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3.. Instrumentation 
Thiss chapter firstly deals with the work done on the filter bank that was obtained from 
Caltech.. Even though PuMa - after a period of parallel processing - took over the place 
off  the filter bank at WSRT, the alterations and improvements of, and additions to the 
filterr bank still form a substantial part of the efforts for this thesis. 
Thee second part of this chapter is a separate document, the so-called PuManual, which 
givess a description of PuMa's design and design considerations, next to an account of its 
functionalityy and parameters that can be chosen by the observer to best match the 
requirementss of the observation. 

3.13.1 Signal propagation at WSRT 
Inn order to get a feeling for where the filter bank, and later PuMa, fit in the path that the 
signalss from the pulsars follow at WSRT, a simplified flow diagram is presented in 
Figuree 3-1. Each radio telescope has a set of orthogonal X and Y dipole antennae. After 
amplificationn the 80 MHz wide signals of the individual telescopes are split into eight 
bandss of 10 MHz for each of the two polarisations. These signals are digitised and 
digitallyy delayed so as to compensate for the differences in arrival time of the extra-
terrestriall  signal at each telescope. This allows the signals of the telescopes to be added 
coherentlyy as if the signal came from one large single-dish telescope; this configuration of 
thee observatory is called the tied-array. 
Att WSRT the various timing signals are obtained from a hydrogen MASER, which is 
synchronisedd by signals from the Global Positioning System. From this MASER two 
timingg signals are made available. These signals are used to synchronise the various 
clocksclocks on board the filter bank or PuMa and to give a well-defined starting moment for 
eachh observation. At the time of PuMa's installation at WSRT, the timing inaccuracies of 
thesee clock signals were less than 100 nanoseconds. PuMa's own timing inaccuracies 
amountt to a few nanoseconds. 
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Figuree 3-1 coupling of the filter bank and PuMa to the rest of WSRT. The 80 MHz wideband signals 
fromm the 14 radio telescopes (RTs) are split into eight 10 MHz bands. The resulting signals are added 

inn "tied-array" configuration, so that the pulsar backend receives signals as from one single large 
radioo telescope. Next to the telescopes' signals, two timing signals are obtained from the 

observatory'ss MASER. 
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3.23.2 The Flexible  Filter  Bank. 

3.2.11 Introduction . 
Inn the early nineties an agreement was reached between California Institute of 
Technologyy (Caltech) Dr. S.R. Kulkarni, the University of Amsterdam (UvA), 
Astronomicall  Institute 'Anton Pannekoek' Dr. E.PJ. van den Heuvel and the Netherlands 
Foundationn for Radio Astronomy (ASTRON) Dr. H.R. Butcher, for the design and 
constructionn of a radio pulsar detection machine. 
Caltech'ss main role was in the basic and detailed design, and subsequent construction of 
twoo prototypes, one for the VLA (radio observatory in the USA) and one for WSRT (an 
arrayy of 14 radio telescopes and part of ASTRON). 
Thee machine is based on a technique known as a filter bank, a device that splits a wide 
bandd of radio frequencies into several bands (or channels) of smaller bandwidth so that 
thee smearing of the pulses per channel due to dispersion in the interstellar medium is 
reduced.. Such a machine is primarily used to search for new pulsars and to study the 
integratedd pulse profile; for high-precision pulsar timing observations, requiring a high 
temporall  resolution, this approach is normally not accurate enough. 
Unlikee more traditional machines, with fixed filters, which set the bandwidth of each 
channelchannel and the amount of on-board integration, the Caltech design was called the 
Flexiblee Filter Bank (FFB) as its (analogue) filters were all digitally tuneable over a wide 
rangee of frequencies. 
Althoughh many were involved in the hardware and software development of the FFB, its 
mainn contributor was Gautam Vasisht, then a graduate student of Kulkami at Caltech. 
Thee latter also contributed to its design. 

3.2.22 A brief overview of the original Caltech design. 
Inn his thesis Vasisht (1996) amongst others reports on the design of the FFB. Chapter 2 
describess the design considerations and the hardware set-up and appendix 1 is in fact its 
hardwaree manual. The software for setting the FFB hardware and controlling the taking of 
dataa were beyond the scope of his thesis. 
Thee FFB design assumes that WSRT splits the maximum sky bandwidth of 80 MHz into 
88 bands (for both the X and Y polarisations) of maximal 10 MHz; WSRT is then in 'tied-
array**  mode. 
Inn addition to the signals from the sky, the FFB is fed with a very stable 5 MHz sinusoidal 
signall  and a 0.1 Hz pulse-shaped signal derived from WSRT's hydrogen MASER for 
controllingg its various functions. 
Figuree 3-2 shows a block diagram of the various signal processing and controlling 
moduless of the filter bank (except for the 16 AGCs - automatic gain controls - which 
weree added near the end of the revamp of the filter bank at WSRT). 
Withh four local oscillators (LOs) - each with two outputs with 90° phase difference - and 
1288 analogue multipliers (mixers), the 8x2 incoming bands are split into 
(8x2)x(4x2)=1288 channels. As an analogue multiplier converts the incoming band into 
twoo so-called side bands (sum and difference frequencies of the channel frequencies and 
thee LO frequency), 128 low pass filters are used to eliminate the unwanted upper bands. 
Thee signals that result from mixing a given signal with the LOs with 90° phase difference 

Q Q 

aree indicated by Sin and Cos . 

88 These two signals are orthogonal, i.e. the expected value of their inner product equals zero. 
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Figuree 3-2 the various modules of the filter  bank, WSRT's first pulsar  backend. 

Thee same low pass filters determine the bandwidth of the resulting signals and hence can 
bee used to reduce the dispersion smearing. An unwanted side effect, however, is that the 
smallerr the output bandwidth, the more of the incoming bandwidth is lost. 
Analoguee (four quadrant) multipliers square the ongoing signals. In doing so, the 
resultingg signals are no longer proportional to voltages, but proportional to the power of 
thee signals from the telescopes. 
Thee detected (squared) Sin and Cos are added, resulting 
inn a boost of the signal-to-noise ratio (SNR) by a factor 
V22 and a reduction in the number of channels to 64. The 
mainn data reduction is in the following step where 64 low 
passs filters reduce the bandwidth, albeit at the potential 
costt of eliminating some of the higher harmonics of the 
pulsedd signal from the pulsar. The next step, though not 
shownn as a separatee stage in the figure9, is the removal of 
thee DC component of the squared signals. The final step 
inn the data processing is the digitising of the analogue 
signalss by 64 2-bit digitisers. The resulting flow of digital 
numberss is stored onto hard disk and later onto magnetic 
tapee (Exabyte). The 'spaghetti' in the lower-left of Figure 
3-33 is where the many inputs to and outputs from the 
mixerss meet. 
Thee filter bank, when it arrived mid 1994 at WSRT had -
ass all prototypes usually do - a number of shortcomings 
andd errors in its design. Also the Caltech staff had not 
beenn able to fully test the machine prior to its shipment to 
thee Netherlands. 
Nearerr the end of that year the hardware was such that the first observations were 
possible,, albeit that the SNR of the detected signals was still far from desirable. Around 
thee second half of 1995, however, the filter bank became fully functional and it was a 

Figuree 3-3 the almost complete filter 
bank.. The artificia l pulsar  is on top 
off  the rack in the black enclosure. 

Thee DC removal in the original design was not an explicitly recognisable stage in the signal path. 
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positivee sign for its acceptance that its nickname at the observatory changed from 'The 
Beast'' to 'Beauty1. 
Thee author is not sure that he would have had the stamina to complete this task entirely 
onn his own and hence he is most grateful for the assistance he received from Hans 
Weggemanss in particular, and Harm Jan Siepel, both from ASTRON. Any required 
changess and additions to the control software were made by Will Deitch, at the time also 
fromfrom ASTRON. 

3.2.33 Modifications made at WSRT 
Thiss is not the best place to report the many items, ranging from conceptual and design 
errorss to deviations between the supplied FFB schematics and their realisation in the 
circuitryy in its various units and on the various printed circuit boards. For the sake of 
completenesss the lamentation of most of these items is given in appendix B (9.2). 

Ass already stated in chapter 2 the filter bank wasn't really suitable for the sort of 
observationss that were originally intended. However, working at WSRT and on the filter 
bankbank proved to be an excellent training school for acquiring the necessary knowledge and 
understandingg of radio astronomy in general and of radio pulsar observations in 
particular.. It was at that stage that the ideas for a new pulsar machine started to emerge. 
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3.33.3 PuMa - WSRT's new pulsar  machine 
PuMaa - now sometimes referred to as PuMa I or Puma Classic - was fully installed at 
WSRTT near the end of 1998 and has been in operation ever since; but not unchanged. Of 
coursee there were some 'teething' problems, which is not unexpected with a machine of 
suchh complexity. Also there were difficulties not unlike those that were faced when the 
filterfilter  bank was installed at WSRT, and are commonly known as 'not invented here'. 
Otherr problems were related to the integration of PuMa into the infrastructure of the 
observatory.. It has always been the understanding that PuMa would be operated under 
andd controlled by WSRT's new Telescope Management System (TMS) for which PuMa 
wass fully prepared. As TMS at the time wasn't in a state where it could actually take 
PuMaa into its operation10, the control via PuMa's ' o p e r a t o r' programme had to be 
revampedd somewhat from a testing tool to an easier to operate user interface. 
Itt didn't take long before an area for improvement emerged. The decision on how PuMa's 
observationall  data would be stored was postponed as long as possible during PuMa's 
realisation.. The main problem here was that an observation could yield as much as 
644 GByte of data temporarily on hard disk, and burning a hundred CDs wasn't considered 
aa reasonable option. At the time the somewhat affordable DLTs' * emerged, but the 
recorderss weren't compatible with PuMa's workstations. Another option was looked into 
wheree the data would be sent over the local area network to a storage device shared with 
thee new DZB backend at WSRT, but no firm solution on that issue was available either. 
Inn the end the PuMa team opted for the latest version of the DAT (digital audio tapes) 
calledd DDS3. Each tape can hold approximately 12 GBytes, so in the worst case some 6 
tapess would be required. 
Thee main problem with these tapes was that, apart from the laborious handling and 
changingg of tapes (invariably in the middle of the night ©) the transfer of data at 
-11 MByte/s per tape drive was such that only after a day and a half of taping, PuMa's 
hardd disks could be cleared again for a next round of observations. 
Thiss and some more modifications were taken on board by a new team - PuMa II - under 
thee leadership of some of the younger generation of radio pulsar astronomers. In the 
meantimee PuMa's workstations were replaced with faster ones and the data storage is 
noww done by means of a carrousel of Exabyte tapes and can be operated remotely and 
withoutt supervision. 
Itt is very rewarding for the author of this thesis to see that the original PuMa project is 
stilll  very much alive and improving all the time. 
Inn the meantime, the author was asked to join (and has joined) the Technical Committee 
off  the PuMa II project and as such is involved in the development of plans for a next 
generationn pulsar machine. With the new DZB, WSRT wil l extend its bandwidth from the 
presentt 80 to 160 MHz, and there is quite a challenge to develop a machine that can 
actuallyy handle up to 640 million samples per second. 
Inn the new set-up, the 160 MHz wil l still be spread over eight bands and so the highest 
timee resolution wil l be 25 ns when the 20 MHz bandwidth is sampled at Nyquist rate. If 
att all possible the author will endeavour to see whether it is possible to recombine in 

Thee understanding at the time of writing of this thesis is that ASTRON is working on the linking of PuMa 
too a stripped-down version of TMS. 
111 Digital Linear Tape, then proprietary hardware of Digital Equipment Corporation. 
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softwaree the eight bands into a single 160 MHz band and hence to achieve a time 
resolutionn of ~3 ns. The suggested method is to convert the time series of the eight bands 
too the frequency domain with Fourier transforms. As originally these eight complex 
spectraa were part of eight adjacent frequency bands, these spectra can be stored in one 
arrayy which is eight times as long, thus forming a spectrum of a single 160 MHz band. Of 
coursee this spectrum could be transformed back to the time domain, but as the first step in 
coherentt dedispersion is a Fourier transform from the time to the frequency domain, this 
stepp can now be omitted. Undoubtedly there will be many pitfalls and traps12 on this road, 
butt the thought of being able to study giant pulses and drifting sub-pulses at that sort of 
timee resolution is quite stimulating. 
Butt that is another story - this thesis is about the original PuMa. 
Thee remaining part of this chapter is in a separate document called PuManual, PuMa's 
userr manual that describes PuMa, both in terms of its design and design considerations, as 
welll  as its operation and the parameters that control its performance in the various modes 
off  operation. 

KMmmi KMmmi 
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Figuree 3-4 the cover  of PuManual, with the 'counterpart*  of the picture on the cover  of this thesis. 

Requestss for copies of PuManual can be addressed to the ASTRON13 Foundation, 
(Stichtingg Astronomisch Onderzoek in Nederland), which is the owner of PuMa. 

122 A.k.a. foot angles and clams. 
133 ASTRON can be found on Internet at www.astron.nl. 
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