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Abstract

This brief presents a fourth-order hybrid coaxial bandpass filter, which is fabri-

cated using Stereolithography 3-D printing. The filter is designed to operate at

a center frequency of 2 GHz, with a bandwidth of 40 MHz, a Chebyshev

response and two symmetrical transmission zeros at 1.96 GHz and 2.04 GHz to

achieve a better frequency selectivity. Usually in coaxial cavity filter design,

the main-line couplings and cross couplings are realized using coupling irises

or probes. However, in the filter presented here, the main-line couplings

between coaxial resonators and input/output coupling are realized using

Printed Circuit Board (PCB) lines instead. This novel idea allows different

topologies to be designed easily by altering the PCB layout. It also allows mul-

tiple cross couplings to be included in the PCB layout for different filter topolo-

gies. In addition, the quality factor of each of the coaxial resonators in the

filter is increased by introducing base rounding in the resonator. The filter was

tested, and the measurement result of the filter shows very good agreement

with simulated result without tuning, which indicates the accuracy of the fab-

rication process.
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1 | INTRODUCTION

Coaxial bandpass filters are used in various communica-
tion systems to separate desired frequencies from
unwanted frequencies. They have been used widely in
communication satellites and earth stations, because of
their low loss, high selectivity, high-power capability,
compact size, low-manufacturing cost, and easy tuning.1,2

In microwave bandpass filter design, transmission zeros
are normally required on one or both side of the pass-
band as they provide a higher skirt selectivity of the pass-
band and strong attenuation at specific frequencies for

interference suppression. Transmission zeros can be real-
ized using cross couplings between resonators and/or
between the input and output ports of the filter.3,4

Many cross-coupled coaxial cavity filters have been
designed in the past and some reported in References
5-10; here cross couplings have also been used in the
design in order to achieve a better frequency selectivity.
Using the cross coupling has also been reported for coax-
ial filters with multimode cavities.11 It is also reported in
References 12 and 13, that transmission zeros can be real-
ized using non-resonating nodes. However, this tech-
nique requires non-resonating structures, which may
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cause out of band spurious peaks.13 In all the filters men-
tioned above, the main-line couplings and cross cou-
plings are realized using coupling irises and/or probes, by
changing the position and dimension of resonators, or
using non-resonating nodes. The filter presented here
uses Printed Circuit Board (PCB) lines for main-line cou-
plings and a capacitive gap for cross coupling. This novel
idea allows multiple cross couplings to be included in the
PCB layout if different topologies are going to be
implemented. In this design, the input and output cou-
plings are also realized using PCB lines. The unloaded
quality factor of each of the resonators in the filter is also
increased by introducing base rounding in the resonator.

The filter reported here is a fourth-order coaxial filter
operating at 2 GHz, with a fractional bandwidth of 2%,
which is fabricated using the Stereolithography apparatus
(SLA) 3-D printing process. This article is part of a compre-
hensive study on 3-D printed microwave circuits, where we
are using the fact that complex shapes can be made easily.
This has enabled a number of new novel ideas (including
the one here),14,15 as well as investigation into the frequency
limits of 3-D printing.16,17 The design procedure of the filter
is explained in Section 2, and fabrication details are pro-
vided in Section 3. Section 4 provides measured and simu-
lated results along with relevant discussion.

2 | FILTER DESIGN

The hybrid coaxial bandpass filter is designed to have a
center frequency of 2 GHz, a fractional bandwidth of 2%
(bandwidth of 40 MHz), a return loss of 20 dB and two
symmetrical transmission zeros at 1.96 and 2.04 GHz,
which produce two attenuation lobes of 31 dB on the
lower and upper sides of the passband. The filter is con-
structed with fourquarter wavelength long coaxial reso-
nators operating in TEM mode and it is specified in
terms of general Chebyshev bandpass response.

The filter is designed based on coupling matrix
theory,18-20 where a folded N + 2 coupling matrix was
used. The folded N + 2 coupling matrix of the filter is cal-
culated to be

0 1:023 0 0 0 0

1:023 0 0:868 0 −0:179 0

0 0:868 0 0:771 0 0

0 0 0:771 0 0:868 0

0 −0:179 0 0:868 0 1:023

0 0 0 0 1:023 0

2
666666664

3
777777775
: ð1Þ

The matrix above contains the normalized values of
all couplings in the filter including the input/output

couplings. To synthesis physical dimensions of the filter,
unnormalized nonzero coupling coefficients and external
quality factors need to be calculated, which is done based
on technique explained in Reference 18-20. Using Equa-
tion (1), the unnormalized nonzero coupling coefficients
and the external quality factors of the filter are calculated
as M12 = M34 = 0.0174, M23 = 0.0154, M14 = −0.00358
and Qe = Qe1 = Qe5 = 47.77 which are used to find physi-
cal dimensions of the filter.

As mentioned previously, the unloaded quality factor
of each resonator in the filter is increased by introducing
base rounding in the resonator. Figure 1 shows the cross
section of the coaxial resonator used in the filter, which
is a quarter wavelength long. As illustrated in Figure 1,
the maximum current is flowing at the bottom of the res-
onator, which contributes a large part of the ohmic
losses, so spreading the current with base rounding
reduces the losses. Such a technique to increase unloaded
quality factor has already been reported in References 21
and 22 but not widely used. It is also reported in Refer-
ences 21 and 22, that the optimal unloaded quality factor
for a coaxial resonator can be obtained by making the
ratio of inner diameter of outer conductor (b) to outer
diameter of inner conductor (a) as b/a = 3.59. However,
for the filter presented here, the ratio b/a is kept at 3
(b = 30 and a = 10 as it is denoted in Figure 1). Although
this may not give the largest unloaded Q, this has no con-
sequence here, as the main novelty of the article is the
use of the PCB. However, it is still interesting to consider
base rounding, and by adjusting the radius of the base Rb

(as it is denoted in Figure 1) in the simulator CST

FIGURE 1 Cross section of the coaxial resonator with base

rounding. Here, the outer diameter of the inner conductor a is

10 mm, the inner diameter of the outer conductor b is 30 mm and

the open-end capacitive gap of the resonator h is 20 mm
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Microwave Studio,23 a relation between unloaded quality
factor per volume and radius of base rounding Rb can be
found. This is shown in Figure 2. Using the relation in
Figure 2, the optimal radius of base rounding is found to
be Rb = 3.4 mm for maximum unloaded quality factor
per volume of 0.1265, which is denoted by a red dot in
Figure 2. Here, the unloaded quality factor of the resona-
tor is 4926 for the optimal radius of base rounding
(Rb = 3.4 mm). The small rounding Ra, at the top of the
inner conductor of the resonator is also introduced to
improve power handling, as reported in References 21
and 22.

The next step of the design is to find physical dimen-
sions of the filter based on the calculated unnormalized
coupling coefficients and external Q values. Figure 3A
shows the internal structure of the filter and Figure 3B

FIGURE 2 Relation between unloaded quality factor per

volume and radius of the base rounding Rb, considering b/a = 3

FIGURE 3 Internal

structure of the 2 GHz hybrid

coaxial bandpass filter. A,

Internal structure of the filter,

showing internal dimensions.

The dimensions in millimeters

are a = 10, b = 30, T = 3,

L1 = L4 = 28.539 and

L2 = L3 = 28.623. B, PCB layout

of the filter, showing

dimensions of PCB. The

dimensions of the PCB in

millimeters and the angle of

PCB lines in degrees are X = 76,

Y = 75.6, θ0 = 116.6�,
θ1 = θ3 = 116.4�, and
θ2 = 108.3�
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shows the PCB layout for the filter couplings. Here, the
main-line couplings are realized using PCB lines, the
cross coupling is realized using a capacitive gap (to the
box lid), and the input/output couplings are realized with
the use of PCB lines attached to subminiature version A
(SMA) connectors. The PCB is placed 0.9 mm above the
inner conductor of the coaxial resonators. It should be
noted that the PCB does not have a ground plane. Refer-
ring to Figure 3B, the input/output PCB lines are con-
nected to SMA connectors through wider PCB lines,
having a width of 1.565 mm and a length of 2.5 mm,
which has a characteristic impedance of Z0 = 50 Ω. The
rest of the PCB lines have a width of 0.6 mm. Note that
the ground for these lines is the copper on the 3-D
printed structure. The only place a planar ground does
not exist is inside the coaxial cavities. The PCB used in
the design was RT/Duroid 5880, which has a dielectric
constant of 2.2, a dielectric thickness of 508 μm, a dielec-
tric loss tangent of 0.0009 and copper thickness of
18 μm.24

The coupling between resonators 1 and 2, and resona-
tors 3 and 4 are realized by adjusting the angle of the
PCB lines that are denoted by θ1 = θ3 in Figure 3B. They
are set by coupling coefficients M12 = M34. Similarly, the
coupling between resonators 2 and 3 is realized by
adjusting the angle of the PCB line that is denoted by θ2
and set by the coupling coefficient M23. The cross cou-
pling between resonators 1 and 4 is realized by adjusting
the capacitive gap to the lid and denoted by T in
Figure 3A. This is set by coupling coefficient M14. The
input/output coupling is realized by adjusting the angle
of PCB line denoted by θ0 in Figure 3B, which is set by
external quality factors Qe.

Figure 4 shows the external design of the filter, along
with all external dimensions in millimeters. As it can be
seen, the filter consists of three parts; the bottom part,
the PCB, and the top part, which is bolted to the bottom
part with the PCB in between. Simulations and final opti-
mization of the filter are performed using CST Micro-
wave Studio,23 and are shown together with the
measured results, in Section 4. The optimized values of
the dimensions are provided in the figure captions in
Section 2.

3 | FABRICATION PROCESS

The filter reported in this brief was fabricated using
Stereolithography apparatus (SLA), and the PCB was fab-
ricated separately using conventional PCB manufacturing
technique. The filter was fabricated layer by layer, where
each layer was built by scanning an ultraviolet laser
beam across the surface of a nonconductive photocurable

polymer resin. In this case the resin was Accura Xtreme
white 200 resin. The printing resolution in the SLA pro-
cess was 0.1 mm. After printing, the filter was subse-
quently electroless plated with 20 μm thick copper; this
copper layer was compensated in the 3-D model of the fil-
ter prior to printing process. In the process of 3-D print-
ing, supporting material was used, which was only on the
outer base of the parts. The supporting material was built
from the same material, used to build the parts and was
removed during post processing.

Figure 5A shows a photograph of the fabricated filter
after being copper plated and assembled, here the PCB is
placed between the top and bottom parts. Figure 5B
shows the PCB on top of the bottom part, with both SMA
connectors soldered to the PCB. Figure 5C shows the top
and bottom parts of the filter individually, and Figure 5D
shows the PCB before being soldered to the SMA connec-
tors. The top and bottom parts of the filter with the PCB
in between are assembled using 34 nuts and bolts. Both
SMA connectors are straight 50 Ω female flange mount

FIGURE 4 External design of the 2 GHz hybrid coaxial

bandpass filter, showing external dimensions. The dimensions in

millimeters are H1 = 25.612, H2 = 41.697, L = 88.28, and W = 88.28
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SMA connectors with a solderable termination. Both con-
nectors are soldered to the PCB and bolted onto the filter
walls.

4 | MEASUREMENT AND
DISCUSSION

The S-parameter measurements of the filter were per-
formed on Agilent E8362C PNA network analyzer.

Figure 6 shows the measured and simulated results of the
hybrid coaxial bandpass filter, where the measured
results are denoted with solid lines and simulated results
with dashed lines.

The results in Figure 6A show that the measured cen-
ter frequency is shifted up slightly by 2 MHz (0.1% of the
simulated center frequency) and the minimum return
loss is about 22.5 dB. The small frequency shift is
believed to be caused by dimensional inaccuracies during
the manufacturing process. The frequency shift can be
corrected by remanufacturing the filter. However, in this
case the frequency shift is very small.

Looking at the expanded view of S21 in Figure 6B, it
can be observed a minimum insertion loss of around

FIGURE 5 Photograph of the fabricated 2 GHz hybrid coaxial

bandpass filter after being copper plated. A, Fabricated filter with

all parts assembled together. B, Position of the PCB, which is sitting

on the bottom part. C, Top and bottom parts of the filter. D,

Fabricated PCB

FIGURE 6 Measured and simulated results of the 2 GHz

hybrid coaxial bandpass filter. A, Measured and simulated results

over the frequency range of 1.9 to 2.1 GHz. B, Expanded view of S21
over the passband
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0.465 dB over the passband, which is only 0.048 dB
higher than the simulated results. The typical surface
roughness of these SLA structures is generally about
1 μm.25 This reduces the effective conductivity of copper
to 3.17 × 107 S/m. According to calculation in CST,23 this
results in an additional loss of 0.046 dB. However, this
loss is already reflected in the simulated results. A return
loss of 20 dB contributes about 0.044 dB to the insertion
loss, which is also taken into account as with the loss in
the PCB tracks. The simulated and measured insertion
losses are very close, and the small additional difference
is believed to be caused by a combination of factors,
which include contamination of copper surface, impuri-
ties in the copper, losses in connectors, different surface
roughness, and loss at the interface between the box
joints. The minimum insertion loss of 0.465 dB corre-
sponds to an unloaded quality factor of 2106 from the
measured result and 2359 from the simulated result.
Here, the unloaded factors are estimated based on the
technique explained in Reference 26.

Figure 7 shows the frequency response of the filter
over a wide frequency range. Generally, coaxial filters

have good spurious free performance compared to other
type of filters.14 However, the coaxial filter presented here
has a slightly degraded spurious free performance. This is
because the PCB lines act as spurious resonators. The
length of PCB lines that couple resonators 1 and 2, and
resonators 3 and 4 is about 51 mm, the length of PCB line
that couples resonators 2 and 3 is about 48 mm, and the
length of PCB lines that couple the first and last resona-
tors to the source and load is about 26 mm. By assuming
that the PCB lines act as half wavelength resonators in
free space, their resonance frequencies can be estimated.

The resonance frequency of the PCB lines that couple
resonators 1 and 2, and resonators 3 and 4 is estimated as
2.9 GHz, the resonance frequency of the PCB line that
couples resonators 2 and 3 is estimated as 3 GHz, and the
resonance frequency of the PCB lines that couple first
and last resonators to the source and load is estimated as
5.6 GHz. By looking at Figure 7, based on these estima-
tions, the length of PCB lines is probably the main cause
of the spurious performance of the filter. The spurious
free performance of the filter can be improved by red-
esigning the length of PCB lines shorter, which can be
done by reducing the wall thickness between resonators.

Table 1 provides a comparison of measured perfor-
mance of the proposed filter with other filters that are fab-
ricated using SLA 3-D printing technique. Although the
filters in Table 1 have different specifications and resona-
tor types, the reported filter has a comparable performance
in terms of insertion loss, return loss and frequency shift.

5 | CONCLUSION

This brief presented a hybrid coaxial bandpass filter
with two transmission zeros, where the main-line cou-
plings and the input/output coupling are realized using
PCB lines, and the cross coupling is realized using a
capacitive gap. The novel idea of using PCB lines to
achieve the couplings instead of using coupling irises
or probes allows more flexibility and variation in the
design topologies.

FIGURE 7 Measured and simulated S21 over a wide

frequency range

TABLE 1 Comparison of the proposed filter with other SLA 3-D printed filters

Reference
Center
frequency (GHz)

Fractional
bandwidth

Insertion
loss (dB)

Return
loss (dB)

Resonator
type

Frequency
shift

14 3.019 3.38% 0.7 >13.5 Coaxial 0.63%
27 10 3% 0.25 >18 Spherical <0.01%
28 32 1% 0.56 � 0.7 >17 Hemi

spherical
0.04%

29 10 5% 0.107 >20 Spherical 0.05%

This work 2.002 �2% 0.465 >22.5 Coaxial 0.1%
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The filter was fabricated using SLA 3-D printing pro-
cess, and good agreement between the measured and
simulated results demonstrated the accuracy of the fabri-
cation process.
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