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Abstract

This is a report of the work which I was involved in with ATNF Receivers Group over the 2000/2001 summer vacation period. My project was to design and construct a High Temperature Superconducting (HTS) bandpass filter to block the interference being suffered by the Narrabri Compact Array radio observatory between 2300 and 2400 MHz. I used the quazi-elliptic filter design method demonstrated by Hong and Lancaster [3] and Ansoft Ensemble EM simulation software for the physical design.  After a successful copper prototype, the HTS filter was fabricated, mounted and cooled. The filter response had the correct shape though it was 35MHz too high. Future work will be to produce a filter which is around 50MHz lower than the current design and have it trimmed down until it is at the correct frequency.

ATNF overview

From their web page,

‘The Australia Telescope National Facility (ATNF) is an organisation which supports and undertakes research in radio astronomy, which is currently operating as a national facility under the guidelines originally established by ASTEC in January 1984.’ [1]

The ATNF provides operational, research and engineering support for the Australia Telescope which includes the Narrabri Compact Array, the Parks Observatory and the Mopra Observatory. 

Each year around 20 third and fourth year students studying engineering, physics or science are placed across the ATNF and the CSIRO Telecommunications and Industrial Physics organisation (CTIP). Students are given a chance to work on short 10 to 12 week projects in an area related to their organisations operations.

Management structure

The CSIRO as a whole is a public organisation directed at the top level by the minister for science. The CSIRO Chief Executive, Geoff Garrett reports to the minister and is responsible for the whole range of CSIRO activities.

The ATNF is just one section of the CSIRO and has a number of committees which provide policy advice.  

ATNF Steering Committee

Meets once a year, sets policy guidelines and establishes procedures for allocation of time on the facility [2]. Appoints the Time Assignment Committee and the User Committee. The steering committee is also responsible for submitting the annual report to the Chief Executive.

Time Assignment Committee

Allocates observing time on the facility.

User Committee

Provides feedback and advice from the user community.

The ATNF director, Ron Ekers reports to the CSIRO Chief Executive and is the head of the effective ATNF management structure.

The ATNF is divided into a number of operational groups with their own leaders and areas of responsibility.
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The group I was working in, headed by Mal Sinclair, is responsible for the cooled receiver systems in the Australia Telescope. This is everything between the feed-horns and the samplers including low noise amplifiers, down conversion, noise measurement and switching systems. They are also involved in contract work for radio astronomy organisations from other countries.

At group level each person has their own areas of responsibility be it feed systems, cryogenics, low noise amplifiers, electronic or mechanical systems. There is much intra group interaction however as at some point the final product must be integrated, installed and working.

There is also a degree of interaction between the ATNF and CTIP who share the Marsfield site and have facilities at the Linfield National Measurement Laboratory.

The vacation scholarship program is managed by Lucia Bromley-Gambaro who is part of the ATNF Scientific & Community Liaison group. One or two students are placed in the Computing, Engineering and Astrophysics groups each year as well as in groups at CTIP.

Each student is assigned a supervisor, in my case Russell Gough, and a project. They work as a member of their group for the duration of the scholarship program.

Induction Program

During the first week students are given introductory talks and tours as well as overviews of the management structure of the CSIRO. There are also the obligatory series of lectures on OH&S practices.

Tours encompass both the Marsfield ATNF / CTIP site as well as the Linfield CTIP / National Measurement Laboratory (NML) site. The induction program is a good way to introduce the breadth and depth of research being undertaken by the CSIRO.

My Project

The compact array at Narrabri operates on four main observing bands,

1250-1760 MHz (20cm - L-Band)

2200-2500 MHz (13cm - S-Band)

4400-6860 MHz (6cm  - C-Band)

8000-9200 MHz (3cm  - X-Band)

All four of these bands are suffering increasing levels of interference from terrestrial and orbital sources due to the proliferation of radio communication systems and RFI emitting equipment.

Specific sources of this interference include microwave ovens, cell phones, computer equipment, navigation satellites (GPS, GLONASS), microwave point to point links and microwave multipoint distribution systems (MDS, read pay-TV). These problems are compounded by the fact that the signal levels of interest to astronomers are many orders of magnitude less than even the higher harmonics of terrestrial transmissions.

Recently (4-5 years ago) a MDS network servicing Narrabri and the surrounding region began operating between 2300 and 2400 MHz which is right in the middle of the 13cm band. This service is a broadcast system transmitting from a tower located about 55 km away on nearby mount Kaputar.

Although the service is transmitting within their allocated band, the existing telescope receivers have no real pre-select filters. By the time the offending signal is amplified and down converted it is of sufficient magnitude to cause problems with the samplers and the noise temperature measurement system.

It is no surprise then, that the astronomers wish to observe as close to the 2300 MHz band edge as they can. 

The lower edge of the MDS band is getting close to the lower limit of the Tidbinbilla 70m S-band maser amplifier which is used for Very Long Baseline Interferometry (VLBI) observations.

The project I was assigned to was to investigate the design and construction of a preselect filter to allow observations right next to the lower edge of the MDS band. After conversations with the people at Narrabri it was decided that a clear 64MHz centered on 2260 (2228 -> 2292) would be a vast improvement over their current arrangement. The target was 20dB attenuation at 2300MHz and as much as we could get over the MDS band.

Starting point

My supervisor gave me a paper [3] on a class of filters which may serve the purpose and the suggestion that manufacturing them in high temperature superconducting (HTS) material would be a sensible thing to do. The reason being that the filters would have to go in the fridge (cooled to 20K) with the low noise amplifiers anyway and we should make maximum use of the existing equipment. As the HTS material was not cheap and the fabrication process long and involved it was also suggested that I have a go at making a copper prototype to test the theory before submitting a HTS design.

Research

The filters I was pointed towards consist of a set of coupled planar resonators arranged in such a way as to give a quazi-elliptic response. A quazi-elliptic response looks like a chebyshev response except that a pair of transmission zeros have been moved from infinity (there all at infinity in a chebyshev) right down next to the passband. This gives nice steep skirts to the filter response as shown in figure 1.
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figure 1:
normalized 8 pole quazi-elliptic response.

(a = 1.4

These finite frequency zeros are obtained by having two separate signal paths in the filter. Figure 2 is a picture of one of these filters and shows the two signal paths, the primary one, through resonators 1-2-3-4-5-6-7-8, and the secondary one through 1-2-3-6-7-8. When the signals from both of these are out of phase at the output port the signal cancels and provides the transmission zeros.
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figure 2: 8 pole quazi-elliptic filter layout.

Feasibility Study

Once the desired filter specifications were confirmed, 2228-2292 with 20dB attenuation at 2300, I used the filter equations given in [3] to determine the required order and shape of a quazi-elliptic filter to meet these specs. See figures 3 and 4.

As well as the order of the filter, which is equivalent to the number of resonators in the circuit, the filter parameter (a is used to control how close the transmission zeros are to the passband. Having the zeros close to the passband provides a steeper skirt however the two large ripples in the stop-band rise up and reduce the isolation of the filter.

A filter of order 8 was chosen as a 6th order filter was not selective enough and filter design tables were provided for this order. A bandwidth of 68MHz was chosen to allow a degree of slack in the center frequency of the filter. A (a of 1.4 was chosen as it provided a good tradeoff between selectivity and isolation. 

The theoretical filter would provide 30dB attenuation at 2300MHz as well as a degree of slack to account for fabrication tolerances and rounding of the response due to electrical losses.

Design Process

The physical design of this kind of filter consists of first taking one of the standard layouts and setting the length of the resonators to resonate at the desired center frequency. Next, the coupling between each pair of adjacent resonators is adjusted to provide the desired quazi-elliptic response. 

center = 2260MHz, bandwidth = 68MHz
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figure 3: Variation of order for quazi-elliptic response, 



(a = 1.4
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figure 4: Variation of (a for quazi-elliptic response



order = 8.

Further examination of figure 2 reveals that there are four different types of resonator couplings with the type of the coupling depending on how the resonators are arranged with respect to each other. These types of coupling have been named electric, magnetic, mixed and hybrid and are shown in figure 5.
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figure 5: Types of coupling.

The first two type names describe the field which provides the coupling, with the last two being mixtures of both electric and magnetic coupling. It is important to note that the electric coupling provides a phase inversion with respect to the other types and this helps realise the transmission zeros.

Half-wave resonators

Once I sorted out which board I was going to be using for the copper prototype, RT/duroid 6010.5, I used the program ‘Winline’ produced by Eagleware [4] to calculate how long the line should be. It also provided me with the width of the 50 Ohm line which is used for the feed lines.

Coupling coefficients

Filter synthesis is not something that many people would regard as a fun thing to do. Approximation tables were provided in [3] along with a set of equations to determine the numerical coupling coefficients required to obtain the desired response. The filter is symmetrical, so the separation between resonators 7-8 is the same as 1-2 etc.

Resonator Separations

Reference [5] explains how to determine the resonator separation required to achieve a desired coupling coefficient.

Two identical uncoupled resonators have the same resonant frequency. However, when the two are brought together to introduce coupling between them, this resonant frequency splits into two separate frequencies. See figure 6. The proximity of the resonators sets the degree of coupling between them, and this in turn sets the degree of splitting of the resonant frequency. 
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figure 6: S21 of electrically coupled resonators as

their separation is varied.

Once the two resonant frequencies are determined, equation (1) from the same paper can be used to determine the coupling coefficient.
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(1)   

The width of the resonators can also be used to alter the coupling coefficient as they need not be 50 Ohm lines. The narrower the line, the greater the coupling. As the lines are of finite width there is a degree of uncertainty as to the exact length of the line as seen by the resonant wave. A degree of trial and error is needed to determine the dimensions of the resonator. The resonant frequency also tends to shift when the resonators are placed in the larger filter structure.

To determine the physical dimensions required to achieve each coupling, I used the Ensemble EM simulation software by Ansoft. This process consists of making a guess at the separation required, drawing a layout like that in figure 7, obtaining a frequency plot from the simulator, determining the coupling coefficient by the above equation and if its not close enough, going around the loop again.
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figure 7: Two resonator test circuit.

As the coupling between each resonator is via fringe fields, a 'Full Wave' analysis package such as Ensemble must be used which simulates the full field pattern around a planar structure. These full wave packages are different from transmission line simulators which simulate circuits via simpler transmission line analysis, tabulated S-parameters and lumped element models for discontinuities such as corners, vias and T-sections.

Ensembles simulation times are quite reasonable, taking about 5 minutes to do 200 frequency points for a circuit like figure 7 on a Pentium II 400MHz /128MB workstation. However, it has no automatic optimization capability so all circuit modifications must be done by hand. Often the time involved in changing the circuit was more than the simulation time. Quite a few days of work could have been saved if some form of scripting language was available to set up a circuit such as in figure 7 and then take five or six frequency plots at different separations.

Putting it together
Once the separations were determined I simulated the entire filter to see what it did. 50 Ohm lines are used to get the signal in and out of the filter and their position along the first and last resonators determines the external Q factor of the circuit.

The first entire filter I simulated, shown in figure 8 only half worked. As we can see, something has happened to the lower transmission zero. After some investigation it was decided that this problem was being caused by unwanted couplings between non adjacent resonators, ie between 1-3, 2-4, 3-5 etc. These couplings are not accounted for in the filter synthesis yet are only one order of magnitude or so lower than the wanted couplings. Several papers reported similar problems [8]. 
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figure 8: Prototype filter with too many cross couplings.
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figure 9: Simulated response of above filter.

Lower zero has gone.

To counter this problem I redrew the filter to help reduce the unwanted 1-3 and 6-8 couplings. The result of this is shown in figure 10. We can see that the lower transmission zero has come back and the filter is now giving a useable response.
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figure 10: Prototype filter laid out flat to reduce

 non-adjacent cross couplings.

 All dimensions in mm
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figure 11: Simulated response of above filter.

Fabrication

Once I was comfortable with the design, it was time to draw the circuit up in Protel and have the photo masks made. I drew three separate masks, one for the filter and two for resonator characterisation. Once they were exported to Gerber format I emailed them to a local company "Precision Graphics" who delivered them the next day.

This first filter was designed for Copper/Duroid construction with E=10.5 and h=0.635. Fabrication consisted of spinning photo resist onto the board, exposing it with the mask under UV light then etching.

I mounted the filter in one of the ATNF's standard boxes and attached SMA connectors to either end. The final product is shown in figure 12.

The boards used for resonator characterisation are shown in figure 13.
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figure 12: Copper prototype filter mounted in ATNF box.
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figure 13: Boards used for resonator characterisation.

Results

Once tuned, the filter gave the response shown in figure 14. The lid seems to reduce the stray couplings between non-adjacent resonators and improve the filter response. This effect was also observed when the HTS filter was tested.
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figure 14: Measured response of copper prototype filter.

The filter center frequency was about 25MHz too low and examination under the microscope revealed that it had been slightly over etched and had lost about 0.03mm all the way around. I simulated the filter with revised dimensions but it did not create the same effect. This leads me to believe that either the dielectric constant or height of the material is slightly different than what was specified. 

The rounding of the filter passband is due to copper and dielectric losses which I verified with the simulator (see figure 15). From the simulation I also noticed that superconductivity was not a magic fix which could be applied everywhere. Examination of the diagram reveals that although there is a loss from the finite conductivity of copper, the large proportion is due to the loss tangent of the substrate (RT/Duroid 6010.5 loss tangent = 0.0023).
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figure 15: Loss mechanisms.

After seeing this I checked the loss tangent of the substrate material which I was planning to use for the HTS filter, Lanthanum Aluminate, LaAlO3. I was happy to discover that its loss tangent of 6.0E-5 compared with 2.3E-3 would present no problem.

With a filter of such a small fractional bandwidth (3 percent) I had expected to do a bit of tuning. My next step was to obtain a lid and plant a forest of tuning screws which could be screwed down into the gap between the resonators. Each screw slightly decreased the fringe field in the gap and served to reduce the coupling between two resonators. This allowed me to slightly alter the stop band response. The lid with the screws can be seen in figure 12.

To correct the center frequency of the filter I experimented with the possibility of trimming a few hundred microns off the end of the resonators with a razor knife. The characterisation boards came in useful for this purpose as their were 8 resonators which I could butcher and directly see the effect on frequency and coupling. 

With a steady hand it is possible to trim lengths of line equivalent to approximately 5MHz at a time off the ends of the resonators. The effect on the coupling coefficients depends on the types of coupling the resonator being modified is a part of. Electric coupling is most effected as the majority of the action takes place via electric fringe fields at the ends of the resonators. Conversely, magnetic coupling is least effected as the magnetic fringe fields circulates the lengths of the resonators away from the ends.

From simulation it was determined that even trimming of the lines does not significantly effect the shape of the filter response as it is shifted by a few tens of MHz. However, reproducibility between hand modifications is difficult to obtain. With more practice and frequent examinations under a measuring microscope it should be possible to trim down the resonators and center the filter on the correct frequency though this has not yet been attempted.

Apart from fabrication tolerances, this prototype was deemed a success and gave a degree of confidence to the HTS design.

HTS Design

The HTS design was similar to the copper design except for a higher dielectric constant, E=24 and a thinner substrate h=0.5mm. The higher dielectric constant reduces the line length required to resonate at the same frequency. It also decreases the width of the 50 Ohm lines. The whole filter becomes much smaller and compact. The final design is shown in figure 16.
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figure 16: HTS filter design. All dimensions in mm.

HTS Fabrication

The HTS material used was double sided YBCO thin film on a Lanthanum Aluminate substrate. Both sides were flashed with gold to provide a surface which could be soldered to. The HTS material is quite expensive so an effort was made to fit the filter on one half of a 50mm diameter wafer.

The filter was fabricated at the Linfield HTS lab and mounted in an existing box. The box was made from a Silicon Carbon Aluminate (SiCAl) base with copper sidewalls and a brass lid. The SiCAl base provides a good thermal expansion match with the LaAlO3 substrate and is also highly conductive. Silver paste was used to provide a good thermal and electrical contact between the ground plane and the base.

The SMA connectors used had a sliding center pin to account for the thermal contraction of the material. Indalloy 290 solder (In 97% Ag 3%) was used to attach the connector pins to the feed lines.

A picture of the final HTS filter is shown in figure 17.
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figure 17: HTS filter in box.
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figure 18: Measured response of HTS filter.

A keen eyed observer may have noticed the mess on the left hand feed line of the HTS filter. When the filter was first cooled this track was pulled from the substrate. Although the connector pins where supposed to slide with the contraction of the device, something obviously went wrong. One possibility is that the pins were sticking in their housing as there was not enough mechanical strength in the YBCO-LaAlO3 bond to prevent it from breaking. Future designs will have the end of the feed several line widths wide to provide a stronger bonding surface.

HTS Results

Once cooled, the filter gave the response shown in figure 18. The shape of the response is quite acceptable, most of the rounding of the passband seen in the copper filter has gone away. The insertion loss in the center of the band was measured at –0.7dB.

There is a slight nick in the lower side of the passband of the simulated response, who’s effects are also seen in the measured response. As mentioned earlier, although the separations of the resonators can be adjusted to give the coupling coefficient required by the filter synthesis tables, the filter synthesis tables to not account for non-adjacent couplings. This has caused the nick in the passband and also the asymmetry in the stop band. There will always be a degree of tuning required if perfect symmetry is desired.

This time, the filter response was 35MHz too high. A HTS film behaves slightly differently to how a perfectly conducting metal would [6]. The simulator used does not take these effects into account though simulators are available which do. There is also a degree of uncertainty in the cooled dielectric constant of the material, it is often quoted as ‘approximately’ 24 [7]. 

HTS Tuning
As with the copper filter the next step was to plant tuning screws in the box lid and attempt to clean up the response. Screws were placed into the fringe fields between the resonators and at the resonator ends to adjust the center frequency.

There is a difficulty in adjusting the tuning screws when the filter is in the sealed vacuum dewar. The first attempted solution to this problem was to screw a test device onto a copper block. The base of the block was then immersed in liquid nitrogen leaving the filter above the surface. This provided a moderate cooling rate for the filter as well as easy access to the screws. Unfortunately a great deal of moisture condensed from the atmosphere and froze onto both the filter body and the part of the block which was above the nitrogen.

As the YBCO HTS film is susceptible to moisture, this procedure was deemed unusable as the device would be ruined when it was re-warmed and the ice liquefied. It is important to note that the filter box is not sealed as there are gaps in the body to account for the thermal contraction of the copper walls.

The next solution was to drill a set of holes in a perspex dewar lid and insert rubber bungs with screwdrivers set through the middle. A picture of the setup used is shown in figure 19.
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figure 19: HTS filter tuning setup.

As the bung cannot be tilted too far for risk of breaking the vacuum seal, there were two separate screwdrivers installed so all screws could be reached.

Even with vacuum grease sealing the rubber-perspex and rubber-screwdriver interfaces there is a small amount of air leakage though it is not problematic. The white circle in the center of the cold plate consists of nitrogen and water vapor which has leaked into the dewar and frozen.

Although the tuning setup was successful, the range of tuning possible was inadequate to significantly improve the filter response. The zero on the low side of the response could be deepened slightly and the passband ripples smoothed out a little. The number of tuning variables / number of screws is quite large which makes the tuning very time consuming and more a process of trial and error than anything else.

More importantly, the center frequency of the resonators was found to be tunable by less than 5MHz or so, a far cry from the 35MHz which the filter was off by.

At this stage, the vacation scholarship period was coming to an end and it was time to leave the project for others to continue.

Future work

The next stage will be to design a filter which is 35MHz too low and have it fabricated on the other half of the wafer used for the first filter. The properties of the substrate should remain relatively constant over the entire wafer and if all goes to plan, the new filter would come out right on frequency.

This trick may or may not work if another wafer is used. There are a number of things to consider, one of them being whether the frequency shift really was due to inaccuracies in the dielectric constant, the simulation model being used, or a combination of both. There is also the question of how other properties of the material vary between wafers.

A more promising and reproducible avenue is to design a filter grossly too low, say 50MHz and have it trimmed down until it is at the right frequency. The Marsfield CTIP site has a focused ion beam machine which should be capable of trimming filters to the correct lengths. From simulation, it was found that the center frequency of the filter can be shifted by this amount without adversely effecting the overall filter response. 

I have designed, simulated and laid out a set of masks for the two filters mentioned. This should serve as a jump start for anyone continuing the work.
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