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Abstract— A low-sidelobe air-filled slot array is proposed
and fabricated using silicon micromachining technology for
millimeter-wave application. As is well known, the high-
permittivity silicon prohibits the silicon-based antenna from hav-
ing good performance. Here, this problem is addressed through
manufacturing air-filled antenna on silicon substrate. An eight-
way unequal power divider is adopted to excite eight air-filled
slots and the excitation coefficients present a taper. At the end
of the power divider, an air-filled substrate integrated waveguide
cavity is used to improve antenna performance and suppress
wave leakage, and eight silicon cuboids are stretched into the
cavity beneath each slot to acquire good impedance matching.
The input interface is selected as the ground-signal-ground struc-
ture to facilitate antenna-in-package solution that requires the
integration of the antenna and chips or integrated circuits. The
three-layered antenna is fabricated using through-wafer etching,
gold-plating, optical alignment, and wafer bonding processes. The
measured −10 dB impedance bandwidth is 1.27 GHz, and a
measured fan-shaped beam at 58.5 GHz with a broadside gain
of 11.95 dBi and a sidelobe level of 18.6 dB is obtained. The
3-dB beamwidth is about 14◦ in H-plane and 8-dB beamwidth
is more than 175◦ in E-plane.

Index Terms— Air-filled array, antenna-in-package (AiP), low
sidelobe level (SLL), millimeter-wave (MMW), silicon microma-
chining, slot array.

I. INTRODUCTION

ANTENNAS with low sidelobe level (SLL) are extensively
applied in radar systems and tracking devices attributing

to their ability of suppressing electromagnetic interference and
improving signal capture [1]. Plentiful low-SLL schemes have
been reported.

The first common solution is to produce an aperture with a
tapered amplitude distribution, such as Taylor, Chebyshev, and
other optimized distributions. The microstrip- and substrate
integrated waveguide (SIW)-based feed networks can easily
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provide the required taper to excite some basic radiating
elements, such as patch and slot [2]–[6]. Waveguide slot
array is another frequently used antenna type for low-SLL
applications. By adjusting the slot offset and slot dimensions,
low-SLL pattern in H-plane was achieved, and the low-SLL
performance in E-plane could be fulfilled with the help of the
input feed network [7], [8]. Leaky-wave antenna can produce
an oblique beam with a controlled SLL. For waveguide-based
transverse slot arrays, low SLL was obtained by varying the
slot length and the broad wall width [9], [10]; for ridge-SIW-
based leaky-wave long slot centered on the upper plane and
collinear slot array, by adjusting the ridge width, low-SLL and
low cross-polarization performance could be achieved at the
same time [11], [12]. Reflector, reflectarray, and transmittarray
illuminated by a feeding antenna are born to be with the low-
SLL performance due to the tapered 2-D aperture generated
by uneven irradiation. By shaping the reflector, using low-SLL
feeding antenna and asymmetrical illumination, SLL could be
lowered further [13]–[15].

The second low-SLL solution adopts a uniform aperture
outfitted with some special designs. For example, by adjusting
the element spacing, i.e., the sparse array, and using random
sequential rotation technique to manipulate the equal-spaced
array, low SLL together with the highest available gain and
effective isotropic radiated power were obtained [16]–[18].

The third low-SLL solution is the beam shaping approach
by means of pattern cancellation. Using displaced elements
and introducing new radiations, side lobes were reduced
effectively [19]–[21]. Moreover, lots of optimization strate-
gies including genetic algorithm, particle swarm optimization,
and simulated annealing have been presented to improve
SLL [22]–[24].

Millimeter-wave (MMW) communication around 60 GHz
has picked up a lot of attention because of the need of higher
data rate, better system performance, and relieving the already
crowded congestion band [25]. The small form factor of the
MMW devices promotes antenna-in-package (AiP) solution,
which refers to the integration of the antennas and integrated
circuits (ICs) or chips into a single package. AiP has the
advantages of compactness, reliability, reproducibility, and low
cost [26]. So, the new trend of the MMW antenna design is
shifting away from the traditional discrete design to integrated
AiP solution [27]. Antennas fabricated using silicon are able
to be integrated with other components, so the silicon builds
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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, a low-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 −10 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 × 15 mm2 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 μm. In the top layer, eight
air-filled radiating slots with the element spacing of 3 mm,
that is, 0.58 λ0 at 58 GHz, form the low-SLL array. The
radiating array is filled with air without any silicon being
exposed outside, resulting in a high 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
slot 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.

III. ANTENNA DESIGN

The proposed antenna is a combination of an air-filled slot
array, a feed network, and a GSG-to-SIW transition. The three
parts are introduced in this section.

Fig. 1. Exploded view of the proposed low-SLL air-filled slot array.

A. Air Slot Element

Overall configuration of the air slot element is shown
in Fig. 2, which shows the exploded, perspective, and top
views. The air slot element is symmetrical about the yz plane
[see Fig. 2(b)]. As shown in Fig. 2(a), the three-layered
element contains a radiating slot 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
performance through the way of decreasing the silicon volume.
It is worth mentioning that there is no need for y-directed post
walls to construct a complete SIW cavity. A silicon cuboid that
is stretched into the air space beneath the slot 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 × 2.03 mm2

and 2.3 × 0.5 mm2, respectively. The width of the two post
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Fig. 2. (a) Exploded view, (b) perspective view, and (c) top view of the air
slot element.

TABLE I

DETAILED DIMENSIONS OF THE AIR SLOT ELEMENT (UNIT: mm)

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,
(c) |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,

Fig. 4. Simulated |S11| 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).

there is still a little leakage along x-direction. Thus, in the final
realized antenna array, two y-directed post walls are added
to constitute 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 slot that situates on the
current maximum position cuts off the current and its length
is about half wavelength at the center frequency, so the slot
is resonant, forming the classic slot radiating mode. Fig. 3(c)
shows that the −10 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
slot, 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 slot 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 slot 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 Dimensions: As 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. 5. (a) Configuration of the eight-way unequal power divider. (b) Design
procedure of the unequal T-junction divider.

TABLE II

DETAILED DIMENSIONS OF THE POWER DIVIDER (UNIT: mm)

increases from 1.98 to 2.08 mm with a step of 0.05 mm,
the center frequency shifts to lower band from 58.95 to
57.1 GHz; when the width increases from 1.1 to 1.3 mm
with a step of 0.1 mm, the center frequency decreases from
58.68 to 57.41 GHz. Thus, the silicon cuboid can be used to
adjust the operation frequency within a certain range and the
quantized frequency shifts are as follows: the center frequency
shifts about 1.85 GHz per 0.1 mm in length and 0.64 GHz
per 0.1 mm in width.

3) Air Space Width: The distance between the two post
walls determines the width of the air space. The post wall
located at distal end can be viewed as an end-shorted trans-
mission line loaded to the radiating slot, so the width of the

Fig. 6. (a) Magnitude E-field distribution at 58 GHz. (b) Reflection and
transmission coefficients. (c) Transmission phases of the eight-way unequal
power divider.

air space (lcy) has impact on center frequency. As shown
in Fig. 4(d), when the width increases from 2.8 to 3.2 mm
with a step of 0.2 mm, the center frequency shifts downward
from 58.55 to 57.57 GHz. The center frequency offset can be
quantized as about 0.5 GHz per 0.1 mm.

4) Slot Position: The slot position that refers to the distance
between the lower slot edge and the lower silicon edge of
the air space, as depicted in Fig. 4(e), is also a significant
parameter. Different positions mean different impedances of
the silicon cuboid resonator, and Fig. 4(e) shows the |S11|
of different slot positions. When the lower slot edge aligns
with the lower silicon edge, i.e., d f = 0, the characteristic
impedance of the slot matches the best with that of the
silicon cuboid, leading to good impedance matching. When
the slot offsets are 0.1 and 0.2 mm, the center frequencies
are 60.24 and 62.55 GHz, so the center frequency offset can
be quantized as about 2.28 GHz per 0.1 mm.
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In a word, all the dimensions are selected to make the air
slot element outfitted with excellent matching condition in the
interested frequency region.

B. Eight-Way Unequal Power Divider

The feed network is illustrated in Fig. 5. As shown in
Fig. 5(a), the unequal power divider is symmetrical about
the B1 B2 line, and the output amplitudes present a taper that
are 0, −2.2, −7, and −10 dB, respectively, from center to both
ends, i.e., from port 5 to port 2 and from port 6 to port 9. The
divider consists of a cascading of four stages of the constituent
elements including: one equal and three kinds of unequal
T-junction dividers, and several right-angle bends with match-
ing posts. In Fig. 5(a), the bigger blue dotted ellipses denote
the T-junction dividers and the smaller blue dotted circles
denote the matching posts of the right-angle bends.

Fig. 5(b) describes the design procedure of the T-junction
divider, where the red vias indicate the adjusting elements.
The first step is “power split” (Step1), starting from an equal
T-junction divider, the required unequal power split can be
obtained by shifting the central post along x-axis. For example,
if the central post shifts to +x direction, i.e., the ai > 0,
then the left waveguide width is greater than that of the right,
so the characteristic impedance of the left waveguide is smaller
than that of the right. As a result, port 2 will get more power
than port 3, and the larger the ai , the greater the power ratio.
The second step is “phase compensation” (Step2), after the
desired power split is achieved, the phases of the two ports
are different. The input waveguide and the power-adjusting
post move along x-axis together to balance the output phases.
The third step is “impedance matching” (Step3), when the
required power ratio and equal phase are fulfilled, on one
hand, the orientations of port 2 and 3 should align with that
of port 1 in order to be cascaded with the next divider, so two
right-angle bends are added, as shown in the bottom figure of
Fig. 5(b). On the other hand, the impedance of port 1 may
be mismatched. To achieve good impedance matching, except
that the power-adjusting post shifts along the y-direction, two
corner posts that have the same relative position with their
respective corners are added and adjusted along both x- and
y-directions. When good impedance matching is satisfied,
the power ratio and phase relations may be deteriorated.
Then, repeating the three design steps again, and after a few
iterations, the desired power and phase relations together with
perfect matching condition can be obtained. Following the
design steps above and according to the antenna array layout,
produce the required T-junction dividers, and then cascade and
assemble them into what Fig. 5(a) shows. Detailed dimensions
are listed in Table II, where the letters with the subscript of
i correspond to the parameters in i th stage.

Simulated performance of the feed network is shown
in Fig. 6. Fig. 6(a) describes the magnitude E-field distribution
at 58 GHz. A clear power taper and obvious in-phase fields
of the eight output ports can be observed. Transmission and
reflection coefficients are given in Fig. 6(b), where only
the transmission coefficients of the left half are shown due
to symmetry. The −10 dB impedance bandwidth of power

TABLE III

MODIFICATIONS OF THE AIR SLOT ELEMENT DIMENSIONS (UNIT: mm)

Fig. 7. Geometry and dimensions of the GSG-to-SIW transition, and the
enlarged figure shows the front end of the GSG (unit: millimeter).

divider is from 56.47 to above 60 GHz, and the transmission
amplitudes among the bandwidth basically fulfill the required
taper. The transmission phases shown in Fig. 6(c) exhibit ideal
in-phase output relations. Thus, the feed network presents
good performance.

IV. SIMULATED ANTENNA PERFORMANCE

As shown in Fig. 1, the final realized array consists of
eight air-filled slots, a large air-filled SIW cavity, the eight
silicon cuboids, the feed network, and a GSG-to-SIW tran-
sition (see Fig. 7). When combining them together, three
parameters of the air slot element need to be modified for
good impedance matching and the modifications are listed
in Table III. Fig. 7 shows the geometry and dimensions of
the GSG-to-SIW transition. The dimensions of the GSG front
end, as marked in the enlarged figure, are determined by the
probe test platform, and the dimensions of the transition part
from the GSG to SIW are selected to achieve an ideal energy
transfer in the interested frequency band. The reason why
applying a GSG interface is to yield AiP solution, which
requires the integration of the antenna, ICs, and chips. The
connection between the GSG and ICs or chips is fulfilled using
the standard wire bonding or flip-chip attachment [26].

The simulated performance of the proposed array is shown
in Fig. 8. Fig. 8(a) gives the simulated magnitude of reflection
coefficient, which shows that the −10 dB impedance band-
width is 1 GHz from 57.47 to 58.47 GHz. The simulated
complex magnitude E-field distribution at 58 GHz of the slot
array is depicted in the inset of Fig. 8(c), which exhibits clear
tapered excitation amplitudes. The simulated H- and E-planes
radiation patterns are given in Fig. 8(b) and (c), respectively.
In the H-plane, the maximum gain is 12.49 dBi at broadside,
the SLL is 23.06 dB, and the 3-dB beamwidth is 13.8°. In the
E-plane, a flat pattern with an 8-dB beamwidth of 192.7° is
observed.

V. FABRICATION AND EXPERIMENTAL RESULTS

A. Silicon Micromachining

Fig. 9 shows the prototype of the low-SLL air-filled
slot array that was fabricated using silicon micromachining
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Fig. 8. Simulated performance of the proposed low-SLL air-filled slot array. (a) |S11|, (b) H- and (c) E-plane patterns at 58 GHz. The inset in (c) depicts
the complex magnitude E-field distribution of the slot array at 58 GHz.

technology. The whole antenna volume is comparable to a
Chinese dime. The silicon micromachining process includes
four steps. The first step is etching. All the structures including
slots, GSG window, GSG structure, power divider, silicon
cuboids, and air-filled SIW cavity were manufactured using
through-wafer etching process. The through-wafer etching that
was a kind of dry etching with sulfur hexafluoride gas can
produce nearly plumb sidewalls with an etching accuracy of
about ±4 μm. The second step is electrogilding. The metal-
lic objects including metallic surfaces and metallized holes
were genereated using electrogilding process that produces
3.5-μm-thick gold layers with a tolerance of ±0.5 μm.
The third step is optical alignment. With the help of a
bonding machine, the alignment crosses of the three layers
are completely overlapped. The alignment tolerance is better
than 50 μm. The last step is wafer bonding. The three aligned
layers are clamped with a special fixture and put into a vacuum
sintering furnace for baking under a controlled atmosphere for
about two hour. The clamp pressure and baking temperature
gradually increased to their peaks, i.e., about 8 kN force and
300 °C with a duration time of about ten minutes, and then
the press and temperature returned to zero force and room
temperature. In this way, the diffusion of the gold atoms
is accelerated. Finally, the adjacent gold-plated surfaces are
joined together.

B. Experimental Result

The reflection coefficient and radiation patterns were mea-
sured using a probe test platform, and the measurement setup
is the same as in [36, Fig. 15]. The measured results are
shown in Fig. 10. Fig. 10(a) shows the measured magnitude
of reflection coefficient. The −10 dB impedance bandwidth
is 1.27 GHz from 58.04 to 59.31 GHz, and the bandwidth
shifts upward about 700 MHz compared with the simulation.
This frequency deviation may be caused by alignment error.
Assuming that there is a 35-μm position offset between the
top and middle layers, that is, the top layer shifts 35 μm
toward +y direction, and the resulant antenna is called the
realistic model. Fig. 11 shows the side views of the ideal
model and realistic model. The simulated reflection coefficient
of the realistic model is also given in Fig. 10(a), as denoted by
the red line with circles. As seen, the measured result agrees

Fig. 9. Photograph of the fabricated prototype.

well with the revised simulation. In addition, as mentioned
in Fig. 4(e), the frequency shifts upward for 2.28 GHz per
0.1-mm slot offset, and the 700-MHz frequency shifts should
correspond to about 31-μm slot offset. Therefore, the revised
simulation conincides with the aforementioned quantitative
analysis. In addition, the 35-μm alignment error hardly affects
the radiation patterns and maximum gain.

The measured H- and E-planes radiation patterns at
58.5 GHz are shown in Fig. 10(b) and (c), respectively.
The patterns were measured only in upper half-space. In the
H-plane, the maximum gain is 11.95 dBi at broadside, the
SLL is 18.6 dB, and the 3-dB beamwidth is about 14°.
In the E-plane, a flat pattern with an 8-dB beamwidth of more
than 175° is obtained. Therefore, a high-performance low-SLL
array fabricated using silicon substrate is obtained.
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Fig. 10. Measured performance of the proposed low-SLL air-filled slot array. (a) Measured |S11| and simulated |S11| with a 35-μm alignment error between
the top and middle layers, (b) H- and (c) E-plane patterns at 58.5 GHz.

Fig. 11. (a) Ideal model and (b) realistic model of the proposed antenna
array. The realistic model that is caused by alignment error refers to that the
top layer shifts 35 μm 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
slot 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-
strate 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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