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Abstract: This study describes the realisation of an advanced waveguide bandpass filter using shaping of the resonator and coupling structures to enhance the radiofrequency performance. Additive manufacturing's inherent geometrical freedom is exploited in these structures. The method of creating a good starting point for optimisation using electro-magnetic (EM) simulation tools is compared with standard techniques for waveguide filters. A simple filter is given as an example to demonstrate the suitability of the structures and manufacturing techniques followed by a more advanced filter function. Simulations are presented and compared with both measured performance and rectangular waveguide realisations. The advantages and disadvantages of the manufacturing process and complex geometries are discussed.



1 Introduction
With the increase in demand for higher data rates from telecommunication satellites, we are moving from high throughput satellites (HTS) to an era of very HTS (VHTS). A wide, single beam antenna would require a greater bandwidth for increased data throughput but multi-beam antennas allow concentration of power into spots. This allows frequency and polarisation reuse which greatly increases spectral efficiency [1]. The antennas typically consist of offset reflectors fed by horn clusters with up to 100 beams from an HTS. VHTS will increase this further as operators are seeking higher data rates. The feed clusters usually consist of a single feed per beam architecture which means that a lot of feeds require supplying. Multiple feeds per beam architecture will require even more feeds to be supplied. This places new demands on mass, cost, lead time and thermal concept. Each feed chain is typically connected to an input filter, couplers for test purposes and an output filter which all contribute to the mass and complexity of the payload. These parts are traditionally manufactured using conventional techniques such as milling, turning or electro- discharge machining.
Additive manufacturing (AM) has the potential to free the
design process from the constraints of subtractive manufacturing where tool access is required. This can lead to monolithic components or even multiple traditional components within a single multi-functional piece. This gives the benefit of mass and footprint reduction, due to the removal of the flanges and bolts that join the parts. Depending on the design, risk reduction of passive intermodulation (PIM) generation can also be achieved along with increased shielding reducing electromagnetic compatibility problems. The removal of post machining operations has the additional benefit of reducing cost and time. One drawback of techniques such as selective laser melting (SLM) is the surface roughness which is evident in the insertion loss of components that simply try to recreate existing designs. However, the use of suitable geometries can overcome this and even enhance the overall radiofrequency (RF) performance leading to lower insertion loss and/or wider band spurious free rejection. Additionally, as the same design will be used repeatedly on a VHTS, the increase in design effort for more complex shapes becomes insignificant. The effort for the reduction of mass, footprint and cost for a single unit will have a strong impact at the satellite level.

2 Choice of AM technique for satellite waveguide components

A good overview of AM techniques is given in [2]. Stereo- lithography (SLA) has been used for a long time to create parts in polymers either for direct use or to demonstrate concepts to customers before committing to final designs. If the polymer is plated or coated with conductive paint it is possible to create waveguide components such as those detailed in [3]. There are a number of drawbacks related to the polymers which limit the use of SLA for space components. One is the high coefficient of thermal expansion compared with metals, which means that more allowance has to be made for thermally induced frequency drift. Another is the poor thermal conductivity although this will only be of significant concern for high power filters. One other aspect of the polymers that require addressing before adoption in the space environment is the degradation of the material properties due to radiation. Of course, the low density of the material and the ability to produce monolithic parts are very attractive for satellite components.
Fused deposition modelling is a technology that has become
widely known due to the proliferation of low cost machines, often called three-dimensional printers. A wide range of polymers and thermoplastics are available each with their own advantages and disadvantages. To be able to produce waveguide components the parts must be plated or coated with conductive paint. Montejo- Garai et al. [4] give examples of parts created using this process. As polymers or thermoplastics are used the drawbacks are similar to SLA. Wire+arc AM is a process that in many ways is similar to fused deposition modelling but using a metallic wire as the feedstock. Currently, the parts produced using this approach have a very rough surface making them more suitable for producing near net shapes requiring additional machining. Some more recent techniques include milling of the parts as the layers are built to produce smoother and more accurate parts.
Powder bed fusion can be used for metals, polymers and ceramics. The ability to produce parts in aluminium or titanium alloys makes the process interesting to the aerospace industries. If an aluminium alloy is used, it is possible for waveguide parts to be produced that do not require plating. Of course, the silver plating will enhance the performance and standard, well understood  plating techniques may be used. The thermal conductivity of the materials allows the same manufacturing process to be used for high- and low-power components. It is the similarity of the  material to conventional manufacturing materials that makes powder bed fusion the choice for satellite waveguide components. One of the first reported components to exploit the technique is given in [5]. More recent work [6] has taken rectangular waveguide
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[bookmark: _bookmark0][image: ]Fig. 1  Examples of the resonator and iris shaping
(a) Depressed super ellipsoid resonator, (b) Elliptic iris with hyperbolic blend, (c)
Third-order filter using them

filters and modified them to enhance the build quality by removing overhangs.

3 Improving	on	the	rectangular	waveguide bandpass filter
A rectangular waveguide forms the basis of many filters exhibiting low loss at microwave frequencies. It is simple to describe geometrically and electrically. There is a great deal of literature devoted to the design and analysis of waveguide filters which allows simple filters to be synthesised and analysed very quickly. As a transmission medium rectangular waveguide can be improved upon. A study was made [7], which determined the optimum shape for the lowest loss of a mono-mode waveguide of a given bandwidth. A simplified form of the optimum shape was the stadium shape. The stadium shape can be applied as the cross- section of a resonator allowing the use of many of the synthesis and analysis procedures based on homogeneous waveguide resonators with discontinuities forming impedance inverters. This was advanced in [8] which also went further by modifying the iris discontinuity to reduce loss. As sections of the resonator remained homogeneous, well-developed procedures could be employed to determine inverter dimensions, cavity loading and reference planes. A design based on the homogeneous waveguide may not be the best in terms of loss versus wideband rejection. The shaping studied in [9] is more complex geometrically but adds flexibility in the trade-off between insertion loss and wideband rejection. During the study, a number of shapes were investigated including the

Fig. 2  Out of band performance
(a) Rectangular waveguide filter, (b) Depressed super ellipsoid resonator filter

rounding of the rectangular waveguide to produce the stadium shape. The outcome was a filter structure based on a depressed super-ellipsoid resonator with a circular iris as the coupling structure. The iris had a hyperbolic blend into the resonator. An example of the depressed super-ellipsoid resonator is shown  in Fig. 1 along with the iris and a third-order filter using the shapes. The theoretical performance of the shaped filter and standard rectangular filter is shown in Fig. 2. It may be observed that the shaped filter provides better total rejection of all incident modes although the rejection for an individual mode may be less. If required, this may be improved with the choice of the cavity shaping.
The filter was manufactured using SLM of aluminium alloy and silver plated. It exhibited superior performance to the equivalent rectangular waveguide filter with better rejection of all modes for the same insertion loss. This may not sound like much of an improvement but the comparison is between the very rough surface of the SLM part and a machined finish on the rectangular waveguide filter. The reduction in a loss that the shaping offers, therefore, overcomes the increase in loss due to increased surface roughness. Further improvement in terms of insertion loss could be achieved by applying post-processing to improve the roughness. The main drawback of surface improvement processes currently available is the lack of uniformity when being applied which translates to the degradation of RF performance and frequency shift in most cases.

4 Designing higher order filters
In the design of rectangular waveguide bandpass filters, there are a number of procedures which allow rapid synthesis. The unloaded length of the resonator may be calculated based on the centre frequency. The resonator length may then be adjusted to account for the associated line length that the ideal impedance inverter has. The dimensions of the impedance inverter may be interpolated from s-parameters generated by electro-magnetic (EM) analysis of the discontinuity in the homogeneous guide and the reference plane of the discontinuity accounted for. This is very quick and leads to an almost perfect filter response for narrow and medium bandwidths. Wider bandwidth filters may still need optimisation to obtain the required response.

[bookmark: _bookmark1]Table 1 Key filter requirements	

	Parameter
	Requirement
	Comment

	frequency range
	12.75–13.00
	usable bandwidth

	insertion loss
	0.3
	

	insertion loss variation
	0.1
	Over any 26 MHz

	insertion loss slope
	0.005
	

	group delay variation
	0.2
	Over any 26 MHz

	rejection
	
	

	3.40–4.60 GHz
	40 dB
	

	4.60–10.70 GHz
	30 dB
	

	10.70–10.95 GHz
	100 dB
	

	10.95–12.50 GHz
	90 dB
	

	12.50–12.59GHz
	55 dB
	

	12.75–13.00 GHz
	Pass band
	

	13.16–14.00 GHz
	55 dB
	

	14.00–14.50 GHz
	40 dB
	

	14.50–17.30 GHz
	30 dB
	

	17.30–18.10 GHz
	40 dB
	

	18.10–19.30 GHz
	40 dB
	

	19.70–20.20 GHz
	40 dB
	

	return loss
	23 dB
	over usable bandwidth

	temperature range
	−10°C to+70°C
	

	mass
	<250 g
	

	interfaces
	WR75
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[bookmark: _bookmark2]Fig. 3  Topologies considered
(a) Folded, (b) In-line meander, (c) Transversal sections

With the shaped resonator there are no direct formulae for calculating the resonant frequency. Therefore eigen mode EM analysis of the resonator is suggested. Once the basic resonator is established it is necessary to determine the dimensions of the coupling structure. Using a coupling matrix definition of the filter, the coupling structure is placed between two cavities and analysed. If eigen mode analysis is used, the coupling bandwidth may be obtained directly from the results. If eigen mode analysis is not available then it is necessary to lightly couple with the first resonator and derive the coupling bandwidth from the analysis.

With either technique, it should be noted how much the resonator dimensions must change to achieve correctly centred results. This change is then used to correct the resonator size for the loading effect of the coupling acting as an impedance inverter. What should result when all the steps are taken is an EM model of a filter that is ready for final optimisation. An alternative approach would be to use the reflection group delay method but this becomes slow when high-order filters are modelled. It also does not produce good results for wider band filters if the resonators are not synchronously tuned such as when transmission zeroes are present. One aspect that is important to consider during these steps is the resonator shaping. Choosing the correct width, height and depth of depression will determine how wide the spurious free bandwidth is and the Q. A very simple technique is to design a third-order filter to observe the response. The resonator may then be modified to achieve the best compromise. It is advised to perform this step at the start of the design process as the third-order filter is very quick to analyse. In [10] there is a trade-off performed for a fifth-order filter which demonstrates how the cavity shaping can be used to extend the spurious free band at the expense of Q. Booth et al. [11] proposed a complex filter function offering high rejection close to the passband. The design process and test of this filter are
described in the following section.

5 An advanced function waveguide filter
5.1 Design
The requirements of a single mode high rejection filter are given in Table 1. The solution chosen was a generalised Chebyshev prototype with three transmission zeroes; two below the passband and one above. If the filter was realised using TE101 rectangular waveguide resonators the insertion loss would be just below 0.58 dB  at the passband edges based on a realisable Qu  of  4400.  To achieve the requirements a realisable Qu of 8500 is required. A solution may be to use double height resonators operating in the TE103 mode but this would seriously compromise the out of band performance.
With the prototype function determined, it is necessary to choose a topology for  further  design.  The  folded  realisation,  Fig. 3a, is one of the classic topologies with three cross-couplings required for the three transmission zeroes. The drawback is that all transmission zeroes are affected by every cross coupling. This makes the filter highly sensitive to the manufacturing process and could be difficult to tune. The required sign of the cross-couplings could also be difficult to realise, particularly if the desired monolithic design is to be produced. The sensitivity may be reduced by using a triplet for each transmission zero. To achieve this, the in-line meander, Fig. 3b, could be used. As there could be difficulty in achieving the required sign of cross coupling the meander can be modified by using TE102 resonators in certain places. This allows a negative coupling to be achieved with, for example, all inductive irises as the output of the TE102 resonator are in the anti-phase with the input. This appears to be a very attractive solution but has one significant drawback for monolithic powder-bed manufacture; some of the cavities do not have a direct path to the input or output which makes powder extraction difficult and silver plating impossible, at least if an electrolytic process is used.
A different approach which does not require cross couplings is to use transversal sections as shown in Fig. 3c. The outputs of the resonators in a transverse section interfere constructively in the passband but destructively at the transmission zero frequency. The transverse section could be realised using two physical resonators but a solution is possible using dual mode resonators as described in [12]. Such a structure has a line of sight between input and output making powder extraction and silver plating feasible. One  of the main drawbacks is the sensitivity of the design for manufacturing tolerances although it is less sensitive than the folded design. This left the extracted pole realisation. This allows each zero to be individually controlled and is the least sensitive to manufacturing tolerances. It also has the advantage of producing an
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[bookmark: _bookmark3]Fig. 4  Internal shape of the ninth-order filter using cavity and iris shaping
[image: ]
[bookmark: _bookmark4]Fig. 5  Simulated rejection
(a) Standard rectangular waveguide filter, (b) Shaped waveguide filter
[image: ]
[bookmark: _bookmark5]Fig. 6  View of the manufactured filters

open structure with a line of sight between the input and output. The only concern could be the silver plating of the extracted poles.
Using the output from the third-order filter study [9], the filter design proceeded using the steps outlined previously. The filter was analysed and optimised using CST Microwave Studio. The internal shape of the resultant filter is shown in Fig. 4. One of the

benefits of the cavity and iris shaping is the potential to improve out of band rejection. A comparison of a rectangular waveguide filter and the depressed super ellipsoid-based filter is shown in   Fig. 5. As is well known, the accuracy of the SLM process is not as good as machining. After a sensitivity analysis was performed, decision was taken that the filter would have tuneable resonators to compensate for some of this. A tuning-free version was also designed to allow a comparison between the two approaches.

5.2 Manufacture and test
The filters were manufactured by Airbus Innovations in Scalmalloy using SLM. The tuning free design had a very basic cuboid type shell for simplicity whereas the shell of the tuned version more closely followed the internal shaping. A conventionally machined split block design would have a mass around 230 g. The tuning free version has a mass of 125 g with the tuned version having a mass of 105 g including tuning screws. This is a mass saving of 65% which are very significant if a lot of filters are required for VHTS missions.
The tuned version was silver plated using the standard electrolytic process that is used for flight filters at Airbus DS. The plating appeared successful with no evidence of blistering that is associated with trapped electrolytes. One area of concern raised by the plating shop was the extracted poles. As it was difficult to  insert an electrode into this area the thickness of the plating could not be guaranteed. However, there would be some plating present and it was considered that this should be sufficient for test purposes. The plated tuned filter and unplated tuning free filter are shown in Fig. 6.
The two filters were measured and tuned where appropriate with results in Figs. 7 and 8 for the tuning-free and tuned versions, respectively. It is observed that both versions exhibit a slightly narrower bandwidth than as designed. Part of this is due to the plating thickness not being subtracted when producing the manufacturing files. When this is taken into account, the overall filter Q for the unplated, tuning free version was calculated to be 1700 and for the plated, tuned filter to be 4400. Both of these results compare favourably with subtractive machined rectangular waveguide filters demonstrating that the shaping has compensated for the rough surface. The tuning free version does not quite meet the close to band rejection but demonstrates that the building accuracy is quite good, comparable to better than ± 30 µm accuracy for a conventional rectangular waveguide filter. This is not to say that the process accuracy is ± 30 µm but that the overall design and manufacturing process gives results comparable to this accuracy using conventional techniques.

6 Suitability of SLM for manufacturing waveguide filters
There has been a great deal of interest in SLM for filter production and a number of filter designs have been reported. The conclusion that may be drawn from many of these [8, 13, 14] is that the process results in higher losses, poor return loss and significant shifts in centre frequency and bandwidth compared with predictions. Part of this is due to the accuracy with which a part  can be built. The laser used to melt the powder can be controlled very accurately which means that the building accuracy is determined by other factors. A layer is typically 20 µm so there is a limit to feature size. However, more important is the characterisation of the shrinkage. During the building of our parts, a small sample was built to characterise the shrinkage and correct for this. There are also a number of supports around the build that are removed later. When the part is brought back to ambient temperature and support removed, some inbuilt stress can cause the component to change shape slightly. Relatively large flat areas can be affected by this the most. The more organic form of the shaped filter appears to be less affected by this. Bridging of areas can also occur which is where two surfaces meet. There can be a very poor definition in these areas which will also affect filter performance. The shaped filter has fewer of these areas and they can easily be minimised by choosing the correct build orientation. Put simply,
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[bookmark: _bookmark6]Fig. 7  Measured versus simulated performance for the tuning free filter
(a) Insertion loss, (b) Return loss and, (c) Rejection

the SLM process appears to build more organic shapes much better than cuboid shapes.
[bookmark: _bookmark7]Surface roughness is much worse than for conventionally machined components. It is also affected quite significantly by the orientation of the surface. Downward facing surfaces in the build are much rougher than upward facing surfaces. If this rough surface is where there are significant surface currents then the loss will be affected. The orientation of the component during the build can, therefore, have an impact on the loss. However, from our experience, it appears that loss is not affected as much as would be expected. There could be a number of reasons for this. The roughness associated with machined parts tends to have very sharp peaks and troughs as the material is torn or chipped away. SLM uses a powder whose grains tend to be spherical. When the grains are fused the surface has more rounded peaks and troughs compared with conventionally manufactured components. This could form an easier path for the currents with less localised concentration. As has hopefully been demonstrated, the shaping of the filter can overcome the increased loss associated with the roughness.

[bookmark: _bookmark8]7 Conclusions
[bookmark: _bookmark9][bookmark: _bookmark10]The work presented demonstrates that complex filter functions may be manufactured using SLM. The use of shaping appears to be more amenable to the manufacturing process than conventional designs. The shaping also overcomes the drawback of poor surface finish and enhances the wide band rejection. Some suggestions on how to design filters using shaping have been given. The measured performance of the resultant designs is encouraging.

Fig. 8  Measured versus simulated performance for the plated, tuned filter
(a) Insertion loss, (b) Return loss, (c) Rejection

There are some areas which require further investigation to improve the design and build. This will be aided by the continuous improvement in powders and machines. Also, advances in treatments to reduce surface roughness will give an insertion loss benefit to the shaped filter. The experience gained on such designs is valuable for future work on VHTSs where the cost, mass and schedule advantages of SLM can be exploited to the full.
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