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Broadband Waveguide-Fed 8-by-1 Gap-Coupled Microstrip Antenna
Array for 60-GHz Short-Range Point-to-Point Wireless
Communications
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Abstract—In this paper, a 60-GHz broadband 8-by-1 gap-coupled microstrip antenna array is presented
and experimentally investigated. The proposed antenna array has been implemented using a Miniature
Hybrid Microwave Integrated Circuits (MHMIC) fabrication process on a thin ceramic substrate with
er = 9.9 and h = 127 um. For a comprehensive characterization and to accurately evaluate losses, as
well as manufacturing tolerances, the proposed antenna array structure has been implemented using two
different feeding techniques. The first one adopts a grounded broadband via-hole less transition from
coplanar to microstrip line (GCPW-to-MS), while the second one has involved a broadband waveguide
(WR12) to microstrip transition, based on a ridged waveguide concept. The obtained results have
demonstrated that the proposed gap-coupled array configuration provides an improved bandwidth
(4.56%) and an enhanced gain (11.8dBi), while maintaining a lower side-lobe level (13.4dB). These
outstanding performances make the proposed WR12 gap-coupled array structure a potential candidate
for the future emerging 60-GHz short-range point-to-point wireless communication systems.

1. INTRODUCTION

In the last few decades, the trend in wireless communication systems has been to develop low cost,
small size, and low-profile antennas that provide high performance over a large spectrum of frequency
bands [1,2]. In this context, much attention has been focused into the design of microstrip patch
antennas due to their several advantages. In fact, they are distinguished by a simple geometry,
low fabrication complexity and ease of integration with microwave and millimeter-wave integrated
circuits (MMIC). Despite the many advantages, patch antennas have some drawbacks. One of the
main limitations is their inherently narrowband performance due to its resonant nature (bandwidth is
typically on the order of a few percent) [3].

Recently, various techniques have been employed to improve the bandwidth, including stack layers,
defected ground structures, square slot techniques, and gap-coupled multiple resonators concepts [1,4—
6]. In the last approach, only single microstrip patch antenna is fed, and other patches are parasitically
coupled. The coupling between the parasitic patch and resonating patch is achieved by introducing
small gap between them. The typical configuration involves one or multiple parasitic patches having
almost identical size, which are placed along the fed patch to increase the operational bandwidth [7-9].

Gap-coupled microstrip antennas have been the subject of extensive researches over the last few
years. Nevertheless, most of the reported configurations in the literature have paid more attention
to low frequency antenna structures adopting various feeding techniques, such as microstrip line feed,
coaxial probe feed, aperture and proximity coupled feed [10-13]. However, millimeter-wave gap-coupled
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antenna structures based on rectangular waveguide fed for specific applications have not been addressed
in the literature.

In this paper, a 60-GHz 8-by-1 gap-coupled microstrip antenna array is designed, fabricated, and
investigated. To ensure a detailed characterization, the proposed gap-coupled array structure has been
validated using two different feeding techniques. The first one involves a grounded broadband via-hole
less transition from coplanar to microstrip line (GCPW-to-MS), whereas the second technique employs a
broadband waveguide (WR12) to microstrip transition, based on a ridged waveguide concept. Both gap-
coupled antenna array prototypes are designed on a thin-film ceramic substrate (g, = 9.9, h = 127 um),
using an MHMIC (Miniature Hybrid Microwave Integrated Circuits) fabrication process.

In the proposed configuration, eight optimized isosceles trapezoid patches are introduced at a proper
distance from each driven element to maintain an appropriate coupling level. However, to investigate
the size effect of the parasitic elements on the proposed gap-coupled structure, parametric studies
were conducted to enable an optimized size and a precise input impedance matching. The obtained
performances in terms of operational bandwidth, realized gain, and side-lobe level clearly confirm the
potential of the proposed gap-coupled array structure to be a suitable candidate for the future emerging
60-GHz short-range point-to-point wireless communication systems.

2. ANTENNA DESIGN, FABRICATION, AND CHARACTERIZATION

2.1. Design of the 8-by-1 Gap-Coupled Antenna Array

The proposed 8-by-1 gap-coupled antenna array has been designed on a thin-film ceramic substrate
with dielectric constant €, = 9.9 and height h = 127 um. The MHMIC (Miniature Hybrid Microwave
Integrated Circuits) fabrication process was employed for the implementation of the gap-coupled antenna
array prototype. The structure of the proposed antenna array with its geometrical parameters is
shown in Figure 1. It consists of eight gap-coupled patch elements spaced approximately 0.55),
(Ao = 5mm), and a parallel feed network that is composed of seven rounded shape Wilkinson power
dividers/combiners, along with the 502 transmission lines. The adopted design approach uses the
gap-coupling technique in which an optimized coupling level from the driven to the parasitic element
is achieved. This concept significantly enhances the operational bandwidth and may allow up to
3dB more gain. As parasitic elements, the isosceles trapezoid patches are selected and optimized to
reduce the effect of mutual coupling between antenna elements and reach a higher resonant frequency.
The optimized geometrical parameters of the antenna array structure are: W = 18.310, L = 7.805,
W1 =0.419, L1 = 0.888, Ly = 0.759, d = 2.5, d; = 0.152, ¢ = 0.069, g = 0.10, £ = 0.127, with all units
being millimeters.

A parametric study of the antenna array is performed to analyze and understand the dimensional
parameters effects of the parasitic element on the resonant frequency, and accordingly the antenna array
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Figure 1. The 8-by-1 gap-coupled antenna array Figure 2.  Variation of S-parameters with
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frequency bandwidth. In this study we introduce three geometric shapes, in addition to the parasitic
element shape already employed. As illustrated in Figure 2, these shapes include a rectangle (in 4,
r = 2);/3 = 1.06mm), an isosceles trapezoid (in 3, x = Ay/3 = 0.53mm), and a triangle (in 1,
x = 0mm). The obtained S-parameters results within the considered frequency range clearly show that
the selected parasitic element (in 2, z = A\;/10 = 0.15 mm) for the proposed array design provides a large
bandwidth and an optimal coupling while reaching a second higher resonant frequency, at 62.2 GHz.
It is noteworthy that based on same parametric study we have demonstrated that the optimized gap
thickness between driven and parasitic elements is g = 0.10 mm. This value allows an accurate input
impedance matching over the considered frequency band.

2.2. Design of the Millimeter-Wave Microstrip Line to Waveguide (WR12) Transition

A rectangular WR12 waveguide to microstrip line transition has been designed on the same thin-film
high-permittivity ceramic substrate to feed the gap-coupled antenna array. In the proposed structure
a linear ridge section having approximately a length of A\, was introduced inside the rectangular
WRI12 waveguide to allow impedance matching between microstrip line and the rectangular WR12
waveguide [14-16]. Furthermore, this enables a gradual conversion of electric field mode, from the
fundamental TE;y mode in the rectangular waveguide to the microstrip line quasi-TEM mode. The
proposed transition structure, including its geometrical parameters, and the fabricated prototype are
shown in Figures 3(a) and (b), respectively. The optimized transition dimensions are as follows:
H = 1422, Wy = 3.098, L = 9.123, L1 = 7.067, Ly = 7.811, g = 0.739, W = 3.721, s = 0.439,
f=0.254, d = 0.127, with all units being millimeters.

The transition design parameters are initially calculated theoretically and subsequently have
been optimized using Ansoft High Frequency Structure Simulator (HFSS), based on highly accurate
finite element method (FEM) [17]. This full-wave electromagnetic (EM) software provides high level
optimization capabilities and accurate assessment of electromagnetic behaviors.

Furthermore, considering the ceramic substrate fragility (b = 127 um, and thin gold layer
metallization of 1 um), some arrangements were considered during the mechanical part manufacturing.
However, a limit for the fixing screws is set to avoid substrate damaging. In addition, the ceramic
substrate was firmly embedded in the metal block to ensure a good ground contact, while providing
protection against vibration and shock.

The simulated and measured S-parameter results of the fabricated back-to-back transition are
shown in Figure 4. The obtained results are in good agreement and show a return loss better than
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Figure 3. The geometrical parameters of Figure 4. Simulated and measured S-parameters

the designed waveguide (WR12) to microstrip results of the fabricated back-to-back transition
transition in (a), and the photograph of the prototype over the frequency range of 60 GHz to
fabricated prototype in (b). 70 GHz.
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15dB within the frequency range of 60 to 70 GHz. However, a frequency shift response about 4.8%
between simulation and measurement has occurred. This is probably due to the uncertainty in substrate
thickness, and permittivity deviation frequently happens at millimeter-wave bands. The measured
insertion loss over the same frequency band varies from 1.5 to 1.9dB.

It should be noted that the relatively high losses are mainly related to metal losses (0.0025 dB/cm),
the surface resistivity on the waveguide walls (0.063 Ohms/sq), and particularly the losses due to
tolerances in manufacturing process and mechanical assembly.

The equivalent circuit model of the junction at the metal ridge and substrate, and the simulated
electrical field inside transition with the electric field intensity distributions at the main cross-sections
(1-4) are illustrated in Figures 5(a), (b) and (c), respectively. As can be seen, the electrical field is
uniformly distributed along the rectangular waveguide, the transition, and the microstrip line while
ensuring transformation from TE;p mode (Waveguide) to quasi-TEM mode (Microstrip line).

The discontinuity at the substrate-air junction is modeled using lumped-element components. In
this respect, simple mechanism is introduced to remove the imaginary portion created by the junction
effect. Our approach is therefore to add dielectric transmission line having an impedance Zrw rield
and length of l; = 0.3 mm, behind a ridge contact. This would enable the reflection coefficient I' to
rotate toward purely resistive loads on the Smith chart. The linear ridge taper length, I, = 4.07 mm,
is introduced for impedance matching purpose of the two purely resistive impedances, Zrw and Zwgri2
(see Figures 5(a) and (b)).
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Figure 5. The metal ridge/substrate junction equivalent circuit in (a), simulated electrical field inside
transition in (b), and the electric field intensity distributions at the main cross-sections (1-4) in (c).

2.3. Fabrication, Measurement Results, and Discussion

In order to ensure a complete characterization of the proposed 8-by-1 gap-coupled antenna array,
a separate prototype is also implemented for on-wafer measurement. In this respect, a grounded
broadband via-hole less transition from coplanar to microstrip line (GCPW-to-MS) and a precise on-
wafer measurement structure were employed. The on-wafer structure is equipped with ground-signal-
ground GSG 150 pm coplanar probes from Cascade Microtech, as shown in Figure 6(a). Moreover, to
ensure an accurate on-wafer S-parameter measurement, a thru-reflect-line (TRL) calibration standard
design and resistors test kit to verify integrated 1002 per square resistors were also introduced on
the same thin-film alumina substrate [18,19]. Indeed, this further design is very useful since it allows
an estimation of metal losses in rectangular waveguide and an assessment of the mechanical assembly
tolerances in waveguide (WR12) to microstrip transition.

The S-parameter measurements using coplanar-waveguide-to-microstrip transition in Figure 6(a)
and waveguide (WR12) to microstrip transition in Figure 6(b) have been performed using a Keysight
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Figure 6. Photograph of the fabricated 8-by- Figure 7. Measured and simulated S-parameters
1 gap-coupled antenna array: (a) prototype with  of the fabricated 8-by-1 gap-coupled antenna
grounded coplanar to microstrip line (GCPW-to-  array.

MS) transition and, (b) prototype with waveguide

(WR12) to microstrip transition.

E8362B (10 MHz—20 GHz) Vector Network Analyzer, connected with E-band (60-90 GHz) extension
modules. It is for this reason that the proposed antenna array has been designed to operate in frequency
range of 60 to 65 GHz, and the measurements were carried out from 60 GHz instead of 57 GHz (the
starting frequency of unlicensed 60 GHz frequency band). The measurements are compared with the
simulations from HFSS software tool in Figure 7, over the frequency range from 60 to 65 GHz. As can
be seen, measurements and simulations are in reasonable agreement. They are below —10dB in the
band of 60 GHz to 62.8 GHz, which represents a measured bandwidth of 4.56% at the center frequency
of 61.4 GHz. However, the measured S-parameter using waveguide (WR12) to microstrip transition
shows a relatively wider bandwidth. This is due to the extra loss added by the waveguide (WR12)
to microstrip transition mismatch. Measured frequency shift response about 0.2 GHz (0.3%) is also
observed, which is principally due to the tolerances in substrate and fabrication process, as mentioned
earlier.

As can be seen, the S-parameter measurement results using coplanar-waveguide-to-microstrip
transition show better agreement with simulations. In fact, the thin-film microstrip line losses are
not significant, and they have been estimated using on-wafer probing measurement results (the average
loss per mm is about 0.05dB at 61 GHz).

To observe the excitation mechanism, average surface current distributions obtained from HFSS
simulation on the conductor for the optimized 8-by-1 gap-coupled antenna array were studied. As can
be seen in Figure 8(a), the electrical field is uniformly distributed and coupled from the driven to the
parasitic elements, resulting in the excitation of all patches. It is important to note that this coupling
is mostly managed by the gap thickness (¢g) between driven and parasitic elements (see Figure 1).

The simulated and measured radiation patterns at 61 GHz in E-planes are shown in Figure 8(b).
As can be observed, the results demonstrate a good concordance, while maintaining high symmetry and
a maximum level of radiation at the broadside direction.

The half-power beamwidth (HPBW) is approximately 15° (at —3dB point), whereas the first side
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Figure 8. Simulated surface current distributions  Figure 9. Simulated and measured peak gains of
on the conductor of the 8-by-1 gap-coupled the fabricated 8-by-1 gap-coupled antenna array
antenna array at 61 GHz in (a), and E-plane versus frequency.

measured and simulated radiation pattern in (b).

lobe is about 13.4dB below the main lobe. Hence, this low side lobe level indicates that the proposed
array antenna largely meets the requirements for millimeter-wave short-range point-to-point wireless
communications.

The results of the measured and simulated peak gains of the fabricated 8-by-1 gap-coupled antenna
array prototype versus frequency are plotted in Figure 9. Reasonable agreement between simulation
and measurement is achieved with more than 10dB of measured gain over the frequency range of 60
to 62.5 GHz. The maximum measured peak is 11.8dB at 61 GHz (simulated 13.5dB). The difference
between the simulated and measured gains varies from 1 to 2dB over the considered frequency range
from 60 to 62.5 GHz (in the —10dB return loss bandwidth). These losses remain acceptable, and,
as mentioned above, they are mostly due to the waveguide (WRI12) to microstrip transition and
manufacturing tolerances.

3. CONCLUSION

In this paper, an improved 8-by-1 gap-coupled microstrip antenna array for 60 GHz short-range point-
to point wireless communications has been designed, fabricated, and experimentally investigated. In
order to ensure a complete characterization and to enable an accurate estimation of losses as well as
manufacturing tolerances, the proposed antenna array structure has been validated using two feeding
techniques. The first one adopts a grounded broadband via-hole less transition from coplanar to
microstrip line (GCPW-to-MS), while the second one has involved a broadband waveguide (WR12)
to microstrip transitions, adopting a ridged waveguide concept. The 8-by-1 gap-coupled antenna array
prototype and the waveguide (WR12) to microstrip transition structures are independently implemented
using thin-film ceramic substrate (¢, = 9.9, h = 127 ym), and an MHMIC (Miniature Hybrid Microwave
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Integrated Circuits) fabrication process. The proposed antenna array configuration has demonstrated
a broadband operation (about 4.56% bandwidth with respect to central frequency) and a peak gain
of about 11.8dB at 61 GHz, while keeping a low side-lobe level (13.4dB). The performances achieved
make the proposed WR12 gap-coupled antenna array a highly suitable candidate for the future 60-GHz
short-range indoor point-to-point wireless communication systems.
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