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ABSTRACT 
 
The paper proposes the technique of research on the 
development of radar methods of small air objects 
detection. The technique includes: using of calculation 
methods for determining the characteristics of secondary 
radiation of small air objects in single-position and 
multi-position reception, using of multiposition radar 
methods, the methods of mathematical modeling of air 
object detection processes in radar systems. 
It is established that using of methods of mathematical 
(simulation) modeling will allow to conduct statistical 
experiments, calculate the characteristics of detection of 
small air objects and compare the effectiveness of 
different radar methods. Simulation of the process of 
detecting air objects should be performed using the 
Monte Carlo method, probability theory and 
mathematical statistics. 
 
Key words : the technique, radar, small air objects, 
detection, multiposition, mathematic modeling. 
 
1. INTRODUCTION 
 
The main trends in the development of air objects at the 
present stage are due to the introduction of modern 
technologies and are as follows [1]–[17]: 
– the improvement of flight and tactical characteristics; 
– the reduction of radar visibility; 
– the improvement of on-board electronic equipment and 
fire means; 
– the introduction of unmanned control and the latest 
information technologies. 
 
 
 

 
 
Promising air objects tend to be suitable both for using in 
large-scale warfare and for use in local armed conflicts, 
hybrid and cold war [1], [8]–[10], [13]–[17]. 
Features of radar detection of small air objects are [2], 
[5]–[6], [8], [18]–[26]: 
– the short detection range; 
– finding air objects in the area of illumination from 
local objects, which requires the inclusion of equipment 
for protection against passive interference, which, in 
turn, reduces the detection range; 
– the small effective scattering surface. 
It is known that to increase the efficiency of detection of 
small air objects, a number of organizational and 
technical measures are used [18]–[26]: 
– the compaction of the location of the radar in 
dangerous directions (creation of detection bands of 
low-altitude and small-sized objects); 
– using of radars of all frequency bands; 
– using of radars with the best capabilities (greatest 
energy potential) and more. 
 
1.1 Problem analysis 
 
Information on the monostatic and bistatic effective 
scattering surface of objects can be obtained by the 
following methods [18]–[26]: 
– measurement of the effective scattering surface on 
special radar landfills, in the field or in radio frequency 
anechoic chambers using real objects or their large-scale 
copies; 
– analytical calculations; 
– mathematical modeling using numerous methods. 
Known methods of increasing the detection range of 
small air objects used in radar are[18]–[26]: 
– increasing the energy potential of the radar; 
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– improving the quality of radar signal processing; 
– change the range of operating frequencies of the radar; 
– using of multi-position radar systems; 
– using of sounding signals that are consistent with the 
shape of the air object. 
The increase in energy potential and the use of sounding 
signals, which are consistent with the shape of the air 
object, is associated with the complexity of transmitting 
devices and increasing power consumption or 
dimensions of the radar. 
 
Mathematical modeling is the most powerful and 
universal method of research and evaluation of the 
effectiveness of systems whose behavior depends on the 
influence of random factors. Mathematical modeling is 
based on a statistical experiment (Monte Carlo method). 
 
In the study of radar systems, there are often cases when 
an accurate analytical solution of problems is impossible, 
and the evaluation of characteristics using field tests 
causes significant difficulties. In addition, it is not 
always possible to create all the necessary conditions for 
field tests. Therefore, for the study of radar systems it is 
advisable to use mathematical (simulation) models. A 
mathematical (simulation) model is a conditional 
mathematical description that is in some relation to the 
object under study and is able to replace it during 
research, to give information about it. Mathematical 
modeling is to conduct experiments with a machine 
program that simulates the operation of the system under 
random influences, followed by statistical processing of 
the simulation results [18]–[26]. 
 
The method of mathematical (simulation) modeling 
allows you to build models that describe the processes as 
they would actually take place. Such a model can be 
"lost" in time for both one test and a given set of them. 
The results will be determined by the random nature of 
the processes. According to these data, you can get fairly 
stable statistics. Different methods are used to 
mathematically describe the input effects and internal 
phase transformations. To solve the problems of 
modeling the processing and detection of radar signals is 
convenient to use the method of complex 
bypass[20]–[22]. 
 
The ultimate goal of mathematical (simulation) 
modeling is to help make an informed decision about the 
quality of the modeling object in accordance with the 
theory of decision making. The result of the simulation is 
evaluated using an efficiency indicator. Comparison of 
modeling results of different strategies is carried out on 
the basis of efficiency. The indicator and the criterion of 
efficiency together reflect the purpose of modeling and 
the way to achieve it. Therefore, when developing a 
mathematical (simulation) model, it is necessary to 
clearly define the indicator and criterion of efficiency, 
which reflect the system (set) of advantages when 
making comparisons and decision-making. 
 

The purpose of the article is to develop the technique of 
research on the development of radar methods of small 
air objects detection. 
 
2. MAIN MATERIAL 
 
The technique of research on the development of radar 
methods of small air objects detection  includes: using of 
calculation methods for determining the characteristics 
of secondary radiation of small air objects in 
single-position and multi-position reception, using of 
multiposition radar methods, the methods of 
mathematical modeling of air object detection processes 
in radar systems. 
 
2.1 Using of calculation methods for determining the 
characteristics of secondary radiation of small air 
objects in single-position and multi-position reception 
 
 
The development of methods to increase the efficiency of 
detection of small air objects in survey radars due to the 
integrated use of the properties of bistatic and monostatic 
effective scattering surface is based on the use of 
electrodynamic scattering theory and principles of 
applied electrodynamics. 
 
It is known that the value of the effective scattering 
surface depends on the geometry and electrical 
properties of the material of the air object, the ratio of its 
geometric dimensions and wavelength, the angle of 
irradiation, the polarization of electromagnetic waves 
irradiating the object. When electromagnetic waves are 
scattered on an air object of complex shape, a change in 
the polarization of the incident wave can be observed, 
due to which components appear in the reflected signal, 
which are orthogonal to the probing signal in terms of 
polarization. Therefore, the numerical value of the 
effective scattering surface is valid only for a certain type 
of object, the combination of polarization, angle and 
frequency for which it was determined. In practice, the 
value of the effective scattering surface can vary within a 
wide range of 20–30 dB or more with a relatively small 
change in any of these parameters [26]. Changing the 
parameters of the radar can affect the value of the 
effective scattering surface, which determines the main 
ways to increase the detection range of small air objects 
[126]. The scattering properties of an air object, in the 
General case, depend on the direction of irradiation and 
reception. The bistatically effective scattering surface 
may not coincide with the monostatically effective 
scattering surface of the same air object. When changing 
the orientation of an air object in space, the value of the 
monostatic effective scattering surface is a function of 
two angles (azimuth and angle), and the value of the 
bistatic effective scattering surface is a function of four 
angles (two azimuths and two angles). In real air objects 
during the flight, the fluctuations of the angle of the 
transmitting and receiving positions at each time point 
are a random variable. Therefore, the value of the 
effective scattering surface relative to the receiving 
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position will also vary randomly. We can assume that the 
form of this law for the monostatic and bistatic effective 
scattering surface will be different. This allows us to 
hypothesize a possible general increase in the value and 
change in the nature of fluctuations of the effective 
scattering surface of the air object with the integrated use 
of the properties of its bistatic and monostatic effective 
scattering surface. 
 
Currently, the using of calculation methods for 
mathematical modeling of radar characteristics of 
aircraft, which take into account the irregularities of 
their surfaces, the presence of radio-absorbing coatings 
and other factors that complicate the use of analytical 
methods. Representation of air objects that have a 
complex shape, facet model and the use of mathematical 
modeling to study their effective scattering surface 
provides an opportunity to take into account the features 
of scattering of electromagnetic waves by an air object at 
a spaced reception. 
 
Known methods for calculating the effective scattering 
surface are based on the representation of the scattered 
field by the Chu-Stregton integral or its simplifications. 
The exact solution of the scattering problem using the 
Chu-Stretton integral is possible only with a known 
distribution of electric and magnetic fields on the surface 
of the body, which is quite complex. In practice, 
approximate theories are used. The simplest 
approximate theory is based on the use of geometric 
optics, but it does not take into account the effect of 
polarization on the interference of waves during 
scattering, which causes fluctuations in the effective 
scattering surface, which are characteristic of most air 
objects. The second approximate theory is based on the 
use of physical optics, which takes into account the 
peculiarities of interference, but does not take into 
account the effects of depolarization in the scattering of 
radio waves. The third approximate theory is based on 
the use of the geometric theory of diffraction, which is 
the development of the theory of geometric optics and 
taking into account the effects of diffraction. The 
peculiarity of this theory is that the concept of scattering 
centers is introduced for sections of a geometric body 
(except for sections near geometric gaps) and an 
additional phase factor is introduced, which is 
proportional to the distance in wavelength from the 
scattering center to the radar. This makes it possible to 
take into account the rapid fluctuations of the effective 
scattering surface from the angle of the air object and to 
conduct studies of changes in the effective scattering 
surface from the value of the bistatic angle at spaced 
reception. 
 
 
To study the properties of the effective scattering surface 
of small air objects, the methods of stationary phase and 
physical optics are used, which will be developed in the 
monograph on solving radar problems for cases of 
spaced reception and nonstationary sounding. When 
calculating the bistatic effective scattering surface, it is 

taken into account that the principle of reciprocity is not 
fulfilled in bistatic reception. Using of the methods 
proposed provides the possibility of calculating the 
effective scattering surface with arbitrary orientation of 
the plane of separation of light and shadow relative to the 
direction of irradiation, in the presence of fracture of the 
surface and radio-absorbing coatings. 
The distribution of the values of the amplitude multiplier 
of the signal reflected from the air object is estimated on 
the assumption that the angle of the air object at each 
time point relative to the radar antennas is a random 
variable. When the size of the air object is greater than 
the wavelength of the phase signals, which are reflected 
by different parts of the air object, at the input of the 
receiver can have arbitrary values. Therefore, the sum of 
all signals will be a random variable. In this case, minor 
movements of the air object around its center of mass 
lead to significant changes in the distances relative to the 
wavelength, which causes sharp changes in the phase of 
the signals reflected from different parts of the air object. 
This phenomenon is the basis for modeling the 
fluctuations of the amplitude and phase of the total signal 
at the input of the receiver. The distribution law of the 
amplitude factor is determined from histograms of the 
calculated values of the instantaneous effective 
scattering surface using the Kolmogorov-Smirnov 
agreement criterion. 
 
Thus, the using of mathematical modeling methods 
based on the facet model of the object, separate 
estimation of the contributions of the smooth surface and 
edge, provide the calculation of monostatic and bistatic 
effective scattering surface of the air object, which have a 
complex shape and are made of conductive, dielectric or 
composite materials. Testing the hypothesis of a possible 
general increase in the value and change in the nature of 
fluctuations of the effective scattering surface of an air 
object with the integrated use of the properties of its 
bistatic and monostatic effective scattering surface 
should be carried out using mathematical modeling, 
electromagnetic field theory, approximations of 
geometric and physical optics. geometric theory of 
diffraction. 
 
2.2 Using of multiposition radar methods 
 
Promising ways to improve the quality of detection of 
small air objects are the use of multi-position radar 
methods and improve the quality of radar signal 
processing. The simplest version of the multi-position 
radar radar system, which can improve the detection of 
small air objects, is a bistatic radar. When analyzing the 
differences between a bistatic radar and a combined 
radar to detect small air objects, it is advisable to use a 
bistatic angle (the angle between the directions from the 
target to the transmitting and receiving position) as the 
main parameter. The magnitude of the bistatic angle 
determines the differences between the bistatic and 
monostatic effective scattering surface of the air object. 
The assessment of the range of the radar for the detection 
of air objects is based on the assessment of the signal / 
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noise ratio, which is provided at the output of the echo 
signal processing system. In multi-position radar 
systems, the signal-to-noise ratio at the output of the 
signal processing system depends on many factors, in 
particular: 
– technical characteristics of receiving and transmitting 
positions; 
– changes in antenna gain during scanning; 
– system geometry (number and spatial arrangement of 
positions); 
– modes of operation and method of combining 
information. 
 
For constructing the area of action of a multi-position 
radar system, the condition of a constant effective 
scattering surface of an air object is used. At the same 
time, the difference in the values of the effective 
scattering surface, which are due to the change in the 
angle and bistatic angle of the air object during its 
movement, are significant. Therefore, when estimating 
the range of a multi-position radar system for the 
detection of small air objects, it is advisable to use the 
features of changing the effective scattering surface for 
certain types of air objects along with the conditionality 
of the effective scattering surface. 
If the multi-position radar has one transmitting and 
several receiving positions or one receiving and several 
transmitting positions, it is possible to implement the 
following known types of multi-position radar system 
and methods of combining information: 
– spatial-coherent radar with integration of information 
from spaced positions at the level of radio signals; 
– spatially incoherent radar or with short-term spatial 
coherence and integration at the level of video signals; 
– spatially incoherent radar or with short-term spatial 
coherence and integration at the level of unit 
measurements; 
– spatially incoherent radars with a combination of 
trajectories. 
 
The method of combining information used in a 
multi-position radar system determines the system's 
potential for detecting airborne objects and depends on 
the degree of coherence of the echoes received at the 
receiving positions. 
When receiving spatially coherent non-fluctuating 
echoes or signals that have friendly amplitude 
fluctuations in different positions, it is possible to 
implement spatially coherent processing and combining 
information from different positions at the level of radio 
signals. When receiving spatially incoherent signals, or 
signals with uncorrelated amplitude fluctuations in 
different positions, other ways of combining information 
are implemented. 
 
Therefore, when conducting a study of the possibility of 
improving the quality of detection of small air objects 
using multi-position radar methods, it is necessary: 
– determine restrictions on the location of receiving and 
transmitting positions; 

– determine restrictions on the relative distance between 
the air object and the positions of the multi-position 
radar system; 
– determine the restrictions on the type of air objects and 
the peculiarities of the construction of its body; 
– to determine the nature of fluctuations and the degree 
of spatial coherence of echo signals reflected from the air 
object and received in spatially spaced receiving 
positions at different values of the bistatic angle; 
– to determine the possible type of multi-position radar 
system, the method of combining information and 
solving the problem of detecting an air object. 
 
The problem of detecting an air object is solved after the 
coordinated processing of echo signals received in the 
receiving positions, using the known criterion of the 
likelihood ratio (1): 
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where Ʌ is the general ratio of the plausibility of regular 
signals in the Gaussian distribution of interference and 
noise in the m-channel receiving system; X(t)=(x1(t), …, 
xm(t)) is the complex form of recording the vector of 
implementations to accept in the receiving channels 
(positions);       * * *

1 1 1 m 1S t , S t , ,...,S t ,     is the 

complex form of recording the vector of useful signals 
expected in the receiving channels (positions);   is the 
vector of signal parameters; T is the interval of reception 
of implementations in the receiving channels (positions); 
R(t1,t2) is the matrix dimension, which is obtained from 
the solution of the integral-matrix equation (2): 
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where I is a single matrix of the m-th order; δ(t) is the 
delta function; B(t1,t2) is the spatio-temporal correlation 
matrix of the sum of external interference and intrinsic 
noise dimension. 
 
To compare the quality of detection of an air object using 
optimal and suboptimal detection algorithms, detection 
characteristics are used, which are calculated or 
measured with a fixed probability of false alarm. 
 
A potential assessment of the quality of detection of an 
air object is an assessment that is determined using the 
optimal algorithm for detecting an air object against the 
background of interference with a deterministic 
correlation matrix B(t1,t2), in particular, against the 
background noise of the receiving device. 
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The specification of implementation processing 
algorithms X(t), which in the general case is determined 
by expression (1), depends on the type of matrices of 
external interference and intrinsic noise B(t1,t2) in 
certain operating conditions of multi-position 
(multi-channel) radar system. 
A feature of the joint processing (combining) of signals 
received by spatially spaced receiving channels is the 
need to take into account different values of Doppler 
frequency shift, delays, phase shifts and signal-to-noise 
ratios in different receiving channels. 
 
Thus, the use of plausibility criteria, the theory of 
multi-channel signal processing and multi-position 
radar will provide an opportunity to develop a method to 
improve the detection of small air objects with integrated 
use of the properties of bistatic and monostatic effective 
scattering surface. It is advisable to assess the quality of 
detection of air objects by comparing the characteristics 
of detection, which are provided by using different 
methods of radar and signal processing. The study of 
detection characteristics should be carried out using 
mathematical modeling methods, taking into account the 
features of bistatic and monostatic effective scattering 
surface for air objects of complex shape, using the theory 
of statistical radio engineering and multi-position radar. 
 
2.3 The methods of mathematical modeling of air 
object detection processes in radar systems 
 
Using of computer modeling technology to create a 
mathematical (simulation) model involves the following 
steps: 
– determining the purpose of modeling; 
– the development of a conceptual model; 
– the formalization of the model; 
– the software implementation of the model; 
– planning of experiments; 
– the analysis and interpretation of modeling results. 
 
To solve the problems of the study it is necessary to 
compare the effectiveness of detecting small software, 
which is provided by using different methods under 
different conditions and input effects. As an indicator of 
efficiency when comparing different methods, the value 
of the required signal-to-noise threshold ratio is used, 
which provides detection of small software with 
specified quality indicators. As a criterion of efficiency 
the minimization of the value of the required threshold 
signal / noise ratio is used. 
 
To achieve this goal, it is necessary to form a set of 
experimental data based on the results of statistical tests 
(Monte Carlo method), which will provide an 
assessment of the characteristics of detection and 
determination of quality indicators (signal-to-noise 
threshold). 
 
The essence of the method of statistical tests (Monte 
Carlo method) is that the test result depends on the 
values of a random variable, which is distributed 

according to a certain law. Therefore, the result of each 
individual test is random. Statistical data obtained, 
processed and presented in the form of appropriate 
estimates of certain parameters (characteristics). The 
theoretical basis of the method of statistical tests are the 
boundary theorems of probability theory (Chebyshev's, 
Bernoulli's, Poisson's theorem), which guarantee high 
quality statistical estimates for a large number of tests 
[128-130]. 
 
To conduct a model experiment, it is necessary to 
determine: 
– the required duration of the run to achieve stationary 
conditions; 
– how to obtain statistically independent observations; 
– the number of observations required to achieve a 
certain accuracy. 
 
For researches of processes of detection of small-sized 
software at one-position and multi-position reception the 
simulation model should consist of the following 
structural components (figure 1): 
– the block for generating source data for modeling with 
a graphical interface; 
– the block for simulating the parameters of the spatial 
configuration of the system; 
– the block for simulating a single-position effective 
scattering surface of the air object relative to the 
combined transceiver position; 
– the block for simulating the bistatic effective scattering 
surface of the air object relative to the spaced receiving 
and transmitting positions; 
– the block for simulating the processing of echo signals 
and the detector; 
– the block of statistics collection; 
– the block of estimation of statistical characteristics; 
– the block analysis of results with a graphical interface. 
The block of formation of initial data for modeling 
provides process of simulation modeling by the decision 
of the following basic problems: 
– the determination of the initial coordinates of air 
objects; 
– the determination of coordinates of positions; 
– the choice of method (algorithm) for combining radar 
information 
 
The block for simulating the parameters of the spatial 
configuration of the system provides the calculation of 
the distance and angles of the air object relative to the 
receiving and transmitting positions. The calculated 
parameters are used to calculate the values of the 
corresponding effective scattering surfaces of air objects. 
 
The simulation block of single-position and bistatic 
scattering surfaces of county objects provide calculation 
of the value of the corresponding effective scattering 
surface of the air object relative to a certain receiving 
position taking into account the angle of the air object, 
bistatic angle and slight movements of the air object 
around its center of mass. The calculated values are used 
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to calculate the amplitudes of the echo signals received at 
the respective receiving positions. 
 
The block for simulating the processing of echo signals 
and the detector provides simulation of the own noise of 
the receiving devices and the calculation of the 
amplitude of the echo signals received in the receiving 
positions, taking into account: 
– parameters of the corresponding transmitting devices; 
– the distance between the transmitting device, the air 
object and the receiving device; 
– values the effective surface of the object, which are 
calculated taking into account the angles and bistatic 
angles of the air object. 
The block of statistics collection provides data 
accumulation during statistical runs of the model for 
further calculation of statistical characteristics. 
The block for estimating statistical characteristics 
provides the calculation of statistical characteristics of 
the detection of the air object using different detection 
methods according to the data that were accumulated 
during the statistical runs of the model. 
 
The estimation of the probability of occurrence of the 
event (correct detection or false alarm) based on the 
results of statistical runs of the model is determined by 
expression (3): 

Ak
p̂

N
  

where p̂ is the estimate the probability of event A; kA is 
the number of runs of the model where event A was 
observed; N is the total number of runs of the simulation 
model. 
The number of required runs N is determined from 
condition (4): 
 

  ˆP p p d 1    , 

 
where P is the probability of event A; d is the maximum 
deviation of the estimate p̂  from the probability P; (1-α) 
is the probability that the estimate will deviate from the 
value by no more than the value. 
 
When the condition  Np 1 p 25   is met, the required 
number of runs to ensure the fulfillment of condition (4) 
is determined by expression (5) [131]: 
 


2

2
2

Z
N

4d
 , 

 
where 2Z  is the standard normal statistics for a certain 
probability. 
The condition of validity, non-bias and asymptotic 
normality is checked by convincing the convergence of 
estimates with increasing number of runs. 
 
For radar systems, the value of the probability of false 
alarm is in the range p=10-5-10-7. To increase the 
accuracy of measuring small probability values with 
restrictions on the number of statistical experiments, 
methods of increasing the accuracy of statistical 
estimates are used, for example, a method of forcing 
random effects, which is based on replacing the 
corresponding probability distributions and then 
recalculating to baseline conditions. But to apply such 
method in the considered model is inexpedient as in 
signal processing system adaptive detection algorithms 
which can be sensitive to changes of characteristics of 
distributions of probabilities can be applied. 
 

 
Figure 1: Block diagram of a mathematical model of the process of detecting air objects in multi-position radar 
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In this case, the recalculation of probabilities measured for 
one parameter by the probability distributions to other 
parameters may be incorrect. Therefore, to measure the 
probability of false alarm in the model, it is advisable to use 
expression (6): 
 

 nFkp̂
N M




, 

 
where nFk  is the number of false alarm events observed 
during statistical runs; M is the number of uncorrelated 
separation elements analyzed in each statistical run. 
The block of analysis of results provides visual representation 
of results of calculation of characteristics of detection of 
small-sized air objects at use of various methods for an 
estimation of their efficiency. Thus, using of methods of 
mathematical (simulation) modeling will provide the ability 
to conduct statistical experiments, calculate the 
characteristics of the detection of small air objects and 
compare the effectiveness of different radar methods. 
Simulation modeling of the process of detecting air objects 
should be performed using the Monte Carlo method, 
probability theory and mathematical statistics. 
 
5. CONCLUSION 
 
The paper proposes the technique of research on the 
development of radar methods of small air objects detection. 
The technique includes: using of calculation methods for 
determining the characteristics of secondary radiation of 
small air objects in single-position and multi-position 
reception, using of multiposition radar methods, the methods 
of mathematical modeling of air object detection processes in 
radar systems. 
It is established that using of methods of mathematical 
(simulation) modeling will allow to conduct statistical 
experiments, calculate the characteristics of detection of 
small air objects and compare the effectiveness of different 
radar methods. Simulation of the process of detecting air 
objects should be performed using the Monte Carlo method, 
probability theory and mathematical statistics. 
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