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Who ran to help me when I fell,
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Or kiss the place to make it well?
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-Ann Taylor, ‘My Mother’
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that thy days may be long upon the land which
the Lord thy God giveth thee.

-0ld Testament, Exodus, XX, 12
(5th. Commandment)



Abstract

A Digital Spectral Correlator for GMRT

The Giant Metrewave Radio Telescope (GMRT), the world’s largest radio telescope in the
metrewave range, is an array of 30 antennas spread over approximately 25 Sq. Km. and situated
about 80 Km. from Pune, India. It is being built as a major national facility for research in
Astrophysics.

The GMRT antennas are equipped with highly sensitive superheterodyned radio receivers op-
erating in six frequency bands between 50MHz and 1420 MHz, with a maximum bandwidth of
32MHz. The GMRT receiver electronics outputs four analog signals - two sidebands for each of the
two polarizations - of 16MHz bandwidth for each of the 30 antennas. The 120 analog signal streams
thus obtained are then input to the Correlator - the digital backend for real-time processing of
these signals.

The GMRT correlator is required to compute the cross-power spectrum of signals from all 4335
(20£29) antenna pairs as well as their associated auto-power spectra. This required a computing
power of about 400 Giga Flops, which necessitated the development of a special purpose hardware,
specific to this application. The author was a core member of the team which designed and
implemented this complex signal processing system. This thesis describes the basic specifications
of the GMRT correlator and the design employed to meet them.

Each of the 120 analog signals is first sampled by the correlator and compensated for path
length differences. A real-time Fourier transform is then performed on each of these to compute
their spectra. The voltage spectra thus obtained are input to a multiplier array which computes
the auto and cross-power spectra for all antenna pairs.

The correlator thus comprises of four major blocks, viz.,

1. The ADC Subsystem : Samples the 120 analog inputs at 32MS/s.

2. The Delay Subsystem : Any value of delay upto 128 usecs. can be compensated for, in steps
of 32ns. These delay values are dynamically adjustable to compensate for effective path

length differences produced due to rotation of the earth.

3. The FFT Subsystem : Performs upto 512-point Fourier transform in real-time to compute
the spectra of each of the 120 inputs. It thus provides a maximum of 256 spectral channels
for each input. ‘

4. The MAC Subsystem : Multiplies the FFT outputs to compute the self and cross-power
spectra for all the antenna pairs. It provides a total of 238080 complex accumulator channels.

The discussion presented in the thesis includes the circuit-design and packaging aspects of the
various subsystems and the procedures employed to test, validate and integrate them.
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Chapter 1

INTRODUCTION

Many of the modern buildings in [taly are historically known to have been butlt out of
the pillaged structures of older days. here we may observe a column or a lintel serving
the same purpose a second time....J will pursue this rough simile just one step further,
which is as much as it will bear. Suppose we were building a house with second-hand
materials carted from a dealer’s yard, we should often find considerable portions of
the same old house to be still grouped together....So in the process of transmission by
inheritance, elements derived from the same ancestor are apt to appear in large groups.

—~ Sir Francis Galton.

The question of how the Universe began has fuelled the irrepressible human
curiosity since time immemorial. The night sky has always been a challenge
for him to comprehend; for Man has always found himself limited by his
modest powers of perception, which seem meagre to probe the vast expanse
of the Universe which beckons him. Telescopes gave Man, a way to reach
out to the distant stars. Today, Radio telescopes extend his reach to realms
which he cannot perceive with his eyes. The endeavour to build more, and
yet more powerful telescopes is not new. The GMRT is the latest of these.
This chapter provides the relevant aspects of Astronomy and radio tele-
scopes, which will form the backdrop for the discussion in the later chapters

1.1 Correlation and Correlators

Ever since Sir Francis Galton (1822-1911), in his endeavour to “quantify” the abstract nature of
family traits, introduced the concept of “correlation” to the repertoire of logical techniques at the
disposal of mankind, its use has been widespread. Pearson describes Galton’s pioneering concept
of a correlated system of variates as, the representation “by a single numerical quantity of the
degree of relationship, or of partial causality, between the different variables of our ever changing

-

universe”. _
Correlation owes its near ubiquitous application to the quantity it “measures” - similarity.

In all walks of life and reasoning, whenever and wherever, one needs to espouse the cause-effect
relationship between events of various kinds, one, often sub-consciously, subscribes to the concept
of correlation. One often observes certain events occurring either simultaneously or in succession,
and correlates them to establish some common property between them. In such an event, one says

that the two events are correlated.
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CHAPTER 1. INTRODUCTION 2

One then naturally expects that science, that branch of knowledge involving systematized
observation and experiment, would find this concept indispensable. Of course, Biology interprets
correlation as “a mutual relationship or balance existing between different functions, structures,
or characteristics in a plant or an animal”; Geology as “the determination of the characteristic
or chronological equivalence or relationships between geologic phenomena or events, usually in
separated areas” and Statistics as “the strength of the linear dependence between two random
variables”.

The concept of correlation finds widespread use in various disciplines of engineering. Signal
processing applications in various fields use correlation as the basis of their algorithms and tech-
niques. Indeed, correlation finds use in Aviation as CORRELATION DETECTION - a method
in which moving aircraft or spacecraft are detected by comparing a signal, point to point, with an
internally generated reference; in Military Science as CORRELATION DETECTION and RANG-
ING (CODAR) - a system of submarine detection using sonobuoys dropped from naval aircraft.
Variation in time and phase of acoustic signals transmitted by radio from the sonobuoys to the
aircraft indicate the location of the submerged submarines; in Material Science as CORRELA-
TION HOLE - an area in a polymer melt where there is a reduced concentration of similar units;
in Telecommunications as CORRELATION DISTANCE - an important measure of correlation in
which the line of regression that is fitted to the points on a scatter diagram is done in such a
way that the sum of the squared deviation from the line is at a minimum. Not only these, but
disciplines as diverse as Economy, too, find use for correlation.

A large number of instruments utilise correlation as the crux of their operation; CORRELA-
TION TRACKING SYSTEM - a trajectory measuring system in which various signals obtained
from a single source are correlated to determine the phase difference between the signals; COR-
RELATION ULTRA- SONIC FLOWMETER. - a device that measures the rate of fluid filow by
recording the amount of time it takes for discontinuities in the fluid to travel between two corre-
sponding transducers that emit and detect high frequency sound.

Today, research in Optoelectronics has produced Optical Correlators that can differentiate
between similar and dissimilar faces  (Fig.1.1, Source: [1]). Global Positioning System (GPS)
- originally a concept for the use of the military, revolutionised navigation, and has now found
use in innumerable number of civilian applications; places where accurate measurements of either
position or time are required, utilise GPS. And, Correlators are at the heart of GPS devices.

The Correlator, as pertaining to electronics, is a logic device that detects weak signals by
an operation approximating the computation of the correlation function, in which a reference
signal representing the expected signal is constructed, and compared with the receiver input, to
distinguish between the noise and the signal components. It is to this variety of the correlator that
this thesis pertains.

In order to appreciate the context in which the Correlator system, as described in this thesis
is used, a brief introduction to Radio Astronomy is given below.

1.2 Radio Telescopes and Receivers

In this section, an overview of radio astronomy and radio telescopes will be given from the point
of view of setting the framework for a later discussion of correlator which is a backend of a radio
interferometer. The discussion of radio astronomy is rather simplistic and is just sufficient to give a
feel for the quantities which an astronomer wants to measure from a radio telescope. The material
presented in this section has been collected from a variety of books and review papers ([2] - [12]).

Radio Astronomy is the study of the Universe through the radio window of the electromagnetic
spectrum (Fig. 1.2, Source: [4/Fig. 1.1). It is just one of the many branches of astronomy - X-ray,
Infrared, Ultraviolet, Optical, Gamma Ray - to name a few; each specialising in utilising a part of
the electromagnetic spectrum to perceive the Universe, stars, the space between stars (Inter Stellar
Medium), Stellar Systems, their distributions, kinematics and dynamics.
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Optical Image Processing
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OUTPUT fram OCD camexa displayed on TV mardtor.
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Figure 1.1: The Joint Transform Correlator (1 of 5)
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More informadon Dr._ S Bogdueal

Figure 1.1: The Joint Transform Correlator (2 of 5)
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Figure 1.1: Output of the JTC with similar faces as input (4 of 5)
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[

Figure 1.1: Output of the JTC with dissimilar faces as input (5 of 5)

Fig. 1.3 shows the various radio frequencies/bands allocated exclusively for radio astronomy
by the World Radiocommunication Conference-1997 (WRC-97).

In the forthcoming sections, a brief introduction to modern Radio telescopes and receivers is
presented.

1.2.1 The Radio Telescope

All telescopes - radio, optical, X-ray - couple the radiation from the Universe to the astronomer’s
measuring devices. The Universe is presented through measurements of intensity and state of
polarisation as a function of frequency, angular position and time. The instantaneous values of
intensity vary randomly due to the intrinsically stochastic radiation processes, and also because
the real world is constantly agitated by quantum fluctuations. Further, the fluctuations arising
from extraneous signals added by nature and by man, only add to randomness of the incoming
radiation. The measurement process consists of estimating average values for these quantities, and
the behaviour of the Universe is then inferred from these estimates. The term ”Radio telescope”
is used to include the device that measures the received power, the input circuitry, radio receiver
and the power measuring device.

A modern Radio Telescope (Fig. 1.4, Adapted from [4] Fig. 1.6) consists of one or more
antennas which with their feeds collect the radio power from the distant celestial source. After
pre-amplification at the feed point, the signal power is conveyed by cables to a main receiver
building. Here, it is amplified further, detected and integrated and the output is either displayed
or recorded or both. In case of multiple antennas, the power from each may be combined with the
others, before processing and subsequent record or display.
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13,360 -13,410 kHz,
25,550 - 25,670 kHz,
37.5 - 38.25 MHz,
73 -74.6 MHz in
Regions 1 and 3,
79.75 - 80.25 MHz in
Region 3,

150.05 - 153 MHz in
Region 1,

322 - 328.6 MHz,
406.1 - 410 MHz,
608 - 614 MHz in
Regions 1 and 3,
1330 - 1400 MHz,
1610.6 - 1613.8 MHz
1660 - 1670 MHz,
1718.8 - 1722.2 MHz
2655 - 2690 MHz,
3260 - 3267 MHz,
3332 - 3339 MHz,
3345.8 - 3352.5 MHz

4825 - 4835 MHz,
4950 - 4990 MHz,
4990 - 5000 MHz,
6650 - 6675.2 MHz,
10.6 - 10.68 GHz,
14.47 - 14.5 GHz,
22.01 -22.21 GHz,
22.21-22.5 GHz,
22.81 -22.86 GHz,
23.07 - 23.12 GHz,
31.2 - 31.3 GHz,
31.5-31.8 GHz in
Regions 1 and 3,
36.43 - 36.5 GHz,
42.5 -43.5 GHz,
42.77 - 42.87 GHz,
43.07 - 43.17 GHz,
43.37 - 43.47 GHz,
48.94 - 49.04 GHz,
72.77 - 72.91 GHz,
93.07 - 93.27 GHz,|-

97.88 - 98.08 GHz,
140.69 - 140.98 GHz,
144.68 - 144.98 GHz,
145.45 - 145.75 GHz,
146.82 - 147.12 GHz,
150 - 151 GHz,
174.42 - 177.4 GHz,
177 -177.4 GHz,
178.2 - 178.6 GHz,
181 - 181.46 GHz,
186.2 - 186.6 GHz,
250 -251 GHz,
257.5 - 258 GHz,
261 - 265 GHz,
262.24 - 262.76 GHz,
265 - 275 GHz,
265.64 - 266.16 Ghz,
267.34 - 267.86 GHz,
271.74 - 272.26 GHz

Region 1 = Europe and Africa; Region 2 = Western Hemisphere;

Region 3 = Asia and Australia.

Figure 1.3: The Frequencies Allocated for Radio Astronomy
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1.2.2 How does the Radio Telescope SEE?

The observed response of a radio telescope antenna to a sky brightness distribution - the quantity
to be measured - is proportional to the convolution of the antenna power pattern and the brightness
distribution. Thus,

So) = [ BOP - 9)ds (1)
—00
where, S(¢g) = observed flux-density distribution
B(¢) = true source brightness distribution
P(¢) = normalised antenna power pattern
¢o = angular displagement

The resolving power of the telescope is limited by diffraction; according to the Rayleigh criterion
the angular resolution of a radio telescope is given by

§ o XD (1.2)

Hence, for a given wavelength, increasing the diameter D of the radio telescope results in better
resolution. As a comparison, if we take the human eye to be sensitive to say 50004 and its diameter
to be approximately lcm, the resulting angular resolution obtained is

8 = A\/D = 5000X10"%cm/1lcm = 5X10~%rads ~ 10arcsec (1.3)

To get the same resolving power at a wavelength of say, 1m, the diameter of an antenna needs to
be
D = \/§ = 1m/(5X107%) = 20Km. (1.4)

The largest single dish telescope, as of today, is the Arecibo dish, 305m in diameter. Thus, in
order to fulifill the need to obtain higher angular resolutions at practical costs, one employs the
technique of interferometry using an array of antenna elements.

In general, it can be shown that the angular resolution of an interferometer is inversely pro-
portional to the separation between the antennas. Hence, the farther the antennas are, narrower
is the beam. An interferometer measures a quantity known as visibility V5(Sy), related to the sky
brightness distribution B(¢o) by

B(¢o) = So /+o° Vo(sa)e™92mor($0=0¢0) 4o, (1.5)
—o0
where, B(¢) = true source brightness distribution
¢o = angular displacement
sy = s/Ais the spatial frequency related to
the interferometer element spacing s
So = flux density of the source

In practice, an interferometer measures the cross-correlation of the electric fields arriving at a pair
of antennas, after suitably compensating for path length differences; these cross-correlations are
directly related to the visibility.

A solution of eqn. (1.5) requires observations at suitable intervals out to sufficiently large
spacings, a high source signal-to-noise ratio, and no other (confusing) sources of significant flux
density in the individual element response pattern. Thus, there are practical limits to the detail
with which the source distribution can be determined. The spacing interval need be no smaller
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than 1/a, where a is the full source extent. Increase in detail is obtained by having several
antenna elements at various spacings observing the source simultaneously. The output from these
elements is then combined to obtain an aperture much larger than that of the individual elements
- a technique known as Aperture Synthesis. Another form of aperture synthesis known as the
Earth Rotation Aperture Synthesis, makes use of the earth rotation along with the multiplicity of
antenna elements to obtain sufficient coverage of spatial frequencies (which define what is known
as the u-v plane) in order to obtain a sufficiently detailed image (the brightness distribution) of
the source (Fig. 1.5, Source: [7] p. 210). ‘

Fig. 1.6 (Source: [7] p. 211) is a superposition of the optical and radio images of Centaurus
A. The radio image is the central bright region of Fig. 1.5 magnified sixty times. This shows the
vast difference between the perceived structure of sources in the optical and radio domains. The
optical domains often reveal only a fraction of the corresponding image in the radio domain.

1.2.3 Kinds of Radiation

The voltages induced by cosmic source radiation are generally referred to as signals, although they
do not contain information is the usual engineering sense. Such signals are generated by natural
processes and have the form of Gaussian random noise. For most radio sources the characteristics of
the signals are stationary with time, at least on the scale of minutes or hours typical of the duration
of an observation. Gaussian waveforms of this type are assumed to be identical in character to the
noise voltages generated in resistors and amplifiers. Such waveforms exhibit ergodicity.

Most of the power is in the form of continuum radiation, (Fig. 1.7, Source: [6] Fig. 1.1) the
power spectrum of which shows slow variations with frequency and may be regarded as constant
over the receiving bandwidths of most instruments.

In contrast to continuum radiation spectral line radiation (Fig. 1.8, Source: [5] Fig. 1.2) is
generated at specific frequencies by atomic and molecular processes. A fundamentally important
line is that of neutral atomic hydrogen at 1420.405 MHz, which results from the transition between
two energy levels of the atom, the separation of which is related to the spin vector of the electron
in the magnetic field of the nucleus.

A third kind of radiation is emitted from pulsars - an acronym for PULSAting Radio Star (Fig.
1.9, Courtesy: Radio Observations of Mr. Divya Oberoi). As its name suggests, the radiation from
pulsars is not continuous but appears in pulses with a certain duty cycle. The on-time, that is the
time when radiation is observed from the pulsar, forms a basis for a broad classification of pulsars
- they are loosely classified as millisecond v/s long-period (also called slow) pulsars.

Apart from the intensity of the observed radiation, the other important aspect is its state
of polarisation. Polarimetry - the study of the polarisation of the incoming radiation, forms an
important part of Radio Astronomy since it helps to reveal the distribution of the magnetic fields
within the source. The measure of polarisation that is almost universally used in astronomy is the
set of four parameters introduced by Sir George Stokes in 1852. Known as Stokes parameters, they
are related to the amplitudes of the components of the electric field E; and E,, resolved in two
perpendicular directions normal to the direction of propagation from a radiating point. Thus if
E, and E, are represented by £;(t) cos[2mvt + 0(¢)] and &,(t) cos[2mvt + ,(t)], respectively, the
Stokes parameters are defined as,

I = (82(t) +(E2(D)) (L6)
Q = (E2() — (E3(®)) o
U = 2E(8)& () cosl8a(t) — 8,()]) (1.8)
Vo= 2E(8)E,(t) sin[d.(t) — 6, ()], (1.9)

where, the angular brackets denote the expectation or time average. It can be shown that if the
antennas provide simultaneous outputs for opposite senses of rotation (R and L, for Right and Left
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Figure 1.5: A Radio Map : Radio Galaxy Centaurus A
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Figure 1.6: An Optical and Radio Map : Radio Galaxy Centaurus A
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Figure 1.7: Continuum Emission from various Radio Sources
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Figure 1.10: A Superheterodyne Radio-Telescope Receiver

Circular polarisation respectively) and four correlators are used for each antenna pair, the outputs
can be related to the Stokes parameters by the matrix

[ I+V Q+iU

QiU I[-V (1.10)

(RR") (RL*W
(LR*) (LL")

1.2.4 Radio-Telescope Receivers

The function of a radio-telescope receiver is to detect and measure the radio emission of celestial
sources. In most cases, the emission consists of incoherent radiation whose statistical properties do
not differ from the noise originating in the receiver or from the the background radiation coupled
to the receiver by the antenna. The power level of the signal in radio-telescope receivers is usually
quite small, of the order of 107!% to 10720 watt. The power received from the background may be
much higher than this, so that both high sensitivity and high stability of the receiver are necessary
requirements. In certain cases, the ability to detect the signal spectrum as a function of time, too,
is required.

Radio-telescope receivers are most commonly of the superheterodyne type and is depicted in
Fig. 1.10(Source: [4] Fig. 7.2). The signal power, having a centre frequency vrg, is coupled to the
receiver by an antenna and is first amplified in a radio-frequency (RF) amplifier. The next stage
is a mixer, where the weak signal is mixed with a strong local-oscillator signal at a frequency vy
producing an output signal on an intermediate frequency (IF), the IF signal power being directly
proportional to the RF signal power. The IF signal is then amplified. The largest part of the
gain in a superheterodyne receiver is obtained in this IF amplifier, which also usually determines
the pre-detector bandwidth of the receiver. The IF amplifier is followed by a detector, which is
normally a square-law device. This means that the output d-c voltage of the detector is directly
proportional to the output noise power of the pre-detection section of the receiver. Final stages
may consist of a low-pass amplifier or integrator and a data-recording system.

As described earlier, stability of receivers is an important factor in radio-telescope receivers.
The total-power receiver can be affected due to gain variations and fluctuations arising along the
chain. A switched receiver known as DICKE RECEIVER is more immune to such variations and
is shown in Fig. 1.11, (Source: [{] Fig. 7.13).

In a radio interferometer receiver, each antenna of the array may be equipped with its own
pre-amplifier or the entire pre-detection section of the receiver (Fig. 1.12, Source: [4] Fig. 7.18).
The receiver characteristics are assumed to be identical and the antennas pointing in the same
direction. A total power receiver in this case consists of suitable phasing of individual elements,
adding voltages from each IF output, and passing through a square law detector. Such an array
is also called a “phased array”. This simple interferometer receiver has the same drawbacks as
the total-power receiver. Though, synchronous switching can be used in both receivers to stabilise
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them, a CORRELATION method is usually preferred.

Correlation Receivers

In a correlation receiver the IF outputs from the two separate receivers, as in an interferometer, are
multiplied instead of added and detected. The correlation receiver is depicted in Fig. 1.13(Adapted
from [9] Fig. 2.1). If the voltages from antennas 1 and 2 are Vi(t) and Va(t) then,

Vi(t) = Val(t) + Vui(t), (1.11)
Va(t) = Vea(t) + Vaa(t), (1.12)
Vea(t) = Val(t+1,) (1.13)

where V1 (t), Ve2(t) denote the correlated part in both antennas due to the source; while Vi, (£), Vo2 (t)
denote the uncorrelated components in the two antennas. 7, is the geometrical path delay between
the two antennas suffered by the signal as it reaches antenna 2.

The output of the correlator shall then correspond to the time average of the multiplication of

the two antenna voltages, thus
Vo(t) = (Vi(t)Va(t)) = ((Ver (8) + Var (£))(Vea (8) + Vaa () = (Var (6) Vea (8)) (1.14)

since, all other products involve uncorrelated voltages whose contribution over time will tend to
zero. Here it is assumed that all voltages are zero mean. Thus, the correlation receiver is sensitive
only to signals received by both antennas simultaneously. Due to this, voltage gain instabilities
will not affect the sensitivity of the correlation receiver; it will only change its calibration.

If we represent V|(t) and Va2(t) as v, cos2mu(t) and v, cos2mv(t — 7,). The output of the
correlator then is,

r(7y) = v1v2 COS 2TYT, (1.15)

T, varies slowly as the earth rotates, and results in the oscillation of the output. These oscillations
are known as fringes. The principal astronomical information from the observation of a cosmic
source by the interferometer is contained in the amplitude and phase of these fringes. The am-
plitude and phase is thus, of the modulation resulting from the interference between the outputs
of the two antennas, and not those of the radiofrequency signal. Here it is assumed that the fre-
quency of these fringes is lower than the cutoff provided by the integrator while at the same time
filtering out the component at 2v. wvyvs which represents the fringe amplitude is proportional to
the received power.

Kinds of Correlators

Generalisation of the above for the case of wide bandwidth signals leads to the development of
spectroscopic correlators. Such correlators are required in the observation of spectral line sources
in order to measure the line profile within the observed band. And, even in the case of continuum
sources, it is often desirable to have not just the cross power over the whole bandwidth, but the
cross power spectrum; e.g. in order to properly compensate for bandpass variations or to detect
manmade interference dominated by one or more narrow band spikes corresponding to CW. For
these reasons, correlators of most synthesis telescopes are required to measure the cross power
spectrum on each baseline ®. .

There are two major ways of implementing a correlator that measures the cross power in several
sub-bands of the received bandwidth, according to whether the frequency analysis is done before
or after the cross correlation. Based on the relative sequence of frequency-analysis (F) and cross-
correlation (X), the correlators are classified as FX (Fig. 1.14, Adapted from [8], Fig. {.4) or XF
(Fig. 1.15, Adapted from [8], Fig. 4.5). The block labelled as “MAC” in the FX Correlator is a
“complex correlator” shown in Fig. 1.16( Adapted from [8], Fig. 4.3).

1A pair of antennas
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Figure 1.13: A Correlation Receiver
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Figure 1.16: A “Complex Correlator”

Major portions of modern correlators are implemented digitally since, (1) digital operations are
precisely defined and are repeatable; (2) digital circuits can be exactly replicated at low cost when
many identical elements are needed; (3) for the long baselines and wide bandwidths, the delay
lines must have a large ratio of length to resolution, and digital delay lines can do this with the

necessary accuracy and stability.

1.2.5 Modern Synthesis Arrays

To provide a perspective for the later discussion, a survey of major contemporary modern aperture
synthesis arrays is beneficial. In addition to the Giant Metrewave Radio Telescope (GMRT) which
is described in the next section, there are at present four such arrays in operation around the world.

These are

The Very Large Array (VLA)

Situated on the plains of San Augustin, New Mexico, USA, the VLA [11], the first array of its
kind. Its antennas are arranged in a ‘Y’ shaped formation and are movable on rail tracks, so that
the spacings between them can be changed. Each arm of the ‘Y’ is approximately 21km long.
The antennas are equipped with cryogenically cooled receiving systems and are interconnected by
low-loss, large-diameter waveguide.

No. of Antennas : 27

Diameter, Type and Mount : 25m, solid dish, altitude-azimuth
Feed Structure : Cassegrain

Correlator : XF
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The Westerbork Synthesis Radio Telescope (WSRT)

Situated in Netherlands, the WSRT [11], is an East-West array 1.6km long. The antennas are
interconnected by coaxial cables. The specialty of this telescope is its extremely stable receiver
system.

No. of Antennas : 12 (10 fixed and 2 movable on rail-tracks)

Diameter, Type and Mount : 25m, wire mesh, equatorial

Feed Structure :Prime Focus supported by quadripods

Correlator : XF

The Australia Telescope (AT)

The AT [10] is a collection of eight antennas located at three different sites in New South Wales.
Six identical antennas form the "Compact array” and are located near Narrabri, the seventh is
located near Coonabarabran (called the ”Mopra” dish) and the eighth is located at Parkes. This
array has the distinction of being the sole current source of observations of southern skies at radio
wavelengths. The compact array uses optical fibres to interconnect the six antennas.

No. of Antennas : 8. The compact array is made of two sections of rail tracks - Five antennas on
a 3-km East-west track and the sixth on a 75m track further 3km to the west.

Diameter, Type and Mount : Compact array and Mopra - 22m, solid dish, altitude-azimuth. Parkes
- 64m, Solid dish, altitude-azimuth.

Feed Structure : For all, the Compact array, Mopra and Parkes - Cassegrain

Correlator : XF

The Very Long Baseline Array (VLBA)

The VLBA [12] has its antennas spread all over the USA. This array has the distinction to be the
first large array to employ a FX correlator.

No. of Antennas : 10

Diameter, Type and Mount : 25m, solid reflector, altitude-azimuth

Feed Structure : Cassegrain

Correlator : FX

1.3 The Giant Metrewave Radio Telescope (GMRT)

The most powerful radio-astronomical facilities in the world today operate mainly in the centimetre
and decimetre part of the radio spectrum. Although there are many exciting and challenging
astrophysical problems that are best studied at metre wavelengths, the more widespread prevalence
of man-made radio interference at metre wavelengths in the Western world has possibly been
responsible for the present neglect of metre-wave radio astronomy. Taking advantage of the much
less radio interference in India, a new synthesis telescope, called the Giant Metrewave Radio
Telescope (GMRT) [13] is being built as a major national facility for research in radio astronomy .
The GMRT has been designed as a major new instrument that would fill the existing gap in radio-
astronomy facilities at metre wavelengths. The major driving force behind the propesal of the
telescope was detecting the highly redshifted ‘21-cm’ line of neutral hydrogen from protoclusters
or protogalaxies to probe the early epochs of the Universe before galaxy formation. The GMRT
is also expected to detect and study a large number of millisecond pulsars in an attempt to detect
the primordial background of gravitational radiation.

However, since it is the most powerful metrewavelength radio telescope in the world, it has
also been built as a versatile instrument which can throw new light on a variety of astrophysical
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problems by observing celestial radio sources ranging from planets, stars, nearby galaxies to very
distant galaxies and the interplanetary, interstellar and intergalactic media. :

The GMRT is an aperture synthesis array, consisting of 30 fully steerable parabolic dishes of
45m diameter each. Six antennas are distributed along each of the three arms of a rough ‘Y’ and
the remaining 12 antennas are more or less randomly placed in a compact cluster near the centre
of the ‘Y’ (Fig. 1.17). The GMRT operates in six frequency ranges centred at 50, 153, 233, 327,
610 and 1420 MHz. The receiver system is of superheterodyne type with a flexible local oscillator
system. The backend is the digital correlator which processes the four signals of 16 MHz bandwidth
from each antenna, corresponding to the two sidebands and two polarisations of the 30 antennas.
Further details on GMRT will be given in Chapter 2.

This chapter prepared a basis for the forthcoming discussion on the design
of the backend of the GMRT. Towards this end, a limited background of
Astronomy and Radio Telescopes was provided in this chapter. The use
of correlators in radio telescope receivers was discussed and a survey of
contemporary synthesis arrays was given. The GMRT was introduced as a
new major facility for research in metrewave astronomy.
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Chapter 2

DEFINING THE PROBLEM

To know that we know what we know, and that we do not know what we do not know,
that s true knowledge.

~Thoreau, in ‘Walden’ (quoting Confucius)

The GMRT will be a major facility to explore the metrewavelength realm
of the Universe. This chapter will endeavour to bring forth the criteria
which went into deciding the type and specifications of its backend - the
correlator. A comparison between two design choices, available at the time
when the correlator was conceived, is included.

2.1 The Context of the Correlator

The following discussion shall elaborate the implication of the following aspects on the specification
of the correlator.

e The Astronomical Objectives to be fulfilled by GMRT,
o The GMRT Receiver System and,
o The Configuration of the GMRT Array.

In order to present such a perspective, the material presented here is based on [13] and the
various internal reports of the National Centre for Radio Astrophysics (NCRA). The internal
reports of GMRT are not yet complete and the currently available reports can be found in the
NCRA library.

2.1.1 Requirements due to Astronomical Objectives

Although the two major objectives of GMRT were protocluster search and the search for new
short period pulsars, its versatility and high sensitivity endow it with the potential of making
outstanding contributions in many areas of astrophysics, through the continuum and spectral line
studies of celestial sources.

It is only in the very recent past (the VLBA) that large arrays have used spectroscopic corre-
lators. The major contributing factor for the advent of the spectroscopic correlators has been the
phenomenal progress in VLSI technology, whereby it has become feasible to construct Application
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Specific Integrated Circuits (ASICs) tailored to the specific needs of the telescopes at costs much
lower than ever before.

Thus, to have a correlator which could cater to both kinds of observations with equal ease, a
spectroscopic correlator was considered as a prime requirement for GMRT. Secondly, the bandwidth
to be processed was originally specified as 16MHz, which was finally increased by a factor of 2 to
32MHz to provide greater sensitivity for the pulsar search and other studies. Also, the protocluster
search requirement dictated a frequency resolution of at least IMHz at 16MHz bandwidth. This
meant that the correlator provide at least 16 spectral channels. However, for most spectral line
observations and for pulsar studies, a larger number of spectral channels are required. For the
GMRT correlator, a maximum of 256 channels was specified.

Additionally, in order to provide for studying the polarisation properties of the observed source,
the correlator was required to compute the Stokes parameters from the incoming data. The
Correlator was also required to provide a range of integration times to support various kinds
of observations.

2.1.2 Requirements due to the Receiver System

The GMRT receiver system too, like almost all systems of this kind, employs a superheterodyned
scheme to provide observing capability at six different frequency bands with a maximum bandwidth
of 32 MHz. Fig. 2.1 presents a simplified block diagram of the GMRT receiver system. Further
details can be found in [13].

The antennas have dual polarised feeds at all the six frequencies. The feeds are mounted on
the four faces of a computer controlled rotating turret at the prime focus of the dish. While three
of the faces have feeds operating at 153, 327 and 1420 MHz, the fourth one has a dual frequency
feed at 233/610 MHz. The 50 MHz feed is mounted on the rim and is always available for use.

The Front End consists of the Radio-Frequency (RF), Local-Oscillator (LO) and Intermediate-
Frequency (IF) electronics. The linearly polarised signals are first converted to right-hand and
left-hand circularly polarised signals in low-noise quadrature hybrids and then amplified in low-
noise RF amplifiers. In order to help calibrating the receiver chain, provision exists for injecting a
broadband noise of known temperature in the signal, by the RF system. Before transmitting the
signal to the antenna base, the signal is phase switched using one of a set of 60 (two polarisations of
the 30 antennas) mutually orthogonal Walsh functions, to minimise any coupling between antenna
electronics. Low loss cables bring the signals to the antenna base where the RF signals are converted
to a 32 MHz wide IF centred at 70 MHz using LO signals tied to a central frequency standard.
The LO signals are phase-synchronised using a round-trip phase measurement. A monitor and
control telemetry system is used to set the various parameters in the RF, LO and IF systems.
The telemetry system also controls the servo system required tc point the antenna in the desired
direction. The LO and IF signals along with the telemetry signals are transmitted, from and to,
a central control room called the Central Electronics Building {CEB). A low loss optical fibre link
utilising analog transmission forms the link between the CEB and all antennas. The two 32MHz
wide IF signals, one for each polarisation, are further downconverted to two baseband signals per
polarisation each of 16MHz bandwidth. A choice of RF, IF and Baseband filters enables any
desired bandwidth from 0.0625MHz to 16MHz to be selected in binary steps. The four 16 MHz
signals per antenna at baseband are then transmitted to the correlator.

The correlator, therefore, processes 120 signals, each of 16MHz bandwidth from the 30 antennas
of the GMRT. These are sampled at 32Ms/s to comply with the Nyquist sampling requirement.
Before correlating signals from different stations, Walsh demodulation is required to recover the
original signal. The correlator is also required to provide a continuous estimate of the power
content of each of the 120 channels, in order to facilitate a continuous calibration of the system
gain, using the injected noise at the front end.
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Figure 2.2: An Interferometer System

2.1.3 Requirements due to the Array Configuration

The first and foremost requirement stemming from the array configuration was that of supporting
30 stations. The correlator is thus required to compute spectral correlations arising from the 465
baselines. This number also includes the auto-correlation spectra from the 30 stations.

In order to simplify discussion of array requirements, a brief description of interferometry is
given below.

The block diagram of an interferometer system including the sky delay, is shown in Fig. 2.2.
F:requency conversion of the incoming signals at RF vgp with a LO at frequency vy is also
included. The IF vg is related to vgpr and vpo by

VRF = VLo £ viF (2.1)

Here vpo is a single valued frequency but vgr and vrp refer to bands of width Avr. Considering
only one of the resulting sidebands, say the Upper Side-band (USB), the response can be obtained
by considering the phase changes ¢; and ¢, imposed on signals received by antennas 1 and 2 before
reaching the correlator.

¢ = 2m(vpo +viF)Ty + 2nvrpT + Y1,
2 = 2mvipTe + Y2, (2.2)

where vgr is replaced by (vro +vrr) and (1, —71) is the instrumental delay that compensates for
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74. The response of the interferometer r,, will thus be:

VIFg +All/2

AolV| / cos(¢1 — @2 — dv)duyr,

VIFg —AV/Z

Ty

sinTtAvAT

= AV

cos[2m(vpoTy + vipAT) — ¢y — ¢L0] (2.3)

where, Ay = antenna response at the beam centre
V= complex visibility of the source

Here, AT = 7, + 1 — 72, is the tracking error of the compensating delay. It may be noted that 7,
depends on the direction of the celestial source being tracked, which varies continuously due to the
earth’s rotation. The output fringe oscillations, which result from the time variation of 7,, depend
on the LO frequency vy o rather than the observing frequency vgr. These fringe oscillations can
be reduced, generally to zero, by varying vy, %2 such that (2rvpo7, + 1 — %) remains constant.
This procedure of reducing the fringe frequency to zero is known as fringe stopping.

In GMRT, both, the fringe stopping and delay compensation are performed digitally within
the correlator system. From eqn. 2.3, it is seen that the delay error must be small, |AvAT| << 1
in order to obtain good sensitivity. For the GMRT, a delay tracking accuracy of about 1lns was
considered adequate. The maximum fringe frequency is ~ 10Hz; and the maximum range of delays
to be compensated is ~ 100 us.

2.2 The Type of Spectral Correlator

Summarising the requirements outlined above, the correlator should of spectroscopic type with
upto 256 spectral channels and should process the 120 signals from the 30 antennas of GMRT to
produce data pertaining to the 465 baselines. It should be able to compute the Stokes parameters,
should account for delays of upto 100us and fringe rates ~ 10Hz. The delay compensation accuracy
should be around 1ns. The correlator should provide a range of integration times to support various
observations.

As was discussed in Chapter 1, spectroscopic correlators can be of either FX or XF types
depending on the whether the cross-correlation succeeds or precedes the frequency-analysis. These
two types are discussed next, with regard to their conceptual, realisation and economical aspects.

2.2.1 The XF and FX Correlator

The comparison between these two correlator algorithms can be made on several accounts. The
information available in the literature ([8]) and [14]) has been viewed from the following three
points-of-view.

e The transfer function
e The hardware requirements

e The overall receiver system -

The Transfer Function

The XF Correlator The basic XF correlator was shown in Fig. 1.15. Further details of a digital
implementation are shown in Fig. 2.3 (Adapted from [8], Fig. 4.9) which gives a block
diagram for a 2-bit, 3-level quantisation in the digitiser. The main features highlighted here,
are
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1. The small delays §7 that determine the spacing of the correlation function measurements
are implemented in a shift register, which means that they must be multiples of the
sampling interval;

2. By including a self-multiplier for each digitised signal, the power in each signal can be
determined.

The cross power spectrum can be written as an infinite sum due to the sampling theorem, as

> .
r(v) = / z(r)e 2Tl gy
= Z z(ry + kdT)e2mWVEIT 5 (2.4)
k=—o0

where the second equation holds only within the bandwidth 0 < v < Av < 1/(267). If the
sum is truncated beyond |k| = K, the result may be written

Fr) = Y N(k/2K)z(ro + kéT)e 2k 51

k=—c0

—00

= r(u)*/oo N(r/2K 67 (1/é7)e 2T dr, (2.5)

=00

where M(.) is the unit rectangle function and HI(.) is the unit sampling function. The last
integral may therefore be regarded as the bandpass function of a single channel; for large K,
it is approximately Ksinc(KvéT).

Eqn. 2.5 can be computed by the DFT, but only for certain values of v. Normally, a length-K
FFT is used, giving K complex results at v = 0,1/(Kd7),...,(K — 1)/(Ké7). Values at
intermediate frequencies can be computed by means of a longer FFT with zeros inserted for
z(7o + k67) when |k| > K.

The integrators normally accumulate data for a large number of samples before being read
and reset to begin a new measurement. For this reason, the cost of the computing operations
done after the integrators, including the FFTs, is generally negligible compared to earlier
operations.

The FX Correlator The architecture of a digital FX correlator is shown in Fig. 2.4 (Source:
[8], Fig. 4.10). Earlier, in Chapter 1, Fig.1.14 was a simpler illustration of a FX correlator.
Here the filter banks have been replaced by DFTs that operate on successive segments of
the digitised signals. In its simplest form, the correlator computes a length-K transform
on non-overlapping segments of 2K samples each. The DFT of a length-K segment of the
(delayed) samples from the antenna ¢ is given by

oo

Vi) = > n(k/2K)v;(kdt — o)dt, _ (2.6)

k=—00 -~

for certain frequencies v; and V;(v) is the similar result for the samples from antenna j
{without the 75 delay). The estimated cross power spectrum is the average of the products
of these transforms at each frequency:

) = Vi)V
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ST ST nk/2K) M (K /2K ) (vi(ro + kotyu; (K'6t))e2miv (kR0

k=—00 k=—00

i

ST n(k/2K) 0 (K /2K) x5 (o + (k — K)ot)e 2=kt gy

k=—00 k=—00

ll

(2.7)
The double sum may be rewritten by letting [ = k — k' as
e .
> WiRij(ro + 16t)e 210t 51, (2.8)
l=—00
where,
[ 2K =1, if|l] < 2K
Wi = { 0, otherwise. (2.9)
Using the unit sampling function ITI(.) to put this into integral form gives
o0 .
) =r(v) * / 2K A(7 /4K 6t) I (7 /6t)e~ 2 (7=T0) gr, (2.10)
—oo

where A(.) is the unit triangle function. As before, the integral is the bandpass function of
each channel; for large K, it is approximately 2K sinc*(Kvét).

This shows that the FX correlator response is equivalent to triangularly- weighted measure-
ments of the cross correlation function over a range of 4K 4t in delay. By comparison, the
XF correlator response is a uniformly-weighted transform of direct measurements of the cross
correlation over a range of 2K §¢. In both cases, the weighting can be modified by multiplying
the data by an additional weighting function before the DFT, and this can be used to trade
resolution for an improved shape of channel bandpass.

Hardware Requirements

In order to describe the cost of a spectral correlator, the following equation can be developed. If
each analog filter costs C, , independent of bandwidth, a K — channel digital filter costs Cy(K)
per unit bandwidth (proportional to bandwidth), and each cross-correlator costs C, per unit
bandwidth. Then a complete correlator for NV, antennas, total bandwidth Av, andM frequency
channels will cost

Crotat = N[JCa + Ca(K)Av/(JL)] + lN( N = 1)C,Av/(JK), (2.11)

where J is the number of analog filter channels, X is the number of digital filter channels, and
L is the number of post-correlation DFT channels. The cost can be minimised over J, K, andL
subject to the constraint that the total number of channels is M = JK L. Thus, the last term will
dominate for sufficiently many antennas N, and it is then advantageous to do as much processing
before correlation as possible. The division between analog and digital processing depends on
the relative costs of those technologies. A given type of digital circuit has a maximum speed
of operation, but any bandwidth can be processed by having enough circuits in parallel; this is
why the cost is proportional to bandwidth. When the total bandwidth gets large, it becomes
advantageous to use some analog filters.

From these considerations alone, it seems that any large, spectroscopic correlator should be
built with pre-correlation frequency analysis - a point where the FX scores over the XF.
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Another way of looking at it is by the amount of computation involved in the FX and XF
algorithms. In its simplest form, the FX correlator computes a length -K transform on non-
overlapping segments of 2K samples each. Then the time available to compute one transform is
2K At , the number of complex multiplies and adds required per transform is K 'log, K, and one
such transform is needed for each of NV antennas in an array. Thus, the total computation rate for
DFTs isNAvlog, K complex operations per second (COPS), assuming that At = 1/(2Av). A set
of K complex cross multipliers and accumulators is needed for each of N(IN — 1)/2 baselines, but
each must perform a multiply and add only every 2K samples, leading to a computation rate of
N(N - 1)Av/4 COPS. So, the total COPS required are,

crx = Av{Nlog, K+ N(N —1)/4]
N-1
= NAv [ + logﬂ(} ) (2.12)
The equivalent computational requirement for a XF correlator is
‘ cxr = AVvKN(N -1)/2
= ./VAI/.(]V_—21)I{— (2.13)

if each real multiply-add is counted as equivalent to 1/4 of a COPS !
Thus, in the FX architecture, for large systems crx increases only slowly with Kand/N. For
GMRT (N = 30, K = 256), the ratio cxp/crx = 243.41

The Overall Receiver System

Advantages of the XF Correlator Described below are some of the advantages of the XF cor-
relator which may be treated as a cost penalty for the FX correlator.

Invalid Data In an XF correlator, known invalid samples, e.g., due to interference, can
be simply omitted from the correlation, while a corresponding operation is not feasible
for the FX which requires to take a Fourier transform of the data in real time. Thus,
deletion of a bad data sample requires a real time interpolation to be performed for FX,
which is a disadvantage for this scheme.

Sensitivity Since the FFT algorithm used in an FX inherently operates on blocks of data,
the samples from different blocks never get correlated (including, for example, the last
sample in a block and the first sample in the next block which are adjacent samples).
Such a segmentation implementation implies that a given cross correlation is derived
from fewer pairs of samples in an FX compared to an XF. This results in an effective
loss of sensitivity for FX, which can be recovered only by overlapping adjacent blocks of
data. There is thus a net increase in computing for FX to achieve the same sensitivity
as XF.

Quantisation Relatively small number of bits sampling are often advantageous for high
speed correlators as providing the overall efficiency of the system for a given cost. For
instance, even a two-bit three-level quantisation gives about 80% efficiency. In such
cases, the precise estimate of the quantisation efficiency can be easily estimated for an
XF scheme (and hence corrected before the correlation coefficients are used). Corre-
sponding estimates are less general and often very difficult to obtain for an FX correlator.

!The arithmetic operations needed in the XF correlator are much simpler than in the FX correlator. This is so
since in the FX more bits of precision are required due to the frequency analysis performed before multiplication.
In comparison, most operations in a XF correlator are on 1- or 2-bit samples.



CHAPTER 2. DEFINING THE PROBLEM 34

Precision The butterfly processors of the FFT hardware must accommodate a wide dynamic
range of spectral forms, from continuum to extremely strong and sharp emission lines.
This requires the arithmetic operations of FE'T to be much more accurate and employ
a relatively large number of bits per word compared to an XF operation.

Advantages of the FX Correlator The following specific advantages of FX scheme would im-

ply additional cost penalties on an equivalent XF implementation.

Fringe Rotation Implementing station-based fringe rotation in a XF correlator requires the
transmission and correlation of multi-bit rotated samples to avoid loss of sensitivity and
spurious correlation at harmonics of the correct station phase rates, and this has proven
impractical. The FX scheme, in contrast, must already produce multi-bit samples at
the output of the F stage, and it is a minor additional burden to start the transform
with fringe-rotated, complex values of sufficient precision to preclude the two problems
mentioned.

Closure Errors The FX correlator is less vulnerable to baseline-dependent systematic ef-
fects, since almost all of the signal processing is performed on a station basis.

Fractional-Sample Error Fractional sample error arises due the fact that the delay track-
ing can compensate for delays only in multiples of the sampling period. An error as
large as half a sample period can occur as a consequence. Efficient correction for this
effect can easily be implemented as an extra step following the last FFT butterfly in the
FX correlator. The XF approach, however, is faced with the much larger task of ap-
plying the correction on a baseline basis after transforming; in a practical large system
only a statistical correction is feasible, which yields the proper amplitude spectrum but
sacrifices sensitivity.

Applying the above discussion to the case of the GMRT array, it was found that the overall cost
benefits of FX correlator far exceed those of XF, mainly due to the size of the array. Nevertheless,
both options were studied, taking into account the various VLSI chips existing then. Finally, the
GMRT correlator adopted a FX architecture and used the same basic computing element which
was being designed for the VLBA. A specific mode to be used for the GMRT was also incorporated
in its design 2

2.3

The GMRT Correlator - As a Black Box

The discussion in the previous sections described the environment for the Correlator. This leads
to its overall specifications. Seen as a black boz (Fig. 2.5) the GMRT Correlator performs the
following

Processes signals from 30 stations;

Each station generates 4 streams of 16MHz bandwidth, pertaining to the Upper and Lower
sidebands of the right and left circular polarisations. Hence handles in all 120 streams;

Processes a maximum of 32MHz bandwidth;

For calculating the four Stokes parameters, either the bandwidth is restricted to"16 MHz or
FX is time-multiplexed between the two pairs of Stokes parameters;

Provides a maximum of 256 Spectral Channels;

Compensates a maximum of 128us. delay with an effective step of 1ns;

2The ‘Indian’ MAC mode. Will be described in Chapter 3
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Figure 2.5: The GMRT Correlator : As a “Black Box”

¢ Provides a nominal integration time of 64ms with 128ms as maximum; integration times as
small as 4ms are possible if thg number of spectral channels is less than 256;

This chapter discussed the factors which were taken into consideration in
formulating the specifications for the GMRT correlator. A comparison of
XF and FX algorithms was then made. It was noted that a FX correlator
is a judicious choice for the GMRT case. The overall specifications for the
GMRT correlator were given. This paves the way for the next logical step -
that of realising the specifications. This forms the theme for the following
chapter.




Chapter 3

THE DESIGN OF THE
CORRELATOR

A plausible tmpossibility is always preferable to an unconvincing possibility

-Aristotle

This chapter gives the design details of the the GMRT correlator. Detailed
specifications of the subsystems are included following which the functional,
circuit design and packaging aspects of the subsystems are discussed. The
schematics of the various cards given in the appendix complement the dis-
cussion provided here.

3.1 A Bird’s Eye-View of the Correlator

The design of the correlator was a team effort and the author was one of the core members of
the team. Although, the design concepts and the major blocks have been outlined in a series of
internal reports, the final system details are not yet published. The following sections present an
overview of the GMRT correlator design from the author’s own perspective. In addition to the
internal reports and the author’s own experience, discussions with a large number of colleagues

have contributed to forming such a perspective.
Looking top-down on the correlator, one can segregate the system on the basis of functionality.
The correlator consists of two major parts as shown in Fig. 3.1.

» The Signal Processing Block: Performs various operations on the signals received

¢ The Hierarchical Control Block : Conveys user defined parameters and provides certain data
necessary for processing of the signals

Further sub-classification of the two major blocks is shown in Fig. 3.2.
The Signal-processing path comprises of four main subsystems.

o The Analog-to-Digital-Conversion (ADC) Subsystem : Digitises the incoming analog signals

e The Delay Subsystem : Compensates for the geometrical and the instrumental delay in the
appropriate digitised data streams

36
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Figure 3.1: The GMRT Correlator: The two main sub-blocks

e The Fast Fourier Transform (FFT) Subsystem : The F part of FX. Performs frequency
analysis on the sampled data to provide the spectrum.

e The Multiply and Accumulate (MAC) Subsystemn : The X part of FX. Computes the auto
and cross correlations between every spectra provided by the FFT Subsystem.

As is evident, these subsystems are identified by the operations they perform on the input
signal. Modularity in implementation thus ensures harmony between concept and reality.

The hierarchical control is achieved by distributed elements employing embedded processors at
subsystem level, all networked to form the following pyramid.

e Embedded Control Cards: The Delay, FFT and MAC Control Cards form the embedded
layer. They are the last in the control chain - the base of the control pyramid - and interact
directly with the data processing block. They are situated in the subsystem subracks and
provide various information to the Delay, FFT and MAC subsystems respectively.

¢ The Rack Control : Handles rack level tasks such as monitoring of temperature, voltage and
current. Will also be responsible for remote shutdown of the power-supplies in case of an
emergency. Forms a liaison between the Master Control Card and the embedded layer.

e The Master Control Card (MCC) : Performs a variety of tasks. It is the communication
link between the Correlator Control Computer and the rest of the correlator. Generates and
distributes clocks, synchronisation, and initialisation signals to all control cards.

o The Correlator Control Computer (CCC) : The host of the Correlator control system - the
part of the correlator visible to the outside world. This collects information about array
configuration, source being tracked, etc., and dynamically evaluates the relevant parameters
for various subsystems and communicates these to the MCC.

3.1.1 The Flow of Data

Fig. 3.3 is a block diagram of the correlator showing the path of the signals from the baseband
system, through the signal processing chain of the correlator, till they are recorded on tapes for
further analysis and processing. The diagram also shows the correlator control system alongside.

The analog signals are input to the ADC subsystem. The signals have a maximum bandwidth
of 16 MHz. They are sampled at 32 MHz to comply with the Nyquist sampling requirement. This
sampling is constant and does not change even if a signal of less than 16MHz bandwidth is input
to the ADC.
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Figure 3.2: The GMRT Correlator: Signal processing and Control Blocks
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The digitised signal is then transmitted to the Delay subsystem. Here the signal is first Walsh
demodulated and then encoded into a sign-magnitude representation corresponding to the unsigned
value which is obtained from the ADC. The signal is hereafter compensated for the delay it has
incurred, with respect to a convenient reference antenna or any point in space. The delay subsystem
also calculates an estimate of the power content of the signal before it is transmitted to the FFT
subsystem for further processing. In case the analog signal was of a bandwidth lower than 16MHz,
the delay subsystem decimates the data by a factor so as to maintain Nyquist sampling. This is
done in order to avoid loss of spectral resolution due to oversampling of the signal.

The FFT subsystem first compensates for the fringe phase before performing a Discrete Fourier
Transform (DFT) on it. Delays less than one clock cycle (1/32MHz = 31.25ns), called the fractional
delays are compensated in the FF'T subsystem by applying an equivalent phase ramp to the output.
This is required because the delay compensation performed in the Delay subsystem is accurate only
upto 31.25ns or its multiples (an integral number of clock cycles).

The FFT outputs are thereafter received by the multiplier array. Here an estimate of the
correlation function between each of the signal pairs is calculated. This result is thereafter read
out into the data acquisition system.

3.1.2 Overview of Signal Processing

The GMRT correlator employs pipelining and parallelism to sustain a computing power of about
400 Gigaflops.

Pipeline synchronisation is achieved by utilising two sets of periodic resynchronisation pulses,
which define the basic Operational cycles. The faster of these cycles is called the FFT cycle, where
each section performs operations on a single block of 512 data values. The 512 clock cycles for the
signal processing of different modules are staggered to account for pipeline latencies. However, for
simplicity, the term FFT cycle will be used in this thesis, to designate the appropriate operating
cycle irrespective of whether it is in the delay, FFT or the MAC section.

The second major operational cycle is the Short Term Accumulation (STA) cycle, which is
generally programmed by the firmware in the MAC control card to be precisely 4096 FFT cy-
cles. All changes in system parameters related to specific observational requirements of users are
synchronised with the first clock edge of each STA cycle.

Since the maximum analog signal bandwidth catered to by the GMRT correlator is 16 MHz,
the ADCs run at 32 Ms/s. The sampling edges are derived from a single clock source to ensure
identical sampling intervals for all the 120 ADCs, within the uncertainties of gate delays of Fast
TTL logic (typically a few nanosec). The continuous stream of data provided by the sampler
subsystem is acquired by the delay subsystem and partitioned into blocks of 512 samples. Such
a blocking is necessary for the Fast Fourier Transform algorithm performed in the FFT section.
The delay section provides for correcting for the different propagation delays in the various signal
paths by using a dual port RAM. One port of the dual port RAM is configured as an input port
and connected to the ADC while the other -port is configured as an output port and connected
to the FFT subsystem. The delay for various paths is introduced by providing equivalent offsets
between the read and write pointers to the dual port RAM.

The FFT subsystem performs upto 512-point complex transform in real time, on each block
of 512 data values received from the delay subsystem. Thus the subsystem has 120 FFT engines,
each performing a 512 point transform in 512 clock cycles (about 16 ps). The voltage spectra
thus obtained are received by the MAC subsystem which multiplies the corresponding spectral
channels for every possible pair of antennas, for each polarisation, in each clock cycle. The on-chip
accumulators are used by the MAC subsystem to accumulate the products so formed in each FFT
cycle. The internal accumulators are organised as two banks of 256 complex words, which alternate
between internal and external access for read-out in each STA cycle. The data read out from the
MAC system is sent for further processing to the networked file server by the data acquisition
system.
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In order to sustain the real time operations described above, it is necessary to provide for
certain critical operational overheads. The maximum overhead is in the FFT subsystem, which
requires four clock cycles for performing its internal operations in each FFT cycle. In order to
allow for this, the FFT cycle is stretched to 516 clock cycles in the entire system, where 512 clock
cycles are used for signal processing operations while the remaining 4 cycles - called the dead time
- are used for the relevant overheads. In order to avoid loss of data during the dead time, the FX
system is clocked at 32.25 MHz while the ADCs are clocked at 32 MHz, so that there are precisely
512 samples in the 516 clock cycles of FX. As a consequence, the input port of the delay RAM is
clocked at 32 MHz, while the cutput port is clocked at 32.25 MHz.

It may be noted that the FFT subsystem can only provide a maximum of 256 spectral channels,
which is the main limiting factor for the spectral resolution. However, an option is provided where
higher spectral resolution can be achieved by processing a smaller bandwidth; e.g., for a bandwidth
of 1 MHz, the 256 spectral channels can be separated by 4 kHz. This requires that the input data be
sampled at the Nyquist rate appropriate to the bandwidth, e.g., at 2 Ms/s for a 1 MHz bandwidth.
In order to avoid the complexity of maintaining synchronisation at many different clock frequencies,
the system is always run at 32 MHz (i.e., sampler at 32 MHz and FX at 32.25 MHz). The delay
system achieves any required sampling of data by filling the RAM at the appropriate rate. But this
introduces a difference in the throughput rates of the input and output section of the delay RAM.
This is compensated by introducing an overlap between adjacent blocks of 512 data transmitted
to the FFT system.

Parallelism is used most evidently in the MAC subsystem where all the multipliers correlate the
data in parallel. Even before the MAC, identical ADC- Delay-FFT Chains process data from the
antennas in parallel. The difference being that before the MAC subsystem, each of these chains
are totally independent of each other whereas in the MAC the multipliers, spread over some 64
different PCBs operate as one subsystern.

3.1.3 Packaging Considerations

All the printed circuit boards (PCBs) for the GMRT Correlator are based on the DIN-41612 Euro
rack standards. The racks used for the system are 24U high and a total of 10 racks comprise the
entire system. (Fig. 3.50). Of these 10, six racks house the FFT and MAC subsystems (these
racks are therefore called the FX racks), two racks are required for the Delay subsystem and the
ADC subsystem requires two racks. The Fig. 3.50 gives the rack layout of these 10 racks. The
layout shows only 9 racks (excluding the GAC rack) since the ADC power-supply rack (described
later) is omitted.

Each subsystem is packaged in either a 3U or a 6U subrack. PCB’s of different subsystems
use different subracks. The PCBs in a subrack are interconnected through a backplane which
provides power supply and the control signal bus to all the constituent PCBs. The Delay and
FX racks are powered by a +5V,200A/ -5V ,50A (approx. 1KW) Switched-Mode-Power-Supply
(SMPS). The ADC system is powered by +10V,15A/-10V,15A linear power supply. Copper bus-
bars, mounted vertically to span the entire height of the rack, connect the power supply to the
various subracks. This connection is made on the horizontal bus-bars, provided on each subrack
backpanel, to establish multi-point connections to its power and ground planes.

Fan-trays are used in all the racks to provide forced cooling to the subracks. All fan-trays have
six 90 CFM (cubic-foot per minute) fans mounted on a 1U rack mountable tray (Fig. 3.4). The
positions of the fan-trays is shown in the rack layout of the subsystems, later in the discussion.
The top cover of every rack is also provided with four fans - three 90 CFM fans and one 250 CFM
fan (Fig. 3.3) - to maintain the flow of air through the rack.

The ADC, FFT and MAC subsystem PCBs have a 280mm card depth, while the Delay subsys-
tem PCBs have a 260mm card depth. Two sets of design parameters were followed for the design
of all the PCBs constituting the correlator. The PCBs with lower component density followed a
12 mil-track-width-12 mil-spacing-30/36 mil-via-diameter design rule where as the higher density
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@bsystem | PCB Type | Connector Type [ Input/Output |
PCB mount Rt.-angle SMA I
ADC ADC Card 64-pin Rt.-angle Euro Plug )
ADC Backpanel | 64-pin St. Euro Header
F 64-pin Rt.-angle Euro Header | I
DFC Card 96-pin Rt.-angle Euro Plug 0O
64-pin Rt.-angle Euro Plug I
pELAY | Delay Card 6-pin Rt.-angle FRC 0
Delay Control 96-pin Rt.-angle Euro Plug I/0

64-pin St. Euro Header
96-pin St. Euro Plug

Delay Backpanel

26-pin Rt.-angle FRC I
Main Board 128-pin Rt.-angle Euro Header | I/O
FET 100-pin Surface Mount Plug I;0
Pipeline Board 100-pin Surface Mount Header | I/O
FFT Control ' [ 128-pin Rt.-angle Euro Header | I/O
FFT Backpanel | 128-pin St. Plug
MAC Card 160-pin Rt.-angle Euro Header | I/O
MAC Control 96-pin Rt.-angle Euro Plug 1/0
160-pin St. Euro Plug
| 96-pin St. Euro Header
M -
MAC MAC Backpanel 50-pin AMPMODU
Surface Mount Header
50-pin AMPMODU
Cable Connector
50-pin St. FRC 0
Dist. Card 50-pin Rt.-angle FRC O
| 96-pin Rt.-angle Euro Plug I/0
LSO—pin St. FRC I
Dist. 96-pin St. Euro Header
. 50-pin AMPMODU
Dist. Backpanel Surface Mount Header 0

50-pin AMPMODU
Cable Connector

Table 3.1: Connectors used in the GMRT Correlator

boards used a 8 mil- track-width-8 mil-spacing-16 mil-via-diameter design rule.

The analog signals are transmitted from the baseband to the ADC subsystem through a RG-
223 shielded co-axial cable. The digitally sampled data are transmitted using RoundTwist — N —
FlatTM ! jacketed shielded cables. These cables carry ECL differential signals to ensure high speed
balanced data transmission between the ADC, Delay, FFT and MAC subsystems.

A variety of connectors ranging from the PCB mountable SMA to the 160-pin 5 row EURO
to the high density 50mil X 50 mil grid AMPMODU connectors are used in the PCBs (~ 320 in
all) which comprise the GMRT correlator. These are intended to provide a compact solution to
the complex packaging problem posed by the GMRT Correlator. Table 3.1 lists all the connectors

LThis is the trade name for these cables manufactured by Amphenol Corp. under their SPECTRA ~ STRIPZ®
range of cable products. The cable is so named since it combines into a single construction, the handling and
shielding features of round cable and the mass termination capabilities of flat cable. The cable is composed of
twisted pairs with alternating flat sections. Every 20” of cable length has a 2%” flat section to facilitate crimping
of IDC connectors. The cable has a foil/braid shield around it and this entire assembly is covered by a round PVC
jacket
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Figure 3.6: Connectors used in the GMRT Correlator

used " the various cards in the correlator system. Fig. 3.6 shows all these connectors.

32 The Specifications of the Subsystems

3.2.1  The ADC Subsystem
ia‘mmi.ing Frequency : 32 Ms/s.
g urnb‘er of Bits : 6 bits.

Thres}holds : Uniform, symmetric about mean.

Level-Estep : 0.3352*rms for an input signal of 0dBm power and 4-bit quantisation.

Outpult Format : 6 bit ECL.

3.2.2. The Delay Subsystem

Delay ig0r. 32ns%(BW/16MHz).
Maxim, | Delay : 128 us. '

Input ‘sampling can be set to any desired value between 32 Ms/s and 125 Ks/s in binary steps,
depency; o on the bandwidth of the signal.

Input ;"6 %i¢ BOL differential.

Outpu; . 4 Bit, BCL differential. _

BUH,erling Options : Data are sent to FFT engines at a constant rate of 32.25 MHz irrespective of
the "MEut sampling rate. The data is sent to the FFT card in blocks of 512 words followed by a

deald Yime of 4 clock cycles. Overlapping of adjacent blocks will occur when input data are sampled
at 16 1\./IHz or less.
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3.2.3 The FFT Subsystem

Input data Rate : 32.25 MS/s (real numbers).

Input data window : width = FFT length.

Input format : (7,7,2). 2

Window format : (5,0,4).

Fringe Resolution : 0.7 deg step for fringe angle.

Spectral Channels : 16, 128 or 256 channels.

Input data : 4-bit ECL differential.

Output data : 12 bit Complex, every alternate cycle.

Output Format :(4,4,4). .
FFT Clocking Rate : 32.25 MHz.

3.2.4 The MAC Subsystem

Minimum Integration Time : 4 ms (256 FFT Cycles).

Maximum Integration time : 128 ms (8192 FFT Cycles).

Spectral Channels : 128 per baseline.

Modes : Non-polar (RR or LL), Full Polar (RR-RL or LR-LL) and ‘Indian’ Polar (RR & LL).
IF bandwidth Supported :

e 16 MHz : Full Polarisation (RR-RL or LR-LL mode.
¢ 32 MHz : Indian Polar (RR-LL) mode only.

Output data: 36-bit complex - one word output per card in each FFT cycle.
Output Format : (15,15,6), The real and imaginary mantissa are in 1’s complement, the exponent
in 2’s complement.

3.3 The ADC Subsystem

It is the front-end of the correlator system. It performs the task of digitising the analog signals.
There are no user definable parameters for this subsystem. Hence, there is no control system for
the ADC subsystem.

3.3.1 The ADC Subsystem: Circuit Design
The ADC sub-system consists of the ADC cards (Fig. 3.7) and the ADC Backpanel.

1. ADC Cards |

This is the active card of the sub-system. Its internal modules are summarised below :

The Amplifier Section Each ADC card accepts two inputs from the baseband system at
0 dBm power level. These zero-mean signals are AC coupled to the amplifier circuit
realised using AD9617 op-amps. Configured as a non-inverting amplifier, it has a gain
of 1.5. This value was chosen such that a 60 signal would occupy the £1V (2V peak-
to-peak) voltage range of the ADC. The AD9617 provides a low offset gain and is
compensated internally. This reduces the circuitry needed to ensure a stable operation.

>This is a shorthand notation for the representation of complex floating point numbers used in the FX asic. The
three numbers correspond, respectively, to the number of bits in real mantissa, imaginary mantissa and the common
exponent. Refer section on FX Asic for further details
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Figure 3.7: The ADC Card : Block Diagram

Reference Generation Circuit The external reference generation circuitry was designed
around the Analog Devices two terminal reference AD589. The AD589 serves as a low-
cost precision reference to a circuit which uses the AD708 dual op-amp with the matched
pair transistors LM3904 and LM3906. The transistors drive the reference ladder of the
ADC. The loop thus established ensures stable reference voltage in spite of the changes
in the ladder impedance from one ADC to another.

The ADC Chip The Analog Devices'AD9058, a dual 8-bit 50MHz Flash ADC forms the
core of the ADC card.
Although the AD9058 provides a highly stable and precise internal reference to drive
its reference ladder, it is configured to be used with an external reference. This was
done since the internal reference requires the input to be uni-polar. A bipolar external
reference was used instead to reduce the possibility of introducing DC offsets in the
signal.

Protection Circuitry A protection circuit was needed to restrict the maximum input volt-
age to the ADC to the rated specified of the AD9058. A simple circuit was devised using
PIN diodes to restrict voltages to within £1.2 V.

Digital Section This section contains latches (74F574) for the ADC output, TTL-to-ECL
(MC10124) converters for data and ECL-to-TTL (MC10125) converter for the clock.
The clock is converted to TTL levels and given to the ADC chip. An inverted version
of this clock is given to the latches which receive the digitised data from the ADC. The
inversion of the clock provides sufficient time for the ADC output to stabilise at the
latch input. The latch outputs are given to the TTL-to-ECL converters which then
transmit the data to the Delay subsystem.
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Figure 3.8: The ADC Card

Power Supply The ADC card requires £5V for both analog and digital sections. These are
derived by using on-board voltage regulators which are fed by the linear power supplies.
The use of on-board regulators as well as separate power supplies for analog and digital
sections reduces the possibility of leakage of correlated power into the analog signal.

2. The Backpanel -

The ADC cards plug-in to a passive backpanel, to constitute a sub-rack of the ADC sub-
system. It distributes power and clock to the ADC cards. The digitised data from the
ADC cards is transmitted to the Delay sub-system by connectors plugged directly into
the backpanel. '

3.3.2 The ADC Subsystem : Packaging

The ADC card (Fig. 3.8) is a 6 layer PCB, 110mm by 260mm in size, 1.6mm thick with 354 copper
plating on all layers. The layer assignments are shown in Fig. 3.9 which depicts schematically,
the construction of the ADC card. The PCB is designed with a 12mil track-width and 12mil
track-to-track spacing design rule. The via size used is 36mil. Two right-angled PCB mount SMA
connectors couple the analog inputs to the PCB. A single 64-pin EURO connector is used for the
backpanel. The analog and digital sections of the PCB are isolated from each other to ensure
separate power-ground planes for the analog and digital sections. The two sections are coupled
only at the ADC power-supply input pins.

The Backpanel (Fig. 3.10) is a 3.2mm, 6 layer PCB. Its construction is shown in Fig. 3.11.
Each ADC card is an independent unit and there are no buses running on the backpanel which
interconnect the ADC cards. Two Berg pins are provided with every ADC card for the ECL clock
connections. The connections are wire-wrapped on the pins from a clock distribution card which
is mounted adjacent to the backpanel in the rack.

A total of 60 cards are required for the entire system. Each backpanel supports 12 cards,
with a inter-card spacing of 7T (= 1.4 inch). Thus, a total of 5 sub-racks make up for the entire
requirement. A total of 2 24U racks are used for the ADC system. One rack houses all the 5
subracks with fan-trays for forced cooling while the other rack houses the power supplies required
by the 5 subracks. A schematic front view of the subrack is shown in Fig. 3.12. The arrangement
of the two racks is shown in Fig. 3.13.
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Figure 3.10: The ADC Backpanel
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Figure 3.14: The 7X2 IDC Cable Connector Assembly

The interconnection of the ADC with the baseband system is accomplished by 120 RG-223
coaxial cables. These cables have a TNC cable connector at the baseband end and a SMA cable
connector at the ADC end. The digitised data is transmitted to the Delay subsystem via 120
14-core round twist-n-flat jacketed shielded cables. A OEN 7-by-2 IDC Cable connector assembly
(Fig. 3.14) is used at both, the ADC as well as the Delay end.

3.4 The Delay Subsystem

The Delay sub-system receives data from the ADC sub-system and performs the following tasks:

1.

Nk WoN

Selection of ADC Data v/s Test Data. User selectable multiplexing between ADC data and
test pattern as input.

6-bit to 4-bit conversion;

Walsh Demodulation;

Estimation of power content of input data,;

Channel Switching;

Effective sampling of data to correspond to Nyquist rates and,

Compensation of delay
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3.4.1 The Delay Subsystem: Circuit Design
The Delay Sub-system comprises of the DPC, Delay (Fig. 3.15) and Backpanel cards:

1. The Pre-processor Card (DPC)
The DPC comprises of the following sections:

Input Section This section is consists of ECL-to-TTL (MC10125) converters followed by

a multiplexer- cum-latches (74F399). The ECL input from the ADC is converted to
TTL levels and then input to the multiplexer. The multiplexer, which is controlled
by the Delay control card, selects and latches either the ADC input or a test pattern
according to the user’s choice. The test pattern is generated by the Delay control using
a 2048-word look-up table, which can be defined by the user during initialisation.
This test input is used for correlator self-tests. This tests the entire chain of the cor-
relator except the ADC. It is thus an extremely important feature and can be used as
and when required to ascertain the serviceability of various subsystems. During normal
observations, one typically moves the antennas to a calibration source once or twice an
hour, which provides time gaps usable for self-tests.

The Encoder The encoding refers to the 6-bit to 4-bit conversion including re-scaling and

" conversion to a sign-magnitude form. The ADC generates a 6-bit unsigned output

while the FFT requires a 4-bit signed input. This conversion is performed by a look-

up table implemented by a synchronous ROM (CY7C245A) with two possible scaling

options. This look-up also performs Walsh demodulation and squaring of the data.

Walsh modulation being a phase switching can be demodulated by flipping the sign

bit of the data as and when a signal synchronised with the Walsh switching pattern

is asserted. The square of the data is fed to the power estimation circuitry described
below.

The Channel Switch This switch is required for re-routing the four channels of an antenna

to FFT cards in the two sidebands, according to the polarisation or dual frequency mode
desired by the user. For instance, in the polarisation mode the same data (obtained from
the signal of any one of the two sidebands of the receiver system) is required to be input
to the two side-bands of the correlator system. One side-band then computes two of the
four Stokes parameters while the other side-band computes the remaining two. When
not operating in the polarisation mode, the two FX side-bands of the correlator process
signals from the two side-bands of the receiver system. This switch, therefore, receives
all four inputs (both side-bands of the two polarisations) from an antenna and produces
at the output various combinations of these inputs depending on the control pattern
given by the Delay control card. Fig. 3.16 gives the input and output combinations for
various values of the control value.
This switch too, like the encoder is realised using two synchronous ROMs (CY7C245A).
As can be seen from Fig. 3.16, only a subset of the possible permutations of the inputs
are realised. The states where one of the inputs is reproduced at all the four outputs
- namely, the outputs for control values 0, 1, 2 and 3 by which BL, BR, AL and AR
respectively, are reproduced at the output - are useful in diagnostics to feed digital copies
of an analog input or a test pattern to multiple Delay, FFT and MAC subsystemns.

Power Estimation Conversion to 4-bits in the encoder uses only half the width of the ROM
(CY7C245A). The remaining 4-bits were used to generate the square of the same num-
ber. This square is then input to an adder-accumulator {adder-74F83, latch- 74F175,
accumulator-74F579) combination to implement a realisation of £z? where z; represents
a data point in the voltage time series. The estimate of the power content of the signal
thus generated is used to calibrate the gain of the receiver chain. It also has a potential
usage for interference detection in the future.
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Figure 3.16: The Channel Switch

The accumulator is read out once every few FFT cycles by the control card to avoid
overflow. The accumulator is realised by a counter (74F579) which keeps track of how
many times the carry of the adder was asserted.

Control Circuitry This includes all the logic used apart from the sections described above.
This includes the clock distribution logic, latches which hold the control word loaded
from the Delay control, clock generation logic for user specified effective sampling of
data and initialisation logic.

The control word loaded from the delay control specifies whether the card is receiving
ADC input or test input, the Walsh bit, the encoding table to be used, the value of
channel switch and the value of clock frequency to be used.

The DPC downconverts the clock from 32MHz in binary steps to the desired value e.g.
16MHz for 8MHz bandwidth, 8MHz for 4MHz bandwidth and so on. All this does is
to skip the required number of samples from the time series sampled at 32MHz by the
ADC. Thus, with a 16MHz clock every alternate sample from the time series is ignored,
with a 8MHz clock three out of every four samples are ignored and so on.

2. The Delay Card

The Delay card comprises only of the Delay compensation section, which is built around
a 2KX8 Dual-port RAM (DPRAM)(CY7C132). It consists of two DPRAMSs and there
associated control circuits. Essentially, the data is written into a particular location of
the DPRAM and after the appropriate delay, is read out. The addressing for the read
and write is_done by two separate counters. The write counter operates at 32MHz while
the read counter operates at 32.25MHz. The write counter is reset once every STA cycle
while the read counter is preset at every FFT cycle. The preset is required to take into
account the 4 cycle dead time of the FFT sub-system.

The preset value will also implement the overlap needed when processing bandwidths
less than 16MHz. This is required because the FFT operates at a constant rate of 32.25
MHz while the input rate will decrease as the bandwidth is reduced. Hence, the slower
occurrence of new data points is compensated for, by re-using the old data points.

3. The Delay Control Card i
The Delay subsystem has one embedded controller per subrack in the form of the Delay
Control card. The control card is designed around the ADSP2105 fixed-point DSP and
uses the 20Mbps INMOS transputer links for communicating with the rack control. It
handles tasks such as communication with the Master Control (through the Rack Con-
trol). It thereby ascertains various parameters to be configured in the Delay subsystem.
These parameters can be classified to be of two types:
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(a) Parameters fixed for an Observation session
i. Choice of input - ADC or test data
ii. The test pattern
iii. The encoding table
iv. The Clock frequency
v. The value of channel switch
(b) Parameters which change dynamically during the session
i. The value of Delay

The parameters which are fixed for a session are loaded at the time of initialisation
of the system. The parameters which change, like the delay values, are communicated
once every STA cycle to the control card. The delay values are then loaded into the
appropriate delay card and are activated precisely at the start of a new STA cycle. The
precision in timing is required to avoid discontinuities in the phase of the signal which
will occur if delays are changed within a STA cycle.

The control card is also expected to read out the power estimation data fast enough in
order to avoid an overflow occurring in the accumulators within the DPC card. This
data is accumulated further in the control card, if-need be, before sending it up the
control chain to the CCC via the MCC for necessary interpretations.

The control card also receives a user specified test pattern, for performing diagnostic
tests on the correlator system, which it inputs to the DPC every clock cycle. This
pattern is the same for all DPCs in the subrack.

4. The Backpanel
The backpanel for the Delay subsystem accommodates the DPC and Delay cards along-
with the Delay control card. It provides power and system clocks to these cards and
interconnects them via the control buses running throughout its length. The backpanel
also connects the DPC and Delay cards to integrate them as a set to process outputs
from an antenna. The backpanel isolates two such sets from each other except for the
control buses which provide various information to these sets.

3.4.2 The Delay Sub-system: Packaging

The DPC and Delay (Fig. 3.17and Fig. 3.18) are both 4-layer PCBs, 100mm by 260mm in size,
1.6mm thick with 354 copper plating on all layers. The layer assignments are shown in Fig. 3.19
which depicts schematically, the construction of the DPC and Delay cards. Both the cards have
the same construction. Both PCBs are designed with 12mil track width and 12mil track-to-track
spacing design rule. The via size used is 30mil.

The DPC has one 64-pin EURQ in the front for the inputs from the ADCs. Four ADC inputs can
be coupled to one DPC. A 96-pin EURO forms the DPC’s backpanel connector. This connector
is used solely to connect to the Delay cards. The backpanel provides the necessary connection
between the two. Each DPC card generates outputs for two delay cards. This is so because the
DPC handles four inputs where as the Delay card handles only two. These two inputs correspond
to inputs of one FX sideband.

The Delay card takes its input from the DPC via the ba,ckpa.nel through a 64-pin EURO
connector. The output of the Delay card is transmitted to the FFT subsystem via a 26-pin FRC
connector, located at the front.

The set of three cards, comprising of one DPC and two Delay cards form one set of the delay
subsystem. This set processes four signals from an antenna. The inputs and outputs for these sets
are all from the front of the subracks.

The Backpanel (Fig. 3.20) is a 3.2mm, 6 layer PCB. Its construction is shown in Fig. 3.21.
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Figure 3.17: The DPC Card

Figure 3.18: The Delay Card
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~ HE - layer | : Signal
I - | ayc: 2 : Ground

<—Layer3:+5V, -5V

Layer 4 : Signal

Figure 3.19: The DPC & Delay Card Layer Assignments
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Figure 3.20: The Delay Backpanel
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_——_ Layer 1 : Signal
___—7==—— Layer 2 : Signal
— <—Layer3: 45V, -5V
— =—Layer 4 : Ground
—B-——— 1 aycr 5 Signal
- NN - Layer6: Signal

1

Figure 3.21: The Delay Backpanel : Layer Assignments

Two Berg pins are provided for every DPC and Delay card for the ECL clock connections.

A total of 30 DPC-Delay sets are required for the entire system. Each backpanel supports 5
sets in addition to a Delay control card, with an inter-card spacing of 5T (= 1.0 inch) . Thus, a
total of 6 sub-racks make up for the entire requirernent. A total of two 24U racks are used for the
Delay subsystem. Each rack houses 3 subracks plus the power-supply and fan-trays. A schematic
front view of the subrack is shown in Fig. 3.22. The arrangement of the rack is shown in Fig. 3.23.

The interconnection of the Delay with the ADC subsystem was described with the ADC subsys—
tem. The Delay cards are connected to the FFT subsystem by 26-core round twist-n-flat jacketedl
shielded cables. Both ends of this cable use a 26-pin FRC connector.

3.5 The FX ASIC

The FFT and MAC subsystems have an ASIC (referred to as the FX chip here) as their basic¢
computing block. In view of its special architecture, this basic computing element is first described!
below, before moving on to the subsystems that use it.

This ASIC was designed by National Radio Astronomy Observatory (NRAQO), USA for their
use in the VLBA Correlator. Later, the GMRT too decided to use the same ASIC. Consequently,
a special mode for use by GMRT was also included in the design of the ASIC. The combined
requirement of the VLBA and GMRT projects reduced the cost per chip to both its users. The?
GMRT uses 1550 of these chips and the cost was approximately $82.00 each.

This ASIC was manufactured by LSI Logic Corporation using its 10K gate family 1.5 microm
gate array fused on an on-board RAM in the die. This gate array had 30,000 uncommitted gatess
and provided a 512 by 36-bit on-board RAM memory.

The details of the ASIC and the block diagram are based on the design data provided by NRAQ?
([15], [16]). The author would particularly like to acknowledge the invaluable discussions with Ray”
Escoffier and Chuck Broadwell of NRAO which proved pivotal in the understanding of the ASIC.-

The ASIC performs, mainly three functions, all at a clock rate of 32MHz

e Radix 4 FFT Butterfly,
e Radix 2 FFT Butterfly and,
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1 2 C 3 4 5
5 Sets + 1 Control Card

DETAIL OF A SET

DLY1 DPC DLY2
Eachat 5 ‘T’

Figure 3.22: The Delay Subrack

¢ Floating point complex Multiply-accumulations.

The complex floating point signal representation used, has a non-standard form in which the real
and imaginary components of a number have a common exponent bit field. Such complex numbers
are expressed in a short hand fashion, such as 7,7,4 indicating 7-bit real and 7-bit imaginary
mantissa fields and a common 4-bit exponent field. The common exponent has an implied negative
sign. The four basic precisions used in the various applications are:

¢ Data Points being Fourier Transformed: (7,7,4)
e Sin,Cos twiddle factors used in the FFT Butterfly: (5,5,0)
s Time-Domain Window Function : (5,0,4)

Points being multiply-accumulated: (4,4,4)

s Accumulator Precision: (15,15,6)

The multifunction ASIC can be used for the following applications:

3.5.1 Modes
Radix 4 FFT Butterfly

The ASIC performns a standard radix 4 decimation-in-time FFT butterfly on four digitally sampled
complex data points clocked into the chip in four consecutive clock cycles. Two input ports exist
into the ASIC, one for the points to be transformed and the other for FFT twiddle factors. A
point and its corresponding twiddle factor enter the chip simultaneously on the same clock edge.
The ASIC is fully pipelined so as to input and output one complex data point every 32MHz clock
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" Figure 3.23: The Delay Rack
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cycle in addition to performing one complex multiply and add in each clock cycle. The points
being input and output from the chip are represented as sign-magnitude floating point numbers.

The on-chip RAM is configured in the FFT mode as two independently addressable 512 deep by
18-bit RAMs providing double buffering of the data points being transformed. The points clocked
into the chip are stored into one of the RAMs while the other RAM is read out to the butterfly
computing circuitry. The twiddle factors, however, do not go through a storage and are directly
clocked into the butterfly circuitry.

The ASICs are cascadable, and hence larger FF'Ts can be computed by cascading individual
radix 4 stages. This is however limited by the internal RAM size to 512 point FFT. The ASICs
when cascaded, operate in “stages” and an appropriate addressing sequence is used to order the
incoming data properly. The RAM addresses for the first and last FFT butterfly stages are
generated externally while for other stages internal address generators are used. The cascaded
ASICs thus form a “pipeline”.

Radix 2 FFT Butterfly

The ASIC also performs a standard radix 2 DIT FFT butterfly on two digitally sampled complex
data points clocked into the chip in two consecutive clock cycles. Most of the details for the radix
4 FFT apply for this function as well.

Radix 4 Bypass

The ASIC in this mode allows all points to flow straight through the chip unaltered. The addressing
scheme, however, does operate and hence the time sequence of the output will be different from
that at the input. The finite arithmetic precision of the ASIC too affects this time series. Thus,
except for a rearrangement of the time sequence and finite precision effects, the ASIC outputs the
original time series unchanged.

Complex Multiply/accumulator

In the Multiply-Accumulate (MAC) mode, the ASIC inputs two floating point complex numbers,
one through the butterfly data point input port and one through the twiddle factor input port,
performs a complex multiplication between the two and adds the complex result into a complex
floating point accumulation obtained from the RAM. The accumulation result is stored in the
RAM across the entire available width. The RAM thus operates as two banks of 256 deep by 36
bits wide. Three operating modes are available in this application, known as the Non-polar, Polar
and the ‘Indian’ mode.

The Non-Polar Mode In this mode, points to be multiplied enter the chip in pairs, one pair
every second 32MHz clock. On the average, the RAM is read, a multiplication is done, the
result is added to the accumulator and the sum is stored back in RAM in the two available
clock cycles.

This mode is so termed because, in practice two consecutive clock cycles carry points cor-
responding to the the right and left circular polarisations. And since, points are read only
once every two cycles, information pertaining to only one polarisation gets processed. This
mode thus, cannot be used to compute information required for polarisation observations.

If the time series being input to one of the ports of the chip is expressed as R, L1, Ro, Lo, ...

and the input to the other port as R}, L}, Rj, Lj, . . . then the output can be either R} R}, Ry R}, ...

OR LYL{,L3L;,.... Here R and L are points from the two polarisations and the subscripts
1,2,... refer to the frequency channels. Hence, this mode is also termed as the RR Mode.

The Polar Mode In this mode, point pairs are multiply/accumulated one pair every clock cycle.
In this mode, two consecutive point pairs entering the chip will be added into the same
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accumulation result between reading the accumulator partial sum and writing that sum back
into the RAM. Thus, on average, the RAM is read, two multiplications made, both results
added via the accumulator to the same accumulation sum, and the new accumulation stored
back in RAM each two clock cycles.

Here again if we denote the inputs to the two ports by Ry, Ly, Rz, L2, ... and R}, L, Ry, L5, . ..
then the output can be either R{R} + R3R5, RiL} + R3L5,... OR LiR} + L3R5, L1L| +
L3 LY . ... Hence, this mode is also termed as the RR-RL Mode.

This mode is used to calculate the RR, RL, LR and LL products to derive the four stokes
parameters.

The ‘Indian’ Mode This mode was incorporated in the ASIC specifically for the GMRT, hence
the name. This mode, in implementation, is similar to the Polar Mode, and in effect can
be considered a mixture of the Non-Polar and Polar modes. As its output, it produces
RIR, + R3R,, LTL, + L3L5, .. .. It is thus also termed as the RR-LL Mode.

Number Controlled Oscillator (NCO)

The ASIC | in addition to the above, also has a 10-bit slice of a number- controlled-oscillator
on board, for external applications. It has two secondary storage registers for loading an initial
oscillator phase and an oscillator rate. The secondary storage registers have a serial input and
output. The NCO adder carry in and carry out lines are pipelined so as to enable any number of
bit slices to be cascaded together to make larger NCO’s.

3.5.2 ASIC Block Diagram

The “top-level” block diagram of the FX ASIC is given in the appendix. Further details of the
ASIC internals are in a set of 84 schematics [16], which give a hierarchical gate-level description
of the constituents of the block diagram. The block diagram consists of the following six general
sections, which are shown in the block diagram, enclosed by dotted lines. The two fundamental
modes of the device are referred to as FFT mode and Multiplier/ Accumulator (MAC) mode. FFT
mode includes Radix 4, Radix 2 and Bypass modes. MAC mode includes Non-polar, Polar and
Indian Polar modes.

1. Input/Output
2. Complex Multiply

3. (a) Floating Point to Fixed point for FFT mode or,
(b) Floating Point to Common Exponent for MAC mode

4. (a) FFT Butterfly for FFT mode or,
(b) Accumulator for MAC mode

5. Fixed point to Floating point conversion
6. Number Controlled Oscillator

Sections 1,2,3 and 4 are involved in both FFT mode and MAC mode. Section 5'is involved
only in FFT mode. Section 6 is totally independent of the rest of the device except for the 32MHz
clock.



CHAPTER 3. THE DESIGN OF THE CORRELATOR 63

Input/Output

This section provides for the data interface for the device, along with RAM storage. Multiplexers
are provided so that the two blocks of RAM may be placed in either the input data stream for FFT
mode operations or in the middle of the accumulator logic for the MAC application. The address
generators allow the double buffered points to be written in one sequence to one RAM block while
previous data is read from the second RAM block using a separate sequence. While operating in
certain stages in the FFT mode, external address generators can address the RAMs for both read
and write purposes. In MAC mode too, either internal or an external address generator controls
the read/write sequences, and the memory is addressed as a 512 X 36 bit RAM.

Complex/Multiply
This section provides a complex multiply of two floating point numbers:

(R1 + I1)(25°PY) * (R2 + j12)(2°%%%) = (RE + jIM)(25%)

where,
RE = [(Rl1%R2)—(I1%I2)]
IM = [(I1+R2)+ (R1x*1I2)]and
EX = (expl + exp2)

R1 + jI1 has (7,7,4) resolution and R2 + jI2 has (5,5,0) resolution. The mantissas are in
sign/magnitude form. After the multiplications, the sign of the Il * I2 product is inverted (to
allow the upper adder to perform a subtraction) and then the RE and IM values are converted
from sign/magnitude form to one’s complement just prior to the addition function. The addition
is one’s complement, where both sets of eleven input bits are sign extended to 12 bits, producing
a 12-bit output.

The two exponents both represent negative numbers where the sign bit is implied. The range
of possible values is from zero to minus 12. After the unsigned addition of the two exponents, the
resulting 5-bit number can be thought of as being in sign/magnitude form with a range of zero to
minus 24 with the implied sign bit = 1, but for purposes of the next section, it can also be thought
as one’s complement number that has been negated which has an implied sign bit = 0.

Floating Point to Fixed Point or Common Exponent

This section consists of four shifters. Each has 12 to 15 input and 15 output bits. The possible
shifts are between 0 and 15 bits. The direction of shift is towards the LSB, with sign extension.
The two inner shifters are involved in FFT and MAC modes. The two outer shifters are involved
only in MAC mode. _

In FFT mode, the inner shifters need to shift an amount equal to the exponent. The rest of
the exponent logic in this section in not active.

In MAC mode, the current result from the complex multiplier needs to be added to the accu-
mulator total, which may be accessed from RAM, or may be in an accumulator loop where two
or more accumulations may be done before the result is written back to RAM. In either case,
the exponent of the multiplier must be compared to the exponent of the accumulated value to
determine which set of shifters (inner or outer) must be shifted.

The adder is used to subtract as follows:

(exp of accum result) — (exp of the cmplz mult) = result

The magnitude of the result determines the number of places to shift. The result of the one’s
complement subtraction is gated to produce a 4-bit magnitude plus a sign bit, where any difference
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of greater than 15 is limited to 15 and the sign bit determines which set of shifters will shift. (A
shift of more than 15 places would shift below the LSB, so a shift of 15 is sufficient for any longer
shift that might be required.)
The final effect is that the mantissas associated with the smaller (more negative) exponent will
be shifted until the exponent equals the larger one, which is selected as the common exponent.
The remaining logic relating to the exponent calculation is used to add one to the exponent if
a carry is generated in the next stage, where the actual accumulation occurs.

FFT Butterfly or Accumulator

In FFT mode, this section can calculate either a Radix-4 or a Radix-2 butterfly. The calculations
required for these operations are indicated on the block diagram. The input points such as (A+jW)
represent the result of a complex multiply of a data point and a twiddle factor.

The sequence of events for calculating the real and imaginary values will be described for a
Radix-4 operation.

As the points become available at the output of the shifters, they are clocked into two parallel
paths in such a manner as to allow the first adder to produce the required sums and differences
and clock the results into the four following parallel paths. This makes the results available for
the second adder where they are multiplexed and summed to form the final results.

The butterfly timing from the output of the shifters to the output register following the second
adders is shown in Fig. 3.24 and Fig. 3.25.

FEach column represents one clock cycle.

Row 1 shows the real part of the products at the output of the shifter. A, C, B and D are the
four real numbers required for a single butterfly operation. The number associated with each entry
(0, 1, 2, 3 etc.) refers to separate butterfly operations. Every four clock cycles a new butterfly
operation is completed. Rows la, 2a, etc. represent the corresponding points in the imaginary
path.

Row 11 represents the other input to the second adder. Row 12 represents the output of the
register that follows the second adder.

For FFT lengths that are not divisible by four, the final FFT butterfly chip in the pipeline must
do a Radix-2 butterfly. To accomplish this, the clock enable to the A+C and W+Y registers is
changed from 8MHz to 32MHz, and the multiplexers that drive the second adder are controlled so
that the adder is “bypassed”. Only the first output point of each butterfly operation is calculated.

In MAC mode, the clock enables to registers A, C, W, Y, A+C and W+Y are changed to
provide a 32MHz clock to the registers. The first adder does the addition for the accumulation
function. There are two fundamental modes of operation for the accumulator, non-polarisation
and polarisation.

In non-polarisation mode, an accumulation cycle consists of reading a number from RAM,
adding a new single value to that number and writing back to RAM, as indicated in the Fig. 3.26.

In polarisation mode, it is necessary to read two numbers from RAM (RxR and RxL for
example), add in two new adjacent points of data, and write the results back to RAM. The Fig.
3.27 represents the timing for a 512 point FFT in polarisation mode, where each FFT produces
256 points to be accumulated.

For each point number z

TzRR = (AC Pz RR)+ (FFTO Pz RR)
RzRR = TzRR+ (FFT1 Pz RR)

That is, each result is the sum of the accumulation plus points from two adjacent FFTs.
The data written to RAM is delayed one clock from Dre
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Clocks l 2 3 4 5 6 7 8 9 10
1 Al Cl1 Bl D1 A2 Cc2 B2 D2 A3 C3
2 BO Al Al Bl Bl A2 A2 B2 B2 A3
3 BO BO ;Al Al Bl B1 A2 A2 B2 B2
4 DO DO Cl Cl1 D1 D1 c2 C2 D2 D2
5 [AO0+C0O A0+CO AO0+CO A1+C1 AI+C1 A1+C1 A1+C1 A2+C2 A2+C2 A2+C2
6 |AO0-CO A0-CO AO0-CO AO0-CO Al-Cl Al-Cl Al-Cl Al1-Cl A2-C2 A2-C2
7 B0+D0 B0+D0 B0+D0O B0+DO0O B1+D1 B1+D1 B1+D1 Bi1+D1 B2+D2
8 B0-DO B0-DO BO-DO B0-DO B1-D1 B1-D1 B1-D1 Bl-DlI
9 |A0+CO A0+CO A0-CO AO0-CO A1+Cl A1+C1 Al-Cl1 Al-Cl A2+C2 A2+C2
10 K A0+C0 A0+CO AO0-CO A0-CO A1+Cl A1+C1 AL-Cl AI-Cl A2+C2

5

11 B0+D0 B0+D0O XO0-Z0 X0-Z0 B1+D1 B1+D1 Xl1-Z1 Xl1-Z1 B2+D2
5 A A0+C0.A0+C0 AO0-CO AO0-CO Al+Cl AA1+C1‘A1—C1 Al-Cl

+ - + - + - + -
B0+D0 B0+D0 X0-Z0 X0-Z0 Bl+D1 Bl1+D1 X1-Z1 X!-Z1

Figure 3.24: The FFT Radix-4 Computation : Real Channel
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10

Clocks I 2 3 4 5 6 7 8 9
la Wi Y1 X1 Z1 w2 Y2 X2 72 W3 Y3
2a X0 Wl Wi X1 X1 w2 W2 X2 | K2 w3
3a X0 X0 w1 Wi X1 X1 w2 w2 X2 X2
- i S 1 I 34 i e
4a Z0 Z0 Yl Y1 Z1 yA Y2 Y2 2 72
Sa

' 'PVO+YO WO+YOWO+YOWI+YIWI+YIWI+YIWI+YI W2+ Y2 W2+ Y2 W2+ Y2

6a |WO0-YO WO-YO WO-YO WO-YO W1-Y1 W1-Y1 WI-Y1 W1-Y1 W2-Y2 W2-Y2
7a X0+Z0 X0+Z0 X0+Z0 X0+Z0 X1+Z1 X1+Z1 X1+Z1 X1+Z1 X2+7Z2

— = = (VSRS MBS A0, (e
8a X0-Z0 X0-Z0 X0-Z0 X0-Z0 Xl1-Z1 X1-Z1 X1-Z1 Xl1-Z1
9a [W0+YOWO0+YOWO-YO WO-YOWI+YIWI+YIWI-YI W1-Y1 W2+Y2W2+Y?2

IS SR S S A B Tl S
10a WO+YOWO0+YOW0-YO WO-YOWI+YIWI+YI WI1-Y1 WI1-Y1 W2+Y2
l1la X0+Z0 X0+Z0 X0-Z0 X0-Z0 X1+Z1 X1+Z1 X1-Z1 X1-Z1 X2+7Z2
15 WO+ YOWO+ Y0 WO-YO WO-YOW1+Y1W1+Y1 WI1-Y1 Wi-Y1

a

-+ - -+ - + = + -
' X0+Z0 X0+Z0 X0-Z0 X0-Z0 |X1+Z1 X1+Z1 X1-Z1 X1-Z1

Figure 3.25: The FFT Radix-4 Computation : Imaginary Channel
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& | RAM DR REGA REGC DRE -

1 | RDACPO

2 WR? ACPO

3 | RDACPI ACPO NEWPO
4 WRRO ACPI RO = AC PO + NEW PO
5 |RDACP2 ACP1l NEWPI

R1 =ACPl + NEW P1

6 L WRRI ACP2
Lo — =~

7 | RDACP3

8 WR R2 ACP3 R2=ACP2 + NEW P2

9 |RDACP4 ACP3 NEW P3
10| WRRs ACPs  R3=ACP3+NEWES
| li R-DAC_PS“ ACI;4---NEWP;1_- ko -

12_ A ‘VVR l;;w_ A i i ”R4=1_§C P4 + NEW P4

(AC = ACCUMULATOR PO,Pl,... = POINT NUMBERS RO,R1,... = RESULTS)

Figure 3.26: The MAC Non-Polar Computation
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O&* RAM DR REGA  REGC DRE

i |RDACPORR

2 |epacrorL! acrorr

3 WR? ACPORL | ACPORR | FOPORR

4| WR?  ACPORL FOPORL TORR=ACPORR +FOPORR
5 |RDACPIRR - TORR  F1PORR ‘TOHL=ACPORL +FOPORL
6 |RDACPIRL| ACPIRR | TORL  FIPORL . RORR=TORE#FlFORR
7 | WRRORR 'ACPIRL ACPIRR FOPIRR RORL=TORL+FIlPORL
8 | WRRORL ~ ACPIRL FOPIRL TIRR=ACPIRR +F0PIRR
9 |RDACP2RR TIRR  FIPIRR TIRL=ACPIRL +FOPIRL
10 [RDACP2RL ACPZRR | TIRL ' FIPIRL RIRR=TIRR+FiPIRR
it | wRRIERR | SCPRRL | ACP2RR] FUPLER., BiRL=TLRL+FLPIRL
12 | WRRIRL ACP2RL FOP2RL 12Rk=ACP2RR+1§OP2RR
13 | RD ACP3RR | WGRR | FIPZRR T2RL=ACP2RL}FOP2RL
14 |RDACPIRL ACPIRR | T2RL | FIP2RL R2RR=T2RR+FIP2RR
15 | wrrzRR ACP3RL AZ?PSRRIFOP3RR R2RL=T2RL + F1 P2RL
16 | wRRZRR. ACP3RL | ‘FOP3RL T3RR - ACP3RR + FOP3RR

(AC = ACCUMULATOR T=TEMP R =RESULT FO=FFT#0 Fl =FFT#l PQ,Pl,... = POINT NUMBERS)

Figure 3.27: The MAC Polar Computation
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Fixed Point to Floating Point Conversion

For FFT mode, the fixed point results of butterfly operations are converted back to (7,7,4) floating
point format in this stage.

The calculation of the exponent provides a capability of adding a programmable value to the
exponent to counteract the tendency of the exponent to grow more negative at each stage. (The
amount of exponent adjust at each stage of the FFT pipeline will be determined in such a manner
as to ensure that overflow does not occur to any significant extent.)

Number Controlled Oscillator

This section is functionally independent of the rest of the device. A 10-bit slice of a wider counter
is implemented on each device. Cascading some number of these circuits provides a wider number
controlled oscillator that increments at a controlled rate. The application for the NCO is to
generate the fringe rotation.

3.5.3 The Control Word

The configuration of the ASIC to perform in any one of the modes described above, is done by
loading it with a 4-byte Program Control Word. This control word is shifted serially, bit 0 first,
into the ASIC. The shift register is a chain of positive-edge triggered D-Flip-flops. The parallel
outputs of this shift register are input to a set of 32 gated-D-latches, to provide secondary storage.

The serial shifting of the control word is done using four signals provided solely for this purpose.
These are

Control Register Shift Input (CRSI) This is the serial input of the 32-bit shift register.
Control Register Shift Output (CRSO) This is the serial output of the 32-bit shift register.

Control Register ShiFT CLocK (CRSFTCLK) This is the shift register clock. A positive
edge of this clock inserts the value asserted at the CRSI into the shift register.

Control Register STroBe (CRSTB) This is the active-high gating signal for the D-latch.

A bit is shifted into the shift register with the bit asserted at the CRSI, the CRSTB asserted
and a positive edge on the CRSFTCLK.

The CRSO is used to cascade the shift registers of all ASICs on the same card to form a single
shift register.

Functional Description of the Control Word Bits

In the following description of the control word bits, the terms “upper” and “lower” refer to
realisation of FFT cards required to perform a 1K or 2K point transform. These are not relevant
to the GMRT FFT cards.

Bit 31,30,29 : Unused.
Bit 28, RAMOFF : 1 = De-select RAMs (used for IDD current test).

Bit 27, WEOUT : 1 = Switch an always enabled RAM write pulse to be output from the CRBIT
pin.

Bit 26, FFTSTO : 1 = Chip is at stage 0 of the FFT pipeline. 0 = Otherwise.

Bit 25, R41K2K : 1 = Chip is either at stage 0 or stage 4 of FFT pipeline and is involved in a
1K or 2K size FFT. 0 = Otherwise.
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Bit 24, SEQ3REYV : 1 = Chip is at stage 3 or stage 4 of a lower FFT pipeline. 0 = Otherwise.

Bit 23, EXTIN : 1 = Select the external data (NORM or AUX) as the input to the butterfly
(normally only for MAC mode, possible for test purposes). 0 = Select the RAM data as the
input to the butterfly (normally for FFT modes).

Bit 22, EXPOFENBL : 1 = Enable the exponent overflow detection signal out of the chip. 0
= Disable the output (default for MAC mode).

Bit 21, R2SUB : 0 = Normal. 1 = Radix 2 “mirror” mode where the A-C result is kept rather
than the A+C result. This gives the “negative” part of the spectrum.

Bit 20, R2COINYV : Controls the phase of the R2ZCNTO output. This output is used as the mux
control signal for the multiplexer at the output of the two pipelines, used to combine outputs
of the two pipelines into one stream. Changing the phase of this signal can thus change the
order of multiplexing.

Bit 19, NCOFRZ : 1 = Allow the NCO accumulator to be loaded with the data in the normal
manner, but “freeze” the NCO operation so that the value will not ramp up. 0 = Allow
normal NCO operation.

Bit 18,17,16, WRSTG : Bit 18 forms the MSB and Bit 16 the LSB of the three bit field which
defines the address generation sequence to be used for writing to RAM. Values 0 to 4 =
Sequence 0 through 4 (set = 4 for MAC mode). 5 = Not used. 6 = External address
sequence at stage 0. 7 = Not used.

Bit 15, R4CNTO : 1 = CNTO same as CT\0. 0 = CNTO same as CT0. This bit is low for all
MAC modes and for radix 2, 2K in a lower pipeline. It is high for all other FF'T modes.

Bit 14,13,12, RDSTG : Bit 14 forms the MSB and Bit 12 the LSB of the three bit field which
defines the address generation sequence to be used for reading from RAM. Values 0 to 4 =
Sequence 0 through 4 (set = 4 for MAC mode). 5 = Not used. 6 = Not used. 7 = External
address sequence at stage 5.

Bit 11,10 ADEXP : Bit 11 forms the MSB and bit 10 the LSB of the two bit field. Value 0
through 3 = the number to “add” to the exponent at the input to the butterfly.

Bit 09, DISCINTWE : 1 = Inhibit the internal RAM write enables. 0 = Enable the internal
write enables.

Bit 08, EXTEXT : 1 = Force control of the RAM address multiplexers to come from the chip
input pins rather than from the internal control logic. 0 = Allow internal control of the
multiplexers.

Bit 07, NM/AUX or .UPR/ LWR : This is a dual function bit. In certain modes, this bit is
set high, to select the normal data input. (If set low, it would select the auxiliary data input.)
Set = 1 for MACNP and MACPAQ, 0 = for MACPAL.

In some modes, the input toggles back and forth between the norm and aux. For these modes
this bit is a don’t care, except for radix 4, 1K or 2K modes in stage 0, where this bit is used
to specify the upper and lower pipeline. 1 = upper, 0 = lower. *

Bit 06, 2K/<2K or BP/NBP or A1/0 : This bit is a triple function bit.
For Radix 2 modes 1 = 2K FFT size. 0 = Less than 2K FFT size.

For Radix 4 modes 1 = Bypass. 0 = Not bypass.
For MAC Polarisation modes 1 = Array 1. 0 = array 0.
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Bit 05, R4/R2 or P/NP : This bit is a dual function bit.
For FFT modes 1 = Radix 4. 0 = Radix 2.

For MAC modes 1 = Polarisation. § = Non-polarisation.
Bit 04, TOGCENS : 0 = FFT. 1 = Normal MAC modes. Set = 0 in MACPAO for Indian mode.
Bit 03, TEST : 1 = Test mode. 0 = Not test mode.

Bit 02, PGENBL : 1 = Enable the pulsar gate logic. A must for MAC mode. 0 = Disable the
pulsar gate logic (chip ignores pulsar gate).

Bit 01, RAMONIN : 1 = Route input data to RAM. 0 = Route MAC accumulator results to
RAM. :

Bit 00, CARDUSE : This bit is not used on the chip. It is provided for use on the card.

3.5.4 Hardware Signals

The ASIC requires certain control signals to process the data when operating in FFT and MAC
modes. These control signals are generated by the respective control cards - FFT control and
MAC control for the FFT and MAC subsystems. These signals are distributed to all the cards in
a subrack by the backpanel. The control cards in different subracks are synchronised to each other
using a synchronising signal generated at a single point and distributed wherever required.

Signals in FFT mode

The control signals required for the FFT operation can be classified into five groups and are
described below.

Control Word Signals These as described in the previous section and comprise of CRSI, CRSO,
CRSTB and CRSFTCLK. In addition to these, the CRBIT pin on the ASIC is used to check
if the ASIC is configured with the correct control word. Since the control word for all ASICs
on a card is loaded in as a single pattern, the Bit 27, WEOUT, of the control word is
programmed to be a 1 in every alternate ASIC and a 0 in every other. On ASICs which have
this bit as a 1, the RAM write signal, which has a similar shape as the clock, is available
on the CRBIT pin. On ASICs which have this bit as a 0, the CRBIT is either a LOW or
a HIGH. Thus every alternate ASIC in the control word path should exhibit a clock at its
CRBIT pin. This bit is the last useful bit (Bits 28,29,30,31 are 0 for all operating modes) in
the control word pattern. This in conjunction with Bit 0, CARDUSE - the state of which
can be checked on the CRSO pin of the ASIC - provide a rehable mechanism to verify if the
control word has been shifted properly.

The control word configures the 5 ASICs of the pipelines to be as stage 0,1,2,3 and 5. Stage
4 is missing since the 1K or 2K FFT modes are not used on the GMRT FFT card. The last
ASIC has to be operated in stage 5 and not in stage 4 because the external addresses, which
are required in the last stage, can be given only in stages 0 and 5.

The control word also configures the proper read and write stage address sequences for all the
ASICs. Stages 0 and 5 get the externally generated sequences while all the rest use internally
generated sequences.

The pins for NCO and external addresses are shared, on the ASIC. Hence, the NCO output

cannot be obtained from stages 0 and 5, although the counting process of the NCO is still
active. Thus, stages 1,2 and 3 are the only chips available for NCO outputs.
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ASIC has to be operated in stage 5 and not in stage 4 because the external addresses, which
are required in the last stage, can be given only in stages 0 and 5.
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The control word also changes the twiddle format in stage 0 from the normal (5,5,0) to (5,0,4)
as a provision for a time-domain window to be used. The stage 0 does not require any twiddle
factors because their effect is absorbed in the radix-4 logic.

INITs This stands for INITialisation. The ASIC has an internal 9-bit counter, the outputs of
which are used to generate various control patterns. The INIT acts as a reset to this counter
and as a consequence signifies the beginning of a new FFT computation. This is an active-low
pulse, one clock cycle wide, occurring every 516 cycles. It is this signal that defines the FFT
cycle, the basic operating cycle of the GMRT correlator. Every FFT cycle, a new set of 512
points are processed to produce 256 spectral channels. After every 512 clocks, an additional
4 clocks are required to accomplish the internal bank switching. No data is processed during
these 4 cycles. In order to avoid loss of data, the FFTs are run faster by an equivalent
amount.

Every ASIC operating in Radix-4 mode requires 11 clock cycles to compute the FFT. This
introduces a pipeline delay and hence every subsequent ASIC has its FF'T cycle staggered by
this amount. The INITs for the 5 stages (0 to 5) are all similar in structure but offset from
their preceding stage INIT by 11 clocks.

Twiddle Inputs All stages except stage 0 require twiddle factors for computing the FFT. The
stage 0 twiddle input accepts a time-domain window instead, in a (5,0,4) format.The twiddle
factors are in the (5,5,0) format.

The twiddle factors or trigonometric tables, often referred to as trigs in short, for stages
1,2 and 3 are supplied by the FFT control card. The trigs for stage 5, also incorporate the
Fractional Sample Time Correction (FSTC) and are stored on the FFT card in RAMs. The
stage 5 trigs can be manipulated to provide a radix-2 bypass mode, since this is not provided
for, by the logic inside the ASIC. This mode is required when, say, a 256-point transform is
to be computed.

External Addresses The stage 0 and stage 5 external addresses are stored on the FFT card in
RAMs, which are loaded at the system initialisation stage by the FFT control card. These,
unlike the trigs, cannot be distributed globally from the control card because the different
FFT cards in the same subrack can, in principle, be computing FFTs of different lengths.

Signals for NCO Control These can be classified into the two following groups

Signals for loading the NCO The NCO requires a 20-bit number to be input. This sig-
nifies a 10-bit initial phase and a 10-bit increment. The 20-bit number is shifted serially
into a 20-bit register in a manner similar to the control word. The NCO has NCOSI,
NCOSO, NCOSRCLK as the NCO Shift Input, Shift Output and Shift Register CLocK
respectively. The NCOs of stages 0,1 and 5 are cascaded to form a 30-bit NCO. The
NCOs of stages 2 and 3 serve as 9-bit counters, clocking at 32MHz for addressing the
several on-board RAMs on the FFT card.

Signals for NCO operation These signals are the NCOLDIN, NCOSTA, NCORW, NCOCE,
NCOCLK, NCOCI and NCOCO. The NCOLDIN (NCO LoaD INput) is a load line
which strobes the initial oscillator phase and phase increment values from the sec-
ondary storage registers to the active registers. The accumulator of the NCO is clock
enabled, to allow selectable update rates. An intermediate storage register will store
the NCO phase when the NCOSTA (NCO STore Accumulator) is asserted. The ac-
cumulator is preset to this stored phase when the NCORW (NCO ReWind) signal is
asserted. NCOCE is the NCO Chip Enable signal and NCOCLK is the NCO CLocK
which updates the accumulator. NCOCI and NCOCO are the carry-in and carry-out
signals which are used to cascade NCOs.
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Signals in MAC mode

The signals in MAC mode have two basic periodicities. One set of signals repeat every 516 cycles
where as the other set repeats once every Short Term Accumulation (STA) cycle. The STA cycle
is one higher than the FFT cycle in the operating cycle hierarchy. The highest being the LTA cycle
which is one higher than the STA cycle. An STA cycle typically consists of 4096 FFT cycles. This
number determines the amount of averaging performed by the MAC system and can be as low as
256 cycles.

The signals can be classified into three groups

Control Word Signals The control word in MAC mode configures the ASICs in one of the three
MAC modes - Non-Polar, Polar or Indian Mode. The control word signals are the same as
required for the FFT mode.

FFT Cycle Signals These signals have a modulo 516 clock cycle structure and are active within
each FFT cycle of any STA cycle.

MACINIT MAC INITialise. 1t is similar in structure to the FETINIT, active-low and
asserted for one clock cycle every 516 cycles. It resets the internal address counter used
for reading data out of the RAM. The periodicity can be lesser than 516 cycles in case
of integrating spectral channels lesser than 256.

MACWE MAC Write Enable. Active-low and similar to MACINIT. This latches the result
of integration read out from the accumulator (RAM) into a 36-bit register inside the
ASIC.

External Addresses These are of two kinds - one for the incoming data from the FFTs and
the other for the results to be read out. The addresses asserted during the active period
(non-dead time period) of the FFT cycle are used for reading out the accumulators
from the active bank of the RAM. Each address (from 0 to 255) is asserted for two clock
periods. The addresses for write back are provided internally.

The address for the read out of the results is asserted for one clock period during the
dead-time. This address reads out the corresponding RAM location from the non-active
bank of the RAM (that is the bank on which accumulation is over).

BANKSWITCH This signal has periodicities of both types. This is MSB of the external
address and its function, as its name conveys, is to select the correct bank of the RAM
as appropriate to that instant.

During the 512 active clock periods, integration is being performed on the active bank.
Thus the BANKSWITCH selects this bank. During one clock period in the dead-
time of 4 clocks, a result is required to be read out from the non-active bank. The
BANKSWITCH thus, selects the other bank for this one clock period.

At the end of an STA cycle, the roles for the active and non-active banks are reversed
and so is the polarity of the BANKSWITCH signal.

Cardselects The read-out operation of the results of the accumulation are performed in
the following sequence - first a particular channel from a particular chip is read out
from ALL the cards, next the channel is incremented. On reading out all channels from
a particular chip on all cards, the chip number is incremented. All the 256 channels
from all the chips on all cards are thus read out. The read-out operation can thus be
summarised as a counter: [CARDS, CHANNELS, CHIPS] with cards as the LSB and
CHIPS as the MSB. The CARDS increment from 0 to 10, CHANNELS from 0 to 255
and the chips from 0 to 15.

Each Cardselect is thus asserted once every FFT cycle to read out a CHANNEL from
a CHIP.
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AUXOUT The MAC result is 36-bit wide while only 18 output pins are available on the
chip. AUXOUT multiplexes the 36-bit result in two halves of 18 bits each out of the
chip. The 36-bit result is stored in a 36-bit register on the ASIC using the proper
external address and MACWE as the write pulse. This result is in the (15,15,6) format.
AUXOUT = 1 brings out the 15-bits of the real mantissa with the 3 LSBs of the 6-bit
exponent. AUXOUT = 0 brings out the 15-bits of the imaginary mantissa with the 3
MSBs of the exponent.

The AUXOUT thus is a square wave having 11 periods in each FFT cycle, since it has
to toggle once for each of the 11 MAC cards read out during the FFT cycle.

STAREAD A positive edge of this signal is used to latch the 18-bit output from the ASIC

into the on-board register. Thus the STAREAD is double the frequency of AUXOUT.
For every logic state of the AUXQOUT, the STAREAD toggles once.

STA Cycle Signals The signals grouped under this category have a periodicity of one STA cycle.

However, though lower in frequencies as compared to the signals active within a FFT cycle,
they have to adhere to stringent timing requirements. They have precise instants at which
to be asserted and in some cases do not have a latitude of even a single clock cycle.

CLRACC CLeaR ACCumulator This signal is asserted for an entire FFT cycle during the
first FFT cycle of every STA cycle. The CLRACC emulates an accumulator clear oper-
ation in the following manner. Instead of explicitly writing a zero into the accumulator,
it clears the port of the adder holding the present accumulator value, to zero. The
incoming product is thus added to zero before being stored into the accumulator.

BANKSWITCH This signal is used to accomplish the reversal of roles, from active to
non-active and vice-versa, of the two RAM banks.
This signal and the one in the previous section are actually one and the same. It is the
same hardware line which exhibits the two different events during the STA cycle.

ROW and COLUMN These form the chip select signals for the ASICs. Used for enabling
an ASIC for read-out of results after accumulation. The ROW and COLUMN each are
fields 2 bits wide, which are decoded on the MAC card to select one of the four ROWs
and one of the four COLUMN:S.

3.6 The FFT Subsystem

3.6.1 The FFT Subsystem: Circuit Design

The FFT subsystem involves three card types : the FFT card (Fig. 3.28), the FFT control card
and the FFT Backpanel. It performs the following tasks :

1

B

Applies a time-domain window on the data,
Compensates for the fringe phase ,
Performs a DFT on the input data and,

Compensates for the fractional delay difference.

The FFT Card
The FFT Card consists of the following sections:
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The input section and the fringe rotator The 4-bit wide ECL data input from the de-
lay sub-system is converted to TTL levels by a MC10125, latched using a 74F574 and
fed to the fringe rotator. The fringe rotator is implemented as a lookup table with the
data and the NCO as its inputs. The NCO initial phase and rate of increment is pro-
grammed appropriately to compensate for the fringe modulation. The lookup table is
implemented by two synchronous ROMs (CY7C265), one of which handles the sign bits
of both the real and imaginary parts apart from the real part while the other handles
the imaginary and exponent bits. The output of the fringe rotator is in the form (7,7,2)
with the other two exponent bits are permanently wired to ground at the input of the
ASIC.

The FFT pipe-line The fringe rotator output forms the input to the FFT pipe-line. The
pipe- line comprises of 5 FX ASICs, each of them operating in FFT mode — either
Radix-4 or Radix-2 or Radix-4 bypass. The 5 ASICs are configured as stage 0,1,2,3 and
5 respectively. Stage 0, in addition, also accepts a window function in (5,0,4) format as
its twiddle input. All other stages, from stage 1 to stage 3, operate on internal addresses
and external twiddle factors. The output of one forms the input of the next.

The output section The output section comprises of three multiplexer-cum-latch (74F399)
which combines the outputs from the two pipelines into a single output. This is done
to conserve the output lines coming out from the FFT card. Advantage is taken of the
fact that the spectrum of real data will be Hermitian symmetric, only half of it need be
read out of the chip. Thus, the output can be either the positive half or the negative
half. Since the output now will contain only half as many numbers as the input, the
readout frequency is also half that of the processing frequency. And, since the output
transmission is capable of handling 32MHz data, the two 16MHz output of the pipelines
are multiplexed into a single stream of 32MHz. Normally, the two pipelines process
data from two polarisations of the same side-band. These are time-multiplexed in the
output. Such a time multiplexing is also necessary for operating the MAC in the polar
mode.

On-board RAMs and other circuitry The rest of the logic of the FFT card includes
the clock distribution circuitry (clock driver-74 ACT11208), control circuitry for loading
the on-board RAMSs (latches-74F574), and capturing circuitry for the trigonometric
tables/synchranising signals (latches-74F821 and 74F574). The RAMS (CY7C199 and
CY7C128A) contain external addresses for the first and last stages of the FFT pipeline,
Fractional Sample Time Correction (FSTC) tables for the last stage FFT and a few
synchronising signals. These RAMs are loaded under microprocessor control by the
FFT control card during the start of each session.

2. The FFT Control Card
The FFT Control card performs the following tasks:

Supplies Twiddle Factor Values The ASICs need external twiddle factors to per-
form the DFT. These are required by all stages in the FFT pipeline except stage 0.
This is so because in Stage 0, the twiddle factors are incorporated in the hardware
logic of the ASIC. The Stages 1,2 and 3 get their twiddle factors from the control
card. In the last stage, Stage 5, the twiddle factors are combined with the FSTC
and hence are supplied from the on-board RAM.

Supplies INITs The FFT INITs to all stages, 0 through 5 are generated and dis-
tributed by the control card.

Loads Fringe Values The NCO for each pipe-line on every FFT card is programmed
with new values of initial rate and increment every STA cycle to accomplish fringe
stopping.
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Loads the FSTC Values Similar to the fringe values. One number per FFT card,
ranging from O to 31, pertaining to the amount &f FSTC is loaded once every few
FFT cycles to compensate for the change in fractional delay.

Initialisation of the FFT Cards At the beginning of every observing session the
control card performs the initialisation of all the FFT cards. The following tasks
constitute this initialisation
Loading Control Words into the ASICs All ASICs in the FFT cards are loaded

with their required control words. These control words, each 32 bits wide, define
parameters such as the length of FFTs to be performed, sequence of polarisa-
tions in the FFT output, amount of scaling in the exponent fields of the numbers
etc. All the ASICs within a card form a serial shift register 320 bits (10 ASICs
X 32 bits each) long, into which the FFT control card shifts the control word.
Loading on-board RAMs The on-board RAMs on the FFT card contain

(a) The External Addresses for Stages 0 and 5 of the FFT pipeline

(b) A user definable time domain window

(c) The FSTC tables

(d) A few NCO control signals

3. The FFT Backpanel
Interfaces the FFT cards with the FFT control. Has the following buses through all the
cards :
e Twiddle Factors for Stages 1,2 and 3 of the FFTs (30 bits, 32MHz continuous)
Control Word Signals (4 bits, during initialisation)
The FFT Inits (5 bits, one clock width pulses every FFT cycle)

The NCO Signals (NCO control word: 3 signals during initialisation; NCO update:
4 signals during NCO update every STA cycle)

3.6.2 The FFT Sub-system: Packaging

The FFT card employs a two-tier structure (Fig. 3.29) consisting of a main board and a pipeline
board (Fig. 3.30 and Fig. 3.31). The main board contains all the logic circuitry of the FFT card
while the pipeline board contains only the ASICs. Both boards are 6 layer PCBs, 1.6mm thick
with 35 u copper plating on all layers. The main board is 100mm by 280mm while the pipeline
board is 100mm by 246mm. The layer assignments for both boards are same and is shown in Fig.
3.32. Both the PCBs are designed with 8mil track width and 8mil track-to-track spacing design
rule. The via size used is 16mils. :

The main board which plugs into the backpanel, has one 128-pin EURO (4 rows X 32 pins) as
the backpanel connector and one 26-pin FRC for the input from Delay. In addition, it has three
100-pin surface mount connectors for the pipeline board.

The Backpanel (Fig. 3.33) is a 3.2mm, 6 layer PCB. Its construction is the same as that of
the FFT card shown in Fig. 3.32. Like all others, two Berg pins are provided for ECL clock
connections.

A total of 60 FFT cards are required for the entire system. Each backpanel supports 10 FFT
cards in addition to two FFT Control cards. The inter-card spacing is 7T (= 1.4 inch). Thus,
a total of 6 sub-racks make up for the entire requirement. The 10 FFT cards in each subrack
are split into two groups of 5 each. Each group has its own control card. These two groups are
independent of each other, except for the power and ground layers of the backpanel. Each FFT
subrack is housed in one of the six FX racks. The FX rack is described in greater detail in the
discussion on MAC subsystem packaging.

The interconnection of the FFT with the Delay subsystem is already described in the discussion
on the Delay subsystem. The FFT cards are connected to the MAC subsystem by 50-core round
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Figure 3.29: The FFT Card

Figure 3.30: FFT Main Board (Lyr.6) and Pipeline Board (Lyr.1)
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Figure 3.31: FFT Main Board (Lyr.1) and Pipeline Board (Lyr.6)
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Figure 3.33: FFT Backpanel

twist-n-flat jacketed shielded cables. Two FFT card outputs are combined into one 50-pin FRC
connector and is transmitted to a distribution system, as TTL signals interleaved with ground. The
system then converts these to ECL and transmits them to the MAC subsystem. This is described
in greater detail in the discussion on MAC subsystem packaging.

3.7 The MAC Subsystem
3.7.1 The MAC Subsystem : Circuit Design

The spectra provided by the FFT subsystem are correlated to provide the cross power spectrum
by the Multiply and Accumulate Subsystem. This is the crucial subsystem responsible for the
realisation of a 30-by-30 array. Inputs from all the 30 stations of GMRT are fed into this array
to compute the cross power spectra arising from the 465 pairs for each spectral component and
polarisation.

The MAC Subsystem comprises of : the MAC Card (Fig. 3.34), MAC Control Card and the
MAC Backpanel.

1. The MAC Card

The MAC Card, conceptually, performs only one operation - that of multiplying the inputs
provided to it and accumulation within the on-chip RAMSs of the ASICs. It thus has only the
multiplier chips and their associated logic as its constituents. Unlike the FFT and the Delay
cards, there are no on-board RAMs and their associated circuitry. This aspect has greatly
simplified its design.

The Input Section This is largest section of the card apart from the multiplier chips. The
card has a total of 8 different inputs which form the 4 rows and 4 columns of a 4-by-4
matrix. The multiplier chips form the 16 nodes thus obtained. These 8 inputs are
received from the FFT subsystem via a distribution system (described later) as ECL
signals. This section thus has the ECL-to-TTL converters (MC10125) which feed a set
of latches (74F821 and 7T4F574) to capture the data on the card with the on-board clock.
These data latches then feed the multiplier chips.

The Multiplier Chips The 16 multiplier chips are the FX ASICs operating in one of the
three MAC modes viz. Non-polar, Polar or Indian Polar. Of these, the Indian polar
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mode is the default operating mode while the Non-polar is the most scarcely used mode.
The polar mode will be used whenever calculation of Stokes parameters is required.

The multipliers operate in parallel, accumulating the products till they are read-out.
The read-out is time-multiplexed, with all the chips on the same bus. A chip select
enables each chip and an address provided to it reads out a result. Since the result
is 36-bit wide while the output port is only 18-bits wide, the result is read out in two
parts. The real and imaginary parts of the complex number are read in two consecutive
words. The common exponent is split into two parts of 3-bits each and is combined with
the 15-bits real or imaginary mantissa to form an 18 bit word. The LSB 3-bits of the
exponent is combined with the real mantissa and the MSB 3-bits with the imaginary
mantissa.

Control Circuitry This includes logic required for capture and distribution of clocks and
the various controls signals required by the ASIC in MAC mode.

The clock is received as an ECL signal. It is then converted to TTL level (by a
MC10125) and distributed to all ASICs and other logic chips by a pair of clock drivers
(74ACT11208). Of the two clock drivers, one provides clocks only to the ASICs where
as the other to the latches (74F821, 74F574, 74F175, 7T4F824 which capture data and
control signals). The clocks from these two drivers differ from each other by an amount
(provided by the delay line MDLDL-TTL-10F) required to provide sufficient setup time
for the ASICs.

The data read from the the ASICs is latched at the card edge (by 74F823) before
transmitting it on the backpanel. The cards too, like the chips, are read out in a
time-multiplexed fashion.

2. The MAC Control Card

A dual processor card employing the fixed point ADSP2105 and the floating point
ADSP21020. The MAC control performs the following tasks

Generation and Distribution of Control Signals The generation of the control sig-
nals is done using certain basic information such as number of cards in the subrack
(which will be a constant in the field), the amount of STA to be performed, the
number of channels to be read out, the kind of MAC mode required etc. This in-
formation is provided to the MAC Control by the CCC via the MCC. The MAC
control then calculates the various other signals on the basis of this information and
loads the RAMs appropriately. This task is performed by the ADSP2105.

LTA The STA output is read from MAC cards into the MAC control card. The

MAC outputs are stored on the MAC control in a dual port RAM from which
the ADSP2105 reads the STA numbers. The ADSP2105 then unscrambles ® the
outputs and passes the real and imaginary mantissas, as a 21-bit number, to a look
up table for conversion to IEEE floating-point format.
The converted output from the look-up table is then read by the ADSP21020. The
21020 performs the specified LTA by adding these results(Zz;). It can also compute
Tz to calculate the variance of the incoming data stream. The LTA output is read
out into the rack control card which transmits it to the Data Acquisition System
(DASYS.

The MAC Backpanel

3The STA output comes as two numbers of 18-bits each. The first contains 15-bits of real mantissa as 1’s
complement number as well as the 3 LSBs of the 6-bit exponent. The second number contains 15-bits of imaginary
mantissa, also as a 1’s complement number plus the 3 MSBs of the exponent. The 6-bit exponent is a 2’s complement
number. The MAC control puts the 6-bit exponent with each of the mantissas but leaves their formats unchanged

4A description of the present DAS is given in Chapter 5.
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The MAC subsystem is divided into six subracks - one in each FX rack. Each
subsystem accommodates 11 MAC cards and a control card within a subrack. A
total of 192 x 11 signals are required to be accepted by this subrack from externally
located FFT subsystems, and distributed to the 11 cards after some re-ordering of
bits to suit the MAC card pin assignments. In view of the large number of signals,
wire wrapping would have been very cumbersome and also difficult to maintain.
Hence, a PCB was specially fabricated instead. In view of the large power dissipa-~
tion (about 550W per subrack) to be accommodated, and in view of the complexity
of signal routing, a 16-layer PCB was designed. Keeping in mind the relatively
small number of such PCBs required in the systemr, a cost-effective solution was
arrived at by making all the MAC backplanes identical.

The distribution of MAC cards adapted for this purpose is shown in Fig. 3.35.
In this Figure, the numbers ‘1’ through ‘A’ denote the 10 FFT cards. Numbers
without a prime (’) denote FFTs from first rack. Numbers with a single prime
denote FFTs from second rack while two primes denote FFTs from the third rack.
The resulting arrangement ensured that no cable needed to cross a rack to connect
an FFT output to.a MAC card. Also, the cable lengths were kept to a minimum,
but of equal length. This set of three racks processes one of the two side-bands.
The other side-band is processed by an identical set of three FX racks. Both sets of
the three FX racks thus realise a 30-X-~30 array of multipliers shown schematically
in the Fig. 3.36.

It can be seen that second rack has the maximum number of cross correlators and
also that most of its inputs are derived from the neighbouring racks. The backpanel
design was thus based on the second rack, since it is the most generic one. The
arrangement for first and third racks can be derived from the second rack. The
Fig. 3.37 shows the actual 30-by-30 array realisation according to the arrangement
of the backpanels. Ideally, all results should have occupied the same triangle. The
mixture is the price paid for the optimisation. A few of the results will thus require
a sign flip in their imaginary parts to obtain their complex conjugates so that all
numbers can be thought of as originating from the same triangle of the 30-by-30
matrix.

3. The Distribution System _

A careful look at the Fig. 3.35 reveals that a maximum of 9 inputs have to be sourced by
each FFT output. For example, 5’ (i.e. the fifth FFT card in Rack2) drives 8 loads - 5
in Rackl (MAC cards 1, 5, 8 and 10) plus 3 in Rack3 (MAC cards 4,5 and 6). Similarly,
9 (i.e. the ninth FFT card in Rackl) drives 9 loads - 6 in Rackl (MAC cards 3, 4, 7, 8
and 9) and 3 in Rack2 (MAC cards 3, 4 and 9). As a conservative figure, it was decided
to allow sourcing of a maximum of three fan-outs per ECL output. This requires that
each FFT output generate 3 copies to drive the 9 inputs required by the MAC array.
This was accomplished using a distribution system which is shown schematically in Fig.
3.38. The FFT outputs from the two adjacent cards are combineéd into one 50-pin FRC
connector. This is done using a PCB which is an add-on to the FFT backpanel. The
12-output bits from both cards are interleaved with ground and transmitted to the
distribution system. This system receives these signals via its backpanel and converts
them to ECL levels. It uses two independent sets of TTL-to-ECL converters (MC10124)
to produce two ECL copies of the same TTL signal. One is transmitted to the Pulsar
Machine ® via a 50-pin FRC connector. The other ECL copy is used to generate the
three copies required by the MAC array. These are obtained by passing each of the ECL
signals through a 1:3 ECL-ECL (MC10H116) driver. The 144 outputs thus obtained
are then transmitted to the MAC array.

SThis is a specialised hardware for supporting the observation of Pulsars
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Figure 3.39: The MAC Card

3.7.2 The MAC Subsystem : Packaging

The MAC Card (Fig. 3.39) is a 6-layer PCB, 233mm by 280mm in size, 1.6mm thick with 35 u
copper plating on all layers. The construction of the PCB is shown in Fig. 3.40. The MAC card
is designed with 8mil track width and 8mil track-to-track spacing. The via size used\is 16mils.

The MAC Card uses two 160-pin Euro Connectors (5 rows X 32 pins) to connect with the
backpanel. Both, the input and output to the card is through these 320-pins.

The MAC backpanel is actually a Backpanel system as shown in the Fig. 3.41, built around a
3.2mm, 16 layer PCB whose construction is shown in Fig. 3.42. The backpanel system is made up
of a set of four different cards. Three sets of smaller auxiliary cards (Fig. 3.43) plug into the 16-
layer PCB which is used as the backpanel for the MAC and MAC control cards. Two out of these
three are essentially SMT-to-DIP adapters for the 50-mil X 50-mil AMPMODU Surface Mount
connectors which receive the FFT outputs. The third is a termination card carrying line-to-line
and line-to-ground terminations for the ECL signals. In all, 23 of the SMT-to-DIP adapters are
used on the backpanel. Seventeen of these occupy the centre of the MAC backpanel Fig. 3.44
while the other 6 plug-in horizontally into the upper and lower ends of the backpanel (Fig. 3.45).
The termination card too, like the adapter, plugs-in orthogonal to the plane of the backpanel (Fig.
3.45).

A total of 66 MAC cards are required for the entire system. Each backpanel supports 11 MAC
Cards in addition to one MAC Control card and one free slot. The inter-card spacing is of 6T (=
1.2inch). Thus, a total of 6 subracks make up for the entire requirement. Each MAC subrack is
housed along with the FFT subrack and the distribution subrack in one of the 6 FX racks. Each
distribution subrack supports 5 distribution cards. A total of 6 such subracks housing in all 30
distribution cards are required for the entire system. The arrangement of various subracks as well
as the power-supply and fan trays are shown in Fig. 3.46.
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Figure 3.43: The MAC Backpanel System : Auxiliary Cards

Figure 3.44: The MAC Backpanel Auxiliary Cards (SMT-to-DIP Type I)
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Figure 3.45: The MAC Backpanel Auxiliary Cards (SMT-to-DIP Type II)

The Distribution System

This system consists of the translation card and its backpanel.

The translation card (Fig. 3.47) is a 8-layer PCB, 100mm by 280mm in size, 1.6mm thick with
35 p copper plating on all layers. It uses 8mil tracks with 8mil track-to-track spacing and a via
size of 16mils. It connects with the distribution backpanel through a 96-pin Euro connector. In
addition it uses two 50-pin FRC connectors to connect with the backpanel. Another 50-pin FRC
connector, which is placed in the front of the PCB, connects with the Pulsar machine.

The distribution backpanel is a 3.2mm, 6-layer PCB (Fig. 3.48). It receives FFT inputs on
the 50-pin FRC connector and uses 3 surface-mount connectors to carry the outputs to the MAC
array. These surface-mount connectors are mounted on the backpanel using the same adapters as
used by the MAC backpanel. Two additional 50-pin FRC connectors bring in signals from the
distribution card. The backpanel is, in fact, a set of 5 independent ‘distributors’ - one each for a
pair of FFT cards. These 5 share only the power and ground planes of the backpanel.

The FFT to MAC connections are established via the distribution system in two ways. The
FFT output is connected to the distribution input by 50-core flat cables. The distribution subrack
connects with the MAC by 50-core round twist-n-flat jacketed shielded cables. The inputs to the
rows of the MAC cards go directly from the distribution subrack to the MAC subrack. Here both
ends of the cables have the 50-pin surface-mount cable connector. This connector connects with
one of the 6 auxiliary cards which plug in horizontally to the MAC backpanel. On the other hand,
the inputs to the columns of the MAC cards go from the distribution subrack to an additional card.
This card (Fig. 3.49) accomplishes the 1:3 fan-out for each input. For example, referring to Fig.
3.35 one of the inputs of 5’ (out of the three generated by distribution subrack) going to Rackl
connects to MAC cards 1, 5 and 8. All these three MAC cards need to be on the “same cable.
Hence, the requirement to daisy chain these inputs. Since, the cable connector corresponding
to the surface-mount connector cannot be used to daisy chain the 50-core cable, the inputs are
brought to this card from the distribution subrack. Additional cables connect this card to the
MAC backplane.
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Figure 3.47: The Distribution Card
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Figure 3.48: The Distribution Backpanel
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Figure 3.49: The 50-pin FRC Card for Daisy Chain

3.8 The Correlator

As was described in section 3.1.3, the entire correlator system is packaged in 10 racks. Fig. 3.50
shows the layout of these racks with their interconnections. The block labelled GAC is the front
end of the pulsar machine. The ADC power-supply rack is excluded from this figure. When the
MACs are operating in either Non-polar or Indian Polar mode, the FX Racks 1, 2 and 3 process
one sideband while Racks 4, 5, and 6 process the other. For, the polar mode, both these sets of
three racks process the same sideband. As can be seen, both the Delay racks - DLY1 and DLY2
are connected to both of the three-racks-sets of the FX to accomplish this.

The design of the GMRT correlator system was described. The description
was presented from the circuit design as well as the packaging point-of-
view. As can be seen, all of the about 320 cards of over 15 card types
are multilayer. They were all designed in-house and fabricated within the
country. The MAC Backpanel, which was fabricated overseas, stands a sole
exception, and its reason is discussed in Chapter 5. The large number of
interconnections required to realise the 30-by-30 array is one of the major
contributing factor to the complexity of the system.
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ADC = ADC Rack FX1, 2 & 3 = FX Racks for Sideband I
(Power Supply Rack not shown) FX4, 5 & 6 = FX Racks for Sideband II
DLY1 & 2 = Delay Racks GAC = Pulsar Machine Front End Rack.
(For Sidebands I & II)

Figure 3.50: The Rack Layout of Correlator System
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Chapter 4

Validation, Testing and
Integration

"Tis strange but true; for truth is always strange, - Stranger than fiction

~Byron, ‘Don Juan’

After the system and its constituents are designed and fabricated, comes
the question of validating and verifying whether they actually do perform
what the design intended them to. This chapter shall discuss the tests and
procedures used to validate first, the GMRT correlator cards and then the
entire system

4.1 From IC’s to Racks : The Making of a System

The validation of the system is done following a bottom-up approach. First, each card of all sub-
systems is tested out. These cards are then assembled to make a sub-rack (also called a ‘bin’).
Once the required number and type of sub-racks are tested, they are assembled in racks. These
racks are then interconnected together to form the complete system.

At each stage of the assembly, certain tests are performed to ensure functional integrity and
stability of the subsystem.

Functional tests Given a certain pattern as the input and the function of the device-under-test,
be it a card or a sub-rack or the system as a whole, the expected output can-be simulated.
The Validation of the device-under-test then implies that the actual output be identical to
the expected one.

The stability and repeatability Once the correctness of the output is ascertained, the next
requirement is that the output be repeatable and stable over extended periods of time.

Repeatability implies that the same output pattern should be obtained in response to the
same input (data and control input). This is ensured by power cycling the system, by
reloading the control inputs, by cycling the input pattern, etc.

Stability implies the output be identical over extended period of time (a few hours to days).
This ensures that the system is devoid of phenomena such as reflections in the transmission
of data, jitter, grounding, etc.
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For the functional tests, simulation of the FFT and MAC operations were performed to validate
the output of the FFT card and the output of the ASIC in MAC mode. For the ADC card, the
expected dynamic range of the output was also obtained in a similar fashion. For the stability
tests, generally the method adopted was to form a template of the output by taking a “snapshot”
and then compare the output with this template.

The tests themselves have been continuvously evolving for the past six years using the experience
gained on the test benches and the feedback from the field. These tests are thus a result of the
collective experience of the correlator team. The tests mentioned below have been selected by the
author to provide an overview and are not necessarily exhaustive.

Th tests can be classified, as outlined above, into three groups, viz.,

e Card Level Tests
e Subrack Level Tests

e System Level Tests

4.2 Card Level Tests

4.2.1 General Tests

Tests independent of the card type can be put under this category. Some of these are checking
the connectivity of various tracks/vias (via is a term used for PTHs, Plated Through Holes) and
checking out power/ground shorts.

A bulk of this category of tests is done at the PCB factory as a part of the Bare Board Tests
(BBT). Most of the connectivity problems are weeded out at this stage since they mostly arise due
to defects in the PCB manufacturing process. It is to be emphasised here that the BBT are done
as a matter of routine, only on the “production” cards (which simply means a large quantity).
The prototype cards, which typically have quantities of less than 10 , do not go through the BBT.
The BBT itself is of two kinds, one, using a “template” method wherein one of the boards of the
lot forms the reference and the rest are required to be identical to it; and two, the “netlist” type
wherein the connectivity is generated from the netlist. The second type, as is obvious, is a more
fool proof method than the first. There is a caveat to the BBTs : they are done only on the
through-hole section of the boards. The surface mount section of the board, if any, evades the
BBT.

The post BBT defects in the cards are then mostly a result of the component assembly process.
Both techniques, manual and automatic assembly, have been used on the Correlator cards. Manual
assembly has been used for cards with lesser quantities and with cards which need to serve as
templates for the automatic assembly plants. All control cards come under the former category
because of their small quantities. The automatic assembly techniques have been used on the ADC,
Delay, FFT and MAC cards. A template for each of these was manually assembled and sent to the
assembly plant. The major defect in these class of boards has been the “dry-solder” - a term used
to signify an unreliable contact between the device (socket) pin and the PCB pad, arising due to
improper soldering.

Of the two kinds, the dry-solder defect has been observed more than the other. However,
the combined frequency of occurrence of both these kinds has been rare. And, keeping in mind
the limitations in resources including person-power and other logistics, a practical ‘compromise
followed, which was by and large of the “go-no-go” kind, that is, populate the assembled card with
components and subject it to the test pattern. The boards which clear the test are cleared for
subrack-level tests and the ones which fail are then looked into one by one. The defects described
above were discovered at this stage.
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4.2.2 Tests for ADC Cards

There are mainly two aspects which are tested out in the ADC cards, the first being the conversion
per se and second, the DC offset of the analog signal. These are the basic tests that are performed
to clear a card. There are a few other tests, one of which is to test the coupling between the
channels, which have been performed on some cards mainly to ascertain the design limitations.
These tests are done only on few cards and are not done as a matter of routine certification of
cards for use. Such tests are described later in this sub-section.

The conversion is tested by injecting a zero mean sine wave from a function generator and
following it through the entire path - the amplifiers, the ADC, the latches and the TTL-ECL
converters. This tests out all the components and also the performance of the card. A test jig is
made with a ADC backpanel mounted on a subrack with the power supply and clock connected.
The output is acquired from the backpanel connector on a logic analyser or on a specialised test
bench. ! The data acquired from either of these sources can be read on a PC where a FFT analysis
shows the performance of the card in terms of the spectral dynamic range obtained.

The signal after passing through the amplifier may have a DC offset, a large value of which
can degrade the performance of the FFTs due to spectral leakage. This offset is tuned out in two
stages. The first stage is during the ADC card testing where the potentiometers in the power
supply section and in the reference generation section are tuned appropriately to make the input
signal appear as a zero mean signal to the ADC. This is achieved by tuning the absolute reference
voltages at the two ends of the ADC reference ladder. The final voltages obtained at the two ends
of the ladder are, in general, asymmetric to compensate for the DC offset of the signal. This stage
of tuning is done using an oscilloscope by observing the MSB of the ADC output. For a zero
mean signal, the MSB should be a square wave (i.e. a duty cycle of 50%). The second stage of
tuning is done after the entire processing chain is integrated. The amplitude of the DC channel of
the auto-correlator chip corresponding to the ADC card being tuned, is observed. Further tuning,
if required, is done so as to minimise the DC channel amplitude. This is done, since it has been
empirically determined to be both, more sensitive as well as easier (as compared to the oscilloscope
method).

4.2.3 Tests for Delay/DPC Cards

The card-level test for the Delay-DPC cards is to inject a pattern from the Delay Control card into
the DPC card and trace its flow through the logic of the twec-cards upto the output of the Delay
card. The test pattern, viz., a sequence of numbers 0,1,2,4 and 15 (0,1,2,4 and F in hexadecimal),
is chosen so as to excite all the four bits of the Delay-DPC system. This tests out the DPC section.
The test pattern being a time-series, can test out the Delay card by creating a relative shift between
outputs of various channels.
It has been observed that these tests are sufficient to ensure a simple yet complete test for the

Delay-DPC system.

4.2.4 Tests for FFT Cards

The card level tests for the FFT card can be classified into the ones that test out the main board
and the ones that test out the pipeline board. The tests for the main board check out all the latches
and RAMs on it. This is accomplished by a set of test programs running on the FFT control card.
The “pipeline-emulator” card can be used to emulate the NCOs in order to address the RAMs on
the main board. After the main board is tested out completely, the pipeline board is connected to

1 This test bench was made as a student project for testing of the FFT cards. It acquires the FFT card outputs
on an acquisition card which has 128 KB of RAM. After the RAM is filled completely, it is read by a PC. After
completion of the reading the PC puts the card in acquire mode and the cycle goes on as required. The arrangement
of the acquisition card is fairly generic and for testing the ADC cards, their output is connected to the acquisition
card input.
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Figure 4.1: Test Grid for the ASIC

it. The signals reaching the ASICs can be tested out on the oscilloscope before putting the ASICs
in their sockets. These signals obviously do not include the ones which require the NCO to be
operational. In order to test the card with the ASICs operating in their configured states, a special
test grid (Fig. 4.1) has been made. The array of pins surrounding the PGA socket is provided for
connecting logic analyser pins. To facilitate the testing procedure, a set of test points is available
on the pipeline board. The input and output of each stage from both pipelines is brought out on
these test points.

Mainly two patterns are used for the test. The first one being a constant input, which just
means a DC signal. The output should be a single pulse. This tests out the correctness and stability
of the trigonometric tables, the final stage external readout address and the various stage INITs.
Incorrectness of the trigonometric tables can stem from either an incorrect value or incorrect timing
of the trig table sequence with respect to the addresses and INITs. Instability in the trigonometric
tables can arise due to improper latching resulting in a jitter. The same holds for the external
addresses and INITs too. The DC test, however, does not test out the timing of the input external
addresses. This is so because, as long as the input addresses cycle through all address values, the
output will be correct. The addresses, thus, need not be in the correct order. To test out the input
address timing, the inverse of the above test is performed. A pulse is fed at location zero of the
time series to obtain a constant or DC at the output.

The next test is to input a digitised sine wave to the pipeline. The sine wave values are stored
in the fringe rotator ROM (look-up table) and the NCO is programmed as a 32MHz counter. The
output of the FFT card should be a spike at the corresponding frequency channel. If (X’ cycles of
the sine wave are programmed in one FFT cycle, the output spike will be in the ‘X’th. frequency
channel. Since, the input is generated totally from within the FFT card, any instability of the
output indicates improper latching of the trig tables, INITs or external addresses. This can be
resolved by properly phasing the FFT card clock with respect to the FFT Control card outputs.
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4.2.5 Tests for MAC Cards

The tests for the MAC cards are designed to test for faulty components and to test out the
correctness of the timing relationships between various control signals. The tests consist of two
kinds of static (constant) patterns and one pattern of the non-constant type. The two constant
patterns are the complementary hex numbers 0x55 and OxAA. When asserted on a bus, the adjacent
lines carry data of complementary logic levels. These help to identify the faulty components (ECL-
TTL converters, latches, buffers and ASICs).

The non-constant pattern is a time series with these two patterns alternating. This creates a
square wave on all the data lines of the bus. Two adjacent lines are always out of phase by 180°.
This pattern tests out the capture of the data and control signals on the card. This is so because
the two patterns correspond to the two polarisations and hence they get accumulated separately
(in the default RR-LL mode). Thus every alternate number in the output should be the same. If *
due to some reason, be it faulty capture of data or the control signals, these two cannot be isolated °
from each other the output will be different.

4.3 Subrack Level Tests |

Subrack level tests are performed for all subsystems to ensure that all cards in the subrack can
work in tandem. Identical patterns are input to all the cards and the outputs are observed. One
of the criteria for the choice of test patterns is to make sure that the transmission of the control
signals on the backpanel is proper.

4.3.1 ADC, Delay and FFT cards

For the ADC subsystem, the subrack level testing in not much different from the card level testing.
The subrack is populated with all the 12 cards. An analog signal is input to these through a splitter
(generally only a 1:2 splitter is has been used in the lab, although on the field a 1:12 splitter also
has been used) and the output is observed.

The Delay subsystem consists of 5 DPC-Delay sets per subrack. The subrack level testing
consists of driving all the 5 DPCs with the test data from the control card. The test pattern still
remains the same but the degradation of signal quality of the control card output due to loading
by the cards is the main issue. It also tests out the clock distribution system of the subrack since
the clocks on all the cards are assumed to be in phase with each other. This is of concern because
in the event of a skew between the delay card outputs, their capture on the FFT cards will dictate
the tolerance within which these two subsystems can operate.

The FFT subsystem has 10 FFT cards per subrack. These are split into two 5 card sets. Each
set has its own control card. Thus, the first test for the FFT subrack is to observe how well the two
control cards synchronise with each other and to verify that their outputs agree exactly with each
other since both of them get the same clock. The next part is to tune the FFT card clocks with
respect- to the FFT control clock. This decides the set-up and hold times for the FFT card latches
which capture the control card signals (INITs and trigs). For the twiddle and control signals the
fan-out is lesser as compared to the delay (and also the MAC) since each control card drives only 5
cards. The outputs from the two sets should thus be identical both temporally and in value. The
skew, if any, between the FFT card outputs is of serious concern since it severely limits the range
for tuning the clocks on the MAC subsystem. This is so since each FFT card drives 8/9 MAC
inputs on different MAC cards distributed in different racks.

4.3.2 MAC cards

The subrack level testing of MAC cards is somewhat different from the rest, not in principle but in
practice. The aim here still remains the same - put all 11 MAC cards in the subrack and observe
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Figure 4.2: The FFT Simulator card

the performance in terms of repeatability and stability. The problem here is to provide the required
number of inputs reliably. One of the simple tests is to feed identical patterns into all 11 MAC
cards, and so all the 176 MAC chips should behave identically.

The FFT subrack is used as the pattern generator in this case. Instead of using the FFT cards,
a smaller and much less complex card was designed using ROMs and counters to generate any
required pattern. This card is an add-on to the FFT main board (Fig. 4.2). Ten of these add-ons
were used as pattern generators. An additional constraint was the non-availability of the FFT
output distribution system at the time when the first MAC subrack was tested. This meant that
only 9 out of the 11 MAC cards could be excited at any given time, although all 11 MAC cards
were present in the subrack. Two passes are thus required to test out the entire MAC subrack.
The output is observed on the logic analyser which operates in an acquire and compare mode. In
this mode, the analyser compares the recent acquisition pattern with a reference pattern. In the
event of any differences between the two, the logic analyser stops the acquisition. In case of no
differences, the acquisition continues. Necessary tuning of the system (terminations, clock phase
etc.) is done to obtain a condition that the acquisition never stops.

4.4 System Level Tests

The system level tests are done, part by part, as the system is integrated in three stages, viz.,
o FX tests A
o Delay and FX tests

¢ ADC, Delay and FX tests



CHAPTER 4. VALIDATION, TESTING AND INTEGRATION 103

4.4.1 FX tests

As the first step towards the complete system, the FFT and MAC subsystems are integrated as
one FX system. This integration is mainly tuning the synchronisation signals so that the FFT and
MAC form a pipeline. The first channel of the FFT output then becomes the first channel of the
MAC as well. This synchronisation is achieved by using an external signal to synchronise the FFT
and MAC control cards. The clocks of the two subsystems also need to be tuned to account for
the delay in transmission of FFT outputs to the MAC inputs.

The FFT subsystem is input with digitised sine wave of various frequencies and the MAC
output is observed. The MAC output should exhibit a spike in the appropriate frequency channel
corresponding to the FFT input. The sine waves of different frequencies are generated from the
same fringe rotator data by changing the NCO rate. Thus by programming a single cycle of a sine
wave in the fringe rotator ROM and appropriately programming the NCO rate, the FFT output
can be made to peak in any of the 256 frequency channels. The same behavior should be evident in
the MAC output. The FX setup is then left for “endurance” testing - identical input is fed to the
FFT, cycle after cycle, and the MAC.output is-observed on a logic analyser or on an acquisition
system. The MAC output too, should remain identical, cycle after cycle, over extended periods of
time. If all FFT cards produce identical outputs, all MAC chips will behave as auto-correlators
which can be verified by looking at the phase of the output. It should be zero. This tests out
both, the transmission of data from FFT to MAC and the transmission of data within the MAC
subsystem (which means data coming through the distribution system onto the MAC backplane
and then being distributed on the MAC backplane).

Once the FX system is integrated, the basic computing block of the correlator system is ready.
The Delay and ADC subsystems are then integrated with the FX system.

4.4.2 Delay and FX tests

Here again, like the FX integration, the Delay subsystem is tuned with respect to the FFT sub-
system. The Delay subsystem has a provision to inject test data from the Delay control card
into the DPC subsystem. This then provides a self-contained and completely digital setup. A
pattern generated through the Delay subsystem can be delayed by different amounts to produce
the corresponding phase difference in the MAC output. The patterns usually used are the DC and
sine wave. The DC input produces a spike at the first channel of the MAC output while the sine
wave produces the spike at the channel corresponding to its frequency. The sine wave is shifted by
different values of delays to produce different phase differences compared to the sine wave in the
“reference” delay card (with a delay of zero).

This tests out the entire digital section of the correlator. It validates the transfer of data
between the Delay and FX subsystems. This arrangement provides a way to accomplish correlator
diagnostics every once in a while. This can be programmed into the correlator control system which
can put the system into the diagnostic mode whenever possible - even during routine observations.

4.4.3 ADC, Delay and FX tests

The inclusion of ADC subsystem is the final part of the system integration. The ADC clocks are
tuned to ensure that the ADC data gets captured properly into the Delay subsystem. Once done,
analog signals are input into the ADC and the response is observed at the MAC output. Typical
signals input into the ADC are analog sine waves of various frequencies and bandlimited random
noise. A de-correlation test is performed at this point before connecting the antenna signals to the
ADC input. Noise of a certain bandwidth, say Av(typically 8MHz), is input to the ADC and a
sufficiently large delay of the order of 1/Av is inserted into one of the the ADC paths. The output
of the corresponding cross-correlator chip in MAC is observed. The output should be almost de-
correlated. Inserting delays less than 1/Ay should give some correlated power in the cross chip.
With a delay of zero, the cross chip should be the same as the auto-correlator chip.
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A few of the results of the system level tests are shown in the following plots. These plots
were obtained with an arbitrary waveform generator being used to generate the inputs to the 4
ADC cards (through a splitter). The output was acquired after 64ms STA in the MAC. For the
sine waves of IMHz and 10MHz frequencies as well as for the analog noise of 5MHz and 10MHz
bandwidths, all delay cards had identical delays. Introducing a one clock cycle delay between
Inputs 1 & 2,2 & 3 and 3 & 4 (i.e input 3 is delayed 2 clocks with respect to input 1 and input 4
is delayed by 3 clocks), the amplitudes do not show any significant difference but different phase
ramps are observed. Increasing the delay to 64 clock cycles, de-correlation effects are observed.
The corresponding phases are also shown.

Completion of validation and testing of the system is followed by its com-
missioning at the GMRT site. As of today, the eight station single sideband
correlator installed at the site has been performing satisfactorily; though
a lot still needs to be accomplished. The integration of the final 30 sta-
tion single sideband correlator is in progress in the laboratory at NCRA,
Pune. It is expected to be over by February 1998. Looking back over the
past years, one finds certain unusual features in the system. The next and
concluding chapter of this thesis discusses some of such features.
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Chapter 5

Results and Conclusions

“Of all my inventions,” Thomas A. Edison reminisced, some years before his death on
October 18, 1931, “the incandescent light was the most difficult.”

One October evening the thirty-two-year-old inventor sat in his laboratory, weary from
thirteen months of repeated failure to find a filament that would stand the stress of
electric current. The scientific press, at first politely skeptical, were now openly derisive.
Discouraged backers were refusing to put up further funds.

Idly Edison picked up a bit of lampblack mized with tar, rolled it into a thread. “Thread,”
he mused, “..thread...thread...carbonized cotton thread.” He had tried every known
metal. :

It required five hours to carbonize a length of a thread. The first one broke before it
could be removed from the mould; likewise a second and a third. An entire spool of
thread was consumed; then a second spool. Finally, a perfect filament emerged, only to
be broken in an effort to insert it into the vacuum tube. Another was destroyed when a
screwdriver fell against it. After two days and two nights the filament was successfully
inserted. The bulb was exhausted of air and sealed, the current turned on. “The sight
we had so long desired to see met our eyes.”

And then Edison, after working continuously for forty-eight hours, sat for an addi-
tional forty-five hours — until the light blinked out — gazing intently at the world’s first
incandescent electric lamp.

—Gospel Banner

The previous chapters described in detail the design of the correlator, as
it stands today (Dec. 1997). This design, as is well illustrated by Edison’s
endeavour of finding a material for the filament, is the culmination of several
iterations of philosophy and subsequent design. This chapter is devoted to
reveal some of such aspects of the correlator design which did not see the
light of the day but in their failures laid the foundation for more successful
ideas. =

109
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Perfection should always be the goal. But it always remains a myth, a mi-
rage which one endures and aspires to achieve, but nevertheless falls short
of it; for nobody and nothing is perfect. The correlator design team too,
aspired to make the correlator blemishless in all respects, an epitome of
perfection. Constraints of time and resources often compel Man to adopt
pragmatism - almost all correlator cards have at least one “strap” on them
- a signature of relinquished dreams. This chapter also tries to put across
some odd features of the correlator system which are the remnants of mis-
takes committed in the quest of perfection!!! -

5.1 Experiences : Sweet and Sour

There can be many ways to bring forth a discussion which embraces the six to seven year long
development cycle of the GMRT correlator. One could describe it in a chronological fashion dating
back to the beginning of the design or one could view it on a sub-system basis and describe the
reasons for apparent oddities, if any, existing today in the sub-system. Here the second option is
chosen.

5.1.1 The ADCs

The ADC card was the first to be designed. This card has had two prototypes before the final
version. This card, being the interface between the analog and digital realms, has always evoked
keen and concerned responses from both, the engineers and the astronomers. The design of the
ADC card therefore has seen many a tumultuous discussion. A few of the features of the present
card are outlined below.

Use of Sub-miniature fuses The power supply sections for analog and digital £5V, on the ADC
card, use PCB mountable sub-miniature fuses. This was done mainly to conserve “real-
estate” on the ADC card. Unfortunately, this plan has backfired due to the poor quality
of these fuses, available in the local market. The fuse rating is supposed to be 500mA, but
some of these activate at currents as low as 200-250mA. Secondly, the leads of these fuses
do not make a reliable contact with its body, as a consequence of which a “live” fuse before
mounting on the PCB can show an “open” circuit after mounting. Bending of these leads
causes discontinuity in the fuse !!!. The solution : Either import the fuses or remove them
and replace them with shorts. We chose the latter.

Use of Isolation transformers Isolation transformers are being used, as of now, between the
baseband outputs and the ADC inputs to isolate the grounds of the two systems. This need
was felt when it was discovered that some correlated noise was present in the signals. This
was traced down to a variable potential difference between the grounds of the baseband and
the correlator systems. The use of these transformers has eliminated the correlated power
but introduced a new burden of mounting and packaging these transformers in a manner to
avoid making them into chronic nightmares for the maintenance personnel.

The size of the ADC sub-rack is non-standard Although the ADC subrack isishown to be
3U in size in chapter 3, it actually is about 31 U. This has come about because of using a card
dimension of 110mm with an edge-connector card guide instead of the normal one. Finally,
however, the normal card guide was used due to which the subrack size had to be increased
making it non-standard. The change in subrack size created a ripple effect; disturbing the
position of the fixtures mounting subracks, which in turn shifted the fan-trays. The holes on
the rack rails also had to be altered to take into account the increased size. In the end, the
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sub-rack and fan-tray combination was made into a 5U unit (instead of the normal 4U) and
then mounted. The extra 1U thus required (5 units of 5U each in a 24U rack) was obtained
by shifting the first subrack a little above the normal mounting position.

Clock distribution The initial plan for providing clocks to the ADCs was to send them from
the DPC card. It did not take long after the first few iterations of system integration to
realise that the scheme would not work. The individual delays of the 120 cables along with
their associated drivers and receivers would make it difficult to maintain the sampling edges
within tight tolerances. The clock distribution would thus be much better by using the clock
card instead. Thus the DPCs still have the remnants of the earlier clock distribution scheme
while the ADCs have their clocks coming from the clock distribution cards.

The 7X2 IDC connector assembly This connector assembly was chosen to provide a compact
connector which could plug into the Euro connector directly. The connector initially identified
was for crimping a flat cable. The connector which finally got procured was for individual
wire crimping. This particular connector was declared obsolete and subsequently removed
from the production list by its manufacturers. This made the procurement of the proper
crimping tool a harrowing experience. A single tool finally did make its appearance but it
still meant that somebody had to crimp each of the 120 X 14 strands of wire onto the 120
connectors!!!

5.1.2 The Delay/DPCs

The delay subsystem has had two prototypes. The first prototype essentially had both DPC and
Delay on the same card. The card thus became extremely dense. Later, in the second prototype
the DPC and Delay section were separated into two different cards. Four signals were brought into
the DPC while the Delay handled only two. The three card set was thus required to process all
the four inputs to the DPC.

One of the most troublesome mistakes made in the delay subsystem was the use of an asyn-
chronous ROM in the DPC to realise the encoder look-up table. The problem was further ag-
gravated by the fact that the ROM was very critically operating when clocked at 32 MHz, and a
pin-compatible faster device was not identifiable. The output thus contained spurious pulses at
random, confusing the computing chain following it. A piggy-back card using synchronous Cypress
CY7C245A was later on added to rectify the error.

Another mistake made in the delay subsystem was not to latch the carry bit of the adder in
the power estimation section.

5.1.3 The FFTs

The FFT subsystem has had two prototypes out of which the first never left the PCB factory. This
was the first time, forced by time constraints, the prototypes were sent abroad for manufacture.
This first prototype of the FFT card was a single 10-Layer card with the ASICs occupying some
80% of the board area. The rest 20% was the add-on cards, mounted orthogonal to the plane of
the board, like SIMMs. These contained all the peripheral circuitry which as of today occupies the
main board. The board used 8mil tracks with 12mil drills and 8mil track-to-track and track-to-pad
spacing. The PCB factory launched these boards, only to discover shorts on the inner layers later
in the process. This lot of boards were rejected and a new one launched afresh, only to find the
same result. The factory, at this point gave up. This factory was known to have the expertise to
deliver high-end low-volume boards with fast delivery times. Their failure, that too twice in quick
succession, sent the signal loud and clear to somehow reduce the density of the board and increase
tolerances while routing so as to make the board less complex to manufacture. Our endeavour was
to try as much as possible, and get the production boards manufactured within India. Something
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desperate thus, had to be done to make the boards simpler and routine enough to be manufactured
within India.

The two tier structure was the result. The second prototype thus had a main board and a
pipeline board. The main board was designed as an 8 layer board and had only the peripheral
circuitry while the pipeline board was a 6 layer board having only the ASICs. Three SBus con-
nectors were used to interconnect these two boards. These prototype boards were manufactured
by the same overseas factory which had earlier tried to make the 10 layer board. The boards were
assembled and tested successfully. These boards were the first ones in the correlator system to use
surface mount components. They were then the natural test beds for trying out assembly of SMT
components. It was found that the pad sizes used for the SMT components on these boards were
critical, and were particularly inconvenient for manual soldering or rework in case of field problems.
Slightly longer pads would have made in-house assembly of these cards very much simpler. The
cards due to this reason gave lot of contact problems between the pads and the component leads.

The next version, which was the final version of the FFT cards, used SMT connectors for
interconnecting the main and the pipeline boards, thereby reducing two layers from the main
board. Both boards were now designed as 6 layered PCBs. The SMT pads, too, were lengthened
to facilitate easier and more reliable assembly of SMT components. These boards, however, owing
to their large quantity, were assembled using automatic assembly techniques. The contact problems
in these boards, were rare if not absent.

5.1.4 The MACs

The MAC cards have had only one prototype. The only deficiency in it was the absence of the card
ejectors, which happened due to an oversight. The MAC cards use two five-row Euro connectors.
A total of 320 pins make it very difficult to pull out the card without the ejectors. The final version
was the same as its prototype except for the addition of mounting holes for the card ejectors.

The MAC backplane did not have any prototype. The earlier backplane designed could cater
only to three cards. The 11 card backplane thus is the only card in the correlator not to have any
prototype. Delivery schedule constraints forced overseas manufacture of this 16 layer PCB. This
card thus also has the distinction of being the only card in the final correlator to be manufactured
overseas.

5.1.5 The Clock Distribution System

Right from the inception of the correlator, the clock generation and distribution has been an issue
which has been procrastinated every time it came up, mainly because the non-availability of the
twin clocks (32 and 32.25MHz) did not hamper the development in any manner. Even from the
astronomy point-of-view, only a few kinds of observations get seriously affected due to this non-
availability. In effect, the non-availability translates to the loss of 4 data points every FFT cycle.
This makes it slightly complicated to interpret the phased array output of the pulsar machine for
time resolutions better than one FFT cycle (16us).

Various schemes for the generation of these twin frequencies have been tried out. These include
generating these twin frequencies using filters, using discrete PLLs, using clock generator ICs and
using a DDS (Direct Digital Synthesiser). Of these the first two were tried out around five years
ago where as the latter two are the more recent ones (past two years). The main options available
as of now are : either use a clock generator chip (Cypress ICD2051) or use a DDS (Analog Devices
AD9955). ¥

The ICD2051 synthesises the frequency depending on the value of a control word loaded into it
and the frequency of the reference signal input to it. It uses PLLs to synthesise the output. It is a
dual clock generator and has two independent PLLs controlled by two independent control words.
The reference input, however, is common. This chip comes as a 20-pin DIP SO-IC package. The
earlier idea was to use this chip to generate the required clock (either 32 or 32.25MHz, as the case
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may be) on the backplane with the reference input being distributed to all backplanes from a single
point. This idea failed because any two clocks thus generated could, on power-on, come up with
opposite phases. This, however, may not be a hindrance if both the clocks are generated at only
a single point (e.g. using a single ICD2051 chip), and the distribution system provides for a field-
adjustable delay at each subrack to properly compensate for pipeline delays. In order to provide
for such delays, the original clocks are first converted to sine-waves using a low pass filters followed
by adequate buffers, and distributed to each subrack in a Christmas-tree arrangement. At each
subrack, the clock distribution card allows for the necessary delay adjustment before convertmg
the sine-wave to square wave for distribution to the cards as ECL signals.

For certain time-critical observations, it is necessary to lock the correlator clock to a stable
reference frequency. As of now, opinion seems to be divided on whether it is always desirable
to "tie” the time-reference and the frequency reference of the local oscillator system to the same
source. In the GMRT, the local oscillator system generates a phase-stable 100 MHz signal which
can optionally be locked to an external 5 MHz signal. Depending on whether it is desired to derive
the correlator clock by down-converting this 100 MHz reference from the local oscillator system or
by upconverting from a 5/10 MHz signal from a Rubidium standard available at the observatory,
the DDS-based or ICD2051-based clock generator can be used. Both possibilities of generating the
two ¢tlocks have been tested and, as of now (December 1997), the DDS is being used.

5.1.6 The LTA and DAS

What was planned...

The output of data from the GMRT correlator has four distinct stages. The first stage will occur
during the 4-clock-cycle dead time in each FFT cycle of 516 clock cycles, and the next stage will
occur during the active period of duration 512 clock cycles in each FFT cycle. The other stages
are asynchronous with respect to the correlator system clock.

The first stage is essentially an internal operation where every ASIC in the multiplier cards
will output one STA result, a complex word of 36 bits into separate buffers (2 x 18 bits per ASIC)
provided for, within each multiplier chip.

In the second stage, one STA result (36-bit complex) from every ASIC is loaded into the
appropriate MAC control card, converted to a 32-bit complex word - (13,13,6) format - and stored
in appropriate locations in 32-bit memory banks provided in each MAC control card. There will
be 4 memory banks in each MAC control card, but only two will be active during any given FFT
cycle. The other two banks in each MAC control card can be freely accessed by any external
circuitry.

In the third stage, the STA results are read from the memory banks in the MAC control cards
into the long-term-accumulator (LTA). The LTA will provide various options of adding the data.
In particular, they can be added across the spectral channels, thus reducing the number of spectral
channels over the given band, or/and add contiguous samples of each spectral channel to provide
any desired integration. The net result of these options is to effectively reduce the data rate to
within about 1 MB/s corresponding to the maximum rate specified for sustained operation of the
data acquisition from the entire correlator system. This stage is carried out within the MAC
control card which includes a fixed point DSP chip ADSP 2105 for data read out and control and
a floating point DSP chip ADSP 21020 for the LTA operation.

In the fourth stage, the results from LTA within each rack will be accessed by the processor-
based cards - one for each FX rack on the average. The software in these cards-provides for
selection, regrouping and further integration depending on the user-specifications for a given ob-
serving session. The data are then expected to be pooled together into a buffer card - perhaps
identical to the other processor cards, but running a different software. The final data would
be sent for direct recording on a SCSI device (Exabyte tape), with simultaneous availability of a
subset on the network for monitoring purposes. The final acquisition system was to be networked
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with other Unix systems and data logging and monitoring is done through a set of co-operative
processes running on a TCP network.

What happened...

While the strategy for first two stages hardly underwent any change during the evolution of the
correlator design, the other two stages went through several iterations. Originally, the LTA and
data acquisition were planned to be implemented on a combination of a set of cards on a VME
bus, with a control processor running a real time operating system VxWorks. However, for the
first 4-antenna system (Markl), a patch-up was done using a chain of transputer cards - a set
of about 40 processes were running on a total of 7 transputers. This provided a combination
of simulation of many functions intended subsequently for hardware implementation as well as
the first generation software which was finally intended to run on a network of Unix computers.
This experience, together with the fact the a large number of transputers and memories were
available from an obsolete project, made the choice of transputers very attractive for rack control
and data distribution. In order to help smooth interfacing with the transputer-based rack control
cards, the final design of the delay, FFT and MAC controls based on the DSP chip ADSP 2105
were all provided with a transputer link using IMSC012 as the parallel to serial converter. To
help laboratory development, an ISA card was also designed with four INMOS links in the card
and device drivers were developed for this card on both the DOS and Linux operating systems.
The rack control cards were first prototyped, and final cards designed and fabricated. The MAC
control card included a separate section consisting of dual-port memories, look-up-tables and a
floating point DSP chip ADSP 21020 for carrying out the LTA. There was a circuitry for assisting
accurate time-stamping with the help of counters whose outputs were latched at each STA pulse,
and got re-initiated with an externally provided minute pulse from the GPS receiver available in
the observatory.

However, at this stage, the engineers with expertise on transputers left the group, and the
pressure for fast delivery was mounting on the others. By this time, there was also the sudden
increase in the computing power due to the availability of low cost Pentiumm PCs, and the PCI
provided bandwidths for data acquisition eliminating the limitations of ISA/EISA buses. The
new team were reluctant to use the unfamiliar transputer-based cards and decided to merge the
third and fourth stages into Pentium PCs, based on commercially available PCI cards for fast data
acquisition. Part of the reason for taking the LTA outside the correlator hardware was also an
unfortunate slippage in the design of MAC control cards due to which the ADSP 21020 did not
get the power/ground connections routed during fabrication!

In the system currently being commissioned, the section of MAC control card containing the
look-up tables for IEEE conversion, ADSP 21020 circuitry and a time-stamping logic have not
been wired. Only the MAC control part of this card was retained, and the data are directly fed
to the PCI card through a cable, thus shifting the job of data selection, conversion and LTA to a
chain of Pentium PCs running Linux operating system.

- 5.1.7 . Sys_tem Integration

Till date four correlators, of gradually increasing complexity, have been integrated. These, for ease
of description, can be referred to as Mark 0,1,2 and 3 correlators.

The Mark0 correlator was a concept demonstrator, having only a single card each for ADC,
Delay, and FFT subsystems. A single MAC chip correlated the spectra from the two pipelines.
This system was made to demonstrate the GMRT interferometer. The delay setting was static and
was done using DIP switches. FFT size was fixed at 512 points. MAC integration time was 64ms
and it was used in the Non-polar mode. .

The Markl correlator was a 4 station single side-band correlator. Variable delay setting was
used for the first time. The MAC subsystem had a choice of two integration times - 4ms and 64ms.
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FFT size was fixed at 512 points. MAC was used in the Non-polar mode.

The Mark?2 correlator was a 8 station single side-band correlator with the MACs used in the
Indian polar mode. This was the first prototype of a completely in-house built correlator with
a first generation control system. This correlator formed the test bed for a number of strategies
and provided invaluable experience in the areas of system integration, test strategies, control
strategies and reliability. The 4 station subset of this correlator performed satisfactorily but the
8 station configuration was beset by reliability problems. The source of these problems were
traced to the non-availability of clock tuning mechanism and ‘SMT pad-component lead’ contact
problems in the FFT cards. The experience gained from this correlator was used to refine the
testing and validation procedures of cards as well as the entire system. This system also provided
a profound insight into the control system configuration. All aspects of the control system viz.
hardware, software, protocols were scrutinised and subsequent modifications were made to the
second generation control system which is currently in use.

The Mark3 correlator was similar to the Mark2 in being a 8 station correlator. The difference
lay in the constituents. The feedback obtained from the Mark2 system was used in this to enhance
its reliability. All the subsystems, except the MAC, used the final version cards, which in itself
was instrumental in improving the reliability of the overall system. The control system used was
the second generation, which used DSP cards as the embedded control cards (the first generation
system used micro-controllers and transputers). These control cards were linked to a PC which
was networked to the online computer and file server. The system used a clock tuning mechanism
to provide phase shifts between clocks of the various subsystems and also within the subsystems. A
diagnostic capability, in the form of certain self tests, was enabled in the system. This has proved
to be of immense value (this 8 station correlator has been performing satisfactorily for the past
entire year) in the field, to ascertain the health of the system, if need be.

5.2 The other Roads to Rome !!

All roads lead to Rome, true, but was ours the right one? At the fag end of the design of the
correlator, one can indulge in the luxury of introspection in retrospect. The following discussion
endeavours to explore the alternate ways which could have been chosen to realise the correlator.
Some out of these did have the good fortune of being contemplated upon, but were not adopted.
A few “why’s”, in such cases, are also given.

5.2.1 Modularity, but with a difference !!

The system, as designed, is modular on a functional basis. The subsystems of a particular kind are
placed in one rack or at least a subrack. Modularity could also have been achieved by segregating
the system on a station basis. All subsystems processing signals from the same station could have
been packaged into one subrack, except for the MAC. The ADC, Delay and FFT for different
stations could then have fed the multiplier array. The system could then, possibly have been more
scalable. And, maybe interconnections would have been much easier.

One argument against this is that, for instance, if the ADCs do require some shielding, then it is
much easier to put all the eggs in one basket and shield that basket rather than shielding every egg
separately!! Thus, a conscious decision was taken not to mix the ADC cards with any other cards
right from the beginning. As for the Delay and FFT subsystems, an antenna-oriented backplane
would have required the backplanes to evolve with the different versions of DPC, Delay and FFT
cards. Since these cards imposed varying requirements of evolving the design by prototyping
individual modules, it was not considered practical to ensure these cards to evolve simultaneously
and wait till all these are finalised before the backplane design could be finalised, Further, the
multiplier was too complicated and inherently array-oriented to be handled in an antenna-oriented
approach. Such considerations deterred us from carefully analysing the antenna-oriented backplane
as a possible alternative to functionality-oriented backplane which is currently adapted.
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In retrospect, perhaps a compromise could have emerged if we had the experience to begin with.
In view of the patches made on the delay system to get them to function in the present system, it is
very likely that this subsystem will soon be redesigned keeping in mind the technological advances
over the last few years. In such a case, it may be worth considering an integrated delay-FFT
backplane as part of the next phase. This may be of some advantage from the point of view of
maintenance, where compartmentalisation can often be a hindrance.

5.2.2 Would XF have helped !!

There!!! The genie raises its head again!!! Perhaps, yes, but at definitely more cost. One advantage,
from a management point of view, is that in a XF correlator, one could, in principle have made a
30 antenna correlator but for a single channel and then later scaled it to the required number of
channels. In the present, FX situation, all channels are always available (although they are hardly
ever used!; at least in the beginning) but to get all the stations, one has to wait and wait and
wait!!! Wait, till the entire gamut of cables, cards and racks are assembled. This lack of station-
wise scalability provides ample room and conducive conditions for anxiety, then cynicism, followed
by criticism, finally aspersions and ultimately frustration to breed.

5.2.3 So near, yet so far ...

All through the past six years, the correlator team has been hoping for the day to dawn when
they can sit back in leisure and enjoy the nostalgia of building the fastest signal processing system
in India. As our peers in the other groups of GMRT look on, the thirty station correlator slowly
takes shape. The greatest hurdle as of now seems to be to handle the cable I/O of the FX rack.
We hope to surmount this in the coming days and realise a long cherished dream.

On the whole, the author feels that building the correlator has been an enriching experience. He
would like to thank all members of the team, past and present, to have made it such a pleasurable
endeavour. He also acknowledges the help extended by members of the peer groups in making of
the correlator.

That completes the story of the GMRT correlator. The strides made by
technology in the years since the correlator was conceived, may make this
particular realisation look somewhat naive, but given the context, resources
and expertise available at the disposal of the design team six years ago, it
still does look as a sensible proposition.
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Schematics

A.1 Asic Block Diagram
A.2 The ADC Célrd

A.3 The DPC Card

A.4 The Delay Card

A.5 The FFT Card

A.6 The MAC Card

A.7 The Distribution Card
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