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ABSTRACT In this paper, we demonstrate a V-band planar micromachined helical antenna (PHA) with
end-fire radiation on the glass substrate. The planar rectangular helical configuration is realized using
the novel through-glass silicon via (TGSV) technology. The proposed micromachined antenna is designed
and fabricated on a borosilicate glass substrate of thickness 350 wm, which has a very low-dielectric loss
compared to silicon at millimeter-wave bands. The proposed PHA is fed by a microstrip line, and the planar
helical configuration with 3.25 turns with a truncated ground plane is designed for achieving wideband
end-fire radiation with seven tungsten-coated silicon vias and six connected gold arm patterns, which are
fabricated using the TGSV technology. The electrical length of the proposed antenna is (3 4, x1.4 A¢).
The designed antenna operates at the center frequency of 58 GHz. A prototype of the proposed antenna
is fabricated by micromachining technology and tested. The simulated and measured results show that the
proposed antenna has a wide operational bandwidth of 50.3 to 65 GHz for |S11| < —10 dB with a fractional
bandwidth (FBW) of 25.5%. The measured peak gain is 6.3 dBi, and measured efficiency is 62% at the
center frequency of 58 GHz. All measurements are in close agreement with simulated results. The proposed
planar helical antenna with end-fire radiation is useful for applications in traveling-wave-tubes operating in
millimeter-wave and higher frequencies, millimeter-wave on-board wireless communication, radar imaging,
and tracking applications.

INDEX TERMS Borosilicate-glass, end-fire, planar helical antenna, through glass silicon via (TGSV),

travelling-wave-tubes (TWTs).

I. INTRODUCTION

In the past few decades, the emergence of new generations in
communication technology has greatly affected the routine
and daily lives of people and resulted in the gradual increase
in data traffic and number of communication devices [1]-[5].
Various types of wireless services have been introduced
and developed with the rapid growth of wireless commu-
nication techniques [6]-[10]. The use of unused frequency
spectra is highly focused due to the increasing require-
ment of high data rates in wireless communication [11].
Millimeter-wave communication, which is also referred to
as the Sth-generation (5G) wireless communication, has
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attracted significant attention and is expected to be imple-
mented by the early 2020s. Compared to 4G, 5G wire-
less communication has different performance metrics that
require data rates of the order of gigabits per second
(Gbps), millisecond-level delay, enhanced spectral energy
and enhanced cost factor. At high frequencies, the signal-
to-interference-plus-noise ratio (SINR) is generally known
to considerably decrease due to the extreme free space loss
and blockage experienced by electromagnetic waves. The
use of highly directional antennas and line-of-sight (LOS)
communication can greatly alleviate these problems [1].
Because of the increasing amount of data streaming, video
calling, high definition television (HDTV) and video gaming,
a big challenge for the industry is the increasing demand
of high Gbps data rates. Utilization of millimeter-wave
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communication is an attractive option to fulfill this high
demand. With the increasing input/output (I/O) numbers of
integrated circuits (ICs) in millimeter-wave communication
systems [12], through-substrate vias [13], [14] are becom-
ing essential for the small-footprint, high-density, low-power
three-dimensional (3D) stacking integration in advanced
electronic systems. Over the last few years, silicon inter-
posers with through-silicon vias (TSVs) have been numer-
ously reported as an alternative for the conventional organic
substrates [13], [14] due to their advantages such as shorter
signal paths, ease of wafer processing and die-matched coef-
ficient of thermal expansion (CTE). However, silicon inter-
posers with TSV technologies have challenges such as the
fabrication cost, process complexity and high electrical sub-
strate losses. Recently, glass interposers with through-glass
vias (TGVs) have been extensively studied [15]-[18] because
of their excellent electrical properties as low substrate losses
at high frequency, CTE adjustability, fine line spacing, avail-
ability of large and ultra-thin panels, low material and man-
ufacturing cost [19]. Based on these merits, glass interposers
are the best alternative for conventional silicon interposers
and an attractive platform for high frequency, radio fre-
quency (RF), microwave passive components and packag-
ing [20]-[22].

Among various types of antennas reported in the literature,
helical antennas exhibit high gain, high directivity and wide
bandwidth, which make them highly useful for airborne and
tracking applications [3], [23]-[26]. However, the conven-
tional helical antennas are not suitable for surface-mounted
applications due to space constraints because helical antennas
generally have a high profile. Based on the merits of the
helical antenna structure, many studies have been conducted
to design a low-profile and compact helical antenna. In [27],
a hemispherical helical structure is used to realize a compact
and low-profile structure. In [25], a meander line technique is
used to design a compact printed quadrifilar helical antenna
by decreasing the length of the antenna. From a practical
viewpoint, a planar helix structure is the best choice to install
as either square or rectangular structures. A rectangular helix
structure further reduces the profile of the antenna to be
more compact. In [24], a planar rectangular helical structure
has been realized on a duroid substrate using plated via
holes to achieve circularly polarized radiation. Furthermore,
a rectangular planar helix structure is the best candidate for
applications with slow-wave structures and linearly polarized
antennas.

In this paper, a V-band planar micromachined helical
antenna (PHA) with end-fire radiation is demonstrated on
the glass substrate. The planar rectangular helical config-
uration is realized using the novel through-glass silicon
via (TGSV) technology as shown in Fig. 1. The proposed
antenna is designed and fabricated on a borosilicate glass
substrate of thickness 350 wm, which has a very low dielec-
tric loss compared to silicon at the millimeter-wave bands.
The metal-coated TGSVs in this work, which are fabri-
cated by the micromachining technology based on deep
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FIGURE 1. Prospective view of the proposed antenna.

silicon etching and glass reflow, can effectively substitute
for completely-filled metallic vias in the conventional TGVs
without degrading the performance of the antenna. The per-
formance of the proposed antenna will be numerically and
experimentally demonstrated.

The remainder of the paper has been organized as follows.
The design of the planar helical antenna is described in
Section II. In Section III, the fabrication process is explained
in detail. Section IV discusses the simulated and experimen-
tal results of the proposed antenna. Finally, conclusions are
drawn in Section V with the advantages of the proposed
research work.

1. ANTENNA DESIGN

A helix antenna is a hybrid of two conventional radiating
elements: a dipole and a loop antenna. The helix becomes
a dipole antenna when the diameter of the helix approaches
zero, or the pitch angle becomes 90°. Moreover, a helix with
a uniform diameter becomes a loop antenna if the spacing
between the helix turns becomes zero. In the last few decades,
due to the unique and extraordinary properties of the helix
antennas, they were extensively used as simple radiators.
The conventional circular helix has two radiation modes:
normal mode and axial mode. In the axial mode of operation,
the helix can achieve a narrow beam along the helix axis
over a wide range of frequencies. Because of these properties,
helical antennas continue to be a topic of research these days.
Although the conventional circular helix has the space con-
straints and is difficult to fabricate through printed-circuit or
micromachining process, the printed-circuit technology has
the advantages of miniaturization, low-cost and large-scale
fabrication. Meanwhile, the microfabrication technology is
becoming a key interest as future wireless communication is
shifting to higher frequencies of operation, where the dimen-
sions become small. Hence, the microfabrication technology
has become a key interest of research.

The proposed antenna has been designed based on the
design principle of the conventional helical antenna in the
axial mode. In the remainder of the paper, PHA is referred
to as the proposed planar helical antenna. The PHA has a few
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FIGURE 2. (a) Geometry and dimensions of the conventional helical
antenna (left) and one uncoiled turn of the helix (right). (b) Perspective
view of geometry of the planar helix.

advantages such as: 1) it has a low-profile and is very suitable
to be installed on satellites and spacecrafts, 2) it can achieve
a wide impedance bandwidth like conventional circular helix
with an end-fire radiation in the operational frequency band,
3) the structure is simple, lightweight and low-cost. Hence,
the proposed PHA retains the property of the conventional
circular helix as broad-band and end-fire radiation. The PHA
is designed on an ultra-thin borosilicate glass substrate with a
permittivity and a tangent loss of 4.6 and 0.0037, respectively.
The glass substrate is 350 um thick. When a single turn of
the helix is uncoiled, as shown in Fig. 2(a), it reveals the
parameters of the helix in planar structure as follows [23]:

D = Diameter of helix,

C = Circumference of helix; C = D,

S = Spacing between helix turns,

L = Length of one turn; L = +/C2 + 52,

«a = Pitch angle; o = sin~! %,
where D is transformed to an arm-length of the planar helix,
C is transformed to the total length of one turn helix, « is
the pitch angle between the top and bottom arms. The top
and bottom arms have achieved diagonal edge connections
through vias. A perspective view of geometry of PHA is
shown in Fig. 2(b).

To design PHA, we first calculated the nominal design
parameters of the conventional helix at the operating fre-
quency of 60 GHz. According to [23], the helix can achieve
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a wide operating bandwidth with end-fire radiation if it sat-
isfies the criteria of 3/4 < C /A < 4/3. Hence, we selected
C/A =1, the number of turns is N = 3.25, and the spacing
between the helix turns is S = A/4. Therefore, circumference
C of the 1-turn helix is equal to the free-space wavelength A,
at 60 GHz frequency; « is the calculated pitch angle of the
top and bottom arms and is equal to 18°. The top and bottom
arms are connected with each other through vias, which are
called TGSVs.

A parametric study was conducted to analyze the effects
of these key design parameters on the radiation perfor-
mance and impedance matching to reach the practical design
of PHA with low-profile and end-fire radiation. The key
design parameters are: number of helical turns (V) and pitch
angle (o) between the top and bottom helical arms, and
bottom ground plane.

With these nominal design parameters as the starting
point, the 1.25-turn helix with a simple partial ground has
been designed as shown in Fig. 3(a). Pitch angle o plays
an important role in the current distribution on upper and
lower helical arms. It is observed that peak gain is 3.12,
4.55 and 3.19 dBi for angle @ = 16°, 18° and 20°, respec-
tively. Since current distribution on the strips is in x- and
y-directed components, and larger « increases the current
distribution in the y-direction, thus increasing the side-lobe
level. Therefore, we chose & = 18° in our proposed design
with a 10-dB impedance matching of 51.4-55.1 GHz and a
peak gain of 4.55 dBi in the end-fire direction. To enhance
the gain, the helical turn is increased as shown in Fig. 3(b).
It is observed that the peak gain is increased from 4.55 dBi
(Stage-1: N = 1.25) to 7.18 dBi (Stage-3: N = 3.25) by
introducing two more helical turns. Next, the simple partial
ground (Stage-3: N = 3.25) was further modified to form a
U-shaped horizontal ground plane with a truncated slot in the
middle (Stage-4: N = 3.25) to achieve a broadband 10-dB
impedance matching from 50.7 to 65.8 GHz and increase the
gain to 7.89 dBi. The reflection coefficients are almost not
changed at different number of turns N as shown in Fig. 3(c).
However, the radiation pattern becomes more directional at
larger N as shown in Fig. 3(b).

Figure 4 shows the final design of the proposed PHA.
To achieve the maximum radiation along the axis of the helix,
i.e., in the end-fire direction, a 3.25-turn helix is designed
as shown in Fig. 4(a). A U-shaped metallic gold plate is
patterned on the back side of the glass substrate to form a
horizontal ground plane. The U-shaped ground wall helps to
increase the gain in the end-fire direction and improve the
radiation pattern as shown in Fig. 3(b). A truncated slot is
introduced in the middle of the ground plane to achieve a
broadband impedance matching over the V-band as observed
from Fig. 3(c). A microstrip feed line is used to feed the helix
with a modified ground plane as shown in Fig. 4(a). A straight
edge via connection called as TGSV is used for the electrical
interconnection between the top and bottom helical arms as
shown in Fig. 4(c). All TGSVs have identical heights, which
are equal to the substrate thickness, and identical diameters,
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FIGURE 3. (a) 3-D radiation pattern for different pitch angle «, (b) design
iterations of the proposed planar helical antenna, and (c) reflection
coefficient plot for various design iterations.
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FIGURE 4. (a) Top and (b) bottom view of the proposed planar helical
antenna. (c) Side view of the proposed antenna.

TABLE 1. Dimensions of the planar helical antenna (unit: Millimeters).

Parameter L w Sw S Fu F
Value (mm) 15 7 09 07 0.627 8
Parameter arm_| arm_w Gl t s B
Value (mm) 2 0.5 7.8 0.35 1.2 36 deg

which are equal to the width of the arm. The side wall
of the silicon vias are coated with a thin layer of tungsten
metal, whereas the top and bottom arms are patterned with
gold. The final geometrical parameters are listed in Table 1.
Figures. 5(a), (b), (c) and (d) show the simulated 3-D radia-
tion patterns at 54, 56, 58 and 60 GHz, respectively. The peak
gain at 54, 56, 58 and 60 GHz is 7.95, 7.89, 7.42, and 6.44 dBi,
respectively.

The complete design procedure of the PHA can be summa-

rized as follows:

1) Compute the circumference of the circular helix and
calculate length L of the top and bottom arms of the
PHA.

2) Tilt both arms of the top and bottom sides at an angle
equal to pitch angle « in the opposite direction.

3) Design a via of height ¢, which is equal to the thickness
of the substrate, and connect the top and bottom arms
through the via.
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FIGURE 5. Simulated 3-D far-field radiation patterns: (a) 54 GHz,
(b) 56 GHz, (c) 58 GHz, and (d) 60 GHz.

4) Design a feeding by choosing a proper feeding tech-
nique. We selected a microstrip feed followed by a
V-band connector.

5) Design a U-shaped modified ground plane to achieve
the best impedance matching over a wide range of
frequencies.

6) Optimize the design parameters with respect to the
end-fire radiation and peak gain.

The proposed antenna has been designed and verified using
the ANSYS high-frequency structure simulator (HFSS) [28].

IIl. ANTENNA FABRICATION

The proposed planar helical antenna was fabricated using
the TGSV technology based on the deep reactive ion etch-
ing (DRIE) of silicon, selective metal coating and glass
reflow processes, which are similar to the process devel-
oped in our group [2]. The overall fabrication process of
the proposed planar helical antenna is shown in Fig. 6.
The process began with the first short DRIE of silicon
using a photolithographically-patterned photoresist mask
(AZ P4330-RS) to form a 3-pum-deep shallow cavity near
the silicon via regions (Fig. 6(a)). A 4-inch, 525-um-thick,
boron-doped p-type low-resistive silicon wafer with a resis-
tivity of 0.01~0.02 Q2-cm was used to minimize the via loss.
After the photoresist had been removed in acetone, a 0.2-p m-
thick aluminum layer was evaporated and patterned inside
the cavity by wet etching with a PAN solution, which is a
mixture of phosphoric, acetic and nitric acids in the ratio
of 16:1:1 using a photoresist mask. Then, the second DRIE
of silicon was performed to define a 370-um-deep trench
for the glass reflow region, and the silicon vias of identical
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FIGURE 6. Overall fabrication process flow of the proposed antenna.

heights inside the trench, using the patterned aluminum layer
as an etch mask (Fig. 6(b)). After the aluminum had been
stripped off, a 0.5-um-thick tungsten layer was selectively
coated on the silicon vias by sputtering using an aluminum
shadow mask (Fig. 6(c)).

Then, this substrate was anodically bonded with a 4-inch,
525-pm-thick borosilicate glass wafer (BOROFLOAT® 33,
SCHOTT AG, Mainz, Germany) in a vacuum environment
(Fig. 6(d)). Due to the shallow cavity formed in the first step,
the tungsten layers on the top surface of the silicon vias do not
touch the glass wafer during the anodic bonding process. The
glass reflow was performed by putting the wafer stack into a
furnace, heating to 800 °C, holding for 8 hours and cooling to
the room temperature. During this step, the glass was melted
and flowed into the silicon trench due to the lower pressure
in the sealed trench than the atmospheric pressure (Fig. 6(¢)).
We used tungsten metal to coat the vias because of the high
temperature of the glass reflow process, since tungsten has a
higher melting point (3422 °C) than other conductive metals
and can withstand this high temperature without deforming
or changing the state. Then, both sides of the substrate were
planarized by mechanically lapping and polishing using a
CMP (chemical mechanical polishing) process (Fig. 6(f)).
The overfilled glass on the front surface was ground and
carefully polished until the surface of the silicon via was
exposed; then, the remaining silicon and glass at the backside
were ground and polished together until the entire substrate
became 350 pum thick. At this stage, both top and bottom
surfaces of the silicon vias were completely exposed.

Finally, the helical arms and microstrip feedlines were
patterned on the top side of the substrate by evaporating and
patterning a chromium (10 nm)/gold (300 nm) metal layer
using a lift-off process with an image reversal photoresist
(AZ5214E) (Fig. 6(g)). On the backside of the substrate,
the helical arms and ground were patterned using the same
process (Fig. 6(h)). The top and back sides of the fabricated
prototype of PHA are shown in Figs. 7(a) and (b). The fab-
ricated prototype was mounted on a V-band endlaunch con-
nector by Southwest Company for measurements as shown
in Fig. 7(c).
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(C)) (b)

(c)

FIGURE 7. Photos of the final fabricated prototype of the proposed
planar helical antenna: (a) Top view, (b) bottom view, and (c) antenna
with the V-band connector.

IV. MEASUREMENT RESULTS AND DISCUSSION

A. S-PARAMETER MEASUREMENTS

The S-parameters of the fabricated prototype were mea-
sured using a calibrated Agilent network analyzer NS260A
(Keysight Technologies Corporation, Morgan Hill, CA,
USA), as shown in Fig. 8(a).

Figure 8(b) shows the comparison of the simulated and
measured S-parameters of the fabricated PHA. The measured
10-dB impedance bandwidth is 50.3—65 GHz, and the simu-
lated 10-dB impedance bandwidths is 52.17-64.10 GHz.

The measured 10-dB fractional impedance bandwidth is
25.5%. Thus, the simulated and measured S-parameters are
consistent with each other.

B. RADIATION PATTERN MEASUREMENTS

The far-field radiation pattern of the fabricated antenna pro-
totype is measured using the commercial ORBIT/FR far-field
measurement system in a shielded millimeter-wave anechoic
chamber, as shown in Fig. 9(a). The transmit horn antenna

87912

—t— Simulated
—O— Measured
-30 —
50.0 52.5 55.0 57.5 60.0 62.5 65.0
Frequency (GHz)

(b)

FIGURE 8. (a) S-parameter measurement setup and (b) simulated and
measured reflection coefficient plots.

is the SGH-series (SGH-15) by Millitech Company, which
has a standard gain of 24 dBi. Figures. 9(b), (c), (d), and
(e) show the measured and simulated 2-D radiation patterns
in the azimuth plane (XY plane) at frequencies of 54, 56, 58,
and 60 GHz (the range of the 10-dB impedance bandwidth),
respectively. The measured peak gains of the antenna at 54,
56, 58, and 60 GHz are 4.9 dBi, 5.5 dBi, 6.3 dBi, and 5.3 dBi,
respectively, while the simulated peak gains are 6 dBi,
7.9 dBi, 7.4 dBi, and 6.5 dBi. The simulated and measured
peak gain plot of the proposed antenna is shown in Fig. 10(a).
The measured radiation efficiency of the antenna is calculated
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TABLE 2. State-of-the-art performance comparison.

v Operating . Peak Gain . .
Ref. # Type of Substrate Fabrication Technology Antenna Type Frequency Band Height (dBi) Electrical Size
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FIGURE 9. (a) Photo of the radiation pattern measurement setup.
Measured 2-D far-field radiation patterns on XY plane: (b) 54 GHz,
(c) 56 GHz, (d) 58 GHz, and (e) 60 GHz.

from the ratio of the measured peak gain to the simulated
directivity. The measured radiation efficiency of the antenna
at 54, 56, 58, and 60 GHz is 63, 62, 62, and 63%, respectively,
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FIGURE 10. (a) Simulated and measured peak gain versus frequency.
(b) Simulated and measured radiation efficiency plot versus frequency.

while the simulated radiation efficiency is 68, 71, 72, and
71%. The simulated and measured radiation efficiency plot of
the proposed antenna is shown in Fig. 10(b). The measured
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peak gain and radiation efficiency are slightly lower than
simulated results because dielectric loss of a glass substrate
is larger with higher frequencies. Table 2 contains a per-
formance comparison of state-of-the-art antennas with the
proposed work in terms of antenna design type, operational
frequency band, fabrication technique, peak gain, substrate
height and antenna size.

V. CONCLUSION

This paper presents a V-band end-fire radiated planar heli-
cal antenna on an ultrathin (350 wum) borosilicate glass
substrate using tungsten-coated TGSV processes. The mea-
sured performance shows good preliminary results with a
10-dB fractional bandwidth of 25.5% and a measured gain
of 6.3 dBi at 58 GHz frequency in the V-band. The simu-
lated and measured results are consistent with each other.
The proposed work paves the way for the development of
millimeter-wave antennas and modules on an ultra-thin glass
substrate using the wafer-level, batch-processing microfabri-
cation technology.
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