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1.   Introduction

The design of an S-band next-generation broad-
band scalable mobile satellite communication system
for the ubiquitous network [1] will require various
innovations to reduce the weight and power con-
sumption of the onboard equipment. The required
capacity of 1 Gbit/s can be achieved by using a multi-
beam system that offers high-antenna-gain beams
and extremely high levels of frequency reuse. More-
over, the radio frequency (RF) power resource allo-
cated to each beam must be varied to match the
beam’s traffic [2]. The typical approach to achieving
these goals is to use a reflector antenna with a multi-
beam feeder. Two major technologies are important
for the onboard antenna system: an ultralightweight
large antenna reflector [3] with an aperture diameter
of about 20 m and a lightweight 100-beam-class
antenna feed system.

This article describes a novel multibeam antenna
feed system that uses the concept of beam groups. In
each group, all the beams are excited using the same
amplitude weight. This improves the antenna gain

over the entire coverage area compared with the con-
ventional array-fed reflector antenna and achieves
flexible RF power distribution among the beams. To
further improve the RF power distribution flexibility
between beams, we devised a beam-forming method
that combines beams from different beam groups. We
used these methods to design an onboard multibeam
reflector antenna for a broadband scalable mobile
satellite communication system. We confirmed their
validity by calculating the expected antenna perfor-
mance. These new methods enable the weight of the
onboard multibeam antenna feed system to be
reduced by about 50% compared with the conven-
tional methods.

2.   Requirements for onboard antenna systems

Our aim is to make the next-generation broadband
scalable mobile satellite communication system by
building an S-band 1-ton-class geostationary satellite
with a communication capacity of up to 1 Gbit/s [1].
The weight budgets for onboard equipment are
shown in Fig. 1. To meet these budgets, we must
halve the weight of the antenna feed system.

Achieving a 1-Gbit/s capacity in the 30-MHz band-
width allocated to mobile satellite services in the S-
band requires frequency reuse in excess of 20 times.
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One possible beam allocation model uses 69 beams in
3-beam clusters. Each beam offers at least 52.9 dBW
as its edge of coverage (EOC) EIRP (equivalent/
effective isotropically radiated power). The antenna
gain is 43.5 dBi and the RF output is 9.4 dBW. Total
RF output power is 600 W (27.8 dBW).

The onboard antenna system must allocate RF
power to each beam according to the beam’s traffic
and it must be possible to concentrate the RF power
of each beam up to the power flux density limit, i.e.,
18% of the total RF system power.

3.   Conventional multibeam reflector antennas
and feed systems

A typical onboard multibeam antenna configura-
tion is a reflector antenna with a multibeam feed sys-
tem. Such configurations fall into two classes accord-
ing to the location of the feeder (Fig. 2) [4]. This sec-
tion describes the configurations and the problems of
conventional feed systems.

3.1   Focal-plane array feed type
A system with the feeder at location (1) in Fig. 2 is

a reflector antenna system because the energy trans-
mitted from a feed element in the focal plane forms a
plane wave whose direction corresponds to the feed
position. In this feed type, hereinafter called the
focal-feed type, the beam-forming network (BFN)

uses multiple elements around the focal position. A
block diagram of a multibeam antenna feed system
for a focal-feed-type antenna is shown in Fig. 3. This
example shows a 3-beam system with 8 elements,
where each beam is formed by 4 elements. 

When we implement the power distribution func-
tion between beams, one option is a multiport ampli-
fier (MPA) system [5]. This is because in the assign-
ment of the required RF power, each beam input sig-
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Fig. 2.   Configurations of multibeam reflector antennas.
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system for a focal-feed-type antenna.
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nal level is proportional to the RF power and the
excited RF power of each feed element depends on
the RF power distribution. The MPA can make the
operating conditions of the high-power amplifiers
(HPAs) independent of the RF power allocation of
each beam input level. Unfortunately, the MPA needs
a lot of hybrid circuits before and after the HPAs, as
shown in Fig. 3. There are three problems with using
an MPA.

1) The circuit scale of the hybrid matrices increas-
es drastically with the number of input/output
terminals.

2) The insertion losses of the output hybrid matrix
suppress the effective antenna gain.

3) Since the output hybrid matrix must handle
large RF power, it is much heavier than the
input matrix.

3.2   Off-focal-plane array feed type
In the off-focal-plane-feed-type (hereinafter, off-

focal-feed) reflector antenna, the array feeder is
located in front of the focal plane at (2) in Fig. 2. The
array feeder converts the wavefront at the array aper-
ture to form the beam. Therefore, all elements are
basically used for beam forming and must be con-
trolled via the appropriate amplitude and phase
weights. A block diagram of this type of antenna feed
system is shown in Fig. 4. Although this type needs a
large number of power dividers/combiners, fixed
phase shifters, and fixed attenuators, the required RF
power that needs to be handled before the HPA is
small. Therefore, they can be effectively integrated as
monolithic microwave integrated circuit devices [6]. 

In contrast to the focal feed type, this feed system

can eliminate the input/output hybrid networks of the
MPAs. Since all beams can share the same set of
amplitude weights, the excited RF power of each feed
element, pi, does not depend on the RF power distri-
bution, as shown by the following equation [7].

(1)

where gi, tj, and aij indicate the i-th HPA gain, the RF
power distribution ratio of the j-th beam versus the
total radiation output, and the amplitude weight of the
j-th beam of the i-th feed element, respectively.

3.3   Issues for 100-beam-class feed systems that
use conventional feed systems

Conventional feed systems are summarized in
Table 1. The best approach to making a lightweight
100-beam-class feed system is to dispense with the
MPA. Therefore, with respect to the issue of weight,
the off-focal feed type has a big advantage over the
focal feed type. However, the key problem with the
off-focal-feed type is the low antenna gain. It is about
1–2 dB lower than that of the focal-feed-type antenna
because of spillover and imperfect conversion of the
wavefront. However, it does satisfy many of the other
performance requirements, such as power distribu-
tion and lightweight. Therefore, we devised novel
off-focal-feed-type-based antenna feed systems with
improved antenna performances.

4.   Multibeam antenna feed system using beam
groups

4.1   Concept of beam groups
In the off-focal-feed-type antenna, the antenna gain

decreases in proportion to its deviation from the gain
optimal weight. Using the same set of amplitude
weights allows the MPA to be dispensed with at the
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Configuration
(array position)

Focal feed

* Includes insertion loss (2.0 dB) of output network.

Off-focal feed

Simple

MPA

Baseline

Heavy

Complex

Only HPA

Less than 1–2 dB

Baseline

BFN

HPA system

Effective antenna gain*

Weight

Table 1.   Summary of conventional multibeam antenna
feed systems.
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cost of an increase in amplitude weight error and a
decrease in gain.

We focused on the properties of off-focal-feed-type
antennas and calculated several sets of amplitude
weights, each of which forms a beam group. In each
beam group, all beams are excited by a common set
of amplitude weights. Since each beam group con-
tains beams that overlap ones in neighboring groups,
as shown in Fig. 5, the deviation of the amplitude
from the optimum value can be lowered.

How the RF power is excited is the key to eliminat-
ing the MPA. In the case of two beam groups, based
on our design concept, the excited RF power of each
element is given by 

(2)

To keep pi constant, we introduce a constraint such
that for each beam group, the subtotal RF powers

and are fixed. Thus, the MPA is not nec-

essary in this feed system given this constraint. 

4.2   Method for determining amplitude weights
for beam groups

The amplitude weights for each beam group are
determined by the following procedures.

1) Calculate the gain margin for the demands
assuming that each beam is excited using the
gain-optimal weight.

2) Find permissible amplitude weight errors cor-
responding to each beam’s margin.

3) Calculate a set of amplitude weights Ail that sat-
isfies 1) and 2) above.

This can maximize the average gain among beams
while minimizing the antenna gain variance. Our
scheme achieves higher antenna gain over the entire
coverage area than is possible with a conventional
off-focal-feed reflector antenna excited with the same
set of amplitude weights. 

4.3    Beam-forming technique for overlapping
areas

Our technique offers good antenna characteristics
while eliminating the MPA. However, it does restrict
the flexibility of RF power distribution and the maxi-
mum assigned power because the RF power allocated
to each beam group must be fixed. To solve these
problems, we set beams (hereinafter called overlap-
ping beams) that belong to two or more beam groups,
as shown in Fig. 5. This configuration increases the
power distribution flexibility of the overlapping
beams while holding constant the subtotal power of
each beam group.

A block diagram of a feed system that supports
overlapping beams with the minimum number of
additional devices is shown in Fig. 6. Here, the i-th
and j-th BFN control phase and amplitude of each
element correspond to beam groups #i and #j, respec-
tively. The signals in the overlapping beams are
appropriately divided by a variable divider. The
divided signals are then input to the BFN ports that
correspond to the area from which beams are radiat-
ed. The overlapping beams are formed by the spatial
combination of the radiated beams. In this case, it is
necessary to adjust the phase of each beam appropri-
ately.
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5.   Antenna design for broadband scalable
mobile communication satellite

This section describes the design of an onboard
antenna for a broadband scalable mobile communica-
tion satellite that uses our beam-group concept.

5.1   Antenna design
We designed an onboard multibeam reflector

antenna that uses our new feed system and meets the
expected system requirements. Antenna performance
is greatly dependent on the number of beam groups:
EOC gain increases in proportion to the number of
beam groups. The flexibility of RF power distribution
and the maximum assigned power both fall as the
number of beam groups increases.

The antenna configuration is shown in Fig. 7 and
the antenna parameters are shown in Table 2. To min-
imize the amount of onboard equipment, the number

of feed elements and the number of beams accommo-
dated in beam group were restricted to powers of two.
Design results for 3 beam groups and 11 overlapping
beams are shown in Fig. 8. The subtotal RF power
values of beam groups A, B, and C were 40%, 40%,
and 20% of the total RF system power, respectively.
We confirmed that this scheme can radiate sufficient
RF power. The sum of the subtotal RF powers allo-
cated to the beam groups can be assigned to the cor-
responding overlapping beams. For example, 80% of
the total RF system power can be assigned to each
overlapping beam between groups A and B. There-
fore, the overlapping beams will normally be allocat-
ed to the main island of Japan because that area is
expected to have the heaviest traffic. 

5.2    Evaluation of antenna performances
To evaluate the performance of our antenna design,

we examined a 69-beam antenna with different struc-
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Frequency

Aperture diameter: D

Focal length: f

Defocus length: ρ 

Offset angle: ξ

Feed element

Feed element spacing

Number of elements

Number of beam groups

Number of overlapping beams

2.50 GHz

19.0 m

13.3 m

1.2 m

43.5°

Microstrip patch

120 mm

64

3 (A: 32, B: 32, C: 16)

11

Table 2.   Antenna parameters.
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tures. To provide a benchmark, we evaluated a multi-
beam reflector antenna with conventional feed sys-
tems. We assumed the same reflector aperture diame-
ter as for our antenna. In the focal array feed config-

uration, each beam was formed by seven elements
and the amplifier part was assumed to consist of three
23-beam MPAs to achieve the required RF power
concentration. MPA output loss was estimated to be
1.5 dB.

Some examples of calculated antenna patterns are
shown in Figs. 9 and 10. They correspond to the
azimuth cut patterns (elevation angle: –0.7°) of 9
beams in Fig. 8. In these figures, the dotted lines show
the minimum EOC gain of the 9 beams. Our new feed
system offers the same minimum EOC gain as the
focal-feed system; it has larger gain than the off-
focal-feed system with the same amplitude weights.
The minimum EOC gains of all 69 beams with our
new feed system and the conventional focal feed sys-
tem are 43.92 and 44.27 dBi, respectively. To evalu-
ate the sidelobe characteristics, we calculated contour
patterns of the south-west, south-east, and north-east
edges (Fig. 11). Contours for 43.5, 33.5, and 23.5 dBi
(only the south-west edge) are plotted. These calcula-
tions confirm that the antenna requirements are satis-
fied and that our scheme yields almost the same EOC
gain as the conventional focal feeder.

We also calculated the antenna patterns of the over-
lapping beams. Figures 12(a), (b), and (c) show the
antenna patterns formed with the group A amplitude
weights, group B amplitude weights, and combined
A + B weights, respectively. The gain deviation
against power division ratio (d) of groups A and B
covers the range from d = 0.0 (Group A) to d = 1.0
(Group B), as shown in Fig. 13. These results confirm
that the overlapping beams meet all the expected
requirements.

To determine the power distribution flexibility
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among beams, we calculated the RF power shortage
due to HPA saturation; the virtual power distribution
ratios were generated at random. The probability of

power shortage, as determined from 1000 trials, is
shown in Fig. 14. For comparison, the characteristics
obtained with the conventional focal feeder using 3
MPAs and the case of not using overlapping beams
are also shown in the figure. Because increasing the
RF power shortage reduces the flexibility of RF
power distribution among the beams, the results con-
firm that our new technique greatly improves the RF
power distribution flexibility among beams.

Finally, we compared the weight of the convention-
al focal feed system and our new feed system; we
considered the elements forming the feed systems
shown in Table 3. Weights of the basic circuits were
taken from previous reports [8]-[10]. Our new feed
system offers almost the same performance as the
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focal feed system with an MPA but it weighs much
less.

6.   Conclusion

We investigated two novel techniques—a multi-
beam antenna feed system that uses the beam-group
concept and a beam-forming method that combines
beams from different beam groups—for a lightweight
onboard multibeam antenna feed system that offers
RF power distribution among beams. Our beam-
group concept improves the antenna gain over the
entire coverage area compared with the conventional
array-fed reflector antenna. Our beam-forming
method combines beams from different beam groups
and so improves the RF power distribution flexibility
among beams.

We confirmed the validity of these methods by cal-
culating antenna patterns for a 69-beam antenna. The
antenna patterns formed by our feeder satisfy the
antenna performance requirements. Weight estima-
tions showed that our multibeam antenna feed system
is much lighter than the equivalent conventional
multibeam antenna feed systems while still satisfying
the antenna performance requirements.
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(units: kg)

Number of items
Unit weightConfiguration

Focal feeder with MPAs
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187.2

New feeder
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1

103.6
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1
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30

—

Feed element

Hybrid for output hybrid network

HPA

BFN and Hybrid for input hybrid
network for focal feeder

BFN for new feeder

Total weight

Table 3.   Comparison of components and weights of feed systems.
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