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   SUMMARY

There have been discussions over the last two years by scientists and engineers of NCRA for upgrading performance of the Giant Metrewave Radio Telescope (GMRT) by a factor of up to four or five by: (a) operating it over a much wider range of frequencies using wide band feeds, (b) improving the system noise temperature, (c) modifying the existing optical fibre transmission system and base-band electronics and (d) developing a wide band correlator. Progress has been made in investigating some of these aspects by the concerned scientists and engineers at the GMRT. We may also consider recent international developments in radio astronomy instrumentation and make suitable choice for upgrade of the GMRT. I may emphasize that this note is my personal perception, concerning mainly (a) Wideband Feeds and (b) Low Noise amplifiers (LNAs), based on my personal experience of the existing systems in GMRT, my recent visit to USA, correspondence with several experts internationally and discussions with concerned members of the GMRT group.
To summarize, as discussed in this note, it seems quite practical to increase the sensitivity of the upgraded GMRT by a factor of about 5 in the frequency range of ~ 600-1430 MHz by improving the RF electronics and developing a wideband multi-channel correlator of 256 MHz or so within a period of ~ 3 years. The cost of this improvement would be only ~ 5% of the cost if GMRT is built today, or ~ 12% of its original cost incurred till about 8-10 years ago. The upgraded GMRT would remain highly competitive to new developments in radio astronomy being pursued in the world. The upgraded GMRT is likely to make many more discoveries about the cosmos, bringing credit to the Indian scientific endeavour.

We consider possible options for upgrading performance of the GMRT by a large factor, taking advantage of some of the work being done at NCRA and RRI and recent developments elsewhere. As an example it is possible to increase the achievable signal to noise ratio of the GMRT quite significantly by decreasing the system temperature of the receivers, including the prime-focus feeds, by a factor of about 1.3 near 325 MHz, factor of 2 near 600 MHz and ~ 1.4 in the range of about 1000-1430 MHz. Further, by increasing the bandwidth of the GMRT from the present value of 32 MHz to about 256 MHz or larger, as  is being seriously considered by NCRA scientists, the sensitivity would further increase by a factor of about sq. root of 256/32 = 2.8. A larger bandwidth may not give a substantial increase in its sensitivity for continuum observations at longer wavelengths because of the dynamic range limitations of radio maps made with the GMRT due to adverse effect of ionospheric irregularities, radio frequency interference etc, but could be of great value for continuum or line observations in the band near 600 MHz and in the L band, say 1000-1430 MHz. Further, for pulsar observations, decreasing the system temperature and achieving a large bandwidth would result in improving performance of the GMRT by a factor of ~ 5 or 6, near 600 MHz and by a factor of about 4 in the L band, due to more sensitive electronics and use of a correlator of large bandwidth and perhaps also a multi-beam processor. For pulsar studies this would be revolutionary and is likely to yield several important discoveries. Besides, nearly continuous frequency coverage from about 50-1430 MHz or even 1670 MHz should lead to many exciting new results and discoveries concerning the Cosmos.
It is noteworthy that the cost of this upgrading would be only about Rs.7  crores ( < ~ $ 1.6 million), that would be only about 4% or 5% of the cost of GMRT if built today and only about 10 to 12 % of its original cost as of 8 or 10 years ago. Resulting astronomical payoffs would be tremendous and thus GMRT would remain very competitive and complimentary with respect to existing major radio telescopes, those being upgraded (e.g. E-VLA) and new radio telescopes being built internationally such as LOFAR. A dedicated team effort, some new manpower in association with RRI and perhaps also in collaboration with IITs and also a firm time schedule would be important. I may add that the upgraded GMRT may be named as U-GMRT (my choice) or E-GMRT (enhanced GMRT as suggested by Dr. V. R Venugopal, former scientist in-charge of RAC, Ooty in a phone conversation and email to me) or as will be considered best by Prof. Rajaram Nityanand and others at NCRA.
We discuss in this note:

 A brief description of the wide band antenna feeds, called as Chalmer’s Feed or “Eleven Feed” developed by Dr. Per-Simon Kildal of the Chalmers University of Technology and also some variants of the primary feeds of the GMRT that is suggested by me in this note. Recent work on focal plane arrays (FPA)for parabolic dishes is also discussed briefly.
Recent developments of the Low Noise amplifiers at Caltech, SETI Institute, University of California, Berkeley, NCRA, RRI, Australia and elsewhere.
Constraints on the choice of wide-band feeds and low noise amplifiers, taking into account the Radio Frequency Interference (RFI) environment in the surrounding areas of GMRT and from the FM and TV transmitters in Pune.  It is possible in principle to design a single wide-band feed to cover a large bandwidth, say from about 150-1700 MHz.  However, HEMT chips, such as InP-HEMT which can be designed to provide low noise temperature of < ~ 20K at UHF and higher frequencies may not be suitable at frequencies much lower, say less than 500 MHz, including consideration of matching impedance of the antenna feed with the required impedance of the LNA for obtaining low noise temperature, over a wide range of frequencies. Further, we have to consider considerable degree of RFI by FM and TV transmitters located near Pune and “Fixed” and mobile services and possible other sources of RFI in the surrounding area of the GMRT. Therefore, we may have to make a suitable choice of  wide-band feeds and LNAs in order to
obtain lowest possible system temperature in various RF bands, and particularly in the RF band of ~ 600-1430 MHz, as well ensuring that any inter-modulation products are minimum and tolerable.
As suggested in this note, a suitable choice of 3 different feeds would make it possible to cover a good part of the frequency range from about 50-1430 MHz, and perhaps also up to the frequency of OH emissions by mega-masers near 1612 and 1670 MHz. The suggested 4 feeds are:
(a) “Eleven Feed” to cover a band of about 560-1680 MHz,
(b) “Eleven Feed” to cover about 210 to ~510 MHz  (avoiding the TV signal at ~535 MHz),
(c) A quad of 4 orthogonally placed dipoles, each with a length of ~half-wavelength at ~75 MHz and separation of half-wavelength at 75 MHz to be placed surrounding the existing 150 MHz dipoles so that the two cover a frequency range of about ~40 MHz to ~155 MHz with suitable amplifiers and filters for rejecting strong signals from FM, TV and other transmitters, considering the existing RFI environment, and
(d) The fourth face can be used for locating a Focal Plane Array (FPA), as is being proposed by the Raman Research Institute (RRI). FPA could be designed to provide a wide field of view in the frequency range of ~ 700-1400 MHz. In principle, one may also consider using FPAs for illumination of aperture of the 45m parabolic dishes of the GMRT for some of the bands listed in the previous paragraphs.  However, FPAs for optimum illumination of parabolic dishes, with an array of at least 9 (= 3x3 dipoles), preferably 25 (5x5 dipoles), and similar nos. of LNA’s at 300K with Tn < ~ 20K at room temperature at each of the 30 GMRT antennas, are still in preliminary stage of development in Australia, Netherlands and USA. Although FPAs may increase illumination efficiency somewhat, it is not clear,  as discussed in this report, whether the FPAs would be able to provide (i) a low value of Tsys giving substantial improvement of signal to noise ratio (Aeff / Tsys), instantaneous bandwidth of ~ 256 MHz and a good polarization capability of the GMRT antennas. 
Reasons for the above possible choices are discussed in the report. The proposed design is likely to be optimized after detailed simulations, prototype developments and testing. I would like to stress that it seems important to upgrade the GMRt over the next few years before SKA comes on line, so that we do not loose in making discoveries using the GMRT.

I may add that in spite of the development of much larger VLA in early 1980s, WSRT continued making international mark as it was updated on several occasions. The extension of the GMRT to ~ 40- 70 MHz can be done in principle within the period of less than 2 years to take advantage of the current solar minimum and it would be scientifically very rewarding. The four sets of feeds, vide (a) to (d) above, can be located on 4 different faces of the existing square-shaped rotating turret located near the focal points of the 30 nos. of the  45m diameter dishes.
There are several other important aspects for upgrading the GMRT, that are being considered by the GMRT group, such as choice of wide band analogue or digital transmission of astronomical signals received by the 45m dishes of GMRT to the central electronics building by modifying the electronics system of the existing optical fibre system, base-band electronics, a software/hardware correlator, multi-beaming capability, etc. We should also develop a suitable mobile RFI direction finder of 4 or 6 monopoles  placed on a jeep, with a correlator, spectrum analyzer, PC, etc in order to locate any mal-functioning or unauthorized transmitters in the surrounding areas of GMRT, apart from considering mitigation of RFI signals. For minimizing the harmful effects of the spark induced pulsed interference produced by the 11 kV HT lines located near the GMRT antennas, relatively simple schemes may be possible for clipping these pulses, or preferably suppressing these to zero, at the base of each antenna ( a new ALC is being planned at GMRT). The 11 kV lines give rise to several sparks during each period of the 50Hz cycle, radiating wideband RF noise signals with duration < ~  100 µsec and peak amplitude of more than ten times that of the receiver noise as observed at the IF output of 16 MHz bandwidth. An early attention is required for mitigation of their harmful effects. For the sake of giving an overview some of the above aspects are briefly discussed in this report. Details of the improvement of the GMRT system are being planned by the present group of the GMRT who have considerable experience.
1. INTRODUCTION

Due to dedicated effort and close team work by all the staff of NCRA, the GMRT is now working satisfactorily and yielding many valuable scientific results. This is a matter of great satisfaction to all those who have been responsible for debugging and successful operation of the GMRT as well to those who were involved initially in setting up the GMRT. The electronics system of the GMRT was designed in late 1980s and early 1990s. Some changes have been done to the Electronics system over the last few years but it would be of considerable advantage to upgrade it significantly, taking advantage of the recent international developments in the field of radio astronomy instrumentation and taking advantage of the work being done currently at NCRA and RRI.

In Section 2, is given a brief summary of the existing electronic system of GMRT, particularly regarding primary antenna feeds and front-end electronics placed near the focal points of the 45m dishes. In Section 3, we summarize the recent novel design by Dr. Kildal of the Chalmers University of Technology in Sweden of a relatively compact wide-band feed for illumination of a parabolic dish. A remarkable feature of this feed is that its beam-shape and phase centre is independent of frequency. We compare this feed briefly with other possible wide-band feeds for the GMRT that have been considered by some of the engineers of GMRT and RRI. In Section 4, we describe recent efforts for developing ultra Low Noise amplifiers in the vhf and uhf that are being made at Caltech, NCRA and elsewhere. We also describe an amplifier designed at the Naval Research Laboratory for the Low Wavelength Array (LWA) in the frequency range of 20-80 MHz which has a high 1 dB compression point that may be useful for the proposed 40-70 MHz feed and for the existing 110-155 MHz band of the GMRT. Some comments regarding the amplifiers of the LOFAR system in Netherlands are also made.

In Section 5 we describe the RFI environment in the surrounding areas of GMRT and make general comments for minimizing inter- modulation products due to non-linearity of amplifiers and optical fibre transmission system. Factors which would contribute to the system temperature, Tsys, of the upgraded GMRT are summarized in Section 6.
In Section 7 are discussed various options for upgrading the GMRT, viz.: (a) the proposed wide-band operation of the GMRT using wideband feeds, (b) lowering the receiver system temperature by using low noise LNA that are connected directly to the feed in order to avoid contribution to the Tsys by lossy cables and polarizer, and (c) minimizing contributions by ground temperature due to spillover of the radiation pattern of the feeds and leakage of radiation from the mesh. We also discuss some other aspects of the front end electronics so that performance of GMRT gets upgraded very significantly. One of the important issues is to make sure that inter-modulation products by strong signals being transmitted by FM and TV services and mobile and fixed communication services do not produce harmful inter-modulation products. In the surrounding areas of the GMRT within about 20 or 30 km distance, there are located several fixed and mobile transmitters. About 70 km away in Pune are located FM transmitters near 100 MHz, an analogue TV transmitter at about 175 MHz and a digital TV transmitter which may get installed near 535 MHz at a future date. The power flux densities of signals received at the GMRT antennas from these transmitters is mostly      < ~ - 80 dBW/ m² There are also mobile communication transmissions from base-stations of mobile cellular services near Narayangaon and Manchar, relatively close to the GMRT antennas in the band of about 850-950 MHz and at about 1800 MHz. Attempts are being made by the GMRT group requesting cellular service operators through the Government authorities to discontinue transmissions near the 850-950 MHz band and to use only bands >1800 MHz.
Since the 1 dB compression value of low noise amplifiers may have a relatively low value, a number of different feeds may have to be used to cover the desired operation of the GMRT from about 50 MHz to 1700 MHz.

Another important issue is the polarization capability of the antenna feeds and associated electronics. For the Chalmers “Eleven Feed”, peak of the radiation beam of the 45-degree cross-polar diagram is in the range of -20 dB to -25 dB below the peak of the co-polar beam, which may give rise to about 5% to 7% error in the values of the measured linear polarization over a wide field of view and perhaps a lower value toward the central beam. For a prototype FPA built for testing at WSRT in Netherlands, the peak of cross-polar is only ~ -15 dB.  A suitable calibration scheme may allow accurate measurement of polarization.. Matrix based polarimetric self-calibration by Hamaker (2000) may allow accurate measurements even for elliptical beam of the FPAs.  Measurement of the polarization of the synchrotron radiation of our Galaxy will provide an important input to the estimates of foreground contamination to the polarization of the cosmic microwave background radiation, which is of great and indeed critical importance as a signature to the Inflation era of the Universe, one of the last frontiers in the Big Bang model, if I may say so!. The GMRT group needs to develop a suitable model to lay down a clear specification of the required degree of cross-polarization for both pulsar observations and other discrete radio sources as well as possible measurement of the galactic polarization of synchrotron radiation at 327 and 600 MHz.
Another issue is the location of the polarizer to yield RH and LH circularly polarized signals. If it is placed in front of the LNA, its loss adds to the system temperature appreciably. Perhaps we may consider placing the polarizer soon after a front LNA having about 15 to 20 dB gain and ensuring that amplifiers connected to the crossed dipoles have good gain and phase stability: the existing L band system of GMRT does not have a polarizer unlike other bands of GMRT and its implications were examined by Subrahmanya, Raghunathan and Sarma (1995). I understand that a polarizer in front of LNAs is also not used in the Australia Telescope and this aspect needs further studies and specifications. We propose a calibration scheme in which a wide band feed is to be placed near the apex of the 45 m dishes for noise calibration, round trip phase measurements as well as calibration of the electronics system
In Section 8, we describe briefly, for the sake of an overview, preliminary plans by various members of the GMRT group concerning modifications of the optical fibre system, base band electronics and proposed software/hardware multi-channel correlator. Conclusions are given in Section 9.
2. A BRIEF DESCRIPTION OF THE ELECTRONIC SYSTEM OF THE GMRT LOCATED NEAR THE PRIME FOCUS OF 45m DISHES.

2(a) Feed System: GMRT consists of 30 numbers of parabolic dish antennas, each of 45 m diameter located in an array of about 25 km in extent (Swarup 1991, http://www.ncra.tifr.res.in). A square shaped rotating turret is located near the prime focus of each antenna for placing primary antenna feeds (Fig. 1), operating in the following 5 bands (Shankar 2003). (i) a quad of four orthogonal fat dipoles for the 140 +/- 20 MHz band, (ii) a dual coaxial feed operating simultaneously near 235 MHz and 610 MHz, (iii) Kildal’s (1982) crossed dipole feed surrounded with an outer ring for 325 MHz +/- 20 MHz (its bandwidth is limited by filters after the amplifier) and (iv) a corrugated horn feed operating from about 1000 to 1430 MHz that was designed and fabricated by RRI (Raghunathan ……).

2(b) Low Noise Amplifiers (LNAs): Signals received by the crossed dipoles or probes of the above primary antenna feeds are connected to a polarizer to yield RH and LH circularly polarized outputs for all the above described four feeds, except the 1000-1420 MHz feed, and then connected to Low Noise amplifiers. The five outputs are connected to a 5:1 switch, solar attenuator and a post-amplifier in a common box and its output is brought to the base of the tower using low loss cables.

2© A block diagram of the Front-end electronics connected to the output signals from the primary feeds is shown in Fig. 2. In Table 1 are given contribution to the system temperature, Tsys, in various RF bands for the existing receiver system of GMRT (Praveen Kumar and Raut 2003). It can be seen from Table 1 that values of Tsys can be decreased considerably by suitable modification of the Front-end electronics of GMRT (see Section 6 of this report).
3. WIDE BAND PRIMARY ANTENNA FEEDS
For operation at microwaves, corrugated horns, quad-ridged feeds and similar structure are generally used for the required wide band feeds for illuminating parabolic dishes. These feeds become rather large in size at longer wavelengths. In the uhf range, a set of four log periodic arrays (LPAs) placed orthogonally provide suitable illumination over a wide bandwidth but the phase centre of the LPAs varies with frequency (Dybdal 1985). Adverse effect of phase variation with frequency for the orthogonal LPA feed developed for the Allen Telescope Array (ATA) has been minimized by using suitable optics of the secondary reflector (Engargiola 2002, 2003), but their feed system is bulky and does not seem to be  practical for a primary antenna feed of the GMRT. Joardar and collaborators (2005) have developed an interesting feed at NCRA consisting of 4 LPAs placed horizontally at right angles to each other and located above an inverse pyramid reflector (Fig. 3). Their design has some similarity of the suggestions by Franks and Elfving (~ 1960). The beam width of Joardar’s feed at half-angle of 62 degrees is only ~ -9dB near 1.4 GHz and ~ -12dB at 600 MHz (and it has relatively large back radiation), instead of the requirement of a taper of at least -14 dB for the upgraded GMRT and also a low value of back radiation, in order to minimize contributions to Tsys by the ground radiation (see Section 6). Further, its phase centre is also likely to vary appreciably with frequency leading to the loss in the aperture efficiency. Also it would not be very convenient to place amplifiers in the inverse pyramid.
I may add that NCRA had requested Australian scientists at Epping to develop a feed for operation from 550-900 MHz with dual operation at ~ 220-240 MHz. This feed has rather large weight of >150kg and if it is deployed on the turret, one would have to put additional weights on other faces in order to balance the turret. It is not at all advisable from safety consideration to load the turret with additional weight of several hundred kg. Also Tsys would not be optimum as the above feed would require connections by lossy cables to the LNAs, as said above a loss of even  a loss of  ~ 0.1 dB adds ~ 7K to Tsys.

Dr Kildal and collaborators of the Chalmers University of Technology have recently developed a novel LPA feed, which has been called earlier as ‘Chalmers Feed’ and recently as ‘Eleven Feed’. In their  design, each of the four orthogonal LPAs consists of a set of folded dipoles that are inter-connected by parallel wire lines and placed over a plane conducting reflecting sheet as shown in Figs. 4 and 5 (Olsson, Kildal and Weinreb, 2005). Two LPAs of the above orthogonal set, consisting of folded dipoles, are inclined with respect to each other at a suitable angle, say about 45 degree to provide a narrow radiation beam with a taper of about 12 dB at a half angle of a parabolic dish of about 60 degrees. This orthogonal set is placed above a plane reflector. Olsson and Kildal (2003, 2004) have presented results derived from simulation studies made by them in Memos 1 to 5. Kildal has filed a patent application for this feed (PCT/SE2004/001178). In the above cited 2006 paper, simulation results are described for a feed designed for operation from 150 MHz to 1500 MHz. Computed and measured parameters for a lab model that is designed for operation between 1 to 6 GHz are also given. A full scale dual polarized unit has also been fabricated and tested for operation in the band of 150 to 1700 MHz and supplied to the MIT Lincoln Lab to be used in the Green Bank 42 m dish (Olsson and Kildal 2005).

The ‘Eleven Feed’ has the following four main features: (a) its phase centre is independent of frequency that is of considerable advantage for feeding a parabolic dish antenna, (b) its beam width is nearly the same for a wide frequency range (Figs. 6 & 7), (c) it is much more compact than a conventional LPAs and remarkably smaller than the ATA feed for the same frequency range (Fig. 8), and (d) it becomes possible to place the Low Noise Amplifier (LNA) immediately next to the feed point of the array just behind the plane reflector as is not practical in many other designs. For conventional LPAs, a   relatively long cable is used to connect the front part of the feed to the LNA, the loss of which may be small but adds to Tsys.. In the case of ATA, the LNA is placed next to the feed point using a tapered balun, both cooled to ~ 55 resulting in a cumbersome central pyramid box so as to locate the cyrocooler.
However, the return reflection loss at the input of the feed as achieved in their present design (Olsson and Kildal 2005) is relatively high (Figs. 9-11) but they plan to improve the same by varying the parameters of their LPA (Olsson et al. 2005). Kildal wrote to me on Sept.25, 2005: “we have ideas of how we can match the Eleven feed to a desired frequency variation for minimizing the system noise temperature. The Eleven feed can be designed for a frequency variation of the input impedance, which is not common with other types of antennas”. It is desirable that the feed should have a -13 or -14 dB taper at the half angle of the GMRT dishes of about 62 degrees in order to minimize spillover radiation and also the 45-degree cross- polar beam should have a value of ≈ - 25 dB with respect to the peak of the main co-polar beam in order to get satisfactory polarization capability. Analysis needs to be done by the GMRT group to specify the desired requirements of the acceptable peak values of the 45 degree cross-polarization radiation. Kildal has replied to my queries that he would gladly consider our requirements and a suitable design could be developed for illuminating the GMRT dishes over a wide frequency range, perhaps using 2 or 3 feeds. I have suggested to Raghunathan and Amiri at RRI and G. Sankar at GMRT to make simulation studies of the “Eleven Feed”, taking the dimensions of the feed as given in Memo 5 of Olsson and Kildal (2004), using appropriate electromagnetic code software. It may be useful to fabricate a prototype feed and to test it. Also it may be integrated with a LNA of low Tn, to be able to make suitable specifications for the final feed.
We may also explore possible involvement of a group working in the field of electromagnetic at one of the IITs or IISc. The results may be compared with those presented by Olsson & Kildal in Memo 5. One can then have meaningful discussions with Kildal and request him to give an optimum design. It may be noted that Kildal’s group has made several detailed investigations of the required antenna feeds for illuminating parabolic dishes.
In Section 7 are discussed possible choices for prime-focus feeds of the GMRT in order to allow its operation from a frequency of about 40 MHz to ~1700 MHz, except in close vicinity of the frequency bands of the FM, TV and other transmitters. We suggest adding a quad of 4 fat folded-dipoles resonant at 75 MHz to be placed on the same reflector outside the present 150 MHz feed, so as to enable use of 40-155 MHz band for operation of the GMRT.  The proposed arrangement will allow use of different amplifiers for the band of about 40-75 MHz and 110-155 MHz, to get a low value of Tn and yet minimize values of inter-modulation products.
4. LOW NOISE AMPLIFIERS (LNAs)
Sandy Weinreb and co-workers at Caltech have been developing optimum LNAs for the frequency range of about 500 MHz to11 GHz for the ATA and US-SKA project. As has been highlighted by Weinreb, it is important to eliminate the passive balun placed usually between the balanced inputs of the feed and LNAs because the loss of the balun adds to Tsys by a significant amount (Fig. 12). Therefore, Wadefalk & Weinreb (2005) have developed a MMIC for an Active Balun LNA (ABLNA), consisting essentially of a differential amplifier (Fig. 13). The amplifier is placed in a pulsed-tube cooled cyrocooler or a Sterling cycle cooler. At a temperature of ~ 70 K, the noise temperature Tn of the amplifier is less than 15 K in the frequency range of about 500 MHz to 8 GHz (Fig. 14). The chip is likely to be produced in quantity of ≈ 1000 as required for the ATA and prototype units of the US-SKA project. Weinreb (2005) has presented status report and key issues concerning the development of feeds, LNAs and other systems for the SKA RF receivers as required in the frequency range of 0.15- 34 GHz.  It is likely that suitable LNAs may become available soon.
Gawande (2005) and Gawande, Wadefalk & Weinreb (2005) have made an amplifier using an experimental chip made of metamorphic HEMT that gives Tn of < 25 K at room temperature of ~300K in the frequency range of  0.6-1.6 GHz (Figs. 15-17). There are uncertainties of +/- 10K in measurement of low values of Tn due to the uncertainties of commercially available noise standards and their input impedance, the latter requiring an isolator (Weinreb et al. 2005,Weinreb 2005). Further work needs to be done for making room temperature LNAs to operate over a wide frequency range (at least 500-1500 MHz). Also, design needs to be developed of a suitable MMIC for the active Balun (ABLNA) to be used with the LPAs of “Eleven Feed” developed by Olsson, Kildal and Weinreb (2005).
Jackson (2005) in Australia has developed a receiver signal chain in a prototype 0.18 µm CMOS RFIC for the SKA project. Praveen Kumar and Anil Raut (2005) at the GMRT are also developing a low noise amplifier for upgrading the performance of the GMRT by reducing its present Tsys. They do not have any plans to develop a suitable MMIC because of lack of required facilities. Further, it may not be easy to develop a low noise amplifier at room temperature of 300K that has Tn < ~ 15K in the frequency range of about 600 MHz to 1430 MHz, considering input impedance variation of the antenna feed, as is required for upgrading  performance of GMRT by  an optimum amount (see Section 6).

Although, Olsson and Kildal (2005) have developed a feed that operates from about 150 MHz to 1700 MHz, the choice of primary antenna feeds (2 or 3) to be placed near the focus and  frequency ranges is dependant on minimizing any inter-modulation products and yet achieving a low value of Tn near 325 MHz and from ~ 600-1430 MHz.  These design constraints are further discussed in Section 5 and 6.

5. INTERMODULATION PRODUCTS BY SIGNALS OF FM, TV AND OTHER TRANSMITTERS RECEIVED BY DISTANT SIDELOBES OF THE GMRT ANTENNAS.

5.1. In the Internal Technical Report, Parts I and IV, Swarup (1998a, 1998b) has tabulated values of the field strength (power flux density: PFD) of RF signals received at the GMRT site in the year1998 and earlier. These values are tabulated for signals received in the frequency range of about 100 MHz to 350 MHz. I had corrected the observed values by estimating the collecting area of the antenna feeds used for the surveys made by me in 1998 and by others, particularly by T.L. Venkatasubramami (TLV). The values derived are in units of watts/sq.m or dBW/sq.m., rather than dBm as is often quoted by some of the workers at GMRT in recent surveys. Taking an area of the distant side-lobes of the GMRT antennas corresponding to G = 1, as recommended by ITU (actually it may be lower by a factor of few for some of the feeds used), we can calculate the power received by the side-lobes of the GMRT antennas at the input of the RFI monitoring amplifier.
5.2. I may summarize here, for the purpose of further discussions in Section 5.2, that the values of the PFD of the FM transmitter from Pune in 1998 was estimated by me (Swarup 1998a) as about -90 dBW/sq.m., and a similar value for the 10 kW TV transmitter at Pune near 174 MHz from Pune. The estimated path loss between Pune and the GMRT site at Khodad varies from about -130 to -150dB, depending on the seasonal values of parameters of the troposphere (with a mean value of about -140 dB; it would be worthwhile to monitor this value by periodically monitoring, say ~ every week, the carrier signal received from the TV transmitter at ~174 MHz using the RFI monitoring set up at the GMRT site.
5.3. Recent measurements by TLV of the 10-kW TV transmitter at ~ 535 MHz at the Singhgad hill near Pune are also likely to give power flux density at the GMRT antennas of about -90 to -100 dBW/sq.m.. Several signals that were observed in 1998 near the GMRT bands, particularly in the 150 band and 235 MHz bands were found to have PFD ~ -120 dBW/sq.m. Particularly the RF band > 156 MHz seems pretty crowded. Several relatively weaker signals had values of about -130 to -155dBW/sq.m, the latter being the limiting sensitivity of the surveys (Swarup 1998b).

5.4. Joardar (2003) has developed a RFI monitoring and direction finding set up at the GMRT. He has also written reports (Joardar 2005) summarizing results of the surveys made in some of the RF bands. It would be valuable to summarize from his surveys values of the PFD in units of dBW/sq.m or dBm/sq.m, for making a detailed analysis of the inter-modulation products for the selected amplifier chips in various frequency bands being planned for the wideband operation of the upgraded GMRT. Joardar has placed amplifiers near the top of the tower of his setup and these seem to have limited dynamic range at present (he is proposing to use better chips). If the present amplifiers could be bypassed temporarily or installed near the bottom of the ~15m high tower, the new spectrum analyzer at GMRT with a high sensitivity and minimum inter-modulation products could be used  to estimate values of signals of the relatively high values of PFD that are likely to be received at the GMRT from transmitters in the band of about 100 MHz to 1800 MHz, including from the mobile base stations in the area closer to the GMRT antennas at  ~ 850-950 MHz and >1800 MHz.

5.5. Praveen Kumar et al. (ITR Sept 2005).have measured 1 db compression point at the output of the existing L Band Amplifier of the GMRT as being -15 dBm and 3rd order Output Inter-modulation product (OIP3) to be  ~ 0  dBm. The amplifier has gain of about 42 dB. They have estimated for this amplifier 3rd Order Intercept Point at Input (IIP3) and   Power of the 3rd order IM products (PIM3) corresponding to input power of fundamental tones in dBm (Pf). They have thus estimated the “Spurious Free Dynamic Range (SFDR)”. We may also estimate likely inter-modulation products corresponding to the minimum detectable signals using approach such as by Ellingson (2004). As per ITU recommendation RA 769, the level of minimum detectable signal at the INPUT of the RA receiver is given as ΔP = k Tsys.ΔB / (Δt.Δ B)½  =  k Tsys ΔB½ / (Δt)½  , where B is the bandwidth of the protected bands of the radio  astronomy service and Δt = 2000 seconds for the purpose of estimating the harmful radiation levels of RFI. For minimizing harmful radiation to GMRT, it is desirable that the input inter-modulation products (IIMP) of strong signals received at the GMRT site and also if combined with several weaker signals should be lower than the values given in the tables of recommendations of RA-769 (see   ITU Radio Astronomy Handbook in our library). We can conclude from the above discussions that there is need for using chips for LNAs selected for the upgraded GMRT, which should have high values of 1 db compression point (or preferably 1% compression values) and also of the 3rd Order Intercept Point, yet that these chips or MMICs should give values of Tsys < 20 K at L band and < 25 K near 600 MHz.  In a recent ITR, Praveen Kumar and Raut (2006) have summarized data of expected Tn of various available chips. Weinreb (2005) has summarized status report of present and likely developments of LNAs in the White Paper of the SKA RF Task Force. It is clear that further investigations and development work is necessary for  meeting the specifications required for LNAs  at frequncies > 300 MHz..

5.6. At low frequencies of <~ 100 MHz, there has been several developments. Naval Research Lab has developed an amplifier for the Long Wave-length Array (LWA) using the Mini- Circuits GALI- 74 amplifier. It has P(-1db) compression value of ~19 dBm, and IIP3 = 37 dBm with NF 2.7 dB. Ellingson (2004) and Bradley (2004) have made detailed evaluation of this amplifier. LOFAR project in Netherlands are planning to use for LFEE Miteq (model) no.AU-1464-8898 at f <~200 MHz, with max. NF of 1.2 dB, P1dB = + 7  dBm (van der Marel 2005). The above devices could be a possible choice for the RF bands for the upgraded GMRT of  ~ 40-70 MHz and ~110-155 MHz.
5.7. The input impedance of the proposed 75 MHz dipoles of length ~λ/2 at 75 MH is quite high at frequencies of ≈ 40-60 MHz, with resistance being few ohms and capacitance being tens of pf , resulting in a high VSWR of the dipoles with length <λ/2 only at the lower frequencies. Since the Galactic temperature is quite high at these frequencies, the signal to noise of a radio astronomy signal from discrete sources will not suffer provided suitable amplifier circuit is used (see Ellingson 2005 and references therein).

6. Tsys of UPGRADED GMRT USING ANTENNA FEEDS WITH TAPER OF -14 dB AND LNAs WITH Tn < ~ 30 K, 25K and 15K AT 327, 610 and 1420 MHz RESPECTIVELY.

6.1. There are several factors which contribute to the system temperature, Tsys, of radio astronomy receiver, (i) sky temperature due to the Galactic background, (ii) contributions by temperature of the ground due to the spillover radiation of the primary antenna feed and leakage of the relatively coarse mesh used for the reflecting surface of the GMRT antennas, (iii) scattering by the quadrupod legs supporting the feed (iv) feed loss, (v) loss of input cables & polarizer and (vi) noise temperature, Tn, of LNAs.

6.2. Contributions by the ground-temperature can be decreased significantly by using a primary antenna feed with a low degree of spillover. Further, we propose to use an active balun LNA (ABLNA) with lowest available noise temperature, as discussed in Section 4.

6.3. Using the model developed by Fisher (1984), Shankar (2006) has calculated spillover efficiency, Es, illumination efficiency, Ei, and their product called taper efficiency, Et, as a function of the edge taper for the GMRT dishes (Fig.17). It can be seen that the taper efficiency, Et has a maximum value of ~81% for edge taper of -10 dB and decreases to ~78% for a taper of -15 dB. On the other hand the spillover contribution by the temperature of the ground decreases from ~ 21 K to ~ 5 K for taper of -10dB to -15dB respectively (Fig.18). A smaller value of the edge taper leads to a significant decrease in T spillover and a lower value of Tsys, thus off-setting decrease of  Et from 81% to 78% and  increasing significantly the achievable signal to noise ratio of the GMRT antennas , particularly in the 600 MHz to 1430 MHz range. For the curves of Fig.18, the value of the ground temperature has been assumed as 250 K, considering that the absorption coefficient of the ground at UHF is about 0.8 (Fisher 1984, Allen 1968). The present value of the taper of the radiation patterns of the GMRT feeds is about -12dB, -10 dB and -15 dB at ~327, 610 and 1000-1430 MHz respectively.
6.4. In Table 2 are given estimated values of Tsys at 327, 610 and 1430 MHz   for assumed values of Tn of 30 K, 25 K and 15 K respectively, which are achievable as per discussions in Section 4. We have assumed a taper of -14 dB for the primary antenna feeds for the above bands (Section 5). The present values of Tsys for the GMRT antennas and electronics are given in the last but one line of the Table 2. The improvement factors of Tsys are tabulated in the last line. It is seen that the sensitivity of GMRT can be increased by a factor of ~ 1.6, 1.5, 1.3, 1.8, 1.7 and 1.5 at 150, 235, 327, 610, 1000, and 1430 MHz respectively.
7. OPTIONS FOR UPGRADING THE GMRT.

7.1.  CHOICE OF FEEDS

In order to select 2 or 3 RF bands for the proposed wideband operation of the GMRT from about 40-1700 MHz, it would be valuable to measure values of PFD of strong signals at the GMRT site, select available LNA chips, specifify the required filters, and develop a model for the inter-modulation products, similar to that by Ellingson (2004) for the LWA amplifier. As discussed in the Summary, my preliminary assessment is that we may require 3 different feeds to cover the frequency range of 40-1430 MHz or perhaps up to ~1700 MHz.
7.1.1. FEED FOR ~560 MHz to 1700 MHz (FEED No. 1)
We may request Dr. Kildal to optimize the “Eleven Feed” to cover a RF band of  ~   560 or 580 MHz to ~1450 or 1700 MHz with (a) a taper of at least -13 dB, preferably -14 dB in order to minimize spill over contribution to Tsys, (b) minimum expected loss of the feed < 0.1dB, preferably ~ 0.05 dB, by using appropriate materials for the conductors of the feed and or even silver or gold plating, (c) return loss of < -10 dB and a low level of  45 degree cross-polarization radiation pattern of the feed. Water proofing of the feeds has to be appropriately designed. Another feed may be designed for the RF band of ~ 210-510 MHz. We may invite Dr. Kildal to visit India for discussing achievable specifications of the required Feeds. Since the proposed ‘Eleven Feed/ for the RF band of ~ 560-1700 MHz band is quiet compact (Fig. 19), it may perhaps be possible to locate a quad of four fat dipoles around the Eleven Feed (Fig. 19) for operation around the RF band of 230-234 MHz which is protected by the Government of India for operation of the GMRT. This design of 4 dipoles is similar to that of the present 150 MHz feed of GMRT. Dimensions of the proposed 240 MHz dipoles are given in Fig. 20.  However, one has to make sure that the 230 MHz feed does not affect the performance of the 560-1700 MHz feed. Otherwise, we may reconsider the requirement of simultaneous observations at 235 and 610 MHz.
7.1.2. FEED FOR THE BAND ~210 MHz to ~520 MHz (FEED No. 2):

We may also consider using the design of the ‘Eleven Feed’ for covering the band ~ 210-520 MHz. The overall dimensions of this feed will be about 2.5 times that of the ‘Eleven Feed’ shown in the central part of Fig.19.

7.1.3. FEED FOR THE BAND ~ 40 MHz to 155 MHz (FEED No. 3).
In Fig. 21 is shown a proposal for Feed No. 3 consisting of two separate sets of co-located feeds for operation in the frequency range of ~ 40-70 MHz and 110- 155 MHz. The proposal is based on the present 150 MHz feed system of the GMRT antennas which consists of a quad of four orthogonally placed relatively ‘fat’ folded dipoles with a length of ~ λ/2 at 150 MHz. These dipoles are placed at a height of ~ λ/4 over a conducting reflector screen. We propose co-locating another set of 4 ‘fat’ folded dipoles with a length of ~ λ/2 at 75 MHz around the 150 MHz set of dipoles. The size of the present reflecting screen is to be increased from the present value of 2400 mm to ~ 3000 mm or as much would be permissible as not to restrict its rotation of the turret located behind the focus of the GMRT dishes. Several design considerations for this  proposal are discussed below:

(7.1.3.a). In the RF band < ~ 30 MHz, a large no. of powerful RF communication signals are broadcast world wide. At < 40 MHz, the ratio of diameter of GMRT antennas to wavelength is < 6 so that the gain of the 45 m dishes drops rapidly but may be usable up to ~ 30 or 35 MHz . Although the size of the half-wavelength dipoles is  relatively large at these frequencies, dipoles of a fraction of a wavelength have nearly the same gain as that of half wavelength dipoles but their input resistance is very low and reactance (due to capacitance) is very high. However, by using a voltage amplifier rather than a normally used current amplifier, the short dipole can be made quite efficient regarding achievable signal to noise ratio of the desired weak signal, if the background temperature such as by the Galaxy (or city noise for a communication receiver) is quite high, as is true at long wavelengths (Ellingson 2005b and references there in). Further, in order to achieve a taper of  about -8 or -10 dB, it is important to use a pair of dipoles separated by  > ~  0.25 wavelength. The dimensions of the reflector is required to be > ~ 0.6 wavelength. We have to ensure that the reflector does not interfere with the quadrupod legs, as the turret supporting the feed and the reflector is rotated.

(7.1.3.b). The suggested frequency band of 40-70 MHz or 40 – 60 MHz is based on the following criterion, though this aspect needs further examination after RFI survey at the GMRT site. The band of ~ 70 to ~ 88 MHz is heavily used in India by various agencies in India and the band 88-108 MHz is used for FM broadcast services. The band of  108 MHz to ~ 130 MHz is used internationally for civil aviation services but is relatively not so crowded at all times except near the major airports. The band -130-156 MHz is also allotted to many services but is not very crowded. The band 151-153 MHz is protected for radio astronomy service in India. The band from about 110 MHz to 156 MHz may be usable if the receiver has a good dynamic range and the GMRT correlator has a large number of narrow band channels to allow online mitigation of RFI to the wideband receiver of the GMRT. Above about 156 or 157 MHz there are several fixed and mobile transmitters near the GMRT site and in Pune. In the band ~ 174- 180 MHz exists a 10 kW TV transmitter in Pune. There are also several TV transmitters at Mumbai, Ahmadnagar etc. in the RF band up to ~210 MHz at distances of about 100 to150 km. As described elsewhere, the power fux density of these transmitters at the GMRT antennas has been measured to lie in the range of ~ - 80 dBW/m²  to < -155 dBW/m²
 7.1.4. FOCAL PLANE ARRAY FOR THE GMRT ANTENNAS (FEED No. 4)
   As suggested in this report, the fourth face will be available for future use e.g. for locating a Focal Plane Array (FPA) as proposed by the Raman Research Institute, for detecting spiral galaxies or massive HI condensates in the redshift range of ~  0.1 to ~ 1.0, using GMRT. This seems to be an important objective and will be supplementary and competitive compared to the proposed SKA-demonstrator projects in Australia and South Africa. FPA would provide a wide field of view in the frequency range of ~ 700-1400 MHz. In principle, one may also consider using FPAs for illumination of the 45m parabolic dishes of the GMRT for some of the RF bands.  However, FPAs for optimum illumination of parabolic dishes, along with the required nos. of at least 9 preferably 25 nos. of Vivaldi LNA’s  with Tn < ~ 20K at room temperature of ~ 300 K, at each of the 30 GMRT antennas (with some additional dummy antennas), are still in preliminary stage of development in Australia, Netherlands and USA. Some of these developments are summarized below:
For the technology demonstrator of SKA, the Dwingeloo group is planning to build a Phased Array of 625 m², called “Embrace”, with about 50000 elements in the frequency range of 400-1550 MHz , Tsys < 100 K at 1 GHz (aim for 50 K), instantaneous bandwidth of 40 MHz (van Ardenne et al. 2004; Wostenburg and Kunen 2004). The Australian group is planning to develop a concentrator + phased focal plane array feed covering one octave around 1400 MHz for studying HI in the local universe at 1.0-1.4 GHz as a survey instrument and also VLBI observations 2.3 GHz (Norris 2004). A more sensitive instrument called HYFAR has also been proposed. Ivashina et al. (2004) have described the performance of a prototype FPA with 5x5 and 3x3 feeds for testing at WSRT. Jackson (2004) has described RF design of a wideband CMOS integrated receiver for phased array applications for direct conversion of a 500-1700 RF band to baseband including a RF high-pass filter to suppress strong interfering signals of  the FM broadcasting band (88-108 MHz).
It is not clear whether the above developments would be able to provide suitable LNAs and associated circuits over the next 3 to 5 years yielding  (i) substantial improvement of signal to noise ratio (Aeff / Tsys) of the GMRT antennas ( Tn < ~ 15 or 20 K at ~ 600 and at ~ 1400 MHz), instantaneous bandwidth of ~ 256 MHz  and a good polarization capability.
7.1.5. GENERAL COMMENTS:
One may wonder as to why am I suggesting a feed for 560 MHz to about 1430 MHz band and another for the 210 MHz to 520 MHz band, both based on the design of the “Eleven Feed” developed by Kildal and his group. There are three  considerations:

(a) It may be difficult to design LNAs giving Tn <  ~  25 K over a frequency range of ~ 210-1700 MHz including losses of the antennas and associated circuits,
(b) likely inter-modulation products of relatively strong RFI signals outside the band of 560-1430 MHz as observed at the GMRT site, may result in spurious signals of ~ 10‾18 to ~ 10‾20 which would be harmful for sensitive radio astronomy observations as recommended in ITU RA 769 , but it could be that the new LNAs with large dynamic range may not give rise to such weak products, and

© FEED LOSS may exceed 0.1 dB  if one designs an “Eleven Feed” for operation in the band of about ~210-1430 MHz or even up to ~1700 MHz.
As noted above, a feed loss of about 0.1 dB will add ~7 K to Tsys which should be maximum allowable value if our objective is to increase the sensitivity of GMRT in the band ~1000 MHz to ~ 1430 MHz by a factor of about 1.4 (a minimum factor of about 1.3), which is certainly possible by decreasing the Tn to < 20 K , preferably < 15 K using a cyrocooler or new LNAs under development at 300K. An improvement of the sensitivity in the band ~1000-1430 MHz by a factor of ~1.4 may give new results about the cosmos. Also, it would imply half the observing time and therefore appreciable less effort in data reduction (time of an astronomer and research students is indeed very expensive!)

One may consider operation of Feed No.1 (Fig. 19) up to 1.7 GHz for observing mega-masers, provided any inter-modulation products are acceptable from the relatively strong signals received from ASIASAT operating in the allocated band by ITU of ~1450 MHz to 1495 MHz, transmissions of GPS and GLONASS and also cellular transmissions at > ~ 1800 MHz.

I have described various design constraints. These aspects need to be looked carefully but in the final reckoning one should take an early decision, rather than postponing the matter by another year or two, because it would take considerable time to develop prototypes. Based on tests made on the prototypes, one can fine tune the parameters or even design choices. As discussed below, one should also develop state of art filters to suppress any strong signals after the first stage of amplification and this would require another dedicated effort
7.2. LOW NOISE AMPLIFIERS:
As highlighted earlier that although LNAs with lowest possible noise are selected, one should also ensure that the LNAs have sufficiently high input 1 dB compression value and 3rd order input inter-modulation intercept point. This aspect is particularly important in the lower RF bands. Fortunately, the available chips with relatively high Tn are able to satisfy the above criterion at frequencies < 200 MHz .

It is desirable to achieve lowest possible Tsys in the L band of GMRT from ~1000-1430 MHz. Although there is some indication that LNAs at 300 K may provide Tn of less than 20 K but it has not been demonstrated as yet.  Further, lot of development work is needed for developing a MMIC for the required ABLNA. On the other hand the MMIC that has been for developed by Wadefalk and Weinreb (2005) for ABLNA placed in a cyrocooler at 77 K provides Tn < 15 K  in the frequency range of about 600 MHz upto ~ 8 GHz. ATA may use this device for 350 antennas placed in an economical cyrocooler costing ~ $ 5000-8000 depending on the quantity and other specs. This is certainly an attractive option for the GMRT and should be considered seriously. We may purchase at the earliest two units of these economical cyrocooler from the same vendor as ATA and also hopefully get a few MMIC from the courtesy of Caltech and SETI institute for experimentation. To summarize, for the upgrade of the GMRT, we should attempt to develop a suitable ABLNA providing Tn < 15 K  at L band and < 25 K at ~ 600 MHz.
I may add that the ATA group is perhaps testing a cooled wideband balun and an amplifier using HEMT SN/80D that provides Tn = 3.5 K in a cooler @12 K. Norrod and Mani (2006) have made Gain Compression measurements for this amplifier. A 12 K cooler is expensive but I wonder as to what would be its performance at ~ 70K.
8. OTHER EFFORTS REQUIRED FOR UPGRADING THE GMRT

8.1.   For noise source calibration, one may install a wide band feed at the apex of each of the 45 m dish, e.g. the ‘Eleven Feed’ similar to the 150-1700 MHz developed by Kildal’s group for MIT. This would require secondary calibrations over the GMRT RF bands which seems practical. This feed would allow round trip phase measurements for the entire electronics and also possibly calibration of the band-pass of various bands used for observations at the GMRT using a comb generator as is used for LO generation at the VLBA by R. A.Thompson. 
8.2.   It is not the purpose of this note to discuss the required upgrading of antenna based electronics at the base of each antenna, systems in the central electronics building (CEB) and also development of a wide-band correlator which are being seriously considered by several persons in the GMRT group. For the sake of an overview a very brief discussion is given here of the transmission of signals from the front-end electronics to the CEB.

8.3.   From the feeds and LNA placed at the focal point, it is planned to bring all the signals through wideband amplifiers placed in a common box as at present and then to the base of the antennas using the existing low loss cables. Filters that can  be selected by digitally control switches will be placed in the room at the base of each antenna, e.g. ~ a filter for the band 1000-1450 MHz, followed by a few narrower switch-able filters in this band, and similarly for other bands from 40 MHz to 1000 MHz. In other words, it would be desirable to install a cascade of two or three filters for each of the three feeds, a broad band and a few narrow band filters, corresponding to desired bandwidth of astronomical observations in order to minimize any inter-modulation products by the laser diode electronics. The optical fibre link will have a bandwidth of about 2 GHz but only the desired band being observed will be selected and signals transmitted on the optical fiber link from each antenna to the CEB.. It may be noted that there already exist two single mode fibres from each of the 30 antennas to the CEB.

8.4.   A brief description is also given here of the planned optical fibre transmission. The GMRT optical fibre group  has been considering to bring either analogue or digital signals (8 or 10 bits) as received by all the feeds on one of the two optical fibres from each antenna using Wavelength Division Multiplexing (WDM) at for the two polarizations. Alternatively, each of the two polarized signals may be transmitted on the two existing separate fibres. From the feeds at the focal point. it is planned to bring all the signals through a wideband amplifier to the base of the each 45m antenna. As suggested by the GMRT optical fibre group, it seems possible to transmit
8.5.   One has also to ensure that the present receiver system remains in operation and is not disturbed during the proposed upgrading of the electronics system of the GMRT. As suggested by the optical fibre group it seems possible to transmit LO synchronizing signals and telemetry signals on one of the two optical fibres by installing directional couplers and isolators so that the existing system is not disturbed while upgrading of GMRT is taking place. Similarly, both of the signals of the two polarizations being transmitted to the CEB at present, after being mixed by the LOs to IF band, can be brought to the CEB by analogue modulation of the laser diodes at ~1300 nm as at present OR alternatively (through switches) using WDM transmitter at ~ 1500 nm. One may also consider transmitting to the CEB the wide-band signals of each of the two polarizations on two separate fibres.

9. CONCLUSION

   The electronics system of the GMRT was planned in late 1980s and early 1990s. Some modifications have been done over the last few years but no major change has been executed. It seems prudent now to consider its upgrading taking advantage of recent developments in availability of electronic devices with much better specifications than available earlier. A group effort, additional manpower and a budget of 6 to 8 crores would be required. The GMRT group plans to consider these aspects seriously soon..

As discussed in this note, it is possible to increase the achievable signal to noise ratio of the GMRT significantly by decreasing the system temperature of the receivers by a factor of about 1.3 near 325 MHz, factor of 2 near 600 MHz and about 1.4 in the range of about 1000-1430 MHz. Further, by increasing the bandwidth of the GMRT from the present value of 32 MHz to about 256 MHz or larger, as is being seriously considered by NCRA scientists, the sensitivity would further increase by a factor of about sq. root of 256/32 = 2.8. A larger bandwidth may not give a substantial increase in its sensitivity for continuum observations at longer wavelengths because of the dynamic range limitations of radio maps made with the GMRT due to ionospheric irregularities, etc, but could be of great value in the L band, say 1000-1430 MHz H. Further, for pulsar observations, decreasing the system temperature and achieving a larger bandwidth would result in improving the performance of GMRT by a factor of about 5 or 6, particularly near 600 MHz and by a factor of about 4 in the L band, particularly due to a large bandwidth correlator and a multi-beam processor. For pulsar studies this would be revolutionary and is likely to yield several major discoveries. Besides, nearly continuous frequency coverage from about 50 MHz to 1430 or even 1670 MHz should lead to many exciting new results and discoveries concerning the Cosmos

This is a preliminary proposal based on my familiarity of the GMRT electronics during initial years. I am sure that the present GMRT group which has a great deal of experience would  improve on these suggestions and make suitable improvements. Comments and suggestions on this report would be very much welcome. .
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TABLE 1: Present system temperature, Tsys, of the GMRT receivers at the central frequency of the five RF bands. Contributions to Tsys by the polarizer, LNA, cables, ground temperature due to spillover and background sky temperature are indicated in the Table. It is clear that Tsys can be decreased considerably by using a better feed with lower spillover and by upgrading the receiver system (see Table 2).   
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TABLE 2: Expected decrease and improvement factor of the system temperature, Tsys, (degrees K), of the upgraded GMRT. It is assumed that the LNAs are cooled for frequency band > ~ 600 MHz and Active Balun LNA are placed next to the balanced feeds to minimize any cable losses. Polarizers may be placed after the LNA if required.  

_______________________________________________________________________FREQUENCY (MHz)        150         235         327         610        1000      1430   

________________________________________________________________________                 

Feed Taper (dB)                    -11         -13         -13         -14           -14         -14

 _______________________________________________________________________

  Values are in ºK                            

1. Spillover by feed               15          9.5         9.5          7                7           7

2. Feed leg scatter                   4          4            3.5           3.5             3.5        3.5

    + blockage

3. Mesh leakage                       1          1            1             2               14        15

4. Feed Loss                          10         10           7             7                 7          7

(0.15 dB, f < 327 MHz

and 0.1 dB f > 600 MHz)

5. CMBR                                  3           3          3             3                 3           3

6. Sky backgnd.                     250         80        34             7                 2           2

7. LNA + Rx.                          40          40        25           25               15        15        

==============               ===       ===      ===        ===            ===      ===

Total Tsys. ( K)                     323       148        83           55               48        49

(upgraded GMRT)

==============               ===       ===      ===        ===            ===      ===

Total Tsys (K)

Present GMRT) **               580        234      108         101              83        72

==============                 ===        ===    ===        ===            ===     ===

Improvement factor:

Tsys (present/                        1.8          1.58      1.3         1.84            1.73     1.47   

Tsys (upgraded)

==============                ===        ===      ===        ===             ===     ===

 NOTE: Spillover efficiency x Taper efficiency is about ~ 81% for taper of -11 dB and ~ 78% for -14 dB.  Values of spillover loss and leg-scatter are based on computations by G. Sankar based on equations given by R. Fisher (1976). It may be noted that the overall efficiency of the GMRT antennas exceeds 50% at lower frequencies but is only about 38% in the L band because the wire-mesh reflecting surface has rms error of about 1cm, on an average.   

  FIG.1. EXISTING FEEDS AT THE PRIME FOCUS OF THE 45M DISHES              OF GMRT
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Fig, 2. Block Diagram of the GMRT front end electronics near the Prime focus of 45m dishes 
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Fig.3. Orthogonal set of four log-periodic antenna feeds placed at right angles to each other in one plane and located above a metallic stepped pyramidal reflector.
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FIG.4. CHALMERS FEED (ELEVEN FEED)

(OLSSON & KILDAL 2004)


[image: image5.emf]A Pair of Log Periodic Array  is  inclined by  45 degree 

angle to each other and also placed above a metal 

reflector to provide a -12 dB or -13 dB beam for half angle 

of about 60 degrees. An orthogonal pair of feed receives 

orthogonal linear polarization


FIG.5. BRIEF DESCRIPTION OF CHALMERS FEED

(OLSSON & KILDAL 2004)


[image: image6.emf]Chalmers Feed consists of a LOG PERIODIC ARRAY of FOLDED 

DIPOLES that are interconnected using parallel wire lines


FIG.6. DIMENSIONS OF CHALMERS FEED 

IN UNITS OF MAXIMUM WAVELENGTH

& 45 DEGREE CO-POLAR AND CROSS POLAR

DIAGRAM.


[image: image7.emf]45 deg plane co- and cross-

polar far-Field patterns for 

ground-plane of width of 

about one wavelength


FIG. 7. RETURN LOSS & TOTAL EFFICIENCY  


[image: image8.emf]Return loss and total efficiency

considering aperture 

and reflection loss


FIG. 8. CHALMERS FEED IS MUCH MORE COMPACT

THAN THE ATA FEED (OLSSON & KILDAL 2004


[image: image9.emf]Chalmers Feed is much more compact, only 8 cm compared to 

length of 120 cm  of the Feed of the Alan Telescope Array (ATA).

Both have been designed to operate in the frequency band of 800 

MHz to 11 GHz


FIG.9. A PICTURE OF 150-1700 MHz CHALMERS FEED

(OLSSON & KILDAL 2005). 


[image: image10.emf]150 to 1700 MHz Chalmers feed Technical description

OLSSON &  KILDAL CHALMERS UNIV. TECH.  Sweden, 

2005


 FIG.10.  12-dB SEMI BEAM-WIDTH FOR 150-1700 MHz FEED               (OLSSON&KILDAL 2005).        
[image: image11.emf]Measured and computed 12 dB  semi beam-width in the 

45 degree plane for the 150 MHz-1700 MHz feed 

supplied by Chalmers group for installation in the140 ft 

dish at Green Bank.

Measured and computed 12 dB  semi beamwidth in the 45 degree plane.


The feed has relatively large feed loss : specs were: <0.4 dB, return
loss of up to -5 dB and 45-degree cross polar peak of about -15 dB 
only. It is planned to improve on these specifications in future work.

                 FIG.11. THREE TYPES OF BALUNS REQUIRED FOR 

                 BALANCED FEED (WADEFALK & WEINREB 2005)

[image: image12.emf]ACTIVE BALUNS

•

Future wideband large arrays need to use a minimum 

of receivers per antenna to reduce cost, and therefore 

very wideband antenna feeds are necessary. Ultra 

wideband feeds generally have balanced outputs.

•

There are 3 feed different ways of amplifying 

the signal from a balanced feed:

(A). A Passive Balun followed by an amplifier. (but loss of the 

balun adds noise to the receiver)

•

(B) An active Balun consisting of an amplifier connected  to each 

terminal of the balanced feed 

•

(C) An active Balun consisting of a differential amplifier connected 

to the

balanced feed.


FIG.12. MMIC FOR ACTIVE BALUN LNA (ABNA)

DEVELOPED BY WADEFALK & WEINREB (2005) 
[image: image13.emf]Layout and schematic of the balun
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• 2*1.4 mm chip size

• 0.5-15 GHz source impedances and )

•3 stages of amplification (6 HEMTs)

• Two first stages are of differential pair type 

and the last a common source

• NGST 0.1 µm InP HEMT process

• No on-chip input matching network  

makes it versatile. Can be used for different 

frequency ranges (within

Circuit symbol 

schematic


                FIG.13. MEASURED NOISE TEMPERATURE OF ABLNA

                DEVELOPED BY WADEFALK & WEINREB (2005).


[image: image14.emf]Measured differential mode noise and gain at 300, 77 and 12 K
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WBAL2 active balun at different temperatures

Gain @300K [dB]

Gain @77K [dB]

Gain @15K [dB]

Noise @300K  [K]

Noise @77K  [K]

Noise @15K  [K]

Gain [dB]

Noise [K]

Frequency [GHz]

@300K:

Vd=1.80V

Id=100mA

Vg=0.132V

Ig=

V-=-1.50V

I-=

@77K

Vd=1.60V

Id=74.5mA

Vg=0.155V

Ig=0.0uA

V-=-1.2V

I-=-40mA

@15K:

Vd=1.40V

Id=64.5mA

Vg=0.18V

Ig=0.0uA

V-=-0.85V

I-=-31mA

A large ripple is present in the 

noise, especially at 300K. The 

reason for this is unknown.

Tn<80K @300K

Tn<20K @77K

Tn<7K @15K (1-10GHz)

The result agrees well with 

simulations, but is slightly 

higher than we measured on a 

single-ended LNA. The 

difference can be explained by 

the very different methods 

used to measure the noise in 

the two cases.

RFI below 1 GHz makes 

measurements impossible.


                      FIG.14. VERY LOW NOISE AMPLIFIER BY 

                      GAWANDE (2005) AR ROOM TEMPERATURE.


[image: image15.emf]Very Low Noise 0.6-1.6 GHz Amplifier 

Operating at 300K (

circuit based on device parameters  

from software simulation) (

Gawande Aug 2005)
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       FIG.15. MEASURED NOISE TEMPERATURE FOR 

       VERY LOW NOISE AMPLIFIER (GAWANDE 2005).


[image: image16.emf]Figure 12: Measured Noise using Y factor method between  305K load and Liquid Nitrogen load 

(Freq range 0.1-3.1GHz, no. of points 401, RBW=5MHz

N1: VBW= 0.3 KHz, N2: BW= 0.03 KHz, N3: VBW=0.3 KHz 

Average ON) (Gwande-aug2005)

0.6-1.6GHz LNA Noise Measurement using Y 

factor
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      FIG.16. MEASURED NOISE TEMPERATURE AT A VERY LOW
      NOISE TEMPERATURE SEEMS TO VARY DEPENDING ON 
      THE NOISE  DIODE USED (GAWANDE 2005):.

[image: image22.emf]0.6-1.6GHz LNA Noise measurement using noise 

diodes
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 FIG. 17.  Spillover efficiency (dashed line), illumination efficiency       (solid line), and their product called taper efficiency as a function of edge taper of the radiation pattern of the feed at the prime focus. 
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Fig. 18. Contribution to the antenna temperature by the ground radiation due to spillover of the illumination pattern of the feed and also leakage of wire mesh as a function of edge taper of the feed
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 Figure 19: Proposed ‘Eleven Feed’ for the RF band 560-1700 MHz for the GMRT; proposed folded dipole for 240 MHz is also shown and could be placed only if it does not affect the performance of the 560-1700 MHz band.
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Figure 20: Sketch of the 240 MHz fat dipole similar to the existing 150 MHz dipole. It could be placed as shown in Figure 19 only if it does not affect the performance of the 560-1700 MHz band.            
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Figure 21: Proposed feed for the band 40-70 MHz band placed outside the existing 150 MHz feed.     
             [image: image21.jpg]2000 -

—1000——

HASE CEN

2]

3

P =3

Ll \\/
P
X i

SCALENTS




      
_1200772836.ppt


Layout and schematic of the balun

		 2*1.4 mm chip size

		 0.5-15 GHz source impedances and )

		3 stages of amplification (6 HEMTs)

		 Two first stages are of differential pair type and the last a common source

		 NGST 0.1 µm InP HEMT process

		 No on-chip input matching network  makes it versatile. Can be used for different frequency ranges (within
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