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1

Radiation Group, Signals, Systems and Radiocommunication Department, Universidad Politécnica de Madrid, Ciudad
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ABSTRACT

Table 1. Antenna specifications.

This work provides the development of an antenna for
satellite communications onboard systems based on the
recommendations ITU-R S.580-6 [1] and ITU-R S.4655 [2]. The antenna consists of printed elements grouped
in an array, working in a frequency band from 7.25 up
to 8.4 GHz (15% of bandwidth). In this working band,
transmission and reception are included simultaneously.
The antenna reaches a gain about 31 dBi, has a radiation
pattern with a beamwidth smaller than 10o and dual circular polarization. It has the capability to steer in elevation
through a Butler matrix to 45◦ , 75◦ , 105◦ and 135◦ electronically and 360◦ in azimuth with a motorized junction.
In order to enhance the features of the antenna, mutual
coupling reduction techniques based in Electromagnetic
Band Gap (EBG) were studied.

Parameter

Value

Comments

Polarization
RX
Polarization
TX
Gain

LHCP

Left Handed Circular
Polarization*.
Right Handed Circular Polarization*.
For the broadside direction.
Equivalent diameter.

Key words: Steering antenna; Mutual coupling reduction;
EBG.

1.

RHCP
31 dBi

Maximum Dimensions
Antenna Efficiency
Axial Ratio

<0.6 m

CP/XP

>25 dB

S11

<-15 dB

S21

<-15 dB

>60%
<3 dB

Including network
losses.
Circular polarization
purity.
Co-polar and Crosspolar Ratio.
Reflection
coefficient.
Isolation
between
frequency bands.

INTRODUCTION
*Both are interchangeable.

The increasing use of broadband satellite systems to provide ubiquitous and high-capacity communications demands lightweight, low-profile steerable-beam antennas
with a small footprint that can be integrated on vehicles,
trains or aircrafts. Therefore, a necessity of more demanding mobile satellite terminals is emerging. These
terminals require antenna frontends capable of tracking
one or more satellites (uni/bidirectional) and provide at
the same time sufficient band width. X band satellite is
widely available and can easily provide rich multimedia
broadcasting as well as broadband communications services at a competitive cost with respect to other satellite systems at lower frequencies. However, X band antenna terminals are generally expensive and heavy, while
phased array technology can provide low-profile and reliable solutions at a reasonable price for mass production.
The aim of this work is the development of an onboard

satellite communications system in X band. This printed
antenna has the following capabilities: broadband capacity (7.25 - 8.15 GHz) 15%, dual circular polarization (RHCP and LHCP, interchangeable for transmission
(TX) and reception (RX), good axial ratio (AR < 3dB)
and beam steering (90◦ elevation) by means of a passive
Butler network matrix. Table 1 provide the complete design specifications for this antenna.
This paper is organized as follows. Section 2 shows the
process design of the antenna in three stages, the design
of the array, the sub array and the steering network features. In section 3, complete prototypes are shown and
measured. Section 4 is devoted to the study of mutual
coupling reduction based on Electromagnetic Band Gap
(EBG). Finally, in Section 5 the conclusions are drawn.

2.

SYSTEM DESIGN

This antenna has been designed in two main different
parts: the radiating element, an array of printed microstrip antennas and a passive Butler network based in
hybrid couplers, which gets the necessary phase shift in
order to obtain the steering direction. A rectangular structure of 16x24 elements has been selected [3]. These elements are treated in two different ways:

2.2.

Butler Matrix

The Butler matrix is a passive network with 2n inputs,
2n outputs, 2n−1 log2 2n hybrid couplers, crossovers and
phase shifters [7]. The function of a Butler matrix is to
combine signals in phase to or from an antenna array.
It produces 2n beams with constant angular separation.
Each output signal Sn it can be expressed as follows (1).

Sn =

• Rows: First grouped in rows, separated a distance
between them of 0.85λ|7.25 GHz .
• Columns: Thus, 16 rows of 24 elements are grouped
and separated 0.5λ|7.25 GHz . The steering direction
of the main beam is achieved due to the phase shifting between each row.
2.1.

Sub array

In order to handle the problems that this complex system
presents, it is decided to split the system. The antenna is
based in a 4x4 circular microstrip patches sub array [4].
This elements are treated in two different ways. First,
4 radiating elements grouped in rows, with a separation
between them of 0.85λ|7.25 GHz in order to increase the
effective area of the antenna. Those elements are fed by
a uniform passive distribution network. Secondly, 4 rows
are grouped vertically with a separation of 0.5λ|7.25 GHz ,
with this separation the grating lobes in electronic steering radiation angles are avoided (Fig.1).

n
X

Am ejαmn

(1)

m=1

where Am is the input signal in m port and αmn is the
phase difference between input ports. In this work a
Butler matrix with 4 inputs and 4 outputs has been designed. The output phase difference is ±45◦ and ±135◦ ,
and crossovers are implemented with two hybrid couplers
in cascade.
The hybrid coupler is the key design part since the rest
of the elements are based on it. This hybrid coupler is
designed in two stages, in order to enhance the bandwidth of the device. Crossovers, are compound of two
hybrid couplers in cascade. This passive circuit allows to
cross different lines in the substrate without using multilayered structures with good isolation. Therefore, the
signal that enters through port 1 goes out through port 4,
meanwhile the signal in port 3 it is canceled because its
components has a π phase difference. Likewise, signal in
port 2 goes to port 3 and it is cancelled in port 4. Phase
shifters are based in transmission lines, which introduce
a phase shifting of 45◦ , as well as they compensate the
electrical length of crossovers.

3.

CONSTRUCTION AND MEASUREMENTS

An antenna prototype has been built to measure the radiation patterns and to verify the antenna performances.
3.1.

Figure 1. Array simulation.
The radiating element is composed of an array of twostacked patches: the upper one is fed by electromagnetic
coupling, and the bottom one, is fed by two via holes to
get the circular polarization. A two stages miniaturized
hybrid coupler [5] enhances the bandwidth of the circuit,
permits two circular polarizations(RHCP and LHCP) at
the same time, and increases the isolation between both
channels (TX and RX). In the bottom part of the antenna, the feeding distribution network and connectors
are placed. The substrate permittivity is 2.17 in order
to get good radiation of the antenna. Despite reducing
Q factor, the substrates and foam thickness are thick in
order to enhance the bandwidth (∼ 15%) [6].

Array

Firstly, Fig. 2 shows the bottom part of the construction
of the 16 elements subarray. This figure, shows the top
patches, which are fed by electromagnetic coupling and
the connectors, which will be connected to the steering
network. If the Butler matrix is connected to left side
ports, the antenna radiation will be LHCP and viceversa.
The rest of the ports will be charged with 50Ω loads.
The S parameters of eight input ports of the sixteen elements array are presented in Fig. 3. The continuous line
shows the left side ports, the dashed line represents the
right side ports and the marked line points to the isolation
between two ports together. The isolation is adecuate,
with a value under 15 dB for the whole band (SRL < −15
dB) and the reflection coefficient for all the ports is under
10 dB (Sii < −10 dB).

sented in Fig. 5. Theoretically, the output power distribution is -6 dB in each port. However, due to the fabrication
process, reflection coefficients, losses, and the isolation
of the circuits the output distribution is −6.5±2 dB (continuous line). The final isolation between ports is better
than 12 dB (dashed line).

Figure 2. Multilayered array construction.

Figure 5. S parameters in amplitude of Butler matrix.

Figure 3. S parameters of 4x4 array (8 ports).
3.2.

Steering network

In Fig. 6 and Fig. 7, the output phase are shown. It can be
seen that the simulations (dashed line) are in good agreement with measurements (continuous line). When input
signal enters in port 1 (see Fig. 4)the phase difference between the outputs is −45 ± 5◦ (Fig. 6). Fig. 7 shows the
phase difference between the outputs +135±5◦ when the
input signal enters through port 2, and the other inputs are
loaded with 50Ω. Similar results are obtained for ports 3
and 4, with phase differences of −135 ± 5◦ and +45 ± 5◦
respectively.

Fig. 4 shows the Butler matrix. In this figure, the prototype and each of its parts it is shown [8]. The hybrid
coupler and the phase shifters are based on transmission
lines. Crossovers are implemented in one layer with a
double hybrid coupler in cascade. This circuit is electrically large and it can not be included in the same layer of
the distribution network. For that reason, it is built in a
different printed circuit board. Nevertheless, in this way,
it can be used for both TX and RX.

Figure 6. S parameters in phase of Butler matrix (Port1).

3.3.

Figure 4. Butler matrix construction.
The amplitude of the Butler matrix S parameters is pre-

Subarray Measurements

Fig. 8 shows the measurement setup of the complete system. In it, the 16 element array and the Butler matrix are
connected through low losses cables. The 4x4 subarray
has been measured at the facilities of Technical University of Madrid (UPM).
In Fig. 9 and Fig. 10 the radiation patterns of the steering
antenna are shown for the center frequency of each band

(marked line) and simulations (dashed line) are because
the cable and connector losses were not taken into account.

Figure 7. S parameters in phase of Butler matrix (Port2).

Figure 10. Steering radiation pattern (RHCP 8.15 GHz)
measurement vs simulation.
The axial ratio of the main beams, (−45◦ , −15◦ , 15◦
and 45◦ ) for the different frequencies and different polarizations (LHCP7.25GHz and RHCP8.15GHz ), are under
-3 dB for each pointing beam ±25◦ .

Figure 8. Measurement setup in the anechoic chamber.
(7.25 GHz and 8.15 GHz). The steering angles −45◦ ,
−15◦ , 15◦ and 45◦ correspond to a phase difference feed
α = 135◦ (purple), α = 45◦ (red), α = −45◦ (black)and
α = −135◦ (blue) respectively. The marked line presents
the measured data, while the dashed line shows the simulated data, which are in good agreement. The cross polar
component is represented in continuous line.

The CP/XP is larger than 20 dB in the main beam for the
different steering directions. As expected, the values of
circular polarization purity for the main beam are under
1 dB.

4.

SURFACE WAVE EFFECT SUPPRESSION

Due to the use of the thick substrate, in order to cover the
whole band (1.15 GHz), the surface-wave propagation effect appears. This effect yields a negative contribution
in mutual coupling and isolation between elements. To
solve this problem, different solutions are taken into account: cavity patches, Defected Ground Structure (DGS),
etc. although periodic planar Electromagnetic Band Gap
(EBG) these EBG seems to be the best solution due to
compactness and feasibility of construction (Fig. 11).

Figure 9. Steering radiation pattern (LHCP 7.25 GHz)
measurement vs simulation.

EBG technique appears as an application of truncated frequency selective surface (FSS) [9]. These structures consist of an array of metal protrusions on a flat metal sheet
and can be visualized as mushrooms protruding from the
surface. When the period is small compared to the wavelength of interest, it is possible to analyze the material as
an effective medium, with a surface impedance. These
”mushrooms” present very high impedance for vertical
an horizontal modes at certain frequencies.

It can be seen, in both figures (Fig. 9 and Fig. 10), a
gain reduction in the main beam in directions far from
the broadside. This is reasonable due to the main beam
widening. The level differences between measurements

These structures can be analyzed as resonant LC circuits,
in which the capacitance is provided by the proximity of
the metal plates, and the inductance is related to the thickness of the structure. Therefore, the surface impedance is
given by the following expression:

Figure 13. Transmission coefficient for a transmission
line with EBG ground plane.

Figure 11. High impedance surface and its model with
parallel resonant LC circuit [9].

Zs =

jωL
1 − ω 2 LC

(2)

The resonance frequency of the circuit is given by:

ω0 = √

1
LC

(3)

Below resonance, the surface is inductive meanwhile
above resonance, the surface is capacitive. Near ω0 , the
surface impedance is much higher than the impedance of
free space [10].
In this work, EBG structures are used in order to reduce
the mutual coupling between elements [11]. To study
this effect, a simulation scheme is prepared with a transmission line whose ground plane is replaced by an EBG
plane (Fig. 12). This simulation was carried out for different patch sizes w, and different number of periods n.

Figure 14. Transmission coefficient for different number
of mushrooms n.

r = 2.17 is 13.7 mm, thus the separation between elements is 7 mm. Therefore the available space is not
enough for two rows of elements. Consequently other
alternatives have to be taken into account. The solution
needs to reduce the size of the mushroom patch, but maintaining the capacity of the equivalent circuit. This can be
done by changing the shape of the patch (Fig. 15), or
by using multilayered EBG p
surface (Fig. 16). Since the
bandwidth is proportional to L/C, for a fixed thickness
the higher the capacity is, the lower the operation bandwidth is. Therefore solutions based in capacity increasing
inevitably reduce the operation of the EBG structure.

Figure 12. EBG simulation scheme.
From Fig. 13 results, the dimensions of the patch to avoid
field propagation in the working frequency band (7.25 8.4 GHz)is extracted. The best value is 3.15 mm approximately and the minimum number of mushrooms should
be n = 4 (Fig. 14). The vertical separation between rows
is 0.5λ|7.25 GHz (20.8 mm) and the size of the patch for

Figure 15. H EBG shape.
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Figure 16. Multilayered EBG.
5.

CONCLUSIONS

In this work, a wide band printed antenna with electronic
steering capability has been presented. Its parts, feeding
distribution network, hybrid coupler and Butler matrix
have been developed in order to get wideband, two circular polarizations (RHCP and LHCP) and a good isolation
between transmission and reception band. This design is
validated with the construction and measurements of the
whole antenna. Finally, a preliminary study for mutual
coupling reduction based on EBG structures was carried
out. Further results will be presented in 33rd ESA Antenna Workshop on Challenges for Space Antenna Systems.
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