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Abstract— This article reports on monolithically integrated
and low form-factor vertically-stacked coaxial resonator-based
single-/multi-band filters and radio frequency (RF) diplexers
using stereolithography apparatus (SLA) additive manufactur-
ing (AM). The proposed RF filtering/diplexer concepts exhibit
the following unique features: 1) low form-factor due to the
use of vertically stacked low-profile capacitively-loaded coaxial
cavity resonators; 2) monolithic integration; and 3) versatile and
highly selective transfer functions facilitated by the topological
arrangements of the resonators within the filter volume that
enable cross-couplings and can be exploited to increase selectivity.
Theoretical filter design analysis using coupling routing diagrams
(CRDs) and eigen-mode electromagnetic (EM) simulations are
performed. The proposed concept is validated by the design, fab-
rication, and testing of four monolithically-integrated prototypes,
namely a four-pole two transmission zeros (TZs) bandpass filter
(BPF), a three-pole two TZs BPF, a second-order dual-band BPF,
and a second-order diplexer operating at C-band and exhibiting
an effective quality factors ( Qeffs) > 700.

Index Terms— Additive manufacturing (AM), bandpass filter
(BPF), coaxial filter, diplexer, miniaturized filter, multiband filter,
3-D printing, transmission zero (TZ).

I. INTRODUCTION

THE fast growing pace of modern multiservice communi-
cation systems has posed new challenges for spectrum-

efficient, low-profile, and cost-efficient radio frequency (RF)
transceivers [1]. In these systems, bandpass filters (BPFs) play
a key role in enhancing the signal-to-noise ratio (SNR) by
selecting the desired signal of interest while suppressing
the out-of-band interference and noise. To effectively serve
the needs for ground-based and space-based communication
systems, both performance and size requirements need to be
met, which are summarized in the rest of this section.

High selectivity is typically obtained by incorporating the
BPFs multiple resonators to achieve higher-order transfer
functions. However, this approach results in large physical
size and higher levels of insertion loss (IL). Yet another
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method to obtain a sharp skirt is to introduce transmis-
sion zeros (TZs) near the passband. They can be generated
using mixed electromagnetic (EM) coupling elements [2], [3],
nonresonating modes [4], [5], and strongly-coupled triplets
[6], [7], [8]. Specifically, in coaxial cavity resonator-based
filters that are preferred in base-station systems due to their
high-quality factor (Q), small size and wide spurious-free
range [9], [10], TZ generation is obtained by introducing cross
couplings [11], [12], [13]. However, this approach usually
results in sensitive filter implementations or bulky and com-
plicated geometrical features that require multiple computer
numerical control (CNC) machined parts to be manufactured
and assembled. For instance, the filter in [12] requires two
metal parts to be machined with more than 30 assembly
and tuning screws.

Multiband operability is a key required functionality for
the next generation of multistandard configurations and can
only be enabled by incorporating multiband filters in the
RF front-end. However, the majority of the multiband BPF
configurations to date are implemented using planar printed
circuit board (PCB)-based or substrate-integrated waveguide
(SIW) [14], [15], [16] topologies that suffer from high IL (e.g.,
3–4.3 dB in [15]). Metal waveguide resonator-based multiband
BPFs have also been proposed [17] to reduce IL. Nevertheless,
they are really large in size. For instance, the size of a single
rectangular cavity resonator is 0.93 × 0.41 × 0.76 λ

3
0 in

[17]. Multiband coaxial cavity filters are on the other hand
significantly smaller. Notable examples of these approaches
include the dual-capacitively loaded coaxial resonators in [18]
and [19] and the stepped impedance resonator approach in
[20] and [21]. Dual-band coaxial cavity filters using dual-mode
coaxial cavity resonators with double ground plane [22], inter-
mediate conductors [23], and stub-loaded resonators [24] have
also been proposed. However, they are all implemented using
a split block approach where multiple CNC machined parts
are assembled with screws thus increasing the manufacturing
complexity, size, and weight.

Size compactness is another fundamental requirement for
3-D RF front ends in which high-Q filters are of critical
importance. It is typically addressed by incorporating in their
RF front-ends coaxial cavity resonator filters that exhibit
smaller volumes than their rectangular waveguide counterparts
due to the capacitive loading of the resonator post [25].
To further reduce the size of such types of filters, distributed
coaxial resonator BPF architectures have been proposed in
[26] and [27]. However, the majority of them are based on
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in-line configurations, i.e., all of the resonators are placed in
the same plane. To effectively use the available 3-D volume
of an RF system, vertically-stacked resonator arrangements
can be considered [22], [28], [29], [30], [31]. For instance, in
[22], an extra cavity is added on top of a coaxial resonator
to create a dual-band transfer function. While this approach
resulted in a significantly more compact volume, it is based on
multiple CNC machined parts that need to be manufactured
and postassembled and result in higher fabrication cost and
additional weight and volume due to the need for assembly
screws.

Although significant research efforts have been conducted
to address all of the aforementioned challenges individually,
none of the existing 3-D coaxial filtering configurations can
satisfy all of these requirements simultaneously. As such,
new design, integration, and manufacturing solutions are
currently being sought. In terms of manufacturing, digital
additive manufacturing (AM) technologies or 3-D printing are
increasingly being investigated as a low-cost rapid prototyping
alternative to traditional CNC machining. Furthermore, their
free-form manufacturing capabilities could be exploited to cre-
ate novel RF filtering topologies with enhanced functionality
and improved RF performance. Metal-based AM processes
such as direct metal laser sintering (DMLS) [32], selective
laser sintering (SLM) [33], and electron beam melting (EBM)
[34] have been proposed for prototyping waveguide-based RF
passive components and are potentially suitable for monolithic
integration. However, the cost of the metal-based AM process
is still high, and the performance of the metal 3-D printed
devices usually suffers from poor surface roughness [35].

Plastic/resin-based 3-D printing such as stereolithography
apparatus (SLA) [36], [37], [38], [39], fused deposition mod-
eling (FDM) [40], [41], and lithography-based ceramic man-
ufacturing (LCM) [42] result in better surface roughness and
significantly lower cost. However, the majority of the existing
monolithic plastic-based AM process has been used for the
realization of open-ended waveguide-based structures due to
the challenge of internal metallization. On the other hand,
coaxial resonator-based devices are mostly manufactured using
split-block approaches [43], [44], which result in higher weight
and volume due to the assembly screws and radiation loss
which led to a high IL in the BPF e.g., 1.3 dB in [28].
Recently, a monolithic integration concept of coaxial cavity
resonators using SLA 3-D printing has been proposed for the
realization of BPFs with TZ, extended spurious-free range,
multiband functionality, and co-design of the filtering antenna
[45], [46], [47], [48], [49].

In this article, monolithically-integrated vertically-stacked
SLA-based single- and multiband coaxial RF BPFs and diplex-
ers are proposed and experimentally validated. Enabled by
SLA-based 3-D printing, monolithic monoblock integration
of vertically-stacked quasi-elliptic BPFs and RF diplexers
is demonstrated for the first time. The proposed RF fil-
tering technologies exhibit the following unique features:
1) low form-factor due to the use of vertically stacked,
low-profile capacitively-loaded coaxial cavity resonators and
due to their monolithic integration; 2) multiple TZs that
increase the selectivity of the filter thanks to the space

arrangement of the resonators that enable the realization of
cross-couplings; and 3) versatile single band and dual-band
quasi-elliptic transfer functions that are realized with 3-D
coaxial high-Q resonators. Compared to the authors’ previous
work in [45], [46], [47], [48], [49], the filtering architectures
in this manuscript demonstrate a higher level of geometrical
complexity where vertical-stacking, cross-couplings, electri-
cal/magnetic couplings, and novel external coupling structures
are combined within a monolithically-integrated RF compo-
nent. Furthermore, advanced transfer-functions are uniquely
demonstrated using compact monolithically-integrated coaxial
resonators. To validate the proposed concept, a four-pole two
TZs BPF, a three-pole two TZs BPF, a second-order dual-
band BPF and a second-order diplexer operating at C-band
were designed, manufactured, and tested.

The manuscript is structured as follows. In Section II, the
theoretical filter design methodology is discussed by pre-
senting the operating principles of the fundamental coupling
routing diagrams (CRDs). In Section III, full-wave eigenmode
analysis is performed to specify the geometrical characteristics
of realistic coupling structures. Section IV presents the man-
ufacturing aspects and RF-measured performance parameters
of the filter prototypes and Section V reports on the major
contributions of this work.

II. THEORETICAL FOUNDATION

In this section, the operating principles of four different
filtering architectures are discussed through their CRDs and
their corresponding synthesized responses. These include a
four-pole two TZs BPF, a three-pole two TZs BPF, a second-
order dual-band BPF, and a second-order diplexer.

A. Four-Pole Two-TZ BPF

The CRD of the four-pole two-TZ BPF is shown in Fig. 1(a).
It comprises four synchronously-tuned resonators that generate
four poles and two TZs, TZ1, and TZ2. Both of the TZs are
generated by the cross-coupling m14 between resonators 1 and
4 which needs to have a different sign from the one assigned
for m12, m23, and m34. The synthesized power transmission and
reflection response in the normalized frequency (�) domain
of the four-pole two-TZ BPF is depicted in Fig. 1(b). As can
be seen, the two TZs are generated near the passband, creating
a highly-selective transfer function. The location of the TZs
and the out-of-band rejection can be altered by changing the
strength of the cross-coupling m14. In particular, lower values
of m14 move the TZs away from the passband and result in
higher out-of-band rejection (see example 1) at the expense of
roll-off.

B. Three-Pole Two-TZ BPF

The details of the three-pole/two-TZ CRD are shown in
Fig. 2(a). The proposed filter configuration consists of two
sections, namely a two-resonator section comprised of res-
onators 1 and 2 and a one-resonator section shaped by res-
onator 3. Both sections are coupled to the source and the load
via external coupling elements. In this CRD configuration,



ZHAO AND PSYCHOGIOU: THREE DIMENSIONAL PRINTED VERTICALLY-STACKED SINGLE-/MULTI-BAND COAXIAL FILTERS 4959

Fig. 1. (a) CRD of the four-pole two-TZ BPF. Black circles: resonating nodes,
white circles: source and load, solid line: positive coupling, and dashed line:
negative coupling. (b) Synthesized response of the four-pole two-TZ BPF
with different m14 values showing TZ control. The coupling coefficients are
example 1: m01 = m45 = 1, m12 = 0.8, m23 = 0.66, and m14 = −0.1;
example 2: m01 = m45 = 1, m12 = 0.775, m23 = 0.66, and m14 = −0.15;
and example 3: m01 = m45 = 1, m12 = 0.76, m23 = 0.68, and m14 = −0.2.

the self-coupling coefficients m11 = m22 ̸= m33 need to be
different for the desired three-pole/two-TZ response to be
obtained. As shown in Fig. 2(b), the location of the TZ2 can
be tuned independently by altering the external coupling to
resonator 3, m03, where larger m03s moves the TZ away from
the passband. Fig. 2(c) shows the synthesized response of
the BPF when the frequency of the resonator 3 (self-coupling
coefficient m33) is altered. As shown, m33 affects both the
BW of the passband and the location of the TZs. In particular,
the BW will increase and the location of the two TZs will
be closer when resonator 3 is tuned to higher frequencies [see
example 1 in Fig. 3(c)]. Therefore, the location of the TZs and
the BW can be arbitrarily designed by appropriately selecting
m03 and m33.

C. Second-Order Dual-Band BPF

Fig. 3(a) demonstrates the CRD of the second-order dual-
band BPF and its corresponding power transmission and
reflection responses are depicted in Fig. 3(b). The dual-band
response is created by two second-order filtering sections with
different center frequencies. In particular, the low-frequency
section consists of resonators 1, 2, and the high-frequency
section consists of resonators 3, 4. In order to increase the
isolation between the passbands, the sign of the inter-resonator
coupling between the two paths must be set opposite to create
a TZ. In this case, m12 is set to be positive and m34 is set

Fig. 2. (a) CRD of the three-pole/two-TZ BPF. (b) Synthesized response
of the three-pole/two-TZ BPF for different values of m03. Example 1:
m03 = m34 = 0.36; example 2: m03 = m34 = 0.38; example 3: m03 = m34 =

0.39, and for all examples, m01 = m24 = 1.06, m12 = 1.12, m11 = m22 =

0.48, and m33 = −1.35. (c) Synthesized response of the three-pole/two-TZ
BPF for different values of m33. Example 1: m33 = −1.35; example 2: m33 =

−1.55; example 3: m33 = −1.75, and for all examples, m01 = m24 = 1.06,
m12 = 1.12, m11 = m22 = 0.48, and m03 = 0.38.

to be negative. The center frequency of each band can be
configured independently by altering the resonator frequency
at each filtering section as demonstrated in examples 1–3 in
Fig. 3(b).

D. Second-Order Diplexer

The CRD of the second-order RF diplexer is depicted in
Fig. 4(a). In this case, each of the high- and low-frequency
filtering sections is connected to an output load to create the
diplexer response. The signs of all the coupling elements are
identical. The synthesized power transmission and reflection
response of the second-order diplexer are shown in Fig. 4(b).
Similar to the dual-band BPF example, both filtering sections
can be tuned independently by altering the frequency of the
resonator in different sections as illustrated in examples 1–3
in Fig. 4(b).
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Fig. 3. (a) CRD of the second-order dual-band BPF. (b) Synthesized response
of the second-order dual-band BPF for different values of the resonator
frequencies (mxx ). Example 1: m11 = m22 = 3 and m33 = m44 = −3; example
2: m11 = m22 = 4 and m33 = m44 = −4; example 3: m11 = m22 = 5 and
m33 = m44 = −5, for all examples m01 = m03 = m45 = m25 = 1 and m12 =

m34 = 1.1.

Fig. 4. (a) CRD of the second-order diplexer. (b) Synthesized response of the
second-order diplexer for different self-coefficient values (mxx ). Example 1:
m11 = m22 = 3 and m33 = m44 = −3; example 2: m11 = m22 = 4 and m33
= m44 = −4; example 3: m11 = m22 = 5 and m33 = m44 = −5, and for all
examples m01 = m03 = 1, m46 = m25 = 1, and m12 = m34 = 1.1.

III. COUPLING STRUCTURES DESIGN FOR
COAXIAL-RESONATOR-BASED INTEGRATION

To physically realize the aforementioned CRDs using
coaxial-cavity resonators while occupying the smallest

Fig. 5. (a) Geometry of the four-pole/two-TZ BPF based on the CRD
in Fig. 1. (b) Front-view. (c) Side view. Geometrical parameters: a = 5;
b = 15; h = 6; g1 = 1.38; g2 = 1.2; d0 = 21.2; he = 3.55; dhook = 2.4;
and w0 = 15.4, all units are in mm.

possible volume, novel coupling structures and geometrical
configurations aiming to minimize the 3-D volume of an
RF component need to be considered. Specifically, coupling
elements allowing for vertically-stacked resonators as opposed
to conventional in-line-based integrations are being sought to
reduce the filter’s form factor and allow for cross-couplings.
To better characterize the size compactness and effective use
of a given 3-D volume, the metric of the axial ratio (AR) of
a 3-D object can be used and defined as follows:

AR =
Maxsizeinx − yplane

HeightinZaxis
. (1)

Based on (1), the minimum achievable AR for a 3-D BPF is
the one obtained when the BPF exhibits a cubical shape and is
equal to

√
2. Therefore, all of the proposed practical realization

schemes for the CRDs in Figs. 1–3 are aimed toward an AR
as close as possible to

√
2.

A. Four-Pole Two-TZ BPF

Fig. 5 shows the detailed geometry of the four pole/two TZ
BPF designed for a center frequency of 4 GHz and a fractional
bandwidth (FBW) of 6.5% and using as a basis the CRD in
Fig. 1. It is comprised of four resonators (labeled as resonators
1–4 in Fig. 1) that are placed in two vertically stacked
resonator pairs. For the CRD to be physically realizable, three
different inter-resonator coupling configurations need to be
developed, namely the: 1) vertical inductive coupling that
is applied between resonators 1, 2, and 3, 4; 2) horizontal
iris-based inductive coupling applied between resonators 2 and
3; and 3) the capacitive cross-coupling that is used between
resonators 1 and 4 for the TZs to be generated. The external
coupling in this geometrical configuration is obtained by
directly tapping the SMA probe to the post of resonators 1 and
4. Specific details on the geometrical and operating principles
of each of these couplings are provided below.

1) Inter-Resonator Coupling: Vertically-Stacked: In order
to achieve a compact form factor by reducing the AR of the
filter, vertically-stacked resonators can be used as shown in
Fig. 6(a) [30]. The two resonators are arranged in a back-to-
back configuration with a shared ground in the xy plane. The
resonators are inductively coupled with an opening in their
shared ground plane. This opening is obtained by subtracting
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Fig. 6. (a) Eigen-mode model of two vertically stacked coaxial cavity
resonators. The coupling window is materialized by subtracting from the
shared ground plane a circular patch with a radius of b and distance d0 from
the cavity center. (b) Simulated inter-resonator coupling k12 for different d0.

a circular patch with a radius of b and distance d0 from
the cavity center. In this manner, the size of the coupling
window can be controlled by altering the distance d0. The
inter-resonator coupling coefficient ki j can be defined as

ki j = mi j · FBW (2)

where mi j is the normalized coupling coefficient and FBW
is the fractional bandwidth of the filter. The extracted
inter-resonator coupling coefficient k12 is shown in Fig. 6(b).
As can be seen, higher values of k12 can be obtained with
lower d0 i.e., a larger coupling window.

2) Inter-Resonator Coupling: Horizontal: Horizontal iris-
based coupling is used in coaxial cavity-based filters to obtain
inductive-type inter-resonator coupling in in-line resonator
configurations. This coupling scheme has been quantitatively
studied in [46]. The coupling strength is mainly controlled by
the distance between the adjacent resonators and the width
of the iris, where a lower distance or larger iris width results
in larger coupling coefficients. In the case of the proposed
four-pole/two-TZ BPF, the horizontal iris coupling is applied
between resonators 2 and 3 as shown in Fig. 5.

3) Inter-Resonator Coupling: Capacitive Coupling: Capac-
itive couplings are highly desirable in filtering configura-
tions when negative inter-resonator coupling coefficients are
needed for example for the realization of m14 in Fig. 1.
Fig. 7(a) and (b) shows the proposed capacitive coupling
scheme. It is provided through a pair of metallic hooks that are
connected to the center post of the resonators. At resonance,
an electric (E) field will be established between the surfaces
of the adjacent hooks, resulting in the capacitive coupling
between the two resonators. In addition, the two resonators are
isolated by a metal wall to minimize the amount of inductive
coupling. The extracted coupling coefficient using eigen-mode
simulation is shown in Fig. 7(b). As can be seen, the coupling
strength is mainly controlled by the distance between the
surfaces of the metal hooks dhook, where the larger coupling
is obtained for small dhooks.

4) External Coupling: Direct Tapping: The external cou-
pling is obtained by directly connecting the SMA probe to the
post of resonators 1 and 4 as shown in Fig. 5. The strength of
the external coupling coefficient (Qext) is altered by modifying
the height of the tapping location he [see Fig 5(c)], where the
larger value of he results in smaller Qext as also discussed
in [46].

Fig. 7. (a) Eigen-mode simulation model to extract the inter-resonator
coupling k12 of two horizontally capacitive-coupled coaxial cavity resonators.
Capacitive coupling is achieved by a pair of conductive hooks between
the resonator posts. (b) Side view of the capacitive coupled resonators.
(c) Simulated inter-resonator coupling k12 with different dhook.

5) Axial Ratio: Considering the operating principles and
geometrical details of the 3-D coupling elements, the filter
dimensions can be specified for the desired center frequency
(4 GHz) and FBW (6.5 %) and are provided in Fig. 5. In this
case, the resulting AR is calculated around 4.07. Although it
appears to be larger than the minimum desired AR of

√
2, it is

significantly smaller than the AR of a conventional four-pole
in-line BPF using the same coaxial-cavity resonator which has
an AR over 13.

B. Three-Pole Two-TZ BPF

Fig. 8 shows the detailed geometry of the three-pole/two-
TZ BPF that is designed for a center frequency of 4.5 GHz
and FBW of 16% using as a basis the CRD in Fig. 2. It is
comprised of three resonators (labeled as res 1–3), where res-
onator 3 is located on top of resonators 1 and 2. An elliptically-
shaped outer cavity is used for this resonator to comply with
the overall volume occupied by the bottom resonators leading
to an AR of 3.72. Note that the elliptically-shaped outer cavity
wall does not change the fundamental mode of the resonator.
A horizontal iris-based inductive coupling is applied between
resonators 1 and 2. It should be noticed that resonators 1 and
3 need to be excited simultaneously to achieve the desired
transfer function. Therefore, a novel U shape external coupling
network needs to be developed.

1) External Coupling: U-Shape: Conventionally, the exter-
nal coupling to a coaxial cavity resonator is achieved by
directly tapping the SMA probe to the post or by vertically
inserting the SMA probe inside the cavity. Nevertheless, those
approaches are not applicable when two resonators need to
be excited simultaneously e.g., in the case of the three-pole
two-TZ BPF in Fig. 2 and the dual-band BPF and diplexer in
Figs. 3 and 4. Therefore, a novel external coupling structure
for vertically stacked coaxial cavities is proposed and is shown
in Fig. 9(a) and (b). Specifically, the coupling network is
comprised of a U-shaped metal conductor (highlighted in red)
attached to the center post of the two resonators. The SMA
probe is connected to the center of the coupling network.
In this example case, the two resonators are chosen to resonate
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Fig. 8. (a) Geometry of the three-pole/two-TZ BPF, the CRD is shown in
Fig. 2. (b) Side view. Geometry values are b1 = 25.9, b2 = 51.8, h = 6,
g1 = 2, g2 = 1.2, d0 = 21.8, he1 = 2, and he2 = 3.5, all units are in mm.

Fig. 9. (a) EM model of the U-shaped external coupling network for two
resonators resonating at 4.0 and 4.6 GHz. (b) Side-view. (c) External coupling
Qext of the two resonators for different hetop. (d) Qext of the two resonators
with different hebot.

at different frequencies, where the top resonator is set at
4.0 GHz and the bottom one at 4.6 GHz.

Fig. 8(c) and (d) shows the extracted Qext, which is calcu-
lated using

Qext =
1

m2
01 · FBW

(3)

where m01 is the normalized coupling coefficient. As it can be
seen, the external coupling for both of the resonators can be
independently tuned by changing the height of the coupling
structures, namely hetop and hebot. In particular, a larger value
of hetop will result in lower Qext for the top resonator, while
the Qext of the bottom resonator remains unaffected. Similarly,
increasing hebot will cause the Qext of the bottom resonator to
be reduced, while the Qext of the top resonator remains about
the same.

Fig. 10. (a) Geometry of the second-order dual-band BPF based on the CRD
in Fig. 3. (b) Side view. Geometrical parameters: a1 = 5; a2 = 3; h = 6;
g1 = 1.2; g2 = 1.2; d0 = 25; he1 = 3.5; he2 = 3; and dhook = 2.2, all units
are in mm.

C. Second-Order Dual-Band BPF

Fig. 10 shows the detailed geometry of second-order dual-
band BPF based that is designed based on the CRD in Fig. 3.
Its bands are centered at f1 = 4.0 GHz and f2 = 4.65 GHz,
respectively. The designed FBW is 8% for the lower band and
7.3% for the higher band. The dual-band BPF is arranged so
that a minimum AR of 3.93 is obtained by vertically stacking
its single-band counterparts with each part comprising two
horizontally iris-coupled resonators. The low-frequency part
is placed in the upper half of the filter (resonators 1 and 2)
while the high-frequency part is placed in the bottom part of
the filter (resonators 3 and 4). For the TZs to be generated
in between the two passbands, a capacitive coupling using
the hook-based structure in Section III-A3 is used in the
lower band section between resonators 1 and 2 as shown in
Fig. 10 (a). A U-shaped external coupling network is used to
couple the SMA probe to both sections simultaneously.

D. Second-Order Diplexer

The detailed geometry of the second-order diplexer is
depicted in Fig. 11 using as a basis the CRD in Fig. 4.
The structure of the diplexer is similar to the one used in
the dual-band BPF where two filtering sections are vertically
stacked with a designed AR of 3.78. Each filtering sec-
tion is comprised of two horizontally iris-coupled resonators.
A U-shaped external coupling network is applied in the com-
mon port to excite both sections at resonators 2 and 4. For
the two output ports, the signal is coupled to the resonators (1
and 3) by directly tapping the SMA probe to the post.

IV. MONOLITHIC INTEGRATION AND
EXPERIMENTAL VALIDATION

Using as a basis the design guidelines in Sections II
and III, alternative filtering configurations have been designed,
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Fig. 11. (a) Geometry of the second-order diplexer, the CRD is shown
in Fig. 4. (b) Side view. Geometrical parameters: a1 = 5; a2 = 3; h = 6;
g1 = 1; g2 = 1.2; d0 = 22.7; he1 = 3.9; and he2 = 3.1, all units are in mm.

manufactured, and tested. In order for the devices to be mono-
lithically manufactured, particular attention needs to be given
to the specifics of the manufacturing process including adding
nonresonating slots, selecting the appropriate printing angle,
and designing support structures. Their details are summarized
as follows.

A. Monolithic Integration

To monolithically manufacture the proposed RF filtering
components that simultaneously comprise cavity walls, posts,
capacitive coupling elements, and U-shape external coupling
elements, nonradiating slots needs to be added on the cavity
walls for the metal plating solution to flow inside the cavity
volume. The size and location of the slots need to be carefully
designed so that they do not produce additional radiation
loss or lower Q at the passband frequencies. The slots are
placed along the direction of the surface current at the center
frequency of the passband, where a detailed discussion of the
nonradiating slot design has been presented in [45] and [48].

To facilitate printability using SLA manufacturing, a com-
puter aided design (CAD) model needs to be created to drive
the 3-D printer. In this model, the orientation of the filter
within the built platform of the printer, the number, and
the location of the support structures need to be appropri-
ately selected so that the object to be built is self-supported
during the layer-by-layer SLA-based manufacturing process.
As shown in Fig. 12(a), the filter is rotated by 90◦ along
the x-axis with its side walls facing the xy plane. External
support structures are generated beneath the filter volume
which can be readily removed after printing. The perpendicular
orientation will also result in better surface roughness [50] of
the device. Due to the complexity of the coupling structures,
additional inner support structures need to be added inside the

Fig. 12. (a) CAD model for the SLA-based monolithic manufacturing of
the four-pole two-TZ BPF showing the required external support structures
and printing orientation. (b) Sliced view showing the required inner support
structures beneath the capacitive coupling hooks. In these figures, the filter
body is shown in blue and the supporting structures are shown in gray.

Fig. 13. (a) Manufactured prototype of the four-pole two-TZ filter in Fig. 5.
Left: before Cu-plating. Right: after Cu-plating. (b) Details for the fitting hole
for SMA probe.

Fig. 14. RF-measured and EM-simulated S-parameters of the
four-pole/two-TZ BPF in Fig. 13.

cavity, however at locations where they can be mechanically
removed from the nonradiating slots before the metallization
process so that the RF component is not short-circuited after
platting. The location of the inner support structures is shown
in Fig. 12(b). As can be seen, a small number (only two) of
support structures has been added to support the capacitive
coupling hooks.
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Fig. 15. Manufactured prototype of the three-pole two-TZ in Fig. 8.
(a) Before Cu-plating. (b) After Cu-plating.

B. Four-Pole Two-TZ BPF

The SLA-manufactured prototype of the four-pole/two-TZ
BPF before and after Cu plating is shown in Fig. 13(a).
A commercially available Cu plating process with 50 µm
copper thickness (>20× skin depth at the design frequency)
was used. To ensure good contact between the SMA inner
conductor and the filter body a fitting hole of 1 mm depth
is added to all prototypes as shown in Fig. 13(b). The RF
performance was characterized by a Keysight N5224A PNA.
The measured EM performance is depicted in Fig. 14 and
is summarized as follows: center frequency 4.11 GHz; FBW
6.91%; minimal in-band IL of 0.31 dB; and which corresponds
to an effective quality factor (Qeff) of 1320. The frequency
shift can be attributed to the fabrication tolerances. Overall,
a decent agreement has been achieved between the RF mea-
surements and the EM simulations.

C. Three-Pole Two-TZ BPF

The SLA-printed prototype of the proposed three-
pole/two-TZ BPF before and after Cu-plating is shown in
Fig. 15(a) and (b). The printing orientation during the AM
process is shown in Fig. 16(a). Similar to the four-pole/two-
TZ BPF case, the three-pole filter is oriented with its top and
bottom wall parallel to the xy plane to minimize the number
of support structures. Two inner support structures were used
to support the U-shape external coupling network as depicted
in Fig. 16(a). The measured RF performance is plotted in
Fig. 16(b) and is summarized as follows: center frequency
4.45 GHz; FBW 16.4%; and minimal in-band IL of 0.11 dB
(Qeff = 1090). The frequency shift can be attributed to the
fabrication tolerances. Overall, a decent agreement has been
achieved between the RF measurements and EM simulations.

D. Second-Order Dual-Band BPF

The SLA-printed prototype of the second-order dual-band
BPF before and after Cu plating is shown in Fig. 17(a) and (b).

Fig. 16. (a) CAD model for the SLA-based monolithic manufacturing of
the three-pole two-TZ BPF in Fig. 8. (b) RF-measured and EM-simulated
S-parameters of the three-pole two-TZ BPF in Fig. 15.

Fig. 17. Manufactured prototype of the second-order dual-band BPF in
Fig. 10. (a) Before Cu-plating. (b) After Cu-plating.

The printing orientation during the AM process is shown in
Fig. 18(a). Two inner support structures were also used in
this case to support the U-shape external coupling network as
depicted in Fig. 18(a) and they are removed after manufac-
turing. The measured EM performance of the dual-band BPF
is shown in Fig. 18(b) and is summarized as follows: for the
lower band, center frequency f1 = 3.54 GHz, FBW = 5.8%,
minimal in-band IL = 0.37 dB (Qeff = 700). For the higher
band, center frequency f2 = 4.63 GHz, FBW = 7.7%, and
minimal in-band IL = 0.28 dB (Qeff = 710). The measured
FBW for the lower band is smaller than the simulated one,
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Fig. 18. (a) CAD model for SLA-based monolithic manufacturing of
two-pole dual-band BPF in Fig. 10. (b) RF-measured and EM-simulated
S-parameters of the two-pole dual-band BPF in Fig. 17.

which is attributed to the manufacturing tolerances at the iris
width.

E. Second-Order Diplexer

The SLA-printed prototype of the second-order diplexer
before and after Cu plating is shown in Fig. 19(a) and (b)
and the CAD model for SLA manufacturing is depicted
in Fig. 20(a). It should be noted that two 90◦ bend SMA
adaptors were used in the two output ports to facilitate the
RF measurement as shown in Fig. 19(c), where the loss of the
adaptors has been calibrated out. The measured EM perfor-
mance of the second-order diplexer is shown in Fig. 20(b) and
is summarized as follows: for the lower band, center frequency
f1 = 3.9 GHz, FBW = 8.35%, minimal in-band IL =

0.35 dB (Qeff = 850). For the higher band, center frequency
f2 = 5.1 GHz, FBW = 7%, minimal in-band IL = 0.22 dB
(Qeff = 1020). A good agreement has been achieved between
the RF measurements and EM simulations, successfully val-
idating the proposed compact monolithic integrated filter
concept.

F. Comparison With State-of-the-Art

A comparison with state-of-the-art CNC- and SLA-
manufactured coaxial cavity resonator-based filters is provided
in Table I. As can be seen, the majority of the coaxial
cavity filters that have been presented in the open techni-
cal literature are based on split-blocks of all-metal CNC
machined parts that are assembled with screws. Although
SLA AM-based integration schemes have been proposed to
produce devices with less weight and cost, most of them rely

Fig. 19. Manufactured prototype of the second-order diplexer in Fig. 11.
(a) Before Cu-plating. (b) After Cu-plating. (c) Measurement setup.

Fig. 20. (a) CAD model for SLA-based monolithic manufacturing of the
second-order diplexer. (b) RF-measured and EM-simulated S-parameters of
the second-order diplexer in Fig. 19.

on split-block integration schemes that require multiple parts
to be printed and postassembled, which can induce radiation
losses and lower Qeff e.g., 100 in [29] and [44]. In addition,
the split-block CNC or SLA integration schemes require
additional mechanical parts to be added for the assembly
screws, which significantly increase the size and the weight of
the BPF. In this work, the monolithic SLA-based integration
approach work has resulted in remarkably higher Qeff (as
high as 1320) as well as eliminated the need for assembly
screws. Furthermore, the proposed vertically-stacked approach
has resulted in more compact filter structures with ARs as
small as 3.7–4, whereas the conventional in-line coaxial filters
usually have an AR above 10 e.g., 11.2 in [44] and 17 in [48].
It should be noticed that the listed ARs in the reference are
the minimal values based on the reported internal size that do
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TABLE I
STATE-OF-ART COAXIAL CAVITY RESONATOR-BASED FILTERS

not include the assembly screws i.e., the practical AR in the
reference is larger than the listed value.

Although two-layer vertically-stacked structures have been
presented in [22], [28], [29], and [30], they are either based
on conventional CNC machined parts [22], [30] or split-block
AM [28], [29] assemblies and they are less complex than the
geometrical configurations shown in this work. Specifically,
when compared to the filter concept in [30], the proposed
vertically-stacked coaxial BPF concept is distinctively differ-
ent. The work in [30] discusses a filter design based on the
bottom coupling between a coaxial resonator and TE-mode
dielectric resonator which is assembled using split blocks.
Furthermore, compared to the BPF in [29] where TZs are
generated using cross couplings, this work proposed a new
type of CRD to facilitate TZ generation by super-positioning
two filtering paths as validated by the three-pole/two-TZ BPF.
With regard to the dual-band BPF in [22], the filter in this
work exhibits a TZ between the two passbands to improve
the isolation due to the use of different coupling elements
in the two filtering sections Compared to the authors’ prior
work in [45], [46], [47], [48], and [49], the filters presented
in this work exhibit a significantly higher level of complexity
including the combination of vertical-stacking, cross-coupling,
positive, and negative coupling elements. Furthermore, novel
external coupling structures, resulting in filtering components
with higher order, and advanced transfer functions have
been demonstrated. Moreover, the concept has been shown
for highly-miniaturized vertically-stacked diplexers that are
demonstrated in this work for the first time. To the best
of the authors’ knowledge, the proposed monolithic verti-
cal SLA-based integration design approach is the only one

demonstrated for BPFs with a high number of resonators,
RF diplexers, and multiband BPF configurations.

V. CONCLUSION

This manuscript discussed the design, manufacturing, and
experimental testing of ultra-miniaturized monolithically-
integrated coaxial cavity resonator-based single-band/ multi-
band RF filters and RF diplexers. By using a vertically-stacked
resonator integration approach, the following unique charac-
teristics can be obtained: 1) small physical size enabled by
vertical stacking and low-profile capacitively-loaded coaxial
cavity resonators and by monolithic integration; 2) multiple
TZs that increase the passband selectivity due to the geometri-
cal arrangements of the resonators that facilitate the realization
of cross-couplings; and 3) versatile transfer function e.g.,
single band and multiband BPFs with TZs, and diplexer.
To validate the proposed concept, a four-pole/two TZs BPF,
a three-pole/two TZs BPF, a second-order dual-band BPF, and
a second-order diplexer operating at C-band were designed,
manufactured, and tested.
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