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Abstract: The work contains a detailed analysis of the electromagnetic field originating from a point
source placed above the layered structure. The surface impedance of the multilayer dielectric
structure was determined. Based on the boundary conditions, a method for determining the surface
impedance of a layered structure with a perfectly conductive screen and or a magnetic screen is
presented. The resonance conditions and the conditions for the excitation of surface waves are
derived. The integral expression defining the generalized impedance was analyzed with a view to
adapting it to numerical implementation. This allowed the development of a computer program
based on which calculations were made of the effect of excitation of waves on multilayer dielectric
substrates.
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1. Introduction

Printed antennas have been one of the most innovative fields of antenna technology for over a
dozen years. In the early 1950s, radiation from strip lines and microstrip lines was observed.
However, from the point of view of the use of transmission lines, it was an undesirable phenomenon,
so apart from a few articles suggesting its use in the construction of antennas, it did not arouse much
interest. Only Munson’s article [1] showed that microstrip antennas can have practical applications.
In 1979, the first international conference was held in La Cruses, devoted to a comprehensive
approach to antennas on dielectric substrates, i.e., materials, construction plans, configuration
systems and theoretical foundations.

Microstrip antennas have many interesting features, such as:

e  accurate representation on the surface,

e low manufacturing cost,

e  high repeatability of workmanship,

e  insignificant volume,

e masking the operating frequency,

e simplicity of production provided that relatively advanced technologies are used,

e flat shape and low mass allow the use of dielectric antennas on fast flying objects without fear
of deterioration of their aerodynamic properties.

Microstrip antennas are characterized by many interesting features. However, the single- or
multi-layer dielectric substrate used favors the excitation of surface waves, outgoing waves, and
guided waves, which propagate along the dielectric plane and disrupt the normal operation of the
antenna.

Other disadvantages of microstrip antennas are:

e  narrow operating band,
e  limited power load.

These antennas allow for miniaturization of the antenna system, thus increasing its density. This
causes mutual couplings that change the field distributions on aperture antennas and current
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distributions in linear antennas. This state of affairs, in turn, causes a change in the spatial
characteristics of the antenna radiation and their input impedance.

The basic design of a microstrip antenna consists of a metallic strip printed on a thin, grounded
(shield) dielectric substrate [2,3]. A single element can be powered by: a coaxial line run
perpendicularly through the substrate (coaxial probe fed antenna) [4,5] or a microstrip line run on a
dielectric substrate in the plane of the antenna [6,7]. This is particularly important when
implementing planar antenna arrays (periodic antennas) due to the possibility of achieving high
repeatability of execution and reducing production costs.

The first studies and publications concerned single radiating elements, which have large
transverse dimensions of the antenna radiation characteristics and, therefore, small antenna gain.
These defects can be removed by using periodic antenna arrays, taking into account their mutual
coupling (through their mutual impedance).

There are several methods for determining mutual couplings in the periodic antenna wall.
Among them, the mutual impedance method is a commonly used method. Within this approach, it
is assumed that the antenna supply currents clearly determine the current distribution on the antenna
dipoles and hence its radiation field (or scattered field) Es. We use the method of moments to
determine these currents. Using the method developed by Richmond [8] for obtaining the elements
of the impedance matrix based on the concept of reaction between sections of the base and testing
functions. The power supply currents and voltages at the input of one antenna element (cell) are
related to their counterparts at the input of the other antenna element through the mutual impedance
matrix of the antenna system composed of many interacting elements. Hence, the supply currents of
all system elements are related to the supply voltages of all system elements through the mutual
impedance matrix.

Therefore, to determine the mutual impedance, it is necessary to know the electromagnetic field
generated by the Hertz dipole, which leads to the need to know the Green’s function for the
multilayer dielectric structure. We determine it by solving the non-homogeneous Helmholtz
equation.

The spectral response of a periodic antenna structure placed in a dielectric homogeneous
medium depends on the antenna geometry, medium parameters, incidence angle, polarization and
excitation field geometry [17]. However, in many applications the above number of parameters
determining the operation of the antenna is not sufficient to model its desired directional
characteristics. Increasing the number of parameters of the antenna structure can be achieved by
introducing a multilayer dielectric medium with a specific number of metalized periodic surfaces
placed on flat boundaries between dielectric layers.

2. Surface Impedance of the Layered Structure. Reflectivity. Transverse resonance conditions

2.1. Surface Impedance of a Layered Structure

We assume the geometry of the system and the excitation independent of the y coordinate
(Figure 1), thus reducing the issue to a two-dimensional problem
A

z source point
R=r-r’ field point

y Idi=1
v

SU i) ) ZO 5 k _r__

v
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Figure 1. Surface impedance.
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Surface impedance binds the appropriate components of the electromagnetic field tangential to
the surface z=0 according to the formula [9]
—nxXn X E(ky) = zon(ky) - n X H(ky) (1)
where:

Hy » .
z, = .|~ specific vacuum impedance z>0,
&
0

n vector normal to the impedance surface (Figure 1),
0 e
n(k,) = [_ 1/t % ] relative (relative to the medium) surface impedance z=0.
For a TM type field (E-polarization) with components H = [0, Hy, 0] E =[E,,0,E,]
from the definition of surface impedance (1) we obtain
Ey=-z,-1°-Hy, (2)
from Maxwell’s equations
E . Zo 0”11)’
¥ = —l .
kxz, @

by comparing expression (2) and (3) we obtain the differential impedance condition for the TM

problem.
aH

v

vk =0
& TN @

We assume the following form of the field at the boundary of the centers

]f[y :ei-(kx<x7k:-z) +R¢ 'ei<(kx-x+kz<z). (5)
From the condition of continuity (boundary) of the tangential components of the field in the z =0
plane, we obtain the expression for the reflection coefficient
k k- (k)
k. +k-n(k,) (6)
For a TE type field (H-polarization) with components . By definition we get
He=Y,-n"-E, (7)

R(k,) =

and from Maxwell’s equations
ﬁ . Yo &E\;}’
=j.=2.
* k & (8)
from (7) and (8) we obtain the boundary admittance condition for the TE problem

Letikonh Ey=0. (9)
Assuming the field form analogous (as for the TM problem), we obtain the reflection coefficient from

the condition of continuity in the z = 0 plane
R"(ky) =

kz—k-n"(ky)
kz+kenh(ky)

(10)

2.2. Reflectance and Surface Impedance of a Dielectric Layer Lying on a Perfectly Conductive Plane

A,

0 X
klkx’kz ‘("0

-Z,
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Figure 2. Dielectric layer with an electric shield.

We consider the TM field (E-polarization) - an even field. To determine the reflection coefficient
appearing in equations (6) and (10), it should be noted that it does not depend on the angle i in the
(%, y) plane. Thus, we can analyze the issue in the selected plane from here y = 0 from where p =
x; k,=ky k,=0.

For the considered TM field with components E = [E,,0,E,] H = [0, H,,0]
we assume the following form of the field

_ W gy {ieii'kzz + Ré(ky)e*=*  dla z> -z,
Hy (kx) =€

8-m2

. cos x(z+zy+b) —g—b<z< —2 (11)
cos xb o

From Maxwell’s equations we get:
i
w-&-&, & (12)
B { 1 for z>z,
“ le(relative) —z,—-b<z<-—2z,.

E =- :

x

(13)

Meaning that
_ . . ik,e*t*zz + Re(k,) - etkz* dla z> -z,
E.(ky) =——- — elkxx _4.x. sin x(z+zo+b)
° £ cos xb

-z, —b<z< -z (14)

where:
_ _ 2 2 72
wk) = 2k) =k ks

Equations (11) and (12) take into account the condition of zeroing of the electric field component
on the screen z=-z,-b. We will call the obtained solution an even TM field, i.e., symmetrical with
respect to the plane of the screen (perfectly conductive).

From the conditions of continuity of components in the plane we obtain:
i ky(e" 2% + RE(ky) - e™"kzZ0) = —4 f tg(x-b). (16)

Hence the reflection coefficient for the even field TM
ko+iZtg(xb) _p2ikyz  Kaknp(p)

Re(k ) = —e2tkzz . —
p(kp) kz=iZtg(x-b) kz+kn§(kp)

17)

and surface impedance
ng(ky) = —i-Xtg(x-b). (18)

2.3. Odd TE Reflection Coefficient, Surface Impedance

We consider the TE (H-polarization) odd field. We are analyzing the problem
in the plane from here x =0 p =y, k, =k,. For the considered field TE with components
E = [E,, 0,0] H=10,H,,H,]
we adopt its following representation.
etiksz 4+ R (W (k,) - etke? dla z> -z,

=~ _ Idl 1 ik
Ex(ky) = —~ﬁ'w~uo-k—ze‘ yy{ A.sin)((z+zn+b) —Zo—b<Z<—ZD (19)
sin(xb)

from Maxwell’s equations for the medium
g ok

Hy = T wwn, 0z (20)
1 dla z >z,
”_{,u —2z,—b<z< -2z 0
_ a1 g (T R (ky) e ) ik,
Hx(ky) =—i- P k—ZGLA vy A. X cosx(z+zo+h) . (22)
u sin(x-b)
Considering the condition of zeroing of the electric field component Ex on the screen z =
—2zy band the continuity of the electromagnetic field components Ex, Hy in the plane z = —z,, we
obtain

(ei*zZ 4 RI(k,))e ka7 = 4 (23)
ik (—e*the? 4 R (ke %) = A- Lo ctg(x - b) .(24)
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Hence, the reflection coefficient for the odd field and TE polarization is described by the
relationship.
h _ 2z kel (kp)
Rn(kp) = eZL Zsznz(kl; (25)
and surface admittance

niky) =% ctg(xb) . (26)

2.4. Reflection Coefficient for TE Field (H-Polarization) Even Field, Surface Impedance
We analyze the issue in the plane, hencex =0, k,=0,stad p=y, k, =k,

4>

=

Z,-b-b,
2 L
N magnetic screen

Figure 3. Dielectric layer with a magnetic screen.

For the considered TE field with components: E = [E,, 0,0] i H =[0,H,, H,] We adopt
the following representation.

5 L Sy etiksz + R (k,) - e'kz” dla z> -z, .
= —_— W " .
x( y) Py Ho Xy L cos x(z+20+b) —z2,-b<z< -z, (27)
cos(x-b)
from Maxwell’s equation for the medium
~ i CE,
H =-—
W ppy (28)
1 zZ> -z
M_{Mr Zo—b<z<z,. (29)
In numerical calculations, we assume p=1 for a perfect dielectric
7 (k Coral etkyy tetthe® + Ry (ky) - e dla z> -z, 20
= -] — ¢ — .
y(ky) o |4l LA o (30)
I cos(x-b)
Considering the condition of zeroing of the magnetic field component on the screen z = —z, —
band the continuity of the electromagnetic field components Ex, Hy in the planez = —z,, we obtain

ei'kz‘z + Rg(ky) =A , (31)
i ky(—e"*=7 + Rl (ky) -e"he7 = —A - ;_( tg(x-b) . (31)

Hence, the reflection coefficient for the even TE field is described by the expression

z'Z M — p2ikyz kZ—k‘nlz;JL‘(kp)

Rh — eZ‘i-k —
4 kz=i40tg(xb) Jez+leng-(ep)

(32)

and surface admittance
mylkp) = =% tg(x b) . (33)

2.5. Reflection Coefficient for the TM Field (E - Polarization), Odd Field, Surface Impedance.

Carrying out analogous considerations as in the previous points, we obtain:

e _ _ 2ikyzKzeknh (Kp)
RE = —e?tkz PO (35)

nalk,) =1-%-ctg(x-b).  (36)
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2.6. Transverse Resonance Conditions for the Dielectric Layer on the Screen - Surface Wave Poles for the TM
and | TE Fields

Zeroing of the denominator of the reflection coefficient R(k,) for a specific polarization and field
symmetry
k,+k-n*™(k,) =0 (37)
gives us the condition for transverse resonance of the dielectric layer, now treated as a
waveguide structure. The solution of this condition determines first order pole type singularities in
the integral expressions in the field representation. Singularities of this type located on the physical
Rieman lobe Im(k:)>0 correspond to surface waves carried by an open waveguide structure. For H
polarization we obtain the following resonance conditions for the even part of the field
kz—i-;—(-tg()(-b) =0 (38)
for the odd part of the field
kz+i-i—(-ctg()(-b)=0. (39)
For E- polarization for the even part of the field
k;—1i-Z-tg(x-b) =0 (40)
for the odd part of the field
kp +i-Z-ctg(x-b)=0. (41)
The occurrence of this phenomenon should be taken into account when analyzing linear
antennas on a dielectric substrate.

2.7. Reflection Coefficient, Surface Impedance for the Dielectric Layer at a Distance b from the Perfectly
Conducting Plane (Screen)

We analyze the system presented in Figure 4. We consider the TM field (E polarization), an even
field with a component E = [E,0,E,]  H = [0,H,,0].

layer 1 gy okl kg

d 3
iz Iayer 2 ool S K, K K
-Z,-b Ia}yer 3 5 .ty g ¢ b, ;?‘;_,j
2, -b-b layer 4 ooty s K, K g

Figure 4. Multilayer dielectric structure with an electric shield.

We analyze the problem in the y=0 plane, hence p=x, k~k,. We assume the following field

representation H

(1+ R®(ky)) - etkz2 zZ > -z,
—e~tkzz 4 Re(k,)) - elka? —2y<z<0
~ rdl g
Hy (ky) = @el s %{sinx(z +2zy+b)—f(ky)siny(z+2)} —z,—b<z< —20(42)
Ak f () SRzt —zy—b—b <z<-z—b.

cos(kz-b)
Using Maxwell’s equations for medium III

N i 4
Ek)=——""""7

wes (43)
we designate:


https://doi.org/10.20944/preprints202402.0900.v1

Preprints.org (Www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 February 2024

doi:10.20944/preprints202402.0900.v1

7
i k,(1+Re(ky))- elkzz z> -z,
. ikz[e_i'kz'z + R(k,)] - elkzz —2z,<z<0
—i-I-dl-etxX _
E.(ky) = T A(kx)[){cosx(z+zz;b(;£)(kx)x cos x(z+z9)] 2, —b <z <—z (44)
kzsinkz(z+zg+b+bq)
A(k,) - fky) - costhabD) —zZy—b—b; <z<-z-Db
where:

=X . lx. b)) —k. - k.-b -

)= mon G ctg(x - b) — ks - tg(k, - by

(45)
Taking into account the continuity of the field H R Ex in the i planez = —z, — band z = z,,
we obtain an expression for the reflection coefficient

R(k,) =—e¢ 2 .—k]z kk ! )
: +hkn(k,) (46)
and surface impedance
Bk, =
Ty + 1y (47)
where: are 1, and n;, described by dependencies (18) and (36), respectively

. kg
nop(kp) =—l- - tg(k; - by). (48)
The condition of transverse resonance is expressed by the following relationship:
k )k, +k-n))+mn.(k +k-n,
kotk = Mo (K, )k, )+ 1, (k. ) (49)

n, +1,

2.8. Reflectance and Surface Impedance of the TE Field (H-Polarization) Even Field

We analyze the system shown in Figure 5

A-

¥

g
&

'
]
N

o

-Z5 -0 -0,

R L o s

magnetic screen

Figure 5. Multilayer dielectric structure with a magnetic screen.

We consider the TE field - an even field with components E = [E,,0,0] i H = [0, H,, H,]

We assume the following field representation p=y, k~k,. We assume the following field
representation Ex(ky)

(1+R"(ky)) - e=*

z> =z,
N oy _e—iAkz-z + Rh(ky)) . ei-kz-z -z, <z<0
F =L £ in y(z+2z0+b)—g(ky) sin y(z+
Ex(ky) = ;3 Wi X A(ky) {sin x(z+20 S)mf;;;) sinx(z+z0)} 2,—b <7<~z (50)
cos kz(z+zg+b+bq) _ o o
A(ky) - g(ky) - LI Zo—b—b <z<-z—b.

They use Maxwell’s equations (28) to calculate the area H L(k)
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ik, (1+R"(kyy)) - elkzz z> —2z,
i ik [e”"*z % 4+ R (k)] - etFa —2,<z<0
~ —iI- K
Hy(kyx) _ 81;«;1 e . A(ky)){COS){(Z'*‘Zo'*.‘b)—g(kyx)X cos x(z+zq) —zy— h<z< —2, (41)
sin(x-b)
kzsinkz(z+zg+b+b) _ o o
A(ky) - g(ky) P Zo—b—b <z<-z-b.
where:
X X _
90ey) = 2= L {ctg(x - b) — k, - tg(k, - b)Y (52)
Taking into account field continuity H i E in the planez = —z, — b i z = z, we obtain an
expression for the reflectance coefficient
Rh(k ) = gt2ikszo . _kz_k‘nh(kp) (53)
P kz+kn(kp)
and surface admittance of the surface structure
h
h k — nh. Np+op 54
M) = mlt - T (54)
The resonance condition is expressed by the following relationship:
kz +k- nh — ﬂnp(kz"'k"?%)‘*"h]%(kz"'k‘ng) =0. (55)

77#‘”70;7

2.8. Reflectance Coefficient and Surface Impedance for TE fields (H - Polarization) Odd Field and TM Fields
(E - Polarization) Odd Field

Carrying out the considerations as in the previous section, we obtain an odd field for the TE field
(H-polarization).
Reflectance coefficient

h _2ikyz kzmken"(kp)
R"(kp) =e otk ) (56)
surface admittance
h
h _ h Mptlon
=T 771’%‘”7011 (57)
where
kg
Non = l? Ctg( kz ' bl)/ (58)
= igctg(x-b),  (59)
np = —itg(x-b). (60)
Resonance equation
oh ﬂnn(kz‘*‘k"hl%)""h’%(kz‘*k‘ﬂg)
k,+k-n"= . — (61)
and for E polarization
k. —k-n"(k,)

Re(k ) — e2i~k:~zo -
s k,+k-n (kp) (62)
surface impedance
L M,

n=n_
Ty + Ton (63)
where: 77, , 77;, 7, are described by dependencies (58), (18) and (26), respectively. And the
resonance equation has the form:

kz +k- ne — ﬂnn(kz‘*‘k‘ﬂs)‘*'ﬂﬁ(kz"'k‘n;) =0. (64)

N5 +7on

3. Distribution Coefficients Generalized Impedance zmx:

There are two complementary approaches to the analysis of an antenna structure placed in a
dielectric homogeneous medium. In the first, the composite antenna system is analyzed by
constructing supermodes of the entire structure, in the second, the system is considered as a cascade
assembly of flat discrete elements, i.e., boundaries between two dielectrics, periodic metalized planes
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and dielectric layers [10,11]. The second approach leads to the definition of the scattering matrix,
transmission or impedance of the entire structure by cascading appropriate matrices assigned to
individual discrete elements of the antenna structure. It is particularly useful in modeling dielectric
multilayer antenna walls, where the stored data regarding one planar antenna element can be
repeatedly used in the analysis of various antenna systems with modified parameters of other
discrete elements of the structure [18,19]. We consider the composite periodic antenna structure
shown in Figure 6. The system consists of many layered elements limited at the top and bottom by
half-spaces (upper and lower) of homogeneous dielectric media. The third axis (y) of the orthogonal
coordinate system (x,y,z) is perpendicular to the drawing plane. The basic components of the
structure are: a metalized, infinitely periodic in the (x, y) plane, an antenna surface, a boundary

between two dielectrics and a homogeneous dielectric layer.
z ¥
d.

IS

VS tig e
yadddA i

; Jﬂn?a ;
IILLLLLI I
Wty
V227 /////

E1 Hi

gy

s H
[ E. .

Figure 6. Plane periodic antenna structure infinite in the (x,yy) plane, multi-layer structure.

After determining the Green’s function for the adopted form of the base current, further
considerations come down to presenting the generalized impedance in the form of a double integral,
where the integrating function will be presented in an explicit form [12]. We obtain the following
expression describing the generalized impedance Zin =
— @) L S S S S SR (6 (e = iy = e )IF U G = ]

CF[, (ke — kD] - F[J, (k)] Ckx—ka)xm= ot (ly=keyym=tleyyntilx+ikyy gt dle!, dke,, dk dydx  (65)

The integral described by expression (66) converges slowly, moreover, it contains poles related
to the occurrence of a surface wave and requires great caution when calculating in the vicinity of the
source [20]. There are two ways to calculate the integral. When calculating in the spatial domain, the
spectral variables kx and ky are converted into variables in the polar coordinate system¢ and K. Using
the properties of the spectral Green’s functions, integration over the variable ¢ is performed
analytically. The integral (66) therefore reduces to the form:

L3, 0 8 0y ImGOG (6, Y, %0, Yo, K)Jn (%o, Yo)dK dyodxodydx — (66)

By integrating the function G over the variable K, we obtain the field at point (x, y) produced by
the source placed at point (xo, o), hence the method is similar to the standard method of moments
used to solve linear antennas [13] and can be used in calculations previously learned and developed
techniques (e.g., use of Toeplitz matrix symmetry). The main inconvenience of this method, which
makes the calculation of antennas with very thin substrates very difficult or even impossible, is the
singularity that occurs when the point (x,) approaches the source in the integration process. Despite
this, it is used by some authors [14].

The second approach to calculating the integral requires moving to the spectral domain. The
integration over the spatial variables in (66) can then be performed analytically. Occurrence.
exponential factors means the Fourier transform of the functions J» and J.. Then the integral (66)
reduces to

J5 S5 Fu(ky ky))G (K ey ) Ey (K, ky)dkydke,  (57)
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where Fn and F» are the Fourier transforms of the basis and test functions, respectively.

This integral is calculated numerically, but it is the most time-consuming process due to the slow
convergence of the integral [15,16]. Slow convergence is caused by the fact that the singularities of
the integral in the spatial domain have been removed by converting the domain to a spectral one and
have become “scattered” in this domain. Calculating the integral (66) in the spectral domain allows
it to be easily extended to the case of an infinite array of antennas [21]. Further analysis is carried out
in the spectral domain.We wzorach tych are the reflectance coefficients described by the relations:

e  for single-layer system (18, 26, 33, 35)
e for a multi-layer system, dependencies (18, 26, 33, 36, 48, 58)

In the above expressions (based on the solution of equations (38+41), the quantity k: may assume
purely imaginary values. This is due to the fact that the dielectric substrate is non-lossytg § < 10™*
But the size &, 1o, & W Xm — Xn- Ym — Yn keg, knk, Ly, b, i @ are real, non-negative parameters that
change discreetly within certain ranges.

We will now examine the behavior of the integrand functions in the above formulas. Studies of
the integrand functions appearing in the formulas indicate the existence of singular points of the type

- branches for:
JE =k =k2=0 K-k - k2 =0
Y or YT (68)
- apparent pole for:

k; -k =0 (thisis a removable singularity)
- isolated poles (which may occur)

s\/kz—k,%—kf,—\/kznz—k;—@ 2iby [K2n—K2—k2
1 n—ky—k
for 1+ e Y =0(69)

2 2 2 2
sJkZ—kx—ky+Jk2n2—kx—ky
or

u\/kz—k;—k;—\/kznhk%—k; 2iby [e2n—k2—K2
for 1- e =0 (6)

u\/kz—k,zc—kfﬁ\/kznz—k,zc—k}z,
hence, after transformation, we get that for
2 2 2
k*—ky—ky;>0 or  k*n®—ki—kj <0 7)

poles do not exist.
It is possible for a pole to occur only for

(k) k2= k2> 00 k> —k; —k; <0 (k< |/RZ+KZ| < kn) (8)

In order to determine the value of isolated poles for R ; and R ,};, the relationship should be

s\/kz—k,%—kf,—sznz—k,%—kf, 2iby [K2n—K2_k2
1 n—ky—k
Rp:1+ e V=0 )

2 2 2 2
sJkZ—kx—ky+Jk2n2—kx—ky

RM1— u\/kz—k%—kfz—\/kznz—ki—kfz RN e (10)
u\/kl—k;—k§,+\/kzn2—k§—k§
From the above it follows that if
a)k* —ki—k; >0
b) k*n* — ki — k; < 0}
¢) k*—ki—kj<O0ik*n*—kZ—k;>0
If conditions a) and b) are met, the poles do not occur, but if condition c) is met, then the
necessary condition for the presence of poles is met.
Let us therefore examine the sufficient condition from the condition mentioned above (74) point.

c it follows that:
JkE k] |<kn (12)

For the situation under consideration, the equations will be written in the form:

examined:

(11)

k <
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is\/k,%+k}2,—k2—\/k2n2—k§—k§, 2ibs [K2n2—K2—K2
1 ne—kx—k
1+ e V=0 (13)

isJk§+k§—k2+Jk2n2—k§—k§

"P‘J"ch’f"fl‘kz‘\/"znz—k?c—"; 2ib, |k?n2—kZ-k3
RM1— e TV =0 (14)
iqu§+k§—k2+Jk2n2—k§—k§
Hence, after transformations we have:
2 2 2
1+ez,<m,g{5\j k; + ky -k Jeb‘b,, Kt okl-k) _ 0 (15)

K~k -k

s

or

' 2 2 2

1_672iarctg ’u kx +ky _k eZinkznz—kf,—kf —
2_2 2 2
Kn? =k -k

For a multilayer system, the equation determining the singularities (poles) of the function takes

the form:-
dla R® - o
tgx b, = i 1)
(x2+e |kZ|2)<1+;(2%:Z:2>e—2bzlkzl
N k,% = x° is a singular point: k? < x¢ < k% -n?
- for R" > o
2xlkzlu
b = (xz+u2|kz|2)(1—ﬁ+§::§:z)e—2b2”‘2' )

= k2 = x" is a singular point: k? < x" < k?-n?|k,| = |\/k2Z — k?|
The remaining patterns remain as for a single-layer system.

The appropriate branches of the elements are specified in individual ranges
in the following way:1°

dla k2 > k*n* > k? k, €(-00,kn)Ukn,+ 0 k, = +i [k —k? x = +i\[kZ — k?n?
_Zz\/ﬁ Zb\lkz k2n2+n6h
—2b |k} —k2n? (18)
1+nene p
£ /kz k2— [kZ—k2n? p |k5—k?- /kg—kznz
Jkp k2+Jk2—k2n2 B qu,%—k2+Jk§—k2n2
20 for k’n? > kﬁ > k? k € (—kn,-k) VU (k,kn) k, = +i,/k2 — k2 k = +i/k?*n? — kﬁ
goh _ZZW Zlb k2—k2n2+n8h
2b [k —k2n2 ( O)
14+nene p

ie [kf—k2— /k2n2 k3 im /kf,—kz— k2n2-k2

Lssz—k2+Jk2n2 k3 = iqug—k2+Jk2n2—k§
30 dla k*n?> k?> k2 k, € (—k,+k) k, = £i\Jkj — k? k = xi\/k*n? — k}
god = —2z\/ﬁ Zlb k2—k2n2+n8h

(19)

21

22
2b |k§—k2n? 22)
1+nene
€ /kz kZ— [k2n2-k3 b k2—kZ- /kznz—kf,
= (23)

Ny =
sz K3+ sznz k3 quz—k§+Jk2n2—k§,

Numerical analysis of submitted above expression was made. Results of calculation for typical
dielectrics are shown in Figure 7.
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Figure 7. Distribution of singular points with thickness of dielectric layer.

Conclusions

Microstrip antennas combine field and peripheral issues and require the use of analytical
methods with a high degree of complexity. Therefore, at present, there are no standard methods that
can be used in engineering practice. The work is a step towards filling these gaps. It covers all issues
related to the analysis of coupling of arbitrarily placed linear antennas on a multilayer dielectric and
generalizes the obtained results to antenna arrays.

The problem was reduced to an exact solution of the Hertzian dipole radiation for a layered
system. The obtained solution was used to synthesize a solution for the case of finite dimensions of
the antenna, using the standard formalism of Green’s functions, representing the field coming from
a point source. These functions satisfy the inhomogeneous Helmholtz equation, the Sommerfeld
radiation condition and the appropriate boundary conditions. Using Fourier transforms and their
properties, an analytical expression for the generalized impedance was determined in the form of a
double integral. Due to the fact that there are singular points in the integrand function, the behavior
of this function was examined. The conditions for the generation of surface waves were determined.
Surface waves in microstrip antennas can be eliminated by selection of base type. It can be done by
minimization of b/, proportion. Even three-layer dielectric system causes minimization of this
proportion but it requires high-guide work. Condition of surface waves minimization is at variance
with the antenna bandwidth requirements.
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