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Abstract—A 3-D printed narrowband bandpass filter based on 

spherical dual-mode resonators is presented in this paper. It is 
designed for output multiplexers using high-Q spherical dual-
mode resonators. Realization is by Laser Powder Bed Fusion 
(PBF) technology of Invar alloy chosen for its low coefficient of 
thermal expansion (CTE). Using PBF circumvents the alloy’s 
manufacturability issues associated with its hardness in machining 
and free forming. Compared with polymer-based vat 
photopolymerization technology, PBF allows for direct metal 
manufacture of complex monolithic microwave components with 
better thermal-mechanical properties and higher power handling 
capability. Using Invar can further help achieve high temperature 
stability of the filter in high-power operation. To demonstrate the 
proposed solution, detailed thermal-RF test at different 
temperatures was carried out. The experimental results of a 0.47% 
4th-order silver-plated Invar filter with two transmission zeros 
verify the design and manufacturing. An insertion loss of 1 dB and 
an effective temperature coefficient of less than 2 ppm/K were 
achieved. 
 

Index Terms—3-D printing, high-power filter, Invar, novel 
materials, output multiplexer, spherical resonators 
 

I. INTRODUCTION 

IGH-POWER filters and multiplexers for space 
applications require high temperature stability due to their 

large operation temperature ranges as well as the power-
induced self-heating effect. Among these devices is the output 
multiplexer (OMUX), one of the most complex and specialized 
passive components, also with the most stringent requirement 
for temperature stability. This is partly because of the narrow 
channel bandwidth (e.g. 36 or 54 MHz in X and Ku band) and 
partly because of the tight frequency and distance spacing 
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between the channels. In fact, contiguous channel 
configurations are not uncommon. This leaves almost no 
bandwidth margin to allow for any frequency drift. To achieve 
a sufficiently high temperature stability, there are two well 
established temperature compensation techniques. One is to 
build the filter using Invar material with very low coefficient of 
thermal expansion (CTE of 0.5~2.0 ppm/K) [1]. The other is to 
build the filter from the favorably light aluminum but using 
external compensation mechanisms to achieve effective 
thermal compensation [2]. This complicates the assembly. 
Despite the attractively low CTE, Invar is not an easy material 
to work with for its high density and hardness in machining. 
Moreover, some essential mechanical features such as the straps 
and brackets will degrade the thermal handling capacity of the 
channel filter [1]. In this work, a new alternative fabrication 
route for Invar-based filters is demonstrated using additive-
manufacturing (AM).  

Different from the conventional subtractive process, AM 
(known also as 3-D printing) offers the flexibility and capability 
by selectively building material in layer-upon-layer fashion to 
form complex geometries monolithically, which is either 
impossible or too complicated for conventional machining [3]–
[5]. When using INVAR, design could be geared toward higher 
RF performances and reduce cost for machining. AM also 
provides more design freedom for multi-objective topological 
optimization of the weight, mechanical and thermal properties. 
In this work, we will demonstrate a filter with spherical 
resonators, conformal cavity walls and modified flanges, built 
in one single piece using laser powder bed fusion (L-PBF) 
process from Invar powders. More specifically, the selective 
laser melting (SLM) technique is employed.  

Most of the OMUX channel filters are implemented using 
dual-mode resonators for compactness and ease of layout 
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especially when the channel number is high [6]. Among them, 
cylindrical high-Q TE11N dual-mode resonators are the most 
widely used [7], [8]. However, they are normally manufactured 
cavity-by-cavity or in a split-block fashion. The separate 
cavities and the split-blocks require extra flanges and screws for 
assembly. Using AM, one can manufacture not only the Invar 
filters but also the attached mechanical features (such as 
brackets and straps) monolithically, with no or reduced 
interconnection and assembly. This can further translate to 
reduced mass and less passive intermodulation when the 
devices work with multiple carriers. In addition, 
unconventional geometric features are made possible by AM, 
such as: self-supportive spherical or elliptic cavities for 
enhanced RF performance, rounded corners for reduced field 
concentration and ease of plating, and waffle structures for local 
mechanical reinforcement. 

Although the SLM of Invar material [9] has been well 
studied, we have not found any SLM Invar filters reported in 
the open literature, except for brief mention in marketing 
literature from commercial providers such as Swissto12. It is 
very important to note that majority of the previously 
demonstrated 3-D-printed filters are of relatively wide band 
(most larger than 2%) [10], [11], unsuitable for OMUXs. These 
filters are also much less sensitive to fabrication tolerance than 
the narrowband dual-mode filter we chose to build and 
demonstrate. A spherical dual-mode resonator filter with 0.47% 
fractional bandwidth is presented in this work. A polymer 
version of the spherical dual-mode resonator using 
stereolithography technology was first reported in [12]. Holes 
were added to the structure to facilitate plating. The bandwidth 
of the filter was over 3%. The high thermal expansion, low 
power handling, knotty EMC problems with the plating holes, 
and potential issues related to mechanical loads hinder the 
polymer-based filters from being used in higher-power OMUXs 
of real-world satellite payloads. 

In this paper, the mechanical properties, as well as the RF 
and thermal stability performance of SLM Invar resonators and 
filters are demonstrated. Comparison with an aluminum-copper 
alloy is done. The manufacturing parameters and the coating 
process are discussed. 

II. SPHERICAL DUAL-MODE FILTER DESIGN 

A spherical dual-mode fourth-order filter with a quasi-
elliptic response and two transmission zeros is adopted here. 
Fig. 1(a) shows the configuration of the proposed filter. It 
consists of two spherical resonators which are joined by a cross 
shaped iris. Two WR-90 waveguides serve as the feeding ports. 
Each resonator supports a pair of orthogonally polarized TM101 
resonance modes. Table I shows a comparison between the used 
spherical resonator and the common dual-mode cavity 
resonators in terms of the simulated unloaded quality factor 
(Qu) and the corresponding physical dimensions, where all 
resonators operate at 11.5 GHz. All EM-simulations were 
performed using the Computer Simulation Technology (CST) 
Studio Suite, and all cavity walls were assumed to be smooth 
silver with electrical conductivity of 6.302 × 107 S/m. From this 

table, it can be seen that the spherical dual-mode resonator 
exhibits significant advantages over the others. It has the 
highest Qu among the dominant modes (TE101, TE111, TM101) 
and shows considerably reduced size over other higher modes. 

The filter is designed to have a center frequency of 11.483 
GHz, bandwidth of 54 MHz, and passband return loss of 20 dB. 
The coupling topology is shown in Fig. 1(b), where the cross 
coupling between mode 1 and 4 is introduced to generate two 
symmetrical transmission zeros at 11.438 GHz and 11.528 GHz 
to improve the frequency selectivity. From [13], the external 
quality factor and non-zero coupling coefficients can be 
calculated: Qex = 205.7, k12 = -k34 = 0.840, k23 = 0.803, and k14 
= 0.267. 

Fig. 2 illustrates the YZ-plane sectional view of the filter and 
some critical coupling structures. The two black arrows indicate 
the electric field (E-field) direction of mode 1 and mode 4. The 
dash lines denote three XY-plane cross sections (XY-1, 2, 3) 
with key coupling structures to be detailed later in Fig. 3 and 4. 
The first and third one is located at the middle of the two 
spherical cavities whereas the second one is at the middle of the 

 
TABLE I 

COMPARISON OF DIFFERENT TYPES OF CAVITY RESONATORS. 

Resonator Mode 
Qu Dimensions 

(mm) 

 
 
 
Rectangular 

TE101 7936 22.86 (L) × 10.16 (W) 
× 15.87 (H) 

TE102 9910 22.86 (L) × 10.16 (W) 
× 31.73 (H) 

TE103 10710 22.86 (L) × 10.16 (W) 
× 47.60 (H) 

 
Cylindrical 

TE111 11870 27.18 (D) × 15.68 (H) 

TE112 17149 27.18 (D) × 31.36 (H) 
TE113 19873 27.18 (D) × 47.03 (H) 

Spherical TM101 14015 22.80 (D) × 22.80 (D) 
L, W, H, D, denote length, width, height, and diameter of the resonators. 

 

 
(a) 

   
(b) 

Fig. 1.  (a) Configuration of the 3D printed Invar spherical dual-mode filter: 
(yellow: the metallic wall; blue: the internal air-model). (b) Coupling topology 
and normalized coupling matrix. (Solid line: Positive coupling, Dash line: 
Negative coupling) 
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cross-iris. 
The inset in Fig. 3(a) displays the cross section XY-1 and 

XY-3. They are not strictly circular but elliptical with a width-
height ratio close to 1. The horizontal and vertical radius of each 
spherical cavity are labelled as R1, R2, R3 and R4. By changing 
them, the frequency of each mode can be tuned. The intra-

resonator coupling (k12 and k34) between the two orthogonal 
modes can be further controlled by a pair of round bulges at +/− 
45 directions. The purpose for adding a pair of coupling bulges 
rather than just one in each cavity is to reduce the impact on the 
polarization orthogonality between the two TM resonance 
modes. Compared with the commonly used coupling stubs [12], 
the round bulge is easier to be printed and integrated with the 
spherical cavity. Positioning the coupling bulges at +/- 45 
enables the coupling k12 and k34 to be out of phase and hence 
achieves the required coupling topology. Fig. 3(a) shows the 
phase responses of the transmission coefficient where the +/- 
45 coupling bulges exhibit opposite phase. The coupling 
strength is determined by the radius of the coupling bulges Br1 
or Br2, as presented in Fig. 3(b). 

The inter-resonator and cross coupling are realized by the 
cross shaped iris between two cavities where the horizontal 
aperture is for the cross coupling k14 and the vertical aperture is 
for the main line coupling k23, as indicated in Fig. 4(a). In this 
design, the thickness of the iris t is deliberately increased to 
allow an enlarged iris opening. This is an important feature 
because it not only eases the printing process but also facilitates 
the subsequent surface treatment (polishing and coating), when 
either polishing agents or an electrode needs to be inserted into 
the cavities. Fig. 4(b) shows the variation of the coupling 
coefficient versus the width of coupling aperture l for different 
thicknesses t. To achieve the same level of coupling, a thicker 
iris will allow an increased l. It is also shown that the curve 

 

 
(a) 

 
(b) 

Fig. 3.  (a) Phase response of the transmission coefficient of the intra-resonator 
coupling with insets showing the corresponding structures and dimensions. (b) 
Extracted coupling coefficient versus the radius of the coupling bulges Br. The 
final dimensions in millimeter are: R1= R4 = 11.025, R2 = R3 = 10.954, R1/R2 = 
1.0065, Br1 = Br2 = 1.345. 
  

 
Fig. 2.  Section view showing the internal structures. (Two red solid arrows 
indicate E-field direction, and three red dash lines indicate the position of three 
XY-plane cross sections with critical coupling structures). 
 
  

 

 
(a) 

 
(b) 

Fig. 4. (a) The inter-resonator and cross coupling structures with key 
dimensions. (b) Extracted coupling coefficient versus the dimension l (w = 2 
mm) with varying t. The final dimensions in millimeter are t = 4.3, l1 = 5, w1

= 2.33, l2 = 4.25, w2 = 2. 
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representing the thicker iris has a gentler slope. This means the 
thicker iris reduces the sensitivity to the fabrication tolerance as 
an added benefit. The wider and longer iris would have a 
negative impact on the spurious performance. However, both 
measurement and simulation show that there is no spurious 
passband over the whole X band from 8.2 to 12.4 GHz.  

III. MATERIAL, MANUFACTURE AND COATING 

The Invar filter samples were 3D printed from a pre-alloyed 
spherical powder on top of a steel substrate with SLM additive 
manufacturing technique using a Concept Laser M2 Cusing 
system. In order to achieve maximum bulk microstructure 
density, a laser parametric study was performed first on 5 mm 
× 5 mm × 7 mm coupons as shown in Fig. 5(a), using the laser 
processing window parameters given in Table II and with a 
constant powder layer thickness of 30 µm. The heat input was 
represented in terms of the laser energy density (E = Laser-
Power/Scan-Speed/Scan-Spacing) [14]. The scanning electron 
microscope (SEM) micrographs in Fig. 5(b)-(d) show the 
influence of E on the microstructure’s density evolution. It is 
observed that the coupons built with E ≤ 1.0 J/mm2 show porous 
microstructure with unfused defects (un-melted particles within 
the pores) as seen in Fig. 5(b), leading to low density. The 
monotonic increase in E decreases the lack-of-fusion defects 
and increases the degree of consolidation, as shown in Fig. 5(c) 
and (d), leading to a dense material when the laser energy 

density is between 1.4 ≤ E ≤ 4.2 J/mm2. However, the higher E 
values in this range lead to evaporation that creates pores within 
the builds as seen in Fig. 5(d). Also, the high E parameters 
might cause over-melting, rough downward surface, and 
distortion. The consolidation behavior is also represented by the 
Archimedes density measurements in Fig. 5(e), where all 
coupons built with 1.4 ≤ E ≤ 4.2 J/mm2 show fairly constant 
density with an average value of 8.0 g/cm3. In order to achieve 
reasonably high density as well as good surface finishing, the 
parameter chosen to manufacture the part is 1.4 J/mm2, which 
is the minimum E required to reach the high-density regime. 
The estimated porosity fraction is 2.3 ± 0.15%. It is worth 
mentioning that all builds beyond E = 4.2 J/mm2 failed as the 
extremely high E value leads to higher thermal stresses [15]. 

An aluminium-copper alloy (A20X) sample was also 3D 
printed and used as a benchmark as its CTE value is similar to 
the aluminium alloy used for space application. The A20X 
sample was fabricated using a SLM500HL printer with the 
processing parameter given in Table II. 

Table III compares the SLM Invar and SLM A20X in terms 
of their mechanical properties. Where two values are provided, 
they correspond to the horizontal/vertical building directions, 
respectively. This measurement was carried out by Deben 500 
tensile testing machine using 2 mm × 2 mm flat dogbone 
samples. 

The printing direction is parallel to the propagation direction 
of the microwave components, as shown in Fig. 6. No internal 
support structures are required. The design has considered 
several features to facilitate SLM manufacturing. The spherical 
cavities are self-supportive during the printing. The inter-cavity 
and input/output irises alleviate overhangs of greater than 45°. 
The feed waveguide is tapered to avoid flat ceilings. The 
waveguide flange is modified (see the photo in Fig. 6) to 
alleviate stress-induced bending as well as to reduce the weight. 
The as-printed samples were cut off the substrates via EDM and 
the flange surface was mechanically ground to improve its 
smoothness. Post polishing was done by a Sharmic vibration 
polishing machine with 3 mm size ceramic particle media. The 
polishing process takes 6 hours, and the samples are then 
ultrasonically cleaned with ethanol for 10 min and dried in oven 
at 100 °C before further testing. 

The SLM Invar filter was electroplated with silver. Fig. 6 
shows the photography of the Invar filter after surface coating. 
To encourage coating on the inside, part of the external surface 
was masked during plating. An anode was inserted through the 
filter. This necessitates large enough irises in the design 
especially for narrow band filters. The roughness of the internal 

Fig. 5.  (a) The as-printed coupons with different laser energy density E on top 
of a steel substrate, (b) (c) (d) SEM micrographs of the coupons built with E
= 0.8, 1.1 and 1.4 J/mm2, respectively, which show the influence of laser 
process parameters on densification mechanism. The inset shows the 
respective microstructural defects, and (e) the influence of laser process 
parameters on the Archimedes density.  
 

TABLE II  
INVESTIGATED RANGE OF PROCESSING PARAMETERS. 

Material 
Laser 

power/P 
(W) 

Scan 
speed/V 
(mm/s) 

Scan 
spacing/h 

(mm) 

Energy 
density/E 
(J/mm2) 

Invar 150-350 800-2500 0.06-0.09 0.6-7.3 
A20X 360 1500 0.15 1.6 

 

TABLE III  
MECHANICAL PROPERTIES OF THE SLM INVAR AND A20X ALLOY.  

Material 
Density 
(g/cm3) 

E* 
(GPa) 

σ0.2 
(MPa) 

σUTS 
(MPa) δ (%) 

A20X-
AF# 

2.85 72.8/75.5 303/313 398/390 9.8/9.6 

Invar-AF 
[9] 

8.1 - 398/353 510/422 15/3 

*E: Elastic modulus; σ0.2: Yield strength; σUTS: Ultimate tensile strength; δ: 
Elongation. #AF: As-fabricated. 
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surface is believed to have some adverse impact on the quality 
of silver plating. It is worth mentioning that silver plating on 
machined Invar is a well-tested and used process in general. 
However, what is less known is the quality of coating on the 
internal surface of a semi-closed, monolithic, 3D-printed part 
like the cavity filter. This is worth further investigation and 
research. 

IV. MEASUREMENT AND DISCUSSION  

To evaluate the printing quality and the thermal stability of 
the printed Invar components, a thermal-RF measurement was 
performed. This test was carried out using an in-house built 
experimental setup where a pair of thermal isolators are used 
[16]. 

A dimpled spherical single-mode resonator [17] was first 
measured. To provide a benchmark and the first-order 
indication of the dimension accuracy of the as-printed sample, 

an A20X and an Invar resonator were first tested at room 
temperature (~20 ℃). As shown in Fig. 7, both samples have a 
slightly higher resonance frequency than expected from the 
simulation, which is partly due to the shrinkage during the 
printing process. From the transmission response in Fig. 7, the 
Qu and the corresponding effective electrical conductivity can 

be further extracted, as presented in Table IV.  
Next, the operating temperature was raised up to 160℃ at an 

interval of around 20℃. The transmission responses at each 
point were measured after a stabilization time of 30-40 minutes. 
Fig. 8 shows the measured resonance curves as a function of 
temperature for both resonators. It is apparent that the 
frequency variation of the Invar resonator is negligible 
comparing to the A20X resonator. To establish a correlation 
between the frequency shift and the CTE, we define the 
‘effective temperature coefficient’ of the resonator as 

d(Δf/f)/dT. It has the same unit of ppm/K as the CTE of the 
materials. The start and end temperature are used to extract this 
coefficient. The results are summarized in Table IV. The Invar 
resonator has a very low thermal expansion of 1.85 ppm/K. Its 
Qu increased slightly with temperature. As expected, the Invar 
resonator has extremely low Qu. It requires surface-coating to 

 
 
                                (a)                                                       (b) 
Fig. 6.  (a) Diagram showing the printing direction; (b) Photo of the Invar filter 
after silver plating. 
 

 

 
Fig. 7.  Measured resonance curves at room temperature with inset showing 
the dimpled spherical single-mode resonator. 
  

 

 
(a) 

 
(b) 

Fig. 8.  Measured resonance curves as a function of temperature. (a) A20X 
resonator. (b) Invar resonator.  
  

TABLE IV  
MEASUREMENT RESULT SUMMARY OF THE RESONATORS.  

Material 
QU 

@20 ℃ 

Effective 
conductivity 
(×107S/m) 

Effect. temp. 
coefficient 
(ppm/K) 

Invar 167 0.0015 1.85 
A20X 4057 0.778 21.7 
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improve its RF performance. 
For the RF measurement of the Invar filter, Fig. 9 shows the 

measurement results before and after silver plating without any 
tuning. As can be observed, both measured responses exhibit a 
shift of the passband against their simulated counterparts. The 
frequency shift before and after silver-plating is 70 MHz and 80 

MHz, respectively. The small discrepancy (10 MHz) in the 
shifts is attributed to thickness of the plated silver layer which 
is estimated to be 11 µm. The conductivity of the Invar used in 
the simulation is extracted from the resonator measurement as 
given in Table IV. 

For the silver-coated filter, the measured center frequency is 
11.565 GHz, and the average insertion loss is around 1 dB, 
which is higher than the simulated one of 0.4 dB, as shown in 
Fig. 9(b). This extra loss is partly due to the lower-than-
expected return loss (~10 dB) and partly due to the surface 
roughness [18], which degrades the effective conductivity of 
silver. 

In the ideal situation of the resonator with infinite Qu, the 
return loss of 10 dB alone would have contributed 0.45 dB 
mismatch loss. If perfectly smooth silver is assumed for the 
conductivity of the filter (6.302 × 107 S/m), the total insertion 
loss would be 0.8 dB. The Qu can be calculated to be about 
12500. For the measured insertion loss of 1 dB, the coupling 
matrix method is used to reproduce the measured response and 
to extract the corresponding Qu. Fig. 9(c) shows a comparison 
between the measured result and the extracted filter response. 
They agree very well. From this figure, the Qu can be extracted 
to be 5800, which is about 46% of the ideal silver-plated filter. 
Simulation shows this corresponds to an effective conductivity 
of 1.26 × 107 S/m. If the return loss can be improved to 15 – 20 
dB, the insertion loss should be reduced to well under 1 dB. The 
higher-than-simulated S11 is probably due to the small 
dimension inaccuracies in critical coupling structures. 
Considering the narrow bandwidth and tuning-free 
measurement condition, we think the performance of the 3-D 
printed Invar filter is very encouraging. 

To investigate the frequency shift of the passband which is 
believed to be mainly due to the material shrinkage during the 
printing process, a parameter study involving dimension scaling 
was carried out. The shrinkage ratio along Z-axis is set as Sz 
and that along the XY-plane is Sa (the shrinkage assumed to be 
isotropic along X/Y direction). As can be observed from Fig. 10, 
the shrinkage on XY-plane has a more pronounced effect on the 
frequency, while the Z-axis shrinkage incurs a small asymmetry 
to the transmission response, which also exists in the 
measurement result. Fig. 11 shows a comparison between the 
measured and simulated filter performance where Sz = 0.99 and 
Sa = 0.995. A reasonably good agreement can be observed. 

Based on the above discussion, it is expected that the final 
filter performance can be improved by pre-design 

 
(a) 

 
(b) 

 
(c) 

Fig. 9.  (a) Measurement (solid lines) and simulation (dashed lines) results of 
the 3D printed Invar filter. (b) The enlarged view of S21 responses over the 
passband. (c) comparison between the measured results and the filter response 
from the extracted coupling matrix (see the inset). 
  

 

  
(a)                                                            (b) 

Fig. 10.  The simulated transmission response as a function of the shrinkage 
ratio. (a) shrinkage along the Z-axis. (b) Shrinkage along the XY-plane. 
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compensation for the dimension and by adding tuning screws.  
To demonstrate this, holes were drilled on the 3D printed 

filter and six M2 stainless steel tuning screws were added for 
fine tuning the resonant frequencies and inter-resonator 
couplings. An improvement has been evidenced as shown in 
Fig. 12(a). However, the insertion loss with tuning screws is 
increased by almost 0.5 dB, as a result of loose installation of 
the screws as well as the loss from the un-plated steel materials. 
The corresponding Qu can be extracted to be 2900 using the 
coupling matrix method, as shown in Fig. 12(b). It is expected 
that the insertion loss can be improved using silver-coated brass 
or Invar screws. It is also worth pointing out that a more optimal 
process is to drill the tuning holes before silver plating to avoid 
potential damage to the coating. 

Next, the temperature-dependent RF measurement was 
performed on the Invar filter. The experiment process is similar 
to the resonator-based test. Fig. 13 shows the measured 
performances of the Invar filter. The temperature stable 
performance is clearly demonstrated. There is no visible 
frequency shift. The loss degradation at raised temperatures is 
0.3 dB. It is worth noting that the thermal isolator pair, used in 
the thermal-RF measurement, contributes an extra insertion loss 
of 0.25 dB. 

Table V provides a comparison with the 3-D printed A20X 
filter and an Invar filter fabricated by conventional CNC 
milling. There are two values given for the 3-D printed Invar 
filter, which correspond to the before/after-tuning results. The 
comparison shows that the added steel tuning screws not only 

increase the insertion loss but also degrade the thermal stability 
slightly. This could be alleviated by using silver-plated Invar 
screws. What is encouraging about the data is that the 3-D 
printed Invar filter (after tuning) exhibits comparable stability 

with the CNC Invar filter. The higher insertion loss can be 
accounted for by the low return loss as well as losses associated 
with the surface roughness and tuning screws. 

 
Fig. 11.  Comparison of the filter performance. (Solid line: measurement 
result. Dot line: Simulation result considering the impact of shrinkage). 
  

 
(a) 

 
(b) 

Fig. 12.  (a) Measured and simulated results of the Invar filter after tuning with 
inset showing the enlarged view of the S21 over the passband. (b) Comparison 
between the measured results and the filter response from the extracted 
coupling matrix. 
 

 
Fig. 13. Measured filter performances of the Invar filter after-tuning as a 
function of the temperature with inset showing the enlarged view of S21 over 
the passband. 
  

 
TABLE V 

SUMMARY AND COMPARISON OF THERMAL-RF MEASUREMENT RESULT.  

 
Insertion loss 

at ambient 
(dB) 

Loss 
Degradation 

(dB) 

Freq. temp. 
coefficient 
(ppm/K) 

3-D Invar 1/1.5 0.2/0.3 0.5/1.1 
3-D A20X 1.5 0.1 20 

CNC Invar [1] 0.5 0.1 < 2 
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V. CONCLUSION 

A fourth-order 0.47% bandwidth spherical dual-mode filter 
designed for OMUX has been reported. To the best of our 
knowledge, this is the first demonstrated narrowband filter 
additively manufactured from Invar alloy in the open literature. 
Table VI provides a comparison with published 3-D printed 
filters and CNC Invar filters. This work demonstrates the 
possibility of using complex resonator structures in Invar filter 
design (without being limited to the rectangular and cylindrical 
cavities), and opens more design opportunities for optimal RF, 
mechanical and thermal properties for narrowband filters. The 
improvement in the thermal stability demonstrates the 
feasibility and superiority of the 3-D printed Invar filter. The 
end-to-end manufacturing methods and the detailed 
experimental investigation have been discussed. The presented 
design concept, manufacturing parameters, and material 
characterization may find useful applications in the design of 
future high-power filters. 

The 3D-printed Invar filter technology is not without 
challenges. Conventional machined Invar filters of the similar 
fractional bandwidth can have an insertion loss as low as 0.5 
dB. To match this performance, more work needs to be done 
about the surface treatment (polishing and coating). Polishing 
the internal surface of monolithically-built closed cavity is 
especially challenging. Currently we are restricted to vibratory 
grinding technique, which is less intrusive to the internal critical 
structures compared with some other more aggressive polishing 
methods but also has limited capability. Electrochemical 
polishing may be a promising alternative. The quality of silver 
plating on the SLM Invar filter can be improved. Reducing the 
surface roughness will help. It is worth mentioning that to 
understand the 3D printed internal surfaces is an ongoing 
research area. The influence of multiple factors such as the laser 
process parameters, the printing direction and the thermal 
treatment complicates this matter significantly. Finally, it is 
also expected more weight reduction features, and further 
optimized resonator geometry are expected to enhance the 
competitiveness of the SLM Invar technology in high-power 
filter applications. 
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