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High-Frequency Electromagnetic Bandgap Structures via

Indirect Solid Freeform Fabrication

Christopher J. Reilly,*"$ William J. Chappell,* John W. Halloran,”" and Linda P. B. Katehi*
Advanced Ceramics Laboratory, Department of Materials Science and Engineering, University of Michigan,

Ann Arbor, Michigan 48108

Radiation Laboratory, Department of Electrical Engineering and Computer Science, University of Michigan,

The indirect solid freeform fabrication process is used to
fabricate low-loss complex geometry periodic dielectrics for
use in the microwave range. Relevant processing details, such
as mold fabrication, slurry rheology, curing, and binder
burnout, are discussed. Woodpile electromagnetic bandgap
structures exhibiting a —40 dB well were shown to be opera-
tional at frequencies >110 GHz. Novel designs of planar
periodic dielectric resonators with Q = 965 at 33 GHz (Q =
ratio of the power stored to power lost in the resonator) were
realized in alumina Metallo-dielectric filters with low-
insertion loss were also created via | SFF; modeling of these
structures using resistor-inductor -capacitor -equivalent circuit
analysis was performed to calculate a Q of 645.

. Introduction

FIRST proposed by Yablonovitch,* it is now well-known that
periodic dielectric structures can act to block the propagation
of an electromagnetic wave. The periodicity acts as a bandstop,
multidimensional spatia filter because energy will evanesce into
the material over arange of frequenciesinstead of propagate. Both
two- and three-dimensiona structures have been proposed that
exhibit this effect.

By removing one of the periodic inclusions in an electromag-
netic bandgap (EBG) structure, a defect periodic structure? and
accompanying defect mode resonance can be created. The reso-
nance can be used by coupling multiple defects, creating a
high-quality filter useful for microwave front-end modules.

Early attempts at realizing three-dimensional EBG structures
were face-centered cubic arrays of dielectric spheres in foam.® As
an advance over this earlier EBG structure, Ozbay* first proposed
stacked arrays of rods, commonly referred to as woodpiles. The
woodpile is known to have a bandgap in which propagation is
prohibited and all incident energy is reflected for all angles of
incidence for all polarizations.® L ow-frequency woodpiles were of
interest because of their ease of prototyping using manually
stacked dielectric rods.® Also, micro-machined silicon wafers were
stacked to create a higher frequency 3-D woodpile in 1994.°
Researchers at Sandia National Labs’ successfully manufactured
lithographically defined woodpiles of polycrystalline silicon that
were functional at high frequency (90 to 500 GHz) but limited in
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applicability because of the high-loss tangent of the silicon
dielectric.

In addition, a two-dimensional EBG substrate can be created
using asquare array of aluminarods embedded in air, supported by
two thin ceramic layers to both maintain the relative location of the
rods and provide a substrate surface for subsequent processing
steps. In the present application, the thin layers are metallized to
create a parallel plate. An EBG defect resonator is made by
intentionally interrupting the otherwise periodic lattice® The
defect localizes energy within the lattice and a resonance is
created. As an dternative to the periodic dielectric rods, a
metallo-dielectric bandgap has been proposed in which periodic
metal rods will contain energy in two-dimensions, displaying a
low-stop effect. Energy is blocked from dc to an upper cutoff
because of the two-dimensiona array of metallic inclusion in a
parallel plate. The relevant electrical aspects of these structures are
the focus of a recent paper,® and the focus of this paper is to
elucidate manufacturing methodologies for the successful realiza-
tion of the proposed structures.

In each type of periodic structure, a critica component is the
loss of the material. In many applications, the beneficial aspect of
the periodic structure is the ability to localize or reflect energy
using a dielectric instead of metal. The effect is beneficia only if
the material is low loss at the microwave frequencies of interest.
The use of alower dielectric loss material in the periodic structure
will result in a sharper resonance of the defect mode. The use of a
low-loss material in afilter structure lessens the trade off between
insertion loss and bandwidth. Therefore, improving microwave
filtersis in many ways a materials issue. The development of the
periodic structures out of a low-loss material is imperative for
beneficia integration into high-frequency systems.

However, there are relatively few methods to manipulate
low-loss, high-frequency materials. To this end, we apply the
indirect solid freeform fabrication (ISFF) method to high-purity
alumina EBG woodpile structures, planar EBG substrates, and
metallo-dielectric filters. The low-loss properties of the alumina
alow for a higher quality resonance in the defect mode of the
substrates. The | SFF process involves the suspension polymeriza-
tion casting of a ceramic-loaded suspension into a lost mold
fabricated by a rapid prototyping tool. This work builds on
previous progress made toward the development of direct fabrica-
tion of ceramic parts via both inkjet deposition techniques'®—2
and FDM 45

Suspension polymerization casting (SPC) is known as an
effective way to build complex ceramic parts. In SPC, ceramic
powder is mixed with monomers, dispersants, and solvents. The
monomer solution is polymerized in situ. The ceramic particles are
entrapped in the polymer gel network and a ceramic green body is
formed as a result of polymerization. Ceramic bodies are created
via the subsequent remova of the organic binder system and
sintering of the powder compact. Patented by Venkataswamy
et al.,'® SPC has been successfully applied to many ceramic
wSemS.H’ls
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A brief overview of the ISFF process follows. The part to be
built is first created as a solid body in AutoCAD, and then a
modified Boolean negative of the part istranslated to .stl format so
it can be built on a3-D inkjet printer (Model MM6Pro, Solidscape,
Merrimack, NH) and used as a lost mold in the casting process.
The slurry that is cast and cured into the lost mold is 54 vol%
aumina, and is formulated using acrylate monomers chosen for
their chemical compatibility with the mold material and low
toxicity. Once the slurry is cured in the mold to form the green
part, it is put through one slow heating cycle to thermally remove
the mold and binder and a second cycle to sinter the ceramic.

II. Experimental Procedures

(1) Mold Design and Fabrication

The planar all-dielectric resonator structure consists of two
paralel aumina plates separated by an array of alumina rods. For
ideal part performance, the plates should be kept as thin as
possible. The smallest thickness of the plates formed in the casting
process is limited by the z-axis resolution of the build tool used to
make the mold. For the 3-D inkjet printer, the layers are 50.8 um
thick. To ensure continuity of the plates and the stability of the
structure, the molds are made such that the plates are 250 pm thick
after casting.

The feature size resolution of the fina part is limited by the
mold-making tool and the size scale of the part determines its
frequency range of operation. As the wavelengths of the radiation
for the microwave bands of interest in air are on the order of afew
millimeters, the molds for these structures are well within our
range of manufacturing capability.

(2) Slurry Formulation and Rheology

The monomer solution used in the formulation of the alumina
dlurry is a 7:1 mix of isobornyl acrylate (IBA; Sartomer 506,
Aldrich, Milwaukee, WI) to propoxylated neopentyl glycol diac-
rylate (PNGPDA; Sartomer 9003, Aldrich) which is diluted by 20
vol% with decahydronapthalene (Decalin, Avocado Research
Chemicals Ltd., Heysham, U.K.). The aluminais A-16SG (Alcoa,
Pittsburgh, PA) powder with median particle size (Dg,) of 0.4 pm.
The density of the powder is 3.92 g/, and the specific surface area
of this powder is 9 m?/g. 3 wt% CC-55 (Witco, Houston, TX)
surfactant is used as a dispersant for this system.

A stable, low-viscosity slurry with high-solids loading is essen-
tia to successful ISSF. The slurry must be fluid to ensure mold
replication, and it must be of high enough solids loading so the part
can be sintered to full density after the binder is removed. The
incentive for applying suspension polymerization casting tech-
niques toward the fabrication of periodic dielectric structures is
that it provides a means of manipulating low-loss ceramics.
Severa high-volume-solids loadings alumina IBA/PNGPDA/
Decalin dlurries were prepared and tested. One initial batch of 60
vol% alumina IBA/PNGPDA/Decalin suspension was formulated
and diluted back down to 58, 56, 52, 50, and 40 vol% by mixing
in additional monomer solution. The rheological properties of the
suspensions were measured by a rheometer with concentric cylin-
der C14 (Bohlin CS-50, Cranbury, NJ). The dlurry was agitated for
10 s at room temperature before starting the measurement. The
viscosity was measured and recorded as the shear rate was
increased.

(3) Curing, Binder Removal, and Sintering

The curing kinetics of alumina slurries formulated with acrylate
monomers has been studied, with the autocatalytic polymerization
and effect of the aluminafiller previously reported.*® The presence
of the decalin has been shown to decrease the double-bond
concentration while increasing the reactivities of the monomers
and the chain mobility.>® Benzoyl peroxide (BPO, Aldrich) was
selected as an initiator and a catalyst, n,n,dimethyl-p-toluidine,
(NNDPT, Aldrich) is used to raise the reaction rates at lower
temperatures to preserve the low-melting temperature mold.
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Fig. 1. Thermogravimetric analysis of polymerized acrylates showing
weight loss and as a function of temperature.

The pyrolysis behavior of the polymerized sample was charac-
terized by the thermogravimetric analysis (TGA; Model TG171,
Cahn, Madison, WI). An air atmosphere was used and the heating
rate was set as 10°C/min. The data were collected during the
heating process. After reaching 600°C, the instrument was cooled
down. The data are plotted in Fig. 1. This plot shows that the
acrylate binder system can be completely removed through a
simple heating regimen. The TGA records the weight loss of the
sample as the temperature increases. It makes apparent the
temperature regions of steepest weight loss. The weight of the
sample drops as the pyrolyzed binder system leaves the sample. A
higher rate of weight loss implies a higher mass-flow rate of
organic species. If more species are volatized than can leave the
system, cracks are likely to form. To lessen the potential of crack
formation, the temperature ramp is slowest when the mass loss is
most rapid. To this end, a multiperiod heating ramp to 700°C is
used to thermal remove the binder.

Binder-free parts were placed between two flat alumina plates
with coarse alumina setter bed powder above and below the part
and heated 5°C /min to 1600°C for 4 h. The setter bed acts as a
moveable boundary to alow for part shrinkage while maintaining
the part between two flat plates during sintering.

Electrical testing of the EBG structures fabricated by ISFF is
done with a sweeping signal source network analyzer (Model HP
8522D, Hewlett-Packard, Palo Alto, CA) for structures operating
in the frequency range 0—40 GHz, and an anotehr analyzer (Model
HP 8510, Hewlett-Packard) is used to obtain frequency sweeps
from 40—60 and 75-110 Ghz.

I1l. Results and Discussion

The viscosity versus shear rate plots for the 58, 56, 52, 50, and
40 vol% alumina durries are shown in Fig. 2. All tested slurries
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Fig. 2. Viscosity versus shear rate for the alumina slurries of different
solids loadings.
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Fig. 3. Viscosity at 10 s~* shear rate versus solids loading for alumina
slurry along with Kreiger-Dougherty model fit with B = 1.035.

exhibit a shear thinning behavior at low shear rates and are
Newtonian at higher shear rates, >10 s~ *. The particles in the
unagitated suspension are lightly agglomerated and a small amount
of shear stressisrequired to break up the particle flocculation. This
is observed as a high viscosity at low shear rates. Breaking up the
agglomerations frees trapped monomer solution and further fluid-
izes the suspension. As the shear increases, more flocculations are
broken up, and the viscosity is observed to drop. When the shear
becomes insufficient to further liberate trapped monomer solution
via deagglomeration, the viscosity will not change even as the
shear rate continues to increase. This behavior is observed at shear
rates >10 s~ *. The particles are not interacting, but they are a
restriction to free fluid flow; therefore, the viscosity of the loaded
suspension is higher than an unloaded monomer solution. As the
60, 58, and 56 vol% slurries reach shear rates approaching 50 s %,
the viscosity is observed to increase dlightly with increasing shear
rate. This shear-thickening behavior is indicative of particle
interactions caused by the high shear state of the fluid medium. As
the organic liquid is forced into higher shear rates, more particle
collisions and interactions are induced, which gives rise to the
observed increase in viscosity.

Characterization of the slurry rheology at various solids |oad-
ings and shear rates also provides insight into the suspension
structure and efficacy of the dispersant system. The dependence of
slurry viscosity on the solids loading and initial viscosity of the
medium as modeled by Kreiger-Dougherty is given by:*

@) —2.5¢¢
$o

Where 1 is the viscosity of the suspension, n, isthe viscosity of
the unloaded liquid, ¢ is the volume fraction of the powder
dispersed in the suspension and ¢ is the theoretical maximum
packing fraction, typically 0.64 for random close packing of
monomodal particles. B is the effective packing factor of the
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powder in the suspension; it represents a deviation from the
idealized hard sphere model (8 = 1) wherein flocculated particles
have trapped liquid medium, resulting in an increased effective
phase volume of ceramic particles and attendant viscosity.>* The
exponent 2.5 is appropriate for spherical particles.

Figure 3 shows the viscosities measured at high shear rate for
the 60, 58, 56, 52, 50, and 40 vol% alumina slurries as a function
of the solids loading along with a Kreiger-Dougherty (Eg. (1))
model fit to the data with an effective packing factor value B =
1.035. As previously discussed, B provides insight into the
effectiveness of the dispersant and the ideality of the slurry. The B
value can be used to estimate the adsorbed layer of dispersant plus
trapped monomer solution (b in Eq. (2)) surrounding the ceramic
particle of diameter d.?

2b)\3
B:<1+—)

d

Using Eq. (2) and the B = 1.035 from the empirical fit of the
Kreiger Dougherty (Eq. (1)) model to the viscometry data for the
alumina slurry gives an adsorbed surfactant layer thickness of b =
2.3 nm. Thisisthe same order of magnitude though slightly lower
than values obtained by other researchers.?>2* This implies that
there is less monomer solution trapped near the particles in this
auminasdlurry, giving alower effective phase volume of solidsand
slurry behavior that is closer to “hard-sphere” ideality. Viscosity
measurements and analysis suggest that the surfactant used in this
process is a very effective dispersant for this system. Based on
these measurements, a 54 vol% solids loading slurry was chosen as
the ideal choice to balance the dual requirements of slurry fluidity
and green body sinterability.

The results of the | SFF process as applied to periodic dielectric
structures are the topic of this section. Figure 4 shows an image of
the CAD file of the 35 GHz woodpile structure (a) and the same
part realized in aumina (b). An SEM micrograph is shown in Fig.
4(c) to illustrate the rod spacing. For the 35GHz woodpile, the rod
size is 1 mm with an intralayer period of 3.74 mm. There are 14
rodsin each layer. Theindividual layers are stacked vertically with
astacking sequence of a-b-c-d in which layers b and d are spun 90°
relative to layers a and c. Layers a and ¢ (the two layers in the
four-layer sequence that are aligned) are offset by roughly half of
the intralayer period. The same is true for layers b and d. The
four-layer stack is repeated three times to yield a structure that is
12-rod layers high. Changing the rod size to 0.40 mm and the
intralayer period to 1.5 mm shifts the operational frequency range
to 90 GHz.

An image of the CAD file of the 2-D defect resonator is shown
in Fig. 5(a). The final alumina part fabricated via | SFF is shown in
Fig. 5(b). This structureis created using aluminarods embedded in
air, supported by two thin ceramic layers to maintain the relative
location of the rods. The structure is comprised of a 2-D array of
1.16-mm rods spaced on a square lattice of 3.28 mm. The structure
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Fig. 4. 35-GHz woodpile electromagnetic bandgap structure: (@) CAD file, (b) optical image of alumina part built via ISFF, and (c) SEM to illustrate rod

spacing.
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Fig. 5. 2-D planar, al-dielectric defect resonator (a) CAD file, and (b) part realized in alumina via | SFF.

is defected to create a resonance by removing the centermost rod.
The parallel plates of dielectric that hold the rods together are
~250 pwm thick, but they are polished down to be as thin as
possible before device testing.

Figure 6 shows the CAD file of the two-pole metallo-dielectric
structure. It consists of 0.9-mm radius metal rods arranged in a
rectangular array through a host of dielectric aumina. The array
spacings are 4.0 mm in y and 3.1 mm in x. Metallo-dielectric
resonators have one defect, whereas filters have two coupled
defects. The resonator structure is defected by removing one metal
rod (replaced with dielectric). Multiple periodic inclusions, two in
this case, are removed to form a filter from these resonators. The
two resonant regions, i.e., the removed elements, are separated in
x by one unchanged metal rod.

(1) ISFF Alumina Quality

The density of sintered alumina processed via ISFF was
measured to be 98.2% of the manufacturer reported value of 3.92
g/em?® using the standard Archimedes technique. The microstruc-
ture of a sintered specimen that had been polished and thermally
etched is pictured in Fig. 7. The alumina ceramic fabricated by
ISFF had afina sintered grain size of 3.3 wm. The most important
metric for gauging the quality of the alumina fabricated by |SFF
for use in periodic dielectrics is the loss characteristics of the
material.

Impurities in the alumina would be a potential source of
dielectric loss in the final part. To this end, X-ray analysis of fired
ISFF alumina was performed before and after processing to
determine the effect of the processing scheme on the phase purity
of the ceramic. Fully sintered, all-dielectric resonators were
reground into powder using a mortar and pestle. The resulting
powder was scanned in an X-ray diffractometer (Rotaflex, Rigaku,
Tokyo, Japan). The X-ray results from the reground and as-
received powder are shown in Fig. 8. The peaks are labeled in
agreement with the Joint Committee on Powder Diffraction Stan-
dards for alumina. (Powder Diffraction File Card No. 71-1125,
International Centre for Diffraction Data, Newtown Square, PA).
Expected impurities for the alumina (Na,O, Fe,0O;, SIO,, and
B,O;, and MgO) do not manifest themselves in phase amounts
detectable by X-ray analysis, as they are low-concentration con-
taminants.

In many fabrication processes, there exists the potential for the
quality of the material to degrade. Therefore, a partialy filled
cylindrical cavity method was used to test the loss properties of the

Fig. 6. CAD file of two-pole metallo-dielectric filter structure.

alumina fabricated via | SFF. The resonant frequency of an empty
cylindrical cavity was measured and compared with a cavity with
a small piece of ISFF alumina placed inside the cavity. The shift
in the resonant frequency can be related to the real part of the
dielectric constant of the material. The change in resonance of the
cavity can be used to evaluate the loss in the material. The results
are shown in Fig. 9. A finite-element method (FEM) simulation
tool (High Frequency Simulation Software (HFSS) V.7.0, Ansoft,
Pittsburgh, PA) was used to determine the relationship between
these parameters. This partialy filled cavity analysis has calcu-
lated the loss tangent of the | SFF processed alumina to be at most
1.7 e-4, which leads to a dielectric, Qgigecric: Of ~6000, where Q
isaratio of the power stored to power lost in the resonator, roughly
equal to the inverse of the loss tangent of the dielectric when the
dielectric loss is the main source of lossin the structure. ThisQ =
6000 is a vast improvement over what can be commercialy
purchased for milling and shaping into periodic substrates. For
example silicon, which can be micromachined, has a maximum
Qugiaiectric Of 1000, which then further degrades when it is pro-
cessed. Rogers Duroid 6002 (glass filled fluoropolymer) has been
used in the past because of its machinability but it limited by a
Quietectric Of only 330.

The loss tangent of alumina is quoted as 1 X 10~ %, giving a
homogeneous substrate a Qp;gectric Of 10 000. The loss of the
alumina fabricated by 1SFF was determined to be 1.7 X 10™%
which yields a Qpj;gectric Of ~6000. The less-than-optimal 1oss
properties of the alumina may be in part caused by impurities not
detected in the X-ray analysis, or by charges present on the
surfaces of the 1.8% residua porosity present in the ceramic.

(A) Fabrication Fidelity: Beforetesting the electrical perfor-
mance of the dielectric parts the accuracy of the part fidelity
relative to the design was gauged by comparing orthogonal views
of the CAD file to orthogonal views of the 35 Ghz woodpile
specimen. The density slice function within NIH image photo-
graphic analysis software was used to capture the appropriate view
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Fig. 7. The microstructure of a thermally etched, sintered specimen of
| SFF alumina.
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Fig. 8. X-ray diffraction results from the as-received powder and fired ISFF alumina. Peaks are labeled in accordance with Powder Diffraction Card No.
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of the CAD file and the corresponding part view from an optical
image of the woodpile. The NIH image software was used to
calculate the areas of the individual regions and the magnitude of
the vectors between feature area centers for both the CAD and
aumina part.

The average of the absolute value of the deviation between
corresponding vectors for a given view provides an overall figure
of merit for the variation in feature placement between the CAD
design and the alumina part for that view. The mismatch in
magnitudes of corresponding feature areas are also calculated to
quantify the structural discrepancy between the design and the
fabricated part.

Figure 10 shows the results for this fidelity analysis when
applied to the three orthogonal views of the 35 GHz woodpile
structure. The average of the variation in the 3.74-mm structural
feature placement vector for the three views is 0.93%, with arange
of 3.67-3.79 mm. The major cause of discrepancy between CAD
image and fabricated part is because of a small amount of
curvature present in the woodpile structure because it is being
insufficiently supported during sintering. The average of the
mismatch in structural feature area (1 mm?) for the side view is
1.70% with a range of 0.982-1.023 mm?. Comparison of feature
areas for the other views was not performed. To ad in the
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Fig. 9. Transmission versus frequency data for the partialy filled cavity
analysis to calculate the loss tangent of the ISFF alumina.

visualization of the CAD/alumina comparison, the features of the
CAD layer have been overlaid on top of the corresponding views
of the dumina woodpile. The deviations of the fabricated 3-D
alumina woodpile part from the CAD file is comparable to
tolerances obtained via common powder processing techniques
(£2%).%°

(2) Electrical Performance of EBG Structures

(A) Three-Dimensional Woodpile Structures: A sweeping
signa source network analyzer (Model HP 8522D, Hewlett-
Packard) was used for structures operating in the frequency range
0—-40 GHz, and the Model HP 8510 (Hewlett-Packard) was used
to obtain frequency sweeps from 40—-60 and 75-110 Ghz. The
woodpile EMB structure under test is mounted between horn
antennas as the network analyzer sends and receives signal. This
equipment is used to record the power density of the EM wave at
each port.

Figure 11(b) shows the transmission versus frequency plot for
the 35 GHz woodpile, in which the rod size is 1 mm with an
intralayer period of 3.74 mm. The x-axis is a subset of the
frequency sweep sent out by the HP 8522D. The y-axisistheratio
of the power received to the power sent, in decibels. The decibel
(dB) scale is logarithmic because the ratio of the two can be quite
large. Two transmission versus frequency sweep experiments are
performed, one with the woodpile between the two horn antennas
and one without. The ratio of the power received to the power sent
is recorded and plotted in each case. In the case where there is no
woodpile EM bandgap structure between the horns, the signal
experiences no attenuation. The ratio of power received to power
sent is 1, or O dB. In the case where the signal is forced to go
through the woodpile EM bandgap structure, the attenuation is
significant. The ratio of power received to power sent is —40 dB,
or <1/10 000 of the signa that is sent from port 1 is received at

CAD Filé

)// !AV_V|=0.93%
—~ V,ALO,part

A4
Al

=1.7%

Fig. 10. The mismatch in feature placement vector and feature area
between the CAD file and fabricated alumina part is used to gauge the
fidelity of the ISFF process.
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Fig. 11. Measured transmission versus frequency data for the (a) 90-GHz
woodpile electromagnetic bandgap structure and (b) 35-GHz woodpile
electromagnetic bandgap structure.

port 2. This —40 dB-deep stopband is shown to initiate blocking
energy at a frequency of 35 GHz. The bandgap is present up until
the end of the measurement range of the equipment, 40 GHz. The
HP8510 sweeping signal source network analyzer is substituted for
the HP8522D so the transmission versus frequency sweep can be
continued up to a high enough frequency to observe the end of the
bandgap. At a frequency of ~55 GHz, the transmission of
electromagnetic energy is again allowed to propagate from source
to receiving antenna.

The HP8510 was also used to provide the EM energy for a
transmission versus frequency sweep experiment with the 90 GHz
woodpile between the antenna horns. Figure 11(a) shows the
transmission versus frequency plots for the 90 GHz woodpile, in
which the rod sizeis 0.40 mm with an intralayer period of 1.5 mm.
As expected, in the case where there is no woodpile EM bandgap
structure between the horns, the signal experiences no attenuation.
When the signal is forced to go through the woodpile EM bandgap
structure, the ratio of power received to power sentisalso —40 dB,
similar to that of the 35 GHz woodpile structure.

The 35 and 90 GHz woodpile electromagnetic bandgap struc-
tures fabricated by | SFF compare favorably to other woodpile EM
bandgap substrates. For each of the woodpile structures fabricated
in this work, the ratio of power received to power sent is —40 dB,
or 1/10000. This amount of attenuation was achieved with a
12-layer woodpile (three four-layer stacks). This equates to 13.3
dB per four-layer stack. Manually stacked woodpile structures by
Ozbay,® consisted of 16 layers (four four-layer stacks) and yielded
—55 dB attenuation, or 13.75d B per four-layer stack. The reliance
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on manua arrangement of the components of the woodpile
requires the components to be fairly large (~3 mm) and lowersthe
operational frequency to 11-13 GHz. By contrast, the structures
fabricated via ISFF benefit from the high resolution of the
mold-building tool, and these woodpiles block energy at frequen-
cies above 110 GHz. The 90 GHz alumina woodpile structures are
the smallest 3-D electromagnetic bandgaps ever fabricated from
low-loss materials.

(B) Planar All-Dielectric Periodic Sructures. Before elec-
trical testing, the top and bottom surfaces of the two-dimensional
structures must be coated with conductive metal. The metal aigns
the electric field in the array, enforcing a particular polarization
within the substrate. To minimize detrimental effects to the
resonator Q values, it is imperative to deposit a pure, highly
conductive metal. This was accomplished by sputter coating
(Hummer VI, Anatech Ltd., Alexandria, VA) a 0.5-um layer of
gold. A high-purity (99.9995%) target was used with a base
pressure of 50 torr to minimize contamination.

An HP 8522D sweeping signal source network analyzer is
attached to waveguides via coaxial cables. A waveguide to
substrate transition is designed to transfer energy into the substrate
with the planar all-dielectric resonator under test. The waveguide
excites a dlot in the metallized parallel plate surrounding the
periodic substrate. A calibration routine is run to eliminate the loss
and reflection up to the end of the waveguides; therefore, the
measurements are only for the substrate itself. The peak in
transmission through the substrate is then related to the Q of the
resonator using Eq. (3) where the half power frequencies are taken
at —3 dB down from the peak.

1 1 1 1 1

= = + +
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The transmission versus frequency data for a 2-D defect
resonator fabricated by ISFF is shown in Fig. 12. The structure
consists of 1.1-mm rods in a square array of spacing 3.3 mm. The
centermost rod in the array is missing. The results of the measure-
ments show that the measured unloaded Q was 1365 for the
structure that had a resonance at 30.7 Ghz. Calculations (HFSS,
Ansoft) for these structures, simulated as alumina rods in air
without the presence of the parallel plates, yield Q values of 1500.
The most prominent |oss mechanism (and thus the most damaging
to Q) in the resonator is the loss of the dielectric of the substrate.
The dielectric loss is directly related to the amount of field stored
in the dielectric, as well as the loss tangent of the dielectric.

In an al-dielectric EBG resonator in which the substrate is
made of dielectric rods in air, the fields are only partially stored in
the dielectric, the rest is stored in the air, which is lossless. This
raises the Qp;gectric DY afactor of 1/V;. V; is the volume fraction of
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Fig. 12. Measured transmission versus frequency datafor the 2-D planar,
all-dielectric, defect resonator fabricated by | SFF.



1452 Journal of the American Ceramic Society—Reilly et al.

20
‘ ‘ __Insertion Logs
= o Reflectance < T
= -
§ 2o / -
2 Bandwidth
é‘ ot - |
g -40 — .- — |
e / Transmission
60 — ‘
-80
I | I | I I I

8.0 8.5 S.0 9.5 10.0 105 110 115 120

freq, GHz

Fig. 13. Measured and simulated transmission versus frequency data for
the two-pole metallo-dielectric filter fabricated by ISFF.

energy that is stored in the dielectric and is referred to asthe filling
fraction. The new Qp;gectric fOr the EBG structure is described by

1

QDieIectric = m (4)
The filling fraction of the square lattice is found to be ~33%.
Therefore, the Qp;aectric 1SNCreased by afactor of threerelative to
a homogeneous substrate. The presence of the plates allow more
field to be stored in the dielectric rather than in the air and cause
adegradation of the Q. The plates were polished down to minimize
the effect of their thickness, but also to reduce the surface
roughness. Internal features with rough surfaces cannot be pol-
ished and may contribute to the overall loss of the structure. The
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correlation with theoretical predictions of the Q values of these
structures show the quality of the alumina after processing and are
superior to that of the previously reported lower frequency
structures machined out of Duroid.?

(3) Metallo-dielectric Structures

The transmission versus frequency data for a two-pole metallo-
dielectric band pass filter fabricated by ISFF is shown in Fig. 13.
This structure consists of a rectangular array of 0.9 mm radius
holes which are then coated with metal. The period in xis 3.1 mm
and the period in y is 4.0 mm. Two holes are missing (replaced
with dielectric), and they are separated by two x spacings. The
entire part, including the inner surface of the holes, is coated with
a conducting layer of gold.

The bandwidth (width of the frequency window of the filter at
half power (—3 dB)) of the structure is ~2.05% around a center
frequency of ~10.71 GHz. Theinsertion loss, or the gap by which
peak transmission fails to reach 0 dB (no attenuation in signal
strength), was found to be ~1.05 dB. An idedl filter will have an
infinitely sharp sidewall to the bandwidth and zero insertion loss.
Thisis an unachievable goal because of the losses that are inherent
in the resonators that comprise the building blocks of thefilter. The
losses in the resonators set the limits of filter performance,
specificaly the trade-off between the insertion loss and the
bandwidth. The superior measured values of insertion loss and
filter bandwidth for this structure relative to similar two-pole
filters fabricated out of Duroid®® are a direct result of the low
dielectric loss of the ISFF alumina.

An equivalent circuit was constructed in which specific ele-
ments in series mimic electrical behavior of the substrate, for
simulation purposes. A simple parallel resistor-inductor-capacitor

J CPW
®| Output
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v b
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B 300

Fig. 14. (a) Image of the two-pole metallo-dielectric filter fabricated by ISFF; (b) schematic of atwo-pole filter with defined coplanar waveguide lines and

equivalent circuit used in the simulations.
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(RLC) circuit acts as the resonator in the eguivalent circuit
structure.

An optical image of the fabricated two-pole metallo-dielectric
filter is shown in Fig. 14(a). A schematic of the coplanar
waveguide lines is illustrated in Fig. 14(b) along with the circuit
elements which are used to model the overall behavior of thefilter.
The Q of the metallo-dielectric structure is ascertained by altering
the parameters of the equivalent circuit to achieve a matched
simulation of insertion loss, bandwidth, and center frequency. The
Q of the resonators in the metallo-dielectric structure is known
from the Q in the RLC circuits that mimic them, specifically
QunLoaDED = R/wl. Through the equivalent circuits, the Q of the
ISFF structure is calculated to be 644.

In contrast to the all-dielectric resonator, al the electric field in
a metallo-dielectric is stored in the dielectric; therefore, the
dependence on the loss tangent is even greater. Simulations show
that thick substrates have potential for Q values approaching 1400
because they have more volume in which to store energy. The Q
of this particular ISFF structure is part limited by its thinness.
Surface roughness in the dielectric may further degrade Q by
causing losses in the meta layers.

Eigenvalue analysis (Ansoft HFSS) of the resonator structure
predicts a Q of 645. The major assumption of the HFSS code is
that the dielectric substrate is extremely high quality, with a loss
tangent on the order of 0.0001. The good agreement between the
Q calculated from the equivalent RLC circuit analysis of the
measured |SFF part and the Q from the HFSS simulations verifies
that the alumina substrate fabricated by ISFF is high qudlity,
low-loss material.

IV. Conclusions

Indirect solid freeform fabrication has proven to be a suitable
technique for the shaping of advanced designs of periodic dielec-
tric structures. A low-viscosity, high-solids loading suspension
polymerization casting formulation has been developed and ap-
plied. Processing parameters such as mold fabrication, slurry
rheology, curing, and binder burnout are detailed. Performance of
the fabricated periodic dielectric resonators and filters was verified
via high-frequency testing. Through ISFF, it is possible to realize
complex geometry, low-loss, high-frequency designs not possible
with conventional manufacturing methods.
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