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Abstract

Mathematical modeling was used design the
spacecraft (SC) antenna systems. Mathematical
modeling was made accounting for the
electromagnetic antenna interaction with the SC body
and its overhanging parts or sharp edges at the
electric propulsion thruster plasma blob. As theoretical
researches show near to plasma critical density surface
the behaviour of an electromagnetic wave
qualitatively and quantitatively depends on small
changes in parameters of medium'>. It requires to use
the exact solution of the diffraction problem and
results in a new treatment of the problem of
electromagnetic compatibility of SC radiotechnical
systems. The diffraction theory for two bodies of
complicated form for the spherical coordinates has
been developed. New methods have been developed
by the author to formulate an universal computation
model for any body sizes. The effective computer
algorithms for the antenna system have been
developed. The results of numerical investigations are
presented.

Introduction

Mathematical modeling can be used to design
the spacecraft (SC) antenna systems. The system
analysis theory may be used at the space program
realization and the optimum one from the point of
view of its technical characteristics and cost is chosen.

The problem of providing of the outer-space
radio communication consists of calculation of the
radio communication line in "space - space",
"spacecraft - Earth" cases and the selection of an
antenna system type, it's geometry and location
onboard SC with electric propulsion thruster. A new
method of accurate solution of the task on a flat
electromagnetic wave propagation through a flat
inhomogeneous dielectric layer of a given thickness
has been developed'”. The phenomenon of qualitative
and quantitative dependence for the solution of
problem of small variation of task parameters near
zero permittivity (critical point €=0) is discovered. It
requires to use the exact solution of the diffraction
problem and results in a new treatment of the problem
of electromagnetic compatibility of SC radiotechnical
systems.

Mathematical modeling is made accounting
for the electromagnetic antenna interaction between
each other and the SC body and its overhanging parts
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or sharp edges at the electric propulsion thruster
plasma blob”.

The diffraction theory for two bodies of
complicated form for the spherical coordinates was
developed. The wave amplitude transformation
method while shifting and rotating the spherical
coordinate system and the iteration method were
developed by the author to formulate a universal
computation model for any body sizes™®.

The effective computer algorithms for the
antenna system are developed. There are results of
numerical investigations with different cases
classification and generalization.

Selection of the antenna system model

The problem of the provision of the
outer-space  radio communication has in mind
calculation of the radio communication line in the
cases - "space - space", "spacecraft - Earth” and the
selection of an antenna system type, it's geometry
and location on the SC, the determination of the
functional principles in accordance with the
prescribed AP. The difficulties of the antenna
creation are bound up with the modeling of
geometry of the antenna system and SC in the
objects presence, that disturb antenna field, for
example, such as the protruding elements of the SC,
sharp edges, artificial plasma formations or an
atmosphere of planets. The existence plasma with
the critical concentration for the radiated wave (the
dielectric penetrability get a size as zero.) The
presence of the above - mentioned peculiarities
requires to refuse of the models which were
connected with the geometrical octave and the ray
geometry in the case of the radiation propagation. -

The selection of the physical and
mathematical model greatly depends on the
presence of the so called resonance region L~ near
zone R~A (where L, R are the characteristic
dimensions of an obstacle and the distance of
antenna to obstacle accordingly.

The present report is devoted ‘to the
description of the mathematical model method, as
the preliminary stage of the SC antenna systems
designing. The peculiarities are determined by
geometry of the antenna and the surrounding it's
space, when it is necessary to get strict decisions
of diffraction problems.

The proposed computation of the antenna
system models infers the selection of the
geometrical parameters of the SC, the antenna
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and its location on the SC.

The mathematical method operates with
spherical coordinates, therefore the geometry of the
two body system consist of the following alone
bodies for any excitation sources:

- the conducting disk, that is adjointed with two
conducting hemispheres (Fig.1);

- the non-homogeneous dielectric
central symmetry (Fig.2);

- the antenna array on conducting hemisphere with
disk (Fig.3).

sphere  without

4

Fig.3

The external excitation sources are described
by sinusoidal current, that was given on vibrators, or
slots or by any flat wave.

The investigation of the influence of the
non-homogeneous imedia is considered in  the
propagation problem of the flat electromagnetic
wave through the plasma formation of the
unspecified dimension.
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The wave diffraction for two bodies

The solution of the Maxwell equations
may be represented through U(r,0,¢) and V(r 0,¢)%:

U(r.0,0) = ZZ{UW P (cos e)g" ((p )

m=0 n=1 n p)
rr,
U Anm Bn
= +
. Cnmcos(mqo) . sin(me),
V /_4;1 ( ) Bnm (
= _"cos(mo)+ " sin(me),
m=c @ ol ?)
where  p=yeur, £(p),  w.(0).

P (cos@) are fundamental spherical functions
and r' defines the region that’s occupied by the
sources.

The field components along axis 0z from
0, to 0., with replaced centres of two local spherical
coordinate systems are described by the following
relationships’

rk, = (r, +sacos B_S)E,_J —-sasind_k, ,

(")
rH, = (r,+sacos 9_S)H,AS —sasin6_H,
oy
where s=%1, a is the distance between 0, and 0.
The wave amplitudes’ transformations
were received by author on the base of (1), (2) by
application of the addition theorems for spherical
functions’
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=T .

s=t1,and for A; , B similar to (3), where o’

=p/e. It is the solution for the harmonic cosm¢ E-
wave and sinm¢ H- wave.

The use of the wave amplitudes
transformations (shift) bring to the E- and H- waves
mutually dependence. The addition theorem for the
spherical function has been used falsely in some
addition work®, where instead of the field
superposition principle - the scalar potential
superposition principle was used”.

The diffraction problem for the two
dielectric sphere is considered. It is the local
spherical coordinate system with the centre 0, and
each body surface is R, (surfaces Ry must not be
intersected). The set currents (for any exitation

. . 0
sources) with amplitudes 4% B C» DO

nm? nm?> nm?
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the centre 0, are introduced. The fields for the
common region near the surface R, (centre 0,)
depended on the bodies interaction and may be
introduced by unknown wave amplitudes

5 S
Cs D

nm’ nm?

AC+(

//11 ;"%\v\

The wave diffraction problem for the single
body (for centre 0.) is considered at first for the

homogenious dielectric sphere. The boundary
conditions for wave amplitudes’ relationships are
following:

A, =a,C2 B. =bD2, &
In turn the solution for the secluded
inhomogenious dielectric sphere, that consists of the
inserted one into other disjoint homogeneous spheres,
for the excitation with arbitrary set currents is infinite
system of linear equations for wave amplitudes®. This
solution can be formally represented in the local
system in the form:
—~1 -1 -l
L (Aan’Bnrn’(r?ml’DO 1) (5)
In turn the solution for the secluded perfectly
conducting disk (r=r;, 8 = 1/ 2), that conjugate with
two perfectly conducting hemispheres (r=r,
O<m/2; =r;, B>7/2) for the exitation with
arbitrary set currents is infinite system of linear
equations with wave amplitudes'®. This solution can
be formally represented in the local system in the
form:

Lﬁ (Anm> nm’crﬁnl’Dr?ml’ArgrtZl’ nm")—
(57
When the problem of diffraction is

considered for the single body the influence of the
adjacent body may be taken in account by the way of
the changes in (4) and (5)

Os 70 Os 730s Os s
Co—>Cr+Cr Dy —>Dy+D;  s=

The equations (4), (5) and the wave
amplitude transformation (3) constitutes the complete

infinite system of linear equations for wave
amplitudes A , B . s=+l, and its solution gives

required result.

In general the accurate solution of diffraction
task for two bodies, partially described by coordinate
surfaces of spherical system coordinates, is given. The
unknown wave amplitudes are defined near each
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body. Fields in the local coordinate systems are
summarized in common region. Relationships of
the wave amplitudes’ transformations and the
boundary conditions for wave amplitudes constitute
the complete infinite system of linear equations for
unknown wave amplitudes.

The antenna array on disk with hemisphere

The antenna array calculating method for
the sphere and for the hemisphere with the disk is
proposed’. The local spherical system (r, 8, @) (it's
centre is the centre of the sphere) is standed on the
antenna, and in which case the polar axis is the
symmetric axis of the antenna.

By means of the addition theorem for
joined Legander function's the wave amplitudes
transformation has been received for the rotation
between the system (1, 6, ¢p) and system (r, 6, ¢)

A,
cosme chmn(cosepo)z"(f) -

P
Anm = i ”
= .
A ., J=0 . an
—sinmg stmn(cosp())EO
"

there A B) A° B’  -are
set wave amplitude antenna field for system (r, 6,,
¢p) with consideration spherical boundary
conditions.

By means of summing the amplitudes
from the separate antenna with the set currents and
using the disk model with the hemispheres the
problem's decision will be found.

Wave propagation in plane layer

General solution of the physical problem,
model 1, that is near to the basic one, is considered
in this paper under small changes of initial data.
They are absorption, angle of wave incidence
0,<<1, function e(z) is near zero value of e,
0<gp>e>en<0, gr(e,)>20, replacement of
gr(e)(e'y*=const by gr(s")=const where gr(e)=-
a/(e)?, a={de'/d(kz)}, £"<<e,, £"<<a’”. A layer at
e, —0, " /e =const, becomes linear semiinfinite
layer without absorption, thus S/S,—0. If £" /e <<I
then this layer is transformed to the layer for that
ex>0; thus the case exy>0 corresponds to the model
2. Applicability criterion of the model 2 (under the
replacement of semiinfinite linear layer) is the
relationship £"<<0. 1o??

Investigations of the models 1 and 2 show
that there exists qualitative dependence of the
solution near zero value of ¢ on small changes of
the physical problem parameters.

Applied solution method for modei 2
allows to write reflection coefficients for E-waves

as™
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Cr ‘ . het+ RS exp(ifp,,
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where n=1,. N-1, p,,=4/8,'1 cosO.kz, ,
’
€. cos B &, o, —1
5 N®rn ¥¥S Y SnE=6 1 _ nE

" Jel. cosb,’ Ry S +1’
5. -1
S +1

Snr=0y, Apy=-2 \/;:7 c080,k(z4-24.1), Apn=0.
For H-waves index E should be replaced by index H
in the above formulas. Under the way of division into
uniform sublayers is supposed that 5°=(g,-8o)(€qsi-
€o)=const.

Let’s .estimate field strength values in the
model 2 near the point of wave direction turn at
g"<<g, according to°. It can be easy shown that for the
case 5(8,)>>>1 the wave is propagated almost along
the plane layer and thus ry=(d - 1)/2, rg=ry; it means
that solutions for Rog and Reg are nearly coincided in
the area considered. Therefore, as the solution for H-
waves is adequate that for the case of normal
incidence after introduction ¢,=¢(kz)-g,, so if
|Rl | —1 at £,—0, then at ¢ g, take place
relationships ‘RH | -1, |<1RH ; the latter is true
as rg=-ry at 8(0,)’<<l. The sign change of rg under
6, decrease results in the fact that reflection
coefficient comes throught zero value at e=g,,. In this
sublayer exists only coming through wave with the
direction of Poynting’s vector determined from the
relationship: &,=¢,sin’0,. As a result, conditions are
created for the appearance of surface E- waves;
criterium for its appearance is the following:
£'60<0.1%.

For the case considered, the following
estimations are received. Let rg=0 at z=z,,; then e,=2¢q
, On=m/4; ep=de,, O,=m/6. If R = 08, then
€r=0.002(c,)*>. Therefore at gp=eg 1t is received that
for the case of surface E- wave propagation should be
true the relationships: &’<<(10™...10%)(x)**
£1(A0,)’=(0.002)* (o) 2>

n+l

L 1
Ryp=0, Ry = Rop, tosr=

Scattering of waves on plasma blob with
the arbitrary dimensions

The decision for the plasma blob scattering is
started by the wave passing in the ray optical solution
(RO) approaching to the region, which may be defined
by the criteria'. For the flat layer model it surface
radius by over then A and then non-uniform ball model
is used.

Every ray of RO on surface of this sphere is
represented as Huygen element of the plane wave.
The set currents are placed in conformity to it. And
finally we came to the problem of electromagnetic
excitation by the set currents of the non-homogeneous
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sphere, which consists of the inserted one into
other disjoint homogeneous spheres, centres of
which are not superposed, but lie on an axis
symmetry of formation (Fig.2)°.

As before from continuity of tangential
components of fields on surface of every
homogeneous sphere we receive boundary
conditions for amplitudes of waves in coordinate
system with the centre 0; . For going to coordinate
system with centre 0 the transformations of wave
amplitude for the transition between two
coordinate system with centres 0; and 0;.;, are used
with  simultaneous variation of dielectric
penetrability of the spheres and so on.

The computer models and results

The computer models are described by
means of wave amplitudes: at this point geometry
of vibrators, geometry of two bodies was chosen.
Application programs consist of alone body
programs: programs were called into play wave
amplitude transformation with the iteration process
and optimization (for any two bodies - Fig.1-3).
The mathematical model of the system is chosen,
the several possible variants are selected out from
the (AP) computations to ensure the maximum AP
proximity to the given one.

1. Antenna models. The antenna is introduced by a
set currents of arbitrary orientation, for example,
such as the vibrator, the ring and meridian crack.
There is antenna with the disk (Fig.1), for example,
and cross vibrator above the disk. The energy AP
computations for cross vibrator above the disk are
shown in Fig 4 (m=I; kr=2.5; 1,=13=0;
klo=1.1; 1-khy=1; 2-khy=1.8; 3 —kh¢=2.2).

2. The body models. The SC body is introduced by
the disk with two hemispheres (Fig. 1), by two

bodies, for example, spheres kr~4. The computer
study for models for any exiting sources
demonstrate that for the main size the SC body L

when L>A, approximate decisions can be used. For
L<0.1 A the SC form does not affect the AP. In the

case of the cross antenna (for its size L<2A) the
body form does not affect the probable AP. The
probability character for optimum antenna
parameter ho=4.8, fp=30°, kl,=0.8 is shown in Fig.
6.

3. The antenna model as the disk near the
sphere, the two body model. The calculation for
the cross vibrator as the disk r = 2 for the SC

distance of up to A show that the AP would be
distored ( Fig 7, m=1; kn=2.5; r;=r;=0; kl=1.1;
kho=1; £=110°).

4. The antenna array model for the hemisphere
and the disk. For three symmetric antennas of

round polarity (6=10°, R=3A it was calculated that
the array secures AP of over than 5 for the angle of
up to 50° (Fig.8). The disk does not influence the
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AP.as AP parameters are the same for the main

direction in case of 6,=70°, r=0.5\ for different array
sizes, but are different at side petals. Metallic,
dielectric spheres and disks could be considered as the
obstacle in the near zone of antenna array.

S. The model of the sphere on the ideal conducting

surface. For sphere r=A/2 the optimum antenna
parameter was calculated and it is given in Fig. 9.

Surface generating currents may be neglected for =A

/2 and H>2 A and for r=A, and H > 4A (H is the
distance between the sphere and the flat surface).

6. The model of the plasma region of any size near
the disk and hemispheres. This model may be used
for the investigation of the flat wave scattering in the
plasma region and as the plasma antenna model. The
task on a flat electromagnetic wave propagation
through a flat inhomogeneous dielectric layer of a
given thickness from x; to xy (g, &y) has been
developed and calculated. In case of the wave
streaming on the layer perpendicularly and assuming

zero absorptions in the layer for gr(€1)=20, gr(€)=(de
/dkz)/e*?, the calculation for R and E are shown in
Fig. 11: 1 -€1/eN=0.2 10%, 2-g1/eN=02 10% 3 -¢
1/EN=0.2 10°.

In conclusion we'd like to say that the
comparison computer results with known computer
data and experimental ones are satisfactory. The

computer model may be summarized on the
asymmetric system with some bodies.

Conclusion

The problem of electromagnetic wave
propagation in the nearly plane heterogeneous weakly
absorbing dielectric layer is solved. Phenomenon of
qualitative dependence of the near zero permittivity
(critical point) solution of the problem on small
variations of it’s parameters is discovered. The
author's mathematical methods in the case of plane
and spherical coordinate systems is applied. Surface
wave propagation in plane layer is described and
criterium of this wave appearance is given.

Mathematical modeling is used to design the
spacecraft (SC) antenna systems. Mathematical
modeling is made accounting for the electromagnetic
antenna interaction with the SC body and its
overhanging parts or sharp edges at the electric
propulsion thruster plasma blob. It is found out that
the field investigations in known task of
electromagnetic wave propagation and diffraction near
the critical point (e=0) present serious difficulties. It
requires to use the exact solution of the diffraction
problem and results in a new treatment of the problem
of electromagnetic compatibility of SC radiotechnical
systems. Some difficulties can be eliminated by
applying the presented methods of accurate solution of
a wave diffraction and propagation problems in plane
and spherical geometries. The diffraction theory for
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two bodies of complicated form for the spherical
coordinates was developed by the author to
formulate an universal computation model for any
body sizes. The effective computer algorithms for
the antenna system are developed.
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