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Communication
Millimeter-Wave Planar Antenna Array Based on Modified Bulk

Silicon Micromachining Technology
Peiqin Liu , Yue Li , Shaodong Wang, and Zhijun Zhang

Abstract— In this communication, a planar antenna array is proposed
in millimeter-wave bands by using a modified bulk silicon micromachin-
ing technology. The proposed antenna array is designed and fabricated
based on air-filled microstrip line structures. By periodically blocking
the microstrip line, fringing electric fields along the microstrip lines are
excited in phase, which contributes to achieving high gain performance
with a relatively compact feeding structure. Moreover, the proposed
antenna array is designed and fabricated by a modified bulk silicon
micromachining technology. The process is quite suitable for designing
low loss antennas in millimeter-wave bands. In the process, the silicon
wafers are deeply etched and gold-plated. As a result, microstrip line
structures in the proposed antenna array are filled with air medium,
which mitigates dielectric loss and improves radiation efficiency. A pro-
totype of the proposed antenna array is fabricated and tested to verify
the design strategy. The dimension of the antenna array is 49.40 ×
20.00 × 0.75 mm3. The simulated −10 dB bandwidth is 58.8–59.7 GHz
and the measured bandwidth is 58.8–59.5 GHz. In the operating band,
the maximum simulated gain of the proposed antenna is 19.8 dBi and the
minimum simulated gain is 18.3 dBi. The measurement results illustrate
that the maximum gain of the proposed antenna array is 18.8 dBi and
the minimum gain is 17.0 dBi.

Index Terms— Millimeter-wave, modified bulk silicon micromachining
technology, planar antenna array.

I. INTRODUCTION

In modern wireless communication systems, planar antenna arrays
are important due to the merits of low profile and low fabrication
complexity [1]. A good candidate for designing a planar antenna array
is the microstrip antenna array fabricated by the print circuit broad
(PCB) process. In the past decades, researchers have proposed several
methods to design planar microstrip antenna arrays, such as patch
array [2]–[6] and slot array [7]. In these arrays, antenna elements
are excited by a power divider network. Owing to a large number of
antenna elements, the feeding network is relatively large and complex.
To simplify the feeding network, a planar antenna array based on a
series-fed transmission line is proposed to design a planar antenna
array with a compact feeding network [8]–[15].

When operating frequency increases to millimeter-wave bands, the
planar antenna array is still significant because the electromagnetic
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wave has relatively high attenuation in the atmosphere. As a result,
researchers utilize high gain planar antenna array to compensate for
the transmission loss [16]. SIW based on the PCB process is a
widely used method to design planar array in millimeter-wave appli-
cations [17]–[19]. SIW, also called a post-wall waveguide, consists
of two rows of metalized via-holes in a substrate, which can realize
a waveguide transmission line or a cavity structure [19]. Because
of the advantages of low fabrication cost and planar structure, SIW
is an excellent candidate in millimeter-wave antenna and circuit
design [20], [21].

Low-temperature cofired ceramic (LTCC) is another popular tech-
nique in millimeter-wave antenna design due to the merits of multi-
layer configuration and low fabrication tolerance [22]. As a multilayer
fabrication process, LTCC technology can laminate ceramic substrate
with passive electronic components. Compared with the PCB process,
it is easier to realize blind vias and across-layer connections with
the LTCC process [23]. Numerous researches are published in
the past years to design LTCC antenna array in millimeter-wave
bands [23]–[25].

However, the above-mentioned planar antenna arrays are proposed
based on dielectric substrates. As operating frequency increases
to millimeter-wave bands, the dielectric loss also increases, which
affects the radiation efficiency of antenna array [26]. An effective
method to reduce dielectric loss is introducing the air medium
in antenna array design [25]. Some researchers utilize hollow
horn [27], [28] and waveguide [29]–[31] to design millimeter-
wave antennas. All-metal patch array [32] and metal-only metasur-
face [33]–[35] are also excellent candidates for antenna array design
in millimeter-wave bands.

Recently, a modified bulk silicon micromachining process is pro-
posed to design antenna arrays with an air-filled structure [36]–[39].
The silicon micromachining process is a significant technology in
the integrated circuit (IC) industry [40]. In the conventional bulk
silicon micromachining process, some portions of silicon wafers are
selectively removed for the performance-enhancement purpose [41].
However, the performance of these antennas is still limited by the
existence of the remaining silicon substrate [40]. In the modified
bulk silicon micromachining technology, silicon wafers are processed
by through-wafer etching and gold-plating technique. Therefore,
an antenna can be designed based on purely air-filled structures
and achieve high radiation efficiency [38], [40]. Compared with
hollow waveguide, the modified bulk silicon micromachining process
is silicon compatible. As a result, the antenna can be integrated
with ICs, which is quite suitable for antenna-in-package (AiP)
applications [42], [43].

In this communication, a millimeter-wave planar antenna array
is proposed based on the modified bulk silicon micromachining
process. In previous researches, antenna arrays with the silicon
micromachining process are good candidates for high radiation
efficiency applications. However, these antennas are not suitable for
realizing a high gain in the broadside direction. For example, antennas
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Fig. 1. Configuration of the proposed planar antenna array.

in [37] and [38] are proposed by using leaky-wave antennas. As a
result, their radiation patterns tilt away from the desired broadside
direction. In [42], a slot array is proposed to realize a low-sidelobe
radiation pattern in the broadside direction. A large silicon-filled
power divider is utilized in this array, which affects radiation effi-
ciency in millimeter-wave bands. In this communication, air-filled
microstrip line structures are utilized as a series-fed transmission
line to excite a planar antenna array. All of the radiation elements
are excited in phase, which makes the radiation pattern points in
the desired broadside direction. Analyses and results show that the
proposed antenna array has a compact air-filled structure and it is
suitable for high-gain antenna array design in millimeter-wave bands.

It should be noted that using microstrip line structures as radiating
elements has been proposed in the previous publication of our
research group [13]. The antenna array in [13] is designed and
fabricated based on a dielectric substrate with the PCB process. In this
communication, the medium of the microstrip line structure is air and
the fabrication process is a modified bulk silicon micromachining
technique. The process is silicon compatible and it is quite suitable
for designing antenna with air-filled structures. The feeding structure
is also a significant difference between the two antenna arrays.
In [13], the antenna array is excited by a SIW-based high-order cavity
structure, which cannot be utilized in the proposed planar antenna
array. Therefore, a four-way power divider circuit is proposed in
this communication. The power divider generates differential mode
signals, which provides virtual shorting boundary conditions and
makes the proposed antenna array a compact structure. Moreover,
analyses for reducing sidelobe levels (SLLs) are proposed in this
communication. The results show that symmetrically adding blocking
stubs can improve SLLs of the proposed antenna array. A prototype
of the proposed planar antenna array is fabricated and measured to
verify the design strategy in millimeter-wave bands. The measured
results show that the proposed antenna has a relatively high gain in
the broadside direction. At 59 GHz, the simulated gain is 19.6 dBi
and the measured gain is 18.8 dBi.

II. ANTENNA DESIGN

The configuration of the proposed antenna array is depicted
in Fig. 1. The exploded view shows that the proposed array consists
of three silicon layers. The silicon substrate here is the single-crystal
silicon (εr = 11.9), and the thickness of each layer is 0.25 mm. In the
top layer, the silicon substrate is deeply etched and gold-plated to
form the radiating aperture. In the middle layer, there is an air layer,
which operates as a dielectric medium of the proposed planar antenna

Fig. 2. Geometry of the proposed planar antenna array. (a) Operating
principle of the proposed antenna array. (b) First layer. (c) Second layer.
Detailed dimensions: L1 = 24.7 mm, L2 = 1.0 mm, L3 = 0.8 mm,
W1 = 15.2 mm, W2 = 2.8 mm, W3 = 1.4 mm, p1 = 5.4 mm,
p2 = 3.8 mm.

array. A four-way power divider circuit is utilized in the middle
layer to excite the antenna. The bottom layer is a gold-plated silicon
substrate, which operates as the ground plane. Finally, the three layers
are bonded together to form the proposed planar antenna array with
an air-filled structure.

A. Antenna Geometry

The proposed antenna array is designed based on microstrip line
structures. Electric fields on one side of the microstrip line are
out-of-phase with the electric fields on the other side. As a result,
the electromagnetic wave propagates along the microstrip line and
cannot effectively radiate. To make the microstrip line radiate, several
blocking structures are utilized to suppress the reversed electric
fields. The blocking structure is a stub with a shorting end to
the ground. By periodically adding the blocking structures, all of
the reversed electric fields are suppressed and the remaining fields
are in-phase electric fields. By using this method, a microstrip
line with the blocking structures can effectively radiate and the
radiation direction is the broadside direction [13]. Fig. 2(a) presents
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Fig. 3. Simulated gain of the proposed antenna array with different values
of (a) p1 and (b) p2.

how to combine microstrip line structures to form a 2-D planar
antenna array. As shown in Fig. 2(a), there are four microstrip lines
with blocking structures. Due to the mirror symmetry relationship,
the blocking stubs of the two microstrip line structures match with
each other. In order to maintain the in-phase electric field distribution,
the two microstrip line structures are excited with differential mode
signals. As a result, the fringing electric fields are in-phase. It is
obvious that the two microstrip line structures could share the vias
in the interconnecting plane. Considering that the differential mode
signals intrinsically make a virtual shorting boundary condition in the
interconnecting plane, the vias in the interconnecting plane can be
omitted, which makes the structure of the radiating aperture simple
and compact. It is worth mentioning that this method is scalable.
In practical applications, one can also use 8 or 16 microstrip line
structures to design a planar antenna array with a higher gain.
Fig. 2(b) and (c) depicts the top layer and middle layer of the
proposed antenna array with detailed dimensions. The top layer is the
radiating aperture of the proposed antenna array. The middle layer
consists of an air-filled layer and a four-way power divider circuit.
The air-filled layer operates as the air medium in the microstrip line
structure. The power divider circuit generates four-way differential
mode signals to excite the proposed antenna array. The bottom layer
of the proposed antenna array is a simple metal structure and operates
as the ground plane of the proposed array. Therefore, the bottom layer
is omitted in Fig. 2 for simplicity.

In the design of the proposed antenna array, the periodicity of
geometry is very important. Fig. 3 shows the parameter study for the
effect of parameters p1 and p2. According to Fig. 2(b), parameter
p1 denotes the periodicity of the blocking stubs and p2 denotes the
periodicity between the microstrip lines. Based on the analyses in

Fig. 4. Parameter study to show the effect of the stubs. (a) Geometry of the
stub. Detailed dimensions: b1 = 0.8 mm, b2 = 1 mm. (b) Simulated |S11|
with different values of b1.

Section II, the blocking stubs should locate at the position of the
reversed fringing electric fields. Fig. 3(a) shows when the value of
parameter p1 is 5.4 mm, the proposed antenna array achieves the
maximum gain; when the value of p1 changes, the gain deteriorates.
Fig. 3(b) shows the value of parameter p2 also has effects on the
gain of the proposed antenna array. As p2 increases from 3.4 to
4.2 mm, the maximum gain of the proposed antenna array shifts
from 59 to 55 GHz.

B. Analyses of Feeding Structure

Because the planar antenna array is filled with air medium and the
power divider is filled with silicon, there is a difference between their
impedance, which causes mismatch problems. As shown in Fig. 4(a),
several feeding stubs are cascaded to the power divider to solve
the mismatch issue. Fig. 4(b) illustrates the simulated results |S11|
with different values of parameter b1. The parameter b1 denotes the
length of the feeding stub. When b1 is 0 mm, the antenna array
is excited without the feeding stubs and the reflection coefficient
is higher than −5 dB in the desired frequency band. As the value
of b1 increases, the reflection coefficient decreases. When b1 is
0.8 mm, the −10 dB impedance bandwidth of the proposed antenna
array is 58.0–59.7 GHz. When b1 further increases to 1.2 mm, the
operating frequency band shifts to higher frequency but the bandwidth
decreases. Therefore, the value of b1 is determined as 0.8 mm.

Besides the feeding stub, a transition structure is also necessary to
excite the proposed antenna array. In the above-mentioned analyses,
the antenna array is excited by a wave port. In practical measurement,
the antenna array, which is fabricated by the modified bulk silicon
micromachining process, should be excited by ground-signal-ground
(GSG) probe station or WR-15 hollow waveguide [27]. As shown
in Fig. 5(a), a transition structure is introduced in the middle layer
to excite the proposed antenna array. The transition structure consists
of an air-filled layer and a wedge-shaped structure, which can couple
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Fig. 5. Proposed antenna array with a transition structure for WR-15
waveguide. (a) Simulated model. (b) Electric field distribution in the radiation
aperture of the proposed antenna array at 59 GHz.

electromagnetic waves from WR-15 waveguide to the four-way
power divider circuit. Detailed geometry and design of the transition
structure can be found in [27]. Therefore, they are not presented here
for simplicity. Fig. 5(b) shows the electric field distribution in the
radiation aperture of the proposed antenna array. One can observe
that the electric fields are in phase, which verifies the transmission
structure can excite the proposed antenna array.

C. Analyses of SLL

In antenna array applications, low SLL is an important research
topic. In previous works, antenna arrays using microstrip line
structures are proposed without considering SLL [13] [15].
According to antenna array theory, SLL is determined by amplitude
distribution [42]. To reduce SLL in the proposed antenna array,
a tapered amplitude is necessary. Therefore, four blocking stubs,
shown in Fig. 6(a), are symmetrically introduced to suppress the
electric fields on both sides of the proposed antenna array. Fig. 6(b)
depicts radiation patterns of the original design and the modified
design. One can observe that both of the patterns point in the desired
broadside direction. SLL in the original design is 11.3 dB. In the
radiation pattern of the modified design, SLL is improved to 14.5 dB.
It should be noted that in the pattern of the modified design, the first
SLL is suppressed well. However, the second SLL increases, which is
the main limit for further reducing SLL. This deterioration is caused
due to the nonideal amplitude distribution. The main purpose of this
work is to realize a high-gain antenna array with the modified bulk
silicon micromachining process. Both the original and the modified
designs are acceptable for practical applications. And our research
group would like to solve the second SLL issue in future researches.

III. EXPERIMENT RESULTS

A prototype of the proposed planar antenna array is fabricated with
the modified bulk silicon micromachining process to verify the design
strategy. Fig. 7 shows the photograph of the proposed antenna array.
Three layers of silicon wafers are processed by through-etching, gold-
plating, and bonding techniques to fabricate the antenna array. The
dimension of the antenna array is 49.40 × 20.00 × 0.75 mm3.

Fig. 6. Low SLL design. (a) Configuration of the modified antenna array
for low SLL (t = 2.6 mm). (b) Radiation patterns in the yoz plane.

Fig. 7. Photograph of the proposed antenna array.

Fig. 8. Simulated and measured reflection coefficients of the proposed
antenna array fed by WR-15 waveguide.

Fig. 8 shows the simulated and measured reflection coefficients
of the proposed antenna array. The measured results match well
with simulation. The simulated −10 dB bandwidth is 58.8–59.7 GHz

Authorized licensed use limited to: Tsinghua University. Downloaded on December 15,2020 at 00:16:07 UTC from IEEE Xplore.  Restrictions apply. 



7680 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 68, NO. 11, NOVEMBER 2020

Fig. 9. Normalized radiation patterns of the proposed antenna array at
59 GHz. (a) H-plane (yoz) pattern. (b) E-plane (xoz) pattern.

Fig. 10. Simulated and measured gain of the proposed antenna array fed by
WR-15 waveguide.

and the measured bandwidth is 58.8–59.5 GHz. Fig. 9 depicts the
simulated and measured results of normalized radiation patterns at
59 GHz. Fig. 9(a) shows the results of the H-plane pattern and
Fig. 9(b) shows the results of the E-plane pattern. Because the electric
fields in the radiating aperture are excited in phase, the proposed
antenna array radiates in the broadside direction and achieves a
relatively high gain. At 59 GHz, the maximum simulated gain is
19.6 dBi and the maximum measured gain is 18.8 dBi. As shown
in Fig. 9(a), the simulated cross-polarization level is less than −35 dB
and the measured cross-polarization level is less than −20 dB.
As shown in Fig. 9(b), the simulated cross-polarization level is less
than −30 dB and the measured cross-polarization level is less than
−18 dB. Due to the limitation of measurement devices, the measured
patterns are only obtained in the upper half-space. The discrepancy
between simulated and measured results is caused by the alignment
and measurement tolerance.

The simulated and measured peak gain results of the proposed
antenna array are depicted in Fig. 10. In the operating band from
58.8 to 59.7 GHz, the maximum simulated gain is 19.8 dBi at
58.8 GHz and the minimum simulated gain is 18.3 dBi at 59.7 GHz.
Due to measurement tolerance, the measured results are slightly lower
than the simulated gain. The maximum measured gain is 19.3 dBi at
58.8 GHz and the minimum measured gain is 17.0 dBi at 59.7 GHz.

IV. CONCLUSION

In this communication, a planar antenna array is proposed in
millimeter-wave bands. The proposed antenna array is designed
and fabricated by using the modified bulk silicon micromachining
process. Based on the process, three silicon layers are processed by
through-etching, gold-plating, and bonding techniques to fabricate the
proposed antenna array with air medium. Microstrip line structures
with blocking stubs are the main radiating aperture in the proposed
planar antenna array. A four-wave power divide circuit is utilized
to excite the microstrip line structures with differential mode signals.
The proposed array has a compact structure and the air-filled structure
is suitable for solving the dielectric loss issue in millimeter-wave
bands. A prototype of the proposed antenna array is fabricated and
tested. The measured results show that the measured gain of the pro-
posed antenna array is 18.8 dBi at 59 GHz. Owing to the merits of the
modified bulk silicon micromachining process, the proposed antenna
array has potential in millimeter-wave IC and AiP applications.
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