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Abstract

In this contribution, we describe the design of bandpass filters using evanescent mode wavegud-
ies and dielectric resonators implemented with additive manufacturing techniques. Two C-band
Chebyshev evanescent mode waveguide filters of order five have been designed using a low cost
commercial dielectric material (ABSplus), widely used by Fused Deposition Modeling (FDM)
3D printers. The housings of the filters have been manufactured using traditional computer nu-
merical control (CNC) machining techniques. Practical manufacturing considerations are also
discussed, including the integration of dielectric and metallic parts. We first discuss two bread-
boards using two different resonator geometries. We then demonstrate how different transfer
functions can be easily implemented by changing the 3D printed parts in the same metallic hous-
ing. Breadboards show fractional bandwidths between 3% and 4.6% with return losses better
than RL = 18 dB, and spurious free ranges of S FR = 1 GHz. Insertion losses are better than
IL = 4.3 dB. Even though dielectric losses from the plastic material are shown to be high, the
measured results are quite satisfactory, thereby clearly showing that this strategy maybe useful
for the fast production of low cost microwave filters implementing complex geometries.

Keywords: 3D-printing, ABSplus, additive manufacturing, dielectric resonators, evanescent
mode waveguides, microwave filters, selective laser melting.

1. Introduction

The design of filters in waveguide technology remains one of the most important activities
in the microwave engineering field Boria and Gimeno [1]. Waveguide filters are, in fact, used
in the input/output stages of many systems, for both space and ground application, where low
loss and high-power handling are critical requirements Cameron et al. [2]. In addition, phys-
ical constrains such as low volume and small footprint are usually required. Furthermore, the
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most common implementation of microwave waveguide filters is based on CNC machining of
aluminum. Unfortunately, however, CNC machining techniques have limitations in terms of
manufacturing certain complex geometries Shang et al. [3].

In this context, therefore, emerging Additive Manufacturing (AM) techniques are becoming
very attractive to produce novel passive filter geometries D’Auria et al. [4], Peverini et al. [5],
and other microwave devices, such as ABS-metallized antennas Kyovtorov et al. [6], Genc et al.
[7]. Using AM techniques complex shapes can, in fact, be very easily manufactured Calignano
et al. [8]. Using thermoplastic as base material, for instance, and using subsequent metallization
of the hardware, one can dramatically reduce the overall mass of the filter structure Montejo-
Garai et al. [9]. In Khan et al. [10] the metallization of the walls is achieved using an automated
deposition process of conductive silver ink. A similar, although more elaborated strategy is used
in Chan et al. [11], where air channels are implemented into the walls of the plastic pieces, which
are then filled with a liquid metal. It is also interesting to remark that a similar concept was used
in Khan et al. [10] to build a waveguide switch. In this case the switch operation is achieved
by pumping in and out the liquid metal through plastic tubes. Additionally, smart optimization
of the shape of traditional implementations can significantly reduce the Insertion Losses (IL)
of the filters Lorente et al. [12]. Other authors have tried direct geometrical modifications on
the cavity resonator itself, using curvilinear shapes, leading to new resonators with significant
improvements in terms of unloaded quality factors (QU). Interesting works in this direction are
the spherical resonators proposed in Guo et al. [13, 14], or the use of complex curvilinear shapes
as proposed in Booth and Lluch [15].

The implementation of dielectric resonators has also been recently explored in the context
of AM. A list of thermoplastics and ceramics showing good dielectric properties can, in fact, be
found for many FDM or Stereo-lithography (SLA) commercial 3D-printers Salonitis et al. [16],
Tran et al. [17]. Various strategies have also been discussed to incorporate AM dielectrics into
a waveguide filter structure. An interesting example can be found in Carceller et al. [18], where
a TM-mode dielectric resonator based on alumina with tan δ < 0.002 and ϵr ≈ 9.9 is used to
directly print a second order filter. After the hardware has been printed, the external faces are
metallized to build the lateral walls of the structure. The filter shows good performance in terms
of losses, but with slight frequency deviations due to the lack of accuracy of the AM process.
An alternative solution is to design the dielectric resonators from a single piece of plastic, which
is then fastened in the filter using the metallic parts of the coupling windows. This strategy is
demonstrated in Marchives et al. [19], where the dielectric resonators are printed from a single
plastic bar, following an in-line topology, or in Perigaud et al. [20], where a more complex
connection mechanism between resonators is proposed.

In this context therefore, we contribute to the state-of-the-art of AM manufacturing of waveg-
uide filters by showing how the two evanescent mode filter designs shown in Fig. 1 can be
manufactured using 3D printing techniques. A similar family of evanescent filter structures are
explored in Aghayari et al. [21, 22], for a Substrate Integrated Waveguide (SIW) technology.
The objective of this paper is to compare two different solutions for evanescent mode filters that
can be rapidly and inexpensively manufactured with 3D-printing using commercial AM dielec-
tric materials. The filter structures discussed in this paper combine AM parts for the dielectric
elements, with conventional aluminum CNC machining, thus leading to a hybrid manufactur-
ing strategy. Following this strategy, the metallic parts of the structure are kept simple, while
complex geometries may be easily manufactured for the dielectric elements.

The dielectric elements proposed in this work are implemented with a low cost commer-
cial ABSplus plastic from Stratasys, with relative dielectric constant ϵr = 2.55 Stratasys [23].
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Figure 1: 2D sketches of the evanescent mode filters proposed in this paper. (a) Design with air holes inside a dielectric
block filling a waveguide section with reduced width (air-holes filter). (b) Design with dielectric posts inside an otherwise
empty evanescent waveguide section (ϵr-posts filter).

This material has recently become widely available in low cost 3D printers. The first solution,
shown in Fig. 1(a), consists of a filter with a reduced width, dielectric-filled rectangular waveg-
uide, where inter resonator couplings are implemented with elliptical air holes (subsequently
referred to as the air-hole filter). The complementary approach is followed in the second design,
where several elliptic dielectric post resonators are placed inside an empty evanescent rectangular
waveguide section, as shown in Fig. 1(b) (subsequently referred to as the ϵr-post filter).

It should be remarked that the proposed structures are called ”evanescent mode rectangular
waveguide filters” because the dominant TE10 mode is below its cut-off frequency in the rectan-
gular waveguide section of reduced width (aev), shown in Fig. 1. When the ABSplus dielectric
material is placed inside this region, the dominant TE10 mode can also propagate in these ar-
eas. Therefore, the resonators of the structure are formed by the dielectric filled areas inside
this rectangular waveguide section of reduced width. On the contrary, the dominant TE10 mode
cannot propagate in the air regions inside this section. Therefore, such air regions implement the
coupling elements of the filter, using the coupling by proximity mechanism.

The two structures proposed in this work have been manufactured with a hybrid strategy.
Namely, the 3D printed plastic pieces have been manufactured using an FDM 3D printer, while
the aluminum housings have been manufactured using standard CNC machining. This strategy
allows for a fast and low cost implementation of the filters, although at the expense of some-
what higher insertion losses. An additional benefit of this hybrid manufacturing strategy is also
demonstrated in this paper. Namely, several filters with different transfer functions can be easily
implemented using the same external aluminum housing. What is needed is just the design of
new dielectric parts, which are then manufactured with the 3D printer. Following this approach,
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only one common external housing is manufactured with CNC machining techniques, while high
flexibility can be obtained by producing several low cost plastic pieces to implement different
transfer functions.

Overall, the measured performance of the manufactured prototypes is good, thereby fully
confirming the practical feasibility of the new concepts proposed in the paper.

2. Filters design

The filters used in this work to demonstrate the hybrid manufacturing strategy are two 5-
pole Chebyshev filters with 20 dB return loss (RL). The filters have been designed at C-band
with a center frequency fc = 3.68 GHz and a bandwidth BW = 120 MHz (fractional bandwidth
FBW ≈ 3.2%). The filters are designed using an in-line topology, since no cross-couplings will
be considered for simplicity. It is important to note, however, that cross coupled structures can
also be easily implemented. The coupling matrix, which is the same for both filters, has all
elements equal to zero, except for couplings along the in-line channel (Mi,i+1) Cameron et al. [2]

MS 1 = M5L = 1.0137, M12 = M45 = 0.8653,
M23 = M34 = 0.6357.

(1)

2D sketches of the proposed filters are presented in Fig. 1. A standard WR-229 waveguide
has been used for the input/output waveguide ports (a = 58.17 mm, b = 29.083 mm). The first
filter, shown in Fig. 1(a), consists of a dielectric piece placed inside a reduced width waveg-
uide section, with a series of air holes. This filter uses the fundamental TE10 mode, which can
propagate in the dielectric filled rectangular waveguide section, while the air holes, where the
fundamental mode is below cut-off, are used to implement the coupling elements between res-
onators. The width of the rectangular waveguide section is reduced to avoid the propagation of
higher order modes, when it is filled with the dielectric material. The physical separation be-
tween air holes [li in Fig. 1(a)] controls the resonant frequency of each resonator. The air holes
are implemented as elliptical cylinders, and their dimensions [ri according to Fig. 1(a)] are used
to control the coupling level between adjacent resonators. Consequently, for the design of our
5th-order filter, a total of six air holes are required. With this arrangement, the input/output cou-
plings are controlled with the sizes of the first and last air holes. However, the step discontinuity
needed for implementing the reduced width waveguide section will also affect this coupling.

As it can be observed in Fig. 1(a), the dielectric piece is longer than the waveguide section
(lev). The extra length (ld) will facilitate the alignment of the dielectric piece with the external
metallic housing. We also verified that this extra dielectric section helps to increase the in-
put/output coupling levels of the filter. However, the extra length (ld) cannot be very large, as
this area may become resonant due the formation of an air-dielectric discontinuity. As it will be
shown later in this paper, this suggests that, in practice, a trade-off is needed to adjust the length
ld.

The second solution proposed in this paper is shown in Fig. 1(b). In this case, instead of
filling the whole waveguide with a dielectric material, only several cylindrical dielectric posts
are placed inside an empty waveguide section. With this arrangement the fundamental TE10
mode is below cut-off in the evanescent rectangular waveguide section, and the dielectric posts
become resonant. Consequently, the dimensions of these posts [ri according to Fig. 1(b)] control
the resonant frequency of each resonator, while the physical distances between adjacent posts
[li,i+1 in Fig. 1(b)] control the coupling level by proximity. For our 5th-order filter, a total of 5
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Figure 2: Normalized inter-resonator coupling curves for the two proposed configurations. Legend refers to Fig. 1(a)
(air-holes) and to Fig. 1(b) (ϵr-posts). For this test (aev = 30 mm).

dielectric posts are required. Intuitively, this solution may be more compact, since less posts (as
compared to air-holes) are required to implement the same frequency response. For this solution,
the input/output couplings are implemented with the distance between the ports and the first (or
last) dielectric resonator [ls1 in Fig. 1(b)]. However, the maximum coupling that can be achieved
is strongly determined by the step junction needed to form the evanescent rectangular waveguide
section.

It is important to note that in both structures shown in Fig. 1, the cylinders are of elliptical
shape, and we have fixed the radius along the x-axis to rx = 14 mm. This assures a 1 mm gap
between the waveguide side walls and each post, for a width of the evanescent waveguide section
of aav = 30 mm.

For the design process, a variation of the classical even/odd analysis technique has been used,
as described in Pons-Abenza et al. [24]. Using this approach, the so called normalized coupling
values (Mi j) Cameron et al. [2], Matthaei et al. [25], for the two types of resonators proposed,
are presented in Fig. 2.

The same figure is employed to present the results obtained for the two configurations dis-
cussed in this paper, by using two independent vertical axes. For the configuration shown in
Fig. 1(a), the coupling is given as a function of the air-hole semi-axis (ri), while the length (li j)
is used for the second configuration shown in Fig. 1(b).

The levels computed for Mi j are suitable in both cases to obtain the filters with the initial
5
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Figure 3: External quality factor (Qext) for the two proposed evanescent filters. The legend refers to Fig. 1(a) (air-holes)
and to Fig. 1(b) (ϵr-posts). For this test we have fixed: aev = 30 mm, ld = 7 mm, l1 = 0 mm.

specifications. It can be observed that, to implement an equal coupling level, the configuration
with dielectric posts will in general be smaller than the one with air-holes (li j < ri). This indicates
that, for equal responses, the solution with dielectric posts will result in a more compact structure.

The characterization of the input/output coupling is performed using the external quality
factor (Qext), as described in Cameron et al. [2], Matthaei et al. [25]. For the tests in this paper,
doubly terminated resonators are used. For our two resonator configurations, the key parameters
are the elliptical semi-axis of the first air-hole (r1) [air-hole filter, Fig. 1(a)] and the distance to the
first resonator (ls1) [dielectric post filter, Fig. 1(b)]. The corresponding results for each structure
are shown in Fig. 3. Similarly to Fig. 2, two different ordinate axes have been used to show both
results in the same plot.

As we can see from the Qext curves shown in Fig. 3, the slopes are similar. However, the
structure with dielectric posts can achieve lower Qext values. Therefore, this structure is more
suitable to implement filters with wider passbands as compared to the filter with air-holes. This
behavior is enhanced by the fact that the coupling distance ls1 in Fig. 1(b) can be made slightly
negative, meaning that the first and last resonators are slightly introduced in the port section [lport

of Fig. 1(b)].
Another interesting conclusion can be pointed out from the plot shown in Fig. 3. For narrow-

band filters, where larger Qext values are needed, the filter with dielectric posts has the potential to
be more compact. As shown in the plot, large Qext values require smaller coupling distances (ls1)
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Figure 4: Qext values for the air-holes filter as a function of the extra length (ld), for various values of the input semi-axis
(r1). For this test we have fixed: aev = 30 mm, l1 = 0 mm.

for the dielectric posts filter, as compared to the diameter (2 r1) of the air-holes filter (ls1 < 2 r1).
For instance, to synthesize Qext = 100, a coupling length ls1 = 16 mm is needed, while the axis of
the air-hole needs to be larger (2 r1 = 20 mm). This confirms the behavior already observed for
the inter-resonator couplings in Fig. 2. For the same in-band response, more compact structures
can be obtained with the configuration based on dielectric posts.

As already mentioned, the input coupling of the air-hole filter is also affected by the extra
length (ld) used to align the dielectric piece with the external housing. In order to study this
effect, we present in Fig. 4 the Qext values for this filter as a function of the extra length (ld) for
various values of the input air-hole semi-axis (r1). As we can see, the Qext value decreases when
the length ld is increased. This indicates that ld can be used to increase the input coupling of
the filter, if wideband responses are needed. On the other hand, the plot shows that the slope is
greater when the semi-axis of the air-hole (r1) is larger. Therefore, the sensitivity of the input
coupling with the length (ld) will be stronger for narrowband responses. The plot also indicates
that the effect tends to saturate for lengths ld > 8 mm. Further increase of this length does
not translate in substantially higher input coupling. In addition, we have verified that it is not
convenient to take very large values for the length ld. This is because the junction may become
resonant in the area between the waveguide step and the air-dielectric discontinuity. Taking into
consideration all the practical aspects discussed so far, and the behavior shown in Fig. 4, an
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Table 1: Final dimensions of the designed air-holes filter according to Fig. 1(a).
Var. Value (mm) Var. Value (mm) Var. Value(mm)
lport 10 l1 0 r1 4.859
ld 7 l2 22.11 r2 14.54
lev 258.847 l3 23.23 r3 16.86
ltot 292.847 l4 23.13 rx 14

Table 2: Final dimensions of the designed dielectric posts filter according to Fig. 1(b).

.

Var. Value (mm) Var. Value (mm) Var. Value (mm)
lport 15 ls1 −0.439 r1 13.619
ltot 275.016 l12 24.6 r2 14.208
lev 245.016 l23 28.474 r3 14.219

optimum value of ld = 7 mm has been selected for the designs presented in this paper.
Using the data shown in Fig. 2 and Fig. 3, the initial dimensions for the two filters can now

be easily obtained. The final optimized filter dimensions are shown in Table 1 and Table 2,
respectively. The wide band responses for both filters are presented in Fig. 5. The results
shown have been obtained with the full-wave simulator HFSS ANSYS [26]. As we can see, the
responses of the two filters are very similar, both inside and outside the passband. The out of
band responses indicate that the spurious free ranges (SFR) of both filters are also very similar.
In particular, the first spurious band appears at fsp ≈ 4.8 GHz, giving S FR ≈ 1 GHz.

Except for the insertion losses (IL), that will be discussed in the next section, the results
obtained indicate that the performance of both filters is essentially the same one, at least from
the electrical point of view. Mechanically, however, there are some important differences. First,
the dimensions of Table 1 indicate that the total length of the filter with air-holes [Fig. 1(a)] is
ltot = 292.847 mm. For the second filter [Fig. 1(b)], the data of Table 2 indicate a total length
of ltot = 275.016 mm. This confirms that, as previously discussed, the filter based on dielectric
posts is more compact than the filter based on air-holes. This can be a convenient feature for
practical applications, where reduction in footprint is important.

3. Experimental results

The two filters designed in the previous section have been implemented using a hybrid man-
ufacturing approach. AM has been used for the dielectric parts, while the metallic housings have
been manufactured using standard CNC milling. The metallic parts have been manufactured
using aluminum, while the dielectric parts have been printed using ABSplus with a 3D-printer,
model Dimension 1200-bst Stratasys [27].

The pieces manufactured for the air-hole filter are shown in Fig. 6. As we can see, the
housing is manufactured in two pieces, namely, a main body and a top cover. This geometry is
very simple, so a standard CNC milling process can be used. The dielectric piece is manufactured
with the 3D printer in one single block, including all resonators and couplings. As a result, the
alignment of the dielectric piece inside the metallic body is extremely simple. The alignment is
also facilitated by the use of the two extended areas of length ld = 7 mm at both extremes of the
piece, as shown in Fig. 6.
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Figure 5: Frequency responses obtained for the two designed filters. The legend refers to Fig. 1(a) (air-holes) and to
Fig. 1(b) (ϵr-posts).
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Figure 6: Pieces of the manufactured air-holes filter, showing the two extended areas of length (ld) used for alignment of
the dielectric block inside the main body.

10



3.5 3.6 3.7 3.8 3.9 4

Frequency (GHz)

-60

-50

-40

-30

-20

-10

0

S
c
a

tt
e

ri
n

g
 P

a
ra

m
e

te
rs

 (
d

B
)

|S
11

| Meas.

|S
21

| Meas.

|S
11

| Tuned

|S
21

| Tuned

|S
11

| HFSS

|S
21

| HFSS

3.65 3.7 3.75 3.8
-4.5

-4

-3.5

Meas.

Tuned

HFSS

Figure 7: S-Parameter comparison between measured results directly obtained after manufacturing (circle symbols),
measured results after tuning (square symbols) and simulated results obtained with HFSS after introducing losses (tri-
angle and cross symbols) (tan δ = 0.0053, σ = 3.8 · 107 S/m). Inset in the figure shows details of the measured and
simulated minimum insertion losses within the passband.

The measured results, directly obtained from the prototype manufactured, are shown in Fig. 7
using circle symbols. They are compared with the results obtained with ANSYS HFSS when
losses are included in the simulations (triangle and cross symbols). As we can see, the response
obtained directly after manufacturing is in reasonably good agreement with the simulations per-
formed with HFSS including losses.

To include losses in the simulations, we have used for the ABSplus a loss tangent value equal
to tan δ = 0.0053. This value corresponds to the largest value specified by the manufacturer
(0.0046 < tan δ < 0.0053) Stratasys [23]. In addition, for the external aluminum housing, the
conductivity value used is (σ = 3.8 · 107 S/m). However, we have verified that the losses due to
the finite conductivity of the external housing have very little influence on the overall insertion
loss performance of the filter. This study confirms that the important contribution of losses is due
to the loss tangent of the ABSplus. As observed in the inset of Fig. 7, the minimum insertion
loss measured inside the passband is IL = 3.7 dB.

Apart from the insertion losses, the other measured characteristics are: center frequency
fc = 3.671 GHz, and bandwidth BW = 117 MHz. Overall, the measured response shows good
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Tuning screw for coupling adjustment

Tuning screw for resonance adjustment

Figure 8: Photograph of the manufactured filter based on air holes (Fig. 1(a)), after assembling. Details of the tuning
screws used to compensate for manufacturing errors are also shown.

agreement in terms of central frequency and filter bandwidth, as compared to the ideal design
specifications. This is a clear indication that the relative permittivity of the ABSplus block is
very close to the nominal value reported by the manufacturer (ϵr = 2.55) Stratasys [23]. On the
contrary, the measured minimum return loss within the passband is worse (RL = 12 dB) than the
expected value. In addition, we can clearly see that a number of reflection poles are not clearly
visible. This means that the filter is not correctly tuned. In general, this behavior is normal with
low accuracy manufacturing processes. The return loss is indeed the most sensitive parameter in
the response of a microwave filter.

However, the detuning observed in the return loss response can be corrected by introducing
tuning screws in the manufactured prototype, as shown in Fig. 8. In this case, standard M3
tuning screws were used. As we can see in the figure, a total of 11 tuning screws have been used
for the fine tuning of the filter. Six screws are located in the center of the air holes, in order to
adjust the couplings. Five more screws are placed in the middle of the resonators (between two
contiguous air holes), to allow for the adjustment of the resonant frequencies of the individual
resonators. For the installation of these last screws, the dielectric block has been perforated at
the appropriate locations. In this context, it is interesting to note that the perforations will shift
the resonances to higher frequencies. The presence of the screws in the resonators, however, will
lower the resonant frequencies, thus compensating for the initial frequency shifts. This is the
reason why the final prototype shown in Fig. 8 can be tuned, keeping the same center frequency
as in the original structure without tuning screws.

We have implemented the described tuning mechanism using screws of metric M4. First, air
perforations are drilled in the dielectric piece with 14.5 mm depth. This has produced an increase
in the resonant frequency of the resonators of 29 MHz. Next, the screws with metric M4 are
introduced in the structure, providing a tuning sensitivity of 23.2 MHz/mm. This indicates that
with a penetration of slightly more than 1 mm, the initial frequency shift, due to the perforations,
is compensated by the screws. Note that this tuning strategy could also be employed in other
similar scenarios, for instance if the initial measured center frequency is too low. In this case the
air perforations could be made bigger, both in diameter and depth, to produce a larger increase in
the resonant frequencies of the resonators, to compensate for the too low initial center frequency.
In such scenario, the use of screws of lower metrics may be more convenient to have a better
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Figure 9: Pieces of the manufactured filter with dielectric post resonators. The five dielectric elliptic cylinders are shown
already mounted and aligned inside the empty evanescent waveguide section.

control on the resonant frequencies of the individual resonators.
The response of the hardware after tuning is also included in Fig. 7 (with square symbols).

Results show that the tuning process was indeed effective. In particular, the filter has the same
center frequency and bandwidth as for the initial specifications. Furthermore, an almost equirip-
ple return loss response has been obtained with a RL = 21 dB. However, the improvements in
the passband response come at the expense of a limited increase in the minimum insertion loss
of the filter within the passband, which now increases to IL = 3.9 dB, as shown in the inset of
Fig. 7. Overall, a good filter performance has been demonstrated with the manufactured pro-
totype. Also, the tuning process has shown to be effective in compensating the manufacturing
errors introduced by the 3D printing technique.

The second filter, based on dielectric posts, as shown in Fig. 1(b), has been manufactured
using a similar strategy. Again, the metallic housing is manufactured from aluminum in two
pieces, with a main body and a top cover, as shown in Fig. 9. In this case, an additional practical
challenge is the alignment of the five elliptical dielectric resonators inside the empty evanescent
waveguide section. To meet this challenge, in the 3D printing of the five dielectric resonators
we have included two alignment pins of height ph and diameter pd, respectively, as shown in
Fig. 10. Two holes per resonator are then drilled in the bottom wall of the main body, with
slightly greater diameter than the alignment pins. The dielectric cylinders are then simply placed
inside the metallic housing by introducing the pins in the corresponding holes. For practical
considerations related to the the 3D printing process, the height and diameter of the pins were
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Alignment pins

Dielectric resonator (ABSplus)

Figure 10: Details of a dielectric cylinder resonator including the two pins incorporated for alignment inside the empty
evanescent waveguide section. The alignment pins are place along the x̂-axis.
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Figure 11: Comparison between the measured and simulated S-parameters, for the dielectric posts filter. Simulations
include losses in the dielectric resonators (tan δ = 0.0053) and finite conductivity in the housing (σ = 3.8 · 107 S/m).

selected to be ph = 2 mm and pd = 2 mm, respectively. With these dimensions, we have
verified with EM simulations that the pins do not have any significant influence on the electrical
performance of the structure.

After assembling the dielectric cylinders, the measured scattering parameters of the filter
are shown in Fig. 11. Comparison with respect to the simulated response is also shown, after
including losses in the analysis of the structure. As we can see, the measured and simulated
results show excellent agreement for both center frequency and bandwidth. The RL performance
inside the passband without tuning is better in this case, with a minimum value of RL = 18 dB.

The measured bandwidth at a constant return losses of 20 dB is 104 MHz. In addition, the
measured minimum insertion loss within the passband is (IL = 4.3 dB) (see the inset of Fig. 11).
This insertion loss is only 0.3 dB higher than the simulated response using tan δ = 0.0053 to
model the ABSplus plastic, and the conductivity of aluminum for the housing. As it happened
with the previous design, the loss tangent of the ABSplus plastic seems to be in the upper limit
reported by the manufacturer (0.0046 < tan δ < 0.0053) Stratasys [23]. Since in this case the
agreement between measurements and simulations is good, we did not use any further post-
manufacturing tuning mechanism.

After obtaining this result we wanted to verify if the two structures behave differently from
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Figure 12: Comparison between measured results of the two manufactured filters with BW = 120 MHz. Legend refers
to Fig. 1(a) (air-holes) and to Fig. 1(b) (ϵr-posts). The tuned response obtained with screws is used for comparison in the
case of the air-holes filter.

the point of view of the sensitivity to mechanical tolerances. For this purpose we applied the
theory presented in Mendoza et al. [28] to calculate the mechanical accuracy that is needed
to assure a degradation in the return losses lower than 2 dB. The result of this study is that the
dielectric posts filter is actually slightly more sensitive to mechanical tolerances than the air holes
filter, although the difference is small. In fact, the accuracy needed to assure such degradation
in the return losses is of 10 µm for the dielectric posts filter and 20 µm for the air holes filters.
Current state of the art AM processes achieve poorer accuracy, in the order of 250 µm. This
study shows that the manufacturing of these filters certainly requires a tuning mechanism to
compensate for inaccuracies in AM processes. The fact that the dielectric posts filter did not
require tuning in this case, therefore, must be attributed to probabilistic issues, since as this study
shows, repeatability cannot be guaranteed using state of the art AM processes.

Finally, in Fig. 12 we include a comparison between the measured responses obtained for the
two filters that we have manufactured. The response of the air-hole filter used for this comparison
is the one obtained after tuning with screws (see Fig. 8). Details of insertion losses can be
observed in the inset of the figure. As shown, the filter based on air-holes has lower insertion
losses (IL = 3.9 dB) as compared to the dielectric post filter (IL = 4.3 dB). The total sizes of both
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Piece 1

Piece 2

Figure 13: Comparison of the dielectric pieces designed for the air-holes filters having different bandwidths. Shown at
the bottom is the dielectric piece for the first filter with narrower bandwidth (Piece 1). Shown at the top is the dielectric
piece for the new filter with wider bandwidth (Piece 2). Both pieces have the same length: lev = 258.847 mm.

filters are ltot = 292.847 mm and ltot = 275.016 mm respectively, while the extracted QU values
are QU = 305.75 and QU = 303.57. As already discussed, the resonators in both structures
are formed by the dielectric filled areas inside the waveguide section of reduced width (aev).
Therefore, the material losses in both resonators are the same. The difference in the extracted
QU must then be due to the differences in the geometries of both resonators. Except for the
insertion losses, the performances of the two filters are very similar, both inside and outside of
the passband. In particular, both filters exhibit very similar measured S FR behaviors, with a first
spurious band at about 4.9 GHz.

As a final study, we now show the capabilities of the hybrid manufacturing approach proposed
in this work to produce different types of transfer functions without changing the filter housing.
The idea is to use the same housing to generate different transfer functions by manufacturing
new dielectric pieces with the 3D printer. To illustrate the basic idea, we now show the design of
a new air-hole filter having the same specifications as before, except for the bandwidth which is
increased to BW = 175 MHz.

For the design of this new filter, an important geometrical restriction must be taken into
account, namely, that the total length (lev) for this second piece must be the same as the one of
the first filter (lev = 258.847 mm). In Fig. 13 we show the dielectric piece of the previous design
(Piece 1), and we compare it with the dielectric piece of the new design with increased bandwidth
(Piece 2).

As we can see, the same length (lev) is preserved in both designs. The new dielectric piece
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Table 3: Final dimensions of the designed air-holes filter according to Fig. 1(a), for BW = 175 MHz.
Var. Value (mm) Var. Value (mm) Var. Value(mm)
lport 10 l1 8.25 r1 6.752
ld 7 l2 22.059 r2 11.702
lev 258.847 l3 23.255 r3 13.623
ltot 292.847 l4 23.411 rx 14

(shown on top), however, has smaller air holes to allow for larger couplings. The smaller holes
also increase the loading effects of the couplings into adjacent resonators. Consequently, the res-
onators become physically shorter, thus leading to air holes which are placed closer as compared
to the first design (shown at the bottom). It is important to note that the total length (lev) can be
made equal in both designs because of the additional degree of freedom provided by the length
l1 shown in Fig. 1(a) (distance between the step discontinuity and the first/last air-hole).

The design procedure for the filter with increased bandwidth is the same as previously de-
scribed. The only difference is that new coupling and Qext curves (similar to Fig. 2 and Fig. 3)
are obtained following the same procedure as described previously. The final dimensions for this
filter, as defined in Fig. 1(a), are collected in Table 3.

The new filter is obtained by replacing the dielectric Piece 1 with the dielectric Piece 2 inside
the same metallic housing (shown in Fig. 6). The measured response obtained directly after
manufacturing is shown in Fig. 14 (circle symbols).

In general, the performance obtained is quite good in terms of center frequency and band-
width ( fc = 3.71 GHz, BW = 180 MHz). The minimum insertion loss inside the bandwidth is
now lower due to the larger bandwidth (IL = 2.5 dB). In addition, the return losses are also good,
being better than RL = 15 dB inside the useful bandwidth. In order to improve the return loss
performance of the filter, we have also used similar tuning screws as previously described (see
Fig. 8). The response obtained after tuning is also shown in Fig. 14 (square symbols). As we can
see, after the tuning process we have a passband with a center frequency of fc = 3.687 GHz, and
a bandwidth of BW = 172 MHz. The measured results also show an almost equiripple response
with return losses better than RL = 21 dB. These improvements in the passband again come at
the expense of an increased insertion loss. The minimum insertion loss within the passband is
IL = 3 dB. For comparison, the simulated response obtained with the software tool HFSS is also
included in Fig. 14 (triangular symbols). For this simulation the losses are characterized using
the same parameters as described in the previous examples. As we can see, the losses predicted
by the software tool are very similar to those measured directly after manufacturing, while the
tuned prototype shows increased losses due to the effects of the tuning screws.

A final comparison between the two air-holes filters with different bandwidths is presented
in Fig. 15. The measured responses after tuning have been selected for this comparison. We can
clearly see the differences in bandwidth between the two filters. In both cases the return loss
performance is very satisfactory (better than RL = 20 dB). The filter responses are shown in a
large frequency span, so that the SFR performances can be observed. As we can clearly see, the
first spurious band again appears at fsp ≈ 4.8 GHz for both filters, giving S FR ≈ 1 GHz.

Overall, the results presented in this paper clearly show that the hybrid CNC milling and
3D printing manufacturing concept that we propose can be used to obtain flexible and low cost
microwave filters with acceptable electrical performances. The only drawback is to have slightly
higher values of insertion losses. However, we expect that this drawback may be eliminated once
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Figure 14: Response of the air-holes filter designed with wider bandwidth (BW = 175 MHz). Measured results directly
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in a large frequency span to monitor the out of band performances.
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better quality 3D printing materials become commercially available.

4. Conclusions

The main aim of this work is to show experimentally that the use of 3D-printed ABSplus as
dielectric material for the design of evanescent bandpass filters at C-band is indeed viable. For
this purpose, two filter structures using dielectrics and evanescent waveguide housings have been
designed, manufactured and successfully measured. Both filters are based on an in-line topology,
and combine low cost additive manufactured parts for the dielectrics with milled metallic parts
for the external housing.

The first filter, based on air-holes, exhibits larger (QU) value as compared to a solution based
on dielectric posts. However, the second option leads to more compact structures, and to the
possibility of achieving higher bandwidths. The capability of implementing different transfer
functions, by 3D printing several different dielectric pieces which are then integrated inside the
same housing, has also been demonstrated. The measured electrical performances are satisfac-
tory, but with slightly higher insertion losses due to the electrical properties of the employed
ABSplus plastic. It is expected that improvements in insertion loss can be achieved as new 3D
printing materials, with improved electrical properties, become commercially available.

From the results of this work, we conclude that the hybrid CNC milling and 3D printing
manufacturing approach demonstrated in this paper is, indeed, a very valuable industrial tool for
the rapid and flexible prototyping of practical microwave filters.
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