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Abstract—We have proposed a distributed array antenna
(DAA) system for high-speed satellite communications. The DAA
system uses multiple small tracking antennas and combines
the transmission signals in-phase to increase the antenna gain.
DAA system has a problem that the undesired radiation at the
sidelobe direction increases as the antenna gain at the main lobe
direction increases. In the mobile environment, the conventional
technique can suppress the undesired radiation in the limited
condition because of changing the direction of the undesired
radiation according to the movement of the mobile station. This
paper proposes a DAA technique that suppresses the undesired
radiation by setting a transmission plate at each antenna aperture
and moving them via adaptive control. The transmission plate
consisting of a metal patch or slot retransmits electromagnetic
waves and changes the amplitude and phase of the waves. To
change the radiation patters of each antenna, the transmission
plate rotates according to movement of the mobile station. After
combining these changed signals, the adaptive control selects the
rotate angle of the transmission plate to decrease the undesired
radiation at the sidelobe direction. The antenna gain on the main
lobe direction after combining is achieved with lower loss because
the insertion loss through the transmission plate is smaller. The
proposed technique offers more than2.4 dB improvement with
three antennas and more than3.5 dB improvement with four
antennas assuming each consists of8× 8 patches.

Index Terms—Distributed array antenna (DAA) system, sup-
pression of undesired radiation, mobile environment, transmis-
sion plate, frequency-selective surfaces.

I. I NTRODUCTION

Greater capacity is being demanded from broadband satel-
lite systems [1]. Satellite communication is especially impor-
tant over wide ocean areas, which are not supported by land-
based terrestrial networks. High-speed satellite communication
services are generally realized by using high gain antennas
to increase the equivalent isotropically radiated power (EIRP)
and the carrier to noise power ratio (CNR). Increasing the
antenna aperture can improve the antenna gain, but antenna
weight and volume are increased disproportionately, and small
vessels have no space for large antennas. We proposed the
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distributed array antenna (DAA) system; it combines multiple
small antennas to create a larger virtual antenna aperture [2].

A DAA system has multiple small tracking antennas and
a DAA controller. DAA system synthesizes transmitted and
received signals of the multiple small antennas to establish one
large virtual aperture antenna that offers high EIRP and high
CNR. DAA system has two other major advantages. First is
antenna diversity, which offers improvements in rain margin,
and significant redundancy by the use of multiple antennas.
Second advantage is the easy installation made possible by the
use of small antennas as space is limited on vessels, planes
and buildings.

In DAA system, the distance between antennas could be
more than one wavelength and multiple grating lobes are
generated. Each grating lobe increases the amplitude in the
sidelobe direction. Therefore, high antenna gain on the side-
lobe directions creates undesired radiation. When another
satellite lies in the sidelobe direction, the undesired radiation
interferes with the other satellite [3]. It is necessary to reduce
the transmission power to reduce interference to give to other
satellites. However, the gain of DAA is not achieved when the
transmission power decreases. Clearly the undesired radiation
in the sidelobe direction must be decreased. Using a low
sidelobe antenna is one approach, but the sidelobe value and
the antenna size have a trade-off relationship. Since DAA
system uses multiple small antennas, low sidelobe antennas
are not suitable.

Adaptive arrays and an antenna placement technique have
been proposed to suppress the undesired radiation for small
antenna array systems [4]–[8]. The adaptive array approach
[4]–[6] controls the amplitude and phase of the transmit-
ted signals so as to set nulls on sidelobe directions but
prior information as to the sidelobe directions is necessary.
Furthermore, suppressing the undesired radiation depresses
the antenna gain on the main lobe direction. On the other
hand, the antenna placement approach cuts the grating lobes
by careful placement of the antennas. One technique uses
irregular antenna spacing to disperses the grating lobe [7].
Another technique places the antennas so as to match the null
of the array response vectors and the peak of one antenna [8].
Unfortunately, these techniques assume a fixed environment.
In mobile environments, the direction of the mobile station
to the receiver is continually changing, which renders these
techniques ineffective.
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Fig. 1. Concept of DAA system.

This paper proposes the use of adaptively controlled trans-
mission plates to suppress the undesired radiation when DAA
system is used in a mobile environment. The plate transmits
electromagnetic waves only in a specific band and can control
the amplitude and phase of the waves by altering the incident
angle of the plate to the waves. The transmission plate is
realized as a frequency-selective surface [9]. The transmission
plate is set on the aperture of each antenna and rotated so that
the radiation pattern of the antenna becomes asymmetrical.
The undesired radiation is suppressed by combining the array
of asymmetrical patterns. The adaptive control rotates the
transmission plate according to the movement of the mobile
station. The proposed technique can suppress the undesired
radiation with lower loss of the antenna gain on the main lobe
direction because of controlling the transmission plate without
the antenna placement or the adaptive array.

The rest of this paper is organized as follows. Section II
presents DAA system concept and the problems raised by mo-
bile environments. Section III describes the proposed scheme.
Computer simulation results are shown in Section IV. Finally,
the paper is concluded in Section V.

II. D ISTRIBUTED ARRAY ANTENNA (DAA) SYSTEM

A. Concept of DAA System

Fig. 1 shows an application image of DAA system. DAA
system consists of multiple small tracking antennas, an DAA
controller, and a modem. The DAA controller is placed
between the modem and the antennas. At the transmitter side,
the DAA controller divides the transmitted signal intoN
streams and controls the phase and amplitude of each antenna
appropriately to realize spatial in-phase combining at receiver
antenna. At the receiver side, the DAA controller combines
all received signals appropriately to maximize the CNR. DAA
system offers both easy installation and significant CNR and
EIRP improvements. It also offers inherent redundancy, if one
antenna fails, the communication service is supported by the
other antennas.

B. Issue of DAA System: Increasing in Undesired Radiation

DAA system has a problem that the undesired radiation
increases when the antenna gain at main lobe increases as the
antenna gain at sidelobe increases.θ is defined as a direction
of the receiver. Then-th antenna is set to(xn, yn). En(θ, φ)

Antenna 1

Antenna 2 Antenna 3

X

Y

Antenna 1Antenna 2

Antenna 3

Receiver Receiver

Move

θ1

θ2

(a) Configuration 1 (θ = θ1) (b) Configuration 2 (θ = θ2)

Fig. 2. Increasing of undesired radiation by direction angle change of mobile
station.

is defined as an array response vector at then-th antenna in
azimuth angle,φ (−180 ≤ φ ≤ 180), and can be expressed as

En(θ, φ) =
2π

λ
(xn cos(θ − φ) + yn sin(θ − φ)) . (1)

gn(φ) is defined as the radiation pattern of then-th one
tracking antenna. The array combining pattern,G(θ, φ), is
defined as

G(θ, φ) =

N∑

n=1

gn(φ)En(θ, φ). (2)

The DAA controller controls these vectors to realize in-
phase combining. When DAA is applied to the fixed station
environment, thatθ is static, the optimization of the antenna
placement can decrease the undesired radiation [7], [8]. On the
other hand, in mobile station environment, the optimization of
the antenna placement cannot suppress the undesired radia-
tions because the antenna placement according to the received
antenna changes by moving. In other words,En(θ, φ) changes
by changing the path length at each antenna when the mobile
station moves. In mobile station environment,θ is re-defined
as the mobile station angle.

An example of increasing undesired radiation by changing
mobile station environment is shown. In this case, the example
has three antennas (N = 3) for DAA system. Fig. 2 shows the
placement of three antennas. The antenna placement changes
by the mobile station moving. Fig. 3 shows the sum of
array response vectors

∑N

n=1
En(θ, φ), the radiation pattern

of one tracking antenna, and the array combining radiation
pattern of each configuration. In configuration 1 (θ = θ1),∑N

n=1
En(θ, φ) at φ = 15◦ is null, that the radiation pattern

of one antenna is the first sidelobe. So the undesired radiation
is decreased after array combining in Fig. 3 (c). However,
in configuration 2 (θ = θ2),

∑N

n=1
En(θ, φ) is not null at

φ = 15◦. Note that the relative antenna placement of each
antenna is hold. The array combining radiation pattern at
φ = 15◦, that is the undesired radiation, increases by changing
the antenna placement in configuration 2. This paper proposes
the suppression technique of the undesired radiation in the
mobile environment, which add on the existing antenna.

III. PROPOSAL: ADAPTIVE CONTROL OFTRANSMISSION

PLATE FOR DAA SYSTEM

Fig. 4 shows the concept of the proposed method. The
mobile station hasN tracking antennas,N transmission plates,
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Fig. 3. Increasing of undesired radiation by direction angle change of mobile
station.

and a control unit for each transmission plate. The control
unit rotates its transmission plate, which is placed in front of
the antennas aperture, to suit the mobile stations movements.
As the plate we use a frequency-selective surface (FSS) [9]
consisting of a periodically structured metal patch or slot. The
incident angle of the FSS relative to the aperture, changed
by rotating the plate, changes the phase and amplitude of the
transmission wave. This changes the radiation pattern of one
antenna,gn(φ). The incident angles of the transmission plates
are decided so as to minimize the undesired radiation after
array combining.

An example explains a principle of the undesired radiation
suppression. Fig. 5 shows the radiation patterns of one antenna
with and without the transmission plate.p1(φ) is the radiation
pattern without the transmission plate andp2(φ) is the radi-
ation pattern with the transmission plate. The first sidelobe

DAA Controller 

MODEM

…

Antenna 1 Antenna NAntenna 2

Control Unit for Transmission Plate

Information of Mobile Station Condition

… …

Fig. 4. Concept of suppression technique which uses movable transmission
plate.
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Fig. 5. Radiation patterns of one antenna with and without transmission plate.

of p2(φ) is decreased than that ofp1(φ). In the configuration
2 (Fig. 2 (b)), the antenna 1 usesp2(φ) (g1(φ) = p2(φ))
and others usesp1(φ) (g2(φ) = g3(φ) = p1(φ)). The array
combining radiation pattern is shown in Fig. 6. The undesired
radiation atφ = 15◦ is decreased. The control unit chooses
the most suitable radiation pattern every antennas according
to the mobile station angleθ.

There is a table that expresses the relationship between the
undesired radiation after combining and the rotation angle of
each transmission plate in advance. The proposed technique
selects the rotation angles from the table according to the mo-
bile stations relative position. Note that the proposed technique
can be combined with the conventional techniques shown in
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Fig. 6. Array combining radiation patterns.
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[4]–[7].

IV. PERFORMANCEEVALUATION

Simulations were conducted to verify the effectiveness of
the proposal. First, an electromagnetic field analysis was per-
formed to calculate the radiation patterns of one antenna with
the transmission plate. Next, the array combining radiation
patterns were simulated using the array response vector of each
antenna and the radiation patterns calculated in a preliminary
step [11]. DAA system employs the patch array antenna as
the one antenna because the transmission plate can be placed
near the aperture of the antenna. In this paper, DAA system
uses three or four antennas, which are the8 × 8 patch array
antennas.

A. One Antenna Design

Fig. 7 shows a8 × 8 patch array antenna with movable
transmission plate. The patch array antenna consists of64
patches, see Fig. 7 (a) for details.λ is a wavelength of the
resonant frequency. The patch array antenna is made on a
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print circuit board, and that relative permittivity is 2.6. The
array is fed from the backside of the antenna element. The
transmission plate and the patch array antenna lie on the
same X-axis. The distance between the transmission plate and
the patch array antenna is defined ass. The transmission
plate rotates around the Z-axis at the center of the plate as
shown in Fig. 7 (b), and changes the radiation pattern in the
horizontal plane. The rotation angle ofn-th transmission plate
is defined asαn. The rotation control unit is not shown in
Figs for simplicity. Details of the transmission plate, which
is the 5 × 5 slots, are shown in Fig. 8. Fig. 9 shows the
amplitude and phase characteristics of the transmission plate
versus the incident angle. It can be seen that the insertion
loss through the transmission plate is negligible in the front
direction. However, the insertion loss increase and the phase
changes as the incident angle is increased.

Fig. 10 shows the radiation patterns of one antenna with and
without the transmission plate.s was set to1.0λ, andαn was
set to0◦ and45◦ when the antenna has the transmission plate.
Each VSWR is less than 1.5. The peak gain of the radiation
pattern with the transmission plate atαn = 0◦ is equal as that
of the radiation pattern without the transmission plate. The
insertion loss of the transmission plate is negligible because
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of αn = 0◦. The transmission plate atαn = 0◦ changes the
sidelobe from that of the antenna without the transmission
plate. On the other hand, the peak gain decreases 0.5 dB
when the transmission plate rotated,αn = 45◦ because the
transmission plate has loss for electromagnetic waves by the
diagonal incidence.

Fig. 11 shows the relationship between the power of each
sidelobe andαn. s also was set to1.0λ. The horizontal axis is
the index of each sidelobe starting from the lobe immediately
adjacent to the main lobe. The transmission plate changes the
asymmetrical pattern byαn. Fig. 12 plots the power of the
first sidelobe as a function ofs whenαn is 45◦. αn cannot
be set more than45◦ when s is less than1.0λ because the
transmission plate touches the antenna element. Therefore,s

values less than1.0λ, are excluded. The power of the sidelobe
increases ass increases because the transmission plate scatters
the electromagnetic waves. In this paper,s is set to1.0λ so
that the power of the first sidelobe is minimized.
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B. Suppression Effect of Undesired Radiation at Array Com-
bining

Fig. 13 shows the antenna placement with three and four
antennas. These antennas are set at equal distances on the

circumference with radius ofr. Each antenna is the same
as that detailed in the previous section. Seven plate rotation
angles were examined by changingαn from −45◦ to 45◦ in
steps of15◦. It is assumed that the mobile station has a receiver
antenna withθ = 0◦. αn at each antenna is chosen from the
all combinations so that the undesired radiation is minimized.
For simplicity, the elevation angle was kept constant at0◦.

The suppression value,GU (θ), is defined as the difference
between the peak gain atφ = 0◦ and the value that is
maximum except the main lobe,10◦ ≤ |φ| ≤ 180◦. GU (θ)
is shown below,

GU (θ) = G(θ, 0)− max
10◦≤|φ|≤180◦

G(θ, φ). (3)

The undesired radiation is small so thatGU (θ) is large.

Antenna 1Antenna 2

Antenna 3

θ

Reciever120 deg.

r

X

Y

Mobile Station

(a) 3 antennas
Antenna 1Antenna 2

Antenna 4

θ
90 deg.

r

X

Y

Antenna 3

Reciever

(b) 4 antennas

Fig. 13. Antenna placement.

Fig. 14 shows an array combining radiation pattern of three
antennas. For comparison, the performance of the conventional
approach, which has no transmission plate and no adaptive
control, is shown. The radius of antenna placement,r, is
assumed to be5.5λ. 5.5λ is almost the smallest placement
distance because the antenna size is approximately5.2λ. The
mobile station angle,θ, is set to37◦ when GU (θ) of the
conventional is worst case. The peak gain is decreased0.5 dB
by the adaptive control of the transmission plates. However,
the undesired radiation atφ = 15◦ is decreased3.2 dB. The
proposal offers an improvement of2.7 dB in consideration of
the gain loss.

Fig. 15 (a) showsGU (θ) of three antennas as a function
of mobile station angle,θ. GU (θ) exhibits periodicity because
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of the circumferential antenna placement. Fig. 15 (b) shows
the characteristics for one period;θ ranges from 0◦ to 60◦.
The maximum transmission power is decided by the maximum
interference that the transmitter imposes on the other receiver.
Therefore, suppression performance is evaluated from the min-
imum GU (θ) that is the worst case. The proposed technique
improves the undesired radiation regardless ofθ and offers an
improvement of2.4 dB. The radius of the antenna placement,
r, is changed. Fig. 16 showsGU (θ) with three antennas as
a function ofθ when r is 10λ. The proposed technique can
suppress the undesired radiation regardless ofθ. The minimum
GU (θ) of the proposal is improved2.9 dB than that of the
conventional.

Finally, the impact of the number of antennas was con-
firmed. Fig. 17 plots the minimumGU (θ) for each antenna
number as a function ofr. The proposed technique of each
antenna number suppresses the undesired radiation compared
to the conventional approach for all antenna numbers exam-
ined. The proposed technique with four antennas offers an
improvement3.6 dB whenr is 10λ, and the improvement is
bigger than that with three antennas. Each minimumGU (θ)
of the proposed technique has the same characteristics without
dependence on the number of antennas because the optimal
value is chosen inαn every antenna.

V. CONCLUSIONS

This paper has proposed an undesired radiation suppression
technique for DAA systems in mobile environments. The
proposed technique sets a movable transmission plate at each
antenna aperture and controls plate angle to suit the mobile
stations relative position. DAA system with an8 × 8 patch
array antenna as one antenna was assumed. These antennas
were set at equal distances on the circumference. The proposal
was found to offer more than2.4 dB greater suppression with
three antennas and more than3.6 dB suppression with four
antennas when the radius of the antenna placement was10λ.
The proposal had no characteristics change by the number of
antennas. The rotary angle design, which does not choose from
all combinations, is the subject for future study.
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