHOTI'0 BiJIONTOrO CUTHAITY, a caMe: [I0YaTKOBA YacTOTa, KPOK YaCTOTH, HECTAaOIIbHICT
Y4acTOTH, NMOXMOKa BU3HAYCHHS aMILITYIU Ta ()a3oBOro 3CyBy CyMapHOro curhaiy. [lpu
MIPOBEICHHI MOJICIOBAHHS 3acTocoBaHO MeTon Monte-Kapno. HecrabinpHicTh dacTOTH
3a/1aBaNack 3 HOPMaJIbHAM PO3MOIIIIOM, TOXHOKA 3 aMILTITYAOI0 1 (a30t0 i3 pIBHOMIpHUM
posmoxinoM. OTpuMaHi pe3yabTaTH CBig4aTh, IO MaTEeMAaTHYHE MOJICITIOBAHHS
BUMIPIOBaHHS JallbHOCTI 3a 0arato4acToTHUM ()a30BUM METOJIOM I[0Ka3ajo, L0 MpU
3MEHILIEHHI HEecTabiIbHOCTI YacTOTH 30HIYHOYOr0 CHTHAJIy Ta MOXHOKHM BHMIPIOBAHHS
BEKTOPIB CyMapHHUX CUTHAJIIB MOXHOKAa BUMIPIOBaHHS JAJIbHOCTI 3MEHIIIY€ThCS.

Kirouoi cioBa: pyxoma 1ijib, AajdbHICTh, paliojioKaliiHa CUCTEMa, 30HAYIOUYHIA CUTHAJ,
JAJIbHOMETPist, pa30BU METOI.
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3amadya BBICOKOTOYHOIO WM3MEPEHMS JAIBHOCTU U PAJUAIBbHON CKOPOCTH ABHXKYLIMXCS
Lesed, KaKk Ha3eMHBIX, BO3AYIIHBIX TaK M MOPCKUX, IBISETCS HEHOBOH. [l ee perieHus
MPUMEHSIOT pPa3lIMYHBIe PaJUOJIOKAIMOHHBIE CPEICTBA. B 3aBHCHMOCTH OT 3ajayw,
KOTOPYIO JTOJDKHBI PEIIaTh PaTUOIOKAIIHOHHBIE CHCTEMBI, Pa3IHYaloT UX Pa3IHYHBIC THITHI
u Buabl. Hambonee ocTpo CTOMT 3amada OXpaHBI TPaHMI[ TOCYHapcTBa. B TakoMm cirydae
pa3nuyre Malopa3MEpHBIX I[eled Ha HeOONBIIMX PacCTOSHUAX IpPyr OT JApyra ¥ Ha
3HAYUTEIBHBIX HANbHOCTSX SBISIETCS HECOMHEHHO aKTyalbHOW 3amadeil. l3BecTHBIE
METOZBI N3MEPEHHUS JAITBHOCTEH B paJilOIOKAllNU, B OCHOBHOM, HCIIOJIB3YIOT MMITYJIECHBIE
CUTHAJbl M pa3feieHHs CUTHAIOB, OTPAKEHHBIX OT KaXIOro O0BEeKTa, IO BPEMEHH
npuxona. [Ipu aToM 30HIMpYIOIIME CUTHANBI, 00ECIIEUNBAIOLINE JOCTATOUYHYIO TOYHOCTD,
3aHUMAIOT 3HAUYUTENbHBIN YaCTOTHBIA JUana3oH. JTO co3faeT NpobaeMsbl IpU IMOCTPOSHUHN
OJIOKOB JTaTbHOMEPHBIX PaJHOJIOKAlIMOHHBIX cucTeM. Hawbornee TOYHBIMHU SIBISIOTCS
(hazoBbie MeTob! HanbHOMETpHU. OHM MTO3BOJIAIOT 00ECIICUUTh BHICOKOTOYHOE M3MEPEHHE
JAIBHOCTU LENell NpU  YCIOBHMM UYETKOrO OrPaHMYEHUs YacTOTHOTO JAMana3oHa
30HIUPYIOIINX CHUTHAJOB, TIOCKONBKY HCIOJB3YIOTCS TapMOHHYHBIC CHTHANBL AHAIH3
MOCTETHIUX WCCIENOBAaHWH TMOKa3ad, dYTO pa3paboTaHHBIE B MOCIETHHE TOMBI
MHOTOYAaCTOTHBIC (DAa30BbIE METONBl NAITBHOMETPHUU IIO3BOJSIOT PAa3leNiTh CHUTHAIEI,
OTpakK€HHBIE OT MHOTHX OOBEKTOB, HCIIONB3YS OTPAHWYCHHBIH YACTOTHBIA IHAITa30H
30HAMPYIOMINX CHUTHAJIOB M HW3MEPEHUS 3HAYCHWH BEKTOPOB OTPAXCHHBIX CHUTHAJOB.
Teopernueckue TONOXKEHUS W METOABl PaJUOJOKALMOHHBIX HM3MEPEHHH MOXKHO
UCIIONIb30BaTh Ul Pa3paOOTKH IMPHUHIMIINAIBHO HOBBIX PaJMOCUCTEM JAILHOMETPUH,
M3MEPEeHUs palMaIbHOM CKOPOCTH LeJied U paJMoIOKallMOHHOTO0 HAOJIOIeHNs! B BOSHHOU
cdepe. OcoOEHHO ATO aKTyaJbHO NMPH pa3pabOTKE PaaMOJIOKAIMOHHBIX CHUCTEM, KOTOpbIE
JIOJDKHBI Pa3iMyaTh LEJIM Ha HEOOJIBIIMX PACCTOSHUSX YT OT Jpyra Ha OJHOH juHUK. B
CTaThe TIPOBEACHO MaTEMaTH4ecKoe MOJENUpOBaHHE Ipouecca  (GOpMHUPOBAHMS
CyMMapHOTO OTPaXKEHHOTO CHTHaJa NP HAJHMYUH HECKOIBKHX OOBEKTOB OTpPa)KCHUS.
[ponecc MoaenmupoBaHUS COCTOUT M3 STAIOB: YCTAaHOBJICHNE HAYABHBIX 3HAYCHUH; pacueT
3HAYCHUH BEKTOPOB CYMMAPHBIX CUTHAJIOB KaK CYMMBI CUTHAIIOB OTPaXXCHHBIX OT KaKIOTO
00bekTa, U3MEHEHNE BEKTOPOB IyTeM y4eTa HNOTPELIHOCTH aMILTUTY b, (pa3oBoro capura
W YacTOTHl 30HAMpYIOUIero curHana. IlomydeHHbIe pe3yibTaThl CBHICTEIHCTBYIOT, UTO
MaTeMaTHIeCKOE MOAETHPOBAHNE N3MEPEHHUS JATbHOCTH JAHHBIM METOJOM IT0KAa3ajio, 9YTO
NP YMEHBIIEHUH HECTaOMIBHOCTH YacTOTHl 30HIUPYIOIIEr0 CHUTHAJA M IOTPEIIHOCTH
HU3MEPEeHUsI BEKTOPOB CYMMAapHBIX CHTHAJIOB IOTPEIIHOCTh M3MEPEHHS JaJbHOCTH
YMEHBIIAeTCs.

KiaroueBble ciaoBa: moJBMXKHAs LeNb, JalbHOCTb, PAAMOJOKALIMOHHAS CUCTEMA,
30HIUPYIOMINI CUTHAJ, JaTbHOMETPHS, (Pa30BbIil METOI.

169



