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Abstract—This paper presents a novel approach to integrate
high-performance millimeter wave filters on top of wafers. The
proposed method eliminates the dielectric loss by elevating
cavity-based filters into the air with the aid of the polymer-core
conductor surface micromachining technology. The electrical
fields of the cavity are thus entirely in air. A coplanar waveguide
input and output interface is designed for easy integration with
other planar electronics. Several 60-GHz ( -band) air-cavity
filters with superior performances, including two two-pole filters
and one four-pole transmission zero filter using a novel capacitive
coupling scheme, are developed and characterized to demonstrate
advantages of the proposed technology. The filters exhibit excel-
lent performances. Insertion losses as low as 1.45 dB for a two-pole
filter and 2.45 dB for a four-pole transmission-zero filter have
been observed at 60 GHz. Design curves and parametric analyses
are included to help readers better understand key factors in
optimizations. The proposed technology is capable of integrating
high-performance millimeter-wave cavity filters on top of wafers,
while providing easy integration with other electronic components.

Index Terms—Cavity resonator filter, millimeter wave, surface
micromachining, transmission zeros, -band.

I. INTRODUCTION

HIGH-PERFORMANCE millimeter-wave filters play
very important roles including filtering, diplexing, and

multiplexing in emerging communication systems [1]. In the
millimeter-wave regime, loss from the substrate has become a
dominant factor that limits filters’ performances [2]. Waveguide
filters have been used for millimeter-wave applications for years
because of their excellent insertion loss, power-handling capa-
bility, and frequency selectivity [3], [4]. In the millimeter-wave
regime, sizes of waveguide filters become smaller and sil-
icon wafers can be etched, metallized, stacked, and bonded
together to implement millimeter waveguide filters [5]–[7].
Great fabrication accuracy can be achieved, which is critical
for millimeter-wave and terahertz applications. However, most
of these filters use standard waveguide input/output interfaces
that can limit their applications. Another technology, called
stereo-lithography, uses a laser to make various complicated

Manuscript received September 20, 2007; revised January 4, 2008. This work
was supported by the Georgia Electronic Design Center.

The authors are with the Georgia Electronic Design Center, School of
Electrical and Computer Engineering, Georgia Institute of Technology, Atlanta
GA 30332 USA (e-mail: panbo@ece.gatech.edu; yuanli@ece.gatech.edu;
etentze@ece.gatech.edu; papapol@ece.gatech.edu).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TMTT.2008.919658

3-D structures [8]. However, it is hard to directly integrate
those structures with planar components. In [9], a silicon mi-
cromachined filter with an integrated transition from a coplanar
waveguide (CPW) to a rectangular waveguide was reported. A
great performance was demonstrated, except for the requirement
of a bulk-micromachineable substrate. As an alternative method,
the approach proposed in this paper is substrate independent and
can theoretically be implemented on any substrate.

Another idea is a substrate integrated waveguide (SIW) (or
called an electromagnetic bandgap (EBG)/magnetic bandgap
(MBG) cavity, laminated waveguide, and post-wall waveguide
in some literature) [10]–[14]. It is compatible with planar com-
ponent integration. This concept has been implemented using
various substrates such as printed circuit boards (PCBs) [14] and
low-temperature co-fired ceramic (LTCC) [15], [16]. Great per-
formances were reported from these designs. One limit is that
the technology requires a low-loss substrate and the via-hole
technology. A substrate integrated image waveguide/resonator
is associated with the similar issue [17], [18]. Reference [19]
reported a surface micromachined approach to implement the
SIW. It uses a photodefinable dielectric to form the waveguide
on top of the substrate. It still requires a low-loss dielectric.

In this paper, a waveguide cavity filter is moved onto the
top of the substrate using polymer-core conductor surface
micromachining technology [20]. The entire cavity/waveguide
filter is on top of the substrate. The requirement for a low-loss
substrate is no longer necessary since air fills the cavity/wave-
guide. In our previous research, this technology has been used
to build other millimeter-wave components such as a -band
monopole, a Yagi–Uda array, an elevated patch antenna, and
an elevated coupler [21]–[23]. We have also reported research
results on a 30-GHz cavity resonator using this technology
[24]. In this paper, we will focus on design, fabrication, and
characterization of 60-GHz ( -band) filters with superior mea-
surement results using this new integration method, including
two all-pole filters and a novel transmission-zero filter. Inser-
tion losses as low as 1.42 dB for a two-pole filter and 2.45 dB
for a four-pole quasi-elliptical type filter have been observed.

II. PROPOSED POLYMER CORE CONDUCTOR SURFACE
MICROMACHINING INTEGRATION METHOD

FOR FILTER IMPLEMENTATION

Fig. 1(a) shows the proposed filter structure. Fig. 1(b) shows
its side view. Unlike a SIW where rows of vias are located inside
the substrate, metallized pillars rows here are moved onto top
of the substrate with air gaps between them. These pillar rows
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Fig. 1. (a) Proposed cavity-resonator filter structure using polymer-core
conductor surface micromachining technology (top plate elevated for clarity).
(b) Side view of the proposed filter structure.

make the sidewalls of the elevated cavity/waveguide. When the
diameter of the pillars and the pitch between the pillars satis-
fies the rule suggested in [25] and [26], the leakage from the air
gaps between pillars can be neglected. The top plate is a sep-
arate metallized piece stacked on top of pillars and the bottom
plate is the metallization on the top of substrate. The underneath
substrate only plays as a carrying medium. In Fig. 1(a), the top
plate is deliberately raised high to reveal the sidewall details.

In the proposed technology, cores of pillar arrays are formed
through patterning a thick photodefinable polymer SU-8, and
then plating their outer surface up to several micrometers. Com-
pared with traditional via-hole plating using in a SIW, the pro-
posed method is more economical. Although it is possible to
directly pattern solid walls, pillar fences are used instead due to
the fabrication feasibility concern, which has been discussed in
[24].

The proposed configuration offers several advantages, dis-
cussed in Sections II-A.1–4.

1) Reduced loss: the dielectric loss is eliminated because the
entire electromagnetic (EM) field is constrained in a air-filled
waveguide/cavity; the metallized ground blocks the dielectric
loss from the underneath substrate.

We will now demonstrate loss reduction of the proposed
technology. If the leakage loss from the gap between pillars can
be minimized [26], the conductor loss will dominate the overall
attenuation because the dielectric loss is eliminated in this tech-
nology. According to [26] and [42], the conductor loss of vias is
almost the same as the one of a solid wall surface, and the latter
can easily be calculated from [3]. In addition, 0.2- m surface
roughness is the average value we measured in our prototypes
metallized by the gold electroplating technology. This rough-
ness increases the surface resistance of the waveguide, and thus,
needs to be taken into account. To give readers a quick estima-
tion of insertion losses for the proposed filter and waveguide

TABLE I
COMPARISONS OF WAVEGUIDE/CAVITY INSERTION

LOSSES FOR DIFFERENT CONDITIONS

structures, finite-element method (FEM)-based numerical sim-
ulations (using Ansoft Corporation’s High Frequency Structure
Simulator (HFSS) 10.11) are performed to compare attenuation
per unit length for the following waveguide configurations and
unloaded quality factors for different cavity configurations:
(a) a solid-wall gold waveguide without surface roughness,
(b) a solid-wall gold waveguide with 0.2- m surface roughness
and a total surface metal thickness of 3 m, (c) a pillar-array
sidewalls surface micromachined gold waveguide with 0.2- m
surface roughness and a total surface metal thickness of 3 m.
Unloaded quality factors are extracted for the following cavity
configurations: (d) a 60-GHz solid-wall gold cavity resonator
without surface roughness, (e) a 60-GHz solid-wall gold cavity
resonator with 0.2- m surface roughness and a total surface
metal thickness of 3 m, and finally, (f) a 60-GHz pillar-array
sidewalls surface micromachined gold cavity resonator with
0.2- m surface roughness and a total surface metal thickness of
3 m. The surface roughness assignment is achieved through
a built-in boundary condition feature of Ansoft’s HFSS 10.1.
The simulation results, as well as the calculated conductor and
dielectric losses from [3], are listed in Table I.

It can be seen from Table I that replacing solid walls with
pillar-array sidewalls with air gaps only slightly increases the
conductor loss from 0.117 to 0.134 dB/cm. It also can be ob-
served that an additional 0.154-dB/cm attenuation from the di-
electric loss will be added onto the conductor loss if a material
with the loss tangent of 0.002 is used instead of air at 60 GHz.
This value is comparable with the conductor loss associated with
the one of (c). In other words, eliminating the dielectric loss can
significantly reduce the overall loss. It is also found that the un-
loaded of a pillar-array-based cavity resonator is quite close
to one with solid walls.

2) Easier integration with planar components: it allows for
the easy integration of 3-D structures with other planar compo-
nents located on top of the substrate. This advantage has been
utilized in this paper to design a novel cross-coupling scheme to
implement a transmission-zero filter.

3) Improved manufacturing accuracy and flexibility: be-
cause photolithography is used in fabrication, the accuracy
of the pillars’ diameter can be well controlled on the level of
micrometer and continuously tuned. The proposed technology
can also introduce more design flexibilities that help create
new designs/topologies that might be hard from a traditional
mechanical machined waveguide: the diameters for different
pillars can be designed to be different with each other; the
height of the pillars can also be continuously controlled from
several micrometers up to 1–2 mm; SU-8 2150 can reach as

1[Online]. Available: http://www.ansoft.com/products/hf/hfss/
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Fig. 2. (a) 3-D view. (b) Top view of a vertical probe connected with a CPW
line.

high as 600 m for the single spin coating, and repeatable and
high yield pillar array with aspect ratio of 25 or higher can be
achieved.2 Without the requirements for standard via dimen-
sions and standard board thicknesses, this method extends the
design space.

4) Substrate independent: Last, but not the least, it is a
substrate-independent approach; one optimized design can be
easily used on other substrates.

Taking into account all of these advantages, the proposed
method can be an excellent candidate for millimeter-wave filter
integration.

A. Feeding Scheme

For a substrate integrated cavity filter, feeding using a mi-
crostrip line is the most popular way [13]. It is hard to implement
similar feeding for the proposed structure when ”via” arrays are
placed onto the substrate surface. A slot opening on the inter-
mittent metal plate for a multilayer configuration [28] is also
not feasible for the proposed single-layer elevating structure.

A CPW line can be used as the feed; the CPW signal line
can be inserted into the cavity to excite it. This has been used
to weakly excite the air cavity in [24]. Here, however, it is hard
to get the critical coupling level for filter applications. This is
because the dielectric constant of the substrate is higher than
the air; the energy will be mainly constrained in the substrate.

A CPW connected current probe is used instead. To feed a
substrate integrated cavity, it can be just half way or completely
reach the bottom plate [27], [28]. Here, the current probe has
to touch the top plate to simplify the fabrication. The detail of
feeding is shown in Fig. 2.

B. Design Flow

Several 60-GHz filters are designed, fabricated, and charac-
terized in this paper to demonstrate the claimed advantages. All
designs follow the same procedure described as follows.

1) Specifications are first given, including center frequency,
fractional bandwidth, desired matching level, and filter
type (Chebyshev, max flat, or elliptical type).

2) A group of the low-pass prototype parameters
is given from the desired filter response; the

required external and internal coupling coefficient can be
calculated using these parameters [29].

2[Online]. Available: http://www.microchem.com/products/su_eight.htm

Fig. 3. Fabrication flow of the proposed air-lifted cavity resonator filter using
polymer-core pillar arrays (redrawn from [24]).

3) Decide the type of the coupling structure for external and
internal coupling and look up the design curve to find the
optimal physical dimension. Solid walls are used for the
time being to expedite simulations.

4) Solid walls are transformed into pillar arrays and full-wave
simulations are performed to make the final adjustments
using (1) as follows (from [12]):

(1)

where is the equivalent width of the waveguide and
is the measured distance between the two inner rows of pillars
(center to center). is the diameter of the pillar, and is the
pitch between two adjacent pillars. and were chosen to min-
imize the EM-wave leakage while meeting the fabrication con-
strains [26].

C. Fabrication Flow

Fig. 3 details the fabrication process steps [20]–[24]: a thin
Ti layer was sputtered to improve the SU-8’s adhesion to the
glass. A negative photodefinable epoxy SU-8 2035 several hun-
dred micrometers thick was dispensed and patterned to define
the cores of the pillar fences. Ti/Cu/Ti was then sputtered as the
seed layer to cover the pillars, as well as the substrate in a con-
formal manner. Negative photoresist NR9–8000 was coated and
patterned in a noncontact way to cover the CPW slot region, pre-
venting the metal coverage on the slot in the following electro-
plating step. Electroplating of copper and gold covers the side-
wall of the pillars and the exposed feeding structures. A piece
of silicon wafer was metallized to be used as a top plate of the
cavity, by flipping the silicon wafer and bonding together using
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Fig. 4. Schematic of an air-lifted two-pole cavity filter integrated with a
CPW–waveguide transition.

Fig. 5. (a) Schematic of a CPW-waveguide transition. (b) Full-wave simulation
results for the transition.

silver paste. The electrical properties of silver paste we used can
be found in [43].

III. DESIGN AND FABRICATION OF TWO ALL-POLE FILTERS

A. Elevated Waveguide Iris Filter With
a CPW–Waveguide Transition

The first filter design is an elevated waveguide filter with in-
ductive irises. A Chebyshev-type two-pole filter with a 0.1-dB
passband ripple is designed. It has a 2.65% fractional bandwidth
centered at 60 GHz.

Shown in Fig. 4, it consists of two cavity resonators in the
middle and one CPW-to-waveguide transition at each end. The
top plate is not shown for clarity in Fig. 4. The CPW-to-wave-
guide transition is used to transform the CPW quasi-TEM mode
to the rectangular waveguide mode [30], [31]. The mode
transition is achieved with the current probe [27].

Fig. 5(a) shows the CPW–waveguide transition used in
this paper, with full-wave simulated performances plotted in
Fig. 5(b). The transition shows good impedance matching for
both the CPW port ( ) and rectangular waveguide port ( )
in the vicinity of 60 GHz. A 0.74-dB insertion loss is found for
the transition itself using Ansoft’s full-wave simulator HFSS.

A two-pole iris-based waveguide filter is designed using the
classical synthesis procedure. By looking up appropriate ex-
ternal and internal dimensions from design curves in Fig. 6, the
required external coupling level and internal coupling level can
be achieved.

After the waveguide filter is designed, it is connected with
the CPW-waveguide transition at each end. The entire structure
is re-optimized by FEM-based full-wave simulations, and final

Fig. 6. External loading quality factors versus external iris opening; internal
coupling coefficients versus internal iris opening.

TABLE II
OPTIMIZED FILTER DIMENSIONS

(UNITS: MILLIMETERS)

Fig. 7. Dimension illustration of two-pole cavity resonator filter with a CPW-
waveguide transition.

dimensions for this solid wall CPW connected two-pole Cheby-
shev filter are listed in Table II, with legends marked in Fig. 7.
Finally, solid walls are replaced by two rows of pillar arrays
using (1).

The fabricated sample on the quartz glass substrate is
measured by an Agilent 8510XF vector network analyzer
station connected with ground–signal–ground (GSG) probes
of a 250- m pitch. The system is calibrated with the Na-
tional Institute of Standards and Technology (NIST) Multical
thru-reflect-line (TRL) scheme between 50–70 GHz [32]. The
reference plane is set to the outer surface of the sidewall. The
measurement results are plotted together with the simulation
results in Fig. 8.

Great agreement between the simulation and measurement
is observed, shown in Table III. The central frequency moved
from 60.20 GHz in simulations to 60.25 GHz in measurements.
The fractional bandwidths are the same in simulation and mea-
surement. A 2.9-dB insertion loss and a return loss greater than
15 dB are achieved for the fabricated prototype. The insertion
loss is slightly higher than the simulation result, which is 2.4 dB.
From Fig. 5(b), one CPW-to-waveguide transition introduces
0.74-dB loss and two transitions used in the filter will introduce
1.48-dB loss. Simulation results using Ansoft’s HFSS indicate
a 0.32-dB loss if a perfect electric conductor (PEC) is used for
this transition. This shows a 0.42-dB loss is from the metal loss
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Fig. 8. Comparisons of simulated and measured responses for the filter in
Fig. 4.

TABLE III
COMPARISON OF SIMULATED AND MEASURED FILTER RESPONSES

of the transition and 0.32 dB for the radiation leakage into the
substrate with a long CPW line used in this transition.

Only less than 1.5 dB comes from the waveguide filter it-
self. If the transition loss can be minimized, better performance
should be observed. A two-pole filter without a CPW-wave-
guide transition will be presented in Section III-B to further im-
prove the filter performance.

B. Elevated Cavity Filter With Current Probes Directly
Fed Into Resonating Cavities

As found in Section III-A, including a CPW-to-waveguide
transition simplifies the filter design into two independent steps:
optimizing the transition itself and designing the waveguide
filter. Many mature waveguide filter designs can directly be
transformed to elevated pillar-array-based filters using the
same transition. However, for a low-order filter, the transition
consumes more circuit area than the waveguide filter itself. It
also increases the entire insertion loss.

In this section, the CPW-waveguide transition is eliminated.
Instead of exciting a cavity filter from the external waveguide
using an iris, a CPW-connected probe is directly fed into the
resonating cavity. Shown in Fig. 9, the current probe excites the
cavity using magnetic coupling; its equivalent-circuit model is
given in Fig. 9. Fig. 10 shows the schematic drawing of the CPW
probe directly fed two-pole filter.

The external coupling level is controlled by the position
of the current probes inside the cavity. The external coupling
decreases when the probe moves away from the center of
the cavity, but the resonating frequency also decreases at the
same time. Thus, the size of the cavity has to be adjusted to
compensate for this frequency shift. Another issue is that the
minimum distance between the probe and sidewall is restricted
by the fabrication limit; moving the probe only along the center
line may not get the required low coupling level. In our study,
we find that moving the probe off the center line can overcome
this limitation and greatly increase the tuning range of the

Fig. 9. Schematic and equivalent circuit of a single air-lifted cavity directly fed
by a CPW-connected current probe.

Fig. 10. (a) Schematic of CPW probe directly fed two-pole filter. (b) 2-D view
of possible moving directions of the feeding current probe.

Fig. 11. (a) External quality factor versus X . (b) External quality factor
versus Y .

external coupling level. This is because the field distribution
is the product of two sinusoid functions in both the - and

-directions (offsets from the cavity center are determined by
and ). [The definitions for and are indicated

in Fig. 10(b)]. Moving probes only within one direction will
limit the tuning range.

Fig. 11(a) and (b) shows how and affect the external
quality factors. In Fig. 11(a), is fixed as zero. For Fig. 11(b),

is fixed as 1.4 mm. From these two curves, we can see that
designing a very narrowband filter is made possible by moving
current probes to the corner of the cavity.

A Chebyshev-type filter with 0.1-dB passband ripple is de-
signed to cover a 2.0-GHz 3-dB bandwidth centered at 60 GHz
using this direct feeding approach. By looking up the appro-
priate external and internal dimensions from the design curves
in Figs. 11(a) and (b) and 6, the required external coupling level
and internal coupling level can be found. The entire structure is
optimized by full-wave simulation and the final dimensions for
this compact solid-wall two-pole Chebyshev filter are listed in
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