34

IEICE TRANS. COMMUN., VOL.E95-B, NO.1 JANUARY 2012

| PAPER Special Section on Recent Progress in Antennas and Propagation in Conjunction with Main Topics of ISAP2010

Millimeter-Wave Microstrip-Line-Fed Broadband Waveguide

Aperture Antennas
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SUMMARY  Microstrip-line-fed broadband aperture antennas were de-
veloped in the millimeter-wave band. We have developed broadband
microstrip-to-waveguide transitions to connect a microstrip line and a
waveguide. The waveguide transmission line was replaced by a radiating
waveguide with an aperture to compose a microstrip-line-fed aperture an-
tenna. Two types of aperture antennas were developed. First, the microstrip
substrate is fixed between the two metal plates of a waveguide with an aper-
ture and a back-short waveguide. Second, both the microstrip feeding-line
and the back-short waveguide are accommodated in the two-layer LTCC
substrate. Broadband performance was achieved due to the potential of the
transition. The characteristics of the developed antennas were evaluated by
simulations and experiments in the millimeter-wave band.
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1. Introduction

Millimeter-wave technologies have been expected to re-
alize broadband high-speed wireless communication sys-
tems for home servers and HD video transmissions [1]-[3].
High-gain or beam-scanning antennas are required for base-
station antennas. Mobile-station antennas should have prop-
erties of small size (lower gain), low loss and high inte-
gration with RF circuits. Many kinds of millimeter-wave
antennas have been developed for wireless communication
systems [4]-[11]. Multi-layer configuration such as LTCC
(Low Temperature Co-fired Ceramics) substrates is one of
the promising candidates for integration of an antenna into
the RF circuits [4], [5],[11]. The RF module including an
antenna is in a metal package for shielding from noises. The
waveguide aperture is formed for wireless communication
channels from the outside of the package. The microstrip-
line-fed waveguide aperture antenna is attractive to connect
the RF circuit directly to the waveguide aperture as shown
in Fig. 1. Broad bandwidth is required to apply to the com-
munication systems in the millimeter-wave band.

We have already developed two types of broadband
microstrip-to-waveguide transitions to connect a microstrip
line and a waveguide. One transition was composed of a
microstrip substrate (Fluoro-carbon resin film, thickness ¢ =
0.127 mm, relative dielectric constant €, = 2.2 and loss tan-
gent tan 6 = 0.001) between the two metal plates of a wave-
guide transmission line and a back-short waveguide [12].
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Fig.1  Microstrip-line-fed waveduige aperture antenna on the
millimeter-wave package.
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Fig.2  Two types of the microstrip-line-fed waveguide aperture antenna.

Broad frequency bandwidth 30% for reflection lower than
—15dB was obtained although the metal block was neces-
sary for back-short waveguide. The metal block for back-
short waveguide was replaced by another dielectric substrate
(Rogers RO4350B, thickness ¢ = 0.25 mm, relative dielectric
constant €, = 3.48 and loss tangent tand = 0.004) to compose
a multi-layer substrate in the other transition [13]. Although
the bandwidth was narrower than the previous transition, the
back-short waveguide was not necessary, which was good
integration with RF circuit. The waveguide transmission
lines of these transitions were replaced by the waveguide
with the aperture to realize the waveguide aperture antennas
in this work.

Two waveguide aperture antennas were developed by
applying the two transitions as shown in Fig.2. One is a
waveguide aperture antenna with a metal block for the back-
short waveguide and the other is the one with a multi-layer
substrate. Broad bandwidth can be expected by using the
former antenna due to the potential of the transition with a
metal block for the back-short waveguide. Low profile, rel-
atively broad bandwidth, and essentially no assenbling error
of the back-short quasi-waveguide on the substrate can be
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expected by using the antenna with a multi-layer substrate.
The proposed antennas were developed by using the popular
substrate for microwave circuit such as alumina and LTCC
substrates with higher relative dielectric constant, while the
transitions were developed by using the substrate with lower
relative dielectric constant. The performances of the two
waveguide aperture antennas were demonstrated by simula-
tions and experiments in this paper.

2. Configuration of Waveguide Aperture Antennas

Two waveguide aperture antennas were developed in the
millimeter-wave band. Both are formed by layer structures
and have a waveguide with an aperture in the metal plate.
One antenna consists of a single substrate with a back-short
waveguide in another metal plate on the opposite plane of
the substrate. The other antenna consists of a double-layer
LTCC substrate. An additional metal plate is not necessary,
because the back-short waveguide is in the substrate. The
configurations of these antennas are indicated in the follow-
ing sections.

2.1 Aperture Antenna with Metal Block for Back-Short
Waveguide

The microstrip-line-fed waveguide aperture antenna with
the metal block for the back-short waveguide was developed
for broad frequency bandwidth. The configuration of the
proposed antenna is shown in Fig. 3. The alumina substrate
(er = 9.8, tand = 0.0035) with conductor patterns on its both
sides is placed between the metal radiating waveguide (WR-
10, 2.54 x 1.27 mm?) and the metal block for the back-short
waveguide. The probe at the end of the microstrip line is
inserted into the waveguide. Figure 4 indicates the cross-
sectional view of the proposed antenna to show the principle
of the transition. The microstrip line on BB’-plane is per-
pendicular to the waveguide axis. Via holes are surrounding
the waveguide in the substrate to reduce leakage of parallel
plate mode transmitting into the substrate. The short circuit
at the end of the back-short waveguide is spaced by essen-
tially 4,/4 (4,: a guided wavelength of the waveguide) be-
low the microstrip line. Consequently, electric current on
the probe couples to magnetic field of TE;y dominant mode
of the radiating waveguide. Electromagnetic wave radiates
from the aperture of the radiating waveguide. Arrows in-
dicate electric field in the transition. The antenna performs
mode transformation from the microstrip line to the wave-
guide and radiates electromagnetic wave from the aperture
of the waveguide as shown in Fig. 4. The reflection from the
waveguide aperture is also taken into consideration in the
design.

Broad bandwidth is an advantage for the aperture an-
tennas with the metal block. However, the additional parts
of the metal block is required for the back-short waveguide
and some degradation of the performance is observed due
to the shift of the back-short waveguide from the waveguide
center during assembling. The waveguide aperture antenna
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Fig.3  Configuration of the aperture antenna with metal block for
back-short waveguide.
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Fig.4  Principle of the mode transformation for electric field in the
antenna.

with multi-layer LTCC substrate is developed to avoid set-
ting the metal block.

2.2 Aperture Antenna with Multi-Layer LTCC Substrate

The metal block for the back-short waveguide in the pre-
vious aperture antenna was replaced by the additonal layer
of the substrate. The aperture antenna is composed of the
multi-layer LTCC substrate set on the waveguide with aper-
ture, which results in low profile. The multi-layer LTCC
substrate consists of two ceramics substrates (g, = 7.1, tand
= 0.005). Although the metal block is set carefully on the
single substrate of the previous antenna, no assembling error
is generated at the back-short waveguide of the multi-layer
LTCC substrate.

The structure of the aperture antenna with multilayer
substrate is shown in Figs.5 and 6. The back-short quasi-
waveguide is structured by surrounding via holes along the
waveguide profile in the multi-layer substrate. Therefore,
the thickness s of the substrate is identical to the length of
the back-short waveguide of the antenna. The cut-off fre-
quency is 1/+/e, times of that for the hollow waveguide,
where &, is the relative dielectric constant of the substrate.
Provided that the back-short waveguide with the same di-
mensions of the standard waveguide is structured in the sub-
strate, unnecessary higher order mode is generated in the
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Fig.5  Structure of the aperture antenna with multi-layer LTCC
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Fig.6  Cross sectional view of the aperture antenna with multi-layer
LTCC substrate to show the back-short waveguide in the substrate.

quasi-waveguide. The cut-off frequency can be controlled
by the broad-wall width of the waveguide. The equivalent
broad wall width

a=—= (1)

Ver
was used to prevent higher order mode. Moreover, taper
structure of the printed pattern was supplied for matching
at the connection between the feeding microstirp line and a
grounded co-planar line around the input of the waveguide.

3. Simulations and Measurements

The proposed antennas were designed on the conditions of
the dielectric constant, thickness of the commercially sup-
plied substrates, and the minimum size of the via-hole diam-
eters and printed patterns. The reflection S;; and directivity
were calculated by using electromagnetic simulator Ansys
HESS of the finite element method. Measurements of S;;
were carried out by using a probe station for microstrip line
input. In this measurement, we adopt the calibration method
to compensate the characteristics of the probe connections
[14].
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Fig.7  Fabricated antenna with metal block for back-short waveguide.

3.1 Aperture Antenna with Metal Block for Back-Short
Waveguide

Thickness ¢ of the substrate is an important parameter and
was chosen to be 0.15 mm from the limitation of the thick-
ness variety of the commercially supplied substrates. The
lengths /, s and & of the probe, the back-short waveguide,
and the radiating waveguide, respectively, were optimized
to operate broad frequency bandwidth. The proposed an-
tenna was fabricated for measurement. Figure 7 shows pho-
tographs of the antenna. The metal plate with the aperture,
the substrate, and the metal block with back-short wave-
guide were screwed together.

3.1.1 Reflection Sy

To demonstrate the dependency of the performance on the
geometrical parameters for the antenna design, Figs.8§, 9
and 10 show the measured and simulated reflections S;; of
the proposed antenna. The length % of the radiating wave-
guide, the back-short length s and the probe length / in-
serted into the waveguide are designed to be 4.3 mm, 0.4 mm
and 0.68 mm, respectively. Double resonance is observed in
both simulation and measurement, which causes wide band-
width. Bandwidth of the reflection lower than —10dB is
broad and is 12.8 GHz (16.7%) because of the double reso-
nance as indicated by the thin solid line in Fig. 8.

Figure 8 shows the reflection Sy, in changing the back-
short length s, where the length £ of the radiating waveguide
is fixed to 4.3 mm. In this case, only higher resonant fre-
quency shifts toward lower when s increases. Although the
simulated lower resonant frequency almost agrees well with
the measured one, the measured higher resonant frequency
for s = 0.4 mm nearly corresponds to the simulated one for s
= 0.5 mm. The error of the higher resonant frequency could
be caused by the tightness of the screw to fix the back-short
block. It is necessary to maintain constant tension of the
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screw during measurement.

Figure 9 shows the reflection S;; when changing the
length % of the radiating waveguide 4.7, 4.9, 5.1 mm, where
the back-short length s is fixed in 0.4 mm. Both resonant
frequencies change when & changes. In the design of the
antenna, the lower resonant frequency can be controlled by
changing the length & of the radiating waveguide. The shift
of the higher resonant frequency is compensated by chang-
ing the length s of the back-short waveguide, afterward.
Therefore, both resonant frequencies can be controlled by
changing the lengths % of the radiating waveguide and s of
the back-short waveguide.

Next, reflection S;;, when changing length / of the
probe inserted into the waveguide, is shown in Fig. 10.
When the length [ is shorter than the optimized value
0.68 mm, the double resonance is not generated. It could
be because the coupling between the electric current on the
probe and the magnetic field in the waveguide is small.
Moreover, when the length / is longer than the optimized
value, the reflection increases. When the probe is inserted
so as its tip corresponds approximately to the center of the
waveguide, reflection of the antenna indicates the lowest
value and performs over broad bandwidth.

3.1.2 Directivity

The simulated directive pattern is shown in Fig. 11 and sum-
marized in Table 1. The beam width was 96 deg. in E-plane
and 79.5 deg. in H-plane. The directivity in the perpendicu-
lar direction was 5.2 dBi and was the similar level with the
ordinary patch antenna. When the radiating waveguide is
shaped into a horn as shown in Fig. 12, the directivity in-
creases as shown in Fig. 13 and Tabel 1. The horn structure
affected the reflection characteristic Sy, as shown in Fig. 14.

10 . . ,

Directivity [dBi]

-90 -60 -30 0 30 60 90
Angle [degree]

Fig.11  Simulated directivity of the aperture antenna with metal block
for back-short waveguide.

Table 1  Directivity of the aperture antenna and the horn antenna with
metal block for back-short waveguide.
—3 dB beam width Directivity
E-plane | H-plane (0 deg.)
Waveguide 96 deg. 79.5 deg. 5.2dBi
Horn 30.5 deg. | 28.0 deg. 11.7dBi
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Fig.12  Geometrical dimensions of horn shape for radiating waveguide.
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Fig.13  Simulated directivity of the horn antenna for radiating
waveguide.
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Fig.14  Simulated reflection characteristics Sq; of the antennas with
radiating waveguide and with horn.

The directivity of perpendicular direction rises significantly
and the beam width becomes narrower. The directivity can
be controlled by the shape of the radiating waveguide.

3.2 Aperture Antenna with Multi-Layer LTCC Substrate

The other aperture antenna was fabricated using the multi-
layer LTCC substrate. The printed pattern of the middle
layer with the signal line of the antenna is shown in Fig. 15.
The photographs of the fabricated antenna are shown in
Fig. 16. The broad wall width a’ of the quasi-waveguide

Quasi-waveguide

Taper

Fig.15  Printed pattern of the middle layer with the signal line of the
aperture antenna with multi-layer LTCC substrate.

(a) Upper side W(b) Aperture sid.e

® @ g’

(©) Calibration lines  (d)Printed pattern (back)

Fig.16  Photographs of the aperture antenna with multi-layer LTCC
substrate.

was 1.2 mm while that of the standard waveguide of WR-10
was 2.54 mm. The dimensions of the quasi-waveguide in the
substrate were designed to be smaller than the standard one
due to high relative dielectric constant of 7.1. The thickness
of the substrate corresponds to the length of the back-short
waveguide and was 0.28 mm chosen from the commercially
supplied substrate, which was close to the optimum dimen-
sion. The calibration lines are printed on the substrate as
shown in Fig. 16(c).

3.2.1 Reflection Sy

The measured and simulated reflections S;; are shown in
Fig. 17. The bandwidth of the simulated reflection S;; lower
than —10 dB was 25.7 GHz when the taper structure was ap-
plied at the feeding. Reflection level was higher when the
taper structure was not applied. Almost similar reflection
level with simulation was obtained by measurement.
Electric field distributions at 84.9 GHz, where reflec-
tion level is minimum, are shown in Fig. 18. Figure 18(a)
shows the electric field when the size of the quasi-waveguide
is the same with the hollow radiating waveguide. In this
case, undesirable higher order mode is generated in the
quasi-waveguide of the substrate. When the size of the
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Fig.17  Measured and simulated reflections S;; of the aperture antennas
with multi-layer LTCC substrate.
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Fig.18  Simulated electric field distributions of the aperture antennas
with multi-layer LTCC substrate. (a) Width of the quasi waveguide is the
same with the standard one. (b) Equivalent width of Eq. (1) is applied to
the quasi waveguide without taper structure. (c) Equivalent width of Eq. (1)
is applied to the quasi waveguide with taper structure.

quasi-waveguide is designed to be small, the higher order
mode is not observed in the quasi-waveguide as shown in
Figs. 18(b) and (c).

3.2.2 Directivity

The simulated directivity of the aperture antenna with the
multi-layer substrate at 84.9 GHz is shown in Fig. 19. The
peak directivity was observed in the front direction. Some
degradation of directivety could be due to the leakage loss
observed in the Figs. 18(b) and (c) of the electric field dis-
tribution.
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Fig.19  Simulated directivity of the aperture antenna with multi-layer
LTCC substrate.

4. Conclusion

Two types of the low-profile aperture antennas were de-
veloped to use in the millimeter-wave package. Reflection
Si1 and directivity were evaluated by simulations and mea-
surements. The antenna with the metal block for the back-
short waveguide performs the broad frequency bandwidth
12.8 GHz for Si; lower than —10 dB. On the other hand, the
bandwidth of the antenna with multi-layer LTCC substrate
for reflection lower than —10dB is 25.7 GHz. In the design
of the antenna with multi-layer substrate, the dimensions of
the quasi-waveguide are designed to prevent higher order
mode. Moreover, the taper structure is installed at the feed-
ing to reduce reflection. The future study is the gain mea-
surement and investigation of the multi-resonance for broad
bandwidth.
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