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Abstract—Microwave radars represent a viable solution to 

perform rapid and non-destructive snowpack analyses. Depending 
on the working frequency, they are required to provide a suitable 
compromise between the penetration depth and the spatial 
resolution. For these reasons, antennas able to cover relatively 
large fractional bandwidths at a few gigahertz are fundamental, 
while minimizing the antenna mass and volume to do not 
jeopardize the portability often required to these systems. This 
paper presents the development and the experimental results of a 
novel antenna realized by 3D printing, based on a double-ridge 
waveguide configuration and on the use of different infill 
percentages. The operation bandwidth is from 2.3 GHz to 6 GHz, 
with a gain at the central frequency of around 5 dBi. The antenna 
is fabricated using low-loss filaments, with a relatively high 
dielectric constant (4.5), thus maintaining the mass in the order of 
100 g, with an encumbrance of 5.16 x 2.40 x 6.78 cm3. 

 
Index Terms— 3D printing, additive manufacturing, double-

ridge waveguide (DRW) antenna, radar antennas, snowpack 
monitoring. 

I. INTRODUCTION 

HE ANALYSIS of the snowpack is traditionally carried out 
using manual techniques [1]. Normally, two qualified 

operators excavate the snowpack down to the ground, and a 
number of parameters related to the physical properties of the 
snowpack is measured. These parameters are used to determine 
the stability of the snowpack, for avalanche prediction, and to 
determine the quantity of water of a given area, for the 
management of the water resources [2], [3]. Manual analysis is 
very precise, but it takes one or two hours, and it can be 
performed only at safe sites under reasonably good weather 
conditions. Especially on a mountain terrain, the spatial 
correlation with other sites, even not too distant, and the 
temporal correlation after a few days, is doubtful [1]. 

For these reasons, alternative methods to analyse the 
snowpack are under research. In particular, microwave radars 
represent a good opportunity because they can provide rapid 
and non-destructive measurements [1], [4]–[8]. Therefore, a 
key benefit with respect to the manual analysis is the possibility 
to cover large areas with temporal continuity. However, to this 
aim, it is important to have compact, light, and portable system. 

In this framework, the antennas play a key role. In particular, 
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the use of relatively low frequencies is fundamental to increase 
the penetration depth [9]. At the same time, it is also beneficial 
to achieve a bandwidth as large as possible to have a spatial 
resolution as good as possible. For example, standard 
waveguide and patch antennas often exhibit a limited fractional 
bandwidth [10]. Printed wide band antennas may exhibit low 
gains and/or significant back-lobes, and concerns in terms of 
robustness [11]. Other frequency-independent or special 
antennas, e.g., [12], [13], show a proper gain and bandwidth, 
but usually at a cost of a significant mass, volume, or cost. 
Finally, recent prototypes resembling traditional horns but 
realized using additive manufacturing, also exhibit drawbacks 
in terms of robustness and volume [14]. 

This paper presents the development of a novel 3D-printed 
antenna specifically designed for snowpack-monitoring 
portable radars. Sec. II summarizes the antenna operational 
requirements. Sec. III discusses the antenna design and the 3D 
printing aspects, while Sec. IV presents the experimental 
results, showing a compact (5.16 x 2.40 x 6.78 cm3) and light 
(100 g) antenna able to achieve an operational bandwidth from 
2.3 GHz to 6 GHz and a gain at the central frequencies of 
around 5 dBi.  

II. ANTENNA SPECIFICATIONS 

At microwave frequencies the dielectric permittivity of the 
snow is function of the snow density and liquid water content 
(LWC) [9]. For typical Alpine conditions, the snow density 
range for dry snow is around 90–450 kg/m3, with negligible 
LWC. For wet snow, the density and LWC range is around 400–
700 kg/m3, and 3–12%, respectively. At a few GHz, this means 
a real part of the relative dielectric permittivity ' roughly 
ranging from 1 to 4, and a relative imaginary part '' as high as 
0.2. For these reasons, low frequencies, not higher than the C 
band, are preferred to provide an adequate penetration depth, in 
the order of 1-2 m for wet and dry snow, respectively [8]. 

At the same time, the radar resolution  is dictated by the 
well-known equation: 
 
  = v/(2B) (1) 
 
where v is the wave speed into the medium, and B the radar 
bandwidth.  
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(a) 

 
(b) 

Fig. 1. Proposed DRW antenna: (a) 3D view; (b) 2D view along the E-plane. 
The dielectric material is depicted in light grey, the metal parts are depicted in 
dark grey. Parameters (mm): l1=8.32, l2=14.3, l3=11.31, l4=11.31, l5=22.62, 
a=3.88, b=5.05, c=1.79, d=2.54, e=0.7, f=1.27, g=12. 

 
For these reasons, large bandwidths, of at least 3 GHz, are 

preferred to achieve an adequate resolution, in the order of 
around 5 cm for the worst case (extremely dry snow). 
 Concerning the radiation pattern, it should exhibit a medium 
gain, minimizing the back-lobe and side-lobe interferences, 
such as the crosstalk between the transmitting and receiving 
antenna. Finally, portable systems ask for compact, light, 
robust, and durable antennas, to be placed in direct contact with 
the snowpack. Waveguide-based antennas appear as a good 
solution in terms of radiation pattern, robustness, and durability, 
but an innovative approach is required to provide the required 
performance in terms of dimension, mass, and bandwidth.  

III. ANTENNA DESIGN AND IMPLEMENTATION 
USING PREMIX PREPERM® 3D ABS 

To provide a good solution also for dimension, mass, and 
bandwidth, a novel double-ridge waveguide (DRW) antenna is 
proposed. Compared to standard waveguides, DRWs provide 
larger fractional bandwidths. In addition, a DRW designed with 
a plastic-based filling material with a relatively high dielectric 
constant can provide a significant volume reduction, while not 
significantly increasing the mass and even improving the 
robustness. However, normal DRWs exhibit a poor input 
matching, in the order of -3 dB. In addition, the use of a filling 
material adds an extra discontinuity between the propagating 
mode within the DRW and the radiating mode, further 
deteriorating the input matching. Finally, a low-loss filling 
material is desired to do not add excessive dissipation losses. A 
solution is provided by two novel design variations with respect 
to normal DRWs, whose implementation is made conveniently 
available using 3D printing.  

First, the ridges of the DRW are tapered to improve the input 
matching, while maintaining the fractional bandwidth. Second, 
a gradual reduction of the material infill is applied. This 

smoothly reduces the quantity of material employed, lowering 
the equivalent dielectric constant, further contributing to the 
improvement of the input matching. These two degrees of 
freedom, tapered ridges and variable infill, improve the input 
matching while maintaining a large bandwidth. 

Concerning the material, acrylonitrile butadiene styrene 
(ABS) filaments are used. In particular, the antenna is 
fabricated using the Premix Preperm® 3D ABS DK 4.5, a 
special 3D filament of 2.85 mm of diameter based on ABS with 
a r = 4.5 and tan = 0.004. This filament is 3D-printed with a 
Fused Deposition Modelling (FDM) machine, 3NTR A4v3, 
endowed with three extruders, a heated plate and a heated 
chamber. The extrusion temperature is 270 °C, while the plate 
is heated to a temperature of 120 °C and covered with a Ultem® 
foil. The chamber temperature is 70 °C, and it is particularly 
important when dealing with materials with a high value of 
thermal expansion coefficient, like ABS, since it prevents the 
thermal warping and the consequent detachment from the 
printing plate. The printing process makes use of two nozzles 
of 0.4 mm of diameter, one devoted to Premix Preperm® and 
the other to High Impact Poly-Styrene (HIPS), employed as 
support material, mandatory for the geometrical constraints of 
the model. HIPS is selected after a preliminary testing 
campaign devoted to the fine tuning of the printing parameters: 
its low chemical compatibility with ABS enables the 
mechanical detachment of the support structure from the model. 

The antenna model is implemented in a commercial full-
wave solver, Ansys HFSS, and the tapering of the ridges and 
the different infills are optimized to improve as much as 
possible the input matching over the largest possible bandwidth, 
starting from the preliminary design discussed in [15]. The final 
design of the complete antenna is shown in Fig. 1, highlighting 
the portions that compose the antenna (A to D), the length and 
the infill percentage of each portion, and the geometrical 
dimensions of the antenna. In Fig. 1 it is also visible the SMA 
to DRW transition, required to connect the antenna to standard 
SMA connectors.  

As anticipated, the role played by the infill is fundamental, 
and two aspects are worth attention. First, the final infill 
(segment D) is limited to 45% to do not increase excessively 
the cut-off frequency of DRW, thus reducing the overall 
antenna bandwidth, at the cost of slightly deteriorating the input 
matching. Second, to appreciate the effect of the variable infill, 
Fig. 2 reports the input matching for the final antenna, and for 
an identical antenna where the infill is fixed at 100%. It can be 
appreciated that the constant-infill antenna is already able to 
achieve an average input matching in the order of -4/5 dB, thus 
improving the standard input matching of a normal DRW, 
which is around -3 dB [15]. This is due to the tapered ridges. 
However, to further improve the input matching to better 
values, the role of the variable infill is evident. A worst case of 
-6 dB is achieved for the bandwidth from 2.3 GHz to 6 GHz, 
while most of the bandwidth is below -7/8 dB. In addition, it is 
also interesting to observe that even with a final segment with 
an infill of 45%, the effect on the cut-off frequency, increased 
with respect to the case of the constant-infill antenna, is clearly 
visible. Therefore, a too extensive use of tapered ridges and 
variable infill could further improve the input matching, but 
deteriorating the bandwidth. Thus, -6 dB is selected as a 
reasonable compromise to maintain the intended bandwidth. 
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Fig. 2. Simulated input matching of the proposed antenna with variable infill 

(solid curve) and with constant infill (dashed curve). 

 

 
                                               (a)                                   (b) 

Fig. 3. Relative magnitude of the electric field at 4 GHz for the proposed 
antenna: (a) H plane; (b) E plane. 

 

 
Fig. 4. Variation of the dielectric constant with the infill percentage: 
experimental data (white dots) and Bruggeman formula. 

 
Finally, for completeness Fig. 3 shows the magnitude of the 
electric field for the final design along the E- and the H-plane, 
at 4 GHz, as defined in Fig. 1. In particular, it can be appreciated 
the effect of the ridges and the mild standing wave ratio along 
the propagation path. 

IV. ANTENNA REALIZATION AND EXPERIMENTAL RESULTS  

Before manufacturing the antenna, a preliminary 
experimental campaign is carried out to verify the dielectric 
constant for the different infill percentages. To this aim, 
different blocks are 3D printed (at 100%, 50%, 33%, 25%, and 
10% infill) and characterized using a waveguide-based setup 
[16]. The results are shown in Fig. 4, showing a gradual 

reduction of the dielectric constant with the reduction of the 
infill, and the comparison with the Bruggeman formula [17]. It 
can be appreciated a general good agreement, with small 
deviations ascribable to the uncertainty in making a specific 
infill percentage for the small volume of these samples. 

Once the dielectric part of the antenna is printed, an 
important aspect is the metallization process. This is achieved 
using a Robot Factory CopperFace galvanic machine, thus 
applying a copper electroplating to the antenna. In particular, 
the first step of the electroplating process consists of spraying 
the raw piece of dielectric material with a conducting silver-
based paint, masking all surface where the copper should not be 
deposited. Afterwards, the sprayed piece is submerged into the 
acid solution. Applying the power supply the copper is 
electrodeposited on the desired antenna surfaces. 

Finally, the SMA connectors is inserted into the socket, and 
soldered to the copper surface. Fig. 5 reports, as an example, a 
schematic view of an internal layer of the antenna, as modelled 
in 3D printing machine, where the different infills and support 
material can be appreciate. In particular, the machine model of 
the structure is cut into four parts, one for each percentage of 
infill to be assigned (45%, 60%, 95%, 100%). The lateral solid 
shell of the structure is 0.8 mm thick, while bottom and top 
shells are 0.4 mm thick. Finally, the layer thickness is 0.2 mm 
for the entire structure, the extrusion width is 0.4 mm, the 
flowrate 92% and the velocity range is 25-40 mm/s. 

Fig. 6 shows a photography where the most important 
fabrication steps can be appreciated, including a horizontal cut 
where the variable infill can be appreciated. The final volume 
of the antenna is 5.16 x 2.40 x 6.78 cm3 for an overall weight of 
around 100 g. In either Fig. 5 or Fig. 6, it can be noted that the 
printing pattern is intentionally created in such a way that the 
filament is alternatively deposited, layer by layer (200 m 
each), running at 45° and 135° with respect to the propagation 
axis. This is done to virtually avoid any anisotropy. 

The DRW antenna is measured in an anechoic chamber to 
retrieve the input matching, radiation patterns and maximum 
gain, using a Keysight N9928A Vector Network Analyzer and 
a certified probe antenna. Fig. 7 shows the simulated and 
measured input matching, and the radiated fields are reported 
from Fig. 8 to Fig. 10. In particular, Fig. 8 shows the 
comparison between the simulated and measured radiation 
patterns, for the H-plane and the E-plane. 

 

 
Fig. 5. Schematic view of a layer of the structure. Sections with different 

infill percentage are visible, along with the support structure in the middle and 
the priming wall surrounding the model. 
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Fig. 6. Photograph of the DRW antenna, showing: (left) an horizontal cut of 
the pre-metalized DRW antenna, where the variable infill is visible; (middle) 
the pre-metalized DRW antenna, where the dashed black lines identify the 
central vertical section depicted in Fig. 1; (right) the final metalized DRW 
antenna, with the SMA connector soldered.  

 

 
Fig. 7. Input matching: simulated (solid curve) and measured (dots). 

 
For all patterns, the angle ranges from -60 to 60 degrees, at 

the central frequency of 4.15 GHz. In addition, Fig. 8 also 
shows the simulated cross-polarization. For completeness, Fig. 
9 shows also the measured radiation patterns for the H-plane 
and the E-plane, at different frequencies throughout the whole 
bandwidth of the antenna. Finally, Fig. 10 shows the 
comparison between the simulated and measured peak antenna 
gain. 

V. CONCLUSION 

This paper presented a novel DRW antenna suitable for 
snowpack monitoring and intended for portable applications. 
The antenna was realized by means of 3D printing, using the 
low loss filament Premix Preperm® 3D ABS DK 4.5, and 
exploiting custom geometries and variable infills. This allowed 
for realizing an optimum compromise between the mechanical 
constraints (5.16 x 2.40 x 6.78 cm3 for 100 g of mass, robust 
design and durable materials) and the electromagnetic 
performance, with an input matching better than -6 dB from 2.3 
GHz to 6 GHz, and a gain at the central frequencies of around 
5 dBi. 
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Fig. 8. Normalized radiation patterns: (top) H-plane (bottom) E-plane at the 

central frequency of 4.15 GHz. Simulated co- (solid line) and cross-polarization 
(dashed line), along with measured co-polarization (dots) are reported. 

 

 

 
Fig. 9. Normalized radiation patterns: (top) H-plane (bottom) E-plane at 2.48 

GHz (solid black line), 3 GHz (solid dark grey line), 4 GHz (solid light grey 
line), 5 GHz (dashed black line), and 6 GHz (dashed light grey line). 

 

 
Fig. 10. Simulated (solid curve) and measured (dots) for the peak gain.  
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