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ABSTRACT This paper presents the first demonstration of injection molding technology to enable
large-scale mass manufacturing of high-performance tunable microwave filters to meet the growing needs of
5G small cell stations. This is the first time that a tunable filter satisfies all four of the following requirements
simultaneously: low manufacturing cost, high quality factor, wide tuning range, and high power handling.
Exhaustive research exists on the use of polymers for 3D microwave device manufacturing; nonetheless,
mass-production technologies, such as injection molding, can provide low costs without compromising
performance. The proposed bandpass filter implementation uses a tunable evanescent-mode cavity resonator
injection molded with an acrylonitrile-butadiene-styrene thermoplastic polymer. In addition, changing the
critical gap size over the resonator’s post using a commercial microactuator provides frequency tuning. The
measured filter achieves an 86% tuning range from 2.8 — 5.2 GHz with a state-of-the-art measured unloaded
quality factor Q, of 1548 —2573. The filter has a measured insertion loss of 0.06 - 0.1 dB with a fractional
bandwidth from 7.6 - 8.4% across the entire tuning range. Moreover, for the first time in this manufacturing
technology implementation, a bandpass filter is demonstrated with power handling capabilities beyond
100 W. The manufactured device demonstrates the significant potential of this technology for the scale-up
manufacturing of reconfigurable high-Q RF filters without compromising the performance.

INDEX TERMS Evanescent-mode cavity filter, quality factor (Q), reconfigurable filter, tunable filter,

injection molding, scale-up manufacturing method.

I. INTRODUCTION
The roll-out of 5 generation (5G) wireless communication

technology is constantly demanding the increase of avail-
able communication bands. The next generation of factory
equipment, vehicles, and personal devices will generate and
transmit massive amounts of data in real-time. These 5G
communication networks require a significant increase in the
available channels. The challenge lies in the coexistence of all
these channels without interference between them. Currently,
more than 50 frequency bands are used in 4G networks,
and it is expected that they will increase to 75 or 100 as
more advanced 5G networks are rolled out globally, thereby
expanding the complexity of the RF front-end [1]. Moreover,
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a 100X increase in the network at the edge through the intro-
duction of small cell towers exponentially increases hard-
ware costs and requires a higher degree of self-configuration.
A recent report [2] estimates that 45 million 5G small cell
towers would be installed by the end of 2031. Reconfigurable
filters offer an alternative solution to lower costs and increase
the performance of small cell station.

Evanescent-mode (EVA) resonators are capable of deliv-
ering high-performance devices [3]-[13]. Most recently,
efforts have been focused on minimizing manufacturing
costs while preserving performance. Hickle [14] has shown
promising results with printed circuit board (PCB) man-
ufacturing, demonstrating wide tunability of 91% tuning
range, from 3.2-6.1 GHz. Simultaneously, this manufactur-
ing method is in line with the current manufacturing method
of millimeter-wave components for cost reduction. Research
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has also been advancing for EVA-mode devices to match
the demand of 5G for higher frequencies by pushing the
PCB manufacturing boundaries. In [15] a high frequency
band-stop filter is shown tuning from 22—-42 GHz with state-
of-the-art performance with less than 1 dB out-of-band inser-
tion loss. Advancements in well-established technologies,
such as injection molding (IM), are candidates for lower
cost, high performance, scalable manufacturing, and great
potential to deliver on these research efforts.

The main objective of this work is to demonstrate
low-cost and high-performance through manufacturing with
IM technology of an air-filled EVA-mode resonator and
its implementation in a second-order bandpass filter (BPF).
An unloaded quality factor (Q,) ranging from 1548-2573
was measured, representing state-of-the-art performance and
a record power-handling of more than 100 W. The content
of this paper is organized as follows. Section II introduces
the IM technology and the design considerations for this
manufacturing method. Section III presents the resonator and
the filter RF designs. Section IV presents the manufactured
devices and their measured performance. Power handling was
also investigated. Finally, Section V presents comparisons
with state-of-the-art and discusses the results.

Il. DEVICE ARCHITECTURE AND

MANUFACTURING TECHNOLOGY

In recent years, much interest has been shown to generate
high-performance devices for wireless communications
through new technologies such as additive manufactur-
ing [16]. In [3] state-of-the-art performance is demonstrated
with a measured Q, between 1638 and 3520 on a novel
monolithic air-cavity bandpass filter using additive manu-
facturing. Simultaneously, 3D printing technologies continue
to generate better results as the industry delivers machines
that can match higher standards in geometrical tolerances
and expand into new materials with a broad portfolio of
properties. Emphasis has been placed on their performance
while maintaining a low manufacturing cost, from design to
end product.

IM of thermoplastics is used widely on everyday-use prod-
ucts. In recent years, micro-IM technology has advanced to
deliver parts with tight tolerances on the order of microns.
These can be successfully metalized with finely finished
surfaces while producing parts with complex 3D geome-
tries, providing a significantly lower cost per part and lower
weight per volume, with the same or better characteristics
of a machined part. Moreover, micro-IMs have the poten-
tial to generate components for higher frequency bands as
well, as they can maintain the required micrometer-scale
tolerances.

A. DEVICE CONCEPT

The conceptual structure of a tunable EVA-mode air-filled
cavity resonator, which was considered during the design pro-
cess for the IM, is shown in Fig. 1. Tunable EVA-mode cavity
resonators have two essential parts: (a) a static cavity with a
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Flexible ceiling for
actuation

FIGURE 1. Conceptual structure of an EVA-mode air-filled cavity
resonator.

post located in the center, and (b) a flexible ceiling that serves
as a tuning element. The walls of the air-filled cavity must be
formed using conductive metal. To realize such a cavity, it is
necessary that it be manufactured in two parts and assembled
at a later step. Moreover, the tuning element requires a method
of actuation that has been previously demonstrated using
electrostatic [17], magneto-static [4], and piezo-static [6]
technologies. Because our goal is to demonstrate the tech-
nology related to device performance, actuation is performed
using a commercially available submicron linear positioner.
The positioner’s cost is not taken into consideration, given
that it can be chosen in accordance with the desired applica-
tion. Finally, one crucial structural parameter is the bonding
of the two parts to create an air cavity. Different methods
have been demonstrated using mechanical pressure, conduc-
tive epoxy [7], and thermo-compression bonding, as reported
in [17]. In this work, we incorporated a mechanical bonding
technique for simplicity.

Technological limitations and capabilities were considered
to define the best possible design for part manufacturing, part
assembly, and device performance. One critical parameter is
the flexible upper wall of the air-filled cavity, which serves as
a tuning element. An external actuator facilitates its accurate
movement to control the resonant frequency of the device.
As such, the large diameter of the tuning membrane allows for
more deflection, which dictates the resonator tuning range.
The geometrical characteristics, such as the diameter of the
post, the diameter of the cavity, depth of the cavity, and
actuation length of the membrane, will be modified in the RF
design and will be analytically explained in Section III.

B. INJECTION MOLDING TECHNOLOGY

IM technology is widely used to produce products we use
in our everyday lives by injecting molten thermoplastic into
a mold. It is the most commonly used mass manufacturing
process, capable of providing competitive characteristics for
the manufactured parts, such as surface finish, tolerance,
and geometrical structures compared to other manufacturing
methods. Moreover, it offers the capability of mass-producing
parts at the lowest cost and fastest production time.
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FIGURE 2. Manufacturing cost comparison of plastic technologies [18].

The analysis conducted by Karania and Kazmer [18] clearly
shows the advantage of IM compared to sister technolo-
gies when large-scale manufacturing is taken into consid-
eration. Despite having a high initial setup cost, it is the
most competitive when the marginal cost and production
time are considered, as shown in Fig. 2 [18]. Their results
for a non-complex experimental part showed that conven-
tional injection molding is most suitable for quantities above
10,000 parts. As shown in Fig. 3, there is a cut-off amount
beyond which the IM cost per part is significantly lower
than that of other traditional technologies, such as CNC
machining. Moreover, IM can deliver parts that maintain
precision in the order of microns [19], surface finish, and
structural strength. Table 1 highlights the advantages of the
IM technology compared to other traditional manufacturing
methods available for fast production. It should be noted
that high-Q resonators manufactured using PCB technology
require drilling via holes realized using a high-speed CNC
machine, placing them in the CNC milling category.

C. MATERIAL SELECTION

The broad utilization of plastics to produce end-use parts and
products has led to the development of polymers as critical
materials in modern manufacturing. There is a versatile cat-
egory of materials with thousands of polymer options and
properties for use. In some applications, thermoplastics are
direct substitutes for metal parts delivering reduced weight
and cost without compromising the performance [20]. In con-
trast to thermosets, thermoplastics can go through numerous
melt and solidification cycles without significant degradation
allowing for maximum product utilization, minimizing over-
all production costs.

Acrylonitrile butadiene styrene (ABS) is one of the most
common plastics used in IM manufacturing. It has the valu-
able property of not burning. It rather liquefies upon reaching
its melting point, which makes it ideal for IM applications.
Simultaneously, it is possible to cool and reheat it without
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FIGURE 3. Cost cut-off point in comparison between IM and CNC
machining.

TABLE 1. Additive manufacturing technology comparison [18].

Resin Surface Part Part
Availability Finish Integrity ~ Complexity

Conventional IM T 1T T 1 11 T
Fused Deposition
Modeling (FDM) 11 1 { T
Selective Laser
Sintering (SLS) W W ' 11
CNC Machining
(China) Tt Tt 1 1

significant degradation. This characteristic provides a cost-
effective option, as it reduces manufacturing waste. It is
a tough, versatile, engineering thermoplastic that combines
strength and durability with good heat resistance. Moreover,
ABS is one of the best options for plating on plastic because
of its chemical resistance characteristics. Adherent metal fin-
ishing can be deposited through chemical pretreatment and
further metalized without compromising the structural and
surface characteristics. In contrast, this metal layer enhances
material attributes related to strength and heat resistance,
a vital aspect to consider in high power applications, where
the generated heat is a critical parameter impacting perfor-
mance. The general material properties of ABS are listed
in Table 2 [21].

D. DESIGN FOR MOLDABILITY

There are three main principles that one must abide by
when designing a structure that will be injection molded:
(1) undercuts, (2) uniformity, and (3) drafts [22]. The mold
was composed of two parts: a cavity and a core. When they
come together, their enclosure forms the cavity to be filled by
the molten thermoplastic, and their contact forms the parting
line. They were machined with high precision in order to
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TABLE 2. ABS general material properties.

Physical Properties ASTM Test Method Units Nominal Value

Density D1505 glcc 1.03
Tensile Strength @ Yield D638 psi >6,000
Elongation @Break D638 % 40
Flexural Modulus D790 psi 300,000
Flexural Yield Strength D790 psi 10,700
Durometer D785 R scale 102
Izod Impact D256 ft Ibs/in? 7.7
Vicat Softening Temp. D1525 °F 219
Heat Deflection Temp. 66 psi D648 °F 201
Flammability UL%4 UL%4 HB
Poor design Improved design

IM Part

Parting line -

No Undercut

Undercut

FIGURE 4. Parting line location for the mold. Poor design vs. Improved
design.

Poor design Improved design

-F/_,-‘-/ N

FIGURE 5. Wall uniformity considerations for the mold. Poor design vs.
Improved design.

guarantee a tight fit enclosure. Complex molds require slides
or handloaded cores to form intricate shapes. This increase
the complexity of the mold and, in rugged designs, the limit
at which the parting line of the mold is located. Fig. 4 shows
the parting line located in the proposed design and how it can
be modified to simplify the design of the mold and guarantee
a successful injection molded part.

Uniformity refers to the wall thickness of the IM plastic
part. It should be the same across it in order to maintain
cosmetic and structural integrity. A sink occurs when a thicker
area of a part cools at a different rate, pulling faces towards its
center. As depicted in Fig. 5, a poor design results in sinking
marks that can be avoided by modifying it to have a wall of
uniform thickness.

The draft angles are necessary for the part to be released
from the mold. A deep cavity increases the length of the pull,
and a lack of draft causes drag marks or scratches on the sides
of the part. In this design (Fig. 6), a small draft of 15° is
recommended to allow for a more accessible release of the
part.

Geometrical characteristics are essential in the design of
EVA devices and have been considered in the construction of
resonators and second-order BPFs. Any possible undercuts
were eliminated, and the part was designed to have a uniform
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FIGURE 6. Draft angle considerations for the mold. Poor design vs.
Improved design.

1

FIGURE 7. Proposed injection molded cavity resonator.

thickness of 1 mm. The drafted sidewalls of the cavity were
designed ten times the available lower limit at 15° to obtain
the necessary high surface finish.

Ill. RESONATOR AND FILTER RF DESIGN

A. RESONATOR

Fig. 7 presents a 3-D view of the proposed IM cavity res-
onator and shows three critical dimensions and geometry for
design optimization: (1) the RF gap (h,), which is modulated
to create the frequency tuning between the flexible membrane
and the center post; (2) the height of the post (/,,); and (3) the
105° angled walls, which are critical for maintaining smooth
surface roughness during the IM process. The tuning element
on top of the post-loaded cavity resonator was implemented
using a liquid crystal polymer (LCP) membrane metalized
with copper on one side (Ultralam 3850 by Rogers Corp.).
A commercial linear actuator (M3L-S by New Scale Tech-
nologies), moves the membrane by changing the gap (h,)
vertically. Based on the dimensions of the EVA-mode air-
filled cavity summarized in Table 3, its resonance frequency
(fo) can be calculated using the following equation [8]:

1

B 2 V LcavCeqv

where cavity inductance (L.,,) is given below:

1 no, b
—— [ —In(-)h,. 2
6w x 108V ¢ n(a)p @

C.q4v is the total approximate capacitance between the post
and membrane Cp,, and the post and the cavity Cp, and can
be calculated using the following equations [8]:

Jo (1)

Legy =

Ceqv = Cpm + Cpc (3)
2
ema
Com ~ o)
8
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TABLE 3. Designed EVA-cavity resonator parameters.

Parameter Value
Post radius, a 3.0 mm
Gap (min-max), hg 45.7 - 540 pm
Post height, hp 6.8 mm
Cavity radius, b 10.0 mm

2
h,. (@)

CPC ~ P
12 b

6 x 108

The other essential parameters of the IM cavity resonator
are described as follows. The frequency tuning of the res-
onator depends primarily on Cp,,. A change in the gap height
hg between the post and the membrane changes Cp,, thus
changing the resonant frequency and tuning the resonator.
In this particular resonator design, the lowest gap considered
is 45.7 pm, which corresponds to the lowest resonance fre-
quency of 2.0 GHz, and the highest gap is 540 um, which
corresponds to the highest resonance frequency of 5.0 GHz.

0O, and the analytical equation of Q, for a traditional
EVA-mode cavity resonator were derived in [15]. Q, is the
most crucial parameter of a resonator circuit and indicates
the loss associated with the resonator (a lower loss implies
a higher Q,). In general, resonators suffer losses due to
conductor loss, dielectric loss, and radiation loss. With an
air-filled cavity, the IM resonator had the lowest possible
dielectric loss. Radiation loss is also low because of the close
contact between the flexible ceiling and cavity. To minimize
conductor loss, the IM technology implementation aimed
at a high surface finish for the part, which was maintained
during metalization by utilizing a reverse power plating (RPP)
method (R, = 0.31 um) [23].

B. FILTER

A two-pole reconfigurable BPF utilizing the EVA-mode cav-
ity resonator was designed using standard coupling synthe-
sis techniques to demonstrate the proposed manufacturing
method and validate its performance. The design procedure
for tunable EVA-mode cavity filters has been extensively
reported in the literature [8], [9], [24], thus only a brief
discussion is included here. A 3-D sketch of the filter is shown
in Fig. 8 with final design dimensions summarized in Table 4.
The flexible membrane that encloses the cavity serves as the
tuning element. A section cut of the device shows the internal
structure of the cavity and its design parameters.

The filter response type and fractional bandwidth (FBW)
depend on the cavities’ external input/output and inter-
resonator couplings. The external couplings are evaluated
by the external quality factor Q,, and the inter-resonator
coupling ki, is evaluated by the even-mode (f;,) and odd-
mode (f,) resonance frequencies of a coupled-resonator
system [25]. For this particular design, a Chebyshev BPF
response at 2.8 GHz (h, = 101 um) with 7.6% FBW
and 30 dB minimum return loss is initially designed, with
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10

FIGURE 8. Proposed injection molded cavity filter.

TABLE 4. Designed EVA-cavity filter parameters.

Parameter Value
Post radius, a 3.0 mm
Gap (min-max), hg 101 - 588 pm
Post height, h), 6.8 mm
RF input height, h; 3.5 mm
Cavity radius, b 10.0 mm
Post distance, dp 16.0 mm
Iris width, w; 13.0 mm

calculated coupling values Q, = 4.76, and k; = 0.22.
A highly coupled response is chosen to achieve low insertion
loss in the passband.

The required external coupling was realized by an RF
connector inserted through the sidewall of the cavity and short
circuited on the metalized sidewall of the capacitive post.
The coupling strength is controlled by the distance of the pin
from the top of the post, as shown by dimension #; in Fig. 8.
The closer the pin is to the top of the post (smaller 4;), the
stronger the external coupling becomes. Ensuring that the tip
of the pin makes good contact with the sidewall of the post is
also important. If the contact between the pin and the post is
poor, the coupling is reduced. To determine the dimension #;,
a single EVA-mode cavity resonator fed by an RF connector
is simulated in HFSS, and the required Q. for a given A;
is extracted from Sy using the group delay method, where
Q. = 2mwfot(fo)/4, and T(fy) is the reflection group delay at
resonance [26]. For this design, the pin was located 3.5 mm
below the top of the post to achieve the desired Q,.

The iris located between the two resonators implements
the necessary inter-resonator coupling, where the dimensions
W; and d, shown in Fig. 8, along with the overall shape
of the iris, determine the coupling strength [8]. The closer
the two posts are together (smaller d,,), or the wider the iris
opening (larger W;), the stronger the coupling. To determine
the dimensions W; and d,, two iris coupled EVA-mode cavity
resonators without RF connectors are simulated in the eigen-
mode solver of the HFSS. For a given set of dimensions W;
and dp, the even- and odd-mode resonance frequencies were
extracted and the coupling coefficient was calculated using
kip = (f2 —£2)/(f? +£2) [25]. The iris dimensions providing
the desired kj; were determined to be W; = 13 mm and
dp = 16 mm. It should be noted that a more comprehensive
design procedure for tunable EVA-mode cavity BPFs was
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* all dimensions in mm

FIGURE 9. ABS injection molded cavity resonator. a. molded cavity,
b. copper electroplated cavity.

reported in [8], with considerations for a constant bandwidth
or constant FBW across the entire tuning range. Although
not implemented here, the proposed structure allows for such
improved performance features.

Finally, a flexible membrane is used to enclose the cavity
top to provide vertical movement and control the air gap (h,)
to tune the filter. An LCP layer was mechanically pressed
against the sidewalls to achieve good contact, thus main-
taining a high Q,. Two external microactuators individually
control the two separate tuners, changing i, from 101 pm to
588 pum, thus tuning the filter from 2.8 to 5.2 GHz.

IV. FABRICATION AND MEASUREMENTS

A. RESONATOR

A cavity core was manufactured in aluminum through preci-
sion CNC machining and used in industrial level IM equip-
ment by Proto Labs Inc. During the manufacturing process,
molten ABS material was injected through the mold, and
the part was released at the end of the cycle. The produced
cavity parts are shown in Fig. 9 and Fig. 10, for the res-
onator and BPF, respectively. The manufactured parts were
solvent cleaned, and the surface was prepared for metaliza-
tion. Initially, the surface was treated with an Argon plasma
for 60 seconds in a desktop reactive ion etcher (RIE) to
increase the adhesion of the seed metal. Next, the samples
were inserted in a magnetron sputtering equipment to deposit
a total of 0.5 um seed layer of Ti/Au (20 nm of Ti) to
electroplate a thick copper layer. The samples were placed in
a copper sulfate bath, and an RPP method was used to obtain a
high density and fine surface finish [23]. The LCP membrane
used as a tuning element was 25 pm thick and metalized with
a9 um copper layer.

The final assembly also has a connector launch pad to facil-
itate the transition of the SMA connector inside the cavity.
It has been CNC machined from bulk copper and serves as a
pressure plate for the cavity and membrane seal. In addition,
a CNC machined fixture was produced to align and hold the
microactuators in position. The microactuator pillars were
fixed on top of the tuning membrane using a conventional
fast-drying adhesive layer. These fixtures can be eliminated
from the final product by integration into one piece with
the IM cavity. Images of the assembled devices are shown
in Fig. 11 (a) and (b).
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* all dimensions in mm

FIGURE 10. ABS injection molded cavity filter. a. molded cavity, b. copper
electroplated cavity.

FIGURE 11. Assembled manufactured devices. a) resonator b) bandpass
filter.

A weakly coupled EVA-mode cavity was manufactured
to evaluate the Q, of the tunable resonator. Referring to
Fig. 7, the feeding pins were disconnected from the post
to achieve weak coupling. The resonator was tuned to dif-
ferent gap heights by adjusting the position of the mem-
brane above the post using a microactuator. Fig. 12(a) shows
the measured results compared to simulation. The mea-
sured Q, was extracted from the measured Sy for different
tuning gap heights using the well known equation Q, =
0r/(1 — $21(fo)) [27], where Qy is the loaded quality fac-
tor, and S»1(fp) is the measured insertion loss at resonance
frequency fp, as shown in Fig. 12(b). The simulated Q, of
the resonator was evaluated using the eigenmode solver in
HESS without including the effect of the connectors, likely
accounting for the discrepancy seen between simulation and
measurement, which includes SMA connector loss. Further-
more, the ideal bulk conductivity of copper (o = 5.8 x
107 S/m) given in HFSS was used for all simulations; in
comparison the measured cavity suffers further losses due to
copper surface roughness and other fabrication tolerances or
assembly errors. The actual conductivity of the electroplated
copper was not measured. The resonator was tuned from
2.0 — 5.0 GHz using gap heights (h,) of 45.7 — 520 um,
respectively and achieved a measured Q,, of 1548 — 2573.

B. FILTER PERFORMANCE MEASUREMENTS
In Fig. 13, the measured performance of the fabricated
2-pole IM EVA-mode cavity BPF designed in Section III.B
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FIGURE 12. (a) Measured and simulated extracted Qy of the weakly
coupled single cavity resonator, and (b) measured insertion loss (|S, ) of
the weakly coupled single cavity resonator, with the colors representing

different tuning gap heights (hg) used to extract the measured Qy at
several resonance frequencies across the resonator’s tuning range.

is compared with the simulation results from the HFSS,
with good agreement. Adjusting the simulated gap height
from 101 — 588 pm, the filter’s center frequency is tuned
from 2.8 — 5.2 GHz, for a tuning range of 1.9:1. The return
loss (|S11]) of the fabricated device is shown in Fig. 13(a),
with each tuning state achieving more than 20 dB matching.
In Fig. 13(b) the insertion loss (|S21]) of the filter is shown,
with two insets giving a closer look at the in-band response
for the lowest and highest bandpass frequencies. A copper
conductivity of o = 5.8 x 107 S/m was again used in the
simulation, along with the Teflon of the SMA connector with
dielectric constant €, = 2.08 and loss tangent tand = 0.001
as given in the HFSS. The measured results include SMA
connector loss. At a center frequency of 2.8 GHz, the mea-
sured filter has a minimum in-band insertion loss of 0.07 dB
and a 3— dB FBW of 7.6%, while at a center frequency
of 5.2 GHz, the measured filter has a minimum in-band
insertion loss of 0.07 dB and an FBW of 8.4%. The minimum
insertion loss across the entire tuning range varies between
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FIGURE 13. (a) Measured and simulated return loss (|S;; ) of the tunable
cavity filter, and (b) measured and simulated insertion loss (|S,; |) of the
filter, with insets showing a closer view of the in-band insertion loss for
the lowest and highest bandpass filter responses (results include SMA
connector loss).

0.06 — 0.1 dB. A smoothing function on the measured data
was used to remove measurement uncertainty of £0.01 dB
when extracting the reported insertion loss values above.

C. POWER HANDLING
Power handling is a critical characteristic of high-performance
cavity filters. Power handling of the EVA-mode cavities has
been extensively investigated, and three main limitations have
been identified: (1) tuning non-linearities, (2) self-heating,
and (3) gas discharge [28]. Due to the significant RF tuning
gaps implemented within the proposed design, the nonlinear
behavior resulting from tuner self-actuation is not significant.
Furthermore, this behavior depends not only on the RF gap
but also on the tuning method of the resonator. This design
uses an external microactuator with a 0.5 N holding force
to maintain the tuner position and counteract the generated
force.

EVA-mode cavities traditionally show good power han-
dling capability due to their geometrical structure and
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FIGURE 14. (a) Simulated electric field distribution for air gap hg = 43 um
on the post inside the cavity (tuner is not shown for better display), and
(b) a closer view of the field strength on the top of the post, along with
the calculated maximum power handling Pmax for three different air gap
sizes.

significant gaps available during tuning. However, high
power resonators designed to handle 100s of watts may fail
because of gas breakdown [29]-[31]. Semnani et al. studied
the gas breakdown and power handling of EVA-mode cavities
and validated their theoritical and experimental findings [30].
It was shown that the main mechanisms of gas breakdown for
relatively large air gaps (>10 wm) under atmospheric pres-
sure were due to electron-induced ionization and secondary
electron emission. In [32], a proposed method of predicting
the maximum power handling of an EVA-mode cavity was
investigated. The same method was used to predict the power
handling capabilities of the IM EVA-mode cavity in this work
before experimental validation.

For EVA-mode cavities, most of the electric field is con-
centrated within the small air gap between the top of the
post and the tuner. Gas breakdown occurs when the electric
field density in this region reaches a specific value. When
this occurs, the resonator shorts, thus defining the maximum
power handling of the device. The maximum power handling
Pmax of an EVA-mode cavity can be calculated from the
following [32]:

E 2 1
Py = ( breakdown> « (6)

Emax—norm Witored—max

where Epreakdown 18 the electric field breakdown threshold of
air, Emax—norm 1S the maximum magnitude of the simulated
electric field inside the cavity using the eigenmode solver of
HFSS normalized to 1 nJ, and Wiored—max 18 the maximum
stored energy inside the cavity in nanojoules. For air gaps on
the order of a few 10s of micrometers, Epreakdown has been
reported to be 7.9 V/um [29].

The maximum stored energy inside the EVA-mode cavity
can be calculated from:

1
Wistored—max = Eceqv V2 @)

where C, is calculated from (3). By exciting the simulated
cavity in HFSS with 1 W of input power, the nodal voltage
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FIGURE 15. High power measurement setup.

V across C,4 can be extracted by multiplying the maximum
magnitude of the electric field by the gap height.

In Fig. 14, the simulated electric field distribution on the
post for an air gap hy = 43.1 um is shown, along with the
calculations of P,y for three different air gaps. A close-up
of the top of the post is also shown in Fig. 14(b), where it is
clear that the majority of the field is located within this region.
The calculated values for Py,x were 41.9 W, 55.9 W, and
260.4 W for air gaps hy = 43.1 um, 48.1 pum, and 92.8 um,
and cavity resonance frequencies 2.0 GHz, 2.1 GHz, and
2.8 GHz, respectively.

The power handling of the manufactured resonator in
section IV.A was investigated to compare the predicted power
handling of the EVA-mode cavity with the measurement.
A weakly coupled resonator reflects too much power and
does not provide a good indication of the resonator’s power
handling. Thus, the amount of input/output coupling of the
resonator was increased by adjusting the feed pin location
to make contact with the post and achieve critical coupling.
Fig. 15 shows the high power experimental setup. A single
continuous wave (CW) power-swept stimulus from 33 dBm
to 47 dBm was applied at the input of the resonator over a
time period of 185 ms, with the forward transmission (S21)
versus input power measured at the resonance frequency of
the cavity corresponding to a particular gap height. This mea-
surement shows the breakdown power due to gas discharge by
limiting the amount of time the resonator operates at a high
power [29]. For longer measurement times, other high power
effects became more prominent.

In Fig. 16, the measured power handling of the resonator
is shown for two different gap heights. This height was esti-
mated using the simulated model in the HESS by correlating
the measured frequency with the equivalent simulated gap.
At a resonance frequency of 2.004 GHz, with an estimated
gap height of 43 um, no breakdown wass observed at a
power-sweep time of 185 seconds up to 47 dBm. This indi-
cates that the simulated power handling shown in Fig. 14
is a conservative estimation. Increasing the power-sweep
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FIGURE 16. High power measurement results for the critically coupled
cavity at (a) 2.0024 GHz and (b) 2.052 GHz.

TABLE 5. Comparison of this work with the state-of-the-art EVA-mode
tunable cavity resonators.

Manufacturing and Prazx Tuning Range

Reference Tuning Techn(g)logy (W) (C;gHZ) g
9] PCB + Microactuator >100 1.3-3.6
[10] Machining + RF MEMS 0.004 4.07-5.58
[11] PCB + Piezo Disk 10 22-2.8
[33] 3D Printing + Microactuator - 1-3

[34] Machining + Liquid Metal - 29-99
This work ~ IM + Microactuator >100 2-5

TABLE 6. Comparison of this work with the state-of-the-art EVA-mode
cavity filters.

FBW IL Tuning Range Qualit
Reference (%) (dB) (GgHz) g Factory
13] 13 0.35 5.2 3257
[12] 3.8 0.08 3.53 1833
[13] 84-9.1 0.77-026 22-42 500 - 700
[17 - 3.14-078  18.9-39.6 265 - 510
[33] 4.1-85 <13 13-22 >500
[34] - <1 34-75 120 - 625
[35] 5.1 2.1 10.26 214
[36] 1.1 3.57-1.56  0.98-3.48 300 - 650
Thiswork 7.6-84  0.06-0.1 2.8-52 1548 - 2573

time to 20 seconds, breakdown occurs at 43.7 dBm, and at
60 seconds, the breakdown occurs at 42.2 dBm. At a reso-
nance frequency of 2.104 GHz, with an estimated gap height
of 48 pum, breakdown did not occur at any measured sweep
time. These results are discussed in the following Section V.

The method in [32] was also used to predict the power
handling of the EVA-mode cavity BPF in Section IV.B, due
to slight differences in the electric field distribution between
the filter and resonator structures. The filter response at
2.8 GHz with a gap of 101 um was evaluated because it
had the narrowest FBW and smallest gap height, resulting in
the worst-case scenario for power handling with the longest
group delay and thus the largest amount of stored energy [37].
First, the maximum electric field magnitude for each indi-
vidual resonator of the filter was extracted from the HFSS
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simulation model, noting that the peak field occurs at the
edges of the passband and has a different magnitude for each
resonator. By exciting the model with an input power of
1 W, the first resonator was found to have a greater field
magnitude. From this value, the maximum stored energy,
Witored—max Was calculated using (7) and was found to be
2.32 nJ. Next, the filter was simulated using the eigenmode
solver in HFSS normalized to 1 nJ, and the maximum nor-
malized electric field Epax—norm Was extracted with a value
of 0.33 V/um. Using (6), the estimated power handling Ppax
of the EVA-mode cavity BPF was determined to be 244 W,
or 53.9 dBm.

V. DISCUSSION

The high performance of the manufactured device for com-
parison purposes was defined by the unloaded quality factor
O, and high-power handling capabilities. Both parameters
were simulated, experimentally examined, and compared
with the state-of-the-art. Tables 5 and 6 relate this work’s
manufactured resonator and filter, respectively, to state-of-
the-art EVA-mode resonators and filters in the literature. The
implementation of IM technology provides a high surface
finish cavity, which is essential for a high-Q performance.
In conjunction with applying a soft adhesive to ensure optimal
contact of the flexible membrane, mechanical pressure bond-
ing allows for superior electrical connections by eliminating
the air gaps and radiation leakage, resulting in the best pos-
sible performance. The simplicity of the assembly minimizes
manufacturing errors and produces measured results that are
in good agreement with the simulated results.

Fig. 14 presents the simulated breakdown of the
EVA-mode resonator based on different tuning gaps. These
results are in good agreement with the measured results
presented in Fig. 16(a) and (b). In addition, Fig. 14 shows
the expected breakdown power of the resonator at 2.8 GHz
(92.8 um gap height), the lowest measured frequency
response of the filter. The simulated breakdown of the
EVA-mode BPF at 2.8 GHz was also determined, with
only a slight decrease in power handling compared with the
resonator. Thus, based on the designed and manufactured
tunable filter’s minimum gap of 101 um, along with the
good correlation between the single resonator’s simulation
and experimental results conducted at smaller gap heights,
this indicates the filter’s high-power handling (>100 W)
capabilities within its tuning frequency range.

In summary, both manufactured devices showed outstand-
ing performance compared to similar work. The resonator
and filter differentiate from other works by exhibiting for the
first time, a low insertion loss, wide tuning range, high power
handling, and high-Q performance in the same working
prototype. In Table 5, one can observe these trade-off char-
acteristics in the realization of the state-of-the-art resonators.
In [9] insertion loss was sacrificed for higher power handling,
and in [34] the quality factor Q was sacrificed for a wider
tuning range. In [12] a comparable insertion loss was shown
but with a fixed frequency device. Finally, in Table 6 this
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work exhibits simultaneously all three characteristics: inser-
tion loss, tuning range, and quality factor Q, competitive with
state-of-the-art filters.

VI. CONCLUSION

This work investigated the potential use of injection mold-
ing technology as a large scale low-cost manufacturing
method to realize high-Q high power tunable filters. For
demonstration, an injection molded tunable evanescent-mode
cavity resonator and a bandpass filter were manufactured and
tested. The measured filter achieved an insertion loss between
0.06 — 0.1 dB within a tuning range from 2.8 — 5.2 GHz, and
an unloaded quality factor of 1548 — 2573, comparable to
existing state-of-the-art devices for a fraction of the cost per
part produced. To demonstrate the power handling of the pro-
posed technology, a strongly-coupled resonator was shown
to handle high power loads at small gap heights, dictating
the higher-order filter’s capability to perform similarly. The
presented results confirm the potential of this technology for
the low-cost mass production of high-performance tunable
filters in the sub-6 GHz range.
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