Progress In Electromagnetics Research B, Vol. 63, 275-288, 2015

Electrodynamic Characteristics of Horizontal Impedance Vibrator
Located over a Finite-Dimensional Perfectly Conducting Screen

Nadezhda P. Yeliseyeva, Sergey L. Berdnik,
Victor A. Katrich, and Mikhail V. Nesterenko™

Abstract—A problem of electromagnetic waves radiation by an impedance vibrator located over finite-
dimensional perfectly conducting screen is solved. The vibrator may have surface impedance distributed
over its length. The solution is derived using asymptotic expressions for the current in a horizontal
impedance vibrator placed over an infinite plane, obtained by averaging method. The problem was
solved provided that the diffracted fields from the edges of the screen have little effect on the vibrator
current amplitude, i.e., if the screen dimensions are comparable to or larger than the wavelength. Full
radiation fields in all observation space in the far zone were found by the uniform geometrical theory of
diffraction. The vibrator dimensions, value and type of surface impedance, removing from the screen and
screen sizes were used as parameters. The multivariable electrodynamic characteristics of the resonant
impedance vibrators placed above an infinite plane and square screen were studied. Characteristics
dependences upon the vibrator dimensions, value and type of the surface impedance, removing from
the screen, and screen dimensions were obtained.

1. INTRODUCTION

For solving the problem of diffraction of electromagnetic waves on material bodies, with characteristic
dimensions much larger than the wavelength, the concept of the diffracted rays was successfully used,
and geometrical theory of diffraction (GTD) was developed by Keller [1-3]. An analysis of the short-
wavelength asymptotics of the known rigorous solutions of the problem of diffraction of electromagnetic
waves on a wedge, cylinder, sphere has shown that an infringement of the laws of geometrical optics
(GO) occurs only in the narrow transition zones where there are excited diffracted fields. Propagation
of these fields away from the excitation region is determined by the laws of GO. Both GO and GTD
laws are local, i.e., fields on the adjacent rays do not interact. Therefore, Keller had found diffraction
coefficients using the exact solution of the model problem, which has the same local features of the
body geometry and the geometry of the incident wave front. The basic idea of this theory is that the
solution is determined everywhere, except the narrow transition zones in vicinity of the light-shadow
boundary of the GO waves as a sum of the fields satisfying the first approximation GO. However, the
GO field should be corrected by the diffraction terms corresponding to the short-wavelength asymptotic
expansion for the exact solution of the model diffraction problem. Field at any point in space (in the
Fresnel and Fraunhofer zones) outside the transition zone can be calculated using the formulas for the
edge wave fields and diffraction coefficients. The field in the transition zones (half-shadow field) is
expressed by the special functions obtained from the analysis of model problem.

The transition zones for the electromagnetic waves diffraction on bodies, with characteristic
dimensions comparable with the wavelength, are expanding. Therefore, for numerical calculation, one
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can use uniform diffraction coefficients suitable for both the far and near light-shadow boundaries of
GO waves. Thus, the GTD development can be divided into two stages: the ray representation of the
diffracted fields and uniform geometrical theory of diffraction (UGTD). Uniform diffraction coefficients
at the edge of a perfectly conducting half-plane for the cases when the source is an elementary electric or
magnetic dipole with axes parallel to the edge of the half-plane were defined in [4, 5]. These coefficients
are continuous for any angular coordinates defining the position of the source and observation points.
The matrix form of the uniform diffraction coefficient for the diffraction problem of the arbitrarily
oriented electric Hertz dipole field at the edge of the half-plane was obtained in [6, 7].

The UGTD developed in [6] for three-dimensional diffraction problems of an arbitrarily oriented
perfectly conducting half-wave vibrator field on the perfectly conducting infinitely thin finite size
rectangular screen, and on the corner reflectors of various configurations, has been used to calculate
the amplitude and polarization patterns of radiating systems. Experimental studies in the centimeter
wavelength [6,8] have confirmed the high degree of reliability of the radiation patterns calculated by
UGTD method for half-wave vibrator over the rectangular screen, with sides equal to the wavelength.

Electrodynamics characteristics of vibrators with constant and variable along their length surface
impedance distribution were studied in [9, 10]. The vibrator can be located in an unbounded material
medium and over an infinite perfectly conducting plane. It has been shown that the vibrator with
fixed geometrical dimensions can be resonant tuned using the distributed inductive or capacitive surface
impedance. Thus, the length of the vibrator can be less or greater than half of the operating wavelength.
In the present paper, on the base of asymptotic solution of the integral equation for the current in the
horizontal impedance vibrator located above the infinite plane, we will find the field of such a vibrator
placed above a rectangular screen in all observation space in the far zone using UGTD. This structure
is considered the first time and creates new opportunities for formation electromagnetic fields with the
specified characteristics. The multivariable electrodynamic characteristics of the resonant impedance
vibrators above an infinite plane and square screen were studied. Dependences of the characteristics
upon the vibrator dimensions, value and type of the surface impedance, removing from the screen, and
screen dimensions were obtained.

2. PROBLEM FORMULATION

Let us consider a radiating system consisting of a thin impedance vibrator placed over a perfectly
conducting infinitely thin rectangular screen, with sides L and W. The vibrator radius is r, and its
length is 2I. The vibrator is located at a distance h above the middle of the screen. Let us introduce a
Cartesian coordinate system XY Z, with origin O in the middle of the screen and a spherical coordinate
system R, 6, o, wherein the angles ¢ and 6 are measured from the axes X, and Z, respectively (Fig. 1).
For an arbitrary orientation of the vibrator relative to the screen, the angle between the vibrator axis
and its projection on the plane XY is v, and the angle between the vibrator axis projection onto the
plane XY andaxis X is (. In Fig. 1, the vibrators 1, 2 and 3 are directed along axes Z, Y and X,
respectively.

In accordance with the method UGTD (k — oo, k = 27/ is the wave number and A the wavelength
in free space), the field E(0,¢) of radiating system in the far zone using the primary diffraction
approximation is the sum of incident (p = 1) and reflected (p = 2) GO fields of spherical waves
E,, and the fields Ep,, of once diffracted waves excited by the incident and reflected waves at each
n-th edge of the screen (n =1+ 4), and can be presented as

2 4 2
p=1

n=1p=1

Since the screen dimensions are finite, each field has its own regions of light and shadow, whose boundary
equations in all observation space in the far zone are defined in [6]. In expression (1), shading coefficients
Xp» Xpn are equal to one and zero in the light and shadow regions of the incident, reflected and eight
diffracted waves, respectively.

In [11-13], the radiation patterns (RP) of the incident and reflected waves were calculated using
expressions for the far field of a thin perfectly conducting vibrator with sinusoidal current distribution
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Figure 1. Geometry of the problem and notations.

J(z) = Josink(l — |z|), where Jy is the current amplitude. Now, we have used a thin vibrator as a
radiator distributed along its length surface impedance. Before finding the far GO field F, and diffracted
fields Ep,, for the impedance vibrator, we will focus on determining the current distribution on the
impedance vibrator, located in free space and above an infinite plane.

3. SOLVING THE EQUATION FOR CURRENT ON A THIN IMPEDANCE
VIBRATOR PLACED IN AN ARBITRARY ELECTRODYNAMIC VOLUME

Let a cylindrical conductor (vibrator) placed in an arbitrary electrodynamic volume bounded by a
smooth surface. The radius of the vibrator is r, and its length is 2/. The vibrator is excited by the field
of extraneous sources E (), and 7 is the radius-vector of the observation point. The time dependence
is e“! and w is the angular frequency. Material parameters of media filling the volume, dielectric
permittivity and magnetic permeability, are €; and pu;, respectively.

The vibrator is characterized by distributed surface impedance, which may be non-uniform along
its length. Since the vibrator is thin, following inequalities

21 DY

hold. Here )y is the wavelength in the medium. The starting point for the analysis is a quasi-one-
dimensional integral equation for the current in a vibrator [9, 10]

<1 (2)

l
2
(% + k%) /J(S’)G;/(s, s')ds' = —iwe1 Eps(s) + iwe2i(s)J (s), (3)

Here s is the local coordinate associated with the axis of the vibrator, ky = k,/e141 the wave number

in the medium, GV (s, s’) the s-component of the tensor Green’s function of the electric type for the
volume V', Eys(s) the projection of extraneous sources on the vibrator axis, and z;(s) an internal linear
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impedance of the vibrator ([Ohm/m])
+Gy (7.7, (4)

—ikq |F—7|

where [ e‘ﬂim is the Green’s function of an unbounded space, I the unit tensor, 7 the radius-vector

of the source point, and Gy (7,7) the regular function satisfying the homogeneous equation [14]
AGY (77) + kG (7,7) =0 (5)

and guarantees, together with IG (7, 7), the fulfillment of boundary conditions on the surface volume for
the field of a point source located at 7. If S is an infinite perfectly conducting plane, the Green’s function
(4) can be constructed in two ways: by the mirror image method or by the eigenfunctions method [15].
These methods from the point of view concerning the physical interpretation are equivalent. The
advantage of the mirror image method is its obviousness, especially when V' is half-space over a perfectly
conducting plane. However, this method is not always possible to be applied to other geometries of
volume V', and practical calculations, which in many cases, leads to a relatively complex analytical
expressions. The eigenfunctions method is more general and applicable to various forms of volume V,
for example, for cylindrical waveguides and resonators [10], spherical resonators, unlimited space outside
the bodies of different configurations [16], etc. Using the eigenfunctions method we can write

e—ik“/ (s—s')2+12

1% H D
G (s,s") = CErILE + Gy (s, 8") + Gga(s, s), (6)
—ik1V/ (s—s")2412 —1 5,5’ . . . .
where £ \2 ( ,)erz = £ ];(1:;,) ) = GF5(s,s") kernel of the integral equation for the vibrator in an
S§—S8 s )

unbounded space corresponding thin wire approximation [17], the function GOHSS (s,s") corresponds to
the presence of an infinite perfectly conducting plane located at a distance h from the vibrator axis,
and the function G{) (s, s’) is defined by the waves diffraction on the edges of the screen.

3.1. Impedance Vibrator in the Free Space and over the Infinite Ideally Conducting
Plane

The solution of the equation for the current in the free space (1 = u; = 1) for z; = const was obtained
in [9,10] by asymptotic method of averaging within the accuracy of order o2, (a = m is a natural

(198} W

small parameter of the problem, || < 1). The symmetric (index “s”) and antisymmetric (index “a”)
current components, for an arbitrary vibrator excitation, have the form

J(s) = J%(s) + Js) —a— /Eos ) sink(s — §') ds’

sin k [+ s)
sin 2k1 + aPs(kr, le

/EOS ) sink(l — ') ds’

sin k: [+ s)
sin 2k[ + aPe(kr, 2kl

/EOS ) sink(l —s')ds' p, (7)
where P® and P? are the functions of vibrator eigenfield equal to

P{ f‘ }(kr, 2k1) _/l

-l

—ikR(s’,—1) e—ikR(s’,l)
+
R(s', 1) R(s',1)

e

] sink(s — s') ds’, (8)
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k=k+ila/r)Zs, Zs = Rg + iXs = 2mrz;/Zp is the distribution surface impedance of the vibrator,
normalized to Zy = 1207 Ohm.

Let us consider now the problem of the vibrator excitation by a concentrated electromotive force
with amplitude Vj in its geometrical center. The model of excitation can be represented as

Eos(s) = Egs(s) = Vod(s — 0), 9)
where (s — 0) = d(s) is Dirac delta-function. Then expression (7) for the current can be written as

w) sink(l — |s|)
2k ) cos kl + aPFs(kr ki)

19 = 7°(5) = 5 1(6) = = (10)

Using the generalized integral functions [17] and expression (2) the function PFs(kr kl) =

f _};IER(; D cos ksds can be written in explicit form:
osiy | 2Im(dl/r) — Cin(2kl + 2kl) — Cin(2kl — 2ki)
—i[Si(2Kkl + 2k1) — Si(2k — 2Kk1)]
in i Si(2kl + 2kl) + Si(2kl — 2ki) ’
—i[Cin(2kl + 2kl) — Cin(2kl — 2kl)]

PES (kr, kl) ~

(11)
<1

N —

where Si(z) and Cin(x) are the integral sine and cosine of a complex argument.
The current distribution (10) allows calculation of electrodynamic characteristics of the impedance
vibrator in free space. For example, the input impedance of the vibrator at the feed point is

Vo <6O¢/%> cos kil + aPP(kr, k1)

Zin|Ohm] = (12)

JO)  \ ak sin ki

If the vibrator is located horizontally at a distance h above the infinite perfectly conducting plane,
the function G¥I*(s, s') in formula (6) has the following form

etk (s—s")2+(2h+1)2 e—thRp(s,s")

Gis(s,s') = — S —— 13
o (%) V(s—8)2+(2h+r)? Ry (s, ) 13)
Then, the expressions for the current and input impedance of the vibrator are
ink(l —
J(5) = I f(s) = —aVp ( ) _ sink(—ls) (14)
2k ) cos kl + aPHs[k(r + h), kl]
Vo 60ik \ coskl + aP™s(kr, kl)
Zin|Ohm] = = 15
[ ] J(0) < ak ) sin kl (1)
In formulas (14)—(15) the function P75(k(h + r), kl) = %Z(;)’l) cos ksds can also be represented in
) ’
explicit form
B + 2kl . .
X cos ];/'l In m + CIH(B - 2]€l) - CIH(B + 2]43[)
PHS(k(h+r), k)| 1 ~ PP (kr, kl) — 3 —i[Si(B + 2kl) — Si(B — 2kl)] 7
e 7 [ Si(B + 2kD) + Si(B — 2kl) - 28i(4)
TSIMEL | 1Cin(B + 2kl) + Cin(B — 2kl) — 2Cin(A)]
(16)

where A = k(2h +r) and B = \/(2kl)? + A2.

Figure 2 shows the results of comparative calculations of the vibrator eigenfield functions P¥*(kr, kl )
and PH%(k(h+7), kl) by the numerical integration and by the approximate relations (11) and (16). As
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Figure 2. The functions of the vibrator eigenfield, versus the surface impedance value.

can be seen, the coincidences of the numerical and analytical values are satisfactory, especially at the
relatively low values of the surface impedance.

As shown in [13], the resonant electrical length of a half-wave vibrator with account of diffraction
effects at the screen edges coincides with the resonant length of an electric vibrator above the infinite
plane if the screen size greater than the wavelength. In our problem, we may assume that for the screen
dimensions comparable to or greater than the wavelength, the influence of the diffracted field upon the
vibrator current can be small. Therefore, the current in Eq. (6) can be found setting G§ (s, s’) = 0. The
influence of the screen edges on the total field amplitude will be taken into account by the diffracted
fields using UGTD according to Eq. (1). Further, we will use this approach.

3.2. Resonant Properties of Impedance Vibrators

Since resonances are observed, when the imaginary part of the vibrator input impedance in Eq. (12) is
equal to zero (X;, = 0), we arrive at the transcendental equation for the resonant electrical length of
the impedance vibrator in the free space

cos(l%l)res + aRePt® [k'r, (l%l)res] =0, (17)

where ReP?* is the real part of the function P¥*, defined by Eq. (11).
Let us find an approximate solution of Equation (17), expanding the unknown quantity in powers
of the small parameter «

(kl)pes = (kD)o + a(kl)y + o?(kl)y + ... (18)
2

)

Substituting Eq. (18) into Eq. (17) and equating terms of equal powers of a, up to terms of order «
we have:
(kl)res ~ >+ aReP™ (22 2) = 24 2 Isi (2m + o2 %60 ) —si(aZx (19)
res ~ 9 2179 = 9 9 r Sres r Sres .
The formula for the value of the surface impedance of the resonant vibrator in the free space, depending
on its dimensions and the wavelength, can be obtained by setting X g es ~ 211 as:

S Qr |7 Si(2m) 21
XEs =2 |2 - 2L Q=2In—. 2
Sres I |:2 ki 20 :| 9 n r ( 0)

Analogously, X g,ses for the vibrator over the plane may be presented as
s Qr|m

Si(27r)—Si(7r 1+(h/l)2+7r>—Si(7r 1+(h/l)2—7r)+28i(7r(h/l))
S’I‘ES_T E_kl_ 20

X (21)

Formulas defining specific realizations of the vibrator surface impedance are given in Appendix A.
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4. DETERMINATION OF GO AND DIFFRACTED FIELDS

4.1. Field Radiation Pattern for the Impedance Vibrator in Free Space and over the
Plane

The field RP of an arbitrarily oriented impedance vibrator in the free space (¢; = pu; = 1) can be found
by substituting expression for the current Eq. (10) into the formula for the Hertz vector potential in
the far zone and integrating it over the length of the vibrator. If the observation angle 6 is measured
from the axis Z, the RP of impedance vibrator 1, parallel to the axis Z, has the following form

cos kl — cos(kl cos 6)
(kcosf)? — k2
The RP of the vibrator oriented at an angle ¢ to the axis X, i.e., for vibrators 2 and 3 (Fig. 1), can be

presented as

Fy(0) = kksin6 (22)

- cos kl — cos(kl cos 0
Fo (0, ) = S8 H— costhlcosP) (23)
(kcos0)? — k?
where cos 6/ = sin 6 cos(p—(). For the vibrator 2 and 3 the angle  is equal to 7/2 and zero, respectively.
Taking into account of Eq. (22), the far field of the impedance vibrator 1 in the spherical coordinate
system p, 0, ¢ associated with the middle of the vibrator has only one component
JEs8Zy exp(—ik
Byoo(6) = 20 20 OPCID) ) (21)
m P
where J(f % is the current amplitude of the impedance vibrator in the free space (10).
If the impedance vibrator 1 is located at a distance h from a perfectly conducting plane, the far

field of the incident and reflected waves (p = 1,2) in the coordinate system R, 0, ¢ associated with the
plane according to the boundary condition and the expression (24) has the following form

JH Zy exp(—ikp,)
Egp)| (6,¢) = (—1)PTi=2 £
Here Jé{ % is the amplitude of current on the impedance vibrator in the presence of a perfectly conducting

plane (14), and p,, is the distance from the GO wave radiator (p = 1,2) to the observation point.
The eikonals of the incident s;,. and reflected s,.; waves are equal

F(0). (25)

] 2 (26a)

Sincref = Pp = [hQ + R? — 2Rhsin 6 cos (¢ — wop)
where ¢g, = 0 and 7 are elevation angles of the radiators p = 1,2 in the coordinate system R, 0, p. In
the far field in the dominator of Eq. (25) p, = R and the eikonals of the incident s;,. and s,y reflected
waves in the phase factor of Eq. (26a) take the form

Sinesref = R — hsinfcos (¢ — pop) - (26b)
The final expressions for the incident and reflected fields in the GO approximation when the screen is
excited by the vibrator 1 can be written, using the expressions (25)—(26b) in the form
Egyp (0, ¢) = (—1)PTLJ{15 Eg F (0) exp(ikdy), (27a)
where _
.exp(—ikR)

Ey = 601 ,  0p = hsinfcos (v — ¢op), (27b)

dp is the path difference of parallel rays passing from the origin O in the coordinate system R,0,¢ and
from the middle of the p-th GO wave radiator in the observation direction (6, ); Fj(¢) is the RP of
the impedance vibrator 1 in the free space (22).
The electric field vector for the vibrator 2 in the same coordinate system has two components [6]
Eg1,(0,0) = —JF*EoF (6, ) cos (¢ — () cos O exp (ik6)) (28a)

Ey1p(9,¢) = Jg *EoFL(8,9)sin (p — G) exp (ikdp) (28b)
where F| (6, ¢) is the RP for the impedance vibrator 2 in the free space (23); the angles (, = 7/2
(p=1), ¢ =31/2 (p=2).
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4.2. Fields of Waves Diffracted on the Screen Edges

Let us now define the fields of impedance vibrator 1 diffracted by four sharp edges of the perfectly
conducting rectangular screen. Let us introduce the rectangular proper coordinate systems (PCS)
X,Y,Z, at each edge of the screen (see Fig. 1) so that the X,, axis lies in the plane of the screen;
the axis Z,, is directed along its edge; the middle of the vibrator is in a plane X,,Y,,. In the spherical
coordinate systems Ry, 0,,, v, associated with the rectangular PCS, the angles 6, and ,, are measured
from the axes Z, and X,, respectively. A virtual diffraction radiator is allocated on each edge of
the screen in the PCS origin. The RP of the radiator corresponds to that of the edge wave which is
excited by the Hertz dipole field at the edge of the perfectly conducting half-plane. Expressions for the
components of the edge wave field in the far zone, uniform for all observation angles, are obtained using
the approximation of rigorous solutions [18] by zero terms of their asymptotic expansions on degrees of
(kp)~! in the PCS on the edge of the half-plane. Approximation expressions of field components for
the dipoles parallel and perpendicular to the half-plane edge are valid for any distance ry between the
dipole and the half-plane edge if the inequality R > ry holds.

If the n-th screen edge is excited by the vibrator parallel to this edge, the asymptotic fields of unit
edge waves excited by the incident and reflected waves (p = 1,2) in the coordinate system Ry, 0, ¢n
are the product of the GO field amplitude Eg,(0n, ¢,) in the observation direction and function T'(§n)
describing transition from light to shadow regions of the GO waves [6]

E9||pn (em Qpn) = E9||p ( n @n) (fpn) : (29)
If the n-th screen edge is excited by the Vibrator perpendlcular to this edge, the uniform approximation
of diffracted field excited by the incident wave ) has the form
Eoipn (On,0n) = Egip On,on)T (Epn) — cos 0, sin — sm('yn—@)
P ’ pATm P 7T,I€Tpn sin 6, P 2
X exp [—i (krpp sinb,, + /4 — kdy,) (30a)
/ ¥
EgoJ_pTL (Hna @n) = E(pJ_p ( ) 9071 gpn 7T]€’I”pn sin 0 COS r Sln ’an - %)
x exp [—i (krpp sin®,, + /4 — kdy,) (30b)
while the diffracted field excited by the reflected wave (p = 2), can be written as
E@Lpn (em Spn) = E@lp ( ny Spn) (fpn) Etplpn (9n7 Spn) = Etplp ( ny Spn) (fpn) . (30(3)

Here Egjp,(0n; pn); Eo1p(Onspn); Epip(On,pn) are the GO field components in the material medium
surrounding the vibrator; r,,, ¢p, are the polar coordinates of the p-th GO wave radiator in the PCS
on the n-th edge; 7., is the angle between the axis of the p-th radiator and O,X,, axis. The polar
coordinates of the p-th radiator in the PCS are

2
Tpn = ($120n + ypn + z ) Y . Ppn = arctg(Ypn/Tpn)- (31a)

For the problem geometry of Fig. 1, the radius vector for the p-th GO radiator in the PCS on the lateral
1, 2 and transverse edges 3, 4 can be written as

ri2 =Vh*+(L/2)?, r3a=+/h*+ (W/2). (31b)

4.3. Transition Functions from Light to Shadow

The uniform field asymptotics for the edge waves in Egs. (29)—(30c) contain the transition function from
light to shadow T'(§,,,) for the incident (p = 1) and reflected (p = 2) waves diffracted at the n-th screen
edge

_ ® (|fpn| \/5) —1 S\ o9 —1/2 ; i )
T (&n) ==+ 5 , @ <§pn\/;> =27 exp (im/4) / exp (—it?)dt, (32a)

0
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where “+” and “—” signs are used respectively in the light and shadow regions of the GO fields. Here
@(\gpny\/%) is the probability integrals of complex arguments, where

|§1n| =1/ k(sedm - Sinc)a |§2n| = k(sedgn - Sref)' (32b)

Here, scd,,, is eikonal of the edge wave, excited by the p-th GO radiator on the n-th edge, and sj,. and
sref are eikonals of the incident or reflected waves, determined by formulas (26a)—(26b).

The edge wave eikonal s¢q,, is equal to the sum of optical paths s;m along the GO ray from the p-th
source to the diffraction point () on the n-th screen edge, and s, from the point () to the observation
point M (0, ¢, ) along the diffracted ray QM

/ / .
Sedpn = Spn T Spns  Spn = Tpn/SiN Op. (33)

In the far-field arguments in Eq. (32b), expressions for &, can be simplified

|Epn| = /2krpy, sin 6, cos @. (34)

Here we have taken into account the ratio in Eq. (33) and the facts that the distance sy, = R— %,
while Sincrep are defined by formula (26b), and 7, and ¢, by formulas (31a)-(31b).

When GO wave crosses the light-shadow boundaries ¢,, = m — ¢}, in the PCS, argument of the
probability integral &, in Eq. (34) changes its sign. Since the probability integral is antisymmetrical, the
sign of the transition function T'(&py,) in Eq. (32a) also changes its sign. At the light-shadow boundaries,
the argument of the probability integral is &,, = 0, hence ®(0) = 0 and T'(0) = +1/2. Owing to this
jump in the phase of unite edge wave, the amplitude of the total field at the light-shadow boundary of
the GO waves remains continuous. Following from Eqs. (32a) and (34), the functions T'(py,) for the
incident and reflected waves depend on the wavelength, medium parameters, vibrator position (7pn, ©pn)
relative to the screen edge, and observation direction (0, ¢y ).

4.4. GO Fields in the Coordinate Systems on the Screen Edges

The diffracted fields are defined in the PCS on n-th edge by expressions (29)—(30c), depending on the
fields of the incident and reflected waves in the observation direction (6, ¢,). The expressions for the
GO fields of the vibrator parallel to the screen edge can be defined using Eq. (27a) as

E9||pn (ena (Pn) = (_1)p+1 J(I]LISEOF’H (Hn) eXp [’Lk(dn + 5pn)] ) (35)

and for the vibrator perpendicular to the screen edge can be written using Eqs. (28a)—(28b)
Egip(On,n) = —J(?SEOFL (On, ©n) €os (©n, — Ypn) cos Oy exp [ik (0, + dpn)] 5 (36a)
Egipn (On,on) = Jé{SEOFl (O, @) sin (@n, — Ypn) €xp [1k(dp + 6pn)] - (36b)

The terms in the exponentials of expressions (35)—(36b) are defined as follows: d,,, is the path difference
for the rays passing from the middle of the p-th radiator and from the PCS origin O,, on the n-th screen
edge in the observation direction (6,,,py); o, is the path difference for the rays passing from the origin
O and from the point O, in the coordinate system R, 6, in the observation direction

dpn = Tpn sin by, cos (©n — @pn),  On = Ton sinf cos ¢ + yop, sin O sin ¢ + 2oy, cos 6. (37)

The rectangular coordinates xoy, Yon, 20n of the PCS origin O,, on n-th screen edge in the coordinate
system XY Z with origin at the screen middle are equal to

.’EOLQ = 0, y0172 = :i:L/Q, 20172 = O(n = 1, 2);560374 = O, y03,4 = 0, 203’4 = :l:W/Q(n = 3,4) (38)

The RP of the impedance vibrator Fj(6,) and F| (6, ¢n) in Egs. (35) and (36a)—(36b) can be obtained
using Egs. (22) and (23), and replacing the angles 6 and 6’ by 6,, and 6,,, ¢, ¢ by ¢, and vp,.

The components of diffracted field defined in the PCS on the n-th screen edge are projected on the
axis of the coordinate system R, 6, and are summarized according to Eq. (1).
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5. NUMERICAL RESULTS

As shown above, the electric vibrator of fixed geometrical sizes (2I,7) located above the screen at the
distance h can be tuned to resonance using the surface impedance Xg,.s. For practical applications, it
is important to know the values of Xg,es depending on the distance between the screen and vibrator
having different electrical lengths, and corresponding radiation characteristics. There are some criteria
for determining the values of the resonant surface impedance Xg;,¢s: the maximum field amplitude and
equality to zero the reactive part of the input impedance X;,. In this paper, the resonant impedance
as a function of the relative distance between the vibrator and screen is determined by formula (21)
derived from the condition X;,, = 0 for the vibrator placed over the infinite-plane (in this approximation
Xsres = Xg«is)

The resonance values Xg,.s and corresponding to them the field intensity |E,|” and directive gain
D along the normal to the screen, depending on the distance between the screen and vibrator h/\, were
calculated for the electrical impedance vibrators with lengths 21/A=0.4, 0.5 and 0.6. The directive gain
was found using the formula

| 2

E,|?
D(0,0) = 120%, (39)

2w T
where RE - 30-[2/7(—7 IE = fd(pff2(09,g0) Sil’l@d@, f2(9790) = |f9(‘9’s0)|2 + |f90(‘9’¢)|2’ f@(e’@) and
0 0

fo(8, ) are the RP-s for the orthogonal linear polarized field components. All numerical results are
given for the horizontal vibrator 1 with radius » = 0.1 mm at the wavelength of 30 mm.

To determine the influence of the surface impedance upon the far zone field of the vibrators with
various lengths, the normalized field intensity |E,|?/|Epnmax|? in the normal direction to the perfectly
conducting plane was calculated in dependence on the surface impedance Xg, which varies within +0.15
(Fig. 3). The electrical length of the vibrator 21/ was equal to 0.4, 0.5 and 0.6, and the distance between
the vibrator and the plane was equal h = 0.25\.

Figure 3 shows that the maximum amplitude of the field, i.e., resonance, occurs at different values
of the surface impedance, depending on the vibrator length. The maximum amplitudes correspond
to the resonant impedance X g,ses equaled to 0.033, —0.012, and —0.043 when the 2[ is equal to 0.4,
0.5, and 0.6, respectively. Thus, the resonance can be observed for the positive impedance (inductive
type) if the vibrator electrical length is less than the half-wavelength and for the negative impedance
(capacitive type) if the vibrator length is equal to or greater than half-wavelength.

Figure 4 shows the resonant values of the surface impedance X gfr‘zs for the vibrators with the same
length located over the plane versus the distance h/\ between the vibrator and screen that varies within
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Figure 3. Normalized field intensity versus  Figure 4. Resonant values of the vibrator surface

vibrator normalized surface impedance. impedance versus the distance between the
vibrator and plane h/\, straight lines correspond
to the case vibrators location in free space and
referred to as h > A.
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0.1+-1. The values were calculated using formula (21) and the condition X, = 0. When h = 0.25\ we
have for the vibrators with length 0.4\, 0.5\, and 0.6\ that X X* is equal to 0.035, —0.016 and —0.051,

Sres

respectively. Fig. 4 also shows the surface impedance values X gﬁes for the resonant vibrator in the free

space (h > M), calculated using the formula (20). Depending on the vibrator length we have: X% is
equal to 0.038, —0.01, and —0.044 if the 2[ is 0.4\, 0.5, and 0.6, respectively.
Figure 5 shows the dependences of the normalized field intensity |FE,|?/|Eymax|? in the normal
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Figure 5. Normalized field intensity versus the  Figure 6. Directive gain versus the distance

distance between the vibrator and plane h/\. between the vibrator and plane, straight lines
correspond to the case vibrators location in free
space and referred to as h > \.
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case vibrators location over an infinite plane and referred to as L > A.
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direction to the plane on the distance h/\ for the resonant vibrators with 0.4, 0.5, and 0.6\ of length
2]. The maximum field intensity |E, max|? is achieved at 20 = 0.6A. The impedance X gi ; for each h/A
corresponds to that in Fig. 4. The maximum of field intensity reaches at following hpayx/A: 0.124, 0.101,
and 0.087 if the 21 is equal to 0.4), 0.5\, and 0.6\, while the impedance of the resonant vibrators X g,se s
being 0.028, —0.0148 and —0.045, respectively (Fig. 4). For the above hpax/A values, the Ry for the
vibrator 1 are small, which leads to large values of the directive gain D (see Fig. 6).

Figure 6 illustrates varying the directive gain D of the resonant impedance vibrators with length 2/
equal to 0.4\, 0.5, and 0.6\ in the normal direction to the perfectly conducting plane depending on the
distance h/A. This figure also shows the D-values in the free space (h > \) that are equal to 1.59, 1.64
and 1.74 if the 2[ is equal to 0.4, 0.5 and 0.6, respectively. Character of varying D-values as functions
of h/\ is defined by the RP of the vibrator 1. The maximum occurs at distances h equal to an odd
number of quarter waves, while the zero minima are at an integer number of half wavelengths. At the
distance h = 0.25), the D-values of the resonant impedance vibrators, with length 2//\ equal to 0.4,
0.5 and 0.6, reaches 5.45, 5.6 and 5.76, respectively. These values coincide with that of the perfectly
conducting vibrator located above the plane [6].

Let us compare the normalized field intensity |E,|?/|Ey max|® of the resonant impedance vibrator
(Xs = X5 | see Fig. 4) and perfectly conducting vibrator (Xg = 0) of the same electrical length
located at h = 0.25X above a perfectly conducting screen with sizes L = W (see Fig. 1). Figs. 7(a)-7(c)
show the values of |E,|?/|Ey, max|? for the vibrators with lengths 21/ equal to 0.4, 0.5 and 0.6 depending
on the relative screen dimension L/A. These figures also show the |E,|?/|E, max|® in the case of the
vibrators located over the plane (L > \).

The calculations have shown that the maximum of field intensity for the impedance and perfectly
conducting vibrators if the current J¢f(s) is defined by Eq. (14) does not depend upon the vibrator
length. The maximum of field is achieved at the optimal screen dimensions L., being in the range
1.05 + 1.1\, Significant differences between |E,,|?/|Ey, max|? for the impedance and perfectly conducting
vibrators are observed when their length 21 = 0.6).

Figure 8 shows the dependences of the normalized field intensity |E,|?/|E; max|? for the resonant
vibrators of the same lengths on the screen dimensions L/\, when the distances between the vibrator
and screen hpax/A (see Fig. 5) ensure the maximum field amplitude. In this case, the optimal screen
dimension Ly is equal to 1.2\ for the half-wave vibrator and 1.15)A for vibrator with 0.4\ and 0.6\ of
length 21.
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Figure 8. The normalized field intensity versus the screen dimensions, straight lines correspond to the
case vibrators location over an infinite plane and referred to as L > A.

6. CONCLUSION

The paper presents the solution to the problem of electromagnetic waves radiation by the vibrator with
distributed along its length surface impedance. The vibrator is located above the perfectly conducting
rectangular screen of finite size. The solution is derived based on the asymptotic expression for the
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current in the horizontal impedance vibrator over the perfectly conducting infinite plane, obtained by
averaging method. The problem is solved under the assumption that the influence of the fields diffracted
by the screen edges upon the current amplitude in the vibrator is negligible. This assumption is valid
when the screen dimensions are comparable with or greater than the wavelength. The full radiation field
of the analyzed structure for all viewing angles in the far zone was found by uniform geometrical theory
of diffraction. Multiparameter study of the electrodynamic characteristics for the resonant impedance
vibrators located over the infinite plane and square screen, depending on the size of the vibrator, the
value and type of the surface impedance, removing from the screen and the screen dimensions are
presented. The research results can be useful in the design of radiating systems, part of which are thin
vibrators and finite dimensional screens.

APPENDIX A. SURFACE IMPEDANCE OF VIBRATORS

Formulas determining the distributed surface impedance of electrically thin vibrators (material
parameters are €, i, o) have the following form

No The vibrator design Vibrator model Impedance

1 | Solid metal cylinder. The radius sa- 7 = 1+i
tisfy inequality r>> A%, A’ is skin * 120moA’
layer thickness.

2 | Metallized dielectric cylinder. Metal — 7 - 1
layer thickness is 7,<< A°. S S 120nch,+ ikr(e —1)/2

3 | Metal-dielectric cylinder. L, is the R ——— 7 L 2
thickness of a metal discs, L, is the | : L+L, kre
thickness of a dielectric disks.

4 | Magnetodielectric metalized cylind- — = _ 1
er. 5 is the radius of internal con- — ST 120nch, —i/ krpn(r /r;)

ducting cylinder.

5 | Metal cylinder coated with magne- —
todielectric layer, which thicknessis |~~~ ZS = ikruln(r/r)
r—r, or corrugated cylinder | WWEWSEEELLLG
(L+ L)) «< A , where L is crests .
thickness where Z;=0, L, is the P o Z(5)=Z9(s)

notch width where Zg #0.

P SIS =S

6 | Metal monofilar helix. r is helix

radius kr<< 1, Y is winding angle. ZS =(i/ 2)krctg® y

Formulas for surface impedances of vibrators obtained in the frame of the impedance concept [10]
and are valid for thin cylinders |(k,/zp7)? In(k,/E17;)| < 1 both for finite and infinite cylinders, located
in the hollow electrodynamic volume. If vibrators are in a material medium with parameters €; and p1,

all above formulas must contain the factor \/pi/e;.
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