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Abstract— In this paper, a 60-GHz air substrate leaky-wave
antenna based on microelectromechanical system (MEMS) bulk
micromachining is proposed. Using penetration dry etching and
gold plating processes, the air-filled leaky-wave slots, waveguide,
and coupling slot, which are located in the top, middle, and bot-
tom silicon-based layers, respectively, are generated. The three
layers are stacked and clamped together using two location
pins and five metal screws. The most distinctive feature of the
proposed antenna is that the electromagnetic wave cannot see
any substrates, except for the air medium, leading to good
antenna performance. Good agreement between simulation and
measurement demonstrates that the MEMS micromachining
process fulfills the millimeter-wave (mm-wave) accuracy. To the
best of the authors’ knowledge, this is the first time that an
air substrate mm-wave antenna is fabricated using the MEMS
bulk micromachining technology. The fabricated prototype with
a bandwidth of 17.3% and a peak gain of 11.4 dBi is attractive
for mm-wave wireless communication applications. Validity of
the feasibility provides the possibility to realize the system-in-
package solutions.

Index Terms— Antenna-in-package, dry etching, gold
plating, leaky-wave antenna (LWA), microelectromechanical
systems (MEMSs), micromachining, millimeter-wave (mm-wave),
penetration etching, system-in-package (SiP).

I. INTRODUCTION

W ITH the increasing demand for faster data transmission
and better system performance, the need to move

up in frequency is necessary. The unlicensed 60-GHz fre-
quency band has attracted much interest nowadays [1]–[12].
Millimeter-wave (mm-wave) communication around 60 GHz
has the merits of frequency reuse and strong anti-interference
performance. In addition, the 5-mm free-space wavelength
makes the components and antennas easy to achieve minia-
turization [6]. In this situation, mm-wave antennas have been
a hotspot [6]–[12]. Subsequently, the challenge of precise
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machining arises. There are a lot of machining processes
that can satisfy the mm-wave fabrication accuracy, such as
microelectromechanical system (MEMS) micromachining, low
temperature co-fired ceramic (LTCC), photoresist, and diffu-
sion bonding technologies.

The term MEMS refers to microsystems that can integrate
microsensors, microactuators, micropowers, signal processing
and control circuits, and other components into a single
chip [13]. Micromachining is the fundamental technology for
fabricating MEMS components [14]. Silicon micromachining,
which refers to fashioning a silicon-based substrate in the
submillimeter range, is the most mature micromachining tech-
nology [15], [16]. This process is derived from IC processing
technology that contains etching, diffusion, photoetching, ion
injection, epitaxy, and vapor deposition processes. Silicon
micromachining includes bulk micromachining and surface
micromachining [13]. Bulk micromachining refers to fash-
ioning the bulk of single-crystal silicon wafers by selectively
removing the wafer portions. It was first adopted to fabri-
cate antennas in 1998 [17]. Since then, mm-wave antennas
started to be fabricated by means of this technique [18], [19].
The thicknesses of the realized microstructures using bulk
micromachining cover the range from submicrometer to full
wafer thickness (200–500 μm) and the longitudinal accuracy
is at the submicrometer level as well. Nowadays, the majority
of MEMS devices are manufactured using bulk micromachin-
ing. Surface micromachining does not manipulate the bulk
silicon but instead builds structures on the surface of the silicon
by depositing thin films of “sacrificial layers” and “structural
layers,” and then etching off the sacrificial layers to form
the ultimate mechanical microstructures [20]–[21]. However,
the process sequence is complex, the device assembly is
difficult, and the ultimate microstructures are usually planar
structures, not real 3-D [13]. LIGA, which is a German
acronym with an English translation of lithography, electro-
forming, and molding, belongs to MEMS microfabrication.
Antennas fabricated using LIGA process have high aspect
ratio as much as 200, and the verticality of the sidewalls is
higher than 89.9° [22], [23]. However, the high cost of X-ray
lithography limits the application of LIGA, and it is difficult
to be integrated with IC [13]. LTCC is the mainstream mul-
tilayer substrates packaging integrated technology, especially
beneficial for high-frequency applications [24], [25]. It has
been widely used to fabricate mm-wave antenna arrays [6]–[8].
However, structures with too many layers make the design
complex. NASA’s Jet Propulsion Laboratory has fabricated
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numerous sub-mm-wave components using the photoresist
process [26], [27]. SU-8 photoresist process is an important
branch, and it is especially applicable for manufacturing rel-
atively thick (hundreds of micrometers) microstructures with
nearly vertical sidewalls [28]. Antennas or filters manufac-
tured using SU-8 photoresist technology usually have a high
aspect ratio (50:1), and the longitudinal fabrication precision
is as high as the micrometer level, resulting in terahertz
operation [29], [30]. However, it is difficult to control the
flatness and homogeneity of the photoresist; thus, the thickness
accuracy is relatively insufficient. Diffusion bonding is a
solid-state welding technique based on the atom diffusion
migration principle, capable of joining similar and dissimilar
metals, and reactive and refactory metals [31]. A lot of work
has been involved in mm-wave slot arrays in this area [9],
[10]. However, this technology is difficult to realize mass
production, owing to the rigorous demand for the abutting
surfaces and the long clamping time. Substrate integrated
waveguide (SIW) structures are another solution for mm-wave
antennas. Conventional/flexible printed circuit board (PCB)
techniques [32], [33], LTCC [7], and photoimageable thick-
film technologies [34] are some implementation approaches
to realize SIW antennas or filters. However, the dielectric loss
is a severe issue at mm-waveband, especially when the SIW
array dimension becomes large [32]. In addition, the metalized
via holes complicate the manufacturing process.

On the other hand, the new trend in the mm-wave
antenna design is turning from the traditional discrete designs
to antenna-in-package solutions, considering the system-in-
package (SiP) architectures requirement, which pursues the
integration of the RF frontend and signal processing circuit
on a single chip-scale package [35], [36]. LTCC can accom-
plish this kind of integration; however, it is incompatible
with the silicon semiconductor substrate. Other technologies
abovementioned cannot be used to manipulate the silicon
wafer except for the MEMS microchining process. In addition,
the signal processing circuit can be fabricated on the silicon
wafer. Thus, the SiP solutions may be realized at a relatively
low cost using the MEMS micromachining technology.

In this paper, the feasibility of fabricating a 60-GHz
high-performance antenna using the MEMS bulk microma-
chining technology is explored. As is well known, the silicon
substrate is not suitable to design antennas directly due to
its high dielectric constant. Herein, the penetration etching
process is adopted to fabricate 60-GHz air substrate leaky-
wave antennas (LWAs). LWAs originated from a slotted
waveguide in the 1940s [37]. Since then, LWAs based on
microstrip line [38], SIW [39], parallel-plate waveguide [40],
and composite right/left-handed [41] have been developed
rapidly. An overview of LWAs is detailed in [42]. LWAs can
be fed from one end to acquire scanning beam [38] or at
the center to achieve broadside beam [40]. In this paper,
the antenna consists of three silicon-based layers: the top
layer with four leaky-wave slots, the middle layer with the air
rectangular waveguide, and the bottom layer with the coupling
slot. The three silicon layers are stacked and clamped together
using two location pins and five screws. The 410 series
waveguide-to-coax transition [43] is used for feeding the

Fig. 1. (a) Top layer. (b) Middle layer. (c) Bottom layer. Left column:
exploded view of the proposed antenna. Right column: detailed illustrations
of the radiating slots, waveguide, and coupling slot.

proposed antenna. The energy is leaked out through the four
slots, constituting a leaky-wave waveguide antenna. All the
air cavities are fabricated using penetration dry etching and
gold-plating processes. To the best of the authors’ knowledge,
this is the first time that a mm-wave antenna is realized
using the MEMS bulk micromachining technology, making
the proposed antenna filled with air substrate only, without
any substrates. The measured impedance bandwidth of the
fabricated prototype is 17.3%. The radiation patterns in the
whole operating band are stable, and the peak gain is 11.4 dBi.
Validity of the feasibility provides the possibility to realize the
SiP solutions.

II. ANTENNA GEOMETRY

A. Antenna Geometry

Fig. 1 shows the exploded view of the proposed antenna
(left column) and a detailed illustration of the penetration
structures (right column). The commercial 3-D electromag-
netic field solver HFSS version 14 is used to design and
optimize the proposed antenna. In our design, the silicon
substates are single-crystal silicon wafers with a permit-
tivity of 11.9. The air-filled radiating slots, air rectangular
waveguide, and coupling slot are fabricated using penetra-
tion dry etching and gold-plating processes based on MEMS
bulk micromachining technology. The four radiating slots and
waveguide are located in the right portions of their respective
substrates. The rightmost slot’s rightmost wall aligns with the
waveguide’s rightmost wall. The energy is coupled from the
standard 60-GHz waveguide (WR15) to the air rectangular
waveguide. The coupling slot lying between the WR15 and the
rectangular waveguide is used to adjust impedance matching:
dimension of the coupling slot, and the distance between the
slot and the waveguide’s leftmost wall are the degrees of
freedom.



1658 IEEE TRANSACTIONS ON COMPONENTS, PACKAGING AND MANUFACTURING TECHNOLOGY, VOL. 06, NO. 11, NOVEMBER 2016

TABLE I

DETAILED DIMENSIONS OF THE PROPOSED ANTENNA (mm)

Fig. 2. Magnitude of reflection coefficients with variation of dm (mm).
The enlarged view of the inset illustrates the distance dm .

The detailed dimensions of the silicon substrate layers and
the three types of penetration structures are shown in the right
column of Table I. All the silicon substrates share the common
total dimensions (ltot × wtot × hsi) of 32 × 25 × 0.4 mm3.
The sidewall verticality of these penetration structures is 88°,
not perfectly plumb. These tilts have been considered in sim-
ulation, although they hardly affect the antenna performance.
The dimensions in the horizontal plane of these penetration
structures refer to the dimensions at the bottom, and they
are slightly larger than that of the top. The four slots share
the same dimensions (lrs × wrs) of 3.5 × 1.4 mm2, and
the element spacing (ds) is 2.5 mm. The dimensions of the
waveguide (lwg × wwg) and coupling slot (lcs × wcs) are 12 ×
3.6 mm2 and 3.4 × 0.4 mm2, respectively.

The relative position between the coupling slot and the rec-
tangular waveguide is indicated by the distance (dm) between
the coupling slot and the leftmost wall of the waveguide. It is
shown in the enlarged figure in the inset of Fig. 2, and it
is a crucial parameter for impedance matching. The magni-
tude of reflection coefficients under different distances are
given in Fig. 2. When the distance is equal to 1.14 mm,
the bandwidth is narrow, and when it is equal to 0.94 mm,
some frequency points in the middle band are higher than
−10 dB. Finally, the optimized value of 1.04 mm is selected.
The optimized value indicates that the energy coupled from
the coupling slot to the waveguide flows to the leakage slots
for radiating with slight reflection.

In the assembling process, the three silicon layers are
clamped together with the penetration structures’ bigger
openings orientated at the bottom using two location pins
and five metal screws. The location holes reserved for pins
and screws are not illustrated in the geometry for brevity.

Fig. 3. Aperture electric field distributions at (a) 56, (b) 58, (c) 60,
and (d) 62 GHz.

The 410 series waveguide-to-coax transition is used for testing
the proposed antenna. The center of the testing waveguide
with a dimension of 3.759 × 1.88 mm2 aligns with that of
the coupling slot. In simulation, a wave port is attached to a
2-mm-long air waveguide whose dimension is the same as the
realistic feeding waveguide.

B. Leaky-Wave Antenna

The width of the air rectangular waveguide is selected to
be approximately 0.7λ0, which is the typical value of the
conventional waveguide width [44]. The dimensions of the
radiating slots are 0.7λ0×0.28λ0, which is larger than the con-
ventional waveguide slots. The reason for this is that effective
radiation can be achieved within a relatively small longitudinal
size.

The aperture electric field distributions at four different
frequencies are depicted in Fig. 3. As seen, at these four
frequencies, except for the rightmost slot, there is no clear null
in the rest of the three slots. This indicates that the traveling
wave exists in the first three slots, and the wave is traveling
while leaked out into free space for effective radiation.

III. MEMS MICROMACHINING PROCESS

AND THE MEASURED RESULTS

A. MEMS Micromachining Process

A prototype of the proposed antenna is fabricated and
measured to verify the proposed design. The photographs of
the three silicon substrate layers, the 410 series waveguide-
to-coax transition, and the whole antenna are depicted
in Fig. 4(a)–(c). A 2-mm-thick copper plate shown in Fig. 4(a)
connects the feeding waveguide and the three silicon substrate
layers. The dimension of the air waveguide in the plate is the
same as the feeding waveguide. Another function of the copper
plate layer is to protect the three fragile silicon substrate layers
and clamp them together tightly.

The fabrication process is based on MEMS bulk microma-
chining technology. In the first step, the penetration structures
and location holes are etched away using dry etching with
sulfur hexafluoride gas. Etching ensures a high precision of
about ±4 μm. Limited by the dry etching process, the sidewall
verticality of these penetration structures is not perfectly
plumb, as shown in the inset of Fig. 4(a). The enlarged
photograph is taken on the left side of the AA′-cut with the
help of a Nikon SMZ745 microscope. As seen, the sidewalls
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Fig. 4. Photographs of the fabricated 60-GHz air substrate LWA.
(a) Top view of the silicon substrates and copper plate. (b) 410 series
waveguide-to-coax transition for testing. (c) Whole antenna.

have a tilt angle of 88°. However, these tilts hardly affect
the antenna performance. Then, all the faces and sidewalls
are gold-plated. The thickness of the gold layers is 3.5 μm
with a tolerance of ±0.5 μm. Finally, the assembling process
is conducted manually. As mentioned above, these penetra-
tion structures’ bigger openings are orientated at the bottom.
All the layers are clamped together using location pins and
screws. The measured total thickness of the three layers in
addition to the copper plate is 3220 ± 20 μm, which is very
close to the ideal value of 3221 μm.

As for the traditional PCB technique, the milling process
is used to fabricate these air cavities. However, usually the
fabrication tolerance is larger than 100 μm, leading to an
unreliable antenna performance in mm-waveband. The fab-
rication tolerance of the etching and gold-plated processes
based on MEMS micromachining technology is far beyond
that of the traditional PCB technique. Therefore, mm-wave
antennas fabricated using the MEMS technique have a reliable
and repeatable performance.

B. Impedance Bandwidth, Gain, and Radiation Patterns

Reflection coefficient, gain, and radiation patterns
are measured using an N5247A vector network

Fig. 5. Simulated and measured magnitudes of reflection coefficients of the
proposed antenna.

Fig. 6. Simulated and measured broadside gains of the proposed antenna.

analyzer (10 MHz–67 GHz). The gain is obtained by
gain comparison method with a standard horn as a reference.

The simulated and measured magnitude of reflection coeffi-
cients are shown in Fig. 5. The simulated bandwidth is 14.3%
from 53.4 to 61.6 GHz, while the measured bandwidth is
17.3% from 52.8 to 62.8 GHz for |S11| < −10 dB. They
agree well with each other.

Fig. 6 shows the simulated and measured broadside gains.
In simulation, the gain increases with the increase of frequency
when the frequency is below 60 GHz, and the gain reaches
its maximum of 12.2 dBi at 60 GHz. The gain has a small
decrease when the frequency is higher than 60 GHz. The mea-
sured gain curve fits the simulated one. The maximum gain is
11.4 dBi at 58 GHz, the measured gains are a little lower than
simulation, and a slight discrepancy happens between 60 and
62 GHz. The measured 3-dB gain bandwidth is 13.24% from
55 to 62.8 GHz, which is the same as the simulation. The
deviation between simulation and measurement is caused by
assembly and measurement errors.

Fig. 7 shows the simulated and measured radiation patterns
in two principal planes at 54, 57, and 60 GHz, respectively.
The backward radiation is not measured due to the rather
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Fig. 7. Simulated and measured radiation patterns of the proposed antenna
at (a) 54, (b) 57, and (c) 60 GHz.

TABLE II

SIMULATED AND MEASURED 3-dB BEAMWIDTHS

weak back lobe levels (approximately lower than −20 dB).
Fan-shaped beams are observed, and the simulated and mea-
sured forward radiation patterns in both E-plane (yz-plane) and
H -plane (xz-plane) are in good agreement. When the operating
frequency decreases, the maximum directions deviate from
the broadside further. The maximum directions at 54, 57,
and 60 GHz have tilt angles of 12°, 6°, and 3° respectively.
Beam scanning is a typical feature of the LWA. The slight
discrepancy is caused by assembly and measurement errors.
The simulated and measured 3-dB beamwidths in both the
E- and H -plane at 54, 57, and 60 GHz are listed in Table II.
The measurement agrees well with the simulation, and the
3-dB beamwidths are stable throughout the frequency band.

Therefore, the proposed 60-GHz LWA has the merits of
low loss, relatively broad bandwidth, stable radiation patterns,
and gains. Good agreement between simulation and mea-
surement validates that the fabrication tolerance is sufficient
for mm-wave applications. If the input interface is converted

Fig. 8. Photographs of the antenna assembled by intermediate layer-assisted
bonding technique.

Fig. 9. Simulated and measured magnitude of reflection coefficients of the
bonding-assembled antenna.

from the waveguide-to-coax transition to waveguide-to-GSG
(ground-signal-ground) transition, the antenna can be inte-
grated with the signal processing circuit, so the SiP solutions
can be satisfied.

C. Intermediate Layer Assisted Bonding

Another assembly technique called the intermediate
layer-assisted bonding can be used to assemble the multiple
layers as well. It refers to the three silicon layers joined
together with the help of the 50-μm-thick AuSn solder.
Two AuSn solder layers are sandwiched in the three silicon
layers and then are stacked and aligned in the specific fixture.
Next, they are put into the vacuum sintering furnace for
firing by applying a temperature of approximately 300 °C.
After about only 30 s, the three silicon-based layers are
bonded into a whole. Finally, the whole structure and the
copper plate are clamped together using the location pins and
screws. The antenna prototype assembled using intermediate
layer assisted bonding is shown in Fig. 8, and the mea-
sured magnitude of reflection coefficient is shown in Fig. 9.
The antenna assembled by this bonding technique loses the
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original relative broadband performance, impedance matching
in the middle frequency band from 50.93 to 52.14 GHz gets
worse, and the bandwidth splits into a dual band. The deviation
stems from two aspects. First, the two solder layers thicken
the middle silicon layer. The measured thickness of the three
bonding layers is 1329 ± 20 μm compared to the ideal
value of 1221 μm. Consequently, the height of the air-filled
waveguide is increased, leading to mismatch. Second, after
elaborately watching the bonded structure with a microscope,
the bottom and middle layers bonded well, whereas an air
gap is observed between the top and the middle layers. Based
on the above analysis, 100-μm thickening of the middle
silicon layer and two identical air gaps of the same volume
as 17 × 1.53 × 0.05 mm3 next to the air-filled transmission
line between the top and middle layers are assumed for
simulation. The simulated result is depicted in Fig. 9. The
simulated and measured results show a similar trend. There-
fore, if the antenna is assembled using the intermediate-layer
AuSn-assisted bonding technology, on one band, a 100-μm
thickening of the middle silicon layer should be considered
in advance before designing. On the other hand, we will
explore the bonding technology further, and an ideal electrical
interconnection of all the layers without any air gaps is
expected. We plan to solve this issue in the near future.

IV. CONCLUSION

A new fabrication technique based on MEMS bulk micro-
machining technology is proposed to fabricate the air substrate
mm-wave antenna for the first time. The antenna with three
silicon-based layers is fabricated using penetration dry etching
and gold-plating processes. All the layers are stacked and fixed
together using location pins and screws. The electromagnetic
wave is only interacted with air medium, leading to good
antenna performance. A prototype with a measured impedance
bandwidth of 17.3%, a broadside gain up to 11.4 dBi, and a
3-dB gain bandwidth of 13.56% is fabricated and measured to
verify the design strategy and that the MEMS micromachining
process is suitable for fabricating mm-wave antennas. More-
over, the SiP solutions can be fulfilled by altering the input
interface. We have confirmed this point, and the SiP product
has already been available. In the future, we will focus on
terahertz applications to further explore the limit fabrication
tolerance of the MEMS micromachining process.
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