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Abstract

Waveguide-fed plastic horn antennas have been demonstrated for W-band applications using a
versatile and cost-effective micro hot embossing process. The three-dimensional (3D) polymer
structure with internally coated conductor is composed of a pyramidal horn, an E-plane
waveguide bend, two resonant cavities for impedance matching and a connecting rectangular
waveguide. Measurement results show broadband characteristics in W-band with a return loss
of better than —10 dB; the bandwidth is 25.2 GHz between 76.5 and 101.7 GHz (26.5%), and

the 3 dB beam widths of the E- and H-plane gain patterns at 95 GHz are 26° and 23°,
respectively. The antenna gain is 17.04 dB at 95 GHz and the cross-polarization
discriminations for E- and H-plane are 19.5 dB and 22.2 dB, respectively.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Conventional horn antennas and waveguides are made of three-
dimensional (3D) metallic materials and generally have better
power-carrying capabilities as compared with micro-strip-
based coplanar architectures [1]. However, the mechanical
manufacturing processes in making these 3D components are
not cost-effective and the serial assembly process in making
the whole system is time-consuming and labor intensive.
Recently, micromachining technologies have been proposed to
construct three-dimensional wireless components and systems
massively and in parallel. For example, silicon micromachined
antennas have been demonstrated by using anisotropic silicon
etching to construct 3D horn flare angles by combining
two wafers having V-shape grooves [2], by using silicon
nitride membranes on top of open pyramidal cavities made by
silicon wet etching process [3], or by using several layers of
micromachined silicon to construct an octagonal horn antenna
[4]. The flare angles of these antennas are limited by the
crystalline orientation of silicon due to the anisotropic silicon
etching processes. The LIGA process', on the other hand, has
also been used to make a tapered slot antenna [S]. However, it
is well known that the LIGA process is not suitable to make true
3D structures. A layer-by-layer electrochemical fabrication
(EFAB) process has been used to build a miniature rectangular

I LIGA — Lithographie, Gavanoformung, Abformung in German for

Lithography, Electroplating and Molding in English. A process developed
in Germany to fabricate high-aspect-ratio microstructures.
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coaxial transmission line for Ka band applications but a total
of 41 layer processes is required [6]. Electroforming, on the
other hand, has been used to demonstrate a single corrugated
horn antenna in W-band [7]. However, the striping step
from mandrel prohibits its application to make 3D-integrated
structures such as combination of the horn antenna and
waveguide network. Furthermore, the electroforming process
results in heavier products as compared with polymer-based
structures [8]. This paper proposes and demonstrates a simple,
self-aligned plastic micro hot embossing technique with an
internally coated metallic layer to construct millimeter-wave
components. Topas®COC polymer was used as a polymeric
material and electroplated gold was used as the conductor.
A horn antenna fed by a 90° E-plane bend and connecting
rectangular waveguide has been chosen as the demonstration
example. Broadband attributes are demonstrated with the
measured return loss of better than —10 dB from 76.5 GHz to
101.7 GHz.

2. Design parameters and the fabrication process

2.1. Design parameters and analysis

Figure 1 shows the schematic diagram of the proposed
waveguide-fed horn antenna operating at 95 GHz. The design
parameters are calculated according to conventional antenna
theories [9], such as the height of the pyramidal horn (L3); the
length (@) and width () of the horn at its base in the E- and
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Figure 1. Proposed horn antenna fed by a 90° E-plane waveguide
bend and a WR-10 rectangular waveguide.

H-plane, and the flared length (a;) and width (b;) of the horn
at its distal end. A gain of 17 dB has been chosen as the proof-
of-concept demonstration and a,, b; and L3 are calculated as
10.11 mm, 7.69 mm and 7.13 mm, respectively [10]. The
resonant cavities lengths L; and L, are designed to reduce the
return loss due to the 90° E-plane bend between the connecting
waveguide and the horn antenna. In the design process,
some traditional matching approaches such as inductive posts
have been considered [11]. Considering the simplicity in
manufacturability /compatibility with the proposed plastic hot
embossing process with traditional mechanical machining to
make the mold inserts, resonant cavities are chosen with
matching impedance with the horn antenna, E-plane bend and
feeding waveguide.

Ansoft HFSS (high frequency structure simulator) was
employed to simulate the return loss in the parametric study
using the methodology of the direct search method, where L,
is fixed first while L, is swept to get the optimal L, value for
the best return loss performance. The simulation results of the
return loss versus L; are plotted in figure 2(a), and the best
impedance match of —9.7 dB is achieved when L; is equal to
1.61 mm. It is noted that the return loss versus L is periodical
with a period of about 2 mm, which corresponds to the half
waveguide length at 95 GHz. Similar periodicity in resonant
cavity L, is also observed in figure 2(b). Moreover, the
matching capability of L, is more sensitive than L, as the peak-
to-peak amplitudes are 9.23 dB and 6.01 dB per half guide
wavelength for L; and L,, respectively. The process continues
until a converging solution is achieved for both L; and L,.
Using HFSS parametric simulations, the resonant lengths L,
and L, are found as 1.61 mm and 1.41 mm, respectively, and
the return loss, sy, is simulated as —14.5 dB at 95 GHz. The
field distribution can be very complex as a result of the horn
antenna, resonant cavities and E-plane bend. Ansoft HFSS
was used to further analyze the field distribution, including
the magnitude and vector representation in the electric field as
shown in figures 2(c)—(d). It is observed that the TE;y mode

can be excited and transmitted through the E-plane waveguide
bend at which the impedance is matched by adopting two
resonant cavities and the horn antenna transmits a spherical
wave with a field phase difference in the aperture.

2.2. Fabrication process

Figure 3 illustrates the self-aligned 3D plastic fabrication
process. An upper mold insert is used to construct the horn
patterns and a lower mold insert is used to construct the
WR-10 rectangular waveguide (figure 3(a)). A self-aligned
molding process is designed to have the alignment key on
the upper mold insert and key slot on the lower mold insert
for automatic self-alignment during the process. Both upper
and lower mold inserts are made of aluminum using precision
mechanical machines while the horn shape is made of steel and
screwed to the upper mold insert. The self-aligned key and
key slot have a tolerance of 12.5 pm such that the maximum
possible misalignment is 25 um. The mold is heated to
160 °C to be above the glass transition point of the Topas®COC
8007 polymer and a pressure of 156 MPa is applied [12]. At
the end of the molding process, a thin layer of polymer residue
of about 30 um in thickness is found between the top and
bottom mold inserts at the pyramidal horn and the waveguide
intersection region although both mold inserts are ‘contacted’
in the molding process. This thin layer is removed using
a razor blade and the process shown in figure 3(b) applies
after these steps. This process typically results in polymer
residues of 10 um in terms of roughness around the perimeter
of the hole. One alternative process is to use oxygen plasma
to etch/clean and remove this residual layer but this process
will cause the overall dimensional changes which could be
compensated in the mold design. Afterward, a 200 A/6000 A
of Cr/Pt is sputtered on both sides of substrates as the
seed layer for the electroplating process (figure 3(c)). The
continuity between the front and back sputtered layers is
achieved by non-directional sputtering (rotating table in the
sputtering system) and checked by resistivity measurement
afterward. An aluminum substrate with a seed layer made of
200 A/6000 A of Cr/Pt is added at the bottom. A plastic
flange adaptor is designed to connect the waveguide to the
spectrum analyzer. It is separately fabricated using the same
hot embossing process and is fitted at the waveguide end [13].
Super glue (Loctite quicktite) is used to fix the flange adaptor
with the waveguide-fed antenna. The external surface of the
flange facing the spectrum analyzer is planarized afterward
using a lapping process with silicon carbide paper of very fine,
600-grid mesh. Finally, a selective electroplating and sealing
process [14] is conducted to deposit an 8 um thick gold layer
on the internal surface of the antenna and to seal the system
as shown in figure 3(d). Figure 3(e) shows an optical photo of
a fabricated waveguide-fed horn antenna with a close-up view
at the horn. During the sputtering and deposition process,
Kapton tapes are applied manually as the masking material
to cover areas that do not need the metallic coverage. As a
result, about 1 mm wide electroplated gold layer is deposited
around the horn edge on the top surface of the horn antenna
as shown. Figure 3(f) shows the close-up view at the flange
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Figure 2. Parametric design using HFSS to calculate the s, responses with respect to (a) the length of the first resonant cavity, L, and (b)
the length of the second resonant cavity, L,. (¢) Magnitude and (d) vector plots of electric fields for TE,, polarization.
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Figure 3. Fabrication process of the waveguide-fed horn antenna (a)—(d). Optical photos of the fabricated waveguide-fed horn antenna:

close-up view at the (e) horn and (f) flange regions.

adaptor portion. The irregular electroplated gold layer on the
surface of the flange is the result of the manual masking process
using combinations of Kapton tapes.

3. Measurement results

As the manufacturing process inevitably introduced
fabrication variations, the dimensions of the fabricated
prototype are measured and compared with design values as
shown in table 1. The main cause of variations is attributed to
machining errors between the design and actual mold inserts
and the differences in coefficient thermal expansion between
polymer substrate (0.7 x 107> K~!) and aluminum mold insert
(2.52 x 107> K~Y. Tt is found that the biggest differences
occur in the horn region, especially the flare width (a),

length (b;) and horn height (L3) as their final dimensions are
—19%, —14% and 19% away from the design values in this
prototype device. Figure 4 shows the simulation results of
the E- and H-plane gain plot at 95 GHz using the design and
fabricated dimensions. It is found that both co-polarized E-
and H-plane radiation patterns from the design and fabricated
geometries have minimum differences from the important
central regions of —25° to +25°. The design values result
in directivity of 16.56 dB and the fabricated dimensions result
in directivity of 17.02 dB. The reason for the minor increase in
directivity from fabricated dimensions comes from the longer
horn height, L3, which is the dominant factor in terms of
antenna directivity. These simulation results demonstrate the
robustness of the design to tolerate possible fabrication errors
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Figure 4. Simulation results of antenna radiation patterns at 95 GHz
for E- and H-planes based on design and fabricated dimensions,
respectively.
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Figure 5. Simulation and measured radiation patterns of the
antenna for the co-polarized (a) E- and (b) H-planes.

Table 1. Antenna parameter dimensions (in mm).

Parameter Design  Mold insert ~Complete device
A 2.54 248 £0.02 246 +£0.02
B 1.27 1.27+0.02 1.26 +0.02
A 10.11 9.93+£0.03 9.92+0.03
B 7.69 7.56 £0.03 7.55+0.03
L, 1.61 1.53£0.02 1.52+0.02
L, 1.41 1.33£0.02 1.32+£0.02
Ly 7.13 7.1+0.03 7.32+0.03

from micromachining processes, including the shrinkage of
the polymer materials.

The radiation patterns of the horn antenna are measured
using a millimeter-wave source (Micro-Now Instrument
Company Inc., Model 705B Millimeter-wave sweeper/power
supply) and a power meter (Millitech Inc., power meter type
DPM-01, senor type PMH-10M). For wave propagating at
95 GHz, the desirable distance in the far-field region is at
least 12 cm and the distance between the two antennas was
set as 19 cm. Figure 5 shows the simulated (based on the
fabricated dimensions) and measured radiation patterns of the
antenna between —90° and +90° for both co-polarized E- and
H-plane, respectively. The radiation patterns in both planes
agree relatively well between simulation and measurement

results between —50° and +50°, indicating the effectiveness of
design methodology and fabrication process. The measured
3 dB beam widths of the E- and H-plane patterns are 26°
and 23°, respectively. For antennas with one narrow major
lobe and one negligible minor lobe, the antenna directivity
can be approximated using the half-power beam widths in
radians measured in two perpendicular planes [9]. At95 GHz,
the directivity based on the measured 3 dB beam width is
calculated at 17.33 dB as compared with simulation results
at 17.02 dB. The calculated directivity based on the 3 dB
beam width is larger than the simulated directivity and several
factors may contribute to this discrepancy. First, directivity
approximation uses the half-power method and experimental
and/or simulation errors can affect the beam-width values.
Second, the alignment accuracy between the reference antenna
and the antenna to be characterized can also affect the
experimental result. Nevertheless, the measurement results
verify the design principles on the E-plane bend pyramidal
antenna with connecting rectangular waveguide and that the
polymeric antenna can be functional similar to a metallic
antenna.

The ratio of the total received power relative to the total
transmitted power of the receiver and transmitter antennas
separated by a distance can be calculated by using the gains
of the transmitting and receiving antennas [9]. It is found
that the total transmitted power of the reference antenna is at
17.7 dBm with a standard gain of 20 dB and the efficiency of
the prototype plastic waveguide-fed antenna is calculated as
86% as compared with the state-of-the-art metallic antennas
at around 95%. Therefore the antenna gain is calculated
from the product of directivity and antenna efficiency and
the calculated gain is 17.04 dB, which agrees well with Ansoft
HFSS simulation result of 17.42 dB. The gain obtained from
measurement is slightly lower than the simulated value and
the reason is mainly attributed to the additional losses that
are associated with the surface roughness of the metallic
electroplating as well as mismatch at the interface of the flange
adaptor. We believe the gain and efficiency of the prototype
plastic antenna can be further improved by addressing issues
such as roughness of electroplated metallic layer, signal
leakages to possible gaps created in the electroplating and
sealing process and energy losses at the interface of the flange
adaptor.

The co-polarized and cross-polarized radiation fields in
the H- and E-planes are measured and compared as shown
in figure 6. The cross-polarized H-plane radiation pattern is
lower by about 22.2 dB than the corresponding co-polarized
field at the maximum radiation point and is recorded between
—30° and +30°. Outside this range, the received power
dropped below the measurement limit of the power meter.
Similar characteristics are also observed in the E-plane
radiation pattern in which the cross-polarized field is lower by
about 19.5 dB than the corresponding co-polarized field at
the maximum radiation point and is recorded between the
—10° and +10° range. The cross-polarization discrimination
is observed for both planes with better than 19.5 dB
discrimination at broadside. The result verifies that the
horn antenna is robust in rejecting radiations with different
polarizations.
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Figure 6. Measured radiation patterns of the horn antenna from the
E- and H-plane co-polarized and cross-polarized fields.

The return loss, s;;, of the waveguide-fed horn antenna
is measured using an Anritsu ME7808B network analyzer
and compared with simulation result using HFSS as shown
in figure 7. The return loss, s1;, at 95 GHz is measured
to be —17.5 dB and the measured return loss of better than
—10 dB demonstrates broadband attributes with a bandwidth
of 25.2 GHz (26.5%) between 76.5 and 101.7 GHz. It is
noted that the measured return loss is better than the simulated
return loss by about 3 dB. One possible reason is the extra
1 mm wide gold layer deposited on top of the horn antenna
as shown in figure 2(e) is not accounted for in the simulation
and it may help the transition from the horn antenna to the
outer space to increase the transmission and reduce the return
loss. A second simulation is conducted to include the effect
of the extra 1 mm wide gold layer. From the simulation
results, an average of 2 dB lower return loss is observed as
compared to the model without the extra gold layer as shown in
figure 7.

4. Conclusion

Waveguide-fed, plastic horn antennas have been demonstrated
for W-band operation using a self-aligned 3D plastic hot
embossing process.  Several conclusions can be drawn
from this work. First, a polymeric horn antenna fabricated
by the proposed self-aligned embossing process has been
demonstrated and the measurement results matched well with
design and simulation patterns. Second, the fabrication
process of the prototype device is not well controlled and
results in three of the fabricated dimensions to be more
than 10% off the design values. However, the simulated
and measured radiation patterns do not deviate much from
that of the designed dimensions within the 325° regions.
Third, E-plane bend, direct waveguide connection to a horn
antenna has been shown to be functional as an alternative
way for the integration of the antenna and waveguide systems,
which is potentially very useful for the integrated polymeric
fabrication process as demonstrated in this work. Finally,
broadband characteristics in the W-band can be achieved
with the proposed polymeric, E-plane waveguide bend, horn
antenna operating at 95 GHz. We believe the proposed self-
aligned embossing process can be further developed toward a
full antenna array with built-in microstructures such as micro
iris structures for filters [15] and micro membrane structures
for phase shifters [16].
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