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Abstract—This paper presents a low-loss, substrate-independent
approach to integrate transceiver front-ends for 60-GHz wireless
applications. Dielectric loss is eliminated by using polymer and
bulk silicon micromachining technologies to create a cavity-based
duplexer and a horn antenna in the air, above the substrate.
A coplanar waveguide input is used for easy integration of the
low-noise amplifier and power amplifier of the receiver and
transmitter, respectively, with the micromachined passive module.
A prototype is designed, fabricated, and characterized, with the
transmit band (TX) set between 58.7–59.5 GHz and the receive
band (RX) as 60.6–61.4 GHz. The proposed method offers an
easy integration of both planar components and 3-D integrated
modules on top of the substrate.

Index Terms—Cavity resonator filter, millimeter wave, on-wafer
pattern measurement, silicon bulk micromachining, 60-GHz, SU-8,
surface micromachining.

I. INTRODUCTION

R ESEARCH and development activities for -band
(60-GHz) wireless personal area networks (WPANs) for

broadband and high-data-speed multimedia applications are
expanding because of the 7 GHz of unlicensed spectrum that
exists in many countries. Significant progress has been made in
the development of individual circuits and passive components
[1]–[3]. However, very few papers have reported integration
and packaging of a whole transceiver front-end [4]–[7]. Pack-
aging and integration of passive components with active circuits
is challenging at -band because of incompatible substrate
requirements, parasitic reactance caused by bond wires and via
holes, and increased losses (dielectric and conductor).

There are two approaches to address this issue. In [1], [4], and
[8], an on-chip antenna is integrated with the integrated circuits
onto a silicon substrate to reduce the system size and increase
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the integration simplicity. However, the antenna gain was re-
ported to be from 7 to 9 dBi, which is very low and severely
degrades the system performance. This low gain may require
another stage in the amplifier, which decreases the system effi-
ciency. Furthermore, dipole antennas have a narrow bandwidth.

Integration of a high-performance antenna into a package
or on a separate substrate provides another realistic solution.
In [5] and [7], antennas are integrated on low-loss substrates
that are prohibitively expensive for commercial applications,
and the whole design is optimized from a system-on-package
(SoP) point of view. Antenna gains as high as 10 and 7 dBi
are measured, respectively. Substrate-integrated-waveguide
(SIW) antennas with various forms, including an SIW horn
antenna, a tapered slot antenna backed by an SIW cavity, and
SIW slot arrays, have been studied in [9]–[11], respectively.
They also require low-loss and low permittivity substrates for
antenna integration. These solutions might not be of interest to
the system-on-chip (SoC) community since a specially chosen
substrate is required for antenna integration. In previous re-
search, we demonstrated significant performance improvement
by elevating several individual millimeter-wave components
into the air above the substrate, including antennas, couplers,
and filters [12], [13], using SU-8 based surface micromachining
technologies [15], [16].

In this paper, we report for the first time a full-duplex
60-GHz transceiver front-end module, including the passive
components (the antenna and duplexer) and the amplifiers (a
transmit power amplifier and a receive low-noise amplifier)
shown in Fig. 1. The duplexer and antenna are fabricated on
a carrier substrate using SU-8 micromachining fabrication
processes. The amplifiers are surface-mounted onto the carrier
substrate, but they may be monolithically fabricated on the
substrate. Surface mounting of the ICs creates a substrate-in-
dependent solution. A proof-of-concept prototype is designed,
fabricated and characterized, with the transmitting band (TX)
set between 58.7–59.5 GHz and the receiving band (RX) as
60.6–61.4 GHz. First, the cavity filter duplexer design and
characterization is shown followed by the horn antenna design
and characterization. Finally, the measured characteristics of
the passive transceiver and the active transceiver are shown and
compared.

II. SYSTEM DESIGN

For a 58.7–59.5-GHz TX band and a 59.6–60.4-GHz RX
band transceiver with high data rates, a high-gain ( 10 dBi)
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Fig. 1. Schematic of the transceiver front-end integration.

integrated antenna is required due to the increased signal at-
tenuation attributed to absorption. In addition, the antenna
needs to be broadband to cover the entire range from 57 to
64 GHz while maintaining its radiation pattern characteristics
throughout this range. A micromachined -band horn antenna
discussed in [17] is selected as the ideal candidate for this
purpose.

The duplexer consists of two narrowband bandpass filters in
parallel. A high quality factor is required for the resonant cav-
ities to assure low insertion loss in the passband and high re-
jection in the stopband while maximizing the isolation between
the two channels. For this reason, the surface-micromachined
pillars that will form the cavities must have an appropriately
designed height. The dependence of the quality factor of such
cavities to the height of pillars are extensively studied in [13]
and not repeated in this paper.

To optimize the transceiver module, a final design is per-
formed that considers various integration issues. The transceiver
front-end module shown in Fig. 1 is integrated onto a 1-in
1.5-in glass wafer. Fig. 2 shows the layout of the micromachined
passive components and the integrated amplifiers on the glass
substrate. Fig. 2(a) shows the cross-sectional view of the whole
integration, with the major dimensions marked in Fig. 2(b). Pas-
sive modules are formed by CPW lines on the surface of a sub-
strate, rows of pillars that have cured SU-8 cores, and stacked
silicon pieces bonded on top of pillars. The unpackaged am-
plifiers are surface-mounted to the top surface of the substrate
using silver epoxy and then connected to the passive modules
using bond wires. The assembly method is for the sole pur-
pose of prototyping here; in a massive production stage, ac-
tive circuitry could be monolithically fabricated on the silicon/
compound substrates or flip chip die attached so that no wire-
bonding is necessary.

III. COMPONENT DESIGN

A. V-Band Duplexer

A duplexer, which must separate an input signal into two or
more output channels and provide high isolation between chan-
nels, is a key component for a transceiver front-end. It can be
realized by putting two bandpass filters in parallel. In practice,
the center frequencies of these two filters are very close. Thus,
to get high isolation between channels, filters with very sharp
roll-off skirts are required. For a planar-type filter, this can be
realized by either increasing the order of the filter, leading to

Fig. 2. (a) Cross-sectional view of the transceiver integration. (b) Top view of
the transceiver module with major dimensions marked.

Fig. 3. Schematic of the micromachined duplexer (top cover not shown for
clarity).

a large number of cascaded resonators, or by introducing mul-
tiple transmission zeros in the stopband. Still, the out-of-band
rejection is quite limited since the unloaded quality factor of
a planar resonator is not sufficiently high. Another important
requirement for a duplexer is low insertion loss for both chan-
nels, which improves the overall receiver sensitivity and reduces
the overall power consumption of the transceiver. For a planar
filter, this requirement can be met by using thick metals, super-
conducting metals, enclosed packages to reduce radiation, and
substrates with a lo loss tangent. A duplexer based on cavity fil-
ters reported in [13] is an ideal solution since it has very low
radiation loss and it is not dependent on the substrate. Here, de-
sign techniques and experimental results for a surface microma-
chined duplexer are reported.

1) Duplexer Design: As shown in Fig. 3, the duplexer using
the surface-micromachining technology consists of two two-
pole filters and a T-junction that connects the two filters. Port
2 is the output of the power amplifier and Port 3 is the input to
the LNA, while Port 1 is reserved for the common antenna. The
two-pole filter uses a direct probe-feed described in [13].
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TABLE I
OPTIMIZED DIMENSIONS OF TWO-POLE TRANSMISSION

ZERO FILTERS (UNITS: MILLIMETERS)

Fig. 4. Physical meanings of duplexer design parameters.

The filter design procedure is described in [13] and is similar
as the one used for SIW-based filters [14], [18]. The center fre-
quencies of the two channels are 59.1 and 61.0 GHz. The 3-dB
bandwidth is chosen as 0.8 GHz for both channels. Larger than
20-dB return loss is required to minimize power reflection at
the I/O ports. Compared with the design in [13], a narrow band-
width is chosen for good channel selectivity. Table I lists the
optimized parameters for the two filters, and the physical mean-
ings of all parameters are provided in Fig. 4. Full-wave simu-
lation predicts a 1.92-dB insertion loss and larger than 20-dB
return loss for both filters.

To achieve high channel-to-channel isolation, the design of
the CPW line T-junction shown in Fig. 5 is critical. While it
is possible to design a waveguide-based T-junction to directly
connect a waveguide horn antenna, thus avoiding a wave-
guide-CPW-waveguide transition which increases fabrication
complexity and introduces additional transition loss. The only
reason to use the waveguide–CPW–waveguide configuration is
to enable the characterization of all of the individual compo-
nents using a probe station, while using the same set of masks.

For the T-junction shown in Fig. 5, an appropriate length
of is required to present an open circuit condition looking
into channel 1 at the T-junction at the resonating frequency of
channel 2. Similarly, the length of is adjusted to transform
the output impedance of channel 2 into an open circuit at the
resonating frequency of channel 1. Mathematically, this leads
to the following design equation:

(1)

Fig. 5. Schematic of the CPW T-junction.

TABLE II
OPTIMIZED SIMULATION RESULTS FOR A DUPLEXER

Fig. 6. Micro-images of the fabricated duplexer.

where and are the effective resonant wavelengths of
channels 1 and 2, respectively. This equation only gives the ini-
tial design value for the length of each arm in the T-junction;
optimization is required to compensate for the parasitic reac-
tance of the T-junction and 90 degree bend and to account for
layout requirements. The line lengths are first chosen by using
Agilent-ADS schematic simulations with a data box that con-
tains the full-wave simulation result of the duplexer. After line
lengths are determined with this method, a full-wave simulation
by Ansoft HFSS is performed to extract the scattering matrix of
the T-junction. The final optimized values of and are 3.34
and 3.50 mm, respectively.

Simulation results of an optimized duplexer design are plotted
together with measurement results and will be discussed in de-
tail in next subsection. Table II summarizes the simulated du-
plexer performance.

2) Duplexer Fabrication and Measurement: Fig. 6 shows
pictures of the fabricated sample before a top cover is bonded.
To prevent slot mode radiation from the T-junction, the CPW
ground planes are connected together by bonding wires. The
scattering parameters of this duplexer are measured on an 8510
XF network analyzer. The unused port is terminated by a broad-
band coaxial load on a probe. To facilitate the probe orientation
during measurement, three sets of duplexers with different CPW
pad orientation are fabricated.

Figs. 7–9 show the simulated and measured scattering pa-
rameters of the duplexer. In general, good agreement between
simulation and measurement is observed. The insertion loss for
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Fig. 7. Simulated and measured duplexer performance: impedance matching
at the power combining port, and isolation between two channels.

Fig. 8. Simulated and measured duplexer performance: insertion loss for each
channel.

Fig. 9. Simulated and measured duplexer performance: impedance matching
at power dividing ports.

channels 1 and 2 is 3.58 and 3.60 dB, respectively, which is ap-
proximately 1 dB larger than the simulated insertion loss. The
center frequencies of the two channels are both shifted upwards
approximately 0.5%, the maximal measured return loss is larger
than 15 dB for all three ports, with a return loss of larger than
10 dB observed for the band of interest, and the isolation is
larger than 30 dB across the whole band. Slight discrepancies
between measurement and simulation, such as the center fre-
quency shift and impedance mismatch, can be observed. They
are mainly attributed to several non-ideal fabrication conditions,
including variation of pillars’ height, variation of the diameters

Fig. 10. Simulated horn performance.

of pillars, and failure of a few pillars. The details will be dis-
cussed in Section V.

B. Antenna Development for Integration

The micromachined horn structure is similar to the one de-
scribed in [17] and optimized for the transceiver. It is com-
posed of three parts: a CPW-connected vertical current probe
for feeding, a rectangular waveguide with a height of 0.35 mm
to help transition the CPW mode to the waveguide mode, and
an -plane linearly flared horn as shown in Fig. 2. A linear
flare in the -plane is hard to realize in this technology, so a
simple -plane step from 0.35 to 1.4 mm at the horn opening
is used instead. The CPW-connected vertical current probe di-
rectly contacts the rectangular waveguide on top of the substrate.
Four rows of pillars are used to terminate the back-short to en-
sure there is no direct wave leakage into the backside. Two rows
of pillars with staggered positions are used as the waveguide
sidewalls, as well as the lower part of the horn sidewall. Two

m-thick metalized silicon pieces are stacked on top of the
pillar arrays to build the horn’s upper part. One solid metalized
silicon piece is used as the horn’s top wall.

The optimized horn is 14 mm long and 12 mm wide, with
a backshort of 0.9 mm long and 3.2 mm wide. The -plane
flare angle is 58 . The -plane step is located 1.3 mm after the
vertical probe, and the overall height of this horn is 1.4 mm.

The simulated return loss for the optimized horn antenna is
plotted in Fig. 10, where it is seen that it is larger than 10 dB
from 57 GHz to 63 GHz. Also shown in Fig. 10 are the simulated

- and -plane radiation patterns. As can be seen, since the
horn flare is only on the H-plane, the 30 -plane beam width is
much narrower than the 50 -plane beamwidth. The radiation
pattern is tilted into the upper space on the -plane as a result
of wave reflection from the 6-mm metal strip extended from the
bottom wall of the horn that is seen in Fig. 2. The maximum
gain is 11.5 dBi, and the front-to-back ratio is 13 dB.

A picture of a fabricated horn lower part is shown in Fig. 11.
The horn’s measured characteristics are not shown here since
this topology has been verified in [17] and it is directly inte-
grated with the duplexer.
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