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a bridge connecting the antennas and ICs or chips. However,
the high permittivity of the silicon prohibits the silicon-based
antenna to be outfitted with good performance.

NASA's Jet Propulsion Laboratory has done extensive
research on silicon micromachining technology. They use sili-
con to fabricate various purely air-filled sub-MMW electronic
components, such as rectangular waveguide, filter, hybrid
coupler, frequency tripler, amplifier, and mixer [28]-{33]. In all
those designs, signals are propagating only in air channels,
which significantly reduce dielectric loss. In [29], a circuit
of micromachined silicon is sandwiched between two metal
cavities to form a horn antenna. The authors have previously
explored micromachined silicon process in antenna designs.
Two 60-GHz air-filled antennas using micromachined silicon
have been reported in [34] and [35]. Both designs achieved
high radiation efficiency.

In [6], a low-SLL patch array fabricated on Rogers lami-
nates operating at 28 GHz using the traditional printed circuit
board process was introduced for handset devices application.
Here, alow-SLL air-filled silicon-based slot array operating at
58 GHz is designed and fabricated using silicon micromachin-
ing technology. A ground-signal-ground (GSG) structure acts
as the input interface to facilitate AiP solution. The measured
results show a S10 dB impedance bandwidth of 1.27 GHz
from 58.04 to 59.31 GHz and a fan-shaped beam with a
broadside gain of 11.95 dBi and an SLL of 18.6 dB at
58.5 GHz.

II. ANTENNA CONFIGURATION

Fig. 1 depicts the exploded view of the proposed antenna,
where the yellow colors denote the gold and the gray colors
denote the silicon. The proposed antenna with the dimensions
of 26 x 15 mm? consists of a stack of three silicon-based
layers. The silicon substrate used here is the single-crystal
silicon with a permittivity of 11.9, a resistivity of 6 k
cm, and a thickness of 400 um. In the top layer, eight
air-filled radiating slots with the element spacing of 3 mm,
that is, 0.58 o at 58 GHz, form the low-SLL array. The
radiating array is filled with air without any silicon being
exposed outside, resulting in ahigh performance. In the middle
layer, an eight-way unequal power divider that provides a
tapered amplitude distribution from the view of engineering
application makes up the core of the feed network. At the
end of the divider, an air-filled SIW cavity is used to improve
antenna performance and suppress wave leakage, and eight
silicon cuboids are stretched into the air space beneath each
dot to acquire good impedance matching. A GSG structure is
employed as the input interface, and a GSG window in the
top layer is reserved for feeding. The bottom layer acts as the
ground. All the SIW lines share the same width of 1.2 mm.
In the final realized structure, an extra post wall is added next
to each initial post wall to further suppress wave leakage.
The antenna is designed using the software high-frequency
structure simulator Version 14.

I11. ANTENNA DESIGN
The proposed antenna is a combination of an air-filled slot
array, afeed network, and a GSG-to-SIW transition. The three
parts are introduced in this section.
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Fig. 1. Exploded view of the proposed low-SLL air-filled slot array.

A. Air Slot Element

Overdl configuration of the air dot element is shown
in Fig. 2, which shows the exploded, perspective, and top
views. The air dot element is symmetrical about the yz plane
[see Fig. 2(b)]. As shown in Fig. 2(a), the three-layered
element contains a radiating dot in the top layer, a feeding
structure in the middle layer, and a ground plane in the bottom
layer. As to the feeding structure, an air space with its both
x-directed edges equipped with two post walls is connected
to the input SIW; the air space aims to improve radiation
performancethrough the way of decreasing the silicon volume.
It is worth mentioning that there is no need for y-directed post
wallsto construct a complete SIW cavity. A silicon cuboid that
is stretched into the air space beneath the ot has two func-
tions: 1) feeding the radiating slot and 2) adjusting impedance
matching. As can be seen from the top view of Fig. 2(c),
the lower slot edge aligns with the lower silicon edge of the
air space. For fabrication feasibility, the distance between the
via center and silicon edge is 0.275 mm. The silicon cuboid
and radiating slot have the dimensions of 1.2 x 2.03 mm?
and 2.3 x 0.5 mm?, respectively. The width of the two post



CHANG et al. LOW-SIDELOBE AIR-FILLED SLOT ARRAY FABRICATED USING SILICON MICROMACHINING TECHNOLOGY

Fig. 2. (a) Exploded view, (b) perspective view, and (c) top view of the air
slot element.

TABLE |
DETAILED DIMENSIONSOF THE AIR SLOT ELEMENT (UNIT: mm)

Parameter I, A W, I Wy
Value 3 2.03 1.2 2.3 0.2
Parameter W, d, Sy d, dy
Value 1.2 0.15 0.3 0.275 0

Fig. 3. Simulated performance of the air slot element. (a) Complex magnitude
E-field distribution in the middle height plane of the middle layer at 58 GHz,
(b) vector current distribution of the silicon cuboid surface at 58 GHz,
(©) |S11], and (d) 3-D pattern at 58 GHz.

walls is 3 mm, and the width of the input SIW is 1.2 mm.
The diameter and spacing of the vias are 0.15 and 0.3 mm,
respectively. All the dimensions are listed in Table I.
Simulated performance of the air slot element is described
in Fig. 3. Fig. 3(a) depicts the complex magnitude E-field
distribution in the middle height plane of the middle layer at
58 GHz. The silicon cuboid can be viewed as a resonator. The
fields mainly concentrate on the silicon cuboid and the space
between the end of the cuboid and the ended post wall. This
is why there is no need for y-directed post walls. However,
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Fig. 4. Simulated |S;1| of the air slot element of different (a) slot lengths,
(b) silicon cuboid lengths, (c) silicon cuboid widths, (d) air space widths, and
(e) slot positions (the inset depicts the definition of slot offset).

thereis still alittle leakage along x-direction. Thus, in the final
realized antenna array, two y-directed post walls are added
to congtitute a complete SIW cavity to confine the energy
and suppress wave leakage. As shown in Fig. 3(b), nearly a
whole single-periodic wave is distributed on the silicon cuboid
surface at 58 GHz. The radiating dot that situates on the
current maximum position cuts off the current and its length
is about half wavelength at the center frequency, so the dot
is resonant, forming the classic sot radiating mode. Fig. 3(c)
shows that the $S10 dB impedance bandwidth is 460 MHz
from 57.74 to 58.2 GHz. As can be seen from the 3-D pattern
in Fig. 3(c), the peak gain reaches 6.5 dBi at 58 GHz.

The operation frequency is codetermined by the radiating
dot, silicon cuboid, and air space. Some key parameters
that may affect antenna impedance characteristics are studied.
In these parametric studies, only one parameter at a time is
adjusted, whereas the others are kept invariant.

1) Slot Length:As shown in Fig. 4(a), as the dot length
increases from 2.1 to 2.5 mm with a step of 0.2 mm, the center
frequency shifts downward from 58.41 to 57.66 GHz with an
interval of about 0.38 GHz. So, the dot length is a design
variable to fine turning the center frequency and the relations
can be quantized: the center frequency shifts about 0.19 GHz
per 0.1 mm.

2) Silicon Cuboid DimensionsAs stated above, the silicon
cuboid has a function of adjusting impedance matching. It can
be viewed as an open-ended transmission line loaded to the
radiating slot, so its dimensions affect the input impedance.
As can be seen from Fig. 4(b) and (c), when the length
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Fig. 10. Measured performance of the proposed low-SLL air-filled slot array. (a) Measured |Sy1| and simulated | Sp1| with a 35-um alignment error between

the top and middle layers, (b) H- and (c) E-plane patterns at 58.5 GHz.

Fig. 11. (&) Ideal model and (b) readlistic model of the proposed antenna
array. The realistic model that is caused by alignment error refers to that the
top layer shifts 35 um toward +y direction.

VI. CONCLUSION

This paper has proposed a solution to design low-SLL high-
performance antenna using silicon substrate at MMW band.
The three-layered antenna is a combination of an air-filled
dot array and an eight-way unequal power divider. Silicon
micromachining technology including through-wafer etching,
electrogilding, optical alignment, and wafer bonding processes
is adopted to fabricate the antenna array. The prototype shows
a measured bandwidth of 1.27 GHz at around 58.5 GHz and
a fan-shaped beam with a broadside gain of 11.95 dBi and
an SLL of 18.6 dB at 58.5 GHz. Thanks to the silicon sub-
dtrate that is the common-used material in ICs, the proposed
antenna exhibits distinguished suitability to be integrated with
ICs or chips using the standard wire bonding or flip-chip
attachment, yielding AiP solution. We have confirmed this
point and the AiP product is available.
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