Design of Millimeter-Wave Wideband Gap Waveguide Transitions Considering
Integration into the Antenna System

This document has been downloaded from Chalmers Publication Library (CPL). It is the author’s
version of a work that was accepted for publication in:

9th European Conference on Antennas and Propagation, EUCAP 2015, Lisbon, Portugal, 13-
17 May 2015

Citation for the published paper:

AlgabaBrazdlez, A. ; Rajo-lglesias, E. ; Kildal, P. (2015) "Design of Millimeter-Wave
Wideband Gap Waveguide Transitions Considering Integration into the Antenna System".
9th European Conference on Antennas and Propagation, EUCAP 2015, Lisbon, Portugal, 13-
17 May 2015

Downloaded from: http://publications.lib.chalmers.se/publication/227745

Notice: Changes introduced as a result of publishing processes such as copy-editing and
formatting may not be reflected in this document. For a definitive version of this work, please refer
to the published source. Please note that access to the published version might require a
subscription.

Chalmers Publication Library (CPL) offers the possibility of retrieving research publications produced at Chalmers
University of Technology. It covers all types of publications: articles, dissertations, licentiate theses, masters theses,
conference papers, reports etc. Since 2006 it is the official tool for Chalmers official publication statistics. To ensure that
Chalmers research results are disseminated as widely as possible, an Open Access Policy has been adopted.

The CPL service is administrated and maintained by Chalmers Library.

(article starts on next page)


http://publications.lib.chalmers.se/publication/227745

Design of Millimeter-Wave Wideband Gap
Waveguide Transitions Considering Integration into
the Antenna System

Astrid Algaba Brazalez'?, Eva Rajo-Iglesias’, Per-Simon Kildal'
! Department of Signals and Systems, Chalmers University of Technology, Gothenburg, Sweden, astrid.algaba@chalmers.se

% Ericsson Research, Ericsson AB, Gothenburg, Sweden
3 Department of Signal Theory and Communications, University Carlos III, Madrid, Spain, eva@tsc.uc3m.es

Abstract—Two wideband vertical transitions from inverted
microstrip gap waveguide to rectangular waveguide (WR-15) for
60 GHz antenna array applications are proposed. These
transitions are aimed to interconnect the WR-15 with the gap
waveguide feed-network employed to provide feeding to the
radiating elements of slot/horn antenna arrays. The wideband
field transformation is achieved without the need of adding a
quarter-wavelength cavity backshort on a metal block placed
over the transition. First, we replace this backshort by creating a
cavity in the radiating layer when this is made in Substrate
Integrated Waveguide (SIW) technology, and thereafter we use
an air-filled pin cavity in the radiating layer. The simulated S-
parameters show that the presented transitions cover the
unlicensed 60 GHz band (57-64 GHz) with good margins.

Index Terms— Gap waveguide, Perfect Magnetic Conductor
(PMC), Artificial Magnetic Conductor (AMC), feed-network,
Substrate Integrated Waveguide, transition, millimeter-wave
circuits.

L. INTRODUCTION

Recently, there has been an increasing interest in
communication systems that operate in the millimeter-wave
frequency range. The unlicensed 60 GHz band becomes very
attractive for applications such as multi-gigabit short range
wireless communications, or high data rate video transmission.
At these frequencies, planar circuit technologies (microstrip,
coplanar waveguide) and hollow waveguides are extensively
employed.

The gap waveguide technology is a new type of waveguide
which was theoretically introduced in [1]-[2] and
experimentally validated in the microwave frequency range in
[3]-[4]. Nowadays, the main focus of the gap waveguide
research is on realizing millimeter-wave high gain gap
waveguide antennas [5]-[7]. In fact, there is a special interest
on investigating horn/slot antenna arrays with feed-network
based on inverted microstrip gap waveguide [6] for 60 GHz
applications. This gap version was introduced in [8] and its
configuration (illustrated in Fig.1) consists of a thin dielectric
layer supported by a uniform pattern of pins placed opposite to
a smooth metal lid. This pin periodic pattern behaves as an
Artificial Magnetic Conductor (AMC) which artificially
emulates the Perfect Magnetic Conductor (PMC) condition,
and together combined with the smooth metal plate ensures the
suppression of parallel-plate modes and surface waves within a
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Fig. 1. Inverted microstrip gap waveguide geometry.

stopband [9]-[10], as long as the air gap that separates both
layers is smaller than quarter wavelength. The field
propagation is allowed along a copper strip etched in the
substrate material. Therefore, the inverted microstrip gap
waveguide becomes a low loss alternative to the standard
microstrip since the fields are confined within the air gap, and
the line dimensions become wider which reduces the
conductive loss. Moreover, the manufacturing is more flexible
and simpler than in the case of hollow waveguides. The latter
is due to the fact that there is no need for good electrical
contact between the different plates, since all possible field
leakage is removed by the parallel-plate cutoff principle, upon
which the gap waveguide is based.

In spite of the potential of the inverted microstrip gap
waveguide at millimeter waves, the work in [6] is realized in
X-band. This was due to the lack of compact and wideband
transitions that could interconnect vertically the inverted
microstrip gap waveguide with a standard WR-15 which is the
common interface with millimeter-wave test equipment. This
issue motivated the investigation of a 60 GHz microstrip-ridge
gap waveguide antenna [7] and the design of a suitable
transition to ensure compatibility with the measurement set-up
[11]. In this new gap approach, the pin surface is embedded in
the substrate material as metalized via holes. Parallel work has
been done in order to find good transitions from inverted
microstrip gap waveguide [12]-[13] to WR-15, and to create a
similar antenna to the one presented in [7] with an inverted
mirostrip gap waveguide corporate feed network. The
transition in [12] is vertical and it extends upwards from the
inverted microstrip circuit. This is a critical limitation if the
transition is meant for an antenna application since the
connection to the waveguide does not need to be in the same
plane as the radiating elements. Reference [13] introduces a



downwards vertical transition where the inverted microstrip
circuit faces a waveguide backshort, having a return loss better
than 15 dB over 10.5% bandwidth.

The goal of the present work is to investigate two
millimeter-wave vertical transitions from inverted microstrip
gap waveguide to standard rectangular waveguide that ensure
optimum matching and insertion loss over a wide frequency
bandwidth (better than that obtained in [11] and [13]), as well
as suitable integration into the layer that contains the radiating
elements of the antenna system. Transition designs are
presented and are numerically analyzed by considering back-
to-back configurations.

II.  DESIGN OF TRANSITION INTEGRATED INTO SIW
CAVITY

The downwards transition presented in [13] consisted of a
probe inserted into a waveguide through an aperture made in
the broad wall of the waveguide. It was needed to use a
waveguide backshort above the employed Printed Circuit
Board (PCB) in order to force the fields to propagate down
into the rectangular waveguide. This was a preliminary design
but in practice the ideal would be to integrate this backshort in
the radiating layer of the antenna to reach the most compact
approach. On the other hand, any complex modification in the
waveguide structure is preferably avoided in order to simplify
manufacturing and assembling, as well as we allow a simple
integration of the transition into the WR-15.

The first transition design under study consists of two
double-sided PCBs as shown in Fig. 2. The lower PCB
contains a microstrip circuit without ground plane that is
supported by a bed of pins. This constitutes, together with an
upper metal lid, the inverted microstrip gap waveguide. The
upper PCB incorporates a cavity realized by Substrate
Integrated Waveguide (SIW). The substrate characteristics for
both layers are presented in Table 1.

The employed pin dimensions that constitute the gap
waveguide layer, as well as the obtained stopband for a unit
cell are illustrated in the dispersion diagram of Fig. 3.
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Fig. 2. 3-D view of the different components of the transition integrated into
SIW cavity.

TABLE 1. Substrate material properties

Lower PCB Upper PCB
Substrate material Rogers RO3003 Rogersslzg(/)Durmd
Permittivity, &, 3 22
Thickness, h 0.25 mm 0.78 mm
Loss tangent, tand 0.0013 0.0009

beta(rad/m)

100 120 140
Frequency (GHz)

Fig. 3. Dispersion diagram for a unit cell with the shown dimensions.

The transition aims to cover the 60 GHz band (57-64 GHz),
and it is designed by means of an inverted microstrip gap 50
Q line that ends in a probe with a two-step matching section.
The dimensions and location of these matching steps have
been optimized in order to achieve optimum transition
performance. Moreover, the E-fields travelling within the air-
gap in the inverted microstrip gap waveguide need to be
transformed in such a way that they propagate down into the
rectangular waveguide, which has the same dimensions as the
standard WR-15. For this aim, a cavity is designed in the
upper SIW layer. This SIW cavity replaces the effect of the
waveguide cavity backshort, which is commonly used for this
type of probe-transitions [13]-[14]. The lower metal plate of
the SIW layer contains a slot with dimensions that set the
cavity size. The slot dimensions are fine-tuned in order to
suitably establish an open boundary condition in the upper
plane of the inverted microstrip probe and force the fields to
propagate downwards, as well as avoiding excitation of higher
order modes into the SIW cavity. We have used the same via-
hole dimensions as those employed in [7], but the period and
position of the via-holes are slightly different. The final
geometry of the transition and the cross-section of the
complete design are shown in Fig. 4.

The transition has been simulated in a back-to-back
configuration with a 10 cm inverted microstrip gap waveguide
feed-line between the two opposite transitions, using the time
domain solver in CST Microwave Studio [15]. The resulting
S-parameters are presented in Fig. 5. The periodic peaks of the
S;; parameter are due to the multiple reflections between the
two transitions placed on the sides of the 10 cm line. The
corresponding return loss is larger than 10 dB from 55.3 to
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Fig. 4. 1* transition geometry integrated into antenna layer. a) Upper PCB
with SIW cavity, perspective view and top view, b) Lower PCB with inverted
microstrip gap waveguide probe (part of substrate is hidden to reveal
transition details), perspective view and top view, c¢) cross section of the
complete structure.

67.6 GHz, which represents 22.4% bandwidth and covers the
desired 60 GHz frequency band with large margins. If we
remove the mismatch factor from the simulated S,; parameter,
the resulting insertion loss is smaller than 1 dB over this
bandwidth. This implies that the corresponding loss for a
single transition would be 0.5 dB.

III. DESIGN OF TRANSITION INTEGRATED INTO AIR-FILLED
PIN CAvVITY

There is ongoing parallel research work related to finding
new types of radiating slot element for a 60 GHz planar array
antenna. One alternative is to replace the SIW cavity proposed
in [7] by an air-filled pin cavity [16]. This motivates the need
to find another wideband and compact transition from
inverted microstrip gap waveguide to WR-15 ensuring
integration with the new air-filled pin cavity radiating layer.
The new transition will make possible the interconnection
between test equipment and the gap waveguide feed network.
The corporate feed network would provide feeding to
radiating slots backed by an air-filled pin cavity. Unlike the
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Fig. 5. Simulated S parameters of the proposed back-to-back transition
(integration with SIW cavity).

design proposed in section II, this second transition
configuration does not include a PCB in the upper antenna
layer since the cavity is filled with air and surrounded by pins.
A 3D-sketch of the geometry is illustrated in Fig. 6.

The initial point of the transition design is the same as that
explained in section II. We consider the same dielectric
material characteristics and pin dimensions for the inverted
microstrip gap waveguide layer. The upper pin layer that
contains the air-filled cavity has the same pin dimensions as
the lower pin surface, with the exception of the pin height
which is 1.2 mm.

A 50 Q inverted microstrip feeding line ends in a probe
that contains a matching section with several impedance steps.
The probe is placed over the rectangular waveguide opening
in a certain position. This location and the matching section
dimensions have been optimized to attain the best possible
matching. The mode conversion between the Quasi-TEM
mode of the inverted microstrip gap waveguide, and the
dominant TEy mode of the rectangular waveguide is achieved
by creating an air-filled pin cavity in the upper layer. The
lower plate of the pin cavity incorporates a slot with fine-
tuned dimensions to ensure a “backshort” effect and
establish an open boundary condition above the probe which
forces the fields to propagate downwards into the WR-15.
All the layout details of this transition geometry that
includes integration into an air-filled pin cavity layer are
specified in Fig. 7.

The proposed transition design is simulated as a back-to-
back structure with 10 cm length. The simulated S-parameters
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Fig. 7. 2™ transition geometry integrated into antenna layer. a) Upper air-
filled pin cavity, perspective view and top view, b) Lower PCB with inverted
microstrip gap waveguide probe (part of substrate is hidden to reveal
transition details), perspective view and top view, c) cross section of the
complete structure.

are presented in Fig.8. showing that the resulted return loss is
better than 10 dB between 52.15 and 72 GHz (which means
38% relative bandwidth). Furthermore, the insertion loss
(after extracting the mismatch factor) is smaller than 1.4 dB
over the whole mentioned bandwidth. Therefore, the loss
associated with a single transition is 0.7 dB.

IV. CONCLUSIONS

In this paper, two wideband and compact transitions from
inverted microstrip gap waveguide to rectangular waveguide
have been presented, for 60 GHz antenna array applications.
For both cases, the rectangular waveguide structure extends
vertically, and it is placed on the back side of the inverted
microstrip circuit. There is no need to use any test-fixture port
as in [12], or modification on the rectangular waveguide walls
[13]-[14] (like making a window on the broad wall of the
waveguide to introduce the PCB, which complicates highly
the manufacturing) simplifying the connection between both
technologies. We avoid wusing a quarter-wavelength
waveguide backshort since the field transformation is suitably
achieved by means of a SIW cavity and a new type of air-
filled pin cavity, which are placed in an upper layer over the
inverted microstrip gap waveguide. Thereby, the proposed
designs make it possible to directly integrate an inverted
microstrip gap waveguide feed-network (like the one in [6])
below a radiating SIW cavity-backed slot- antenna layer as
that introduced in [7], or into the air-filled pin cavity-backed
slot antenna which is currently under investigation [16].
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Simulation results show that both transition designs cover
widely the unlicensed 60 GHz band with optimum matching
and insertion loss.

In the work done in [7] a microstrip-ridge gap waveguide
feeds the SIW cavities by using coupling slots. In spite of the
promising results presented in [7] and [11], the most critical
limitation of the microstrip-ridge gap waveguide is the
complexity of design and high manufacturing cost due to the
big number of via holes. However, the simple inverted
microstrip gap waveguide approach has big potential to be
used to create low loss distributed feed networks of 60 GHz
directive planar arrays. The manufacturing of the pin layers is
planned to be realized by using fixed metal posts on a metal
plate fabricated by milling, sawing or casting. In the case of
the air-filled pin cavity radiating layer, the upper thin metal
plate (that would contain the radiating slots) will then be
soldered to the metal pins by heating the structure in an oven.
The mechanical assembling needs to be arranged in such a
way that we can provide the suited gap. This gap can be fixed
by using metal steps placed on the sides of the upper metal
lid. In order to ensure a good contact between the pins and the
PCB, we can fill up the gap with a thin foam which should
have a thickness equal to the air gap and a permittivity as
close to 1 as possible.

This paper has proposed two transition geometries that
ensure connection with test equipment and
transmitting/receiving amplifiers as well as a compact
integration into the antenna layer.
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