
 
 

University of Birmingham

A 3-D Printed Lightweight X-Band Waveguide Filter
Based on Spherical Resonators
Guo, Cheng; Shang, Xiaobang; Lancaster, Michael J.; Xu, Jun

DOI:
10.1109/LMWC.2015.2427653

License:
Other (please specify with Rights Statement)

Document Version
Peer reviewed version

Citation for published version (Harvard):
Guo, C, Shang, X, Lancaster, MJ & Xu, J 2015, 'A 3-D Printed Lightweight X-Band Waveguide Filter Based on
Spherical Resonators', IEEE Microwave and Wireless Components Letters, vol. 25, no. 7, 7115191, pp. 442-
444. https://doi.org/10.1109/LMWC.2015.2427653

Link to publication on Research at Birmingham portal

Publisher Rights Statement:
(c) 2015 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other users, including reprinting/
republishing this material for advertising or promotional purposes, creating new collective works for resale or redistribution to servers or lists,
or reuse of any copyrighted components of this work in other works.
Final version published online at: http://dx.doi.10.1109/LMWC.2015.2427653

Checked July 2015

General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

•Users may freely distribute the URL that is used to identify this publication.
•Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 20. Apr. 2024

https://doi.org/10.1109/LMWC.2015.2427653
https://doi.org/10.1109/LMWC.2015.2427653
https://birmingham.elsevierpure.com/en/publications/5988fe68-2d52-4d98-ae2a-100a2e26d4c7


 

Abstract— A 5th order X-band waveguide bandpass filter, 

based on spherical resonators, has been designed, and fabricated 

by 3D printing. In comparison with rectangular waveguide, 

spherical resonators have a higher unloaded quality factor, but at 

the same time suffer from closer higher order modes.  In this 

paper, a special topology has been proposed to relieve the impact 

of the first three higher order modes in the resonator and 

ultimately to achieve a good out-of-band rejection. 

Stereolithography based 3D printing is used to build the filter 

structure from polymer and a 25 μm thick copper layer is 

deposited to the filter. The measurement result of the filter has an 

excellent agreement with the simulations. The filter is also 

considerably lighter than a similar metal filter.  

 

Index Terms—3D printing, filter, stereolithography, spherical 

resonators, waveguide. 

 

 

I. INTRODUCTION 

AVEGUIDE components have been used in 

communication systems for many years. This is mainly 

due to their great advantage of low loss as well as higher power 

handling capacity compared to microstrip and coaxial 

devices. In the recent years, 3D printing (or additive 

manufacturing) has attracted an increasing interest due to its 

great potential in a wide range of areas. There are many types of  

3D printers working with polymers, which can be utilized to 

construct the structure of microwave components, these 

components can then be metal coated to form a conductive 

surface. These PoP (Plating on Plastic) components are much 

lighter compared with conventional metal ones. The biggest 

advantage of applying 3D printing, to the fabrication of 

microwave components, is that the part under construction is 

built layer by layer so the cost depends on the volume instead of 

complexity. This enables designers to incorporate complex 

shapes in their designs, such as small slots in a horn antenna as  
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Fig.1. Configuration of X-band filter based on 5 spherical resonators. The insert 

shows top view of the filter. a=22.86 mm, b=10.16 mm. 

 

reported in [1]. Three types of 3D printing processes, namely, 

FDM (Fused Deposition Modeling), SLA (Stereo-Lithography) 

and SLS (Selective Laser Sintering), have been utilized to 

fabricate waveguide filters [2], dielectric filters [3]-[4] and horn 

antennas [1], [5]. SLA and SLS are similar processes since they 

both use a beam of laser to solidify material powder or liquid 

photopolymer resin layer by layer. FDM works by depositing 

melted ABS plastic from a nozzle and it usually has a relatively 

poor resolution. SLA was chosen in this work as it has been 

reported to have a high resolution and a good surface quality 

[6]. 

       The filter is designed based on spherical resonators which 

have very high unloaded quality factors. A diagram of the filter 

is shown in Fig. 1. The fabrication of such spherical shape 

resonators is a challenge, to the conventional CNC (Computer 

Numerical Control) milling process. This problem was 

addressed by 3D printing due to its flexibility to structure 

shapes. The use of spherical resonators in the filter design was 

reported some time ago, e.g. [7], here five degenerate modes 

were used in a single resonator to make a five pole filter. 

However, as discussed in [8], degenerate modes would degrade 

the Q (because of the use of many tuning screws) as well as the 

power handling capacity. Additionally, the use of higher modes 

will create unwanted passband as discussed in [9]-[10].In this 

paper we have utilized spherical resonators operating at 

fundamental TM101 mode to achieve a high unloaded Q and 

proposed a new topology to reject the first three higher modes.  
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Fig. 2.Magnetic field distributions of (a) Hφ,TM101 and (b) Hφ,TM211.    

 

II. FILTER DESIGN 

The filter was designed by following the coupled resonator 

filter theory as described in [11]. It is designed to have a 

Chebyshev response, with a center frequency of 10 GHz, a 

bandwidth of 0.5 GHz (FBW=5%) and a passband return loss 

of 20 dB. The non-zero coupling coefficients and the external 

quality factors are calculated to be: Qe1=Qe5=19.4279, 

M12=M45=0.0433, M23=M34=0.0318. The final structure of the 

filter is shown in Fig. 1 and its corresponding simulation results 

can be found Fig. 3. Magnetic fields of both the dominant mode 

as well as the first three degenerate modes can be expressed as 

[12] 

 

          (1) 

 

When the angle of the coupling iris on the θ axis is 90o,  

Hφ,TM101 reaches its maximum value while Hφ,TM201 and Hφ,TM221 

become zero (i.e. the impact of these two modes are 

suppressed). Similarly, when the coupling iris is placed at 90o 

on φ axis, the dominant mode remains unchanged but the cosφ 

term in Hφ,TM211 becomes zero. Fig. 2 shows the magnetic field 

distributions of the dominant mode as well as Hφ,TM211 when the 

coupling mechanism discussed above is used. Based on this 

principal, a topology for which there is a 90° turn at every 

resonator, should offer the best out-of-band rejection 

performance, as shown in Fig. 3. Here we call this type of 

topology as “Olympic topology” for it looks like the Olympic 

rings. Ultimately, “Ω topology” (as shown in Fig. 1) is 

employed in this work as it offers similar performance but is 

much easier to fabricate. The simulation results for the Ω 

topology, Olympic topology, Line topology (without any 

rejection mechanism) together with a conventional H-plane 

filter based on rectangular resonators are given in Fig. 3. The 

comparison of S21 responses indicates that Ω topology 

improves the rejection level by around 22 dB (at 12.4 GHz) in 

comparison with Line topology. The Olympic topology 

provides an extra 6 dB rejection than Ω topology but it is 9 dB 

lower than the rectangular filter. 

 

 

 
Fig.3. Simulation results of the filters with different topologies: (a) Line 

topology without any higher modes rejection mechanisms; (b) “Ω topology” 

with considerable rejection and it is utilized in this work; (c) “Olympic 
topology” with the best rejection; (d) A H-plane filter based on rectangular 

resonators 

 
TABLE I 

COMPARISON OF THREE TYPES OF RESONATORS 

 
Unloaded 

Q 

Dimensions 

(mm) 

Second-mode 

frequency (GHz） 

Rectangular 7957 22.86×10.16×19.9 15.1（TE201） 

Cylindrical 11200 10 (radius)×31.5(height) 13（TE112） 

Spherical 14450 13.1 (radius) 14.1(TM2m1） 

 

The main reason we use spherical resonators is the quality 

factor of a spherical resonator is high. The unload Q of a 

spherical resonator working on TM101 mode at 10 GHz is 

around 14450 whilst the value for a rectangular one is 7957 

(both calculated using the conductivity of copper. i.e. 5.97×107 

S/m). The Q of a cylindrical resonator working at the same 

frequency is also calculated. The radius of the resonator is 

chosen to be 10 mm and unloaded Q for the TE111 mode is 

11200. In order to compare the pros and cons of these 

resonators, a comparison of several key factors of these 

resonators is given in Table 1. In the table frequencies where 

the second mode appears are also given. As the table shows, the 

Q of the spherical resonator is 1.816 times than the rectangular 

one. On the other hand, the volume is doubled. The increase in 

volume is a disadvantage at X-band but could be an advantage 

for the same design operating at higher frequencies (e.g. 

W-band) where a larger volume facilitates the fabrication 

process and reliefs the requirement on dimensional accuracy. In 

order to achieve an even higher unloaded Q for a single 

resonator, higher modes inside a spherical resonator can be 

utilized (as reported in [13]) here it mentions that the TE modes 

have a higher Q than TM modes. For example, for TE101 mode, 

the diameter of the resonator will increase by 1.637 times, and 

the theoretical unloaded Q will increase from 14450 to 30850 at 

10 GHz, as we calculated. For filter design, it would be difficult 

to use it because there are many modes nearby and it’s difficult 

to reject them. However, in some narrow-band applications 

such as oscillators, those higher modes can be employed to 

achieve an ultrahigh Q.  
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Fig. 4. Photographs of the filter before and after plating. (a) Before plating; (b) 

and (c) after plating; (d) enlarged view of one spherical resonator.  

 

 
Fig. 5. Simulation and measurement results of the filter. (a) Responses over the 

frequency range of 9-11 GHz; (b) Measured responses over the whole X-band. 

(c)  Enlarged view of the insertion loss performance over passband.  
 

III. MEASUREMENTS AND DISCUSSIONS 

The structure of this filter was fabricated using SLA in 3D 

Systems, and then coated with a 25 μm layer of copper. It 

should be noted that this 25 μm thick copper has been taken in 

consideration during the filter design. The photos of this filter 

before and after plating are shown in Fig. 4.The filter was split 

into three pieces to facilitate the plating process which requires 

access to the inner surface. The simulated as well as measured 

results of this filter are depicted in Fig. 5. The measurement 

results (no tuning used) are in good agreement with simulations. 

Frequency shifts upwards by 5 MHz (0.05% of the center 

frequency). The measured passband insertion loss is 0.107 dB 

on average, while the simulated value is 0.072 dB, as shown in 

Fig. 5 (c). The extra 0.035 dB loss is very small and it may be 

attributed to the combination of three factors: (i) imperfect 

connections to the VNA, (ii) the gaps between three layers of 

the filter (iii) the degradation of the surface conductivity due to 

the imperfection of the surface quality such as roughness. It 

should be noted that the polymer utilized by the filter has a 

working temperature of no more than 39-46 °C. For 

applications involving high temperatures, ceramic filled 

material which has higher working temperatures (up to 

120-250 °C) could be used to print the same filter.  The weight 

of this filter is 0.28 kg which is only 14% of that made from 

copper. Additionally, the weight can be reduced even further by 

removing much of the plastic materials. 

IV. CONCLUSIONS 

We have presented an X-band waveguide filter based on 

spherical resonators. New topologies have been proposed to 

reject the first few higher modes inside the spherical resonator. 

The structure of this filter was fabricated by 3D printing, and 

the device was then copper coated. This PoP device is only 0.28 

kg that is much lighter than a copper device (2 kg). The 

measured frequency response has a good agreement with the 

design. It indicates the process has a good dimensional 

accuracy as well as the proposed filter structure is capable of 

providing an ultra-low insertion loss.  

ACKNOWLEDGMENT 

The authors would like to thank Scott Doe from 3D-Parts Ltd 

for manufacture of the filter.   

 

REFERENCES 

[1] Timbie, P.T.; Grade, J.; van der Weide, D.; Maffei, B.; Pisano, G., 

"Stereolithographed mm-wave corrugated horn antennas," Infrared, Millimeter 
and Terahertz Waves (IRMMW-THz), 2011 36th International Conference on , 

vol., no., pp.1,3, 2-7 Oct. 2011 

[2] B. Liu, X. Gong, and W. J. Chappell,“Applications of layer-by-layer 
polymer stereolithography for the three-dimensional high-frequency 

components,”IEEE Trans. Microw. Theory Tech., vol. 52, no. 11, pp. 

2567–2575, Nov. 2004 
[3] Khalil, A.H.; Delhote, N.; Pacchini, S.; Claus, J.; Baillargeat, D.; Verdeyme, 

S.; Leblond, H., "3-D pyramidal and collective Ku band pass filters made in 

Alumina by ceramic stereolithography," Microwave Symposium Digest (MTT), 
2011 IEEE MTT-S International , vol., no., pp.1,4, 5-10 June 2011 

[4] Delhote, N.; Baillargeat, D.; Verdeyme, S.; Delage, C.; Chaput, C., "Narrow 

Ka bandpass filters made of high permittivity ceramic by layer-by-layer 
polymer stereolithography," Microwave Conference, 2006. 36th European , 

vol., no., pp.510,513, 10-15 Sept. 2006 

[5] M. Vaezi, H. Seitz, and S. Yang, “A review on 3D microadditive 

manufacturing technologies,” Int. J. Adv. Manuf. Technol., vol. 67, issue 5-8, 

pp. 1721-1754, 2013. 
[6] Chieh, J.-C.S.; Dick, B.; Loui, S.; Rockway, J.D., "Development of a 

Ku-Band Corrugated Conical Horn Using 3-D Print Technology," Antennas 

and Wireless Propagation Letters, IEEE , vol.13, no., pp.201,204, 2014 
[7] Lai Sheng-Li; Lin Wei-Gan, "A five mode single spherical cavity 

microwave filter," Microwave Symposium Digest, 1992., IEEE MTT-S 

International , vol., no., pp.909,912 vol.2, 1-5 June 1992  
[8] R.  J.  Cameron,  C.  M.  Kudsia,  R.  R.  Mansour,  Microwave  Filters  for  

Commmunication Systems. John Wiley & Sons, Inc., 2007. 

[9] Sheng-Li Lai; Wei-Gan Lin, "A TM triple-mode microwave 
filter," Computer and Communication Systems, 1990. IEEE TENCON'90., 

1990 IEEE Region 10 Conference on , vol., no., pp.256,258 vol.1, 24-27 Sep 

1990 
[10] Bonetti, R.R.; Williams, A.E., "A TE triple-mode filter," Microwave 

Symposium Digest, 1988., IEEE MTT-S International , vol., no., pp.511,514 

vol.1, 25-27 May 1988 
[11]  J. S. Hong and M. J. Lancaster, Microstrip Filters for RF/Microwave 

Applications. New York, NY, USA: Wiley, 2001. 

[12] K. Zhang and D. Li, Electromagnetic Theory for Microwaves and 
Optoelectronics. Berlin, Germany: Springer-Verlag,  2008. 

[13] R. A. Yadav and I. D. Singh, "Normal modes and quality factors of 
spherical dielectric resonators: I - Shielded dielectric sphere,"Pramana Journal 

of Physics, vol. 62, pp. 1255-1271, Jun 2004. 


