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The problem of connecting three electrodynamic volumes with ideally conducting walls through electrically narrow rectilinear 
connecting slots and a radiating slot is solved by the generalized method of induced magnetomotive forces (MMF). The solution is 
obtained in an analytical form, taking into account the finite thickness of the walls of the connected volumes. The volumes are an 
infinite rectangular waveguide excited by a fundamental wave, a rectangular cavity resonator, and a half-space above an infinite 
plane. The energy characteristics of this system have been comprehensively studied depending on the geometric parameters of the 
constituent elements of the structure under consideration. 
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Currently, in the antenna-waveguide technology of millimeter and centimeter wavelengths, slotted radiators in flat 
and spherical surfaces are widely used as feeds for highly directional mirror and lens antennas [1–5], elements of in-
phase and scanning antenna arrays [6–19], as well as devices connections of electrodynamic volumes [20-22]. Single 
slotted radiators are characterized by a significant broadband, which in conditions, for example, of a complex 
electromagnetic environment, can lead to disruption of the operation of radio electronic systems (RES). In this regard, 
the problems of analysis, synthesis and control of the band characteristics of slot antennas are of undoubted interest for 
practice, in particular, from the point of view of ensuring the electromagnetic compatibility of various RES components. 

The formation of the required frequency-energy characteristics of slot radiators and coupling holes can be ensured, 
for example, by using combined (with dipoles, dielectric inserts, etc.) radiators [21, 22 and references therein], or by 
placing in the supply waveguide channel through cavity resonators, which, in turn, are band-pass and band-stop filters 
[4, 16, 23]. There are also other constructive solutions to this problem, namely: placement between the radiating slot 
and the connection slot (slots) the cavity resonator [11, 18], and the presence of two closely spaced slots in the wall of 
the main waveguide makes it possible to significantly increase the value of the coupling coefficient in a narrow 
frequency band [14]. 

In this article, an electrodynamically rigorous mathematical model is constructed and the energy characteristics of 
the following radiating structure are studied: a system of two transverse slots in a wide wall of an infinite rectangular 
waveguide - a pass-through cavity resonator - a slot that radiates into a half-space above an infinite ideally conducting 
plane. On the basis of such structure, a linear or two-dimensional antenna array with new (compared to those known for 
similar structures) electrodynamic characteristics can be created. 

FORMULATION OF THE PROBLEM AND SOLUTION 
The considered waveguide-resonator-slot structure and the designations adopted in the problem are shown in 

Fig. 1. Three electrodynamic volumes with ideally conducting walls, representing, respectively, an infinite rectangular 
waveguide with a cross section { }a b×  (index “Wg”), a rectangular resonator with dimensions { }R Ra b H× ×  (index 
“R”), and a half-space above an unlimited screen (index “Hs”) are interconnected rectilinear slots 1 2 3, ,S S S  cut in 
infinitely thin common walls. 

The geometric dimensions of all slots satisfy the following conditions 

2
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d
L
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λ

<<1,   p =1,2,3, (1)

where 2 pL  and pd  are the length and width of the slots, respectively, and λ  is the wavelength in free space. In this 
case, the equivalent magnetic currents in the slots can be represented as (

pse  are the unit vectors, ps  and pξ are the

local coordinates associated with slots, 0 pJ  are the current amplitudes): 
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In this case, the functions ( )p pf s  must satisfy the boundary conditions ( ) 0p pf L± = , and the functions ( )p pχ ξ  must 

satisfy the conditions on the edges of the slots and the normalization conditions: ( ) 1
p

p p pd
ξ

χ ξ ξ = .

Figure 1. The structure geometry and notations 

Let us choose as functional dependences ( )p pf s  on the longitudinal coordinates of the magnetic currents in the 
slots the functions obtained as a result of the approximate solution [15] of the integral equation for the current in a 
single transverse slot (symmetric with respect to the axis {0 }x ), excited by a wave of the type 10H  and connecting two 
rectangular waveguides ( 1,2 1,2( )f s ), and for the current in a slot in an infinite screen when a plane electromagnetic wave 

falls on it, the vector H


 of which is parallel to the vector 
3se  ( 3 3( )f s ): 
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3 3 3 3
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= −
(3)

We note that such a choice of the function 3 3( )f s  made it possible to obtain an expression for the external conductivity 
of the radiating slot in an analytical form. 

Using the boundary conditions for the continuity of the tangential components of the magnetic field on the 
surfaces of slots and following the generalized method of induced MMF for a multi-slot structure [20], we obtain a 
system of algebraic equations for unknown current amplitudes 0 pJ : 
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are the own conductivities of slots; 
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are the mutual conductivities of slots ( q  =1,2,3); , ,Wg R Hs
sG  are the s  - components of quasi-one-dimensional 

( | | / 4p p pdξ ξ′− ≈ ) Green’s functions for the vector potential of the corresponding volumes [20]; 
1,20 1,2( )sH s  are the 

projections of the field of external sources on the axes of the first and second slots; ω  is the circular frequency; 
2 /k π λ= . 
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After substituting functions (3) and formulas for , ,Wg R Hs
sG  [20] into relations (5), (6), we obtain the following 

expressions for the own and mutual conductivities of slots ( p =1,2): 
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distance between the axes of the slots 1S  and 2S , 0 py  is the position of the p -th slot axis in the coordinate system 
associated with the resonator (Fig. 1), Si  and Cin  are the integral sine and cosine [24]. 

Solving the system of equations (4), taking into account the fact that for a wave of the type 10H  in a rectangular 

waveguide 
10 0 1coss cH H k s= , 0

20 0 2cos gik z
s cH H k s e−=  ( 0H  is the amplitude, 2 2

g ck k k= −  is the propagation constant 
of the 10H - wave), we find the currents in each of the slots and the reflection and transmission field coefficients 11S  and 

12S , as well as the power radiating coefficient 2| |SΣ : 
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In formulas (7)–(9) 0 0 022p p
iJ J H
k
ω = − 

 
  are the normalized amplitudes of currents in slots, 
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The normalized radiation pattern in the vector H


 plane for the structure under consideration has the form (θ  is 
the angle measured from the axis {0 }x , Fig. 1): 
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Accounting for the thickness ph  of metal walls, in which slots are located, can be made according to [20] by the 
following substitutions ( )p ep pd d h→  under conditions ( / )ph λ <<1: 

2( ) ,
p

p

h
d

ep p pd h d e
π

−

≅ (11)

where ( )ep pd h  is the “equivalent” width of the p -th slot. 

NUMERICAL RESULTS 
On Figs. 2-5 are plots of dependences of the radiation coefficient 2| | ( )S λΣ on the wavelength for the following

parameters: a =23.0 mm, b =10.0 mm, / 2RH a= , 2 pL =14.0 mm, p pd h= =1.0 mm. As can be seen from Fig. 2, the 
presence in the structure under study of a cavity resonator with one or two coupling slots makes it possible to form 
different frequency-energy characteristics of the entire system as a whole in comparison with a single transverse slot 
(1 slot) in the broad wall of the waveguide. With a certain mutual arrangement of slots relative to each other, 2| |SΣ  can 
reach a value of ~0.9 in a narrow band of wavelengths or a value of ~0.5 in a relatively large part of the range of the
fundamental wave of the waveguide. A change in the transverse dimensions of the resonator ( ,R Ra b ) has practically no
effect on the position of the maximum 2| |SΣ  (Fig. 3). Moving the position of the radiating slot 3S  within the resonator 
wall leads to a change in both the maximum (Fig. 4) and minimum (Fig. 5) values 2| |SΣ at a certain wavelength,
depending on the geometric dimensions of the slot and the thickness of the waveguide and resonator walls. Changing 
lengths of radiating and coupling slots at their fixed positions in the waveguide and resonator walls gives additional 
possibilities for the formation of characteristics required in the case of waveguide-resonator structures considered here 
(Fig. 6, a =23.0 mm, b =10.0 mm, 20.0Ra =  mm, 10.0Rb =  mm, / 2RH a= , p pd h= =1.0 mm, 01 / 8Ry b= , 

02,03 / 4Ry b= ). 
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Figure 2. Wavelength dependence 2| | ( )S λΣ for structures
with one, two, and three slots

Figure 3. Wavelength dependence 2| | ( )S λΣ for a structure
with three slots for various resonator sizes 
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Figure 4. Wavelength dependence 2| | ( )S λΣ  for a structure
with three slots at different positions of the radiating slot in the 
case of spaced coupling slots 

Figure 5. Wavelength dependence 2| | ( )S λΣ  for a structure
with three slots at different positions of the radiating slot in the 
case of closely spaced coupling slots 
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Figure 6. Wavelength dependence 2| | ( )S λΣ for a structure with three slots at different lengths of the slots

CONCLUSIONS 
It is known from the classical theory of slot radiators and coupling holes [20] that a single slot in the side wall of a 

rectangular waveguide cannot radiate (transmit) more than half of the input power. An increase in the value of the 
radiation (transmission) coefficient can be carried out by placing other resonant elements in the waveguide, for 
example, vibrators (dipoles) [21] or dielectric inserts [22]. As shown by the calculations performed in the article, the 
placement of a rectangular resonator between the coupling slots and the radiating slot also leads to a significant increase 
the radiation coefficient value (up to ~0.9) in a narrow wavelength (frequency) band. The multi-element waveguide-
resonator-slot radiators studied in the article can be useful both in the development of new antenna transceiver systems 
of centimeter and millimeter wavelengths (including slotted antenna arrays), and for the modernization of existing ones 
based on the existing element base by means of insignificant design changes. 



456
EEJP. 3 (2023) Mikhail V. Nesterenko, et al.

ORCID 
Mikhail V. Nesterenko, https://orcid.org/0000-0002-1297-9119; Victor A. Katrich, https://orcid.org/0000-0001-5429-6124 
Natalya K. Blinova, https://orcid.org/0000-0001-9388-0008 

REFERENCES 
[1] K. Yoshitomi, “Radiation from a slot in an impedance surface”, IEEE Trans. Antennas Propag., 49, 1370-1376 (2001).

https://doi.org/10.1109/8.954925
[2] M.V. Nesterenko, and Yu.M. Penkin, “Diffraction radiation from a slot in the impedance end of a semi-infinite rectangular

waveguide”, Radiophysics and Quantum Electronics, 47, 489-499 (2004). https://doi.org/10.1023/B:RAQE.0000047240.37895.ea
[3] S.L. Berdnik, Y.М. Penkin, V.A. Katrich, M.V. Nesterenko, and V.I. Kijko, “Electromagnetic waves radiation into the space

over a sphere by a slot in the end-wall of a semi-infinite rectangular waveguide”, Prog. Electromagn. Res. B, 46, 139-158
(2013). http://dx.doi.org/10.2528/PIERB12102203

[4] S.L. Berdnik, V.A. Katrich, V.I. Kijko, M.V. Nesterenko, and Y.М. Penkin, “Slotted spherical antenna with a multi-element
diaphragm in the waveguide”, Prog. Electromagn. Res. M, 95, 1-12 (2020). http://dx.doi.org/10.2528/PIERM20050806

[5] M.V. Nesterenko, V.A. Katrich, V.I. Kijko, and S.V. Pshenichnaya, “Radiation of electromagnetic waves by an arbitrarily
oriented slot at the end wall of a rectangular waveguide”, Prog. Electromagn. Res. C, 113, 47-58 (2021).
http://dx.doi.org/10.2528/PIERC21042303

[6] R.F. Hyneman, “Closely-spaced transverse slots in rectangular waveguide”, IRE Trans. Antennas Propag. 7, 335-342 (1959).
https://doi.org/10.1109/TAP.1959.1144696

[7] E.M.T. Jones, and J.K. Shimizu, “A Wide-band transverse-slot flush-mounted array”, IEEE Trans. Antennas Propag., 8,
401-407 (1960). https://doi.org/10.1109/TAP.1960.1144864

[8] H.J. Schaik, “The performance of an iris-loaded planar phased-array antenna of rectangular waveguides with an external
dielectric sheet”, IEEE Trans. Antennas Propag., 26, 413-419 (1978). https://doi.org/10.1109/TAP.1978.1141860

[9] R.F. Harrington, and J.R. Mautz, “Computational methods for transmission of waves”, in: Electromagnetic Scattering, edited
by P.L.E. Uslenghi, (Academic Press, NY, 1978). pp. 429.

[10] A.J. Sangster, “Slotted waveguide linear array with polarization control”, Electron. Lett., 14, 616-618 (1978).
https://doi.org/10.1049/el:19780415

[11] F.J. Paoloni, “Cavity-backed resonant slot array – theory and measurement,” IEEE Trans. Antennas Propag., 28, 259-263
(1980). https://doi.org/10.1109/TAP.1980.1142321

[12] R.S. Elliott, and W.R. O’Loughlin, “The design of slot arrays including internal mutual coupling”, IEEE Trans. Antennas
Propag., 34, 1149-1154 (1986). https://doi.org/10.1109/TAP.1986.1143947

[13] G. Montisci, M. Musa, and G. Mazzarella, “Waveguide slot antennas for circularly polarized radiated field”, IEEE Trans.
Antennas Propag., 52, 619-623 (2004). https://doi.org/10.1109/TAP.2004.823873

[14] S.L. Berdnik, V.A. Katrich, V.I. Kiiko, and M.V. Nesterenko, “Electrodynamic characteristics of the nonresonant system of
transverse slots in the wide wall of rectangular waveguide”, Radioelectronics Commun. Syst. 48, 52, (2005).

[15] M.V. Nesterenko, V.A. Katrich, Yu.M. Penkin, and S.L. Berdnik, “Analytical methods in theory of slot–hole coupling of
electrodynamics volumes”, Prog. Electromagn. Res., 70, 79-174 (2007). http://dx.doi.org/10.2528/PIER06121203

[16] Y. Hou, Z. Meng, L. Wang, and Y. Li, “Endfire antenna array using microstrip-fed cavity-backed slot elements”, IEEE Trans.
Antennas Propag. 68, 24482433 (2020). https://doi.org/10.1109/TAP.2019.2940493

[17] M. Chen, X.C. Fang, W. Wang, H.T. Zhang, and G.L. Huang, “Dual-band dual-polarized waveguide slot antenna for SAR
applications”, IEEE Antennas Wireless Propag. Lett., 19, 17191723 (2020). https://doi.org/10.1109/LAWP.2020.3014878

[18] Y. Kan, R. Yang, A. Zhang, Z. Lei, Y. Jiao, and J. Li, “Meta-surface cavity-based waveguide slot array for dual-circularly
polarized dual beam”, IEEE Trans. Antennas Propag., 70, 3894-3898 (2022). https://doi.org/10.1109/TAP.2021.3137211

[19] M.S. Masouleh, A.K. Behbahami, M. Sharafi, M. Sajedi, and M. Adjonadi, “Pattern synthesis of a resonant slot on a broad wall
of the rectangular waveguide using amplitude and phase control”, Prog. Electromagn. Res. C, 129, 51-61 (2023).
http://dx.doi.org/10.2528/PIERC22101005

[20] M.V. Nesterenko, V.A. Katrich, Yu.M. Penkin, and S.L. Berdnik, Analytical and Hybrid Methods in Theory of Slot-Hole
Coupling of Electrodynamic Volumes, (Springer Science+Business Media, NY, 2008).

[21] M.V. Nesterenko, V.A. Katrich, Yu.M. Penkin, S.L. Berdnik, and O.M. Dumin, Combined Vibrator-Slot Structures: Theory
and Applications. (Springer Nature Swizerland AG, Cham, Swizerland, 2020). https://doi.org/10.1007/978-3-030-60177-5

[22] Yu.M. Penkin, V.A. Katrich, M.V. Nesterenko, S.L. Berdnik, and N.K. Blinova, “Analysis of resonant characteristics of E- and
H-plane waveguide junctions with local dielectric inclusions”, Prog. Electromagn. Res. L, 91, 17-24 (2020).
http://dx.doi.org/10.2528/PIERL20020705

[23] M.V. Nesterenko, V.A. Katrich, S.V. Pshenichnaya, and V.I. Kijko, “Scattering of electromagnetic waves by a multi-element
system of pass-through resonators in a rectangular waveguide”, Prog. Electromagn. Res. C, 131, 135-143 (2023).
http://dx.doi.org/10.2528/PIERC23020903

[24] M. Abramowits, and I.A. Stegun, Handbook of Mathematical Functions with Formulas, Graphs and Mathematical Tables,
(National Bureau of Standards, Applied Mathematics Series-55, 1964).

БАГАТОПАРАМЕТРИЧНЕ КЕРУВАННЯ ЕНЕРГЕТИЧНИМИ ХАРАКТЕРИСТИКАМИ 
ХВИЛЕВОДНО-РЕЗОНАТОРНО-ЩІЛИННИХ ВИПРОМІНЮВАЧІВ 

Михайло В. Нестеренко, Віктор О. Катрич, Наталя К. Блинова 
Харківський національний університет імені В.Н. Каразіна, майдан Свободи, 4, Харків, Україна, 61022 

Задача з'єднання трьох електродинамічних об'ємів з ідеально провідними стінками через електрично вузькі прямолінійні 
сполучні щілини та випромінювальну щілину вирішується узагальненим методом наведених магніторушійних сил (МРС). 
Розв'язок отримано в аналітичній формі з урахуванням кінцевої товщини стінок зв'язаних об'ємів. Об’єми являють собою 
нескінченний прямокутний хвилевід, який збуджено основною хвилею, резонатор прямокутної порожнини та півпростір над 
нескінченною площиною. Всебічно вивчено енергетичні характеристики цієї системи в залежності від геометричних 
параметрів складових елементів конструкції, що розглядається. 
Ключові слова: випромінювальна щілина; сполучні щілини; прямокутний хвилевід; об'ємний резонатор; електромагнітні 
хвилі 


