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Abstract

In this paper, three compact antennas using the ridge gap
waveguide (RGW) technology working in the millimeter-
wave band (60 GHz) and generating circular polarization
(CP) in either a wide or a narrow band are numerically and
experimentally analyzed. The widest bandwidth achieved
in CP is 14.48%, with respect to the central frequency and
the highest gain is around 18.4 dB. These designs are a
strong alternative for medium/high gain CP antennas in a
planar layout covering different operation bandwidths for
millimeter wave applications.

1. Introduction

The implementation of fifth-generation (5G) of mobile
communications and the Internet of Things (IoT) is
currently a fact. The high demand for faster speed and the
increased volume of information required by these
applications are impossible to satisfy with traditional
operation bands at microwaves, as they do not have enough
bandwidth. In addition, the constant growth of technology
and communication systems has resulted in saturation of
the lower part of the radio frequency spectrum which is a
limited resource. Therefore, designing at higher
frequencies rather than a solution is a necessity and will put
antennas at the forefront as fundamental enabling devices.
5G is expected to entail a significant increase in bandwidth
with high-frequency carriers, high density in connection
stations, and a large number of antennas in each
communication device. For these reasons, antennas
working in wide frequency bands, compact and adaptable
to any surface with the minimum possible loss is a key
objective in this regard.

Recently, the 60 GHz frequency band has received
increased interest and attention due to its potential
functional benefits for many upcoming applications. A
fundamental obstacle that must be circumvented to achieve
a full development of high frequency technology is the
problem of guiding waves with low loss. Traditional
feeding systems like waveguides and microstrip lines
suffer from increasing loss as the frequency grows. Using
different feeding techniques can be a solution that, in
combination with an appropriate fabrication method, could
alleviate loss. In the last decade, Gap Waveguide (GW)
technology (developed from the beginning by Prof. P.-S.
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Figure 1. Photographs of (a) D and DHG antennas with
the feeding system and (b) BE antenna. Main
characteristics of antennas measured. Upper view of the
surface current magnitude on: (c¢) D antenna and (d) BE
antennas showing the rotation of currents in the RHCP
direction.

Kildal) has gained a lot of interest since it is a reliable and
competitive alternative for high-frequency
communications [1]. Three main variants have been
developed: Groove Gap Waveguide (GGW) [2], Ridge
Gap Waveguide (RGW) [3] and Microstrip Gap
Waveguide (MGW) [4] GW shows considerable
improvements over traditional solutions like standard
metallic waveguides, such as low loss, it does not require
electric contact and it is easily adaptable to flat surfaces [5]-
[9]. It also has a lower manufacturing cost with respect to
traditional hollow waveguides, since the tolerances are
coarser alleviating the fabrication constraints.

Hence, the first objective of this investigation is to design
antennas able to achieve good radiation characteristics and
low losses using the RGW technique. In addition, all
designs should be able to support the implementation of 5G
mobile communications.



2. Antenna Designs

In this paper, we design, analyze and manufacture three
antennas using Ridge Gap Waveguide (RGW) [1]
technology, all of them with Circular Polarization (CP).
The Transient Solver of the commercial simulator CST
Microwave Studio® was used to simulate all the antennas.
Photographs of the fabricated prototypes are shown in Fig.
1(a) and (b).

The structures are fed from the bottom by means of a
standard WR-15 waveguide to make it compatible with
standard measurement systems based on vector network
analyzers. Three top plates were manufactured, each of
them with a specific objective. The basic design is shown
in Fig. 1(a) on the left, a diamond-shaped (D) slot antenna
put on top of the feeding network plate. In addition, a
circular groove concentric with the diamond slot is inserted
for improving the gain of the antenna, Fig. 1(a) on the right.
This last design is called diamond-horn-groove (DHG)
antenna. Finally, a Bull’s Eye antenna (BE) [10]-[13],
shown in Fig. 1(b), with a narrow band but higher gain (Fig.
1(d)) culminates the objective of this investigation devoted
to the development of compact millimeter wave CP
antennas in RGW technology.

To generate the CP in these three antennas, two feeding
systems were designed with different objectives. The insets
of Figs. 1(a) and (b) show the particularities of both feeding
systems. The first system designed, used for both D
antenna and DHG antenna, is a stepped impedance
matching network composed of three fundamental
subsections to provide coupling from the WR-15
waveguide to RGW. Fig 1(b) down is the second feeding
system designed specifically for BE antenna. The WR-15
to RGW transition consists of a simple step of height s =
0.38 mm and length p = 1.05 mm, as shown in Fig. 2(b).
Although this feeder has a narrower axial ratio (AR) BW
than the one used in [14], we opted for this solution because
it is simpler, easier to fabricate and fits well with the
requirements of BE antennas, which are usually
narrowband. Both systems described have a good
impedance matching as demonstrated in the back-to-back
(i.e. two identical transitions connected back-to-back)
simulation results in [10], [14].

Both feeding systems share the same way to generate CP;
which is a feeding ridge terminated in two orthogonal arms
of different lengths, inset of Fig. 1. This scheme guarantees
in each case that the phase difference between both arms is
close to 90° and the wave describes a spiral rotation
achieving a CP field. However, the length difference
between arms is not the same: in Fig. 1(a) the best AR was
achieved with a difference around A¢/4 (explained in detail
in [14]); but due to the thickness increment of the BE
antenna top plate the length between arms has to be reduced
to 4¢/10 (explained in detail in [10]). The surface currents
excited on the upper plates of the antennas have a clear
spiral pattern, Fig. 1(c) and (d). Therefore, the combination
of both elements (asymmetric arms and diamond slot

shape) is able to generate CP in the systems. More
specifically, the antenna supports right-handed CP
(RHCP), with the current rotating in the right-handed
direction.

3. Fabrication and Result Analysis

The material employed in all the structures is aluminum,
due to its good conductivity in the operation band (ca; =
3.72x10® S/m), mechanical robustness and compatibility
with standard manufacturing techniques. In addition, the
antennas were manufactured using Standard Computer
Numerical Control (CNC) milling machine method.

The experimental characterization was done in an anechoic
chamber. A PNA network analyzer E8361C (Agilent
Technologies) was used to measure the antennas, with the
frequency span discretized in steps of 50 MHz. A single
port calibration was performed to measure the reflection
coefficient.
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Figure 2. Main characteristics of antennas measured (a) D
and DHG antennas. (b) BE antenna. Radiation patterns of
(c) DHG antenna. (d) BE antenna.

The antenna performances were evaluated in terms of the
reflection coefficient, broadside gain, axial ratio (AR) and
polarization purity. Analyzing the experimental results, we
note that the reflection coefficient in all the cases has good
impedance matching, below —10 dB from 60.5 to 69.3
GHz, Fig. 4(a), and from 54.3 to 63.7 in the BE antenna
shown in Fig 2(b) blue curve.

The characterization of the broadband gain was made by
applying the gain transfer method. In all the cases, a sweep
of —90° < 0 < 90° was performed with a step of 0.5°, with a
step of 50 MHz in each frequency range. Two different
measurements were taken at each point by rotating the horn
antenna (Mi-Wave 261) in two orthogonal positions. This
is required because the test antenna has linear polarization
and we need both orthogonal components to retrieve the
CP response in the post-processing, which is based on the



method described in [15]. As shown in Fig. 2(a) red curve,
the gain peak of the DHG antenna is 11.12 dB at 67 GHz
in the experiment. Compared with the D antenna that has a
maximum of 5.49 dB at 66.8 GHz Fig 2(a), this evolved
design meets the intended objective of increasing the
system gain. As a final evolution, the BE antenna achieves
a peak gain around 18.4 dB at 58.5 GHz, Fig. 2(b) red
curve, validating the idea of covering as much as possible
the top area in order to maximize the gain. The gain decays
away from the operation frequency, as typically happens in
BE antennas. The aperture efficiency is approximately 9%,
above the typical value of BE antennas.

The experimental AR is plotted in the solid brown curve of
Fig. 2(a), (b). Taking as a criterion that the wave has CP
when the AR is below 3 dB, we find that the CP BW is
different in each design as we expected. Evidently, D and
DHG antenna obtain a wide CP BW around 8 GHz
(11.49%) and more than 9 GHz (17.32%) respectively,
reaching the design objective. Fig 2(c) brown curve shows
the AR of BE antenna. We find that the CP BW goes from
57.7 to 61.4 GHz and the minimum value (0.59 dB) is
around 60 GHz. Fig. 2(c) and (d) show the three-
dimensional radiation pattern where it can be notices them
main lobe beamwidth difference among these designs.

Finally, Table I presents a comparison of our antennas with
similar antennas reported in the literature, [3], [16], [17].
The structural characteristics and results achieved by each
design are analyzed quantitatively. Note that most of these
designs are antenna arrays, which are comparatively more
complex than our antennas that are based on a single
radiating element and a simple feeding network. In some
cases, the antennas found in the literature have larger gain
than the ones proposed here, so their bandwidth is
restricted.

TABLE I
Comparison Between Different Millimeter-Wave
Antennas
Number Fractional Fractional Peak
Ref of BW BW Gain-
Elements | (Total BW)* | (Total BW)" (GBW)*
14% 5.0% 323
[3] 16161 57 66) (59-62) (96.9)
14.1% 21.1% 19.5
[16] 4x4 (56— 65) (55-68) (253.5)
18% 16.7% 14.6
(171 2x2 (56 - 67) (56-66.2) 148.9
D 1x1 14.24 % 11.49% 11.12
(60.5-69.3) (59.9-67.2) (122.3)
14.64 % 17.32% 11.12
DHG | 11 (60.3-69.6) (60-71) (122.3)
BE 1x1 16.16 % 6.3% 18.4
(543-637) | (57.7-614) | (68.0)

*Defined as S11 <—-10 dB. Total BW is in GHz
*Defined as AR < 3 dB. Total BW is in GHz

#*Peak Gain is in dB. For the gain-bandwidth product (GBW) calculation,

the BW is defined as AR <3 dB

4. CONCLUSIONS

To sum up, in this article, we have designed three antennas
with CP operating in the V-band of millimeter waves based
on RGW technology. The CP generation mechanism is
based on the length difference between two orthogonal
arms at the end of the ridge. The feeding system allows the
generation of CP in a simple way, without the need of
implementing an array along with a complex feeding
network. Several changes were done in order to improve
the gain, being the most important one the design of a BE
structure  consisting of four concentric periodic
corrugations around the slot to enhance the gain by
covering maximally the top metallic plane. The
experimental results demonstrate good radiation
characteristics with a compact and low profile structure. A
high gain of around 18.4 dB at 58.5 GHz is achieved by the
BE antenna and a CP BW of 14.48 % with respect to the
center frequency by the DHG antenna, being these the most
relevant results. In addition, all the antennas have RHCP
with more than 30 dB of cross-polarization isolation in the
BE case. In comparison with similar antennas, our designs
are competitive variants that can have different uses, either
in the imminent implementation of the 5G, IoT, or in any
application that is supported in the 60—70 GHz band.
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