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ABSTRACT: In a number of wireless communication systems with multibeam antennas, the distance from the antenna to subscribers
in different parts of the service area varies significantly. Such systems include high-altitude platform station communication systems,
communication systems based on low Earth orbit and medium Earth orbit satellites, and several others. If such a system uses an antenna
with identical beams, the throughputs of communication lines in different cells can differ by more than an order of magnitude due to the
variation in distance. To equalize throughputs across all cells within the service area, an antenna with different beams can be employed.
The gain of these beams should be proportional to the squared slant ranges to the centers of the served cells. The gain of a beam can
be modified by altering its size and shape. This paper proposes a method for service area partitioning in communication systems that
accounts for the slant range to subscribers. It determines the shapes and profiles of the ideal contoured beams and presents optimized
contoured beams for a real antenna.

1. INTRODUCTION

Various wireless communication systems with multibeam
antennas (MBAs) have been developed in recent decades.

Along with well-established communication systems such as
satellite and cellular communication systems, several promis-
ing new systems have emerged. For instance, a significant num-
ber of articles have been published on high-altitude platform
station (HAPS) communication systems [1–10]. HAPS is ex-
pected to utilize stratospheric dirigibles flying at altitudes of
18–25 km. The International Telecommunication Union (ITU)
has issued recommendations that define the requirements for
HAPS to provide different services in the S-, Ka-, and V-
bands [6–8].
The key part of an HAPS is an MBA with the field of view

being the cone with vertex angle 100◦–150◦. The beams of the
MBA cover the circular service area (SA) on the Earth’s surface
with a diameter of 60–160 km.
In [9] and [10], S- and Ka-band MBAs based on active

phased arrays with digital beamforming have been designed
and tested. As follows from published works, MBAs having
200–400 narrow beams are necessary for SA coverage. Each
beam serves its own cell in the SA.
The publications have highlighted that the distance from the

HAPS to the subscribers within the SA varies by about four
times. Consequently, the throughputs of communication lines
in different cells can differ by more than an order of magni-

* Corresponding author: Yury V. Krivosheev (krivosheev-yury@yandex.ru).

tude when identical beams are used. This disparity results in
inequality for users located at different points within the SA.
The feasibility of forming beams with gain proportional to

the squared distance from a transmitter to a receiver to equalize
the throughputs of communication channels has been noted, for
example, in [10].
A similar issue arises in communication systems based on

low Earth orbit and medium Earth orbit (LEO/MEO) satel-
lites. A concept for equalizing throughputs of communication
channels in such systems is discussed in [11]. It is recom-
mended to use a satellite MBA with beam gain proportional
to the squared slant ranges to the centers of the served cells.
However, [11] and other papers and books on communication
systems with MBAs, such as Iridium and Globalstar [12–15],
do not delve into methods for equalizing throughputs of com-
munication lines, particularly by adjusting the shapes and sizes
of the cells.
Equalizing the illumination of an SA can be achieved by

forming contoured (shaped) radiation patterns. Studies [16–19]
have shown that increasing antenna aperture dimensions and
optimizing the contoured radiation pattern can enhance SA il-
lumination at the edge of coverage (EOC) by 2–5 dB compared
to pencil beams. This improvement is even greater in cases of
complex SA shapes. Additionally, the sidelobe envelope level
of the shaped radiation pattern can be significantly reduced to
−30 dB or lower [20], facilitating high levels of beam decou-
pling and consequently increasing the information capacity of
communication systems.
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It is important to note that MBAs with contoured beams
can also be applied in other communication systems, includ-
ing those utilizing base stations or repeaters, such as commu-
nication systems via stratospheric airplanes [21] and cellular
systems (3G, 4G [22–24], 5G [25]).
The purpose of this work is to design an optimal method for

partitioning an SA into cells, considering the slant range from
a station to a subscriber, based on the MBA concept with ideal
(optimal) contoured radiation patterns. Additionally, it aims
to determine the profiles of the perfectly shaped beams in each
cell. The synthesis of a real MBA is also addressed, with exam-
ples of antenna systems representing amulti-panel phased array
with shaped beams, as well as an MBA comprising a conglom-
erate of aperture antennas with optimal beamwidths for cover-
ing SA cells in stratospheric communication systems [26].

2. CIRCULAR SA
Let us first consider the problem of achieving equipotential SA
coverage (equal power flow) on a flat surface with a single-
beam antenna on a platform suspended at height h (Fig. 1). The
SA is a circle with a radius rSA, with the circle center O coin-
ciding with the projection of the antenna center on the serviced
plane.

FIGURE 1. Circular SA and the antenna above it, located on a dirigible,
balloon, or other platform.

The antenna field is a nonuniform spherical wave; therefore,
for the equipotential illumination (coverage) of the SA, the fol-
lowing condition must be met:

|F (θ, φ)|/R(θ) = const, (1)

where F (θ, φ) is the antenna radiation pattern, and R(θ) is a
slant range from the antenna to a serviced point P.
The slant range depends on the angular coordinate θ only

(Fig. 1) and does not depend on φ. In the case of a flat surface,
it is defined by the following proportion:

R(θ) = h · sec θ. (2)

Outside the SA where there are no subscribers, there must be
no antenna radiation; therefore, such a perfectly shaped radia-
tion pattern normalized to the value in the axial direction is as
follows:

|Fperf (θ)|2 =

{
sec2 θ ≡ csc2β, θ ≤ θSA,

0, θ > θSA,
(3)

where 2θSA is the angular size of the SA (Fig. 1).
Let us define the angular dependence of the perfect gain pro-

file through the directive gain corresponding to the perfect con-
toured radiation pattern assuming no losses in the antenna:

Gperf (θ, φ) =
4π |Fperf (θ, φ)|2

2π∫
0

θ1∫
0

|Fperf (θ′, φ′)|2 sin θ′dθ′dφ′

(4)

From (4), taking (3) into account, we obtain the following:

Gperf (θ, θSA)=


2 sec2 θ

sec θSA − 1
= G0 ·sec2 θ, θ ≤ θSA

0, θ > θSA

(5)

Angular dependencies of the gain (5) and the contoured ra-
diation pattern (3) coincide up to a normalizing factor defined
by the SA angular size.
The perfect gain values (5) are defined by the problem ge-

ometry only and do not depend on the antenna parameters.
In Fig. 2, the plots for Gperf (θ, θSA) are shown for several

θSA values.
With θSA → 90◦, the distance to the SA border increases in-

finitely; therefore, Gperf (θSA, θSA) → ∞, and in the direction
θ = 0◦ (i.e., nadir), the gain approaches zero Gperf (0, θSA) →
0.
The perfect contoured beam under consideration has in-

finitely steep slopes at the SA borders and zero values outside
the SA, which is impossible to achieve in practice. Real anten-
nas with finite dimensions and shaped radiation patterns exhibit
transition zones of finite width at the SA border, lower gain
within the SA, and sidelobes outside it.
From the proportion (5) and Fig. 2, it is evident that for

large values of the SA angular size 2θSA, a single-beam antenna
with a contoured radiation pattern designed for wide-angle area
service has low gain. Such antennas are unsuitable for high-
throughput communication systems.
In the case of a narrow service sector, when the θSA angle is

small, the gain (5) comes down to a known expression for the
gain of an antenna with a uniform perfect contoured radiation
pattern [27]:

Gperf =
1

sin2(θSA/2)
=

4π

Ω
(6)

whereΩ is the spatial angle defining the angular size of the SA.
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FIGURE 2. Angular dependencies of the perfect gain for a circular SA with different angular sizes.

(a) (b)

FIGURE 3. Circular SA with partitioning into ring-shaped cells: (a) cell geometry forG0 = 20 dBi, θ1 ≈ 11.4◦, θ17 ≈ 41.7◦ (M = 17 cells shown);
(b) angular dependence of the perfect gain within the SA (the vertical dashed lines are cell borders).

3. SA WITH CIRCULAR RINGS
To increase the gain in the SA, it is partitioned into cells. Each
cell is serviced with a separate beam.
Let us consider partitioning the circular SA into a system of

concentrical rings (Fig. 3).
The first circular line (i = 1) is the border of the first cell.

We specify its angular size 2θ1 based on the condition that it is
covered by a perfect contoured beam (3) with a specified value
of the perfect nadir gain G0. As follows from (5), the angular
size of the cell and the nadir gain are related to each other in the
following way:

θ1 = arccos(G0/(G0 + 2)) (7)

The next cells have the shapes of coaxial rings. Their total num-
ber M depends on the SA angular size. For the equipotential
SA coverage according to condition (1), we extrapolate func-
tion (5) defining the perfect gain in the first cell to all other SA
cells, as follows:

Gperf (θ, θ1) =


2 sec2 θ
sec θ1 − 1

= G0 · sec2 θ, θ ≤ θM ,

0, θ > θM .

(8)

In (8), the connection between θ1 and G0 defined in (7) has
been taken into account.
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(a) (b)

FIGURE 4. Circular SA partitioned into cells with a radial-and-ring grid: (a) cell geometry forG0 ≈ 24.3 dBi, θ1 = 7◦,M = 10 rings, θ10 ≈ 75.3◦,
∆θ10 ≈ 3.5◦; (b) angular dependence of the perfect gain in the SA (the vertical dashed lines are cell borders (12)).

The ring sizes are derived from the condition that perfect gain
values within all ringsmust satisfy the following normalization:

2π∫
0

θi+1∫
θi

Gperf (θ
′, φ′) sin θ′dθ′dφ′ = 4π (9)

Substituting (8) into (9) and integrating them, we obtain the
following recurrent relation for determining the radii of the
rings:

sec θi+1 = sec θi + sec θ1 − 1 = sec θi + 2/G0 (10)

where i = 1, 2, . . .M − 1.
The cell number M is defined from the condition that the

outer ring has an angular radius θM not less than the specified
SA radius θSA.
In Fig. 3, an example of SA partitioning based on the pro-

portion (10) is shown. Perfect nadir gain is specified to be
G0 = 20 dBi, and according to (7), the central circle has a
radius θ1 ≈ 11.4◦. The ring width decreases rapidly with
the growth of i. Thus, the 17th ring with an outer radius
θ17 ≈ 41.7◦ has a width ∆θ17 less than 1◦. For the cover-
age of such a narrow ring-shaped cell, an antenna with a size of
more than 50 wavelengths and an axisymmetric funnel-shaped
radiation pattern is required. For instance, it can be a linear or
cylindrical array, whose axis is directed toward the nadir, and
the amplitude-phase distribution is synthesized to form the re-
quired profile for every contoured beam within the ring-shaped
cell formed by the cones [θi, θi+1].

4. SA WITH CELLS FORMED WITH A RADIAL-AND-
RING GRID
For creating cells with higher gain than in the SA with ring-
shaped cells (8) and (10), we partition the rings shown in Fig. 3
(except the center circle) into ni parts with radial lines φi =
const forming cells with the shape of identical sectors with an-
gular sizes ∆φi = 2π/ni.

Similar to the ring-shaped cells, we define the perfect gain in
all the sector cells by the proportion (8). For that, the following
normalization condition must be satisfied:

2π/ni+1∫
0

θi+1∫
θi

Gperf (θ
′, φ′) sin θ′dθ′dφ′ = 4π (11)

Substituting (8) into (11) and integrating them, we obtain
the following recurrent relation for determining the radii of the
rings:

sec θi+1=sec θi+ni+1 · (sec θ1−1)=sec θi+2ni+1/G0 (12)

For efficient illumination of the cells, we choose their
transversal median size in each i-th ring equal to the radial size
of that ring. Then for i ≥ 1, we obtain the following:

ni+1 = [2π · 0.5 · (sin θi + sin θi+1)/(θi+1 − θi)] (13)

where [A] is the integer part of the number A, [A] ≤ A.
Solving together the recurrent system of transcendent Equa-

tions (12) and (13) for the variables ni+1 and θi+1, where
i = 1, 2, . . .M − 1, we obtain the numbers of sectors in rings
and the angular coordinates of these rings’ borders.
Figure 4(a) shows the cells obtained with the partitioning

algorithm considered above for the case when the nadir gain
amounts to G0 ≈ 24.3 dBi, θ1 = 7◦. The opening angle of the
SA amounts to θSA = θ10 ≈ 75.3◦. The SA is partitioned into
M = 10 rings, with the number of cells in rings being n1 = 1,
n2 = 6, and further up to n10 = 98, 391 cells in total. The
angular dependence of the gain (8) and the borders of the rings
are shown in Fig. 4(b).
A comparison of Figs. 3 and 4 reveals that with SA partition-

ing using a radial-and-ring grid, the cells are significantly wider
than with the ring SA partition. Specifically, the angular size of
the cells in the outer SA ring is about 3.5◦. For servicing such
cells, an antenna with an aperture size less than 17 wavelengths
is sufficient.
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FIGURE 5. Circular SA on the Earth’s surface in the case of the satellite being the antenna carrier.

The number of cells obtained by partitioning the SA into per-
fect contoured beams with specified nadir gain is defined by the
following formula:

N =
2G0

sec θSA − 1
. (14)

Formula (14) holds true for both ring and radial-and-ring SA
cell partitions

5. SA ON A SPHERICAL SURFACE
In a variety of problems, the serviced surface cannot be consid-
ered flat. For instance, if the antenna is satellite-borne (Fig. 5),
its height above the surface h can be close to the Earth’s ra-
dius, and to find the slant range to the observation point P, the
following relation should be used [11]:

R(θ, h,RE) =

cos θ
(
h+RE −

√
R2

E − tan2 θ · (h2 + 2hRE)

)
(15)

where h is the satellite altitude, and RE is the Earth’s radius.
The function (15) increases more rapidly with the increase in θ
than (2) and achieves the maximumwhen the observation point
is on the horizon. With h → 0, formula (15) comes down to
formula (2).
The expression for the perfect contoured radiation pattern

providing equipotential illumination of the circular SA on the
spherical surface is obtained from the condition (1) with the
substitution of (15) into it:

|Fperf (θ,RE/h)|2 =
cos2 θ

1+RE

h
−

√(
RE

h

)2

−tan2 θ
(
1+

2RE

h

)2

, θ≤θSA

0, θ>θSA

(16)

The perfect gain is obtained by substituting the contoured
radiation pattern from Equation (16) into Equation (4) and then
integrating them [11].
The spherical shape of the Earth notably influences the re-

sults of SA partitioning into cells and the profile of the perfect
gain for altitudes h of the antenna suspension above the surface
of the same order as the Earth’s radius RE . For small heights
h/RE ≪ 1, the correlations derived before for the flat surface
can be used.
For example, in the case of satellite placement on the Earth’s

orbit h = 1, 300 km high (RE = 6, 370 km), the perfect gain in
accordance with (16) exceeds the gain (8) by 0.5 dB for θ > 36◦

(the angle yielding the Earth’s horizon direction at this altitude
is θE = 56◦). For suspension of the antenna on a stratospheric
dirigible on h = 22 km, the same gain difference for flat and
spherical serviced surfaces is achieved for θ > 80◦, θE being
85◦.
SA partitioning into ring cells on the spherical surface can

be done with the algorithms described in the previous sections.
However, (16) should be substituted into (9) (instead of (8)).
SA partitioning into cells with a radial-and-ring grid on the
spherical surface can be done by substituting (16) into (11).

6. MBA SYSTEM WITH SHAPED BEAMS

As an example of the coverage of an SA partitioned into cells
with a radial-and-ring grid (Fig. 4), we consider a system of
shaped beams formed with an S-band stratosphere communica-
tion antenna system based on a dirigible at an altitude of 22 km
that was proposed earlier [10]. The antenna system is composed
of seven identical phased arrays with circular apertures (Fig. 6).
The central phased array is aimed at the nadir, and the inclina-
tion angle of the lateral phased arrays to the nadir amounts to
60◦.
The array geometry is shown in Fig. 7. Its aperture diameter,

D/λ ≈ 14 (λ is the wavelength), is chosen according to the
condition that the beam formed with the plane wavefront in a
phased array aperture and directed to the furthermost cell of
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FIGURE 6. Antenna system of seven planar phased arrays with circular
apertures.

FIGURE 7. Array geometry.

the SA has a level of −4 dB at its corners, which provides the
maximum gain in the cell [28]. For the operation frequency
f = 2.17GHz, the phased array diameter was chosen to be
D = 2, 000mm.
The array contains 372 elements located in the nodes of a

hexagonal lattice with spacing d = 93.5mm (d/λ = 0.676).
The radiation pattern of the array element was calculated as the
pattern of a uniformly excited hexagonal cell occupied by a sin-
gle array element. Element gain on the operation frequency
equals 7.0 dBi (aperture efficiency 100%).
The system SA is the conewith the vertex angle θSA = 75.3◦

with partition into 391 cells, as shown in Fig. 4(a). This cone
corresponds to a circle with a diameter of 168 km on the Earth’s
surface.
The center cell and cells surrounding it in the first two rings

occupy the cone with the vertex angle 2θ3 ≈ 58◦ and are ser-
viced with 19 beams formed by the center phased array of the
antenna system. The lateral (slanted) phased arrays form 62
beams each and service 62 cells each, those situated in six sec-
tors that rings 4 to 10 are partitioned into.
It should be noted that for the coverage of this SA with non-

shaped beams of the antenna system under consideration, about
1,300 such beams are necessary. In this case, the nadir signal
level on the surface will be greater by about 12 dB than at the
edge of the SA given the slant range variation.

7. SHAPED BEAM SYNTHESIS
Let us represent the angular dependence of the phased array
gain on co-polarization as the product of the element power pat-
tern and squared array factor absolute value, as follows:

G(θ, φ)=gel×|f co(θ, φ)|2×

∣∣∣∣∣∑
i

aie
jΦiej

2π
λ (xiu+yiv)

∣∣∣∣∣
2

(17)

where ai = |ai|ejΦi are complex excitation amplitudes of the
array elements; xi and yi are coordinates of the elements; gel is
the element gain at phased array aperture boresight; f co(θ, φ) is
the co-polarized element radiation pattern; and u = sin θ cosφ

and v = sin θ sinφ are the directional cosines of the angles
(angles θ and φ are shown in Fig. 1).
Assuming that the array elements are matched and that in

their excitation circuits, there are no losses, for the normalized
excitation amplitudes, the following relations hold true:

|ai| =
√
pi/P0, P0 =

∑
pi,

∑
|ai|2 = 1 (18)

where pi are powers fed to the element inputs of the transmit-
ting array, and P0 is the total power fed to the elements. The
aforementioned assumptions hold true with enough precision
for the use in practice in the case of the correct design of the
phased array’s radiating structure (see, for instance, [29, 30]).
Let us designate the set of the possible array element complex

excitation factors (18) meeting the condition of invariant total
power fed to the elements with the symbol A = {a : Σ|ai|2|}.
For shaped radiation pattern synthesis, we use coverage ef-

ficiency (CE) as the goal function [19], which is defined as
the minimum ratio of the antenna gain (16) to perfect gain (8)
within the SA ΩSA:

ν(a) = min
θ,φ∈ΩSA

[
G(θ, φ)

Gperf (θ, φ)

]
(19)

In the case of sidelobe constraints, the goal function must
be supplemented with the summand, depending on the maxi-
mum gain value in the region ΩSL where sidelobes are to be
suppressed:

q(a) = max
(θ,φ)∈ΩSL

G(θ, φ) (20)

Let us put down the problem of contoured radiation pattern
optimization by the condition of maximum CE in the specified
SA with sidelobe constraints as follows, taking into account
(19) and (20):

w1 · ν(a)− w2 · q(a) → max
a∈A

(21)

where w1 and w2 are weights defining the importance of the
respective summand.
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(a) (b)

FIGURE 8. Angular dependence of the gain of antenna system shaped beams in the OB section (Fig. 4(a)): (a) amplitude-and-phase synthesis; (b)
phase-only synthesis.

(a) (b)

FIGURE 9. Angular dependence of the gain of antenna system shaped beams in the OB section (Fig. 4(a)), normalized to the perfect gain: (a)
amplitude-and-phase synthesis; (b) phase-only synthesis.

In case additional requirements are present — such as the
maximum gain deviation from the perfect value within the SA,
the width of the transition zone at the SA border, the cross-
polarization level within the SA, etc. — the goal function is
supplemented for these requirements to be reflected in it as well.
To solve the synthesis problem (21), the method of gradient

optimization has been used. For numerical optimization, the
steepest descent method [31] and log-sum exponential smooth-
ing method [32] have been used.
The sections of contoured radiation patterns (17), optimized

in accordance with (21) for cells of the SA considered above
(section OB in Fig. 4(a)), are presented in Fig. 8. The con-
toured radiation patterns are normalized to the isotropic RP —
i.e., they represent the angular dependence of the gain. The val-
ues of the perfect gain (8) are shown with the solid black line.
In Fig. 9, the gain values normalized to the perfect gain (8)

are shown. The horizontal lines within each cell show the min-

imum function values in each cell, representing the CE values
(19).
In Figs. 10 and 11, the aperture distribution for the cen-

tral beam for amplitude-and-phase and phase-only synthesis is
shown as an example. Amplitude distribution for phase-only
synthesis is uniform.
The greatest CE ν ≈ −2.2 dB has been achieved in the center

cell (Fig. 9), whose angular size is approximately four times the
size of a non-broadened beam for this antenna. The further from
the center the cells, the less the CE, which is caused by both
decreasing the angular size of cells and the radiation pattern
profile of the phased array element (dashed lines in Fig. 9). The
CE of the beams servicing the cells of the outer ring amounts
to ν < −6 dB because these cells are covered by virtually non-
broadened beams of the MBA aperture [31] and also because
their shape does not match the shape of the cells: the beam
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(a) (b)

FIGURE 10. Optimized aperture distribution for the central beam, amplitude-and-phase synthesis: (a) amplitude; (b) phase.

FIGURE 11. Optimized aperture phase distribution for the central beam,
phase-only synthesis.

footprints on the plane have an elliptic shape, and the cells have
a sector shape.

8. DECOUPLING BETWEEN CONTOURED BEAMS
High throughput of communication systems with MBAs is pro-
vided by the spatial and frequency separation of signals in dif-
ferent beams (see, for example, [11, 21, 22, 26, 33]). The neigh-
boring cells are serviced with beams using different frequency
letters (sub-bands). For the improvement of decoupling in
neighboring cells, orthogonally polarized signals are used as
well.
The peaks of beams operating at the same frequency are sep-

arated in space. Themore frequency letters there are, the further
the cells serviced on the same letters can be separated, and the
better the spatial decoupling can be achieved.
In Fig. 12, the earlier considered (see Fig. 4(a)) example of

an SA is shown, whose cells are serviced using four frequency
letters. The frequency letters repeat in cells separated by a sin-
gle cell.
To increase spatial decoupling, each shaped beam servicing

a specified cell must have minimum sidelobes in the cells with
other beams at the same frequency.

FIGURE 12. Distribution of frequency letters for cells in the case of
four letters.

As an example in Fig. 13, the contoured radiation patterns
for servicing the central cell are presented, obtained by the
optimization of (21) taking into account (17)–(20). In the
first case, only phases of the complex excitation factors of the
phased array are optimized (phase synthesis), and in the sec-
ond case, both amplitudes and phases are optimized (amplitude-
and-phase synthesis). In Fig. 14, similar results for a cell in the
3rd ring are shown.
From the presented analysis, it follows that contoured radi-

ation patterns obtained by phase synthesis have sidelobes not
exceeding −20 to −25 dB in cells serviced with other beams.
The spatial decoupling with those beams amounts respectively
to 20–25 dB. However, the signal-to-noise ratio influenced by
interference from 95 beams in the cell through their sidelobes
amounts only to C/I ≈ 7.5 dB.
For amplitude-and-phase synthesis, sidelobes in the same

cells can be suppressed to the level −30 to −50 dB, which as-
sures a higher value of C/I = 19 dB in the system under con-
sideration.
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(a) (b)

FIGURE 13. Contoured radiation pattern for service of the central cell with sidelobe suppression in cells serviced with other beams in the same
frequency sub-band: (a) phase-only synthesis; (b) amplitude-and-phase synthesis. The cells are outlined with solid lines.

(a) (b)

FIGURE 14. Contoured radiation pattern, servicing the cell in the 3rd ring with sidelobe suppression in cells serviced with other beams in the same
frequency sub-band: (a) phase-only synthesis; (b) amplitude-and-phase synthesis.

In modern high-throughput communication systems, differ-
ent digital signals are used [34], whose transmission is possible
if C/I is within the range of 10 to 30 dB. In particular, in [35],
a value of C/I = 16.5 dB is considered as an example.
Thus, the C/I values obtained in this work show the topical-

ity of the problem of MBA optimization to increase the C/I of
the beams. Additionally, to increase the information capacity
of the communication system, which depends on the number
of beams and C/I in them, solving the optimization problem to
determine the optimal number of cells in the SA, antenna aper-
ture dimensions, and the number of frequency letters appears
topical.
To demonstrate the possibilities of system performance im-

provement, we limit the SA of the considered antenna to six
rings where the angular size of the cells substantially exceeds
the in-phase aperture beamwidth, and the antenna forms well-
outlined contoured radiation patterns with a CE not lower than

−4 dB. In this case, the SA contains N = 105 cells and has an
angular size 2θSA = 111◦ (the SA diameter is about 65 km). In
such an SA, each cell experiences interference from no more
than 32 beams of the same frequency letter, and the C/I ratio
amounts to no less than 15 dB for the phase synthesis of the
contoured radiation pattern of the antenna with amplitude dis-
tribution in the aperture descending to −10 dB. For amplitude-
and-phase synthesis, C/I is not less than 28 dB. Further opti-
mization of the specified parameters is necessary, taking the
cross-polarization of the antenna into account.

9. ANTENNA SYSTEM WITH BEAMS OF OPTIMIZED
WIDTH

Alongside the multibeam phased array antenna discussed pre-
viously, which forms a system of contoured radiation patterns
for covering SA cells (Fig. 4(a)), we also consider an MBA
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FIGURE 15. MBA represents a system of aperture antennas, the sizes of which are optimized for the coverage of the cells formedwith a radial-and-ring
grid.

(a) (b)

FIGURE 16. Angular dependence of the gains of the antenna system beams in the OB section: (a) normalized to the isotropic radiator; (b) normalized
to the perfect gain.

comprising a system of aperture antennas, such as reflectors or
horns. Each of these antennas has an axisymmetric aperture
with an amplitude distribution descending to zero, forming a
single beam. This type of antenna can be used in a V-band re-
peater for a stratospheric communication system [8, 26]. This
approach was also explored in [5]. An example of such an an-
tenna is shown in Fig. 15. The beam of the central antenna is
aimed at the nadir, covering the central cell of the SA. The ring
tiers of antennas form beams that cover cells in the rings of the
SA, as illustrated in Fig. 4(a).
The diameter and orientation of the antennas are optimized

to provide the maximum CE (18) in the SA cells. The angu-
lar dependencies of the optimized gains of antennas in the OB
section (Fig. 4(a)) are shown in Fig. 16. We deem it necessary
to draw attention to the fact that of all the presented beams, the
central beam has the highest CE value. This is caused by the
fact that it has a circular shape matching the beam shape. In the
rest of the cells, the CE values are about 2 dB lower because
of the mismatch of the round shape of the beam and the sector
shape of the cell.
The consideredMBA provides theC/I ≈ 14 dB ratio within

the cells. The optimization of the information capacity of the
system is possible by optimizing the number of cells and the
respective number of aperture antennas, their sizes, and ampli-
tude distributions in the apertures.

A comparison of Figs. 9 and 16 shows that using the an-
tenna with contoured beams makes it possible to increase the
CE compared to the axisymmetric beam of optimum width by
up to 2–4 dB in the considered beam system. If the aperture of
the contoured beam antenna is increased, even higher values of
CE can be achieved as well [19]. Higher C/I values can also be
achieved in this case.

10. CONCLUSIONS
A method for partitioning a communication system’s SA into
cells covered by a base station’s MBA has been proposed. This
method ensures equipotential coverage of the SA by consider-
ing the slant range from the station to the subscriber. The ap-
proach is based on the concept of the perfect radiation pattern
and its perfect gain.
The relations defining the angular sizes of the cells and their

total number through the specified gain value in the center of
the SA for its partitioning with ring and radial-and-ring grids
have been obtained.
An example of the S-band MBA system suspended on a

stratospheric dirigible and composed of seven phased array
panels with contoured beams has been considered. The con-
toured radiation patterns of the antenna have been obtained by
means of phase-only and amplitude-and-phase synthesis for the
SA partitioned into cells with a radial-and-ring grid.
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It has been demonstrated that for SA coverage with con-
toured beams, fewer beams are required than the coverage with
non-broadened beams, while maintaining the same minimum
gain value in the SA as with non-broadened beams.
The efficiency of cell coverage with the obtained contoured

radiation patterns in the central cells is 2–4 dB higher than that
when using non-broadened beams. However, this efficiency
decreases with increasing distance from the SA center due to
the reduction in the angular size of cells.
The possibility of synthesizing contoured radiation patterns

that provide a carrier-to-interference ratio within a 105-cell SA
of no less than 15 dB for phase-only synthesis and 28 dB for
amplitude-and-phase synthesis has been demonstrated. Never-
theless, the correction and optimization of this parameter, con-
sidering antenna cross-polarization, are necessary.
The efficiency of cell coverage with a system of single-

beam antennas with axisymmetric apertures has been consid-
ered. The antenna dimensions and beam orientations were op-
timized for maximum efficiency. In the considered example,
the CE of MBAs with shaped beams is, on average, 2 dB higher
than that of antennas with beams of optimized width. Addition-
ally, antennas with shaped beams provide substantially greater
beam decoupling.
Further elaboration of this work is possible to determine the

optimum size of the antenna aperture, the optimum number of
contoured beams, and the frequency letters to maximize the in-
formation capacity of the communication system.
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