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A Monolithic Vertical Integration Concept for
Compact Coaxial-Resonator-Based Bandpass
Filters Using Additive Manufacturing

Kunchen Zhao, student member, IEEE and Dimitra Psychogiou Member, IEEE

Abstract—This paper reports on a compact, low-cost and
low-loss monolithic integration concept for additively-
manufactured coaxial-resonator-based bandpass filters
(BPFs). Size compactness and low weight are achieved by
vertically-stacking capacitively-loaded coaxial resonators
and by monolithic integration that eliminates the need for
assembly screws or fixtures. Furthermore, the proposed
vertical integration concept allows for: i) flexible cross
couplings to be realized enabling highly-selective transfer
functions through transmission zero (TZ) generation and ii)
for fairly complex geometries to be manufactured using
low-cost stereolithography apparatus (SLA). For proof-of-
concept demonstration purposes, a two-pole BPF with
fractional bandwidth (FBW) of 8.5% and a three-pole/one-
TZ BPF with FBW 6.2% at 3.8 GHz were designed, SLA-
manufactured and measured. They exhibited low-levels of
insertion loss (< 0.1 dB), high effective quality factors >
1,833 and wide spurious-free operation.

Index Terms— Additive manufacturing, bandpass filters,
coaxial cavity resonators, coaxial cavity filters, high-Q filters

I. INTRODUCTION

dditive manufacturing (AM) techniques such as those

based on fused deposition modelling (FDM),
stereolithography apparatus (SLA), and selective laser sintering
(SLS) have been increasingly explored as a low-cost and low-
weight manufacturing alternative for RF components and
subsystems of base stations and communication systems [1],
[2]. Although at their infancy, AM technologies have already
demonstrated their suitability for complex geometries [1] that
are not manufacturable with conventional CNC machining or
electron discharge machining (EDM). However, their
manufacturing capabilities have not yet been exploited at their
full potential. Most of the 3D coaxial or waveguide-based RF
components and subsystems are manufactured as split-blocks
of conventional textbook-based designs and assembled via
screws or fixtures limiting their operation to low frequencies
and increasing their size/weight.
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Fig 1. 3D EM model of the vertically-integrated coaxial resonator-based two-
pole BPF. (a) Top view. (b) Side view and (c) 3D EM model of a conventional
two-pole in-line coaxial BPF. The design parameters are:a = 5,b = 15,d =
20.5,h=6,g9 =0.72, h; = 3,d, = 25, wy = 19.5 all units are in mm.

Recent research efforts are focusing on the exploitation of
AM for the miniaturization of the RF front-end. For example,
in [3], new types of SLA-manufactured spherical-resonator-
based bandpass (BPFs) are presented allowing for highly-
versatile transfer functions. Complex coaxial-resonator filter
topologies that are hard to realize with CNC machining are
shown in [4] for the case of vertically-integrated conical
resonator-based BPFs. Despite leading to reduced volume
architectures, they exhibited high insertion loss (1.3 dB) and
low effective quality factor (Q.; ~100) due to the split-block
integration approach that was prone to radiation losses.
Monolithic integration of AM components and subsystems is
also being explored to reduce the size and improve the RF
performance of the front-end. However, most of these concepts
are focused on waveguide-based configurations [5]-[9], which
are relatively straightforward to metalize. Despite coaxial-
based RF components (e.g., filters) being preferred for RF
applications where broadband bandwidth, compact size and
spurious free performance are critical, there exist a very limited
number of coaxial AM components [10]-[15] and most of them
are realized as split-blocks, as for examples the BPFs in [11]-
[15].

Taking into consideration the aforementioned limitations,
and the need for high quality factor (Q) and compact RF filters,
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Fig 2. CRD and synthesized response. (a) Two-pole BPF (ky, = k,3 =1,
k;, = 0.8). (b) Three-pole/one-TZ BPF (ko; = k34, = 1,ky, = kp3 = 0.7).
White circles: source and load; black circles: resonating nodes; solid lines:
inter-resonator coupling; dashed line: cross coupling.

this paper explores for the first time a monolithic integration
concept for coaxial-resonator-based BPFs that best occupy a 3D
volume. In particular, the paper investigates a new class of
vertically-stacked coaxial resonator-based arrangements that
are seamlessly integrated and allow for low-loss and low-
weight configurations. Furthermore, the proposed vertical
integration concept allows for flexible cross couplings to be
integrated, enabling the realization of highly-selective transfer
functions through transmission zero (TZ) generation.

II. FILTER CONCEPT AND DESIGN CHARACTERISTICS

The details of the vertically-stacked coaxial-resonator-based
concept are illustrated in Fig. 1 through the example case of a
two-resonator BPF that functionalizes the second-order
coupling routing diagram (CRD) in Fig. 2(a). In particular, two
capacitively-loaded coaxial resonators are stacked on top of
each other which can be also viewed as folding a conventional
two-pole in-line coaxial BPF around the iris of the inter-
resonator coupling [see Fig. 1(c)]. Whereas the external
coupling is materialized by tapping the inner conductor of the
SMA in the post of the coaxial resonator, the inter-resonator
coupling ki, is provided by the circularly-shaped coupling
window in the shared folded ground of the two resonators. The
window is created by subtracting from the ground a circle with
radius b and center distance of d to the resonator. Fig. 3(a)
demonstrates the relationship between the ki, and d which
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Fig 3. (a) ki as a function of d. and (b) &, ; and f1z as a function of 6.
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Fig 4. (a). 3D model of the proposed folded 3rd order coaxial cavity filter, (b)
side view, and (c) top view. The critical design parameters are: a = 5, b = 15
,dy =19.5,d, =211, h=6,g =0.72, g, = 0.82, h; = h, = 3, all units
are in mm. For the purpose of clear demonstration, 8 = 30° in this plot,
however in the designed prototype, the actual 8 = 0° to maximize the k& 3.

decreases with the increase of 4 and can be used as a reference
for the design of the BPF transfer function.

To illustrate the merits of vertical stacking in terms of
uniform utilization of a 3D volume, a conventional two-pole in-
line coaxial BPF and the proposed vertically-stacked coaxial-
resonator-based BPF were designed for a center frequency of
3.8 GHz and fractional bandwidth (FBW) or 8.5% (their
dimensions are listed in Fig. 1) and compared against their
aspect ratios (AR)—AR is defined as the ratio of the largest
dimension of a component in the x-y plane over its height.
Based on this metric, a BPF with a cubical shape would be the
most preferred configuration with a minimum AR of 2°°. Using
as a basis the dimensions listed in Fig. 1, the in-line coaxial BPF
has an AR of 9.07 whereas the proposed vertically-stacked
coaxial BPF has an AR of 2.27 which is about 4x smaller.

A. Scalability to advanced transfer functions

To demonstrate the scalability of the vertical coaxial-
resonator-based integration concept to advanced transfer
functions and geometrical configurations, a three-pole/one-TZ
architecture was explored using as a basis the CRD model and
its corresponding synthesized response in Fig. 2(b). The 3D EM
model of the filter and resulting vertically-integrated
configuration is shown in Fig. 4. The circular-shaped coupling
element was also used in this case, where the center distance of
the coupling window is denoted by d; and d> (Fig. 4a) in the
same manner as in the two-pole case. Furthermore, we
investigated the potential to introduce cross coupling between
the first and the third resonator ki3 with the purpose of
generating a TZ. This is achieved by rotating the relative angle
6 between the two coupling windows, as shown in Fig. 4(c),
which in turn controls the coupling strength and the spectral
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Fig 5. Surface current distribution for the vertically-integrated two-pole BPF
at 3.5 GHz. (a) Without slots and (b). with slots. Left: top view, right: side
view. black lines indicate the direction of current.
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Fig 6. Manufactured prototypes. (a) Two-pole BPF. (b) Three-pole/one-TZ
BPEF. Left: before Cu-plating; right: after Cu-plating.

location of the TZ frz as shown in Fig. 3(b). Using as a basis the
3D BPF geometry in Fig. 4 and the inter-resonator coupling
parametric studies in Fig. 3, a three-pole/one-TZ BPF was
designed for a center frequency of 3.8 GHz, FBW of 6.2% and
a TZ located at 3.56 GHz. The geometrical dimensions of the
filter are listed in Fig. 4 and correspond to an AR of 1.54 that is
8x smaller than the AR of 12.2 that of a conventional three-pole
in-line conventional coaxial BPF would exhibit. Moreover, the
in-line configuration does not allow for TZ generation due to
the difficulty to create the ki3 cross coupling.

B. Practical realization aspects

To facilitate monolithic integration of the vertically-
integrated coaxial-resonator-based BPFs, SLA manufacturing
is considered due to allowing for smooth surfaces and high-
resolution. To facilitate Cu-platting without having to dissect
the filter into multiple parts, slots need to be added on the
surfaces of the BPFs to allow for the Cu-platting solution to
flow within the filter volume. It is important to select the slot
dimensions, sizes and orientations so that they do not radiate at
the operational frequency range of the filter. To minimize their
impact, the surface current of the filter is analyzed using the
eigen-mode solver of HFSS. As shown in Fig. 5(a), the current
on the top of the cavity is distributed along the radial direction,
while the current on the side wall is distributed along the
vertical direction. Thus, rectangular-type slots that are in
parallel to the current direction are the most appropriate ones.
This is verified in Fig. 5(b) which shows that the current pattern
remains unchanged after adding the slots along the current
lines.

III. EXPERIMENTAL VALIDATION

To validate the practical viability of the vertically-stacked
monolithic integration concept, a two-pole and a three-pole/one
TZ BPF prototypes were designed for a center frequency of 3.8
GHz and FBWs of 8.5 and 6.2 % respectively. The filters were
manufactured with a desktop SLA 3D printer (50 pm layer
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Fig 7. RF-measured and EM-simulated S-parameters of the two-pole
vertically-stacked coaxial-resonator-based BPF.
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Fig 8. RF-measured and EM-simulated S-parameters of the three-pole/one-TZ
vertically-stacked coaxial-resonator-based BPF.

thickness) and were Cu-plated with a commercially-available
electroless process. A Cu-platting thickness of 50 pm was
selected to reduce conductive losses. The fabricated prototypes
before and after Cu-plating are shown in Fig. 6.

The RF measured S-parameters of the two-pole and the three-
pole/one-TZ BPFs are shown in Fig. 7 and 8. Their
corresponding EM simulated responses are also provided in
these figures. The observed frequency shift is attributed to the
manufacturing tolerance, especially in the capacitive gap (g in
Fig. 1(b)). This is verified by reducing g by 0.1 mm in the
simulation (shown in Fig. 7, 8), which shows an excellent
agreement with the measurement. Although the same tolerance
may apply to x-y dimensions, it does not have a significant
impact on the overall response. The RF measured performance
parameters of the BPFs are summarized as follows. Two-pole
BPF: center frequency of 3.53 GHz, minimum in-band IL of
0.08 dB (corresponds to a Q. of 1833), FBW of 8.8%,
spurious-free operation up to 12.4 GHz and only 11 gr of
weight. Three-pole/one-TZ BPF: center frequency 3.51 GHz,
minimum in-band IL of 0.09 dB (Qcy of 2461), FBW of 6.7%,
a TZ at 3.27 GHz, spurious-free performance up to 11 GHz and
15 gr of weight. The aforementioned RF performance is
comparable to the one of fully-metal in-line coaxial CNC
machined filters. However, the proposed approach allows for
significantly smaller AR, lighter weight and lower cost. If
compared to AM coaxial filters, the proposed approach
demonstrates significantly higher Qe (Qc in [4] is about 100
and in [8] is between 500-950). Furthermore, in relation to the
split-block approach in [4], it has comparable AR, however the
proposed filter concept exhibits significantly higher Q. and
operational frequency due to its monolithic integration.
Furthermore, it has been applied to higher-order transfer
functions and has demonstrated the potential to incorporate
TZs.

IV. CONCLUSION

A new type of additively-manufactured coaxial-resonator-
based BPFs is reported. The proposed monolithic vertical
integration concept allows for low-loss (Qer> 1833) and low-
weight (11-15 gr) vertically-stacked coaxial-filters that
effectively occupy a given 3D space. Furthermore, it allows for
flexible cross couplings to be readily embedded and exploited
for the realization of TZs. The concept was validated at S-band
through the manufacturing and testing of an SLA-manufactured
two-pole and a three-pole/one TZ BPFs.
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