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Abstract
In this paper, a W-band 3D-printed bandpass filter is proposed. The use of higher-
order TE10n modes in groove gap waveguide (GGW) technology is evaluated in 
order to alleviate the manufacturing requirements. In addition to the use of higher-
order modes, the coupling between them is analyzed in detail to improve the overall 
fabrication robustness of the component. This allows the implementation of narrow-
band filters operating at millimeter-wave frequency bands (or above), which usually 
demand complex manufacturing techniques to provide the high accuracy required 
for this kind of devices. In order to show the applicability of the proposed method, 
a narrow-band 5th-order Chebyshev bandpass filter centered at 94 GHz, which can 
be easily fabricated by state-of-the-art stereolithographic (SLA) 3D-printing tech-
niques followed by silver coating, is shown. Excellent measured performance has 
been obtained.

Keywords  Bandpass filter · Groove gap waveguide · W-band · 3D-printing

1  Introduction

Millimeter-wave frequency bands are used nowadays in radar and communication 
systems to increase their capacity and data rate. However, the implementation of 
high-performance filters becomes challenging at these frequencies due to the manu-
facturing imperfections associated to the small dimensions required. For instance, 
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rectangular waveguide technology is typically employed in applications where 
low loss is a requirement and some issues, such as a perfect alignment and contact 
between the different waveguide parts, become difficult at millimeter waves. In order 
to overcome these practical drawbacks, the use of the groove gap waveguide (GGW) 
technology was proposed [1–4], see Fig. 1, giving more manufacturing robustness 
compared to other waveguides such as rectangular waveguide. At lower frequencies, 
GGW technology has also been used where having a contactless geometry provides 
a useful advantage, for instance, to design moveable structures [5]. This technology 
is based on two parallel metal plates where one of them has a metal pin bed that 
introduces a high impedance condition at the plane over the pins. This allows the top 
metal plate to be placed at any distance from the top of the pins, provided that this 
distance is smaller than λ/4, and any alignment and contact requirements are avoided 
[6].

Complex manufacturing methods such as laser micromachining, deep reactive 
ion etching, or SU-8 processes can be used to fabricate millimeter-wave filters [7]. 
However, computer numerical control (CNC) milling is still the most commonly 
employed method in industry due to its simplicity and long tradition within the 
space and cellular communication base-station sectors, for instance.

Unfortunately, the fabrication tolerance that low-cost CNC milling provides could 
not be enough at millimeter-waves. Recently, other simple additive manufactur-
ing technologies, such as the stereolithographic (SLA) 3D-printing method, have 
emerged and are rapidly evolving, being a promising alternative to CNC milling in 
some applications and benefiting from the inherent general advantages of 3D-print-
ing for RF components [8]. SLA 3D-printing is especially suitable to fabricate GGW 
devices, since it allows the implementation of a large number of pins (if required) 
without increasing the time or cost of the process (unlike CNC milling) [9]. This 
approach has been employed in [10] to implement Ka-band (35.5 GHz) bandpass 
filters (BPFs) based on λ/2 cavities.

In this paper, a W-band (94 GHz) BPF is shown using SLA 3D-printing GGW tech-
nology for the first time. At this frequency, λ/2 cavities fail to provide enough fabrica-
tion robustness and the behavior of the cavities with respect to fabrication tolerances 
must be improved. The use of higher-order resonant modes is proposed allowing us to 
work with cavities of larger dimensions where the inter-cavity couplings remain also 
more resistant to manufacturing imperfections. The design method will be explained in 

Fig. 1   Section of a GGW including the base with the pin bed and the top plate
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Section 2, a design example including a prototype and comparisons with other state-of-
the-art filters will be given in Section 3, and some final conclusions will be highlighted 
at the end of the paper.

2 � Design Method

The bandpass filters proposed in this paper feature the coupling mechanism shown in 
Fig. 2, where S and L stand for the source and the load excitation, Qext represents the 
external quality factor, Ri corresponds to each resonator of the structure, and ki,i + 1 is 
the coupling coefficient between resonators. The resonant frequency, f0,pqn , of the TEpqn 
modes can be estimated as in [11]:

where c is the speed of light in free-space and W, H, and l are the width, height, and 
length of the resonator, respectively. Moreover, the external quality factor and the 
coupling coefficients can be calculated by the following equations [11]:

where gi are the normalized coefficients of the corresponding low-pass proto-
type. The frequency behavior of this kind of BPFs based on coupled resonators is 
determined by the resonant mode as well as the coupling geometry. Higher-order 
modes are typically avoided since they may lead to bulky structures with spurious 
responses [10]. However, they can be also very useful to facilitate the fabrication 
process of rectangular waveguide components at very high frequencies and improve 
the insertion loss of the filter, such as in [12], where the TM120 mode was used or in 
[13], and where the TE102 was employed for this purpose.

In this section, the behavior of the TE10n modes is analyzed to select a suitable 
mode for the implementation of GGW BPFs at millimeter-waves. As previously sug-
gested [12, 13], it is well known that the use of larger cavities (higher values of n) will 
reduce the deviation of the resonant frequency of these cavities when manufacturing 
imperfections occur. Additionally, it is also interesting to analyze the coupling, ki,i + 1, 
between two adjacent GGW cavities when the TE10n modes are used. In this paper, 
ki,i  +  1 (obtained as explained in [11]) represents the coupling between the i-th and 
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Fig. 2   Coupling mechanism of the proposed structure
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i + 1-th cavities when they are separated by a simple cylindrical post of hi,i + 1 height 
(see Fig. 3). This parameter is evaluated in Fig. 4a, where ki,i + 1 is shown for different 
modes as a function of hi,i + 1. As expected, as hi,i + 1 changes, the coupling coefficient 
between the i-th and i + 1-th cavities also varies for all the TE10n modes. Moreover, it 
can be noticed that employing a cylindrical post as coupling structure, it is only pos-
sible to achieve the small values of ki,i + 1 that are required to design narrow-band BPFs 
with the higher-order modes (higher n). It can be also seen in Fig. 4a that the variation 
of ki,i + 1 vs. hi,i + 1 is smoother for the higher-order modes, which is convenient to rein-
force the fabrication robustness. If other coupling structures are used, different values 
would be achieved, but the same trends and conclusions would be obtained.

Equivalent conclusions can be also drawn by analyzing the external quality fac-
tor, Qext, which controls the signal input/output coupling of the first/last cavity. It 
can be observed in Fig. 4b that, as n increases, it is possible to achieve the high Qext 
values that are sometimes required in the design of narrow-band filters. Moreover, it 
is interesting to note that, given a fixed Qext, a smaller ΔQext deviation is achieved for 
a fixed Δhi, being hi the height of the post in the first/last cavity.

For instance, if Qext  =  25 and hi is varied ±50 µm, i.e., Δhi  =  100 µm, then, 
ΔQext = 13.03 for the TE101, 11.92 for the TE102, 7.47 for the TE103, and 5.17 for the 
TE104 modes. Again, the higher the n, the more robust the filter is to manufacturing 
imperfections. However, the filter size also increases. The TE103 mode offers a good 
trade-off in our case and will be used in Section 3. The TE103 mode will resonate in 

Fig. 3   Schematic of a BPF implemented in GGW. (a) Front view of the filter at the waveguide port. (b) 
General view of the filter with the top plate removed

Fig. 4   Comparison of the behavior of the TE10n modes (n = 1, 2, 3, 4) using GGW technol-
ogy (W = 2.75  mm, H = 1.2  mm, g = 0.3  mm, h = 0.9  mm, r = 0.5  mm, and p = 0.7  mm) and 
di = di,i + 1 = 0.6 mm. (a) Coupling coefficient, ki,i + 1, between two adjacent cavities. (b) External quality 
factor, Qext
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3λ/2-long cavities and, as above, simple cylindrical posts will be employed to con-
trol the coupling between the cavities. In practice, hi and hi,i + 1 will be a multiple 
of lr, being lr the 3D-printing layer resolution. In order to finely adjust the required 
coupling, the diameter of the posts can be modified, since there are not manufactur-
ing constrains for this parameter in the xz-plane (Fig. 3).

3 � Design Example

As a design example, a filter to be integrated with the 94 GHz monopulse radar 
antenna proposed in [14] and [15] will be implemented. Specifically, a narrow-band 
BPF centered at 94 GHz will be designed and manufactured. It is important to high-
light that, unlike in this paper, such a filter with very narrow bandwidth would gen-
erally lead to devices with a large insertion loss and low robustness against manu-
facturing errors, which could not be fabricated by low-cost techniques such as SLA 
3D-printing.

3.1 � Design and Simulation

In order to design a filter in GGW technology, the following dimensions (shown in 
Fig. 1) will be employed: W = 2.75 mm, H = 1.2 mm, g = 0.3 mm, h = 0.9 mm, 
r = 0.5 mm, and p = 0.7 mm. This allows us to work between 62 and 101 GHz in 
single-mode configuration (Fig. 5).

As detailed in [16], an estimation of the insertion loss parameter of a filter can be 
obtained using Eq. (4):

f0 being the central frequency, Δf  the bandwidth of the passband, and Qu the 
unladed quality factor. The central frequency, f0 , is fixed by the application and, 
according to (4), high-order filters or very narrow bandwidths lead to filters that may 
become too lossy. Therefore, a 5th-order Chebyshev BPF centered at f0=94  GHz 
with a bandwidth Δf=3  GHz and 20  dB of return loss is designed (g0 = g6 = 1, 

(4)IL(dB) =
4, 343 ⋅ f0

Δf ⋅ Qu

∑N

i=1
gi

Fig. 5   Dispersion diagram of 
the GGW employed
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g1 = g5 = 0.9732, g2 = g4 = 1.3723, and g3 = 1.8032). The use of high-order TE10n 
modes, as mentioned previously, will provide us with large Qu resonators, as well as 
a robust structure for fabrication. Specifically, the Qu value of the TE103-mode GGW 
resonators obtained by the CST MWS Eigenmode Solver (considering f0=94 GHz 
and the ideal conductivity of silver 6.3012⋅107 S/m) is Qu = 3313. This results in 
an estimated insertion loss equal to 0.27  dB. By using the design parameters in 
Eqs. (2) and (3), the following Qext and ki,i + 1 values can be obtained: Qext = 41.85, 
k12 = k45 = 0.0276, and k23 = k34 = 0.0203. Considering that the TE103 mode has been 
selected as the resonant mode of the filter cavities, Fig. 4 (black line) can be used to 
determine the heights of the cylindrical posts hi and hi,i + 1. As explained previously, 
hi and hi,i + 1 must be a multiple of the layer resolution, lr = 50 μm in this case. The 
diameter of the posts, di and di,i + 1, can be used to slightly adjust the specific value 
of the required coupling coefficients. The final dimensions are shown in Table  1 
along with the length of the resonators, li, the latter also after slight optimization.

In order to analyze the robustness of the structure against fabrication errors, 
a yield analysis has been carried out. Specifically, the main dimensions of the 
device, i.e., the height, diameter, and position of the posts, which determine the 
frequency response of the filter, have been varied. Considering the tolerance val-
ues provided by the manufacturer (±130 μm in the z-axis and ±  50 μm in the 
x- and y-axis), these dimensions have been modified accordingly. By means of the 
post-processing tool of CST MWS, the yield results shown in Table 2 have been 
obtained. As it can be seen in this table, 15 dB has been employed as the target 
return loss while two different bandwidths have been considered: 3 GHz (design 
bandwidth) and 0.5 GHz (bandwidth of special interest around the central fre-
quency of 94 GHz). For instance, varying the height of the posts, hi, can lead to 

Table 1   Final dimensions of the 
design example

Symbol Value (mm)

l1 5.58
l2 5.48
l3 5.59
l4 5.48
l5 5.58
h1 0.40
h5 0.40
h12 0.70
h23 0.75
h34 0.75
h45 0.70
d1 0.73
d5 0.73
d12 0.70
d23 0.53
d34 0.53
d45 0.70
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the poorest manufacturing yield (still 53.55% though) for the 3 GHz bandwidth, 
but it is worth noting that, in this case, hi would suffer a deviation of ±130 μm 
(a dramatic change considering the operation frequency), proving the robustness 
of our design. Moreover, when all the dimensions are modified at the same time, 
values larger than 50 % are obtaining for both bandwidths, again showing that 
even at very extreme cases where all fabrication errors are against a good perfor-
mance, the design is robust enough to reasonably expect good results at 94 GHz.

Moreover, in order to facilitate the connection of the device with the measure-
ment setup as well as its final integration with the monopulse antenna [14], the 
GGW to WR-10 (2.54 × 1.27 mm) transitions considered also in [14] have been 
included, as depicted in Fig. 6. The simulated frequency response of the design 
example—using CST Microwave Studio (MWS)—is shown in Fig. 7 (gray line), 
using the conductivity of silver (6.3012⋅107 S/m) for the base with the pin bed 
and aluminum (3.56⋅107 S/m) for the top plate. Moreover, a surface roughness 
equal to 0.2 μm has been considered.

Table 2   Manufacturing yield analysis of the proposed device

Parameter BW (GHz) RL bound (dB) Manufacturing 
tolerance (μm)

Manufactur-
ing yield 
(%)

Height of the posts 3 15 130 53.55
Post position 3 15 50 54.31
Diameter of the posts 3 15 50 66.05
Height, diameter, and post position 3 15 130/50/50 53
Height of the posts 0.5 15 130 64.95
Post position 0.5 15 50 58.5
Diameter of the posts 0.5 15 50 100
Height, diameter, and post position 0.5 15 130/50/50 57.56

Fig. 6   Designed BPF including GGW to WR-10 transitions. (a) Top view of the device (with the top-
plate removed). (b) Bottom view showing the waveguide excitation ports. (c) Internal dimensions of the 
transition to WR-10
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3.2 � Fabrication and Measurement

The base with the pin bed of the filter has been fabricated by SLA 3D-printing and 
then coated with 10 μm of silver. An aluminum sheet is included over the pin bed 
as the filter top plate. A photograph of the prototype is given in Fig. 8 and the cor-
responding measured frequency response in Fig. 7 (black line). The excellent per-
formance at 94 GHz shows the feasibility of robust designs of BPFs in GGW at 
millimeter-waves using low-cost SLA 3D-printing.

3.3 � Literature Comparison

As detailed in Table 3, most of the devices previously proposed in W-band aimed 
for wider passbands, which facilitated the fabrication process. This is the case of 
the structures presented in [12, 17, 19, 20], where the filters have been implemented 
in rectangular waveguide. Good results can be achieved with devices fabricated by 
CNC milling and also by SLA 3D-printing, when wide passbands are considered. 

Fig. 7   CST MWS simulated frequency response of the BPF including the GGW to WR-10 transitions 
(gray line) and measured response of the fabricated prototype (black line). (a) |S11| in solid line and |S21| 
in dashed line. (b) Detail of the insertion loss

Fig. 8   Photograph of the fabricated prototype with the top plate removed
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When the fabrication requirements are alleviated by the use of GGW technology, 
very good frequency behaviors have been also achieved for narrow bandwidths in 
devices fabricated by milling [18] or SLA 3D-printing [10]. However, it is impor-
tant to note that these results have been achieved at frequencies around 35 GHz (vs. 
94 GHz in this work). Working at higher frequencies and with narrow bandwidths 
require to re-think the design process as we have done in this paper. In order to use 
the GGW technology to design filters operating at W-band, the complex and expen-
sive deep reactive ion etching (DRIE) method has been also proposed in [21], where 
a compact device is obtained but with a large insertion loss. By means of the design 
procedure previously explained, a filter with better insertion loss levels has been 
obtained, which can be fabricated at W-band by using a simple, commercially-avail-
able, and low-cost SLA 3D-printing technique.

4 � Conclusion

A GGW BPF operating at 94 GHz and fabricated by SLA 3D-printing has been pro-
posed for the first time and excellent measured results have been obtained. On the 
one hand, the intrinsic attributes of the GGW technology contributed to the man-
ufacturing robustness and, on the other hand, a higher-order TE103 resonant mode 
helped to achieve simpler geometries easily fabricated by SLA 3D-printing. This 
seems a promising approach for 3D-printed filters at millimeter waves.
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