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Abstract— A planar air-filled terahertz antenna array based
on channelized coplanar waveguide (CCPW) is proposed and
fabricated using silicon bulk micromachining technology. Planar
air-filled four-unit array composed of two silicon layers is verified
at 300 GHz. Periodical field blocking stubs are loaded in the gaps
of the CCPW alternatively to break the fringing field symmetry,
generating an in-phase radiating aperture. The fabrication tech-
nology has two features: first, the silicon dielectrics are completely
plated with gold, generating a purely air-filled antenna with
high performance and second, the hierarchical micromachining
method enables a single silicon layer to be divided into two sub-
layers, resulting in reduced antenna layers. The numerical result
shows a simulated −10 dB impedance bandwidth of 71.1 GHz
(25.95%, 238.4–309.5 GHz) and stable fan-shaped beams with
broadside gains and radiation efficiencies higher than 10.6 dBi
and 87.9%, respectively. Experiment of the fabricated prototype
exhibits a bandwidth that totally covers the simulation and stable
beams with broadside gains higher than 8.6 dBi. To the best of
author’s knowledge, this is the first time that a planar air-filled
terahertz antenna array is proposed. Moreover, confirmation of
the strategy demonstrates the antenna’s distinguished suitability
to realize antenna-in-package solution.

Index Terms— Antenna-in-package (AiP), channelized copla-
nar waveguide (CCPW), dry etching, gold plating, hierarchical
micromachining, terahertz antennas, wet etching.

I. INTRODUCTION

TERAHERTZ technology, as a new frontier of electro-
magnetism, has experienced rapid growth [1]. Terahertz

brings great opportunities for many industries, such as ultra-
broadband wireless communications [2], detection of weapons
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and contraband [3], disease diagnostics [4], and especially
high-resolution imaging owing to its unique spectral char-
acteristic for different material discriminations [5]. Anten-
nas play a critical rule for wireless systems, and terahertz
antennas have been experiencing their growing period [6]–[9],
[17]–[32], [34]–[36]. For fabricating antennas with extremely
small physical volume, the challenge is to find high-precision
and low-cost manufacturing processes.

Authors broadly divide the common terahertz manufac-
turing processes into two types, i.e., the LTCC and silicon
technologies. LTCC, as the mainstream multilayer packaging
technology, can integrate planar antennas, passive components,
and monolithic microwave integrated circuit (IC) into a single
package [6]. Substrate integrated waveguide slot array at
140 GHz [7], radial line slot array and cavity-backed Fresnel
zone plate lens at 270 GHz [8], and step-profiled corrugated
horn at 300 GHz [6] have been made out using the LTCC
process. However, the shrinkage problem may increase the
tolerance [9], and the most of the LTCC-based antennas were
focused on 60 GHz band [10]. Silicon is superior to the other
semiconductor materials, such as GaAs, GaP, and InP, owing
to the readily available and cheap raw materials. Besides,
silicon-based materials are suitable for bonding. However,
as for other materials, the high temperature and high pressure
may damage the atomic structures, so they cannot be bonded.
As for manufacturing antennas, silicon is the best choice. Sil-
icon bulk micromachining technology shares the same abun-
dant fabrication processes with the IC processing technology,
including lithography, various etching, photoresist, chemical
deposition, sputtering, and plating processes [11]–[16]. Plenty
of terahertz antennas have been realized using silicon bulk
micromachining, such as silicon lens [17]–[19], dielectric rod
waveguide antennas (GaAs wafer is used here) [20], [21],
silicon-on-glass-tapered antennas [22], [23], stacked dielec-
tric resonator meander slot [24], antipodal curvedly tapered
slot [25], horns [26]–[29], and other basic antenna types, such
as monopole, patch, loop, slot, and Yagi [30]–[32].

Dielectric loss becomes a severe problem especially for
frequency so high at terahertz band. Antennas with air medium
yield good performance. Several kinds of low-loss dielec-
tric waveguide at terahertz band were introduced in [33].
NASA’s jet propulsion laboratory has done extensive research
on various purely air-filled submillimeter-wave electronic
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components using silicon micromachining technology, such as
rectangular waveguide, filter, hybrid coupler, frequency tripler,
amplifier, and mixer [34]–[39]. In all those designs, signals are
propagating only in air channels, which significantly reduce
dielectric loss. In [35], a circuit of micromachined silicon
is sandwiched between two metal cavities to form a horn
antenna. This paper’s authors have previously explored the
micromachined silicon process in millimeter-wave antenna
designs. Chang et al. [40]–[42] have addressed the issue of
fabricating purely air-filled antenna with high-permittivity sil-
icon substrate at 60 GHz for the first time. In this paper, for the
first time, a planar air-filled terahertz antenna array has been
proposed and fabricated using the silicon bulk micromachining
technology. Radiation of the proposed antenna is inspired
by breaking the fringing field symmetry of the channelized
coplanar waveguide (CCPW), and for implementation, a series
of field blocking stubs are loaded in the gaps of the CCPW
alternatively. Benefiting from the wet etching process, a single
silicon layer can be divided into two sublayers for hierarchical
manipulation: after wet etching is adopted to process one of
the sublayers, the other can be disposed freely using either
wet or dry etching. On the other hand, using a combination
of wet etching, dry etching, and gold plating processes, all
the surfaces of the silicon dielectrics are fully metallized,
so the electromagnetic (EM) wave cannot touch any silicon
dielectrics, forming a purely air-filled antenna.

The antenna consists of two silicon layers and each layer
is micromachined hierarchically. The top layer contains a
radiating window and four radiating slots that are fabricated
using wet and dry etching, respectively, while the bottom
layer contains an air space and a coupling slot that are
both fabricated using wet etching. Finally, the two layers
are assembled as a whole using the optical alignment and
wafer bonding processes. Compared with our previous design,
the silicon substrate used is reduced by one layer [40]. The
antenna is center-fed using the standard 300 GHz WR-3
waveguide whose center aligns with that of the coupling slot,
and an additional copper spacer acts as a bridge connecting
the proposed antenna and feeding waveguide. The planar air-
filled terahertz array exhibits high performance: the simulated
bandwidth is 71.1 GHz (25.95%, 238.4–309.5 GHz), while the
measured one is higher than 117.7 GHz (>25.95%, 222.3 to
>340 GHz); the simulated patterns are fairly stable across
the band with the broadside gains and radiation efficiencies
ranging from 10.6 to 13.8 dBi and 87.9%–97.8%, respectively.
The measured patterns and gains roughly agree with the
simulation.

Moreover, the silicon semiconductor that is compatible with
IC, in addition to the small footprint of the terahertz antenna,
facilitate to antenna-in-package (AiP) solution [43]. AiP that
can provide highly integration and packaging degree is the new
trend of antenna design. The validity of the design strategy
provides the possibility to realize the AiP solutions [42].

II. RADIATION PRINCIPLE

Schematic of the radiating principle based on air-filled
CCPW (ACCPW) is illustrated in Fig. 1 [44], where the

Fig. 1. Schematic of the radiation principle based on ACCPW. (The right
column: layered models). (a) Sketch of the vector fringing E-field distribution.
(b) By alternatively loading periodical blocking stubs, open cavity cascaded
array is constructed, forming an in-phase radiating aperture.

left column shows the vector fringing E-fields and the right
column shows the layered models. The red arrow lines denote
the fields along the +y-direction, while the blue arrow lines
denote the −y-direction. Fig. 1(a) depicts the fringing E-fields
of the two end-shorted ACCPW: the fields on one side of the
center conductor are phase-reversed with their counterparts on
the other side, and the standing wave is resonant underneath.
The field strength presents a sinusoidal period manner, and
stationary nulls and maximums can be observed. To convert
the resonant mode to the radiating mode, the symmetrical field
distribution needs to be broken in some way. As illustrated
in Fig. 1(b), by loading a series of field blocking stubs,
i.e., metallic cuboids, alternatively and periodically around the
maximums of these blue E-fields in the two gaps, the blue
fields are suppressed, while the red fields with the same phase
are left within these naturally generated slots, forming effective
radiation at broadside. It is worth noting that the two edge
stubs are slightly bigger than the others. In physics, for each
unit, it is in fact that a T-shaped open cavity radiates from
its open side; for the whole array, it is in fact that a series
of T-shaped open cavity is cascaded alternatively and periodi-
cally, forming an in-phase radiating aperture. Therefore, these
blocking stubs convert the ACCPW into an antenna array. It is
important that each blocking stub does not necessarily cover
the whole area of the half-period field, as long as it is located
around the stationary maximum point. Moreover, the proposed
antenna has scalability along one direction.

III. PLANAR AIR-FILLED TERAHERTZ ANTENNA ARRAY

A. Antenna Configuration

To prove the operating principle, a planar air-filled four-
unit terahertz array is taken as an example and analyzed.
Configuration of the proposed terahertz array is illustrated
in Fig. 2, where (a) shows the perspective view, (b) shows
the top view, (c) shows the exploded view of the antenna,
(d) depicts the top view of each sublayer, and (e) displays the
plane views of the three view angles in (c). The substrate used
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Fig. 2. Configuration of the proposed planar air-filled terahertz antenna array. (a) Perspective view. (b) Top view. (c) Exploded view of the antenna. (d) Top
view of each sublayer for dimensions illustration. (e) Plane views of the three view angles in (c).

here is the single-crystal silicon with a thickness of 0.25 mm.
The proposed antenna consists of two silicon layers and
each layer can be divided into two sublayers for hierarchical
fabrication. For the first layer, the upper sublayer with a
thickness of 0.14 mm contains a radiating window, and the
lower sublayer with a thickness of 0.11 mm contains four
radiating slots; for the second layer, the upper sublayer with
a thickness of 0.13 mm contains an air space, and the lower
sublayer with the thickness of 0.12 mm contains a coupling
slot. Among them, the radiating window, air space, and
coupling slot are fabricated using wet etching and gold plating
processes. The wet etching used is anisotropic etching which
produces concave cavities with 54.7° sidewalls as shown
in Fig. 2(c) and (e). The four radiating slots are manufactured
using dry etching and gold plating processes. The dry etching
produces nearly plumbed sidewalls. Alignment relations of the
four structures are illustrated in Fig. 2(b): all the structures
align with the same body center, and the upper opening of
the air space is the smallest rectangular surrounding the four
slots. In simulation, the antenna is fed in the center using
the 300 GHz WR-3 interface with dimensions of 0.864 ×
0.432 mm2 whose center aligns with that of the coupling slot.

Dimensions of the antenna are illustrated in Fig. 2(d). The
dimension of the radiating window can be set freely as long
as it can accommodate the four slots, and its upper opening
has dimensions of 3 × 1.5 mm2. The width of the center
conductor is 0.3 mm, and the two center stubs are both 0.2 mm
in length. The four slots share the same dimensions of 0.8 ×
0.3 mm2, and the slot spacing is 0.5 mm, i.e., half free-space
wavelength at 300 GHz. The upper opening of the air space
and coupling slot have the dimensions of 2.3 × 0.9 mm2 and
0.25 × 0.8 mm2, respectively. It is worth mentioning that the

TABLE I

DETAILED DIMENSIONS OF THE PROPOSED ANTENNA (UNIT: mm)

antenna draw here is just the main body of the final realized
full-scale antenna, which has extended areas containing eight
holes reversed for locating pins and screws. All the dimensions
are listed in Table I as well. The numerical results are obtained
using the commercial software of high-frequency structure
simulator (version 14) based on the finite-element method.

B. Field Distributions

The magnitudes of the E-fields in the upper surface of the air
space at 250, 275, 300, and 325 GHz are presented in Fig. 3(a).
As seen, field modes at the four frequencies are similar, four
half-period waves are distributed averagely and the electric
maximum locates at the center of each slot. Fig. 3(b) shows
the vector E-field distribution at the radiating surface. As seen,
the vector E-fields within the four slots are all along the
same direction, forming an in-phase radiating aperture in a
wideband.

C. Critical Parameter: Stub Length

The length of the blocking stub is a critical parameter influ-
encing the impedance bandwidth. The impedance trajectories
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Fig. 3. (a) Magnitudes. (b) Vector E-field distributions at 250, 275, 300, and
325 GHz.

Fig. 4. Simulated impedance trajectories of different stub lengths.

on Smith chart within the frequency region 220–340 GHz
under the stub lengths of 0.2, 0.4, and 0.6 mm are shown
in Fig. 4. With the stub length decreasing, the impedance
trajectory shrinks, indicating an enhanced bandwidth. This is
caused by that the decreased stub length leads to an enlarged
radiating aperture, making the antenna structure more open,
resulting in a lower Q-factor. Here, a stub length of 0.2
mm, i.e., a slot length of 0.8 mm, is selected. Other antenna
dimensions have been optimized to achieve the best antenna
performance as well.

IV. HIERARCHICAL SILICON BULK MICROMACHINING

The fabrication processes used here include wet and dry
etching and gold plating of the silicon bulk micromachining
technology. The wet etching used here is anisotropic etching,
based on that, the etching rates for different crystal’s orien-
tations are different, generating a concave cavity with four
54.7° slopes [45]. By controlling the etching time according to
the etching speed and desired structure depth, the anisotropic
wet etching that is fulfilled using the liquid of tetramethyl
ammonium hydroxide ensures an etching precision of about
30 µm. The dry etching used here is through-wafer etching
using sulfur hexafluoride gas that yields nearly plumb side-
walls with an etching precision as high as 4 µm.

The wet etching drives a single silicon layer to be divided
into two sublayers for hierarchical micromachining. For the
first layer, the radiating window was first made out using wet
etching from the top, and then the four slots were produced
using dry etching from the bottom. For the second layer,
the air space and coupling slot were both processed out
using wet etching from the top and bottom, respectively.
The fabrication sequence of the two first sublayers matters,
i.e., the wet etching (radiating window) goes first and then
the dry etching (four slots), nevertheless, for the second two
sublayers using both wet etching, the sequence does not matter.
Through the parameter analysis, it is found that as long as
the thickness of the radiating slots is less than 0.14 mm
and the air space layer lies in 0.11–0.14 mm, the bandwidth
achieves a good level and is rather robust to the fabrication
tolerance. It is worth mentioning that the necessary condition
for implementing hierarchical micromachining is that the wet
etching process must be first used to manipulate one of
the sublayers, and then the other can be disposed freely
using any etching methods. Attributing to the hierarchical
micromachining approach, to construct the proposed antenna,
the required silicon substrate layers decrease by one compared
to our previous design in [40]. When the four structures were
made out, eight holes reserved for location pins and screws
were fabricated using through-wafer dry etching.

After the etching processes were accomplished, all the faces
and sidewalls of the two layers were electroplated with a
3.5 µm-thick gold layer with a tolerance of 0.5 µm. As a
result, all the silicon substrates were covered by gold, gener-
ating a purely air-filled antenna without any silicon exposed
outside, with the merit of low loss and high efficiency.

Finally, the two layers are assembled into a whole using the
optical alignment and wafer bonding processes. The alignment
process is accomplished using the optical alignment technol-
ogy: with the help of a bonding machine; the two layers are
aligned using a vision optical system and the alignment crosses
of the two silicon layers. The alignment tolerance is better
than 5 µm. The wafer bonding process is fulfilled as follows:
clamp the two aligned layers with a special fixture and put
them into the vacuum sintering furnace for baking under a
controlled atmosphere for about 1 h. The clamp pressure and
baking temperature gradually rise to their peaks, i.e., about
5 kN force and 350 °C with a duration time of about 10 min,
and then the press and temperature return to zero force and
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Fig. 5. (a) Fabricated prototypes of the proposed terahertz array and the copper spacer. (b) and (c) SEM photographs showing the top and side views.

room temperature. Finally, the adjacent gold-plated surfaces
are melted and joined together.

V. EXPERIMENTAL RESULT

The fabricated prototype is shown in Fig. 5(a), which shows
the top and bottom views of the bonded antenna and the top
view of a 2 mm-thick copper spacer. The two silicon layers
and the copper spacer both have a square shape with side
lengths of 20 and 35 mm, respectively. The copper spacer
with a standard WR-3 waveguide inside has two functions:
protecting the fragile silicon wafers and connecting the feed-
ing waveguide and the proposed terahertz antenna. Finally,
the proposed antenna, copper spacer, and a 300 GHz WR-3
waveguide are aligned and assembled together through the
two location pins of the feeding waveguide and four extra
screws. The SEM photographs and the realized dimensions are
also shown. Fig. 5(b) shows the top view and the measured
dimensions of the radiating slot. The measured length and
width are, respectively, 798 and 298 µm, which are so close
to the design values of 800 and 300 µm. This demonstrates
that the precision of the dry etching is within 4 µm. Mean-
while, the edges of these structures are perfectly straight.
Fig. 5(c) shows the side view (cutoff along one slot in yz
plane, see Fig. 5(b)) and the measured depths of the three
etched sublayers. It is worth noting that the bulges and burrs
are caused by incision. The measured depths of the three
sublayers are, respectively, 135, 129, and 107 µm, which are
also so close to the design values of 140, 110, and 130 µm.
This demonstrates that the precision of the wet etching is
within 30 µm. Clear tilted slopes caused by wet etching and
nearly plumbed sidewalls caused by dry etching are observed,
and the surface roughness looks smooth.

Reflection coefficient, gains, and radiation patterns were
measured using a N5244A vector network analyzer and two
frequency extenders with type WHMB-03-0002 FTL 10626.
During the test, the source power was set to 0 dBm.

The simulated and measured magnitudes of the reflection
coefficients are shown in Fig. 6(a), and they are in good

Fig. 6. (a) Simulated and measured |S11|. (b) Simulated and measured
broadside gains and simulated radiation efficiencies.

agreement. Restricted by the frequency extender, the available
upper frequency limit is 340 GHz. The simulated bandwidth
is 71.1 GHz from 238.4 to 309.5 GHz (25.95%), while the
measured bandwidth is higher than 117.7 GHz from 222.3 to
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Fig. 7. Simulated normalized co-polarized and cross-polarized and measured co-polarized patterns in the two principal planes at 250, 275, 300, and 325 GHz.

Fig. 8. Measurement setup.

above 340 GHz (>41.86%). The measured return loss and
bandwidth are better than simulation because of the losses
of the frequency extender and the transmission waveguide.
A connection waveguide (as shown in Fig. 8 in this paper)
is used to connect the frequency extender and the proposed
antenna. The ripples in the measured |S11| are caused by the
mismatches on the two ends of the connection waveguide.

The simulated broadside gains and radiation efficiencies are
given in Fig. 6(b), exhibiting a high radiation performance:
the gains and efficiencies are higher than 10.6 dBi and 87.9%,
respectively, across the band. The measured broadside gains

are also given. An average gain drop of 1.5 dB and the fluc-
tuation are mainly because the receiving and gain calibration
antennas are both electrically large WR-3 open waveguide that
have a low-gain radiation pattern with many ripples.

The measured and simulated normalized radiation patterns
in the two principal planes at 250, 275, 300, and 325 GHz
are plotted in Fig. 7. The measured result only gives the co-
polarized patterns in the upper half-space. As seen, stable
simulated fan-shaped beams of good quality are observed
across the frequency band. The measured patterns roughly
agree with the simulated result in a certain degree. The
discrepancies existing in the gains and patterns come from
the test errors which are detailed as follows.

Fig. 8 shows the measurement setup. The proposed terahertz
array acted as the transmitting antenna, and the standard
WR-3 open waveguide acted as the receiving antenna and gain
calibration antenna simultaneously. The distance between the
antenna under test (AUT) and the receiver was 12 mm. A piece
of wave absorber was placed underneath to create a stable test
environment. The AUT was rotated manually with the help of
a printed goniometer with a sampling interval angle of 10°,
and only the radiation in upper half-space was measured. The
test errors may include three aspects. First, the test environ-
ment was limited and unstable. The nearby EM environment
was not friendly: the chassis on which the test system is
located and the surfaces of the frequency extenders are both
metallic boundaries, and the absorption rate of the available
wave absorber at terahertz band is rather limited because
the nominal upper frequency limit is only 40 GHz. Thus,
these metallic surfaces may reflect and scatter the EM waves,
deteriorating the measured result. On the other hand, several
bulk and heavy equipment have occupied most of the space
near the vector network analyzer, so the confined space limited
accurate manual measurement, leading to increased test errors.
Second, limited by the hardware equipment, the receiving
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and calibration antennas used were the same WR-3 open
waveguide. However, the open waveguide with dimensions
of 0.864 × 0.432 mm2 is fairly small compared with its flange
with a diameter of 19 mm so the edge diffraction effect will
produce lots of ripples in the radiation pattern. In addition to
the abovementioned unstable test environment, the measured
transmission coefficients were unsteady. This is the primary
reason of the ups and downs in the measured gain curve and
patterns. Third, when measuring the pattern, the alignment
between the AUT and receiving antenna and rotation of the
AUT were accomplished completely by sight with the help
of the printed goniometer. It is difficult to obtain the accurate
position just by visual inspection.

These errors are more like inevitable mistakes limited by the
test equipment. If the proposed antenna is measured using a
better test setup, such as perfect wave absorbers, more directive
receiving and gain calibration horns, laser alignment instru-
ment, and a mechanical rotary table, the acquired measured
results should be far better and closer to the numerical ones.

As stated in [34], if the antenna input is changed from
the waveguide interface to a ground–signal–ground input, the
proposed air-filled terahertz antenna can be integrated with
the other ICs within a single package, promoting the
AiP solution.

VI. CONCLUSION

In this paper, the first planar air-filled terahertz array is
proposed and fabricated using the silicon bulk micromachining
process. The proposed array is inspired by breaking the fring-
ing field symmetry of the CCPW, and excellent performance is
acquired. Different from the traditional silicon micromachin-
ing that manipulates the whole silicon wafer, the hierarchical
micromachining approach enables a single silicon layer to be
divided into two sublayers, leading to reduced antenna layers.
On the other hand, the silicon substrates are fully covered
with gold, and the EM wave encounters only air, forming a
low-loss and high-efficiency terahertz antenna. The fabricated
prototype shows that the measured result roughly agrees with
the simulation. To the best of author’s knowledge, this is the
first time that a planar air-filled terahertz array is reported.
Thanks to this fabrication process, antenna engineers can
boldly design high-performance air-filled terahertz antennas
using silicon substrate. Moreover, this silicon-based terahertz
antenna can be integrated with other ICs, promoting the AiP
solution.
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