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Abstract. The work carried out mathematical modelling of the main characteristics of antenna
systems for satellite communications. It was revealed that this antenna array with a
transmitter of 85 dBWt is guaranteed to solve the target problem of providing mobile satellite
communications with both one global beam and a plurality of beams with a width of 0,7 x 0,7°.
It should be added that the advantage of forming multiple beams compared to a global beam
with a single phased antenna array is: higher data rate, relatively low requirements for
antenna systems of ground stations, greater noise immunity of the radio link, the ability to
dynamically control the signal power in each beam.

INTRODUCTION

In an active phased array antenna (APAA), each element or group of
elements has its own miniature microwave transmitter, eliminating the need
for a single large transmitter tube used in passive phased array radars. Each
APAA element consists of a module that contains an antenna slot, a phase
shifter, a transmitter, and often also a receiver [1-5].

In essence, APAA is a radio engineering system in which a radio
transmitter and a high-frequency receiver are integrated into an antenna array
in the form of a distributed structure, which includes transceiver active
modules as main nodes [6-9].

In this regard, the development of APAA requires an integrated approach
that takes into account the mutual conjugation of the electrodynamics
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properties of the emitters of the antenna fabric and the radio characteristics of
the transceiver antenna modules for various types of signals, edge effects,
technological and temporal destabilizing factors of module failures.

A significant improvement in the quality, reliability, stability, and
efficiency of radio communications, an increase in its range and volume of
transmitted information are primarily associated with the development of
satellite communication systems in recent decades. In mobile and space radio
complexes, APAA are increasingly being used, which make it possible to
implement a multifunctional mode of operation and meet the increasing
requirements for the necessary energy and weight and size characteristics of
communication equipment [10-14].

Since the energy resources of mobile points are, as a rule, limited,
maintaining a high APAA potential in the scanning sector is associated with
minimizing all losses both in the transmission path and in the radio link section.
This gives rise to the following basic requirements for APAA:

- the maximum value of the coefficient of ellipticity of the radiation field
and the minimization of its change in the scanning sector;

- minimum losses due to mismatch of emitters during scanning;

- stable mode of operation of APAA antenna modules under load changes
caused by the interaction of emitters and edge effects.

The fulfillment of the listed requirements is possible only by optimizing
the parameters of the APAA, taking into account all the factors affecting its
operation [15-19].

The development of space technology predetermined the widespread use
of artificial Earth satellites in geostationary orbit or highly elliptical orbits as
repeaters in communication lines [20-23].

A number of specific requirements are imposed on antenna systems
(including APAA) of communication spacecraft:

- ensuring a high antenna gain (not less than 40 dB) due to the large
remoteness of the spacecraft from subscriber stations on the earth's surface
(for a geostationary orbit, the distance is about 35800 km, for highly elliptical
orbits up to 40000 km at apogee), which leads to large losses along the
propagation path (attenuation of the useful signal, depending on the radiation
frequency, radiation wavelength and information transmission distance);

- repeater beam setting accuracy is not worse than 0,05°, which
imposes very stringent requirements on the spacecraft position stabilization
system;
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- implementation of the specified laws of the amplitude-phase distribution
over the canvas of the scanning APAA.

Atthe same time, the APAA of the spacecraft must form a radiation pattern
of a special shape that makes it possible to irradiate some areas of the earth's
surface without affecting others, as well as provide resistance to the effects of
intentional and unintentional interference and the possibility of intercepting
radiation.

Known schemes for constructing antenna systems of communication
satellites are reflector antennas with a feed in the form of APAA.

FORMULATION OF THE PROBLEM

[t is necessary to substantiate the potential technical characteristics of the
APAA for different frequency ranges depending on the dimensions of the
antenna-feeder system, the spacing between the array elements, etc., to obtain
specific values and discuss the results obtained in order to solve the target
problem of mobile satellite communications from the spacecraft.

MATHEMATICAL APPARATUS FOR CALCULATING THE MAIN TECHNICAL CHARACTERISTICS OF
APAA

APAA are basically described by the same parameters as other classes of
antenna systems: the radiation pattern, the width of its main lobe, the level of
the side lobes, the gain, the directivity, the reflection coefficients of the
elements, and have the same characteristics.

In addition, new energy characteristics are added that reflect the specifics
of APAA: potential T and specific noise power spectral density Q.

For the transmitting APAA, the potential is equal to

T=G,T,=KU,PN,, (1)
where Gq is the gain of an APAA (numerically equal to the product of the efficiency
factor and the directional factor); Py is the radiation power of a single emitter; N.
is the number of single emitters; T1 is the total potential of all single emitters.

For the receiving APAA, the specific power spectral density of the noise

hs
Q B Seff , (2)

where h; is the noise power spectral density at the APAA output; Segis the effective
surface of the antenna.

The three-dimensional APAA radiation pattern f(6,¢) in the general case

has the form
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(3)

£(60,0) = 1 Sin(Mﬂdx(SiHQCOS(p)//l)xSin(Nﬂdy(Sinesin(p)/ﬂ,)

MN | sin(zd, (sin@cosg)/ 1) | | sin(ad, (sin@sing)/2) |
where M is the number of emitters along the length of the antenna array web; N
is the number of emitters along the width of the antenna array web; dx is the
distance between radiators in the azimuthal plane; d, is the distance between the

emitters in the elevation plane; A is the operating wavelength of the radiation;
O is the azimuth; @ is the elevation angle.

The optimal choice of antenna array dimensions is chosen according to the
analytical dependence of the form

S
1+siné’,
) (4)
<
| 1+sing),

X ]

where 0., 6., are the maximum beam opening angles in the azimuth and

elevation directions, respectively.

The active APAA module in the time domain can be described by the
following system of equations in operator form of the form

Ui:Li(é’ii)’ ii:Fi(Ui’Uo)’
{Uﬁl—o(io), {i():FO(UuUO),

where U, ,U,i,,i, are the voltages and currents at the input and output of the

(5)

antenna module, respectively; € is a normalized vector; F,,F,are generally non-

linear integro-differential linearly independent operators describing the active
element; L, L, are linear integro-differential operators that describe the input

and output circuits of an active element (vacuum lamp, bipolar or field-effect
transistor) and are determined by a system of equations of the form

Li:iarﬁgt:Jriij...jdt“,
L g (6)
L =3l S Sb ] ot

where R, F, n, m are the indices of the dimension of the operator space; a, b are
weight coefficients.
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MATHEMATICAL MODELLING BASIC CHARACTERISTICS OF ANTENNA SYSTEM

Computer simulation was carried out for 16 x 16 m APAA at frequencies
of 3,10, 20 and 25 GHz. The total number of antenna array elements was 16384
elements (M = 128 elements in the azimuthal plane and N = 128 elements in
the elevation plane). The distance between the elements dx = d, = 0,1 m. On Fig.
1, a, b, v shows two-dimensional APAA radiation patterns in the azimuth
(elevation) plane at frequencies of 20, 10 and 3 GHz, respectively. Due to the
symmetry of the design of the active phased antenna array, the radiation
patterns in the azimuthal and elevation planes coincide.

Due to the symmetry of the design of the APAA, the radiation patterns in
the azimuthal and elevation planes coincide. On Fig. 2, a, b, v shows three-
dimensional radiation patterns in two parameters (azimuth and elevation) at a
frequency of 10 GHz APAA sized 128 x 128, 160 x 160 and 200 x 200 elements,
respectively (the step between the elements is the same in all cases, equal to
0,125 m).
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Fig. 1. Two-dimensional APAA radiation patterns

— =

=3: =2 =1 0

Modeling of the main characteristics of an active phased antenna array
makes it possible to determine (analyze) at the design stage the main
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characteristics of the APAA: the minimum width of the main beam (important
in the formation of a multipath radiation pattern), the level of side lobes
(characterizes the constructive literacy of the AFAA), the directional properties
of the active phased array as a whole.

Main high] —{ /)
Side lobes

Fig. 2. Three-dimensional APAA radiation patterns

It is advisable to carry out similar modeling not only in mathematical
analysis packages (MathLab, MathCad,

Mathematica), but also numerically by writing programs in a high-level
language (Borland Delphi, C Sharp, Python). On Fig. Figure 3, a, b, v, d shows
the radiation patterns in the azimuth (elevation) plane, obtained by a
numerical method in the Borland Delphi package as superposition of all single
emitters for a 128x128 array (0,125 m array spacing) at 3, 10, 20, and 25 GHz,
respectively.

The CST Microwave Studio electrodynamic simulation package allows you
to optimize the array according to directivity and efficiency criteria. CST
Microwave Studio has an option to set the geometric parameters of the APAR.
On Fig. 4 shows the structure of the APAA panel and the initial data for its
electrodynamic simulation. On Fig. 5, a and 5, b show the radiation patterns for
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a scanning angle of 30° and for a number of scanning angles, respectively. On
Fig. 6 shows the final three-dimensional APAA radiation pattern at a radiation
frequency of 3 GHz.

It should be noted that computer modeling makes it possible already at
the stage of the draft design to quantify the main technical characteristics of an
active phased antenna array: the width of the central beam of the radiation
pattern, the gain, the level of the side lobes, the directivity. Based on these
characteristics, it is possible to present specific requirements for the geometric
parameters of the APAA, the number and power of single emitters, the length
and width of the array, and the step between the emitters.
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Fig. 3. Directional patterns of symmetrical APAA, obtained by numerical
method
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Fig. 4. Structure of the APAA panel

281




TpaguuinHi Ta iIHHOBaUIMHI Migxoam A0 HayKOBWMX OOCAIOXKeHb

CONCLUSIONS AND RECOMMENDATION

Computer modeling and analytical calculations have shown that with an
equivalent isotropically radiated power of 85 dBWt from the spacecraft, the
target communication problem is guaranteed to be solved, in this case, the
power flux density at the input of the satellite earth station will be at least
minus 84 dBWt in the signal band (diagram width directivity of the APAA in
this case will be no more than 0,7 x 0,7°).

With an increase in the width of the APAA radiation pattern to 1x1°, the
power flux-density will be minus 90 dBWt, at 1,5x1,5° - minus 98 dBWt, at
2,5%2,5°- minus 110 dBWt, at 5x 5° - minus 125 dBWt, at 7x7° - minus 138
dBWt. As practice shows, at the input of the earth station of a satellite
communication system, a power flux-density level of at least 158 dBWt is
required.
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Fig. 5. Modeling of APAA in the polar coordinate system

Thus, APAA with a transmitter of 85 dBWt is guaranteed to solve the target
problem of providing mobile satellite communications with both one global
beam and a plurality of beams with a width of 0,7 x 0,7°. It should be added that
the advantage of forming multiple beams compared to a global beam with one
APAA is: a higher data rate, relatively low requirements for antenna systems of
ground stations, greater noise immunity of the radio link, the ability to
dynamically control the signal power in each beam.
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Fig. 6. Electrodynamic modeling of APAA

From the energy standpoint, the APAA with a size of 16 x 16 m helps to
ensure a gain of 50 dB and the formation of a minimum width of the central
beam of the directional pattern of 0,45 x 0,45°, which makes it possible to form
a local beam with a diameter of 230 km on the Earth's surface.

Three-dimensional active phased array radiation patterns allow one to
quantify the levels of side lobes in the azimuth and elevation planes depending
on the operating frequency, the spacing between the array elements and the
number of elements in the array.
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