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Communication
Millimeter-Wave Air-Filled Slot Antenna With Conical Beam Based on Bulk

Silicon MEMS Technology
Jiadong Hu, Yue Li , Shaodong Wang, and Zhijun Zhang

Abstract— In this communication, a millimeter-wave (mm-wave) air-
filled slot antenna with a conical beam at 60 GHz is proposed. The
antenna is suitable to be integrated with various IC systems mainly
because it is designed and fabricated based on bulk silicon microelectro-
mechanical systems (MEMS) technology. The whole structure is composed
of an antenna part and a waveguide to substrate integrated waveguide
(SIW) converter. In the antenna part, four meander slots are arranged
annularly and excited by a square air cavity. The conical radiation
pattern benefits from the out-phase E-field excited on slots. An operating
bandwidth of 2.17% for S11 < −10 dB and a conical beam peak gain
of 3.21 dBi are achieved. The proposed antenna shows its potentials in
mm-wave indoor communication.

Index Terms— Bulk silicon microelectromechanical systems (MEMS)
technology, conical beam, IC integration, indoor communication,
millimeter wave (mm-wave), slot antenna.

I. INTRODUCTION

With the increasing demands for high data rate transmission and
increasingly crowded situation at the current 2G, 3G, and 4G frequen-
cies, the unlicensed 60 GHz band has drawn much attention from
worldwide antenna engineers and researches. The huge transmission
loss makes the 60 GHz band interesting for indoor short-range
communications.

At millimeter-wave (mm-wave) band,high precision is required in
antenna fabrication. Besides, the effect on antenna performance from
dielectric loss should also be considered. Taking these two factors
together, several effective fabrication technologies with appropriate
materials have been proposed. Substrate integrated waveguide (SIW)
can use printed circuit board (PCB) technology without suffering
from serious transmission loss [1]. Another advantage of PCB
technology is its low cost, quite suitable for mass fabrication.
Therefore, PCB technology is widely utilized at the lower end of
mm-waveband [2]–[4] while transmission loss is still high at the
higher end of mm-waveband. Benzocyclobutene (BCB) polymer is
another choice for designing planar antennas at mm-waveband [5].
However, the single layer BCB polymer is too thin to meet the
bandwidth requirements of antennas. Spins are needed to increase
its thickness. Besides, BCB is difficult to be stored under room
temperature [6]. Different from BCB technology, SU-8 film is easy
to meet the thickness requirement while it suffers from relatively
high dielectric loss [7]. Low-temperature co-fired ceramic (LTCC)
technology is a good candidate for mm-wave antenna design owing
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to its stable physical characteristic and high-level integration for
surface-mount package [8]. The LTCC unit is a multilayer composed
of high dielectric constant substrate, whose cost is usually higher
than other fabrication technologies mentioned above.

Recently, bulk silicon microelectromechanical systems (MEMS)
technology has been applied for designing mm-wave antennas
[9]–[13]. The antenna is made of gold-plated silicon wafer, which
makes it suitable to be integrated with various IC systems. The
precision of silicon processing is fairly high, reaching up to 5 μm.
Moreover, little dielectric (silicon) is exposed in the antenna structure,
leading to low dielectric loss. However, it is quite difficult for the
bulk silicon MEMS technology to realize multi-layer structure in
conventional antenna design. Therefore, there are some limitations
on antenna design and matching methods.

Due to the complexity of indoor environment, high requirements
have been raised for the radiation characteristics of antennas at
mm-waveband. The conical beam antenna is quite suitable for mm-
wave indoor communication owing to its omnidirectional pattern in
azimuth. Large quantities of antenna designs for conical beam radi-
ation have been proposed and can be divided into several categories,
including monopoles [14], circular patches [15], horns [16], lens [17],
circular loops [18], open-ended waveguides [19], spiral lines [20], and
annular arrays [21], [22]. In [22], four slots are arranged annularly
to create conical pattern, which is proposed for the first time. The
bandwidth is widened by getting the slot mode and the monopole
mode close to each other skillfully. Moreover, the artificial magnetic
conductors are utilized to further enhance the antenna performance.
The antenna has many advantages such as low profile, compact
volume, wide bandwidth, and so on. However, the microstrip structure
cannot be realized by bulk silicon MEMS technology. Therefore,
other approaches are needed to design the antenna with conical beam
at 60 GHz by bulk silicon MEMS technology.

In this communication, a conical beam antenna based on bulk
silicon MEMS technology is proposed, operating at 60 GHz. Four “L”
shape slots are arranged annularly and excited by a square air cavity.
The rest of this communication is organized as follows. The proposed
antenna design and its mechanism are presented in Section II. Section
III mainly provides the simulation and test results. Conclusions are
finally given in Section IV.

II. ANTENNA STRUCTURE AND MECHANISM

A. Antenna Configuration

The antenna consists of an air-filled cavity, four “L” shape slots,
and a stepped SIW transmission line for impedance matching. Lim-
ited by the condition of radiation pattern measurement, the whole
structure is fed by a WR 15 Waveguide. A WR 15 waveguide to
silicon-filled SIW converter is added in front of the whole antenna,
as is presented in Fig. 1(a). The whole structure is laminated by
four layers. The exploding view is shown in Fig. 1(b). The radiation
slots are etched on the first layer. On the second layer, the converter
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Fig. 1. Geometry of the conical beam antenna manufactured by bulk silicon
MEMS technology. (a) Perspective view. (b) Exploding view.

Fig. 2. Detail of the air-filled cavity. (a) Zoomed-in view of the air-filled
cavity. (b) Sectional view along A-A’.

and the upper half part of air-filled resonant cavity are connected by
a stepped silicon-filled SIW transmission line. The bottom half of
the cavity and a connecting hole are placed on the third layer. Only
a connecting hole is etched on the forth layer. With regard to the
bulk silicon MEMS technology utilized in this antenna, the gold is
electroplated on the surface of silicon (εr = 11.9) wafer. No silicon
is exposed at the first and the forth layer. When coming to the second
and the third layer, the electromagnetic wave is restricted by silicon-
filled SIW, no longer by the gold surface.

The detail structure of the air-filled cavity is illustrated in Fig. 2.
Resulting from the limitation of processing technic, the side walls
of vias and slots are not perpendicular to the horizontal plane.
The actual angle between them is approximately 88◦. The thickness
of each layer is 250 μm. The gold thickness between each layer is
7 μm, as shown in Fig. 2(b). In addition, a 100 μm distance needs
to be left from the silicon side wall to metal vias. The diameter of
via is 65 μm and the distance between vias is 130 μm. The values
of other dimensions in Fig. 3 are listed in Table I. Considering the

Fig. 3. Detail geometry of the proposed antenna.

TABLE I

DETAILED DIMENSIONS OF THE ANTENNA

Fig. 4. Arrangement of the radiation slots. (a) Reference antenna. (b) Pro-
posed antenna.

angle between side walls and the horizontal plane, all dimensions
in Table I refer to the lower surface of each layer.

B. Working Mechanism

The working wavelength at 60 GHz is only 5 mm. The air-
filled square cavity is adopted to ensure the machining accuracy.
When the fundamental mode (TM110 mode) of the squarecavity
is excited, currents on the upper surface at the opposite edge of
the cavity are out-phase. If two slots are etched at these positions,
the E-fields at them will also be out-phase. A conical beam can be
achieved if two groups of slots are arranged orthogonally. Two kinds
of slot arrangements (the reference one and the proposed one) are
shown in Fig. 4. Four straight slots and four bended slots are etched
annularly on the upper surfaces of the cavities, respectively. The size
of the air-filled cavities and the length of slots are the same in both
Fig. 4(a) and (b). Both configurations should meet the requirement
of generating a conical beam.

In fact, the feeding position has a great effect on the radiating slots
and the arrangement of slots needs to be designed specially. Based
on above analysis, both the two antennas in Fig. 4 support TM110
mode in the cavity and are able to create the conical beam. However,
the reference antenna does not work, as is shown in Fig. 5. The
current distribution on the upper surface of the reference antenna and
the proposed antenna at 60 GHz presented in Fig. 6 further validates
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Fig. 5. Simulate reflection coefficient of the reference antenna and the
proposed antenna.

Fig. 6. Curren distribution on the upper surface at 60 GHz. (a) Reference
antenna. (b) Proposed antenna.

Fig. 7. E-field distributions at slots at 60 GHz. (a) Reference antenna.
(b) Proposed antenna.

the results given in Fig. 5. The reference antenna can be resonant
while the left straight slot of it breaks the original current distribution
on SIW walls and prevents the power from going into the cavity, as is
shown in Figs. 6(a) and 7(a).

In contrast, the proposed antenna works properly and has
an impedance bandwidth of approximately 1.5 GHz at 60 GHz band.
Fig. 6(b) shows that the TM110 mode is excited at the cavity of the
proposed antenna at 60 GHz. The out-phase E-fields are also excited
at the opposite slots, as is shown in Fig. 7(b).

C. Detailed Design Procedure and Parameter Analysis

The detailed design procedure of the antenna part is as follows.
In order to make it convenient to design, a model with pec wall
instead of metal vias of the antenna part is set up, as is shown
in Fig. 8.

A square cavity is chosen to create conical pattern. The cavity
should support the TM110 mode. Its resonant frequency decreases

Fig. 8. Mode with pec wall instead of metal vias of the antenna part.

Fig. 9. Paramete study for (a) W . (b) Ls. (c) Ws.

Fig. 10. Photograph of the proposed antenna with feeding structure. (a) Front
view. (b) Back view.

when it is loaded with slots. To make it easy for matching design,
the height of the cavity is set as the thickness of two silicon layers.
In consideration of the structure’s strength and decreasing areas
of the antenna, the width of silicon bridges g is set as 0.2 mm.
The length of radiating slot should be approximately half of the
wavelength.

Based on the above design principles, we optimize the values of
W , Ls, and Ws. Part of parameter sweeping results is listed in Fig. 9.
In order to let the antenna work at 60 GHz, we set W = 2.58 mm,
Ls = 1.09 mm, and Ws = 0.2 mm.

After doing matching design for the antenna part, detailed process-
ing is carried out. The impedance matching of the whole structure
can be realized by adjusting the length of taper line in converter and
the size of stepped SIW in front of the antenna.
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Fig. 11. Simulated and measured reflection coefficient of the proposed
antenna.

Fig. 12. Simulate and measured normalized pattern in yoz plane.

Fig. 13. Simulate and measured normalized pattern in xoz plane.

III. FABRICATION AND MEASUREMENT

For purpose of validating the working mechanism discussed in
Section II, the antenna with its feeding structure was fabricated. The
photograph of antenna is shown in Fig. 10. In reality, the antenna
part only occupies a fraction of the whole structure. To make it
convenient for measurement, several screw holes were added for
fixing the antenna to the flange plate of the WR 15 waveguide. The
measurement of reflection coefficient, radiation pattern, and gain was
achieved by an Agilent N5247Anetwork analyzer.

The comparison between the simulated and measured reflection
coefficient is presented in Fig. 11. The measured −10 dB reflection
coefficient is from 59.1 to 60.4 GHz. The measured fractional
impedance bandwidth is 2.17%. It can be observed that the measured
working band is slightly higher and the return loss is larger, compared
with the simulated results. It is mainly because of some unavoidable
fabrication errors in cavity and stepped SIW.

Fig. 14. Simulate normalized horizontal (xoy) plane pattern (ζ = 45◦).

Fig. 15. Simulate 3-D radiation pattern.

Fig. 16. Gain curve and radiation efficiency of the proposed antenna.

Figs. 12 and 13 show the normalized radiation pattern in
yoz and xoz plane of the proposed antenna. The pattern has the char-
acteristic of conical shape, whose measured beam points to around
30◦ and 150◦. The radiation aperture is not at the center of the whole
structure, leading to the beam being not quite symmetry in yoz plane.
The simulated cross-polarization level is lower than −50 dB in
yoz plane and −20 dB in xoz plane. The measured normalized pattern
is basically consistent with the simulated one. The measurement
errors mainly come from the manufacturing tolerance and the
measuring environment.

The simulated normalized horizontal (xoy) plane pattern (ζ = 45◦)
is given in Fig. 14. The simulated gain variation maximum of the
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omnidirectional pattern is 0.94 dB. The gain varies mainly because
the radiation aperture is not at the center of the whole structure.
Fig. 15 shows the simulated 3D radiation pattern of the proposed
antenna, validating its radiation characteristic of a conical beam.

The simulated and measured gain of the proposed antenna is
provided in Fig. 16. The measured gain curve also moves toward
higher band. The measured peak gain is 3.21 dBi, close to the
simulated one of 3.67 dBi. The simulated radiation efficiency at
working band is also given in Fig. 15. The simulated radiation
efficiency is higher than 80% from 59 to 60.5 GHz. The major loss
comes from the gold clad layer in the whole structure.

IV. CONCLUSION

In this communication, an air-filled slot antenna with conical beam
at mm-waveband is designed and tested. Based on bulk silicon MEMS
technology, the proposed antenna can be integrated with various IC
systems easily. The conical beam is realized owing to the out-phase
E-field at slots being excited by the cavity working at its fundamental
mode. The measured reflection coefficient better than −10 dB is
from 59.1 to 60.4 GHz. The fractional impedance bandwidth of
the antenna is 2.17%. The measured peak gain is 3.21dBi and the
simulated radiation efficiency is higher than 80% at its working
band. The proposed antenna shows its potentials in mm-wave indoor
communication.
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