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Abstract.  In this work, the simulation of the electromagnetic field of the microwave waveguide is 

carried out, taking into account the anisotropy of the medium. A dispersion equation and expressions for 

the reflection and transmission coefficients of a waveguide wave are obtained. 3D radiation patterns of 

the microwave range waveguide are plotted taking into account the gyrotropy of the medium. On the 

basis of the developed new method, an explicit analytical solution of the boundary value problem of 

natural and forced oscillations of a ferrite resonator in a microwave rectangular waveguide with a 

transverse magnetic field is found. Various modes of excitation of bulk and surface self-oscillations in a 

ferrite resonator are analyzed. 
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1.    Introduction  

 

Ferrite resonators are widely used in passive and active devices of the microwave 

terahertz wavelength range to electrically control their output characteristics. Among the 

vase elements of devices is its simplest form of a rectangular resonator placed in a 

rectangular waveguide with a transverse magnetic field. This design can act as a 

controlled frequency filter and be used, for example, as a waveguide window for active 

electronic devices. Naturally, for a complete understanding of the physics of processes in 

such a microwave device, it is necessary to solve the corresponding electrodynamic 

problem on natural or forced oscillations of such a device. Until recently (Kerim et al., 

2015; Taisir et al., 2010; Wang et al., 2018), when calculating such resonators, as a rule, 

numerical methods (Lima et al., 2021; Lima et al., 2020; Li et al., 2020; Liang et al., 

2017) were used based on systems of linear algebraic equations for the unknown 

coefficients of the Fourier expansion of fields in the partial domain method. The 

analytical solution was obtained in the one-wave approximation. In (Singh et al., 2020; 

Yang et al., 2021; Wang et al., 2019; Hui et al., 2022), a new approach was proposed for 

finding an analytical solution to a boundary value problem based on the theory of entire 

analytic functions, the theory of residues, and the Lagrange interpolation formula. As a 

result of applying this approach, it was possible to solve analytically a system of linear 
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algebraic equations in closed form for arbitrary parameters of the problem and to find in 

an analytical form the dispersion equation for finding the eigen modes of a ferrite 

resonator in a waveguide, as well as to obtain simple expressions for the reflection and 

transmission coefficients of the waveguide wave.  

 

2.    Statement and solution of the problem 

 

A two-dimensional model of a ferrite resonator is considered (Figure 1).  
 

 
 

Fig. 1. Ferrite resonator in the waveguide with transverse magnetic field HyH 0


  

 

The magnetic permeability of ferrite is described by a tensor of the standard type. 

The tensor elements depend on the applied magnetic field   and the signal frequency   

according to the well-known formulas (Castillo et al., 2021; Liu et al., 2019; Islamov et 

al., 2018; 2019): 
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To find natural and forced vibrations in a ferrite resonator, it is necessary to solve 

the boundary electrodynamic problem with the corresponding boundary conditions on the 

surfaces of the resonator. For a given configuration of a resonator with a transverse 

magnetic field, such a problem is reduced to finding a solution to the Helmholtz equation 

with respect to the field component Ez, namely:  
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To find forced vibrations, it is necessary to consider the problem of diffraction of a 

waveguide won by a ferrite resonator. The natural oscillations are determined from the 

solution of the problem in the absence of the incident wave. Using the Fourier method in 

combination with the partial domain method, we write down the solutions of the 

Helmholtz equation in the form (Ismibayli et al., 2018; Islamov et al., 2019; 2022): 
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The tangential components of the magnetic field are determined from Maxwell's 

equations by the formula 
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Using the boundary conditions on the resonator surfaces, one can obtain a coupled 

system of two systems of linear algebraic equations to determine the unknown 

coefficients (2)-(4) 
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As shown in (Islamov et al., 2021; 2022; Altufaili et al., 2022), the system of linear 

algebraic equations can be solved analytically using the developed method based on the 

Cauchy integral and the Lagrange interpolation formula (Raheem et al., 2020; 

Abdulhameed et al., 2018). As a result of its application, the functional series in (6) are 

summed up and are expressed through one of the unknown coefficients. As a result, the 

infinite coupled system of equations is reduced to two algebraic equations for the 

coefficients 


nX  

,
2

mp

h
i

pm
a

mm

p

eX
a

m
iXW 





 



 







                                  (7)                                      

.2




 
h

i

pmmm
a p

eXWX
a

m
i





 







                                  (8)                          

The solution of the resulting system is in analytical form, namely: 
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The equality to zero of the determinant of the system of equations (7), (8) 

determines the dispersion equation for finding the eigen modes of the ferrite resonator, 

which takes the following form: 
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The unknown coefficients of reflection and transmission in the expressions for the 

fields (2)-(4) are found through the coefficients 


mX  (9), (10) by simple recalculation 

formulas 
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Let us proceed to the analysis of the natural and forced modes of the ferrite 

resonator. 

 

3.      Analysis of results 

 

Let First, we will consider free vibrations in a ferrite resonator in the absence of an 

incident waveguide wave. Let us analyze the obtained dispersion equation (11). 

An analysis of the dispersion equation shows that in the absence of gyrotropy 

),0( a  dispersion equation (11) splits into two independent equations 
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symmetric, and in the other, asymmetric vibrations over the thickness of the plate h made 

of a magneto-dielectric. It is clear that the number of dispersion curves for each integer 

oscillation index m will depend on the value of .
2

h
ma  In the presence of gyrotropy 

),0( a  the vibrations in the ferrite resonator are coupled and there is no separation of 

vibrations into symmetric and asymmetric vibrations for any index m. Depending on the 

material parameters of ferrite, plate thickness h, and waveguide width a, for each specific 

vibration index m, several modes of existence of free vibrations should be distinguished. 

Let us consider the case when the value of the transverse wave number in an empty 

waveguide m  is a purely imaginary number, i.e. .0)(
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  This case 

corresponds to the transcendental regime - the wave amplitude decays exponentially into 

the depth of the empty waveguide. However, in the region of the ferrite plate, two cases 

can be realized: the regime of bulk locked modes and the regime of surface modes. Bulk 

locked modes can exist in the case when the transverse wavenumber in the region of the 

ferrite plate ma  is a real value, i.e. for the selected index m, the value ma  satisfies 

condition .0)(
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  Surface modes are realized under the opposite 

condition .0)(
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of the ferrite layer ,0  the transverse wavenumber ma  is purely imaginary for any 

vibration index m, and therefore, for such values of ,  the surface regime is always 

realized, i.e. .0)( 2 ma  If two conditions  
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are satisfied simultaneously, then the field amplitudes in the two regions decay 

exponentially from the interface between the media. Such surface modes can be identified 

with magnon-polariton surface vibrations (Islamov et al., 2018) characteristic of the case 

when the effective magnetic permeability of the medium 
  is negative. In this case, such 

oscillations are possible not only with negative values of the parameter 
 , but also with 

its positive values, when condition 0
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  is satisfied and the transverse 

wavenumber ma  is an imaginary value. All roots of the initial dispersion equation (11) 

for which this condition is satisfied will correspond to magnon-polariton surface 

vibrations. 

In Figure 2 shows the dispersion characteristics (the dependence of the frequency 

parameter   on the magnetic permeability of ferrite a  )( af   ) for the fundamental 

vibration m = 1 with the following values of the material parameters 

.8,0;7,0;7 
b

a
  The values of quantities   and ,a  that are inside this region 

correspond to the mode of existence of magnon-polariton surface modes in the ferrite 

plate. Outside this region, bulk vibrations are observed in the ferrite plate. Their spatial 

distribution depends on the gyrotropy parameter .a  The dispersion curve located in the 

selected shaded area and below the straight line 5,0  (dashed line), corresponds to 

surface vibrations in an empty waveguide. The regime of bulk modes and surface modes 

are separated by the intersection point of the envelope of the selected region 
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  and the dispersion curve (curve 1). The dashed straight line 5,0  

divides the parameter area into two areas. In the range of parameter values below this 

line, the regime of surface vibrations is realized from the side of the empty waveguide 

and the regime of bulk (locked modes) or surface modes inside the ferrite plate. In this 

case, the roots of the dispersion equation (11) are real. Above this straight line, the roots 

of the dispersion equation (11) are complex. Figure 2 shows only real values of the 

complex roots of the dispersion equation. If the parameters of the problem are as follows, 

then the condition 5,0  is satisfied, then the mode of forced oscillations can be realized 

at excitation of a ferrite plate by the fundamental waveguide wave. For this case, the 

modules of the transmission coefficient 1T  and the reflection coefficient 1R were 

calculated depending on the frequency parameter   for the given values of 

.8,0;5,0;7,0;7 
b

a
a   The calculation results are shown in Figure 3. 
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Fig. 2. Frequency dependence parameter   on the value a  

 

 
 

Fig. 3. Dependence of the moduli of the transmission coefficients 1T  and reflection 
1R  on the 

frequency parameter  . 

           

The distance on the frequency scale between resonances is close to half-wave 

resonance in a gyrotropic medium of a ferrite plate. It should be noted that the reflection 

coefficient 1R  does not reach its maximum value equal to 1, in contrast to the 

transmission coefficient, which reaches this value at resonant frequency values. By 

varying the magnitude of the transverse magnetic field, it is possible to change the 

effective magnetic permeability of the ferrite and, according to the dispersion 

characteristics (Figure 2), the resonant frequency of the forced vibrations will change. 

This leads to the possibility of electrical frequency tuning, at which full passage of the 

waveguide wave is observed. 

The direction of the zero of the radiation patterns φmin will be changed. The 

optimality criterion is the maximization of the ratio of the coefficient of directional action 

in the direction φmax to coefficient of directional action at the minimum φmin. Figure 4 

shows the radiation patterns corresponding to the amplitude-phase distribution. For an 

antenna array with more than 5 radiating elements, we use the code for the genetic 

algorithm from (Islamov et al., 2022) instead of the particle swarm method.  

On Figure 4 shows radiation diagrams corresponding to the amplitude-phase 

distribution, let us form at a frequency of 2,7 GHz the total radiation pattern with the 

maximum directivity in the direction ϑ = 45o, φ = – 150o; this radiation pattern is shown 

in Figure 5. 

Figure 6, shows the radiation pattern in the plane of the screen. Further, in addition 

to the maximum directivity coefficient in the direction ϑ = 45o, φ = ‒ 150o, we require 
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zero in the radiation patterns in the plane of the screen (ϑ = 90o, φ = ‒ 90o). We will, as 

before, maximize the ratio of the coefficient of directional action. The results are shown 

in Figure 6. The maximum of the directivity factor, equal to 9,5 dB, is shifted and obtained 

in the direction ϑmax = 51o, φmax = ‒ 140o.  

There is no need to allocate space for a pre-designed antenna array with any known 

regular structure. 

 

 
                  a)                                        b)                                       c) 

 

Fig. 4. Radiation patterns correspond to the amplitude-phase distribution: a) zero  

is not generated; b) φmin = ‒ 18o; c) φmin = ‒ 45o 

 

 
                                 a)                                                  b) 

 

Fig. 5. Radiation patterns (a) and 3D model (b) at ϑ = 45°, φ = – 150° 

 

 
                                a)                                                    b) 

 

Fig. 6. Radiation patterns (a) and 3D model (b) at ϑ = 51°, φ = – 140° 

 

Depending on the location of the antenna and the model of external influencing 

factors, the design of the final product is supplemented with a radio-transparent radome 
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or a radio-transparent shelter. Restrictions are imposed on the structural elements of such 

structures to protect antenna arrays due to the fact that partial radiation patterns must 

experience minimal and identical distortions. The proposed method allows for removing 

a number of limitations. For example, fairings can be of arbitrary shape and 

complemented by asymmetrical stiffeners. 
 

4.      Conclusion 
 

In this work, the simulation of the electromagnetic field of the microwave 

waveguide is carried out, taking into account the anisotropy of the medium. A dispersion 

equation and expressions for the reflection and transmission coefficients of a waveguide 

wave are obtained. 3D radiation patterns of the microwave range waveguide are plotted 

taking into account the gyrotropy of the medium. On the basis of the developed new 

method, an explicit analytical solution of the boundary value problem of natural and forced 

oscillations of a ferrite resonator in a microwave rectangular waveguide with a transverse 

magnetic field is found. Various modes of excitation of bulk and surface self-oscillations 

in a ferrite resonator are analyzed. 

The results obtained in the work can be used to create new microwave devices for 

transmitting and receiving signals. And also the results obtained can be used to create 

polarizers, filters and polarization-sensitive waveguide switches. Based on the results 

obtained, it is possible to form planar active antennas, in which the activation of layers of 

a composite metamaterial leads to the appearance of new resonant frequencies, which 

makes it possible to form a multiband printed antenna with controllable ranges, since 

initially printed antennas have a narrow operating frequency range. 
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