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 
Abstract: For the purpose of building extended surfaces in the 

long and short wave sections of the wavelength spectrum, it is 
deemed relevant to know the parameters of electromagnetic 
compatibility of airborne slot radiator antenna systems operating 
in the multi-wave receiving mode. One of the efficient research 
methods is to solve the problem of electromagnetic wave 
propagation in an infinitely extended slot radiator. The research 
purpose is to study the electromagnetic compatibility parameters of 
airborne slot radiator antenna systems operating in the multi-wave 
receiving mode. The main research methods were the statistical 
processing of the experimental data of tests in situ and 
mathematical description of the electromagnetic radar setting, as 
well as its computer simulation. The main result of the study can be 
formulated as the development of analytical and software methods 
for calculating the internal, external and equivalent conductivities 
of longitudinal and transverse slots on a wide wall of a rectangular 
waveguide of an antenna system at main frequency harmonics and 
at frequencies exceeding the main one, with account of slot width. 
We calculated the radiation characteristics of a slotted-waveguide 
antenna system at harmonics. The results of the study were used in 
the development of a universal technique for designing and 
developing radar systems capable of adequate functioning in the 
conditions of the electromagnetic setting under consideration. The 
results of the study will enable a more complete description of the 
electrodynamic pattern of wave propagation, making it possible to 
increase their generation and propagation. 

 
Index Terms: electromagnetic compatibility, frequency 

harmonics, rectangular waveguide, slot antenna systems. 
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I. INTRODUCTION 

Of great importance for radar survey of various locations 
on the land surface is the quantitative description of 
phenomena, which are due to its inhomogeneous structure, 
and accounting for the impact of the conditions of its 
substrate on the characteristics of received signals [1]. An 
analysis of electromagnetic wave dispersion characteristics  
with a perfectly conducting strip shield located on the flat 
boundary of the conducting dielectric half-space enables 
studying problems associated with drastic changes in the 
electrophysical properties of land surface and presence of 
highly reflective objects on it [2].  

II. LITERATURE REVIEW 

There are solutions for a perfectly conducting disc and 
strip that allow evaluating wave dispersion characteristics for 
various locations [3]. However, the solutions are not 
applicable for radiometric surveys, as the parameters of 
thermal radiation of a medium are determined by the 
electromagnetic wave loss in the medium, i.e. the possibility 
of radiometric observation of objects depends on the 
difference between their absorbing capacity. Studies [1–3] 
considered the problem of diffraction on an infinitely 
extended strip in empty space. In [4], the problem was 
reduced to a system of dual integral equations with respect to 
spectral functions for surface current densities, which could 
be solved by the method of moments. Such problems for 
both the impedance strip (Fig. 1) and a slot in the impedance 
shield can be solved by the eigenfunction method [5–6].  

 

 
Fig. 1. A slotted-waveguide antenna system  
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The slotted-waveguide radar system (Fig. 2) is of 
multi-mode type. Therefore, in the course of radiation and 
reception, we need the data on the integral characteristics of 
the radiating systems (for both within the working bandwidth 
and far beyond it), such as the gain factor (GF) and radiation 
pattern (RP) in such modes [7]. 
 In non-linear elements, several electromagnetic wave types 
start propagating at high frequencies. This requires 
accounting for the peculiar features of electromagnetic 
waves in solving certain problems of nonlinear 
radar-location (NRL). Such devices include radar systems of 
nonlinear slotted radiators. Certain changes in the 
characteristics of a nonlinear system consisting of 
longitudinal slotted radiators take place and can be used [8]. 

 

 
Fig. 2. Slotted radiators in a radar system 

Several studies have dealt with theoretical calculation and 
structural surveys, suggesting to use irregular analytical 
electrodynamic analysis methods, namely by solving integral 
and differential equations of higher order through changing 
the coordinate system, solving a boundary problem by the 
variable separation method based on expanding a flat 
electromagnetic wave into series by Mathieu's function, 
Bessel and Hunkel's functions [10].  
The most recent developments were provided by 
I.Ya. Immoreev, A.G. Loshchilov, [1, 3, 4], in patents and 
studies by E.V. Semyonov and V.P. Likhachyov [2, 6]. 
Using the ability of certain objects not only to disperse radio 
waves striking on them, but also to convert their spectrum 
enables us to consider a broad list of problems, which are 
hard or impossible to solve by conventional methods. Submit 
your manuscript electronically for review.  

III. RESEARCH METHODS 

The field emitted by such a system is the result of 
interference of the primary field emitted by a vibrator 
(vibrators) and secondary (diffracted) field created by the 
system of currents induced on the surface of such a body by 
the primary field. Finding the total field becomes easier if we 
only regard the field in the farther area, i.e. the radiation 
pattern of the system [11-12]: 
The electrodynamic component is proportional to the found 
component of the total field, parallel to the vibrator axis, and 
is a function of the angles of incidence of the flat wave. 
Based on the principal of mutual impact, this radiation 
pattern is also the radiation pattern of the transmitting 
vibrator. Its shape depends on the geometrical parameters of 

the body and coordinates of the vibrator location point.  
The infinite impedance strip as well as the infinite slot in 

the impedance shield are represented as the coordinate 
surfaces ξ=0 in an elliptical system of coordinates (Fig. 1). 
The diffraction field of the randomly oriented slot in the 
shield in the Cartesian reference system, which does not 
depend on its orientation, is determined by substituting ratios 
for the field components in the elliptical system into 
formulas linking the vector functions in these coordinate 
systems [13-14].This requires us to express the slot field in 
an elliptical coordinate system associated with the slot for 

the case when the electric field vector      or magnetic field 
vector     of the incident wave is oriented along the slot. The 
above expressions result from expressing the boundary 
problem through the variable separation method based on the 
expansion of a flat wave into series by Mathieu's function 
[15-16].We introduce the Cartesian coordinate system XYZ 
so the screen plane coincides with the plane XY, and the 
electromagnetic wave incidence plane coincides with the 
plane ZY. The direction of the normal towards the front side 
of the incident flat wave creates the angle y with the axis OZ. 
The straight slot of infinite length and finite width 2h is 
rotated at the angle   with respect to the axis OZ (Fig. 3) 
[18-19]. 

 

 
Fig. 3. Radar-location system model 

 
All the following formulas are calculated by authors 
themselves, if other sources are not mention. 

In general terms, the field of the incident flat 
electromagnetic wave in a free space is formulated as 
follows: 
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The total field is the sum of the incident field and the field 
diffracted by the strip is found as follows: 
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 is a solution for complex 

amplitudes meeting the requirements for radiation on an 
infinite plane: 
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where ( ) are the spectral densities for amplitudes in the 
upper and lower half-spaces: 
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The non-homogeneous wave equation is solved through 
Fourier expansion: 
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Spectral density depends on the distribution of impressed 

current across the space. The integral is taken over only those 
points in the space where there are points. 

In this case, the wave equation is solved as follows: 
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Then, we find through Fourier function expansion: 
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where       is spectral density. This expression can be 
interpreted as an infinite set of flat homogeneous waves in 
the positive and negative direction of the axis   with the 
wave velocities     

 

  
, where    acts as the wavelength 

constant, the amplitude of these waves      does not 
depend on the coordinate  . 

Thus, the wave equation can be solved as follows: 
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Complex amplitudes satisfying the wave equation and 
depending on the transverse coordinates   and  , and 
meeting the requirements of radiation at infinity can be 
solved through a Fourier integral. To solve the wave 
equation, we use the method of variable separation, the 
Fourier method: 
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dividing it by XYZ : 
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Since the left and right sides of the equation are equal and 

independent, it follows that they are equal to a certain 
separation constant. Take       : 
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Then, we reduce the first equation by Y and obtain a new 

system of equations: 
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Consider the following homogeneous equation: 
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Taking into account                    
    

 , we have 
(14, 15): 
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where      . 
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Next, separate the variables: 
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Using the dimensionless spatial variables   
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 , we obtain the following system of equations: 
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where            
 . 

The non-homogeneous wave equations can be solved by 
Fourier expansion. 

The function X(u) is defined at the interval        ; 
therefore, its expansion into a Fourier integral as follows: 
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is similar for the function Z(v): 
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Thus, for the vector potential         , we have: 
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where      ,       ;       ;      . 
Consider the inner integral: 
 

             

 

    

   

                                       

 

 

Substituting the expression for         into wave equation 
(12), we obtain (21): 
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comparing (18) and (21), we find out that the spectral plane 
of the sought function         differs from the spectral plane 
of expansion of the impressed current       only by a factor 

of  
 

  
       

        . To define the spectral plane 

of the sought function      , we multiply (21) by the 

complex conjugate functions 
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are fixed values    , and then integrate it over the entire 
infinite space: 
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Then the prime is carried over from wavelength constants 

      to spatial coordinates      : 
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The expression determines spectral density        in the 
expansion (18). it depends on the expansion of impressed 
current in space, with integral (23) calculated only by those 
points in space, where there currents: 
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S designates the transverse section of the source volume x 

by the plane y=const. Then we find the integral w:  
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Moving to the plane of the complex variable   and 
assuming that         

 , which does not limit the 
similarity of the results obtained, we need to note that there 
are two exceptional points (strips) in the expression under 
the integral sign: one in the upper half-plane       and 
the other in the lower half-plane:       . For        
 , the integral L can be complemented with a disappearing 
integral along the circumference of the infinitely large radius 
in the upper half-plane, where for      , the expression 
under the integral sign tends to zero. 

In this case: 
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there is no significant exceptional point at infinity: 
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Consequently, the Green's function: 
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(9) is substituted in (14) with account of (15) the finite 
functions of densities of the superficial electric and magnetic 
currents: 
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Consider Fourier transform for finding the spectral density 
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We take the inverse Fourier transform from this system by 

multiplying the left side of the equation by the complex 
conjugate functions     

   and integrate the obtained 
expression over the space with currents, i.e. over the variable 
and within -1 to 1 (according to the hollow width): 

 

 
   

  

  
               

    
 

  
  

 

  
             

            
 

  

 

  

   
  

  
           

    
 

  
  

 

  
                  

            
 

  

 

  

 , (31) 

 

Using  
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Consider the vector potential through the spectral density: 
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Then solve the inner integral: 
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Any function      of appropriate behavior in the circle 
        is expanded into a power series, converging in 
this circle                

   , where the coefficient is 
found by the formulas    
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, where      is the Tailor's power 

series expansion near the point    : 
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Then we multiply the former equation by the vector     

and substitute     : 
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Further, by combining the spectral densities for the 
magnetic and electric currents, we find: 
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We apply the theorem of mean                

  ± 12.  
 

The mean value of  

   
       
 

 
 at the interval [-a;b] is: 
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Spectral density depends on the distribution of impressed 
current. In its turn, the distribution of impressed current over 
the strip is associated with the fulfillment of impedance 
boundary conditions on the strip surface (on the upper and 
lower sides), i.e. on the coordinate plane v=0, for tangential 

components of the fields      and       the proportions are met. 
 

                                     

                                    
                    ,  (39) 

 

where H is the capacitative nature of the wave, E is the 
inductive nature of the wave. 

The presence of superficial impedance can be considered 
as the condition for the existence of a surface wave in the 
second medium. The flat impedance strip (of dielectric 
structure) is virtually simulated as a waveguide. Obviously, 
waveguide-type waves can exist in it. Outside the strip 
(layer), above and below, there is a surface wave. For the flat 
dielectric strip waveguide, the critical frequencies  
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The condition      
    corresponds to the condition 

φ=φ*, the Brewster angle, where φ is the wave incidence 
angle. For φ=φ*, a simple homogeneous wave propagates 
along the strip, outside the layer. Consequently, the 
longitudinal component Hy or Ey is lost at the boundary, 
meaning there is no dependence on the polarization type, i.e. 
for            , the waveguide-type wave inside the 
strip (layer) collapses. 

Outside the strip, on the plane v=0, the following 
equations are true: 
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For the systems of currents outside the strip |u|>1, integral 
equations (40) are equal to 0: 
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The system of equations (40) and (41) is the initial system 
for solving by the asymptotic or numerical methods [20-22]. 
In this case, it is solved by the method of moments. For this 
purpose, the unknown functions of the density of the currents 
are expanded into a series by a complete system of functions 
orthogonal along the strip width. 

IV. RESULTS AND DISCUSSION 

In the development of the methodology, we used the 
following initial conditions:  
a) the length of the antenna system slot (the length of the 
working wave λ0, the slot width S is calculated by the 
formula [23]; 
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b) the laws of electromagnetic field distribution along the 
slot: 
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system radiator, 
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y y    for the transverse slot of the 

antenna system radiator are the current coordinate (Fig. 1);  
c) the law of the electromagnetic field distribution across 

the antenna system's radiator slot is assumed to be constant 

 p const  , where y   for the longitudinal slot of the 

antenna system radiator or z   for the transverse slot of the 
antenna system radiator; 

d) we take into account only the types of waves that 
propagate in the antenna system and the supply waveguide  
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e) the walls of the rectangular waveguide are considered 

infinitely thin. 

Waves of types 
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H , 
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E  propagate in the rectangular 

waveguide feeding the antenna system [6]. Taking into 
account the approximations b), c), e), we represent the 
longitudinal component of the bulk density of the magnetic 

current along the slot, created by a wave of the 
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H  type as 

follows: 
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At the same time,  iP


 is the power carried along the 

waveguide 
z

P , which can be found by integrating the 

Pointing vector over the waveguide cross-section: 
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where 
,x y

E , 
,x y

H
  are the electric and magnetic fields’ 

strengths. 

Thus, considering the transverse components 
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given their connection with the longitudinal components 
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integrating (45) over the waveguide cross-section and 
applying formula (44), we find: 

For the longitudinal slot: 
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,  (47) 
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for 1, 2, ...  , 16 1B B ; for 1  , 4 2B B ; 
Next we find the external conductivity of the slot with 
account of the principle of duality by analogy with the 
electric vibrator radiation resistance for the longitudinal and 
transverse position of the slot: 
for 1, 2, ...  , 
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where 
c

W  is the wave resistance of the medium, 
0

k k  . 

Using the representation of the slotted-waveguide antenna 
system as an equivalent long line with equivalent 
conductivities included in it at intervals, we find normalized 
equivalent conductivity of the slot: 
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The radiation pattern (RP) of the antenna system, in 
accordance with (2), is written as:  
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where d is the distance between the radiators;   is the angle 
between the normal and the antenna system; N is the number 
of slots. The amplitude of the radiated electromagnetic field 
can be found as follows: 
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where 
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  are the amplitudes of the strength at the 

input and output of the pth slot. 
The distribution of the equivalent voltage is calculated by 

formulas (53) from the last Nth slot to the first slot of the 
antenna system:  
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where ( )

mn
G

  is the coefficient of reflection from the antenna 

system load. 

The directivity factor (DF)  
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  of the antenna system towards 
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found by the following formulas: 
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where 
0

  is the angle, at which the radiation pattern takes the 

maximum value;  
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is the efficiency factor; 
( )

( )

н

mn
P


 is the power absorbed in the 

load of the antenna system. 
Fig. 4 and 5 introduce the radiation pattern of a linear 

slotted-waveguide antenna system with longitudinal slots. 

 
Fig. 4. Radiation pattern of the antenna system  

at the 4th harmonic 
 

We investigated the parameters of electromagnetic 
compatibility of the antenna system with the original values: 
the number of slots of the antenna system N=118, the 
distance between the slots of 
the antenna system d=0.575λ0,  
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the size of the rectangular supply waveguide 
a x b=d=0.78λ0 x 0.35λ0, the amplitude distribution of the 
electromagnetic field in the aperture of the antenna system 
Up=1-0.95cos2(2π(p-1)/(N-1)).  

 
Fig. 5. Radiation pattern of the antenna system  

at the 5th harmonic 
 

In the radiation pattern (RP) of such an airborne antenna 
system in the multi-mode mode, there are side highs for an 
even number of harmonics, and side highs for an odd number 
of harmonics. Compared to the fundamental frequency, the 
directivity factor (DF) of the 2nd frequency harmonic is 
smaller by 5.85 dB; of the 3rd frequency harmonic is smaller 
by 9.21 dB; of the 4th frequency harmonic is smaller by 
11.55 dB; of the 5th frequency harmonic is smaller by 
13.23 dB. The gain factor (GF) at the frequency harmonics 
decreases: 2nd by 7.8 dB, 3rd by 11.7, 4th by 19.3 dB, 5th by 
26.8 dB. 

V. CONCLUSION 

The main result of the study can be formulated as the 
development of analytical and software methods for 
analyzing arrays of nonlinear radiators in the multi-wave 
reception mode, as well as a program methodology for 
calculating the characteristics of electromagnetic 
compatibility at frequencies exceeding the fundamental 
frequency with account of the heterogeneity of 
electromagnetic fields in such conditions [26].  

As part of the main research line, we achieved the 
following particular objectives: 

1) developed a mathematical model of electromagnetic 
wave propagation in a nonlinear radiator; 
2) as a result of the analysis, obtained formulas for 
calculating dependencies that to a satisfactory extent 
agree with experimental data; 
3) developed a numerical algorithm for studying 
electrodynamic effects.  

In the course of the research, we developed a 
corresponding algorithm for asymptotic or numerical study 
of the electromagnetic compatibility parameters of an 
airborne antenna system in the multi-mode mode, and 
obtained numerical results using software simulation, which 
can be used in nonlinear radar location and electromagnetic 
compatibility tasks when using airborne radio systems of this 
type. The developed methodology for studying the 
characteristics of electromagnetic waves can be used for 
designing and developing radar systems capable of adequate 
functioning in the conditions of the electromagnetic setting 

under consideration.  
The results of the study can be taken as a basis for 

developing means of electromagnetic compatibility of radar 
facilities. Radar system efficiency improvement methods can 
be developed based on the recommendations proposed in this 
article. 
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