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This paper presents a comprehensive study on the design of a 30 GHz, circularly polarized (CP), single horn-fed, metallic
electromagnetic band gap (EBG) antenna. Three different approaches have been studied in order to create a 20 dBi
antenna with an axial ratio (AR) lower than 1 dB over a 500 MHz bandwidth. Based on theoretical and experimental
results, a conclusion is given on the best solution to obtain the desired characteristics. Perspectives and guidelines are also
given for the design of multi-feed EBG antenna as a reflector focal feed for Ka-Band Space Applications.

Keywords: Metallic EBG antenna, Circular polarization, Horn fed, Meander-lines polarizer, Self-polarizing EBG antenna, Waveguide

polarizer, Coaxial probe, Multi-feed

Received 15 December 2011; Revised 20 December 2012; first published online 7 February 2013

. INTRODUCTION

Circular polarization (CP) is often used in satellite communi-
cations, as it gives a better cross-polarization for systems with
offset parabolic reflectors, despite the associated beam squint
[1]. This will result in an increased carrier-to-interference
ratio (C/I) for multibeam space applications and a reduced
cost for the receiving devices. This polarization is also used
when the orientation of a linearly-polarized signal cannot be
predicted, or to increase the data rate on a given bandwidth,
by using right-handed CP (RHCP) and left-handed CP
(LHCP) simultaneously.

However, a high data rate requires a high-gain antenna.
The electromagnetic band gap (EBG) antenna [2-4] constitu-
tes a good candidate to meet the demands for both CP and
high gain. Among the various possible applications, this
kind of antenna is therefore mainly envisioned for multibeam
space communications, on the 29.5-30 GHz frequency band
[5]. The multi-feed EBG antenna is used as a reflector focal
feed. Indeed, this antenna can be used to produce overlapped
apertures [6, 7], resulting in an efficient multibeam coverage
with fewer reflectors on the satellite. Currently, the studied
polarization for such antennas is linear polarization (LP),
which has to be transformed into a CP for the aforementioned
reasons. The first step toward goal is to find the best way to
realize a circularly-polarized single horn-fed metallic EBG
antenna. Our laboratory has already studied several ways to
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achieve LP/CP transformation. The next step would be to
study a circularly-polarized EBG antenna in the multi-feed case.

This paper presents only the first step in studying the latest
developments. However, perspectives and guidelines are also
given for the second step. Indeed, the three different solutions
are detailed, compared, and a conclusion is given on the best
approach to conceive a multi-feed EBG antenna for space appli-
cations in the future. The first one involves a self-polarizing
EBG material, the second uses a meander-line polarizer
(MLP), and the last consists in using a circularly-polarized feed.

The objective is to design a circularly-polarized antenna
with a 20 dBi directivity, a boresight axial ratio (AR) lower
than 1 dB, and a return loss under —10dB on the 29.5-
30 GHz frequency band which will have the best coverage per-
formance for an envisaged space application.

This article is organized as follows. Section II presents a
review on the self-polarizing metallic EBG antenna and on
the association of an EBG antenna with an MLP. New theor-
etical results on the feed-generated CP are described in Section
III. The different results are compared in Section IV, which
finally concludes on the best solution in the single-feed case,
and gives perspectives for a multi-feed EBG antenna.

II. REVIEW ON THE EBG ANTENNA
WITH A MLP AND THE
SELF-POLARIZING EBG ANTENNA

A) Self-polarizing metallic EBG antenna

In [8], a 20 dBi self-polarizing metallic EBG antenna working
around 9 GHz and showing a boresight AR lower than 1 dB
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Fig. 1. View of the manufactured prototype.

Second layer (y direction) First layer (x direction)

Fig. 2. Definition of the self-polarizing EBG material parameters.

over a 100 MHz bandwidth has been conceived, realized and
successfully measured (Fig. 1).

This antenna is based on two principles (transmission polar-
izer and EBG antenna) which are used simultaneously. The
EBG material must be partially reflecting and generate a
correct polarization at the same time. This partially reflecting
material placed over a ground plane then constitutes a
resonant cavity. To that end, it will be composed of two
layers in the y direction and one in the x direction (Fig. 2).
The y-oriented layers are used for both the polarizing and the
partially reflecting material, while the x-oriented layer only
participates in the partially reflecting material. An incident
linearly-polarized plane wave, making a 45° angle with the
rods, can be decomposed into two orthogonal components of
equal amplitudes, E, and E,. The E; component will be
advanced by passing through the polarizer, while the E; will
be left relatively unchanged. It is also necessary to obtain iden-
tical EBG reflection coefficients for both field components at the

Second layer (y direction)

First layer (x direction)

First layer (y direction)
Metallic bar

Polarization iris

Fig. 3. Vertical cut-plane view of simulated self-polarizing EBG antenna.
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Table 1. Values of the self-polarizing EBG material parameters.

Parameter Dimension (mm) Parameter Dimension (mm)
A, 0.93 + 0.02 d, 0.0

A, 0.49 + 0.03 d, 2.76 + 0.04
E.,=E, 0.52 + 0.02 P, 4.71 + 0.02

E, 0.48+ 0.03 P, 3.10 + 0.02

same frequency. By adjusting the self-polarizing EBG material
geometry, CP and a partially reflecting material can be obtained.

An iris-based matching system has been used to ensure a
satisfying return loss, at the cost of a deteriorated AR. A met-
allic bar (1.2 mm thickness) was then been inserted inside the
EBG cavity in order to compensate this degradation and to
maintain a perfect LP inside the antenna. The simulated and
measured characteristics presented a good agreement.

The purpose of this paper is to compare the different poss-
ible designs for a 30 GHz circularly-polarized horn-fed met-
allic EBG antenna. It is therefore necessary to evaluate the
performances of the self-polarizing antenna at 30 GHz. It
was done using CST Microwave Studio. The geometrical par-
ameters used for the simulation and the simulated antenna
design are defined respectively in Figs 2 and 3.

Table 1 presents the values of the EBG material parameters
as well as the required tolerances. Dimensions of the smooth-
walled conical horn and the irises are shown in Figs 4(a-d).

The antenna is correctly matched over a 200 MHz band-
width while the desired bandwidth is 500 MHz (Fig. 5).
However, it is a very good result for a 23 dBi antenna using
this kind of iris. As for all EBG antennas, a reduced directivity
would result in an increased matching bandwidth. On the
other side, the simulation of the multi-feed EBG antenna
shows that it suffers from the mutual coupling between the
feeds, which disturb the radiation [9]. In [10], a solution is
given to bypass this problem by adding suitable filtering func-
tions at the horn input. In this paper, two concepts have been
studied: the unmatched and the matched antenna. The latter
decreases the constraints on the required filtering functions
and simplifies the design of the whole architecture (antenna
and filters). As a conclusion, even if the matching is not
perfect, it will help in the case of the multi-feed EBG
antenna design. The conclusion is similar for the next cases.

This antenna radiates a LHCP due to the iris orientation.
Figure 6 shows the simulated boresight directivity which
remains higher than 19 dBi over a 500 MHz bandwidth. To
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Fig. 4. Horn dimensions and geometry and positioning of the irises.

reach 20 dBi, a slight modification of the EBG material would
be needed. A simulated boresight AR lower than 1 dB has
been obtained over a similar bandwidth (Fig. 6).

The simulated LHCP radiation patterns at 29.7 GHz are
quite similar in the different azimuthal cut planes (Fig. 7),
and present low sidelobes (<—20dB). Indeed, a metallic
EBG material allows reducing the sidelobe level compared
with the dielectric material [11]. Figure 8 gives the antenna
performances in terms of AR according to the f-angle. An
AR lower than 3 dB is obtained for values of 6 between
—16° and +16°, which is larger than the half-power
beamwidth.

B) EBG antenna with MLP

In [12], the global design of a linearly-polarized metallic EBG
antenna with a MLP has been carried out. It resulted in a 24
dBi EBG antenna with a 2.0 dB gain variation and an AR
lower than 1 dB on the 29.5-30 GHz frequency band. The
EBG material used for this design was a metallic grid with
4 mm holes separated by 4.7 mm, which had been placed
4.56 mm above the ground plane (H,,) [13]. The resulting
linearly-polarized antenna had been associated with an MLP
to obtain the final structure. This MLP was made of two
stacked printed-circuit layers, supporting metallic meander
lines and has been installed in front of the antenna, at a dis-
tance H,,;. The layers choice is dictated by an easier manufac-
turing. The two printed-circuit layers were manufactured
using RT Duroid 5880 boards (g, = 2.2, 254 pum thickness
and 17 pm copper metallization) with one Rohacell layer as
spacer (g, = 1.1). In [12], the resulting AR was lower than
1dB up to 29.7 GHz, frequency beyond which it was dis-
turbed by a resonance occurring between the feeding horn
and the EBG grid. This degradation could be simply avoided
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Matching iris 0.46 mm ™.2.33 mm

(b)

Polarization iris

l0.61 mm

Matching iris

Hom

(d)

by reducing the horn longitudinal dimensions and/or by
matching the antenna.

The main problem associated with this kind of antenna is
the very poor matching. Consequently, a matching device
similar to the one used in the first configuration had to be con-
ceived (Figs ga—c).

Another difficulty lies with the number of layers of the
polarizer. When the MLP is composed of only two meander-
line layers, its reflection coefficient is not negligible. A part of
the energy radiated by the antenna will therefore be reflected
by the polarizer back into the EBG cavity, which will disturb
the existing LP. In turn this will lead to a deteriorated AR
for the whole system. As explained before, the insertion of a
metallic bar inside the cavity is therefore essential to obtain
an AR lower than 1 dB (Fig. 10).

The presence of both the iris and the metallic bar slightly
deteriorates the AR found in [12]. Therefore, a new optimiz-
ation has been made, by changing the value of the T1 and H,,
parameters (Fig. 11).

The final MLP dimensions (mm) are as follow:

Parameter Dimension Parameter Dimension
(mm) (mm)

T, 0.29 + 0.05 S 2.82 + 0.02

T, 0.32 + 0.02 w 0.96 + 0.02

EG 3.07 + 0.01 Hpor 4.7 + 0.02

P 2.82 + 0.02 H., 4.525 + 0.005

As can be seen in Fig. 12, the antenna is matched on a
230 MHz bandwidth, which is similar to the performances
of the first antenna.

The simulated boresight directivity, displayed in Fig. 13,
remains higher than 20 dBi over a 500 MHz bandwidth,
which is a slight improvement over the first solution. On
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Fig. 5. Simulated return loss.
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Fig. 6. Simulated directivity and AR.

Relative amplitude (dB)

Fig. 7. Simulated LHCP radiation patterns in four ¢ cut planes (29.7 GHz).

this same band, the AR is lower than 1.2, which is similar to
the results obtained with the self-polarizing antenna.

Due to the matching iris orientation, a RHCP is generated,
with the radiation pattern exhibiting an axial symmetry
(Fig. 14). The sidelobes obtained in the different azimuthal
cut planes are moreover, quite low (<—20 dB).

The representation of the AR variations over the f-angle
(Fig. 15) shows an equivalent behavior for the two kinds of
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Theta (%)

antennas, i.e. an AR lower than 3 dB for an elevation angle
contained between —16° and 16°.

I, HORN GENERATED CP

The last solution consists in obtaining the CP directly, by
using a circularly-polarized horn. The latter can be derived
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Fig. 8. Simulated AR in four ¢ cut planes (29.7 GHz).
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Fig. 9. Geometry and positioning of the irises.

from a regular horn either by using a waveguide polarizer or
by using two or four coaxial probes as excitation. In both
cases, the EBG antenna is presented in Section II.B

A) A waveguide polarizer

CP is defined by two orthogonal field components of equal
amplitude with a phase shift of 9o° between them. To
obtain such characteristics from a linearly-polarized plane
wave, one can use a transition presenting a different phase
velocity for each field component.

This has first been tried in 1947 by A. Gardner Fox, who
installed metallic or dielectric fins in the middle of a circular
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Polarization iris
(b)

0.87 mm

l0.61 mm
*

Matching iris

Horn

waveguide [14]. A fin does not affect the field component per-
pendicular to it, but the phase velocity of the parallel field
component will be diminished. This kind of polarizer was
designed empirically, until Ayres gave a calculation method
in 1957 [15]. A sloped or stepped septum can be used
instead of the fin, with similar results [16, 17].

In our case, and to simplify the simulation, a rectangular
waveguide (A = 6.5 mm and B = 5.5 mm) has been placed
between two circular-rectangular transition junctions (Figs
16(a) and (b)). The incident wave, linearly polarized and tilted
at 45° will be decomposed into two orthogonal components
in the circular/rectangular transition. As the dimensions A
and B are different, the phase velocity of these two components
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Second printed-circuit layer

Metallic grid

Ground plane

Fig. 10. Vertical cut-plane view of simulated EBG antenna associated to the MLP.
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Fig. 11. Definition of the MLP parameters.

Top view

will also differ. By modifying the length of the rectangular wave-
guide (L = 1.39 mm), it is possible to adjust the resulting phase
shift between the two field components. Figure 17 shows the
simulated AR of the waveguide polarizer, which remains
lower than 1 dB over the 29.5-30 GHz frequency band.

This polarizer can then be installed at the EBG antenna
input, before the feeding horn (Fig. 18). A new matching
iris, 0.5 mm thickness and designed to allow the propagation
of the CP, was placed 0.4 mm below the horn aperture. Its
dimensions are shown in Fig. 19.

Figure 20 shows the return loss of the EBG antenna without
the polarizer. As can be seen, this simple iris induces a correct
matching over half of the desired bandwidth.

To obtain a perfect CP, it is necessary for the antenna to be
perfectly matched. Otherwise, the field polarization inside the

0

EBG cavity will be the superposition of a LHCP and a RHCP,
which will result in an elliptical polarization and a deteriorated
AR (Fig. 21).

Indeed, the linearly-polarized wave with, for example, a 45°
orientation at the polarizer input, is transformed into a circu-
larly polarized one (e.g. LHCP). A part of this wave is trans-
mitted to the antenna and the other part is reflected. The
latter is converted back into LP in the polarizer but with a
135° orientation, and is reflected at the waveguide end. This
LP with a 135° orientation is transformed into a RHCP by
the polarizer. A part of this wave is transmitted to the
antenna and another part is reflected. The transmitted part
interacts destructively with the LHCP already existing inside
the cavity. This effect is more important with a poorly-
matched antenna, or one with an already high AR.

Therefore, this kind of polarizer cannot be considered
when aiming at an AR lower than 1 dB over a 500 MHz band-
width. This problem could have been avoided by using a
septum polarizer but it is not compatible with a multi-feed
EBG antenna, due to its size.

B) Coaxial probes

The last possible approach is to use multiple coaxial probes in
order to directly generate a circularly-polarized wave inside
the circular waveguide. The simplest configuration requires

-5
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-15

Return loss (dB)

Eefedada
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299 30.1 30.3

Frequency (GHz)

Fig. 12. Simulated return loss.
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Fig. 13. Simulated directivity and AR.
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Fig. 14. Simulated RHCP radiation patterns in four ¢ cut planes (29.7 GHz).
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Fig. 15. Simulated AR in four ¢ cut planes (29.7 GHz).

two coaxial probes, spatially and temporally shifted by 9o°,  constructive or destructive, depending on the phase shift
and positioned at A /4 from the waveguide end. between the ports, results in a difference between the Eq and

This configuration does not work properly because of the  E electric field amplitudes. The working of this antenna
high coupling between the probes (S,, > —20dB), which can be better apprehended by considering two coupled
increases the AR. This coupling, which can be either linearly-polarized antennas (Fig. 22).
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Fig. 16. Simulated waveguide polarizer.
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Fig. 17. Simulated AR of the waveguide polarizer.

Ground plane

Matching iris

waveguide polarizer

Fig. 18. Vertical cut-plane view of simulated EBG antenna associated to the
waveguide polarizer.

From the article [18], the two incident waves (f) can be
derived from the simplified equation (1), which gives a good
estimate of the theoretical AR.

(E)=1+8 (P) (1),

—_
where S is the scattering matrix and P is the input weight
vector.
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Fig. 19. The iris dimensions (waveguide polarizer case).

Equation (1) can also be written as follows:

(g>=h+ﬂ (

)

¢13.5

4 1.0

(2)
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Fig. 22. Schematic diagram of the dual feed horn antenna.

It is therefore beneficial to add a guided wavelength (A,)
between the coaxial probes (Fig. 23a), which will decrease

the mutual coupling (S,, < —s50 dB).

(@)

Fig. 23. Simulated two or four coaxial probes antennas.

Frequency (GHz)

The last solution is to use four coaxial probes spatially and
temporally-shifted by 9o° but placed in the same z-plane

(Fig. 23b).

This configuration eliminates the coupling between the
accesses and thus improves the AR bandwidth. The electric
fields E1 and E2, created respectively by the ports 1 and 3,
spatially and temporally-shifted by 180°, will add up
(Fig. 24). At the opposite, the coupling effects will cancel
themselves on these two ports (C1 with C2 and C3 with
C4), due to the 180° phase shift. The working is the same

for the two other ports.
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(0.5, 90%)

C; ﬁ
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N

(0.5, 270°)

3

4

Fig. 24. Principle of the simulated four coaxial probes antenna.

This technique has already been used to improve the AR
bandwidth of circularly-polarized microstrip antennas [19].

Figure 25 shows the simulated four coaxial probes antenna
and Fig. 26 shows the simulated AR of the EBG antenna for
the three configurations. The best solution is the one with

Ground plane
Matching iris

Fig. 25. Simulated four coaxial probes antenna.

four probes, as it ensures an AR lower than 1 dB over a
wider bandwidth.

The second configuration (Fig. 23a), with two probes
separated by A, is also sufficient for this application. The
narrower bandwidth obtained in this case is the result of
the distance between the probes, being equal to A, at
only one frequency. Finally, the first solution with two
probes in the same z-plane, results in an AR higher than
1 dB.

Figure 27 presents the new iris, designed for the previous
configurations. The resulting performances in terms of
return loss are presented in Fig. 28, the matching being
almost the same for the different accesses. A correct matching
is obtained over the whole bandwidth with a four-port
configuration, while only half the band is covered when
using only two excitations.

The simulated boresight directivity (Fig. 29) is identical in
both cases, and similar to the one of the linearly-polarized
antenna. Figure 30 shows that the simulated LHCP radiation
patterns (29.7 GHz) in the four-probe case are almost identi-
cal to each other. The sidelobe level is lower than in the pre-
vious configurations (<— 30dB), due to the lack of
parasitic device, such as the MLP. AR values lower than
3dB can be obtained for elevation angles ranging from
—16° to 16°, which is the value obtained in the previous
cases (Fig. 31).

*— Four coakxial probes

5 . . . . . . .
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Fig. 26. Simulated AR of EBG antenna fed by probes. (a) Two coaxial probes separ
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Fig. 27. The iris dimensions (feeding probes).

V. COMPARISONOFRESULTS FOR
THE VARIOUS CONFIGURATIONS
AND PERSPECTIVES

Three methods have been studied in this paper to design a
30 GHz circularly-polarized, single horn-fed metallic EBG
antenna:

- a self-polarizing metallic EBG antenna,
- an EBG antenna associated to a MLP,
- a circularly-polarized feeding horn.

The best results are obtained with the last configuration in
the single-feed EBG antenna case, by using four coaxial probes
spatially and temporally shifted by 90°. Using this, a very large
3 dB AR bandwidth can be obtained, with a radiation pattern
similar to the one of a linearly polarized antenna.
Nevertheless, this impressive result is less significant if the dif-
ficulty to create a perfect feeding device, able to work over a
large frequency bandwidth, is taken into account.

The solution with two probes separated by A, is easier to
achieve, and guarantees a similar amplitude for both field
components. However, this solution increases the waveguide
length and therefore the antenna size, which will tend to
discard this configuration. Moreover, using the horn to

(@ —(b)

'
-t
Q

N
=)

Return loss (dB)
i
L

-30 : _
293 294 295 296 297

298 299 300 301 302 303

Frequency (GHz)

Fig. 28. Simulated return losses of EBG antenna fed by probes. (a) Two coaxial probes separated by A,. (b) Four coaxial probes.
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Fig. 29. Simulated directivity of EBG antenna fed by probes.
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Fig. 31. Simulated AR in four ¢ cut planes (29.7 GHz).

transform a LP into a CP will heavily complicate the system in
the case of a multi-feed EBG antenna. Indeed the filter design
will be much more complex with circularly-polarized horns
[5]. It is better to consider one of the two other alternatives
(MLP or self-polarizing material), which would allow the LP
of any number of antennas to be transformed into a CP by
a single device.

Between these two choices, the best one seems to be the
MLP, which separates the partially reflecting EBG material
and the polarizing effect, thus greatly easing both the design
and the manufacturing. Another advantage of the MLP con-
figuration lies with its years-long use for space applications.

Table 2. Circularly-polarized EBG antenna performances according to
the various configurations.

Bandwidth
(af)

Radiation
pattern

Solution Directivity Axial

ratio

ILA
I.B
IILA
I11.B
(two probes)
II.B
(four
probes)

© 006
© O0®OO6
© 006
© 0066

Théta ()

Table 2 summarizes the circularly-polarized EBG antenna
performances in the various configurations.

With the previously presented design, it was necessary to
add a metallic bar inside the cavity to ensure an AR lower
than 1 dB. This was due to the MLP being made of only
two layers, which resulted in a rather high reflection coeffi-
cient. An MLP with more layers would present a reduced
reflection coefficient [20], which would make the metallic
bar superfluous.

In this context, an EBG antenna test with a four-layer MLP
has been designed. Its working frequency has been decreased
to 10 GHz, as well as its directivity (>18 dBi over the band-
width) to reduce simulation time. Table 3 presents the geome-
try parameters of the four MLP layers (in mm), which were
designed as explained in Section II. The EBG material is a

Table 3. Value of four layered MLP parameters.

Layer number Dimension (mm)

T, Tz Eg P S w
1 0.38 0.27 6.10 3.05 14.48 4.06
2 1.14 1.22 5.10 5.08 14.48 6.35
3 1.14 1.22 6.10 5.08 14.48 6.35
4 0.38 0.27 3.05 14.48 4.06
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Fig. 32. Simulated directivity and AR.
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Fig. 33. Simulated return loss.

metallic grid with 12.6 mm holes separated by 15.24 mm. The
matching device is the iris of the 30 GHz antenna, scaled up to
operate at 10 GHz.

Figure 32 shows the simulated boresight directivity, which
is greater than 18 dBi over a 150 MHz bandwidth, corre-
sponding to a 500 MHz bandwidth at 30 GHz. Without the
metallic bar, the simulated AR is lower than 1 dB over the
whole bandwidth (Fig. 32), while a good matching is obtained
over more than the half bandwidth (Fig. 33).

This confirms this solution as the most appropriate for a
multi-feed EBG antenna. Furthermore, the low reflection coef-
ficient of the four-layer MLP will not affect the matching and
the coupling between feeds of the multi-feed EGB antenna.
Therefore, a good design of a linearly-polarized multi-feed
EBG antenna will allow a good circularly-polarized multi-feed
EBG antenna design.

V. CONCLUSION

This paper details the different approaches which can be used
to design a 30 GHz circularly-polarized single horn-fed met-
allic EBG antenna. A detailed comparison has been proposed
in the realistic case of a 20 dBi EBG antenna with an AR less
than 1dB over a 500 MHz bandwidth. Based on this

https://doi.org/10.1017/51759078713000019 Published online by Cambridge University Press

comprehensive study and on the imperatives of space oper-
ation, the authors of this article conclude on the best configur-
ation for a multi-feed EBG antenna, i.e. an EBG antenna with
a four-layer MLP.
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