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Abstract— In this paper, a millimeter-wave air-filled slot
antenna is presented based on bulk silicon microelectromechan-
ical systems micromachining technology. The antenna is suit-
able for system-in-package application by utilizing this silicon
micromachining technique. To achieve high radiation efficiency
in millimeter-wave band, three gold-plated silicon layers are
bonded together to realize an air-filled slot antenna. The air-
filled structure has the advantages of reducing transmission loss
and enhancing the radiation gain. To mitigate the discontinu-
ity between silicon and air, the proposed antenna employs a
patch to feed the air-filled structure that also broadens the
impedance bandwidth. Owing to the micromachining technique
and the air-filled structure, the antenna can be easily integrated
with integrated circuit without suffering from dielectric loss.
The measured impedance bandwidth of the proposed antenna
is 56.3–63.4 GHz, and the measured peak gain is 7.8 dBi
at 60 GHz.

Index Terms— Air-filled slot antenna, bulk silicon micro-
electromechanical systems (MEMS) micromachining technology,
millimeter-wave, patch feeding structure.

I. INTRODUCTION

M ILLIMETER-WAVE at 60 GHz has attracted more
and more attention in modern short-range communi-

cation systems because of the merits of high atmospheric
absorption, short wavelength, and wide band [1]. The wave-
length at 60 GHz is 5 mm, so it requires high precision
for antenna fabrication. Moreover, as operating frequency
increases, the dielectric loss tangent increases [2], and the
antenna performance suffers from dielectric in millimeter-
wave band. Therefore, several technologies are proposed to
design millimeter-wave antenna with low-cost, high-efficiency,
and easy integration characteristic.

As printed circuit board (PCB) technique has the advan-
tages of low profile, compact size, and easy for fabrication,
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it is a widely used process technology to design millimeter-
wave antennas [3]–[6]. In [3] and [4], substrate integrated
waveguide-fed cavity antennas are reported. By incorporating
multimode of the cavity, these antennas achieve relative broad
bandwidth and even circular polarizations. In [5], a bow-tie
antenna with PCB technique is reported to design endfire high-
gain antenna. In [6], a planar printed antenna array is proposed
to achieve unidirectional radiating characteristic.

Compared to PCB technique, SU-8 film is an attractive
choice in millimeter-wave and terahertz applications owing
to its ability to form thick and high-resolution structures [7].
An SU-8-based slotted waveguide antenna is proposed in
the band of 300 GHz to achieve directional and low-profile
properties [8]. Moreover, the SU-8 photoresist is also used to
create hollow horn antenna in the millimeter-wave band [9].

Low temperature co-fired ceramic (LTCC) is another
excellent candidate to design millimeter-wave antenna [10].
Compared to the PCB technique, LTCC technique is more
suitable in the realization of multilayer package-level planar
integration at millimeter-wave band [11]. Based on LTCC tech-
nique, different kinds of antennas are reported, such as patch
antenna [12] and metamaterial-mushroom antenna array [13],
and the multilayered LTCC technique can also be utilized in
antenna-in-package application [14].

Recently, some millimeter-wave antennas are reported by
utilizing micromachined technology [15], [16]. The technique
selectively removes substrate portions and bonds different
layers together with high precision, which makes it easier to
achieve on-chip applications and meet both process reliability
specifications and radiation performance [17].

However, the above-mentioned antennas transmit energy
through dielectric materials. In the millimeter-waveband,
dielectric loss is considerable and it deteriorates antenna
efficiency. To solve the problematic issue, some antennas are
reported to add air layer to reduce dielectric loss [18]–[22].
In [18], an LTCC corrugated horn antenna is proposed with
hollow structure to reduce dielectric loss. In [19], open air
cavities are introduced in the LTCC patch antenna array to
reduce the losses caused by surface wave and dielectric loss.
In [20] and [21], an additional air layer is introduced to
form an air-filled waveguide that effectively enhances the
antenna efficiency. As the mainstream process technology
for multilayer substrates integrated technology, LTCC has
the advantages of mechanical stability, thermal conductivity
coefficient, and enabling easy 3-D integration [12]. However,
LTCC is based on ceramic fabrication instead of the silicon
process technology, so it is more complicated to integrate the
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integrated circuits (ICs) with the LTCC antennas. Recently, the
bulk silicon microelectromechanical systems (MEMSs) tech-
nology is utilized to design millimeter-wave antenna [22], [23].
In [22], a leaky-wave antenna is proposed based on the MEMS
micromachining technology. However, this antenna is fed by
waveguide, and it is not suitable to integrate with chip. In [23],
a simulated antenna model is proposed to excite an air-
filled slot antenna. However, further measured results show
the antenna suffers from gain deterioration problem due to
fabrication tolerance.

In this paper, bulk silicon MEMS technology is utilized to
realize a millimeter-wave air-filled slot antenna. By adopting
this MEMS technology, the antenna can be fabricated with sil-
icon wafer, which means it can be integrated with conventional
IC easily and it is beneficial to achieve monolithic integration
RF system. The proposed antenna is composed of an air-filled
cavity and two air-filled radiation slots to reduce dielectric
loss and increase radiation efficiency. Due to the permittivity
difference between silicon (εr = 11.9) and air (εr = 1), there
are some challenges in feeding an air-filled resonant cavity.
To solve the problem, a patch is introduced to excite the air-
filled antenna, and it also broadens the impedance bandwidth.
In practical application, the proposed antenna is fed by a
ground-signal-ground (GSG) feeding structure that makes it
suitable for the system-in-package (SiP) application. However,
owing to the limitation of radiation pattern measurement,
an antenna with waveguide feeding structure is also fabricated
to verify the radiation property. The measured impedance
bandwidth of the proposed antenna is 56.3–63.4 GHz, and
the measured peak gain is 7.8 dBi at 60 GHz.

II. ANTENNA DESIGN

A. Configuration

Fig. 1 illustrates the topology of the proposed antenna,
which consists of three micromachined silicon substrate (εr =
11.9) layers. The thickness of each silicon plate is 0.4 mm. The
thickness determines the dimension of the resonators in the
proposed antenna. Hence, the substrate thickness has effect on
the Q-factor and bandwidth of the proposed antenna. As shown
in Fig. 1(b), the first layer has two air-filled slots working
as the radiation aperture, and every face of the first layer is
gold-plated. Fig. 1(c) and (d) depicts the front view and back
view of the second layer. The second layer is gold-plated only
in top face and bottom face, and the silicon is exposed in
other faces. In the second layer, vias are used to form the air-
filled resonant cavity. The proposed antenna uses vias instead
of gold plating to form the air-filled resonator because the
gold-plating process cannot plate the side faces of the air
resonator while simultaneously leaving the side faces of the
silicon patch exposed. Thus, the proposed antenna utilizes the
vias to from the electric wall of the resonator. At the left
side of the second layer, a GSG feeding structure is etched to
excite the antenna. As shown in Fig. 1(e), the third layer is a
whole silicon substrate without penetration etching, and every
side of the third layer is gold-plated. Finally, the three layers
are bonded together by the wafer direct bonding technology.
It is necessary to mention that the first and third layers use

Fig. 1. (a) Proposed antenna array using GSG feeding structure. (b) Top
view of the first layer. (c) Top view of the second layer. (d) Bottom view of
the second layer. (e) Top view of the third layer.

TABLE I

DIMENSIONS OF THE PROPOSED ANTENNA (UNIT: mm)

silicon substrate instead of metal plate, so the three substrate
layers have uniform thermal expansion coefficient, which is
beneficial for practical applications.

The parameters of the proposed antenna are optimized
by ANSYS High-Frequency Structure Simulator (HFSS) ver-
sion 14. The optimized values are listed in Table I.
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Fig. 2. Electric field distributions of the proposed antenna at 60 GHz.
(a) Magnitude electric field distribution inside the second layer. (b) Vector
electric field distribution at the radiation aperture of slots.

B. Function of the Patch

For the proposed antenna, the air-filled resonant cavity and
slots are utilized to mitigate the dielectric loss. However, the
permittivity of silicon is 11.9, which is much larger than
the permittivity of air. Thus, it is a challenge to excite the
air-filled resonator due to the discontinuity between silicon
and air. In this paper, a patch is inserted between the silicon
waveguide and air-filled resonator to solve the mismatch issue.
As shown in Fig. 1(c) and (d), the patch intrudes into the air-
filled resonant cavity. The length along x-axis of the patch is
0.5 mm, which is about half-wavelength in the silicon (εr =
11.9). When the patch resonates, it transfers electromagnetic
energy from the silicon waveguide into the air-filled resonator.
To validate the function of the patch, the electric field distrib-
ution of the proposed antenna at 60 GHz is depicted as shown
in Fig. 2. The magnitude of electric field inside the second
layer is illustrated in Fig. 2(a), which proves that the TE102
mode in the air-filled resonator is successfully excited by the
patch feeding structure. Fig. 2(b) is the vector of electric field
at the aperture of the radiation slots. From Fig. 2(b), we can
observe that the two slots are excited with half-wavelength
mode.

C. Parametric Study and Discussion

In the aforementioned HFSS model, the resonator uses vias
to form an electric wall and it will consume a lot of time
in tuning the parameters. Therefore, we propose a simplified
model, which uses perfect electric conductor instead of vias,

Fig. 3. Simulated |S11| response with different value of the patch feeding
structure. (a) L2. (b) t .

for the parametric study. For simplicity, the simplified model
is not presented here.

For the proposed antenna, it uses the air-filled resonator to
couple electromagnetic energy into the radiation slots, so the
resonator needs to resonate at the desired frequency of 60 GHz
and its dimension is determined first. The other parameters are
studied while keeping the dimension of the resonator constant.
Figs. 3 and 4 illustrate the parameter study of the proposed
antenna. Fig. 3 shows that tuning the dimensions of the
patch has a great impact on the impedance match. As shown
in Fig. 3(a), when the length of L2 increases from 0.5 to
0.6 mm, one resonant frequency shifts from about 66 to
53 GHz and another resonant frequency only shifts slightly
around 60 GHz. This phenomenon indicates the patch structure
introduces a resonant frequency and broadens the bandwidth.
As shown in Fig. 1(c), parameter t represents the length of
the gap between the patch and the silicon waveguide. When
the value of t varies, the electromagnetic coupling between
silicon waveguide and the patch varies as well. Thus, Fig. 3(b)
indicates that the optimized value of t is 0.2 mm, and when
it becomes 0.1 or 0.3 mm, the impedance bandwidth will
deteriorate.

Fig. 4(a) shows as the length of L1 increases from
2 to 3 mm, one resonant frequency shifts from about
65 to 58 GHz. If L1 becomes longer, the slots in the
first layer will be shorted by the gold-plated surface of
the second layer. Hence, there is a smaller resonant frequency
shift from 58 to 57 GHz when L1 increases from 3 to
3.5 mm. Besides this resonant frequency, another resonant
frequency only shifts slightly around 60 GHz. Once again, this
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Fig. 4. Simulated S11 response with different value of the radiation slot.
(a) L1. (b) W2. (c) W4.

phenomenon indicates each slot and patch introduces a reso-
nant frequency, respectively. Fig. 4(b) shows that the variation
of the slot’s width also has effect on the bandwidth. The
reason for the effect is that the width of the slot impacts the
electromagnetic coupling between the patch and the air-filled
resonator. Fig. 4(c) depicts the distance between the two slots
has effect on the impedance match as well. The reason for
the phenomenon is that the location of slot has effect on the
air-filled resonant cavity, which impacts the impedance.

III. FABRICATION AND MEASUREMENT

A. Fabrication

The proposed antenna is fabricated with the bulk silicon
MEMS micromachining technology. This technique utilizes

Fig. 5. Description of the multilayer stackup structure. (a) Cross-sectional
topology of the micromachined antenna. (b) Photograph of the proposed
antenna. (c) Cross-sectional photograph of the proposed antenna.

high-resistivity silicon (εr = 11.9) as substrate. The high-
resistivity silicon has high electrical resistivity (more than
2000 � · cm), which can reduce the transmission loss [24].
In practice, the high-resistivity silicon in the first layer and
the third layer can be replaced by low resistivity. However,
in the second layer, it is necessary to use high-resistivity
silicon for low-loss transition structure. The low-resistivity ICs
can use flip bonding technology to integrate with the proposed
antenna.

In order to fabricate the proposed antenna, several processes
are utilized. At first, the silicon wafer is penetrated by
dry silicon on glass process technology, which uses sulfur
hexafluoride gas to etch the single-crystal silicon wafer [24].
The precision of the etching process is ±4 μm. Second,
the surfaces of the wafers are plated with gold whose thickness
is 3.5 μm. Finally, the wafers are bonded together by using
direct bonding technology. The direct bonding technology
is based on interatomic interactions without any additional
intermediate layer.

Fig. 5 illustrates the fabricating technology of the proposed
micromachining antenna. Fig. 5(a) depicts the cross-sectional
topology of the proposed antenna. Fig. 5(b) and (c) shows the
photograph of the cross section. In this antenna, three silicon
wafers are utilized, and the thickness of each wafer is 0.4 mm.

B. Measurement

As shown in Fig. 5(b), the proposed antenna is fed through
a GSG transmission line. The microwave probe positioner is
utilized to excite the antenna.
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Fig. 6. Simulated and measured reflection coefficients of the proposed
antenna fed by GSG.

Fig. 7. Study of the layer-to-layer alignment tolerance. (a) Simulated
model for studying the alignment tolerance. (b) |S11| responses with different
values of d.

Fig. 6 illustrates the simulated and measured reflection
coefficients of the proposed antenna fed by GSG transition
structure. The measured −10-dB impedance bandwidth is
56.3–63.4 GHz, which is slightly higher than the simulated
results. To analyze the discrepancy between the simulation
and measurement, the influence of the layer-to-layer alignment
tolerance is studied as shown in Fig. 7. The parameter,
in Fig. 7(a), represents the alignment tolerance between the
first layer and the second layer. Fig. 7(b) illustrates that the
alignment tolerance has effect on |S11| response. Based on
these analyses, we can deduce that the discrepancy between
simulated and measured results is caused by the alignment
tolerance between the silicon substrates.

When it comes to the radiation pattern measurement,
the probe positioner obstructs the measurement and we cannot

Fig. 8. Geometry of the proposed antenna with waveguide (WR-15) feeding
structure. (a) Perspective view. (b) Expanded view. (c) Front view.

TABLE II

DIMENSIONS OF THE PROPOSED ANTENNA (UNIT: mm)

measure the radiation characteristic. To solve the problem,
an antenna using waveguide (WR-15) feeding structure is also
proposed, fabricated, and measured. The topology of the WR-
15 waveguide feeding antenna is illustrated in Fig. 8. The feed-
ing structure adopts a wedge-shaped transition structure [25],
whose detailed dimensions are listed in Table II, to transform
air-filled waveguide into silicon-filled waveguide. The other
part of the antenna is the same as the antenna fed by GSG
structure. It should be explained that the antenna fed by WR-
15 waveguide is a compromise for radiation measurement and
it is not suitable for integration. In the practical application,
the GSG feeding antenna is utilized to integrate with ICs and
achieve SiP applications.

Fig. 9 shows the photographs of the proposed antenna,
which is used in radiation measurement. Fig. 9(a) shows the
front view and back view of the antenna. The dimension of the
WR-15 feeding antenna is 33 × 25 × 1.2 mm3. The dimension
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Fig. 9. Photographs of the proposed antennas. (a) Front view and
back view of the waveguide feeding antenna. (b) Proposed antenna with
WR-15 waveguide.

Fig. 10. Simulated and measured reflection coefficients of the antenna fed
by WR-15 waveguide.

of the GSG feeding antenna is 10.5 × 4.5 × 1.2 mm3 as
shown in Fig. 5(b). Fig. 9(b) illustrates the photograph of the
proposed antenna with WR-15 waveguide.

Fig. 10 compares the simulated and measured reflection
coefficients of the antenna fed by WR-15 waveguide. The
measured −10-dB impedance bandwidth is 59–62.2 GHz,
which agrees well with the simulated result.

Fig. 11 shows the normalized radiation patterns of the
proposed antenna fed by WR-15 waveguide at 60 GHz. Simu-
lated and measured normalized E-plane patterns are shown in

Fig. 11. Normalized radiation patterns of the proposed antenna at 60 GHz.
(a) E-plane pattern. (b) H -plane pattern.

Fig. 12. Peak gain and radiation efficiency of the proposed antenna.

Fig. 11(a). The simulated and measured normalized
H -plane patterns are shown in Fig. 11(b). In each plane, good
agreement between measured and simulated copolarization
is achieved. The simulated cross-polarization levels are
lower than −35 and −20 dB for the E-plane and H -plane,
respectively. Due to the measurement limitation, the measured
cross-polarization levels are not presented. It can be observed
that in the E-plane pattern, the pattern is asymmetric and
tilts toward x-axis. This phenomenon is caused by the
patch. Besides the slots, the patch also resonates at the
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operating frequency. The resonance of patch has effect on the
phase of the left slot and results in the asymmetric pattern.
In the millimeter-wave band, the purpose of the antennas in
short-range communication system is to radiate effectively.
Therefore, the asymmetric pattern is acceptable.

As shown in Fig. 12, the simulated and measured peak
gains of the proposed antenna are illustrated. The measured
peak gain at 60 GHz is 7.8 dBi, and it is 0.9-dB-less than
the simulation. The discrepancy is caused by the alignment
and measurement tolerance. Fig. 12 also depicts the simulated
radiation efficiency of the proposed antenna with both GSG
transition structure and WR-15 feeding structure. The radiation
efficiency is about 0.95 over the whole operating band, and it
validates that the proposed antenna has high efficiency. The
efficiency of WR-15 feeding antenna is slightly lower than
that of the GSG feeding antenna because the WR-15 transition
structure has more insertion loss than the GSG structure.

IV. CONCLUSION

In this paper, bulk silicon MEMS technology is utilized
to design millimeter-wave antenna. An air-filled slot antenna
is proposed based on the micromachining technology. The
antenna consists of three silicon substrates. By the processes
of penetration etching, gold plating, and wafer direct bonding,
the antenna is achieved with air-filled structure. The air-filled
resonator cavity and slots are utilized to reduce dielectric loss
and increase radiation efficiency. A patch structure is employed
to solve the mismatch issue between silicon and air. Besides
the match function, the patch also broadens impedance band-
width. The measurement results agree well with simulation and
validate that the proposed bulk silicon MEMS micromachining
antenna has potential for SiP application.
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