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This work presents the design, fabrication and measurements of third-order multilayered filters by addi-
tive manufacturing technology. The filters are fabricated using conventional half-wavelength line res-
onators and a low-cost 3d polylactic acid polymer additive manufacturing process, which allows rapid

prototyping and fabrication of complex topologies. The designs, performed at a centre frequency of
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2.0 GHz, aim to provide fast manufacturing and get enhanced performances when compared to conven-
tional coupled line third order filters using microstrip technology on commercial substrates. The simu-
lated and measured responses of the fabricated prototypes are in all cases in good agreement.

© 2020 Elsevier GmbH. All rights reserved.

1. Introduction

Nowadays, additive manufacturing techniques are employed in
a wide variety of fields, including for example medicine, civil engi-
neering, aeronautics and satellites construction [1]. This technol-
ogy is starting to be used in other contexts thanks to the
emergence of new and promising materials coupled to the cost
reduction and better performing features of 3D printers [2,3]. In
the particular area of radiofrequency and microwave devices, addi-
tive manufacturing has been mainly exploited to implement
metallic waveguide structures and aperture antennas whose con-
struction following traditional mechanical procedures is normally
too expensive. In these cases, a 3D additive manufactured structure
is normally first fabricated using a plastic material which is then
metallized, thus reducing both the cost and weight of the fabri-
cated device [4-12].

Commercial substrates with given physical and electrical char-
acteristics are traditionally used for the implementation of micro-
wave planar circuits, where a range of transmission line
technologies are employed including microstrip lines, striplines,
coplanar waveguides or, more recently, substrate integrated
waveguides (SIW). Microwave circuit designers choose the appro-
priate substrate for the fabrication of their device, so that the size
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of the resulting circuit and its electrical performance meets some
particular requirements. Throughout the designing process the
substrate remains a constant parameter that can be only modified
during the very first stages of the designing process.

Additive manufacturing does allow the characteristics of the
substrate material to become part of the designing process of
microwave planar devices [13,14]. The substrate geometrical and
electrical characteristics can be optimized as it is done with the
rest of the dimensions of the circuit. Moreover, additive manufac-
turing techniques can be used to attain circuit topologies and
geometries that cannot be achieved when standard commercial
laminates are used, allowing a faster and simpler prototyping pro-
cess. Additionally, 3D manufacturing constitutes an inexpensive
alternative to technologies like LTCC [15]. For example, in [16] dif-
ferent multilayer filter topologies are fabricated using a varnish to
separate the conductive elements, in [17] an EBG (electromagnetic
band gap) transmission line including a varying height profile is
presented and in [18] SIW structures are fabricated using additive
manufacturing techniques. This, in turn, can lead to the attainment
of enhanced electrical characteristics. On the other hand, two rele-
vant drawbacks of this technology have to be addressed in order to
reach satisfactory designs: inability of polylactic acid polymer
(PLA) materials to cope with high temperatures and the metalliza-
tion procedure on plastic materials.

In order to demonstrate some of the advantages stated before,
in this work we present the design of several third order simple
multilayered pass-band filters operating at 2.0 GHz. They are
implemented by means of three conventional half-wavelength
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resonators to achieve improved performances when compared to
the same designs fabricated in microstrip technology on a com-
mercial substrate [19]. In particular, we have focused in the study
of three different features: maximum pass-band bandwidth, har-
monic suppression response and introduction of additional cross-
coupling transmission zeros in the filter response.

The work is organized as follows: Section 2 describes the addi-
tive manufacturing process and PLA material electrical characteri-
zation, Section 3 introduces the filter topology and the calculations
of the input/output quality factors and coupling coefficients
between resonators. Subsequently, Section 4 presents the different
filter designs, and some final conclusions are given in Section 5.

2. Additive manufacturing process

For the fabrication of the prototypes, a 3D printer BQ Hephestos
was used together with a 1.75 mm diameter PLA filament. The fill-
ing pattern density in each layer can be modified from 100% to 15%
(structures with less density material are too weak to provide an
adequate consistency) [20]. Fig. 1 shows the multilayer structure
implemented for the different filter prototypes. The top (PLA — 3)
and bottom (PLA — 1) PLA layers are 0.4 mm high, while the middle
layer (PLA — 2) has a height of n x 0.1 mm. The density filling pat-
tern of all PLA layers is 100%. Once the bottom PLA 0.4 mm layer is
fabricated an intermediate metallic layer (metal — 1) is placed on
top. Metallic layers are fabricated by gluing a 0.035 mm high cop-
per sheet to the PLA structure, using a commercial non-conductive
2216B/A epoxy adhesive. The different resonators in each metallic
layer are fabricated using a Protomat S42 LPKF milling machine.
Then, the middle PLA layer (PLA — 2) is produced and the second
metallic layer (metal — 2) glued on top and milled. Finally, the
top PLA layer (PLA — 3) is printed and the whole structure is
enclosed by the top and bottom glued metallic ground planes.

On the other hand, in order to implement the multilayer filter
prototypes, it is necessary to know the electrical characteristics
of the PLA. This PLA component is a multipurpose material, not
intended specifically for high frequency applications. Its character-
ization yielded a relative dielectric permittivity of & = 2.88 at
2.0 GHz and a loss tangent of tan § = 0.02 (for a 100% density filling
pattern) [13].

3. Filter topology and coupling coefficients

The third order filters are fabricated making use of conventional
half-wavelength line resonators. In all cases the resonators have a
width w = 0.63 mm, which corresponds to the 50 Q transmission
line shown in Fig. 1b. The coupling coefficient [21] between two
resonators under different geometries has been obtained using
the expression
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Fig. 2. Coupling coefficient of two half-wavelength line resonators as a function of
the coupling length 0, for different values of the transversal spacing s between

resonators. (a) PLA — 2 intermediate layer is 0.4 mm high. (b) PLA — 2 intermediate
layer is 0.2 mm high.
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Fig. 1. Cross-section of the multilayer structures. Dark regions are 0.035 mm high copper conductors. (a) 2 resonator structure. (b) 50 Q transmission line.
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where f,; and f,, are the natural resonant frequencies of the cou-
pling configuration. These frequencies are determined by means
of electromagnetic simulation using software ADS by Keysight
for a weak input/output coupling of the coupled resonators
structure.

The coupling coefficient for the structure shown in Fig. 1 has
been computed for different values of the relative transversal sep-
aration s between the half-wavelength resonators as a function of
the coupling section length 0.. These results are given in Fig. 2a and
Fig. 2b. As it can be seen in Fig. 2b the maximum coupling coeffi-
cient is approximately twice the one obtained for two coupled line
resonators separated 0.2 mm in microstrip technology [19]. This
fact is exploited for obtaining enhanced wideband filter responses.
Another important fact to be pointed out is that the shape of these
coupling coefficients follows a sinusoidal behaviour of the form
K (0;) « sin 0., corresponding to the TEM nature of the structure
of Fig. 1 [21].

4. Pass-band multilayer filter designs with different
configurations

In this section, several filter designs are presented. The filters
exhibit a third order Chebyshev response, centered at 2.0 GHz
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where Kj;. is the coupling coefficient between resonatorsiandi+ 1,
and Q,; and Q,, are the input and output external quality factors.
The feeding line position t controls the external quality factor as
it is shown in Fig. 3. [21] (electromagnetic simulations were carried
out using the structure of Fig. 1b).

4.1. Conventional 10% relative bandwidth filter design

The first filter aims to demonstrate the feasibility of the tech-
nology, through a structure that exhibits a relative bandwidth of
FBW =10.0%. For this design, using (2) and (3) gives Qe;= Q.o = 10.316
and K;, = K»3 = 0.092 [22]. The filter is formed by three resonators.
Input resonator (#1) and output resonator (#3) are on the same
middle bottom metal - 1 layer. Resonator #2 is on the middle
top metal - 2 layer (shown in grey colour in Fig. 4a). The

Port 1

#1

dimensions of the filter are also given in Fig. 4a. In this case the
PLA - 2 intermediate layer is 0.4 mm high and s = w was chosen.
The required coupling coefficient was obtained accordingly from
Fig. 2a with 0. = 138°. Different resonator configurations are possi-
ble to achieve the desired band-pass performance, but the one fab-
ricated provided an appropriate out-of-band response due to the
inclusion of different transmission zeros. Scattering parameter fil-
ter measurements were carried out using Agilent Technologies a
E8363B vector network analyser (with 3201 number of points,
range frequency 0.1-6 GHz and IF filter bandwidth 10 KHz). The
measured response is compared to the simulated S-parameters in
Fig. 4b. The measured insertion loss in the pass-band (including
SMA connector losses) is less than 1.3 dB, while both sets of
curves are in good agreement. The filter occupies a circuit area of
65.8 x 1.89 mm?, which corresponds to 0.73% x 0.02)o, where
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Fig. 5. Photograph of the fabricated filter before its implementation is completed. On top of the structure resonator #2 can be clearly seen.
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Fig. 6. (a) Filter dimensions to scale in mm, and cross-section filter diagram. PLA — 2 middle layer is in this filter 0.8 mm high. (b) Measured (black continuous line) and
simulated (blue dashed line) S-parameters. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Lo is the guided wavelength of the 50 Q transmission line at
2.0 GHz shown in Fig. 1b. Three transmission zeros can be seen
near the pass-band, which provide a high selectivity. The first
transmission zero at 1.51 GHz results from the feeding position
point in port #2, where a virtual ground appears when t ~ A[4.

—— 216

The second transmission zero at 2.28 GHz is produced by cross-
coupling effect, since there is some coupling between the first
and third resonators. The third transmission zero at 2.8 GHz results
from the feeding position point in port #1, where a virtual ground
appears when t ~ A/4.

A picture of the implemented filter before the fabrication pro-
cess is finished is shown in Fig. 5. In this picture the top PLA — 3
layer, as well as the metallic top and bottom ground planes, vias
and connectors are not included.

4.2. Harmonic suppression filter design

The second filter aims to improve the out-of-band response, by
suppressing the pass-band at 2f,. In order to improve the perfor-
mance of the previous design, the separation between resonators
was kept s = w, and the height of the PLA — 2 intermediate layer
was modified to give K;; = K>3 = 0.092 for a coupling length
0. = 90°. This coupling length guarantees a null coupling coefficient
between resonators at 2f,, due to the TEM behaviour of the struc-
ture. Thus the harmonic spurious pass-band around 4.0 GHz in
Fig. 4b can be suppressed.

The dimensions and disposition of the different resonators are
also shown in Fig. 6a. The measured response is compared to the
simulated S-parameters in Fig. 6b. Measured transmission losses
in the pass-band are in this case 2.3 dB (including SMA connec-
tors), while again both sets of curves are in good agreement. The
harmonic spurious pass-band at 4.0 GHz is suppressed by more
than 25.0 dB. Although other alternatives are possible, the imple-
mentation carried out for the filter is not symmetric. This is done
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Fig. 8. (a) Filter dimensions and cross-section filter diagram where resonators #1 and #2 are on the same metal — 1 layer. (b) Measured (black continuous line) and simulated
(blue dashed line) S-parameters. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Photograph of the fabricated filter before the manufacturing process is completed.
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Fig. 10. Comparison of the three filters implemented for different resonator
configurations. Conventional filter (black continuous line), harmonic suppression
filter (blue continuous line) and introduction of additional transmission zeros (red
continuous line). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

in order to take advantage of two different transmission zeros pro-
duced by the quarter wavelength open ended stubs in resonators
#1 and #3 seen from the feeding lines. The filter occupies a circuit
area of 89.6 x 1.89 mm?, which corresponds to Ag x 0.02%, where
Ao is the guided wavelength of a 50 Q transmission line at 2.0 GHz.

4.3. Introduction of additional transmission zeros filter design

The third filter adopts a modified topology, with the aim to
introduce additional transmission zeros. The filter response pre-
sented in the previous subsection can be further improved if the
disposition of the resonators is modified. One alternative consists
in placing resonators #1 and #2 on the same metallic layer
(metal —1) and resonator #3 on a different metallic layer (metal
— 2). Fig. 7 shows the coupling coefficient between two resonators
when both are on the same layer as a function of the coupling sec-
tion length 6.. The magnitude of the values obtained resembles
those of a pair of coupled half-wavelength resonators in conven-
tional microstrip technology [19].

The designed filter parameters are similar to those calculated in
Section 4.1. All three resonators are again 0.63 mm wide,
s =w + 0.3 mm has been chosen between resonators #1 and #2
(which leads to a coupling length section between these two res-
onators of 0. = 90°), while s = 0 mm is chosen between resonators
#2 and #3 (leading to a coupling length section of 0. = 44°). The
dimensions and disposition of the different resonators are also
shown in Fig. 8a. Measured and simulated S-parameters are

compared in Fig. 8b. Measured transmission losses in the pass-
band are 2.5 dB, while both sets of curves are again in good agree-
ment. The filter occupies a circuit area of 77.8 x 2.19 mm?, which
corresponds to 0.87hg x 0.024%o, where A is the guided wave-
length of a 50 Q transmission line at 2.0 GHz. The coupling coeffi-
cient at the second harmonic (2fy) is K = 0, because 6. = 180° at 2f,
(0. = 90° at fp). Therefore, no spurious band is obtained at 2f, since
it is cancelled by the transmission zero produced by the null cou-
pling. In this design a more selective response is attained by the
introduction of an additional transmission zero at 2.3 GHz due to
cross-coupling between resonators #1 and #3. On the other side
the spurious harmonic response at 4.0 GHz is attenuated 15 dB.

A picture of the implemented filter before the fabrication pro-
cess is finished is shown in Fig. 9. In this picture resonator #3 on
top of the multilayer structure can be clearly seen, as well as the
fact that ports #1 and #2 are in different layers.

The measured response of the three filters implemented for dif-
ferent resonator configurations is shown in Fig. 10. In the case of
the third design there is an additional transmission zero produced
by cross-coupling between resonator #1 and resonator #3.

4.4. Maximum bandwidth filter design

In the fourth filter the main goal is to implement a filter with
the Ilargest possible bandwidth at the design frequency
fo=2.0 GHz. The low-pass filter prototype elements are those given
at the beginning of Section 4. The maximum achievable coupling
factor provided by the proposed structure, K = 0.36 as shown in
Fig. 3b, is employed to yield from (3) FBW = 39% and from
(2) Qei = Qeo = 2.62. The PLA — 2 intermediate layer between res-
onators #1 and #3 and resonator #2 is in this case 0.2 mm high.

This configuration provides a —3dB fractional bandwidth close
to 70% for the filter design with maximum bandwidth (similar
designs with the same constraints in microstrip technology, using
commercial laminates, yield fractional bandwidths close to 35%)
[19]. In order to get the desired coupling coefficient, the coupling
length between resonators is 0. = 96° for s = 0, see Fig. 2b,
while the appropriate external quality factors are obtained for
t ~ 9 mm, as shown in Fig. 3.

The dimensions and disposition of the different resonators are
also shown in Fig. 11a. The measured response is compared to
the simulated S-parameters in Fig. 11b. Measured transmission
losses in the pass-band are 0.9 dB, while both sets of curves are
again in good agreement. The filter occupies a circuit area of
88.9 x 0.63 mm?, which corresponds to Ay x 0.007%o, where Ag is
the guided wavelength of a 50 Q transmission line at 2.0 GHz.
The coupling coefficient at the second harmonic (2fp) is K = 0,
because 0. = 180° at 2f, (0. = 90° at fp). Therefore, no spurious band
is obtained at 2f, since it is cancelled by the transmission zero pro-
duced by the null coupling. Small changes in the filter center fre-
quency response might be due to deviations in the final filter
dimensions and in the relative dielectric permittivity.
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Table 1
Technology performance comparison.
Technology Insertion Maximum  Harmonic Filter
loss (dB)  fractional suppression  shape
bandwidth  (dB) factor
(FBW) (-30dB)
Conventional 13 35% 17 3.0
microstrip
design [19]
Multilayer additive 23 70% 25 23
manufacturing, this
work

The picture of the final filter is shown in Fig. 12, which includes
SMA connectors and vias. To improve the electrical contact
between the SMA connectors and the tracks, a conductive silver
epoxy RS PRO that cures at room temperature has been used.

Table 1 compares the performance characteristics of the different
filter configurations implemented in conventional microstrip tech-
nology and using additive manufacturing techniques.

5. Conclusions

In this work, conventional low cost 3D additive manufacturing
techniques have been used for the implementation of several
half-wavelength resonator multilayer filters. Multilayer configura-
tions allow the achievement of larger coupling coefficients in com-
parison to those obtained making use of standard microstrip
technology on commercial laminates and demonstrate the simplic-
ity and speed of creating these configurations using a 3D printer.
The designed filters exhibit enhanced characteristics, such as sup-
pression of the spurious harmonic pass-band, up to 70% pass-band
fractional bandwidth and cross-coupling transmission zeros for
better selectivity, and the measured filter responses are in good
agreement with electromagnetic simulations.
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Appendix A. Supplementary material

Supplementary data to this article can be found online at
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