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Abstract—A problem of electromagnetic fields excitation by a system
of finite-dimensional material bodies in two arbitrary electrodynamic
volumes coupled by holes, cut in a common boundary of the volumes,
is defined in a rigorous formulation. For the system containing two
material bodies and one coupling hole, the problem is reduced to a
system of two-dimensional integral equations relative to surface electric
currents on the material bodies and equivalent magnetic current in
the coupling hole. The resulting integral equations are correctly
transformed to a system of one-dimensional equations for currents in a
narrow slot and on thin impedance vibrators, which may have irregular
electrophysical and geometrical parameters. The resulting equations
system for a transverse slot in a broad wall of a rectangular waveguide
and impedance vibrators with variable surface impedance is solved
by a generalized method of induced electro-magneto-motive forces
(EMMF) under assumption that interaction between the vibrators and
the slot is absent. Calculated and experimental plots of electrodynamic
characteristics for this vibrator-slot structure are presented.

1. INTRODUCTION

Linear vibrator-slot radiators are widely used now as stand-alone
transceiver structures, elements of antenna systems, and devices in
antenna feed lines [1-4]. The widespread use of combined vibrator-slot
structures is a prerequisite for theoretical analysis of such systems.
The vibrators can be located either in a half-space over an infinite
perfectly conducting plane in which a hole is cut for coupling
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with another electrodynamic volume (a half-space over an infinite
perfectly conducting plane, a waveguide, a resonator etc.) [5-8] or
in waveguide transmission lines [9-13]. A special place among the
combined vibrator-slot structures occupies multielement systems [14—
20]. However, in above-mentioned and other publications on the
subject authors have supposed that vibrators are perfectly conducting
or are made of a metal with finite conductivity. To explore new
possibilities to control characteristics of slotted-waveguide radiating
elements there arises necessity to study vibrators with variable complex
surface impedance.

A problem of electromagnetic waves scattering and radiation by
a three-cell system, consisting of a transverse slot in a broad wall
of a rectangular waveguide and two vibrators with variable surface
impedance, was solved by generalized method of induced EMMF. The
solution is based on analysis of a problem for multielement vibrator-
slot structure, formulated in a general form. Axes of vibrators are
located in a cross-section plane passing through a longitudinal axis of
a slot perpendicular to a waveguide broad wall. Current distribution
functions, obtained as analytical solutions of integral equations for
currents in a single impedance vibrator and in a single slot by
asymptotic averaging method, were used as basis functions.

2. PROBLEM FORMULATION AND INITIAL
INTEGRAL EQUATIONS

Let us formulate the problem of electromagnetic fields excitation (scat-
tering, radiation) by finite-size material bodies in two electrodynamic
volumes coupled by holes cut in their common boundary. Suppose
that there exists some arbitrary volume Vi, bounded by a perfectly
conducting, impedance, or partially impedance surface Sy, some parts
of which may be infinitely distant. The volume V; is coupled with
another arbitrary volume V5 through holes ¥, (n = 1,2,...,N), cut
in the surface S;. The boundary between the volumes Vi and V5 in
the regions around the coupling holes has an infinitely small thickness.
Permittivity and permeability of the medium filling volumes V; and
Vo are €1, p1 and e9, ps, respectively. Material bodies, enclosed in
local volumes V,, (m1 = 1,2,...,M;) and Vp,, (mo = 1,2,..., My),
bounded by smooth closed surfaces Sy,, and Sp,,, are allocated in the
volumes V7 and Vb, respectively. The bodies have homogeneous ma-
terial parameters: permittivity em,,, €m,, permeability pim,, tm,, and
conductivity oy,,, om,. The fields of extraneous sources can be speci-
fied as the electromagnetic wave fields, incident on the bodies and the
holes (scattering problem), or as fields of electromotive forces, applied
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to the bodies (radiation problem), or as combination of these fields.
Without loss of generality, we assume that electromagnetic fields of

extraneous sources {Eo(7), Ho(7)} exist only in the volume V;. The

fields {Ey(7), Hy(7)} depend on the time ¢ as ™! (7 is the radius
vector of the observation point, w = 27 f is an circular frequency and
f is frequency, measured in Hertz). We seek the electromagnetic fields
{Ev. (), Hy,(7)} and {Ey,(7), Hy,(7)} in the volumes V; and V3, sat-
isfying Maxwell’s equations and boundary conditions on the surfaces
Sml, SmQ, En, Sl and SQ.

To solve the above-mentioned problem we express the electromag-
netic fields in volumes V; and Vs in terms of the tangential fields compo-
nents on the surfaces Sy,,, Sy, and 3,. In the Gaussian CGS system of
units, the electromagnetic fields can be represented by the well-known
Kirchhoff-Kotler integral equations [12]:
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Here k = 27 /) is the wave number, \ is the free space wavelength,
k1 = ky/eip1 and ky = k,/e2uz are wave numbers in the media
filling the volumes V7 and Vs, respectively; 7 ;nl’mz’n are radius-vectors
of sources allocated at the surfaces Sy,,, Sm, and X,; 7mimon are

unit vectors of external normals to the surfaces; GY, 1, (7,7) and

A(’}I’VQ (7,7') are the electric and magnetic tensor Green’s functions
for Hertz vector potentials in the coupled volumes satisfying the
vector Helmholtz equation and the boundary conditions on surfaces
S1 and Sy. For the infinitely distant parts of surfaces S; or Sy the
boundary conditions for the Green’s functions are transformed to the
Sommerfeld’s radiation condition.

Interpretation of the fields in the left-hand side of Equations (1)
depends upon position of an observation point 7. If the observation
point 7 belongs to the surfaces Sy,,, Sy, or to the apertures ¥, the

fields E(7) and H(7) represent the same field as in the integrals in the
right-hand sides of Equations (1). In this case, Equations (1) is non-
homogeneous linear integral Fredholm equations of the second kind,
which are known to have the unique solution. If the observation point
lies outside areas V,,, Vin, and ¥,, the Equations (1) becomes the
equalities determining the total electromagnetic field by the field of
specified extraneous sources. These equalities solve, in general terms,
the problem of electromagnetic fields excitation by finite size obstacles
if fields on the objects’ surfaces are known. Certainly, to find these
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fields, the Fredholm integral equations should be solved beforehand.

The Equations (1) can be also used to solve electrodynamics
problems if the fields on the material body surfaces can be defined by
additional physical considerations. For example, if induced currents
on well-conducting bodies (¢ — o0) are concentrated near the
body surface the skin layer thickness can be neglected and the
well-known Leontovich-Shchukin approximate impedance boundary
condition becomes applicable [4]

B (R = 2s () |5 [ 2 (7)) @)

where Zg(7) = Rg(F) + iXs(F) = Zs(7)/Zo is the distributed
complex surface impedance, normalized to the characteristic free space
impedance Zy = 120w Ohm; the value of Zg(7) may vary over the body
surface. The impedance boundary condition (2) allows transition in the
integral Equations (1) to the surface currents density. Without loss of
generality, we will do such transition for configuration consisting of
two material bodies in the volume V; coupled with the volume V5 by a
single hole. Placing the observation point on the surfaces S, and S2,
and using the continuity conditions for the tangential components of
magnetic fields on the hole, we obtain the integral equations
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relative to the surface electrical currents JfQ(FLg) on Si, 2, and

equivalent magnetic current J_:;m(Fg) on X
Tty (o) = = |, H(R2)|, T () = [ E(w)] . @

where ¢ ~ 2.998 - 10!° cm/c is the light velocity in vacuum.

3. INTEGRAL EQUATIONS FOR ELECTRIC AND
MAGNETIC CURRENTS IN THIN VIBRATORS AND
NARROW SLOTS

A solution of Equations (3) for material objects with complex surface
shape and for the coupling hole ¥ of arbitrary geometry encounters
serious mathematical difficulties. However, if the cross-sectional
perimeter of the impedance cylinder is small as compared to its
length and to the wavelength in the ambient medium (thin vibrator
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approximation) and if the slot width satisfy analogues conditions
(narrow slot approximation), the solution of Equations (3) may be
simplified [12]. The approach used in [12] for the analysis of vibrator-
slot system can be generalized for multielement systems. In addition,
the boundary condition (2) can be extended to cylindrical vibrators
with arbitrary distribution of the complex impedance, regardless of the
exciting field structure and the electrical characteristics of the vibrator
material [4].

Let us transform the Equations (3) for thin vibrators made of
circular cylindrical wires and a narrow rectilinear slot that is, if the
inequalities

1,2 1,2 d d

21 <1, S <1 <1 o <1 (5)
hold. Here A2 are the wavelengths in corresponding media; r12 and
2L4 2 are vibrator radii and lengths; d and 2L3 are the slot width and
length. Then the electric currents induced in the vibrators and the
equivalent magnetic current in the slot can be presented as

-

Ty (Fi@) = €@ (910) L) (Pes 1)
J3" (73) = €5 J3(s3)x (€)

where €, @) and €, are units vectors, oriented along the vibrators and

slot axes, respectively; syo) and s3 are local coordinates related to

vibrators and slot axes; 9y (pl(Q), 901(2)) are functions of transverse

(L1(2)) polar coordinates py(), ¢1(2) for vibrators; x(§) is a function of

transverse coordinate £ for the slot. The functions vy 2)(p1(2), ¥1(2))
and x (&) satisfy the normalizing conditions

/ VY12)(P1(2), P12)) P1(2)AP1(2)doP1(2) = 1, /X(ﬁ)df =1, (7)
Lic2) 13

(6)

and unknown currents (indexes “e” and “m” are omitted), Jy()(s1(2))

and J3(s3), satisfy the boundary conditions
Ji2)(£Ly(2)) =0, J3(£L3) =0. (8)

The system of one-dimensional integral equations for currents, which
takes into account mutual interaction between the vibrators and slot,
can be derived by projecting the Equations (3a), (3b) on the vibrator
axes, the Equation (3c) on the slot axis and by using inequalities

[7i1(2), J1(2)(T1(2))] < 1 resulting from (5). This equations system may
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be presented as
L1 L2
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Here Zil(z)(sl(g)) are internal impedances per unit lengths of
the vibrators ([Ohm/m]), (Zgi(2)(Ti(2)) = 277r12)2i102)(T1(2)))s
Eos, ) (51(2)) and Hos,(s3) are projections of the fields induced by the
extraneous sources on the vibrators and the slot axes, G{*, (s1,2,3, 8 (2))
\% .
and G, (s1.2.3, s) are the tensor Green’s functions components.

If the interactions between the vibrators and the slot are absent,
the equations system (9) is simplified and can be written as
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Since the Green’s functions in Equations (9) and (10) are not
specified in an explicit form, these equations are valid for any
electrodynamic volumes, provided that the Green’s functions are
known or can be constructed.

4. MULTIELEMENT VIBRATOR-SLOT STRUCTURE IN
A RECTANGULAR WAVEGUIDE

As an example, let us consider a problem of electromagnetic waves
scattering by a narrow rectilinear transverse slot in a broad wall of
a rectangular waveguide containing passive impedance vibrators and
extraneous field sources.

Let a fundamental wave Hyg propagates in a hollow (1 = u1 = 1)
infinite rectangular waveguide with perfectly conducting walls (index
Wg) from the area z = —oo. In a cross sectional plane of the
waveguide several unbalanced thin impedance vibrators (monopoles)
are placed and a narrow slot is cut in the broad wall of the waveguide
symmetrically relative to its longitudinal axis. The slot radiates into
the free half-space (€2 = ug = 1) over an infinite perfectly conducting
plane (index Hs). Since the axes of the vibrators and slot lie in
{z0y} plane, interaction between the vibrators and the slot over the
waveguide cavity is absent (Figure 1).

The waveguide size is {ax b}, the vibrator radii and lengths are rq o

Figure 1. The geometry of the vibrator-slot structure and notations.
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and 2L o; the thickness of the waveguide wall is h, the slot width and
length are d and 2L3. The equations system (10) for this configuration
may be reduced to

L1 L2
d2
(ds +k) /Jl(sll)GEl/g(sl,s'l)dsll—i-/Jg(sé)Ggg(sl,slz)ds’Q
! ~I ~Ls
= —iw [Eps, (51) — zi1(s1)J1(s1)] , (11a)
» Lo Ly
<ds + k2 /Jg(sé)GZZg(sQ,sé)ds’Q—l—/Jl(sll)G?fg(SQ,sll)dsll
2 Yy ~I
= —iw [Eos, (s )— zia(s2)J2(s2)] , (11b)
< )/Jg s3)[G, (33,33)+G53 (s3, 85)| dsy=—iwHos,(s3). (11c)

Here valg (s1,2, 5’1(2)) and Gu9Hs(ss, s5) are the tensor Green’s
functions components for a rectangular waveguide and half-space above
the plane [3,4], s = —Lj and s9 = — Ly are coordinates of the vibrator
mirror images, relative to the lower broad wall of the waveguide [4].

The equations system (11) was solved by the generalized method of
induced EMMF [12, 13], using approximate expressions for the currents
Ji2)(s12)) = J?(g)f1(2)(51(2)) and Jz(s3) = J3fs(s3). Here J?(g)
and JY are unknown current amplitudes, fie)(51(2)) and f3(s3) are
distribution functions, obtained by solving equations for currents in
a single vibrator and a slot by averaging method [21,22]. For the
vibrator-slot structure excited by fundamental wave Hpy according
o [13], we have

fi(s1) = cos k1si — cos ki Lq, (12a)
fa(s2) = cos koso — cos ko Lo, (12b)
f3(s3) = coskss — coskLs, (12¢)
- 27 L2
where kyg) = k — Zoﬂlll((;)) Z?lv(z) — ﬁ Lf Zi1(2 )( ())dsl() are
length-average values of the vibrator internal inla(lz))edance [4,23], Do) =

2 11“(21?1(2)/7”1(2))

According to the generalized method of induced EMMF, we
multiply Equation (11a) by the function f;(s1), Equation (11b) by the
function fa(s2), and (11c) by the function f3(s3). Then we integrate
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the resulting equations over the vibrators and slot lengths and arrive to
a system of linear algebraic equations relative to the current amplitudes
J?’Q and J3
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- k . T =
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In the formulas (14), (15) e, = { ky = "%, ky ="k, =

2’ n 7& 0" “a

\/ k2 4 k2 — k2, m and n are integers, ky = 2m/\, = \/k? — (7 /a)?,
Ag is the waveguide wavelength; Si and Cin are the integral sine and
cosine functions; Zgy(2y(s1(2)) = Rg1(2)+iX51(2)@(51(2)) are distributed
complex surface impedances, ¢(sy(9)) is the prescribed functions, d. =
de™ % is equivalent slot width which takes into account a wall thickness

h of the waveguide [3], Hp is the amplitude of incident wave.
The analytical solution of equations system (13) can be written as

0o_  w E\(Zy + F§) — E2Zy9 __Zﬂjo
! 2k (Z11 + Ff)(Za2 + F§) — Zo1Z12 2k
0 w E2(Z11 + Flz) - E1Z21 W 20
Jy = —— ~ Z =——Js, (16)
2k (Zy1 + F7)(Zog + F5) — Z91Z12 2k
3= 7557 =57

Final expressions for the currents can be readily derived using (12)
and (16) as

W ~ -
Ji2)(81(2)) = _ﬁ‘]?@) (cosky(2)81(2) — cosky(a)L12)),
, (17)
_w
2k
Energy characteristics of the vibrator-slot structure: reflection
coefficient S71, transmission coefficient Si2, and power radiation

coefficient |Sx|? are defined by the following expressions

[ 282 f2 2
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J3(s3) = JY(cos ksz — cos kL3).
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5. NUMERICAL RESULTS

We perform a numerical analysis for a three-element vibrator-slot
structure and compared its energy characteristics with that of a single
radiating slot (without vibrators) and a structure consisting of a slot
and a one vibrator. We have used three different distribution functions
defining the imaginary part of vibrator impedance [4,13]: ¢o(s1(2)) =

L, ¢1(s12)) = 2[1 — (s12)/Lae))] and ¢a(si2)) = 2(s12)/La))-
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Figure 2. Energy characteristics of vibrators-slot system versus
wavelength at g1 = a/8, Zg1 = 0, Zgo = ikraIn(4.0).
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Analytical expressions for the functions Ff(Q), obtained by (?7?) for

each distribution functions, are presented in [13].

Figures 2-5 show the wavelength dependences of the radiation
coefficient, moduli of the reflection and transmission coefficients in
the wavelength range of the waveguide single-mode regime, obtained
using the following common parameters: a = 58.0mm, b = 25.0 mm,
h = 0.5mm, r12 = 2.0mm, L1 = 15.0mm, Rgy) =0, d = 4.0mm
and 2L3 = 40.0mm. The choice of slot dimensions was stipulated
by its natural resonance at the average wavelength of the waveguide
frequency range A\3* = 86.0mm. The dimensions of the vibrators
have been selected so that their resonant wavelength was within the
waveguide operating range. Here we present the results only for
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Figure 3. Energy characteristics of vibrators-slot system versus
wavelength at zo1 = a/8, x02 = 7a/8, Zsi(s1) = ikriIn(4.0)¢1(s1):
17— ZSQ = ik?"gln(4.0); 2 — ZSQ(SQ) = ik"l“zhl(4.0)¢2(82); 3 —
Zgo = 0; 4 — slot and one vibrator; 5 — single slot.
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Figure 4. Energy characteristics of vibrators-slot system versus
wavelength at xzg1 = a/8, o2 = 15a/16 (asymmetrical positions of
vibrators), Zgi(s1) = tkriIn(4.0)¢1(s1): 1 — Zgo = ikryIn(4.0);
2 — ZSQ(SQ) = ikrg ln(4.0)q§2(82); 3 — ZSQ = 0; 4 — ZSQ(SQ) =
ikraIn(8.0)¢1(s2); 5— slot and one vibrator; 6 — single slot.
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vibrators with inductive impedances (X S1(2) > 0), known to increase
the vibrator electrical length, i.e., to increase A\1% as compared to case

Z s1(2) = 0, without decreasing a distance between the vibrators ends
and the upper broad wall of the waveguide. This is very important for
increasing the breakdown power for waveguide device as a whole.

As might be expected, the curves |Sx|?()\) for different distances
between the two vibrators and for single slot are practically coincide
(Figure 2). That is, if the interaction between the slot and the
vibrators is absent, the radiation coefficient of the slot-vibrator system
is determined by the slot dimensions. Obviously, the polarization
isolation between the slot and vibrators is realized and for other
impedance distribution functions. Therefore, in Figures 3, 4 we present
the curves |S11|(A) and |Si2|(\) only inside the waveguide. As follows
from the plots in Figures 2—4, the passive vibrators with variable
surface impedance can significantly change [S11](A\) and |Si2|(N) as
compared to that for single slot and a slot with one passive vibrator.
Therefore, there arises a possibility to optimize the waveguide-slot
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Figure 5. Energy characteristics of vibrators-slot system versus
wavelength at xg1 = a/8, Zs1 = 0, o2 = 7a/8: 1 — Zgy =
ikraIn(4.0); 2 — Zga(s2) = ikra1n(4.0)¢1(s2); 3, 4 — experimental
data (corrugated metallic conductors [12,13]); 5 — single slot.
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radiator matching at a given wavelength and to implement a one-
way (input or output) signal filtering required for electromagnetic
compatibility.

Comparison of the theoretical and experimental results shown
in Figure 5 confirms reliability of the proposed method for analysis
of multielement vibrator-slot structures and applicability of the
generalized method of induced EMMF using approximation functions
for the currents in a single impedance vibrator and a single slot
obtained by averaging method.

6. CONCLUSION

The approach to the electrodynamic problem solution for the vibrator
slot system which has been proven in [12,13], was extended to
multielement vibrator-slot structure. The problem of electromagnetic
fields excitation in the two electrodynamic volumes by finite-
dimensional material bodies was formulated in the most general form.
For the three-element structure, consisting of the two material bodies
and the hole, the general problem was reduced to the system of
two-dimensional integral equations for the electric current on the
material bodies and the equivalent magnetic current in the hole. In
the assumption of the electrically thin structural elements, physically
correct transition from two-dimensional integral equations to the
system of one-dimensional equations for the currents in the narrow
slot and on the impedance vibrators with irregular electrophysical and
geometrical parameters was made. The system of one-dimensional
equations was solved by a generalized method of induced EMMEF.
However, this method allows to find approximate analytical expressions
for currents in a vibrator-slot structure with a small number of
elements. The analytical solution of the equations system was
obtained for the structure, consisting of vibrators with variable surface
impedance and transverse slot, cut in the broad wall of the rectangular
waveguide. Next, we examined the system where the vibrators are
located in the waveguide cross section perpendicular to the slot axis.
For this configuration, the equations system can be simplified since the
interaction between the vibrators and the slot is absent and they are
decoupled by polarization. The accuracy of the solution was confirmed
by a good agreement between the calculated and experimental results
for energy characteristics of the structure. Therefore, this numerical-
analytical method may appear to be useful to study the properties of
more complex multielement vibrator-slot structures. The possibility
to control the reflection and transmission coefficients of vibrator-
slot structure by the use of passive vibrators with variable surface
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impedance has been shown. This structure can be also used as a
separate waveguide device.

REFERENCES

1.

2.

10.

11.

Elliott, R. S., Antenna Theory and Design, John Wiley & Sons,
Hoboken, 2003.

Weiner, M. M., Monopole Antennas, Marcel Dekker, New York,
2003.

Nesterenko, M. V., V. A. Katrich, Y. M. Penkin, and
S. L. Berdnik, Analytical and Hybrid Methods in Theory of Slot-
hole Coupling of FElectrodynamic Volumes, Springer Science +
Business Media, New York, 2008.

Nesterenko, M. V., V. A. Katrich, Yu. M. Penkin, V. M. Dakhov,
and S. L. Berdnik, Thin Impedance Vibrators. Theory and
Applications, Springer Science + Business Media, New York, 2011.
Butler, C. M. and K. R. Umashankar, “Electromagnetic excitation
of a wire through an aperture-perforated conducting screen,”
IEEE Trans. Antennas and Propagat., Vol. 24, 456-462, 1976.

Harrington, R. F., “Resonant behavior of a small aperture backed
by a conducting body,” IEEE Trans. Antennas and Propagat.,
Vol. 30, 205-212, 1982.

Halpern, B. M. and P. E. Mayes, “The monopole slot as a two-
port diversity antenna for UHF land-mobile radio systems,” IEEE
Trans. Vehicular Technol., Vol. 33, 76-83, 1984.

Hsi, S. W., R. F. Harrington, and J. R. Mautz, “Electromagnetic
coupling to a conducting wire behind an aperture of arbitrary size
and shape,” IEEFE Trans. Antennas and Propagat., Vol. 33, 581—
587, 1985.

Yang, S. and V. F. Fusko, “Steered coupled-cavity-backed
Hertzian dipole array,” IEEE Trans. Microwave Theory and Tech.,
Vol. 47, 2049-2051, 1999.

Wongsan, R., C. Phongcharoenpanich, M. Krairiksh, and J.-
I. Takada, “Impedance characteristic analysis of an axial slot
antenna on a sectoral cylindrical cavity excited by a probe using
method of moments,” IFICE Trans. Fundamentals, Vol. E86-A,
1364-1373, 2003.

Park, S., J. Hirokawa, and M. Ando, “Simple analysis of a slot
and a reflection-canceling post in a rectangular waveguide using
only the axial uniform currents on the post surface,” IEICE Trans.
Commun., Vol. E86-B, 2482-2487, 2003.



252

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Penkin et al.

Nesterenko, M. V., V. A. Katrich, Y. M. Penkin, S. L. Berd-
nik, and V. L. Kijko, “Combined vibrator-slot structures in elec-
trodynamic volumes,” Progress In Electromagnetics Research B,
Vol. 37, 237-256, 2012.

Nesterenko, M. V., V. A. Katrich, D. Y. Penkin, S. L. Berdnik,
and V. L. Kijko, “Electromagnetic waves scattering and radiation
by vibrator-slot structure in a rectangular waveguide,” Progress
In Electromagnetics Research M, Vol. 24, 69-84, 2012.

King, R. W. P. and G. H. Owyang, “The slot antenna with coupled
dipoles,” IRE Trans. Antennas and Propagat., Vol. 8 136-143,
1960.

Papierz, A. B., S. M. Sanzgiri, and S. R. Laxpati, “Analysis of
antenna structure with equal E- and H-plane patterns,” Proc.
IEE, Vol. 124, 25-30, 1977.

Ito, K., N. Aizawa, and N. Goto, “Circularly polarized printed
array antennas composed of strips and slots,” FElectron. Lett.,
Vol. 15, 811-812, 1979.

Morioka, T. and K. Hirasawa, “Reduction of coupling between two
wire antennas using a slot,” IEFICE Trans. Commun., Vol. E80-B,
699-705, 1997.

Morioka, T., K. Komiyama, and K. Hirasawa, “Effects of a
parasitic wire on coupling between two slot antennas,” IFICE

Trans. Commun., Vol. E84-B, 2597-2603, 2001.

Zhang, M., Z. X. Shen, and Y. L. Guan, “Dual-feed cavity-
backed slot antennas,” Journal of Electromagnetic Waves and
Applications, Vol. 24, No. 1, 13-23, 2010.

Wang, C.-J. and Y. Dai, “Studies of power-combining of open slot
antenna array,” Progress In Electromagnetics Research, Vol. 120,
423-437, 2011.

Nesterenko, M. V., “Analytical methods in the theory of thin
impedance vibrators,” Progress In Electromagnetics Research B,
Vol. 21, 299-328, 2010.

Nesterenko, M. V. and V. A. Katrich, “The asymptotic solution
of an integral equation for magnetic current in a problem

of waveguides coupling through narrow slots,” Progress In
Electromagnetics Research, Vol. 57, 101-129, 2006.

Nesterenko, M. V., V. A. Katrich, S. L. Berdnik, Y. M. Penkin,
and V. M. Dakhov, “Application of the generalized method of
induced EMF for investigation of characteristics of thin impedance

vibrators,” Progress In Electromagnetics Research B, Vol. 26, 149—
178, 2010.



