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ABSTRACT In this contribution, the design andmanufacturing of an all-metal coaxial-line X-band bandpass
filter is discussed. The device is 3D-printed as a self-supported structure without any dielectric inside the
coaxial. Themechanical support between the inner and outer coaxial-line conductors is provided bymeans of
λ/4 short-circuited stubs, which are also used in the bandpass filter design. The real transmission zeros (TZs)
produced by the short-circuited stubs are responsible for a high filter selectivity. In order to enhance the filter
performance, a second stage consisting in a coaxial-line stepped-impedance low-pass filter is integrated in
the design to provide the rejection level required for the out-of-band behaviour. Following our designmethod,
the bandpass and low-pass filters are designed separately, and a final matching step is performed to connect
both and to achieve the aimed frequency specifications. In this way, amonoblock coaxial filter with very good
in-band and out-of-band performance can by obtained by using an additive manufacturing (AM) procedure.
Only the input/output (I/O) coaxial connectors will need to be assembled to the filter to perform the frequency
measurements. The filters in this work can be seen as a first proposal towards more complex multi-functional
monoblock structures using additively-manufactured coaxial technology, for highly-integrated RF chains.
Other expected benefits beyond the compactness or lightweight are an increased RF shielding, electrostatic
discharge risk reduction, and Passive Intermodulation (PIM) protection. In the paper, a prototype with a
passband between 8 and 12 GHz is designed and manufactured, using a bandpass filter with three stubs and
an integrated 15th-order low-pass filter, providing rejection for spurious frequencies up to 30 GHz. The filter
is manufactured using Selective Laser Melting (SLM) and measurements show an excellent agreement with
the simulations.

INDEX TERMS Bandpass filter, coaxial-line filter, metal 3D-printing, stepped-impedance filter.

The associate editor coordinating the review of this manuscript and
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I. INTRODUCTION
Coaxial technology has dominated RF design in low-
frequency bands, both for high- and low- power applications.
It provides clear advantages in terms of compactness, which
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gives rise to a potential for highly integrated RF mod-
ules. However, simultaneously increasing the RF system’s
complexity and compactness poses significant challenges
for conventional manufacturing techniques such as milling
and turning. These challenges grow exponentially with the
frequency of operation. While ad-hoc processes, such as
PolyStrata [1], [2], [3] have emerged as potential end-to-
end manufacturing solutions for high-frequency coaxial-
based RF systems, their widespread adoption remains
limited.

In the latest few years, additive manufacturing has emerged
as a potential technology for radio-frequency (RF) and
microwave devices. One of the major challenges in the cur-
rent state-of-the-art in 3D-printing applied to RF devices lies
in the manufacturing of coaxial-based transmission lines [4].
Traditionally, coaxial-line structures have been manufactured
by milling the enclosure and placing the internal conductor
with its dielectric into the structure [5]. The dielectric part
allows to sustain the inner conductor along the coaxial
line axis. It also reduces the transmission line dimensions,
but at the cost of additional ohmic losses. Moreover, the
conventional manufacturing approach of combining metal
and dielectric components, while cost-effective, imposes
limitations on the geometries that can be realized, leading to
a situation where the manufacturing process dictates the RF
design.

This paper presents a novel approach to achieve complex
RF functionality by combining a low-pass filter, which
provides a wide rejection band, with a bandpass filter that
enhances rejection near the transmission band. This initial
step towards multi-functional RF structures introduces the
challenge of increased complexity in manufacturing and
assembly. The manufacturing as a monoblock structures
using coaxial technology without any dielectric inside the
device is expected to offer additional benefits beyond
compactness or lightweight, such as increased RF shielding,
reduced electrostatic discharge risk between inner and outer
coaxial part, and a higher threshold for Passive Intermodula-
tion (PIM). The elimination of dielectric supports necessitates
the implementation of structural components to support the
inner conductor within the outer coaxial section. These
structural elements should not compromise the compactness
of the design, and it is desirable to incorporate them as
active components that influence the overall transfer function.
An extensive literature review was conducted to identify
existing dual-purpose RF topologies that simultaneously
serve as both structural and filtering elements.

We should clarify that, within the filter literature, this work
is focused on the study and design of coaxial-line structures.
Unlike the well-known coaxial resonator-based filters, our
structures are based on coaxial lines with a pure TEM mode.

On the contrary, coaxial resonators are typically used to
develop compact resonant cavities, using TM modes [6],
[7]. In this sense, there exist many designs in the technical
literature where coaxial resonator cavities are employed [8],

but not so many filter designs relying on coaxial-line
structures can be found.

Using 3D-printing, it is possible to manufacture a coaxial-
line I/O section to implement the coupling with a cavity
resonator built in a different technology, as it was done
in [9] making use of a waveguide resonator. A more complex
example can be found in [10], where the authors propose
a λg/2-coaxial-line resonator design using a meandered
topology for the filter. In this case, a hybrid manufacturing
is proposed: the inner conductor of the coaxial line is
3D-printed using a stereolithography technique (SLA) in a
polymer, which is then metallized and soldered to a rectangu-
lar waveguide housing that behaves as the coaxial-line outer
conductor.

In [11], a complete 4-port magic-Tee is proposed, which
includes a coaxial-to-waveguide transition using also self-
supported coaxial-lines, but without any further practical
electrical functionality in the design.Moreover, this piecewas
manufactured using a SLA procedure, and several holes were
required to ensure a proper metallization of the inner faces.
This solution can be troublesome for satellite applications, for
instance, due to the different thermal expansion coefficients
of metals and dielectrics. Another interesting structure using
coaxial-lines is presented in [12]. In this case, a self-
supported coaxial-line is designed and manufactured using
two short-circuited stubs. The part was manufactured by
a selective laser melting (SLM) technique, using a copper
alloy. This approach eliminates the requirement of a posterior
metallization of the inner surfaces of the structure. The
mechanical support provided by the parallel stub presented
in [12] restricts the bandwidth where the coaxial-line can be
used, but the device is not exploited as a filter and no clear
guidelines for a filter design are given. Indeed, its practical
usefulness as a filter is limited, for instance, by its out-of-band
behaviour. Moreover, several holes for dumping the residual
dust were also required, which also becomes a problem, for
instance, in a space application.

To demonstrate the dual-purpose topology, structural
supporting and filtering, a coaxial-line bandpass filter using
aluminium 3D-printing is proposed in this work, giving
also clear design guidelines. The section responsible for
the bandpass functionality is the most suitable candidate
for the dual-purpose function, while the low-pass section
was selected to follow a more conventional topology. The
objective is to build a monoblock part for a satellite filter,
with a bandpass at X-band (from 8 to 12 GHz), and with
a wide spurious free range up to 30 GHz. The filtering
function to accomplish the required specifications is achieved
by integrating a bandpass filter of parallel short-circuited
stubs with a low-pass stepped-impedance filter. The parallel
stub filter is designed to be in charge of the passband and,
simultaneously, provide the physical support between the
inner and outer coaxial conductors, whereas the low-pass
section rejects the spurious resonances of the bandpass
filter up to 30 GHz, as required by the specifications. The
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bandpass filter topology was selected to demonstrate enough
self-supporting capability of the overall structure with the
minimum number of structural supports. The low number of
structural supports will also serve to verify the stability of the
block during manufacturing and assembly. This will result in
a 3-pole only bandpass transfer function, which can be further
enhanced in potential practical applications needing sharper
responses (more filter poles), to achieve improved selectivity
within the passband.

Both stages (bandpass and low-pass filters) are designed
separately, as it will be discussed in Section II. The final
structure consists in a monoblock filtering device obtained
by cascading the bandpass filter with the stepped-impedance
low-pass filter. To account for the loading effects between the
two filters, the first coaxial-line sections of the low-pass filter
can be modified to match the required return loss (RL) level
of the resulting filter if needed.

The final proposed device is manufactured using a SLM
procedure with a suitable aluminium alloy (AlSi10Mg). The
piece can be cleaned very easily and, in particular, no holes
for dumping the dust are needed. As it is demonstrated in
section III, the obtained results show an excellent agreement
with the simulations up to high frequencies in the out-of-
band, thus validating the approach presented in the paper.
This is expected to be very useful for other monoblock
coaxial-line 3D-printed devices.

II. DESIGN OF THE COAXIAL-LINE FILTER
In this section, the design strategy for the proposed
3D-printed self-supported coaxial-line filter structure is
discussed. The first stage is a bandpass filter designed as
a parallel short-circuited stub structure, and its aim is to
implement a passband in the intended frequency range (8
to 12 GHz, in our example). In addition, the short-circuits
provided by the stubs give the mechanical design required for
a self-supported all-metal coaxial-line structure. The second
stage is a stepped-impedance coaxial-line low-pass filter,
which is in charge of enhancing the spurious performance
of the first stage, removing the spurious resonances up
to 30 GHz in our example. Once the two filters are designed,
the two parts are connected through a coaxial line, and the
physical dimensions of the initial coaxial-line sections in the
low-pass filter are modified to account for the loading effects
produced by the cascaded connection between the bandpass
and low-pass filters.

In a typical coaxial-line, the characteristic impedance Z0 of
the fundamental TEM mode is analytical, and its numerical
value can be calculated as [13]

Z0 =

√
µ

ε

ln(D/d)
2π

, (1)

where d is the inner conductor diameter, D is the outer
conductor diameter, and ε = ε0εr is the dielectric permittivity
of the material filling the coaxial line. For the designs
presented in this paper, εr = 1, as the coaxial lines will
be always filled with air. Moreover, the external conductor

FIGURE 1. 2D sketch of the proposed parallel short-circuited stub
bandpass filter. (a) Ideal transmission line model with λ0/4 lines at the
filter central frequency f0, where θ0 is the electrical length of the
transmission line at f0, Z0 is the characteristic impedance at the ports,
and Zs1, Zs2, and Zs3 are the characteristic impedances of each stub
obtained through direct synthesis. (b) 2D parametrization of the coaxial
short-circuited stub model, where Dt and dt are the outer and inner
conductor diameters of the main line in the structure, respectively. Ds1,
Ds2, and Ds3 are the outer conductor diameters of the parallel stubs,
whereas ds1, ds2, and ds3 are their inner conductor diameters.

diameter is kept constant, whereas the inner conductor
diameter is modified to obtain the required impedance value.
This simplifies the design of the final prototype. The outer
diameter is chosen, for each of the designed filters, according
to manufacturing or electrical constraints, which are properly
detailed in its corresponding Section below.

A. PARALLEL STUB BANDPASS FILTER
The bandpass filter is designed using a parallel short-circuited
stub approach. This allows implementing the filter and,
additionally, it benefits from themechanical support provided
by the short circuits at each stub end. Physically, the
short-circuit is done in the coaxial-line stubs by electrically
connecting the coaxial inner and outer conductors. This is
very useful to achieve an all-metal coaxial-line structure,
and it is exploited to allow the monoblock manufacturing
of the whole filtering device. A 2D sketch of the proposed
parallel short-circuited stub filter, using 3 stubs, is depicted
in Fig. 1(b).

For the sake of simplicity, the inner and outer conductor
diameters of the main line of the bandpass filter (BPF) are
constant (dt and Dt , respectively), as well as the stubs outer
conductor diameter Dsi. The stubs inner conductor diameters
dsi will be used to obtain the required stub impedances
Zsi. Considering the characteristic impedance of the coaxial
connector (Zconn = 50 �) that will be attached at the
BPF input, the dimensions of Dt and dt need to be chosen
accordingly. It is important to observe that, for a fixed
value of the coaxial-line characteristic impedance, a small
value of Dt means an even smaller value of dt , which may
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result in a geometry impossible to achieve by means of
3D-printing. Taking into account the SLM manufacturing
process, a minimum of 1-mm thickness is recommended to
avoid mechanical problems during the 3D-printing process,
such as thermal stress on the inner conductor. For this reason,
a value of Dt = 5 mm is selected, which results in a value
of dt = 2.16 mm, doubling the minimum recommended size,
for a coaxial-line Zt = 50 �. It should be also remarked that
larger values of Dt will reduce the cut-off frequency of the
higher-order modes in the coaxial-line structure. However,
a poor spurious performance in the BPF is not critical, as long
as no spurious resonances interfere with the filter passband.
The frequency rejection in the out-of-band between 12 GHz
and 30 GHz will be addressed using the low-pass filter (LPF)
described in Section II-B.

In principle, the filter might be synthesized using the
coupling-matrix formalism, considering the short-circuit
stubs as resonators (whose length and impedance can be
adjusted to tune their resonant frequency) and the coaxial
lines connecting the stubs as inter-resonator couplings (again,
the length and impedance is adjusted to obtain the required
coupling level). However, this is a classical filter topology
that can be accurately and more simply designed through
well-known analytical equations [14], which is the approach
followed here. The BPF synthesis consists in extracting the
characteristic impedances of the parallel stubs (Zs1, Zs2 and
Zs3) and the transmission lines connecting them (Z12 and
Z23), given that all transmission lines have an electrical length
of λ0/4, where λ0 is the wavelength corresponding to the
filter central frequency f0. Expressions for these characteristic
impedances can be found in [14] as a function of the filter
frequency specifications (central frequency, bandwidth and
in-band return loss). However, this classical approach can not
be replicated in our design because of the restriction imposed
for Z12 = Z23 = Zconn. In [13], a convenient simplification
is deduced from the classical design equations that consider
a fixed characteristic impedance for the transmission lines
Z12 and Z23, following the philosophy of our proposed BPF.
The ideal transmission line equivalent circuit corresponding
to this example is presented in Fig. 1(a). The expression
for each short-circuited parallel stub impedance Zsi is then
evaluated as

Zsi =
πZ01
4gi

, (2)

where Z0 is the characteristic impedance of the ports (Zconn),
1 = BW/f0 is the filter fractional bandwidth, and gi is the
corresponding element extracted from a Chebyshev low-pass
prototype synthesis. In this design, the low-pass prototype
elements for a Chebyshev response can be computed
considering the filter order (N = 3), with return loss RL =

30 dB, resulting in g0 = g4 = 1, g1 = g3 = 0.5358, and
g2 = 0.8817. The characteristic impedances for each stub are
then evaluated as Zs1 = Zs3 = 29.32 �, and Zs2 = 17.81 �.
In the coaxial-line model, the outer conductor diameters Ds1,
Ds2 and Ds3 are fixed to 4 mm, and the inner conductor

FIGURE 2. Scattering parameter response of the parallel stub filter,
corresponding to the schematic shown in Fig. 3, simulated with CST MWS.
The shadowed rectangle indicates the |S11| goal employed during the
filter optimization.

TABLE 1. Physical dimensions of the parallel stub filter, comparing the
initial values obtained through the synthesis and the final optimized
values, following the parametrization shown in Fig. 3. The external
diameter of the coaxial stubs is fixed to Ds1 = Ds2 = Ds3 = 4 mm. Due to
input-output symmetry, ls3 = ls1, l23 = l12 and ds3 = ds1. All dimensions
are given in mm.

diameters are calculated to achieve the required parallel stub
impedances using (1), resulting in ds1 = ds3 = 2.45 mm, and
ds2 = 2.97 mm. However, even though the ideal transmission
line model provides a good starting point, there exist some
electromagnetic effects which are not considered in this
equivalent circuit. Therefore, an optimization step with the
full-wave simulator CST Microwave Studio (CST MWS)
is required. The optimization is performed considering the
stubs impedances Zs1 = Zs3 and Zs2 through the coaxial
stubs inner conductors ds1 = ds3 and ds2. Also, the
physical length of the coaxial lines l12 = l23 is taken into
account. An optimization goal to fit |S11| under −30 dB,
imposing the condition over the range between the passband
(8 GHz and 12 GHz), is enough to obtain the required
frequency response. This happens because the scattering
parameter response simulated with the physical dimensions
calculated through the transmission line model results in a
response that is close enough to the filter required frequency
specifications. The final optimized response obtained after
the optimization procedure is shown in Fig. 2, validating the
design strategy proposed for the BPF with short-circuited
stubs. For the sake of completeness, the initial and optimized
values corresponding to this design are collected in Table 1.
While the design described in the previous paragraph could

be used in the complete monoblock filtering device, the
parallel stubs connected orthogonally to the main coaxial-line
of the filter pose a significant challenge in terms of practical
feasibility. In order to avoid the introduction of additional
supports during the 3D-printing process, the stubs are
carefully reoriented in the BPF to allow a support-less
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FIGURE 3. 2D sketch illustrating the parametrization of the stub-based
transition allowing the self-supported manufacturing of the proposed
device. Dt and dt are the external and internal conductor diameters of
the main line in the structure, respectively. Ds1, Ds2, and Ds3 are the
external conductor diameters of the parallel stubs, whereas ds1, ds2, and
ds3 are the internal conductor diameters.

TABLE 2. Physical dimensions of the optimized parallel stub filter,
following the parametrization shown in Fig. 3. The external diameter of
the coaxial stubs is fixed to Ds1 = Ds2 = Ds3 = 4 mm. All dimensions are
given in mm.

fabrication. Specifically, the stubs are rotated with an angle
of α = 45◦ with respect to the printing direction, as indicated
in Fig. 3.

The new proposed geometry requires an additional opti-
mization step, although the BPF response is close to the
frequency requirements, and thus, only the final dimensions
from this process are collected in Table 2. It is important
to remark that, after the stubs are rotated from its original
position, the filter loses its input to output symmetry, and thus,
the interconnection lengths l12 and l23, the stub lengths ls1 and
ls3, and the stub inner diameters ds1 and ds3 will no longer
be equal. This issue must be considered during the final
optimization stage to accomplish the frequency specifications
for the filter response. The final response of the optimized
BPF with rotated parallel stubs is presented in Fig. 4.
As a final note regarding the BPF design incorporating

parallel stubs, it’s worth emphasizing that augmenting the
number of stubs in the filter can amplify its frequency
selectivity. Moreover, each additional parallel stub introduces
an extra transmission zero (TZ) within the rejection band,
potentially bolstering frequency selectivity in the upper out-
of-band response. Nevertheless, these additional TZs lack
independent control since their frequency positioning hinges
on the stub length, a crucial parameter in BPF design. While
this aspect offers a notable benefit of the proposed structure,
it cannot be directly harnessed during the design phase.

B. LOW-PASS STEPPED-IMPEDANCE COAXIAL-LINE
FILTER
The low-pass coaxial-line filter is designed as a
commensurate-line stepped-impedance structure. A 2D

FIGURE 4. Scattering parameter response of the final optimized
bandpass filter with short-circuited parallel stubs, corresponding to
dimensions depicted in table 2. In the inset, a 3D model of the designed
BPF is shown, as modeled in the full-wave software CST MWS.

sketch of the proposed filter is illustrated in Fig. 5. This
structure consists in a cascade of N + 2 coaxial-line
sections with the same outer conductor diameter, D, and
different inner conductor diameters, di. The proposed design
method begins with the computation of the normalized
characteristic impedances Zi(norm) of the commensurate-line
distributed unit element prototype, providing the desired
all-pole filtering response [15]. To obtain the normalized
impedances, a Chebyshev response is taking into account
the filter order (N = 15), return loss level (RL = 30 dB),
the low-pass cut-off frequency (fc = 12 GHz), and the
frequency where the maximum |S21| rejection is achieved
(fr = 24 GHz). The filter order, N, is obtained to ensure a
minimum |S21| level of -75 dB at fr , and can be computed as
a function of this requirement, the frequencies fr and fc, and
the RL level (in dB), as [16]

N =

cosh−1

(√(
1

|S21|2min
− 1

)
·

(
10

RL
10 − 1

))
sech−1

(
cos

(
π
2 ·

fr−fc
fr

)) . (3)

Evaluating (3), the required filter order is 14.5 in our case.
However, since N has to be an integer, it is fixed to N = 15.
An odd filter order allows the first and last sections of the
low-pass filter to have the same characteristic impedance,
simplifying the filter design. In our example, the computed
normalized impedances are Z1 = Z17 = 1, Z2 = Z16 =

1.2751, Z3 = Z15 = 0.6516, Z4 = Z14 = 1.9630,
Z5 = Z13 = 0.4931, Z6 = Z12 = 2.2609, Z7 =

Z11 = 0.4611, Z8 = Z10 = 2.3333, and Z9 = 0.4552.
Thanks to the fact that the commensurate-line model that
is employed in the low-pass filter synthesis relies on the
cascading of ideal transmission lines with electrical length
θc at the low-pass cut-off frequency fc [15], the physical
dimensioning of the coaxial-line filter is straightforward, as a
pure TEM mode propagation is supported by the coaxial.
First, the normalized impedances Zi(norm) are scaled with
the reference impedance of the ports: Zi(scaled) = 50 � ·
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FIGURE 5. 2D sketch illustrating the correspondence between the
transmission line SI model of the low-pass filter and the physical
dimensions of the physical coaxial-line filter, where θc is the transmission
line electrical length at the low-pass cut-off frequency fc , Z0, Z1,. . . , ZN+1
are the synthesized characteristic impedances for the transmission line
sections, d0, d1,. . . ,dN+1 are the inner conductor diameters
corresponding to the synthesized impedances and l0, l1,. . . ,lN+1 are their
corresponding physical lengths. Dext is the outer conductor diameter,
which is constant for all the coaxial-line sections. Only the initial and
final steps of the filter are shown.

FIGURE 6. 3D view of the standard coaxial-line low-pass filter,
as designed in the full-wave software CST MWS.

Zi(norm). Then, the inner conductor diameter di is computed
for each coaxial section, according to the scaled impedance
computed from the synthesis, following (1), with a fixed outer
diameter D and εr = 1. The physical length of each section
is determined by θc, which can be calculated from fc and fr as

θc =
π

2
·
fc
fr

, (4)

resulting in θc = 45◦ in our designed LPF. It should be
remarked that (4) is valid only for ideal transmission line
implementations (like our coaxial-line case) [17].

The next step is to choose a suitable outer conductor
diameter Di. Similarly as it was discussed in Section II-A,
the outer conductor diameter Di will be kept constant for
each section of the LPF filter. However, because the low-pass
filter is built using a stepped-impedance (SI) approach,
the geometry is composed by coaxial-line sections whose
characteristic impedance will be higher and lower than the
reference port impedance of 50 �. Typically, the synthesis of
these SI low-pass responses results in alternating high- and
low-impedance transmission lines, which is translated into
coaxial inner conductor diameters alternating between small
and large values, as it is observed in Fig. 6.
At this point, there exist two major issues that need to

be addressed. The first one is related to the manufacturing
constraints of the 3D-printing process. As it is discussed
in Section II-A, the minimum size for the inner conductor

FIGURE 7. Frequency responses of several low-pass coaxial-line filters
designed with different external conductor diameters. For the sake of
clarity, only the |S21| (dB) is shown in the plot. The curve labelled as
‘‘Tx-line model’’ corresponds to the |S21| (dB) response of the
commensurate-line distributed unit element prototype, included as a
reference for comparison purposes.

diameter should be 1 mm. During the SI LPF design,
the coaxial-line sections with the highest impedance will
show very thin inner conductor diameters, which must be
avoided. The second issue is related with the LPF spurious
performance. Assuming a pure TEM single-mode operation,
and considering the specifications described at the beginning
of this section, the stepped-impedance commensurate-line
distributed prototype (shown in Fig. 5) will exhibit a
spurious-free range of 2(fr − fc) = 24 GHz, i.e., the first
replica begins at 2fr − fc = 36 GHz, see [17]. However, even
though the coaxial-line operates with a TEM mode, spurious
effects can be observed when the outer conductor diameter is
increased, since the spurious excitation of higher order modes
is also enhanced. This higher-order mode excitation is more
noticeable as the frequency increases, reducing the width of
the LPF rejected band.

To evaluate these issues, several filter examples with
different values of the outer conductor diameter have been
simulated, all designed following the procedure described at
the beginning of this Section. A total of six low-pass filters
are compared, with outer diameter D fixed to values ranging
from 5 mm to 10 mm. The design parameters are the inner
conductor diameters and the lengths corresponding to each
section, as illustrated in Fig. 5. For each filter, their frequency
specifications are the same, and as those given above. The
frequency responses of each filter are presented in Fig. 7,
where only the magnitude of the S21 parameter is plotted, for
the sake of clarity. The frequency span ranges from 24 GHz
to 36 GHz, in order to properly observe the transmission
response at higher frequencies too.

As expected, the influence of the higher-order mode exci-
tation on the frequency response of the designed coaxial-line
filters is more noticeable as the outer conductor diameterD is
increased. This effect results in a spurious-free range reduc-
tion of the designed coaxial-line filters, as compared to the
reference |S21| curve corresponding to the commensurate-line
distributed unit element prototype, where a pure TEM
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TABLE 3. Physical dimensions of several low-pass coaxial-line filters designed with different outer conductor diameters. Diameters and lengths given
range from sections 0 to 8. Sections 9 to 16 are symmetrical (d9 = d7, d10 = d6, . . . ). Dimensions are given in mm.

single-mode operation is ensured. In fact, it is easy to observe
that larger D values produce spurious transmission peaks at
lower frequencies. In this sense, it would be better to employ
the lowestD value possible. However, inspecting the resulting
inner conductor diameters (collected in Table 3), these are
very thin for the smallestD designs. To avoid problems during
the 3D-printing process, we will fix a minimum of 1 mm
thickness in the smallest inner conductor diameter. Thus, the
filter with D = 8 mm is chosen for manufacturing, as its
minimum inner diameter is 1.14 mm, which corresponds to
d7, and the first spurious frequency is located beyond 30GHz.

In order to obtain an accurate dimensional synthesis of
the coaxial low-pass filter, the fringing fields produced due
to the inner conductor discontinuities must be considered,
as they introduce an electromagnetic effect that is not present
in the ideal equivalent circuit. To account for this effect in
the design procedure, a physical length refinement can be
applied. As it is discussed in [14], the compensation required
will be different for each impedance step, as it will strongly
depend on the diameter difference between the two sections
considered in the discontinuity. For this reason, the physical
length of each i−th section will not be equal for all the LPF
sections.

Let us consider the discontinuity between section i and
i + 1, where the ports are placed at an electrical distance
of θc/2. Because the physical length of each section should
be ideally equal to lc = 3.125 mm (the physical length
corresponding to θc at the cutoff frequency, 12 GHz), it is
possible to define the length of each coaxial section li as a
function of the fixed lc physical length, and the compensation
length from the fringing field analysis 1li,i+1 as

li = lc − 1l(i−1,i) − 1l(i,i+1), (5)

where 1l(i−1,i) is the compensation length between sections
i− 1 and i. In practice, the compensation length 1l(i,i+1) for
a discontinuity between sections i and i+ 1, can be obtained
through the parametric analysis of the geometry illustrated in
Fig. 8. For each section in the discontinuity, a half electrical
length θc/2 line is considered, as the target value for the
analysis. The physical length of this θc/2 coaxial-line is now
defined as

ltest = lc/2 − 1l(i,i+1), (6)

where lc is the theoretical physical length that corresponds
to a θc electrical length, and 1l(i,i+1) is the compensation

FIGURE 8. Illustration of the coaxial-line impedance step employed to
compensate the effect due to the fringing fields. (a) 2D sketch of the
impedance step showing the relevant physical parameters employed in
the refinement procedure. (b) 3D model as designed with CST Studio
Suite 2022 for the EM simulation adjustment.

FIGURE 9. 2D sketch illustrating the modification introduced to allow a
support-less manufacturing of the inner conductor. The standard
impedance step is shown in the left coaxial section, while the proposed
modification to the steps is illustrated in the right section. The length of
the cone section is fixed to d ′

i+1 − d ′

i to ensure a 45◦ growing angle for
the 3D printing.

length due to the fringing fields effect described in the
previous paragraph. In a practical case, the section with each
coaxial step discontinuity shown in Fig. 8(a) is physically
dimensioned by adjusting the S21 phase. By design, ̸ S21
should be equal to −θc at the filter cutoff frequency fc =

12GHz. This process must be repeated throughout all the
coaxial step discontinuities in the filter, and the adjusted li
lengths are calculated using (5).

Finally, the structure still needs to be adapted to allow
the layer-by-layer manufacturing process of the metal
3D-printing. The solution proposed in this paper is to place
the filter in the growing direction of the 3D-printing machine.
In this case, it is easy to observe, from Fig. 5, that building
the inner conductor from a large radius to a smaller one
is simple, but the opposite leaves the following section
overhanging. This situation is depicted in Fig. 9, where the
standard impedance step is indicated with the red dotted lines.
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FIGURE 10. 3D model of the designed low-pass coaxial-line filter,
as modeled in the full-wave software CST. The filter integrates standard
impedance steps and chamfered impedance steps, depending on the
constraints to allow a 3D printing, as described in Fig. 9.

To solve this, it is possible to introduce a gradual (chamfered)
impedance step to avoid hanging parts during the 3D-printing
process. This modification allows a supportless fabrication of
the inner conductor. However, the filter physical dimensions
need to be slightly tuned accordingly.

A 2D-sketch of the proposed modification is depicted in
Fig. 9 for the i-th impedance step. The introduction of this
chamfered section is characterized by its length and slope.
Due to the layer-by-layer manufacturing process, the minimal
angle of growth of the solid with respect to the printing
direction should be 45◦. To achieve this angle of growth in the
structure, we can model the chamfered section as a truncated
cone, whose bottom diameter is d ′

i , its top diameter is d ′

i+1,
and its height is the length l ′i,i+1 = d ′

i+1 − d ′
i .

In order to reproduce the frequency response of the stan-
dard low-pass filter section after introducing the chamfered
impedance steps, an adjustment in the coaxial internal con-
ductor diameter and its length is required. In this work, this
procedure was performed by applying a matching technique.
First, the reflection coefficient of the standard coaxial-line
section, using the diameters di and di+1, is simulated, and its
S21 magnitude is used as a target to obtain the diameters of
the coaxial-line section with the chamfered impedance step
of diameters d ′

i and d
′

i+1. After these diameters are obtained,
using CST for instance, the S21-phase of the standard section
can be used to match the phase of the chamfered impedance-
step section, obtaining the proper values of the section lengths
l ′i and l

′

i+1. This procedure is repeated for each impedance
step whose geometry cannot be 3D printed due to the inner
conductor diameter overhanging. The sections that can be
kept unaltered and the ones that are modified can be clearly
identified in the 3D-model view shown in Fig. 10. As it can be
seen in the figure, only the steps where a small radius changes
into a large radius are modified, introducing the described
truncated cone to avoid the overhanging.

It is important to remark that, in the procedure presented
in this work, the LPF geometry is initially designed through
the synthesis of the standard model without chamfered
impedance steps. Of course, if the geometry adaptation to
a 3D-printing process is not needed, the design procedure
would stop at the fringing field compensation step described
in Fig. 8.

FIGURE 11. Frequency response of the coaxial-line low-pass filter, after
being modified as described in Fig. 9.

FIGURE 12. Illustration of the final device designed for 3D printing.
A transversal cut-plane is presented, to reveal the inner part of the
coaxial structure. Flanges for a SMA coaxial-line connector are included
in the I/O ports.

After applying the design procedure described above, the
frequency response of the filter is presented in Fig. 11.
As expected, a perfect return loss equalization is achieved,
and a clean out-of-band appears up to around 30 GHz.

C. CONNECTING THE BPF AND THE LPF
After the bandpass and low-pass filters have been designed,
the electrical response when we put them together must
be considered before manufacturing. The reflection from
both filters are properly equalized inside the filter passband
between 8 and 12 GHz, but some out-of-band degradation
is expected after cascading, due to the resonant interactions
between the two filters. A 3-D view of the resulting
monoblock filter is depicted in Fig. 12.
There are some features added to the 3D-model in Fig. 12

which were not considered during the design stage. First,
the flanges for a wall-mounted SMA-type coaxial connector
are included at the input and output ports of the device.
At the low-pass filter output port, a geometrical adaptation
from an outer conductor diameter of 8 mm to 5 mm is
incorporated, while keeping a constant output impedance of
50 �. A similar geometrical feature is added at the low-pass
filter input port, which helps to connect the bandpass stub
filter (whose outer conductor diameter is 5 mm) and the
stepped-impedance filter (with an outer conductor diameter
of 8 mm). This 50-� to 50-� coaxial transition is designed to
be easily manufactured in the 3D-printer, following a similar
strategy as that shown in Section II-B to avoid overhanging
of the cylindrical parts. In the low-pass filter output port, this
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FIGURE 13. Some CAD model views of the stubs filter to be manufactured
after connecting to the low-pass filter. (a) 3D view of the piece. (b) Detail
of the rounded edges connecting a stub and the coaxial main line.
(c) Bottom view to illustrate the stub distribution along the XY plane.

transition is not strictly required, because the inner conductor
diameter goes from a larger to a lower value, which can
be handled by the 3D-printer. However, a small gap would
appear due to the inner conductor of the filter being too
close to the outer conductor at the port (5 mm and 3.47 mm,
respectively). To avoid future high-power handling issues,
the transition was also included here. It should be remarked
that this transition has very little effect on the whole filter
electrical response.

In addition, the parallel stub filter layout is re-oriented
to produce an optimized geometry for 3D-printing. As it is
observed in Fig. 12, the three stubs are rotated with respect
to the main inner conductor of the filter. In fact, the position
of each stub in the coaxial transversal plane has been rotated
120◦ with respect to each other. The objective is to provide
a better mechanical support to the whole device once the
piece starts to be printed. Because the support points are
evenly distributed around the coaxial line, it is expected that
errors due to misalignment or inclination of the piece are
minimized. Moreover, the sharp edges at the coaxial inner
conductor joints of the main line and stubs are rounded,
in order to avoid thermal stress on those edges during the
building process. A detailed view of the stub filter with these
features incorporated is shown in Fig. 13.

The frequency response of the whole device is depicted in
Fig. 14 for a frequency span from 0 to 40 GHz (dashed lines).
It can be observed that the reflection level |S11| is below -
25 dB within the passband, and the first spurious band is still
beyond 30 GHz, showing a similar behaviour as the isolated
low-pass filter in the stop-band. However, there exist some
peak resonances close to the passband around 13-14 GHz.
These appear due to the standing wave generated between
the last stub of the bandpass filter and the first impedance
step of the low-pass section. This electromagnetic effect is
typical when cascading a low-pass and a bandpass filter,

FIGURE 14. S-Parameter response of the final optimized device.

FIGURE 15. Photograph illustrating some manufactured prototypes
without the coaxial connectors attached, showing the flange details at
the connection face.

although it is possible to minimize its impact on the device
performance by modifying the length of this connection,
while keeping a good equalization within the passband and a
large spurious-free range, as required by the application. The
final electrical response of the device after these adjustments
are implemented is shown in Fig. 14 with continuous lines.

III. MEASUREMENTS AND MANUFACTURING
The optimized design whose frequency response is shown
in Fig. 14 is now manufactured using SLM. Thanks to
the introduction of the bandpass stub filter, the inner
and outer conductors in the coaxial structure are self-
supported. For this manufacturing, a ReniShaw RenAM
500 3D-printer is employed. The printing material is a
well-known aluminium alloy (AlSi10Mg), whose electrical
conductivity values typically range between 1.7986·107 S/m
and 2.3474·107 S/m [18]. The 3D-printing process is
performed inside an argon atmosphere. The expected dimen-
sional tolerance is ± 100 µm, and the layer thickness of the
3D-printer is fixed to 60 µm. No post-printing treatment is
applied to the built part, and only a mechanical polishing is
applied to the external faces of the I/O flanges, ensuring an
adequate flatness before assembling the SMA connectors to
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FIGURE 16. Photograph of a filter sample printed without half of the
outer conductor cylinder, to enable visual inspection of the device inner
surfaces, with an SMA coaxial connector attached to the filter output port.

FIGURE 17. S-parameter response of the measured prototype,
as compared to the full-wave simulation with lossy walls for the 3D piece.
In the inset, a graph comparing the simulated and measured |S21| (dB)
levels is presented.

the 3D-printed part. In Fig. 15, a photograph showing three
manufactured prototypes are presented. In these prototypes,
it can be clearly observed the I/O pin that is 3D-printed and
the surface around it that is manually polished to connect with
a wall-mounted female coaxial connector. In addition, one of
the devices was cut to visually inspect the filter inner details,
and a photograph is shown in Fig. 16.
First, a measurement of the passband scattering parameters

corresponding to one of the prototypes is performed. The
measurements are performed with an Agilent E8364B PNA
vector network analyzer. The results are compared to
the simulations in Fig. 17. The measured bandwidth and
cut-off frequency show an excellent agreement with the
simulated response. It is worth noting that the measured |S11|
equalization is slightly worse than in simulation. This is due
to the dimensional tolerance of the 3D-printing. Still, the
measured return loss is never smaller than 18 dB, which is
very good. The measured insertion loss (IL) is 0.722 dB at
the filter central frequency, while a value equal to 0.066 dB
is obtained in simulation when considering an electrical
conductivity of 6.2·106 S/m, a value reported in similar
fabrications with AlSi10Mg [17]. There exist two factors that
contribute to the observed increase in the filter IL. The main
contribution comes from the surface roughness in the inner
walls of the filter, which is not considered in the full-wave

FIGURE 18. S-parameter response of the measured prototype,
as compared to the full-wave simulation with lossy walls for the 3D piece.
The frequency span is enlarged in this measurement, validating the
frequency rejection up to 30 GHz.

simulations. In addition, the worse matching of the |S11|
parameter can also contribute to measure a lower |S21| value.
It is also possible that a significant contribution to the overall
filter loss comes from a non-optimal connection between
the wall-mounted SMA connector and the 3D-printed part
interface, since this effect is not taken either into account
in the full-wave simulation. In summary, the measurements
of the manufactured prototype in the passband are very
satisfactory, thus validating the design strategy proposed in
this work.

A second measurement is carried out enlarging the fre-
quency span of the PNA after performing a new calibration.
The objective is to validate the wide spurious-free range up
to 30 GHz. The results from this measurement are compared
to the full-wave simulation in Fig. 18. As calibrations in
Fig. 17 and Fig. 18 are not the same, there are some minor
discrepancies between them until 14 GHz. This is not relevant
and it should be highlighted that a wide spurious-free range
is obtained, with a |S21| level below -50 dB, between 15 and
30GHz. Again, themeasured S-parameters show an excellent
agreement with the simulations also in the out-of-band.

For the sake of completeness, an additional comparison
between the proposed monoblock filter and other devices
from the technical literature is presented in Table 4. Our
filter is compared with transitions (which may also exhibit
an intrinsic filtering performance), low-pass, and bandpass
filters operating at similar frequency bands and considering
various technologies. The proposed coaxial-line monoblock
filter represents an excellent trade-off between bulkier
technologies with remarkable loss performance, such as
the waveguide, and more compact technologies with poor
rejection bands, such as SIW and other planar technologies.
To the authors’ knowledge, the presented filter is the
first all-metal monoblock microwave filter in coaxial-line
technology, and it represents a significant step towards
the development of highly-integrated microwave chains for
satellite applications.
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TABLE 4. Comparison to other filters and devices with intrinsic filtering performance published in the literature. SIW: Substrate Integrated Waveguide.
QMSIW: Quarter-Mode SIW. ESICL: Empty Substrate Integrated Coaxial Line. SLM: Selective Laser Melting. SLA: Stereolithography. CNC: Computerized
Numerical Control. PCB: Printed Circuit Board. N/A: Not Applicable. N/G: Not Given.

IV. CONCLUSION
In this work, a monoblock coaxial-line filter is designed,
manufactured and tested. The combination of a bandpass
filter to fulfill the required frequency specifications in the
passband and a low-pass filter to effectively reject higher
spurious frequencies is commonly employed in satellite com-
munication payloads. Our approach involves designing and
fabricating both components of the RF chain together, using
a 3D-printed all-metal self-supported coaxial-line. The proto-
type developed and presented in this contribution has exhib-
ited excellent behaviour and agreement with the full-wave
simulations, even with only three supporting stubs (bandpass
filter poles), thereby validating the feasibility of the proposed
approach towards a highly integrated monoblock coaxial-
line filter. Consequently, the proposed design paves the
way to intrincate multi-functional monoblock structures in
coaxial-line technology, leading to coaxial RF chains that
benefit from compactness, RF shielding, and electrostatic
discharge-risk and PIM reduction.
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