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ABSTRACT A novel fully metallic Ka-band dual circularly polarized antenna array is presented in this
contribution. It consists of 64 circular apertures (8 x8) and it is implemented in gap waveguide technology.
The antenna includes 4 layers, which are completely metallic, leading to a highly efficient performance.
The experimental results confirm reflection coefficient values lower than —10 dB from 29 GHz to 31 GHz
as well as stable radiation patterns throughout the whole frequency range. Good average axial ratio (AR)
of 1.5 dB has been measured in the working band for both polarizations. Measured directivity is 28 dBi

and antenna efficiency keeps close to 80%.

INDEX TERMS Array antenna, dual circular polarization, gap waveguide, Ka-band.

I. INTRODUCTION

N RECENT years, the demand for satellite capacity has

grown similarly to other wired and cellular wireless com-
munication systems, and the market trend is to increase the
service throughput speeds in at least one order of magnitude
compared to existing Ku-band systems. Demand for Ka-band
satellite capacity is expected to grow over the next years [1].
High-throughput satellites (HTS) provide global broadband
multimedia services to fixed and mobile users. For fixed
service, reflector antennas remain a reliable option being a
cost-effective solution. Nevertheless, for on-the-move com-
munications, reflectors may not be the best choice due to
their high profile. Consequently, in aeronautical and land
mobile sectors, there is a strong demand for lightweight,
highly efficient and low-profile antennas. As revealing piece
of information, the European Space Agency has funded
more than 180 projects during the 2000s and 2010s for the
development of satellite communications (SATCOM) within
ARTES program.

In fairness, it should be highlighted that the ultimate goal
would be the development of Ka-band phased arrays with
full-electronic beam scanning. In this way, the antenna would
be so versatile that it should reconfigure dynamically its

polarization and beam pointing. Nevertheless, due to system
complexity, cost, and energy consumption, there is not yet
a cost-competitive commercial antenna of that kind, at least
to the knowledge of these authors. Until such technology
becomes a plausible option, there exists an interest in halfway
solutions using different approaches: parabolic reflectors,
reflectarrays, transmitarrays, lenses, horns or waveguide
arrays. These type of antennas, widely developed and stud-
ied, are able to meet some of the SATCOM requirements,
being one of them the dual circular polarization (CP)
performance.

One of the most successful solutions to achieve high-gain
dual circularly polarized antennas is a reflectarray, where the
contributions made by Encinar group [2] stand out. Other
approaches can be found in the recent literature regard-
ing transmitarrays [3], horn arrays [4]-[5] and waveguide
arrays [6]. It is worth mentioning here a Ka-band waveguide
array using additive manufacturing [7], which is promising
in terms of cost, weight, volume and antenna efficiency.

This work proposes a novel approach to attain a highly
efficient dual circularly polarized antenna, specially devoted
to Ka-band satellite communications. It should be noted that
in the case of on-the-move applications, this fixed-beam
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FIGURE 1. The 4 metallic layers making up the antenna: (a) Top Lid, (b) V-Pol Layer,
(c) H-Pol layer and (d) Hybrid coupler.

antenna would need to be embarked on a mechanical tracking
system.

Here the development initiated in [8] is culminated. The
objective has been to achieve the dual-circular-polarization
performance from a dual linearly-polarized antenna. To this
end, an hybrid coupler has been designed, manufactured and
integrated in the lower part of the antenna. As a result, a
4-layer low-profile antenna made entirely of aluminum and
fully based on gap waveguide (GW) technology is presented
(Fig. D).

Next sections show the design and experimental mea-
surements of the proposed antenna. Section II focuses on
presenting the design of the Riblet-type coupler needed
for polarization conversion. Section III displays the mea-
sured performance of the dual circularly-polarized antenna.
Finally, the paper concludes highlighting the most relevant
contributions of this work.

Il. RIBLET-TYPE COUPLER DESIGN

The antenna is composed of four stacked aluminum pieces.
The first of these pieces hosts a novel Riblet-type coupler
implemented in GW. The remaining three pieces that make
up the antenna are, in ascending order, the feeding, coupling
and radiation layers, which were previously presented in [8].

A. PREVIOUS DESIGN CONSIDERATIONS

The gap-waveguiding concept is based on controlling the
propagation of electromagnetic waves along desired direc-
tions inside a parallel-plate waveguide by using fundamentals
of boundary conditions and canonical surfaces [9].

One of the variants of this technology is the Groove Gap
Waveguide (GGW), whose modal behavior is practically
identical to that of a rectangular waveguide (RW). So, the
preliminary hybrid design was based on RW to later replace
the lateral metallic walls by the bed of nails of GW technol-
ogy. The ability to replace RW with GGW while retaining
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FIGURE 2. Riblet coupler design with RW: (a) Basic structure; (b) Electric field
magnitude showing the coupler performance; (c) Phase and (d) magnitude of the
simulated S-parameters.

similar characteristics was demonstrated in [10]. Thus, the
RW model simplifies the geometry of the structure and
reduces the computational cost of a full-wave optimization
process.

The proposed coupler is a modification of the Riblet’s
short-slot coupler [11]. It presents a compact aspect with
a 3-dB coupling factor that is attainable by a central H-plane
cavity to which four arms are attached as the input/output
ports. It is common that, starting from the coupler described
by Riblet, tuning elements such as septums or slits are
added to improve the device response according to the given
specifications. Fig. 2 shows the geometrical structure of the
directional coupler designed using RW. Simulated response
is shown in Figs. 2(c) and 2(d).

This hybrid directional coupler has been designed to oper-
ate in Ka band from 29.5 GHz to 31 GHz. This range
corresponds to the working band of the antenna to which
the hybrid will be connected [8], so a wider frequency band-
width is not sought. Fig. 2(b) shows the electric field when
port 2 is excited. The figure shows that the field from the
input port (port 2) is divided equally between the two out-
put ports (3 and 4) with 90° phase-shift. As can be seen,
the signal barely enters the isolated port 1. Fig. 2(c) shows
graphically the 90° phase-difference between ports 3 and 4.
Finally, Fig. 2(d) shows that the reflection coefficient keeps
close to —20 dB throughout the band. S31, S41, S32, and
S4p-parameters remain around —3dB, as expected.

B. GAP WAVEGUIDE RIBLET-TYPE COUPLER

Once the preliminary coupler is designed in RW, the device
is converted to GW technology. Fig. 3 shows a top view of
the hybrid layout, as well as its most relevant dimensions.
Notice that now the feeding port is no longer placed on the
same plane as the waveguide, but at the back of the piece
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FIGURE 3. Layout of Riblet-type coupler in gap waveguide.
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using

by using WR-28 flanges. Besides that, the small notch used
in the central part of the RW hybrid has been re-optimized
adopting a stepped shape in the new GGW design. The rest
of the dimensions, such as the height (2.8 mm) and width
(6 mm) of the GGW, are identical to those of the RW design.

Fig. 4 shows the dispersion curve of the proposed hybrid
using GGW or RW. This graph shows that the propa-
gation constant is almost identical in both cases, which
manifests the equivalence between the two waveguides
(GGW and RW).

C. COUPLER MODIFICATION FOR CP CONVERSION
Once the coupler is designed in Gap Waveguide, the next
step is connecting it to the dual linearly-polarized antenna [8]
from its back. However, this antenna from a previous project
was not initially designed to be connected to any additional
parts. Therefore the two input ports are close to the two
sidewalls and even more, they are rotated 90° with respect
to each other, which is an added problem to connect antenna
and coupler.

Figs. 5(a) and 5(b) show pictures of the rear of the antenna
and the back side of the manufactured hybrid metallic piece,
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FIGURE 5. (a) Rear part of the antenna, (b) rear part of the hybrid and (c) x-ray view
showing the connection between the hybrid and the antenna.
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FIGURE 6. Simulated performance of the axial ratio for different ¢-cut planes
versus 6 angle.

where both input ports are pointed out. Finally, Fig. 5(c)
shows how it is possible to connect the hybrid to the antenna.
This connection has important considerations.

The new added arms (Fig. 5(c)) connecting the hybrid
to the antenna input ports are now of different length. It is
therefore evident a 90° phase-difference between both output
ports cannot be expected. This has been done on purpose.
Measurements in [8] revealed that the phase difference in
broadside direction between V-Pol and H-Pol field compo-
nents was of —140° at the central frequency (30.25 GHz).
However right-hand CP (RHCP) would need —90° phase
difference instead. Thus, when RHCP port is excited, the
V-Pol port must be fed with a phase increment of +50°
with respect to the H-pol port.

285



IEEE OPEN JOURNAL OF ANTENNAS AND PROPAGATION

6 >
0.1 i 7/
6
B 0
£y
-
) ~
—-0.1 3 1
o S a——6 B T SNYC
—-0.15 -0.1 -0.05 0 0.05 0.1 0.15
u
(@)
T | T . —— I(\ 7
6 6 6 %Y
0.1 3 B s S— ~
’ A .
5 5 / ‘:’;q
> 0H= 1
© — = 6
—0.1F - H P
% & Re—~—=L
/ = a=" 13 £~ ¥ |
—-0.15 =0.1 =0.05 0 0.05 0.1 0.15

(b)

FIGURE 7. Contour plot of simulated axial ratio in u-v plane: (a) LHCP and (b) RHCP.
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FIGURE 8. Simulated S-parameters of the modified hybrid.

Fig. 6 shows the simulated axial ratio (AR) at 30 GHz
when the dual linearly-polarized antenna is properly con-
nected to the proposed hybrid. Both the RHCP and LHCP
axial ratio is shown in Fig. 6. In addition, Fig. 7 depicts
a 2D contour plot showing the AR of each polarization in
the u/v coordinate space. These figures demonstrate a good
purity of the dual circular polarization in the main beam,
which will be confirmed in the experimental measurements
section.

Simulated S-parameters of the new hybrid can be observed
in Figs. 8(a) and 8(b). The graph shows that the additional
waveguide paths behave as expected, providing required 50°
phase-difference between ports 3 and 4 (Fig. 8(a)), instead
of original 90° (Fig. 5(c)). As for the magnitude of the
S-parameters, the new added arms break the structure sym-
metry of the prior Riblet-type design. As a consequence,
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FIGURE 9. Photographs during the S-parameters measurement process: (a) hybrid
and (b) fully-assembled antenna.
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FIGURE 10. Measured S-parameters of the modified hybrid.

TABLE 1. Design specifications.

[ Frequency Band |
[ 29531 GHz

Gain | Antenna Eff. | AR | Pol. ‘
[ 27 dBi | 75% [ <3 dB | Dual-Circular |

S11- and Spp-parameters are not identical any more, but they
still keep lower than —16 dB within the band of interest, as
shown in Fig. 8(b).

D. EXPERIMENTAL VALIDATION OF THE COUPLER

In first place, the coupler has been measured separately by
using a dedicated cover, before assembling it to the com-
plete antenna. A photograph taken during the S-parameter
measurement process is shown in Fig. 9.

Fig. 10 shows a comparison of the measured and sim-
ulated S-parameters of the coupler. Figs. 10(a) and 10(b)
reveal that the power imbalance between ports is slightly
higher when compared to simulation. Figs. 10(c) and 10(d),
however, manifests a perfect agreement between measured
and simulated phase of S-parameters.

lll. ANTENNA MEASUREMENTS
Finally, once the hybrid has been manufactured and exper-
imentally validated, the next step is to assemble it to the
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TABLE 2. Comparison of the proposed dual circularly-polarized array with previously published works.

Dual Circularly-Pol Array Number of elements Band Tech. Gain Efficiency
[12] 2x2 L ptrip ~ 9 dBi n/a
[13] 4x4 X, Ku ptrip ~ 17 dBi n/a
[14] 1x4 Ka SIW =~ 12 dBi ~ 50%
[15] 1x7 Ka ptrip ~ 11 dBi n/a
[16] 16 x 16 Ka RW =~ 31 dBi ~ 60%
[17] 8x 8 \Y SIW =~ 25 dBi ~ 70%
[18] 15 x 15 W SIW =~ 25 dBi ~ 58%
This work 8x 8 Ka GW ~ 27 dBi =~ 75-80%
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FIGURE 11. (a) Exploded side view of the full antenna and (b) top view of the two
feeding layers.

antenna described in [8]. Fig. 11(a) shows a side view of
the complete antenna. A top view indicating the fundamental
parts of the distribution network and the radiating elements
is shown in Fig. 11(b). Then, the complete antenna is mea-
sured. Keep in mind that there are two input ports, one
providing RHCP and the other LHCP. Table 1 highlights the
design specifications being pursued.

Experimental measurements of the dual linearly-polarized
antenna in [8] did show a reflection coefficient with some
frequency ranges slightly above —10 dB. Now, this fact has
been fixed thanks to a proper optimization of the hybrid
considering the actual antenna S-parameters. As noted in
Figs. 12(a) and 12(c), the reflection coefficient is now below
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the desired —10 dB from 29.5 GHz to 31 GHz for both
ports. The simulated and measured curves do not match
perfectly but they show a similar trend. It can be seen how
the minimum S7; at 30.5 GHz in LHCP has shifted slightly
to higher frequencies, whereas the RHCP measured curve
has apparently moved to lower frequencies.

As for polarization purity, the measured AR values are
shown in Figs. 12(b) and 12(d). AR remains below 2 dB for
LHCEP port in the whole band. In the RHCP case, AR reaches
a peak value of 2.5 dB at 29.8 GHz. It is worth stressing
that a good average AR of 1.5 dB has been measured in the
working band for both polarizations.

Fig. 13 plots the main measured antenna parameters, such
as gain and antenna efficiency. High efficiency, above 75%,
is achieved in the whole band, as expected for an antenna
formed entirely of aluminum pieces. The figures also include
the simulated gain and antenna efficiency for the sake of
comparison. In both cases, great agreement in gain values
is observed between 30 GHz and 31 GHz. High antenna
efficiency has been observed in simulation, around 90%.
This value has been confirmed with the experimental mea-
surement, which is bordering on 80%. This slight deviation
between both, simulation and measurement may be due to
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surface roughness. The measured radiation patterns along
both main cuts are shown in Fig 14. A great stability of radi-
ation patterns within the entire bandwidth, from 29.5 GHz
to 31 GHz, is achieved.

Table 2 provides a comparative summary of the
performance of this contribution with recently published
dual circularly-polarized antennas. The table reveals that the
proposed antenna stands out for its high efficiency. This
antenna cannot compete in terms of lightness and weight
with microstrip antennas, but it is a more suitable solu-
tion in the millimeter-wave band where dielectric losses
are critical. Compared to other full-metal antennas, as the
one published in [16], this contribution is much more com-
pact and has a simpler and less voluminous corporate-feed
network. Precisely by using fewer transitions and layers, 4
in total instead of 7, it is possible to achieve better antenna
efficiency.

IV. CONCLUSION

A dual circularly-polarized Ka-band aperture array antenna
using Gap Waveguide technology is presented. The design,
integration and assembly of a novel hybrid coupler with a
dual linearly-polarized antenna has allowed us to provide a
prototype with attractive features for SATCOM on-the-move
applications, such as high efficiency and low profile. From
the authors’ knowledge, it is the first completely metallic
antenna implemented in GW with dual-circular-polarization
radiation capability. Nevertheless, there are some appealing
aspects yet to explore, such as synthesizing a tapered aperture
distribution to reduce the sidelobes and properly meet mask
regulations.
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