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Design and Fabrication of A High-Gain 60 GHz
Corrugated Slot Antenna Array with Ridge Gap
Waveguide Distribution Layer

DavoudZarifi, Ali Farahbakhsh, Ashraf Uz Zaman, Per-Simon Kildal, Fellow, IEEE

Abstract— A wideband, high gain high efficiency 16x16-element
slot antenna array is presented for 60 GHz band applications.
The antenna is designed based on gap waveguide technology. The
most important advantage of using this technology is its ability to
decrease complexity and cost of fabrication because there is no
requirement of electrical contact between the three layers of the
antenna structure. The three layers are a corrugated metal plate
with radiating slots, a sub-array cavity layer, and a ridge gap
waveguide feed network layer. The corporate feed network is
realized by a texture of pins and guiding ridges in a metal plate.
Also, in order to excite the antenna with a standard V-band
rectangular waveguide, a transition from ridge gap waveguide to
WR-15 is designed. The radiating elements, corrugations, cavity
layer, power dividers and transition are designed and optimized
to suppress the reflection coefficient at the input WR-15 port
over the desired frequency range from 57 to 66 GHz. Finally, the
16x16-element slot antenna array is fabricated by standard
milling technology. Measured results demonstrate about 16 % of
reflection coefficient bandwidth (|S;;| < -10 dB) covering 56-65.7
GHz frequency range, and the measured gain is larger than 32.5
dBi over the band with more than 70 % antenna efficiency.

Index Terms—Slot array antenna, corporate feed network, gap
waveguide, high gain antennas, 60-GHz frequency band.

1. INTRODUCTION

RECENTLY, the 60-GHz frequency band has received
increased interest and attention in the research
community due to its potential functional benefits for many
upcoming applications. In fact, the development of some new
technologies at this frequency band has led to many high-
speed wireless developments including high definition video
streaming, high-speed internet, high definition multimedia
interface, wireless gigabit Ethernet and automotive radars [1],
[2]. However, the deployment of millimeter wave technology
in this band is affected by the strong oxygen absorption and
the high propagation path loss. Thus, one of the key elements
for such applications is the antenna, which should be able to

D. Zarifi is with the School of Electrical Engineering, University of
Kashan, Kashan, Iran. A. Farahbakhsh is with the School of Electrical
Engineering, Graduate University of Advanced Technology, Kerman, Iran. A.
U. Zaman and P. S. Kildal are with the Department of Signals and Systems,
Chalmers University of Technology, SE-412 96 Goteborg, Sweden (e-mail:
zarifi @iust.ac.ir; a_farahbakhsh @iust.ac.ir; zaman @chalmers.se; per-
simon kildal @chalmers.se).

provide high gain, high radiation efficiency and wide
bandwidth characteristics. These specifications imply that both
high directivity and fast beam steering is a requirement for
some applications. According to [3], for the 60-GHz band,
antenna arrays with a gain higher than 30 dBi would be used
when the communication distance is larger than 100 m.
Another important issue for the system cost reduction is the
antenna robustness and ease of integration with other
components in a wireless system.

A survey of literature on the millimeter wave antennas
indicates that the design of different high-gain antennas for
millimeter wave applications has been a subject of extensive
research. Different kind of wideband antennas have been
designed such as microstrip antennas, parabolic antennas,
substrate integrated waveguide (SIW) based planar arrays and
slot array antennas. Microstrip arrays are compact, light, easy
to manufacture and can easily be integrated with other passive
and active components of the wireless system. However, these
antennas suffer from high ohmic and dielectric losses and
spurious radiation and leakage in the form of surface waves at
high frequencies [4-7]. The parabolic antennas have excellent
radiation characteristics but because they consist of one or two
reflectors, a feed and several supporting feed rods, they are
larger and could even be heavier than planar arrays [8].
Besides, the parabolic antenna needs additional fixtures to
assemble the transceiver. Recently, some SIW array antennas
are developed [9-14]. The antennas based on SIW technology
have relatively high radiation efficiency in small arrays and
can easily be integrated with other active circuits. Although
the losses in SIW are lower than in microstrip structures, the
losses is still a great problem, especially for high gain
antennas when the SIW array dimension become larger [15].

The waveguide slot antenna arrays are the most attractive
candidates for the high-gain wideband planar antennas for
many applications [16-20]. They suffer neither from dielectric
nor radiation loss and are suitable for applications requiring
high gain and high efficiency. However, wideband waveguide
slot arrays require corporate feed networks that become very
complex and bulky. In addition, at high frequencies, such feed
networks require accurate, high precision and expensive
manufacturing [21]. In particular it is difficult to provide good
electrical contact between different metal layers of the
construction. Apart from the problem of metal contact, the
antennas need very thin slot layer (100-200um) which raises
mechanical challenges during assembly due to bending of
these very thin slot layers. The proposed waveguide slot
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Fig. 1. Exploded 2x2-element sub-array.

antenna arrays in [22-24] have good performances, and they
can be manufactured by a promising new their process based
on the diffusion bonding of many laminated thin copper plates.
Thereby the electrical contact problem between few metal
layers is removed, at the expense of having many more very
thin metal layers. But these antennas still use very thin slot
layers. The present paper solves the electrical contact problem
by another promising method, gap waveguides and we
propose a new design where the upper slot layer is much
thicker and thus mechanically more stable.

The aim of the present work is to design a planar slot
antenna array with high-gain and high radiation efficiency
based on gap waveguide technology. Our design goal is to
cover the bandwidth of 57-66 GHz. The gap waveguide
technology introduced in [25-28] overcomes the problem of
good electrical contact associated with mechanical assembly,
by making use of a texture in one of surfaces that creates a
magnetic wall (parallel-plate cut-off). There are many modern
manufacturing technologies that can be used to produce planar
surfaces with small texture, such as die sink Electrical
Discharge Manufacturing (EDM), Electron Beam Melting
(EBM), multilayer die pressing, and 3D screen-printing.
Therefore, the low-cost manufacturing of gap waveguide
antennas is possible at high frequencies and therefore, these
antennas have large potential for millimeter wave applications.

In fact, the gap waveguide technology uses the cut-off of a
PEC-PMC parallel plate waveguide to control desired
electromagnetic propagation between the two parallel plates
without the requirement of electrical contact. To date, some
array antennas have been realized based on gap waveguide
technology in 10-15 GHz frequency band [29-31]. The first
millimeter wave array antenna was the PCB-based inverted
microstrip ridge gap waveguides [32], but it had considerable
loss and it was expensive to manufacture all the via holes. In
addition, recently, a gap waveguide distribution networks was
used in W-band 8x8 slot arrays [33, 34]. Here, we present a
16x16-element slot antenna array with a distribution network
based on ridge gap waveguide (RGW) technology.

Organization of this paper is as follows. Section II is
devoted to the design of wideband 2x2-element sub-array.
Design procedure of RGW power divider and transitions are

discussed in Section III. Section IV deals with the design of
complete 16x16-element array, and in Section V details and
results of fabrication and measurements are presented. Finally,
summary and conclusions are provided in Section VI.

TABLE I. DESIGN PARAMETERS OF 2x2-ELEMENT SUB-ARRAY

Component Parameter Value(mm)
length 2.55
. width 1.15
Radiating Slot spacing along x 4
spacing along y 3.85
. width 1.1
Corrugations depth 115
thickness 175
Top Metal Plate length 8.8
width 8
. length 3.1
Coupling Slot width 07
. width 0.8
Ridge height 15
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Fig. 2. Dispersion diagram of the unit cell of the periodic pins used in (a)
feed layer (a = 0.5 mm, d = 1.5 mm, p = I mm and ag = 0.25 mm) and (b) in
cavity layer (@ = 0.75 mm, d = 1.5 mm, p = 1 mm and ag = 0.25 mm).

II. WIDEBAND BASIC 2x2-ELEMENT SUB-ARRAY

Fig. 1 shows the configuration of 2x2-element sub-array
which is composed of three parts: the feeding part in the lower
layer, the coupling slot and cavity in the middle layer, and the
radiating slots in the upper layer. The feeding part is based on
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Fig. 3. Simulated reflection coefficient of proposed 2x2-element sub-array

RGW and can be expanded to a bigger corporate feed network
with power dividers and T-junctions. In the next layer, a
coupling slot is designed in the metal plane to excite the
cavity. In the radiating part, radiating slots are placed as the
elements both in the x and y directions on a corrugated metal
plane. By proper design of cavity, these four slots are excited
equally in amplitude and phase to give a broadside beam. In
Table I, the design parameters of 2x2-element sub-array are
listed.

Notice that from the practical point of view, using a thin
metal plate in the radiating layer usually led to some problems
in fabrication and assembling process which may affect on the
antenna performance. On the other hand, a thick layer
deteriorates reflection coefficient of the antenna. To overcome
this problem and also decreasing grating lobes, some
corrugations are created in the radiating layer. The width and
depth of these corrugations are optimized to improve both the
Si1 and the radiation pattern of the antenna. The corrugations
work as a soft surface, thereby stopping waves from coupling
into the neighboring parallel slots [35].

The pin dimensions in the feed and cavity layers are chosen
according to the guidelines in [27] to be 0.5x0.5%1.5 mm?® and
0.75x0.75x1.5 mm’, respectively. The period of pins and the
air gap between the pins and upper metal plate are chosen to
be 1 and 0.25 mm, respectively, to achieve a stop-band
approximately from 40 to 80 GHz. The dispersion diagrams of
the infinite two-dimensional pin array are shown in Fig. 2.

Full-wave simulation of the designed subarray is performed
by using the time-domain solver of the CST Microwave
Studio which uses a finite element method. In order to
consider the mutual coupling in the infinite two-dimensional
slot array, the periodic boundary conditions in both x and y
directions are placed. The simulated reflection coefficient is
shown in Fig. 3. The results show about 17% of reflection
coefficient bandwidth (|S;;| < -10 dB) in the frequency band of
56.2-66.6 GHz.

III. POWER DIVIDER AND TRANSITION DESIGN

A. Ridge Gap Waveguide Power Divider

In order to expand the designed sub-array to a bigger
structure, we need to a corporate feed network including
power dividers and T-junctions. The configuration of a four-
way RGW power divider is illustrated in Fig. 4(a). Observe
that due to the symmetry and using 90° bends in this structure,
the output ports have constant amplitude and phase. The

(®)
Fig. 4. Schematic of the (a) 4-way power divider based on RGW, and (b)
4x4-elementa array antenna. The length and width of impedance matching
sections in T-junctions are chosen 0.925 and 1.1 mm. Also, the lengths of
bases in V-shape junctions are 0.4 and 3.25 mm. The distances between the
output ports along the x- and y-axis are 8 and 8.8 mm, respectively.

Fig. 5. Electric field distribution of 4-way power divider at 60 GHz.

electric field distribution at frequency 60 GHz is presented in
Fig. 5. The simulated reflection coefficient of this structure is
depicted in Fig. 6. Observe that there is a very good S;; and a
very small amplitude imbalance (in the worst case -0.25 dB)
between the output ports of power divider. Thus, this power
divider can be expanded to design a bigger corporate feeding
network based on RGW technology.

Using the proposed 4-way power divider, we can design a
4x4-element array antenna as shown in Fig. 4(b). Notice that
in order to achieve better coupling between the RGW and the
coupling slot and to improve the S;; of the structure, some T-
shaped impedance matching sections are added to the output
ports of the power divider. Fig. 6 shows the simulated
reflection coefficient of this antenna. The results indicate
about 17% impedance bandwidth (56.5-67 GHz) for SWR < 2.
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Fig. 6. Simulated reflection and transmission coefficients of 4-way power
divider and the reflection coefficient of 4x4-element array antenna.
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Fig. 7. RWG to WR-15 transition. (a) Non-symmetric transition, and (b)
symmetric transition.The length and height of step in non-symmetric
(symmetric) transitions are 1 mm (1.37 mm) and 0.32 mm (0.15 mm).

B. Transition from RGW to WR-15

The antenna is excited with a standard V-band rectangular
waveguide (e.g. WR-15) from the bottom plane. The transition
transforms the electromagnetic fields from the rectangular
waveguide mode to the RGW mode. Here, we propose two
structures, one being geometrically symmetric and the other
asymmetric. The overall geometries of these transitions are
shown in Fig. 7. It is clear that the symmetrical transition has
two output ports that have 180° phase difference. Observe that
we make a matching step at the end of each ridge to achieve a
good matching between RGW to WR-15. By fine tuning the
location of the pins around the WR-15 opening, and the height
and length of the stub, we are able to match the RGW to WR-
15 over the desired bandwidth of 57-66 GHz. The simulated
reflection coefficient and insertion loss for these two
transitions are shown in Fig. 8. The results show about 17%
reflection coefficient bandwidth (|S;;| < -20 dB) in the
frequency band of 56-66 GHz.
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Fig. 8. Reflection coefficient of non-symmetric and symmetric transition
from RGW to WR-15.

(b)
Fig. 9. Configuration of 16x16-element array antenna with (a) non-
symmetric transition, and (b) symmetric transition from RGW to WR15.

IV. DESIGN OF COMPLETE 16x16-ELEMENT ARRAY

Fig. 9 shows the geometric configuration of the proposed
16x16-element slot array antenna. A 64-way RGW power
divider is deployed to feed 64 cavities, each of which excites
four radiating slots. The overall corporate distribution network
is analyzed and optimized to compensate for the mutual
coupling from adjacent discontinuities in the radiating layer.
As shown in Fig. 9(b), when we use the symmetric T-
transition in the structure, the structure must be symmetric



TABLE II. DESIGN PARAMETERS OF 16x16-ELEMENT ARRAY ANTENNA

Component Parameter Value(mm)
length 2.6
Radiating Slot width 1.35
round radius 0.2
. width 1.1
Corrugations .
£ depth 115
thickness 175
Top Metal Plate length 80
width 80
length 3.15
Coupling Slot width 0.7
round radius 0.2
Middle Metal Plate thickness 2
. length of step 1.37
Transition height of step 0.15
Bottom Metal Plate thickness 5
. length 3.8
Feed Waveguide width 19
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Fig. 10. Computed aperture efficiency, radiation efficiency and total
radiation efficiency of the 16x16-element array antenna.

along the x-axis in order to compensate for the 180° phase
difference of the waves leaving the transition,. This
configuration has some advantages: from the practical point of
view, the WR-15 port is placed in the center. From the design
point of view, a T-junction is removed from the structure
which results in improving S;;. And, finally, because of the
symmetry, only a quarter of the antenna needs to be meshed
for the full-wave simulations in CST. The latter leads to much
shorter computation time and memory consumption.

The aperture efficiency, radiation efficiency and total
radiation efficiency of the proposed array antenna are
computed and illustrated in Fig. 10. The simulated reflection
coefficient and radiation pattern of the complete antenna along
with the experimental results will be presented in the next
section.

V. ANTENNA FABRICATION AND EXPERIMENTAL RESULTS

A. Fabrication of 16x16-element Array

To verify the performance of the designed array antenna, a
prototype of the 16x16-element array antenna with dimension
of 80 mm x 80 mm (dimensions of aperture are 70.4 x 64
mm?®) was fabricated in aluminum by milling. The complete

Fig. 11. Final configuration of 16x16-element array and photograph of
fabricated antenna. The structure has dimension of 80x80x12.2 mm®.

:
z

Fig. 12. Photograph of the under test antenna in the measurement setup.

antenna configuration including holes for screws and
alignment pins are presented in Fig. 11, together with photos
of the three manufactured parts. Notice that due to the
limitations in the fabrication process, all sharp corners and
edges have been rounded with minimum radius 0.2 mm. Thus,
according to this matter, the antenna structure including feed
layer, cavity layer and radiating layer, is optimized again, and
the final antenna design parameters are listed in Table II. Also,
notice that the 5.0 mm thickness of the bottom metal plate is
not required for the antenna operation and it was chosen only
to be able to connect to a standard WR-15 flange with screws.

B. Array Antenna Performance

The fabricated array antenna reflection coefficient was
measured using a Vector Network Analyzer connected to the
WR-15 input port. The antenna is shown in Fig. 12. The
measured and simulated input reflection coefficients are
shown in Fig. 13. Observe that the fabricated antenna has
reflection coefficient below -10 dB over the frequency band of
56-65.7 GHz. There are some differences between the
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Fig. 14. Simulated and measured reflection coefficient and gain of fabricated
16x16-element array antenna.

simulated and measured results, but generally they are in quite
good agreement. The differences are mainly due to
manufacturing and assembling tolerances.

The radiation patterns and gains of the array antenna are
measured in an outdoor test range with the use of a V-band
antenna measurement system. The simulated and measured
frequency characteristics of the realized boresight gain are
illustrated in Fig. 14. The dotted lines show that the maximum
available directivity of an aperture having dimension of 70.4 x
64 mm? and when aperture efficiency is 100, 90, 80 and 70%.
The obtained gain is more than 32.5 dBi with a measured
efficiency higher than 70%. The gain response is quite flat,
with a gain variation of 0.7 dB over the 56-66 GHz bandwidth.
The difference between the measured and simulated gain
results may be owing to extra reflection loss and extra ohmic
losses due to metal conductivity degradation with surface
roughness.

The simulated and measured radiation patterns of antenna at
58, 62 and 66 GHz in both the E- and H-planes and also 45-
plane are shown in Figs. 15-17. We see that the measured
patterns show excellent agreement with the simulated ones.
The simulated and measured radiation patterns are
symmetrical and the first sidelobe levels in both E- and H-
planes are around -13 dB. The measured side lobe levels of the
fabricated array in the 45°-plane are below -25 dB over the
desired frequency band.

VI. SUMMARY AND CONCLUSION

In summary, we have designed and studied numerically and
experimentally a wideband high gain high efficiency slot
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Fig. 15. Radiation patterns of the fabricated array at E-plane and frequencies
58, 62 and 66 GHz. (a) Simulated, (b) measured.
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58, 62 and 66 GHz. (a) Simulated, (b) measured.

antenna array for V-band. In this work, we used a new
corporate feed network based on the ridge gap waveguide
technology. The gap waveguide technology eliminates the
requirement of electrical contact between the different layers
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of a multilayer antenna structure. Two transition structures
between ridge gap waveguide and WR-15 waveguide have
been designed in order to provide a simple excitation of the
antenna. In addition, we propose a new design where the upper
slot layer is much thicker and thus mechanically more stable.
Finally, a 16x16-element array was designed, simulated,
fabricated and measured. The measured realized gain is higher
than 32.5 dBi over the entire operation bandwidth from 56 to
65.7 GHz, corresponding to aperture efficiency larger than
70%.
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