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Abstract—This paper presents, for the first time, the 

implementation of SIW filters by 3D printing manufacturing 
technique. The possibility of locally modifying the effective 
dielectric permittivity by changing the infill factor of the printing 
process is exploited and demonstrated. This allows adopting a 
single filament material to obtain different permittivity values in 
the various portions of a microwave component. Moreover, the 
variation of the infill factor allows reducing the dielectric loss 
tangent of the material: this permits increasing the quality factor 
of cavity filters even by using the same material. These features 
are illustrated through the design and experimental verification 
of two SIW filters, with identical frequency response but 
fabricated with different infill factor of the printing process, via 
fused deposition modeling (FDM).  

Keywords—Substrate integrated waveguide, 3D printing, 
fused deposition modeling, effective dielectric permittivity.  

I.  INTRODUCTION 
Additive Manufacturing (AM), often associated with 3D 

printing, is an emerging class of manufacturing processes that 
join materials to make objects from 3D models, usually layer 
upon layer, as opposed to subtractive manufacturing 
technologies. AM is becoming popular for many applications 
(ranging from anatomical models to building construction), 
contributing to the third industrial revolution, with a 
completely new model of industry and production [1]-[3]. 

In the field of microwave components and systems, AM 
offers several advantages, including rapid prototyping, 
unprecedented design flexibility, and low cost for facilities and 
materials [4],[5]. Moreover, the possibility to embed wireless 
systems in everyday life objects opens new perspective for the 
Internet of Things [6]. Initially adopted for rapid prototyping, 
to test the design before the final product development, AM 
technologies have rapidly improved towards the complete 
(one-pass) manufacturing of end-use components.  

Among the variety of 3D printing technologies, fused 
deposition modeling (FDM) is one of the most promising 
approach for printing polymers for microwave applications. 
FDM is an extrusion-based 3D-printing technique: a plastic 
filament is heated and extruded from a nozzle. The extruder 
precisely lays down the material to form 2D layers of material 
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Fig. 1. Geometry of the 3D printed three-pole filters: (a) filter entirely 
fabricated with 100% infill; (b) filter fabricated partly with 100% infill and 
partly 40% infill. 

 
that hardens immediately after extrusion. The overlap of 2D 
layers results into the final 3D printed structure. The 
technology is simple and cost effective, and commercial 
printers deposit layers with height of 100 m, a typical planar 
resolution of 50 m and a vertical accuracy down to 20 m. In 
addition, a unique feature of FDM is the capability of changing 
the density of the printed material, by varying the infill 
percentage, from 100% to roughly 10% [7].  

This last feature of FDM technology is exploited in this 
paper, with a twofold aim. The variation of the infill factor 
permits to obtain different permittivity values in the various 
portions of a microwave component, which can be used for the  
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Fig. 2. Variation of effective dielectric permittivity and loss tangent versus 
the infill factor. 

 

design of complex circuits by adopting one simple filament 
material. Moreover, loss tangent of the material is lowered: this 
permits increasing the quality factor of cavity filters even by 
using the same material. 

To demonstrate this concept, two substrate integrated 
waveguide (SIW) filters [8] with the same topology and 
frequency response have been designed and fabricated by 3D 
printing. One filter is based on a dielectric substrate printed 
with 100% infill (Fig. 1a), whereas in the second filter the 
input/output SIW lines are fabricated with 100% infill and the 
resonant cavities are made with 40% infill. This solution allows 
to increase the quality factor of the filter, at the cost of a 
slightly increase footprint size.  

II. LOCAL CONTROL OF THE DIELECTRIC PERMITTIVITY 
FDM allows local modification of the printed material 

properties, mainly by acting on the infill factor [7]. The 
variation of the density affects the effective dielectric 
permittivity of the printed material as well as its electric loss 
tangent. The effect of the material density on the dielectric 
properties of the material can be accurately estimated by 
adopting the Bruggeman’s model [7].  

In this work, ABS filament with dielectric permittivity 
r=2.7 and loss tangent tan =0.02 has been adopted. According 

to the Bruggeman’s model, the results shown in Fig. 2 can be 
achieved when varying the infill factor. When using 40% infill 
factor, for instance, the dielectric permittivity is reduced to 

r=1.6, and this determined an increase in the circuit 
dimensions. However, the loss tangent is simultaneously 
reduced to tan =0.008, with a consequent increase in the 
quality factor of the resonant cavities.  

III. 3D PRINTED SIW FILTERS 
Let us consider a three-pole filter having a fractional 

bandwidth (FBW) of 4%, centered at the frequency of 
3.86 GHz and having a transmission zero in the upper stop-
band. Such a filter has been synthetized by using the topology 
of Fig. 3a. The relevant coupling matrix is shown in Fig. 3b.  

 
(a) 

0077.1000
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(b) 

Fig. 3. Three-pole filter with a zero in the upper stop-band: (a) topology of 
the filter; (b) coupling matrix of the filter. 

 
Two different filters implementing this coupling matrix 

have been designed. As shown in Fig. 1a, the first filter was 
designed by using a dielectric substrate with permittivity 

r=2.7, corresponding to 100% infill. In this filter, the dielectric 
permittivity is homogeneous in the whole structure. On the 
contrary, in the second filter (Fig. 1b), the permittivity of the 
cavity resonators is decreased to r=1.6, corresponding to 40% 
infill, while the permittivity is kept to r=2.7 in the input/output 
waveguides. Both filters have been designed to obtain the same 
frequency response. This means that the cavities of the second 
filter (with lower permittivity) are larger than those of the first 
filter (with higher permittivity). Both filters have been realized 
in SIW technology, and the optimization has been performed 
by using the commercial FEM solver Ansys HFSS. 

The geometrical structure is the same for both filters and it 
is illustrated in Fig. 1. It consists of three cylindrical cavity 
resonators fed by rectangular waveguides. The resonant mode 
in each cylindrical cavity is the TMz

0,1,0 mode. Each resonator 
is connected to the other two resonators through inductive 
irises to realize the coupling scheme of Fig. 3a. The width of 
irises is chosen to realize the required coupling coefficient 
according to the coupling matrix in Fig. 3b. 

The simulation results of the optimized filters are shown in 
Fig. 4. In particular, the scattering parameters of the first filter 
are reported in Fig. 4a: the insertion loss of the filter is 
approximately 7.3 dB at 3.86 GHz. Conversely, the second 
filter, whose frequency response is shown in Fig. 4b, exhibits 
an insertion of 3.7 dB, which is definitely smaller than the loss 
of the first filter. On the other hand, the diameter of the 
resonant cavities is 19.2 mm in the first filter and it is increase 
to 24.4 mm in the second filter.  

IV. 3D PRINTING MANUFACTURING PROCESS 
The HFSS models are exported as STEP files, which are 

then re-imported into Solidworks and re-exported into .STL 
files, which are standard for 3D printing. The models are then 
sliced, turning 3D models into layer-by-layer gcode, which 
contain the path and flow rate the heated extruder must follow. 
A slicer that allows the ability to slice different parts of a  
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(a) 

 
(b) 

Fig. 4. Simulation results: (a) simulated scattering parameters of the first 
filter (100% infill); (b) simulated scattering parameters of the second filter 
(40% infill). 

 model with different profiles with a single nozzle was 
necessary, and thus Simplify3D was used for generation of the 
gcode.  

Hatchbox branded acrylonitrile butadiene styrene (ABS) is 
printed on a Printrbot Metal Plus with 127 m layers at 235 °C 
on a 95 °C heated build plate to reduce warping of the ABS 
material (Fig. 5). This layer height is used to improve print 
quality as it is an integer multiple related to the full step size of 
the stepper motor and pitch of the z-axis threaded rod. A nozzle 
with 0.4 mm diameter was used with trace widths of 0.42 mm. 
Special care is needed at the interface between regions with 
different infill (Fig. 6).  

As a last step, the printed dielectric substrate is metalized 
using copper tape and rivets, which are then soldered together, 
to create the top/bottom conductive layers as well as the 
sidewalls of the SIW structure.   

The fabricated prototypes of the two SIW filters described 
in Sec. III are shown in Fig. 7, after the application of the 
copper tape, the rivets, and the coaxial connectors. 

 

Fig. 5. Printing of first layer with DuPont Kapton tape on Printrbot Metal 
Plus. 

 

 

Fig. 6. Simplify3D gcode preview demonstrating the 40% infill portion vs 
the 100% infill portion.    

V. EXPERIMENTAL RESULTS 
The experimental results of the two filters in terms of 

scattering parameters are shown in Fig. 8.  

In the first filter with 100% infill (Fig. 8a), the simulated 
and measured results vary by 2.7 dB at the peak, but otherwise 
agrees well with simulated results shown in Fig. 4a. A minor 
frequency shift in the frequency response of the first filter may 
be attributed to several possible causes. While the model was 
printed on 0.4 mm nozzle for balance between print speed and 
quality, a 0.2 mm nozzle may benefit the print by reducing 
surface roughness and error of infill amount. 
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Fig. 7. Both SIW Filters with the single infill model (bottom), multi-infill 
model (top). 

 
(a) 

 
(b) 

Fig. 8. Experimental results: (a) measured scattering parameters of the first 
filter (100% infill); (b) measured scattering parameters of the second filter 
(40% infill). 

 

The second filter, based on two regions with different 
dielectric permittivity (Fig. 8b), had significant lower measured 
losses (approximately 4 dB insertion loss compared to 10 dB of 
the first filter). Moreover, measured losses vary only by 0.3 dB 
at the peak with respect to simulations (reported in Fig. 4b).  

If there is a deviation in infill flow rates that results in 
101% infill the nozzle may collide with the over flowing 
material causing material to burn, loss of print quality, or 
knocking the print off the build plate. Both the surface 
roughness and need to print below 101% may cause undesired 
minor variations in dielectric constant leading to a slight 
frequency shift.  

VI. CONCLUSION 
This paper demonstrates the feasibility of a new method for 

the fabrication of SIW filters by additive manufacturing. This 
technique allows fast prototyping, large flexibility (even to 
extended to shapes that are non-planar), and very low 
fabrication cost (in this case, the dielectric costs of a single 
print of one of these filters was 0.35 €). 

Moreover, the possibility of using one single filament 
material to tune the dielectric permittivity as well as the electric 
loss tangent was theoretical and experimentally demonstrated. 
This solution paves the road to many components, even in 
cases where the current losses associated with the filament 
material may be considered too high.  

A variety of materials exist for 3D printing, and in 
combination with multi-material printing a wide range of filter 
designs with near limitless physical layout could be achieved. 
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