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CHAPTER 1

INTRODUCTION

This report is the result of a workshop held in Parkes
21st-23rd November 1983. Those attending were:

J.D, 0’Sullivan (Chairman), J.G. Ables, J.W. Brooks, D.R. Brown,
Cooper, J.R. Forster, R.H. Frater, A. Henderson, A.J. Hunt,
Jacka, D. le Comte, A.G. Little, R.N. Manchester,

Willing, W.E. Wilson,

=nNno
=mZ

The correlator system had been covered in some depth at the
Computer Workshop prior to the Correlator Workshop so that a
system was on paper. This system was however in urgent need of
detailed appraisal on the one hand and alternatives to certain
critical areas on the other hand,

We accordingly began the Correlator Workshop with the
following general geoals in mind:
1, To determine a reascnable specification of the correlation
gsystem including fall back options and reguirements for day
one or earlier operation.
To identify any problem areas requiring immediate attention.
. To provide conceptual designs for various correlator

sub-systems.

W N

Due to the magnitude of the task, it was not considered
relevant to cover all aspects of the correlator system. Some
parts of the system have been quite adequately examined during
the Computer Workshop <(for the time being), Attention was
concentrated on what were geen as major problem areas, in
particular, the two areas which received the most attention were
the overall correlater structure and the elimination of large
scale sgelection or switching matrices, and the correlator IC,
the XCELL.



CHAPTER 2

SCIENTIFIC REQUIREMENTS

The Australia Telescope 18 conceived as an instrument
especially suited to high gquality observations over a wide field
of view, and also as a spectral line instrument, Furthermore,
the ability to perform various types of observation
simultaneously is an important aspect of its design. Towards
this end, dual-band feeds, independant local oscillators, four
IF channels, wide bandwidths and both compact and long baseline
arrays are part of the design.

In order to make full use of these features, the backend
must be of adequate size and versatility to cope with a wide
range of input combinations., A general 1list of astronomical
requirements for the AT correlator is the following (cf.
AT/10.4/001, AT/05.4/001):

1. 1 or 2-bit operation
2. 160 MHz (1-bit) or 80 MHz (2-bit) maximum bandwidth
3. Enough modules to:
(i) avoid bandwidth smearing for continuum observations at
full bandwidth,
(ii) provide good velocity coverage and resolution for
spectral line observations,
(iii) allow simultaneous observation of all
polarisation/frequency IF combinations,
(iv) allow simultanecus chservation of both compact and 1long
baseline arrays,
(v) allow simultanecus observation in both line and
continuum modes.

4. Enough flexibility to:
(i) readout at 1 ms rate,
(ii) 1integrate to 100 s,

(iii) process bandwidths ranging from 160 MHz to 0.625 MHz,
with a corresponding increase in the number of derived
spectral channels (1 to 64),

(iv) make maximal use of the available correlation channels
for various types of observation,

5., Provide autocorrelation spectra when desired
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6., Allow for future expansion,

These requirements have been extensively covered in earlier
documents (AT/10,4/001, AT/05.4/001)., The fundamental change in
the basic correlator structure proposed at this workshop has
significantly reduced the complexity of the hardware. It is the
aim of this section to examine the impact of these and other
changes on the achievement of the astronomical objectives,

2.1 WIDE BANDWIDTH CONTINUUM REQUIREMENTS

For continuum observations, a kind of chromatic aberration
limits the undistorted field of view available for a given
bandwidth. & fairly conservative sgpecification (750% smearing
near the first null of the primary beam) sets a limit on the
percentage bandwidth desirable for wide field continuum imaging
at 0.0018. It has been shown (AT/05.4/001) that L-band is the
worst case for the AT, and that about 64 gpectral channels are
regquired to split a 160 MHz bandwidth inte the requisite 2.5 MHz
channels,

For the & telescopes (15 baselines) of the compact array
alone, we require 15x4x64 = 3840 correlator channels to
accurately image all 4 Stoke’s oparameters with an input
bandwidth of 160 MHz.

Continuum bandwidths are limited by the restricted data
rates available on the radio link for the long baseline array.
At present a bandwidth of 10 MHz per IF channel for 1-~bit
correlation (20 Mbit/s) should be allowed for. The field of
view i3 limited by the lack of planar sampling of the u,v plane
(711 arc sec at L band) rather than bandwidth smearing).

A new suggestion is that the continuum requirements of the
LBA could be adequately met by a special purpose continuum
correlator section (based of course on identical hardware but

rewired). The equivalent of 6 baselines x 4 polarisation
channels % 8 frequency channels at 10 MHz would be the minimal
reguirement.

2.2 SPECTRAL LINE OBSERVATION REQUIREMENTS

The number of channels required for wide band centinuum is
adequate for most spectral line purposes provided recirculation
can be used. Recirculation rates from 1 to 64 are desirable.

In this chapter the term recirculation is used to represent
the ratio of operating bandwidth to maximum bandwidth of the
correlator and the congequent increase in number of measured
channels. In chapter 5, the +term wutilisation factor is
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introduced for the combined effects of the actual recirculation
and reconfiguration methods employed by the hardware.

Two additional features should be available for spectral
line observing:

1, A sensitive (and thus relatively wideband - 40 MHz)
continuum measurement would be essential when observing
narrow band molecular lines.

2. A sensitive measure of total spectral flux will be essential
when operating with large recirculation factors. The
measurement of large numbers of channels with the aid of
recirculation will require data selection to allow further
processing in the on-line and off-line computer systems,

The first point suggests provision of a separate dedicated set
of continuum correlator channels. The second point was
discussed at some length with no completely satisfactory
solution emerging,. Autocorrelation spectra such as measured
with a single dish spectrometer would prove difficult to coax to
sufficient sengitivity. An alternative might be
crosscorrelation spectra obtained from short baselines which
would not suffer from severe calibration problems. The clearest
solution would appear to be the use of the Parkes telescope in
such situations. No specific plans were made to include
autocorrelation channeles in the correlator specification,

2.2.1 Velocity Coverage And Resolution

The correlator specifications as set ocut in AT/10.4/001
required 128 frequency channels for 2 polarisation channels per
baseline. The total number of channels is 3840 which Dbecomes
245,760 channels when recirculated by a factor 64. A minimum
requirement would perhaps be a factor four smaller to give 960
channels.

For comparison, the VLA correlator system boasts 11,772
channels with a mazimum recirculation factor of 32. The maximum
bandwidth of the VLA correlator system is however 40 MHz, as
opposed to the proposed 160 MHz of the AT, and 351 baselines are
required in place of 15,

The origin of +these numbers can be gauged from the
following table showing the total wvelocity coverage and
resolution required for various classes of astronomical objects.
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Object Velocity Resolution Channels
(km/s) (km/s)

Masers 100 0.1 1024

Galactic Centre 500 1.0 512

Molecular Clouds 100 0.4 256

Dark Clouds 3o 0.1 256

Galaxies 1000 4.0 256

Recombination Lines 200 1.5 128

The recirculation technique provides large numbers of
channels at low bandwidths, The critical areas are thus high

velocity coverage and/or high centre frequency obhservations,

Velocity range for various bandwidths
and observing frequencies.

Bandwidth 160 80 40 20 10 S 2.5 1.25 0.63 0,31 0,16

(MHz)
Recirc.
Factor 1 2 4 8 16 32 64 64 64 64 64
Channels/
Module 16 32 64 128 256 512 1024 1024 1024 1024 1024
Band Freq. Velocity
(GHz) (km/s)

7.3K 3.7K

This table shows the velocity coverage of a module. In
order to obtain the velocity resolution of a module, divide the
table entry by the number of channels per module given at the
top of the column. A module is further explained in Chapter 3,
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but for the present it suffices to realise that a module is the
smallest wunit of the correlator selectable for line purposes.
Each baseline will consist of 8 modules which may be connected
in cascade to provide up to 8x16=128 channels at maximum
bandwidth or 8192 channels at maximum recirculation factor.

A modul is velocity range limited beyond 44 GHz if 1000
km/s is the requirement, A single module is resolution limited
when a maximum velocity range of 100 km/s2 is required with 0.1
km/s resolution at 10 GHz and beyond, ie. & module cannot
provide 1000 channels with 100 Km/s range beyond X band.
Cascading all eight modules for a baseline would ease the
limitation to 44 GHz and beyond.

2.2.2 1IF Pair Combinations Per Baseline

Each telescope will offer four IF return signals A,B,C,D.
While it 1is tempting to imagine that full switching of each of
thegse signals to the modules comprising a single baseline is
required, carefull analysis of the sgsensible possibilities
reveals otherwise,

A possible receiver system might consist of a high and low
band feed horn with dual polarisation, a low frequency channel
again with dwual polarisation and possible narrow bandwidth
filtered channels. It must be remembered that neither different
centre frequency nor different bandwidth IF signals need ever be
involved in a product.

Given that full selection possibilities exist at the
receiver to connect A,B,C or D to any receiver IF signal, then
the following modes can be identified;

|Mode| Frequencies | Combinations | Products | Use|
| | (or Bandwidths)| ] | %%
1 1 | AA I 1% I 5 |
I 2 | 1,2 | AR BB } 2% | 4 |
| 3 | 2,3 | AA BB CC | 3 {7 |
| 4 | 2,3,4 | AA BB CC DD | 4 i 3 |
| 5 | 1 | AA AB BA BB | 4% | 1 |
| & | 2 | AA AB BA BB CC | 5 | 8 |
i 7 | 2.3 { AA AB BA BB CC DD | 6 | 6 |
| 8 | 2 | AA AB BA BB CC CD DC DD | 8 | 2 |

Notes: * modes used with LBA,
¥% priority of useage, 1 corresponds to highest
useage.,



CHAPTER 3

CORRELATOR STRUCTURE

The correlator structure proposed in AT/10.5/002 included a
set of 240 modules, each module being capable of producing 16
frequency channels for one baseline in their basic full
bandwidth mode. These modules were connected to the various
interferometers of the compact and long baseline arrays by a

switching matrix. In its most general form, this switching
matrix was required to connect each input of each module to any
of the 38 possible 1I.F, input streams. This problem was

investigated in AT/24.1/005 and 006. All indications were that
the provision of such a general purpose switching matrix
presented a major problem. This workshop proposes a radically
different structure, which has developed from a requirement to
simplify the pre-correlator switching,

The structure is composed of four distinct correlators,

these being :

1. The Compact Array Line ( or Wideband Continuum ) Correlator
- CALC,

2. The Long Baseline Array Line Correlator - LBALC,

3. The Compact Array ( Narrowband ) Continuum Correlator -
CACC.

4, The Long Baseline Array Continuum Correlator - LBACC,.

The correlator is now clearly divided into two sections, a
telescope based section and an interferometer based section,
The telescope based section includes delay tracking,
recirculation memories and digital filtering for example, while
the actual correlator section is interferometer or baseline
based.

Apart from the necessary infra-structure such as control
sections, the correlator system should be highly modular., A
single interferometer should hopefully only require the sections
appropriate to two telescopes and a single baseline,

The entire system is shown in figure 3.1, Shown on the
diagram but not discussed during the workshop is a demodulator
section. This section is intended to demodulate any phase
switching introduced at the telescopes for better rejection of
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spurious signals. Some thought should alsc be given to
correlator blanking to avoid correlation during instants of
switching,

The extension to require four essentially independant
correlator subsystems is a reflection of the reduced flexibility
inherent in the baseline oriented approach where channels cannot
be swapped from one baseline to another. Unused channels for a
given baseline cannot be utilised elsewhere.

The four separate correlator subsystems are 1in turn
composed of identical modules, All wunits are composed of
"bhlocks"” and "modules”, which are defined thus :

MODULE

A module is an array of 16 XCELL chips, arranged in a 4%4
matrix with 32 S (side) inputs and 32 T (top) inputs, 1If
the S (T) inputs are a set of samples of an input g=ignal A
(B) at a esampling period of t, then the module produces a
set of 32 samples of the cross-correlation function of A and
B, with sampling period in lag space of t. Hence, in its
normal mode of operaton it provides +the data for 16
frequency channels. There are 1024 separate correlators per
module.

BLOCK

A block ies a set of 8 modules. It is normally connected to
a s8ingle interferometer and is capable of producing all the
useful products obtainable from this baseline, Each module
within a block can either be connected directly to the block
inputs, or to the outputs of another module to provide more
channels for a particular product,., Each block has an input
switching matrix and internal sawitching to provide this
function. A block also contains an output adder, which adds
the 8K correlator outputs into an accumulator memory during
each correlator cycle,

A detailed description of the four correlators follows.

3.1 COMPACT ARRAY LINE (OR WIDEBAND CONTINUUM) CORRELATOR,.

This is a baseline oriented correlator containing one block
for each of the 15 baselines. At maximum bandwidth and with 8
products per baseline, it provides 16 channels per product.
With fewer products, there are proportionally more channels per
product, It will be used for CA line measurements or continuum
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obgservations above 40MHz bandwidth.

3.2 LBA LINE CORRELATOR.

The same as 1. above, with one block for each of the &
baselines,

3.3 COMPACT ARRAY CONTINUUM CORRELATOR.

This unit is used for CA continuum measurements at 40 MHz
bandwidth, (i.e. reference continuum for simultaneous line
measurements). In this case, the structure is baseline oriented
at the module level, rather than at the block level, Two
modules are provided for each baseline. To cbtain more than two
products per baseline, two signals are time multiplexed onto the
inputs of the modules ( i,e. alternating samples across the S
and T inputs ) to provide up to 4 products per module with 8
frequency channels per product per module. Although the block
no longer has a functional significance, it is envisaged that
the modules in this correlator will be constructed in four
"blocks™ of 8 modules which will be physically similar to ( if
not the same as ) the line correlator blocks, It is yet to be
determined whether the block input switching matrix can be
designed to satisfy the requirements of both the 1line and
continuum correlators.

It should be noted that the reconfiguration scheme proposed
in AT/10,4/002 is not possible in this correlator,

3.4 LBA CONTINUUM CORRELATOR.

This unit is used for all continuum obhservations with the
LBA. It is similar in structure to the CA continuum correlator,
but, becausge there are nc more than 4 products per baseline, it

only contains one module per baseline, The entire unit is
contained within one block. Once again reconfiguration is not
applicable.

A single module used in this way ig capable of providing 8
frequency channels at 40 MHz bandwidth., In fact, the radio link
will limit bandwidths to 10 MHz in the first instance.
Recirculation would then allow 32 frequency channels to he
obtained for the smaller bandwidth.

One point requiring further examination is the number of
frequency channels. A limited number of lag channels used to
produce the frequency resolution will give rise to an imperfect
frequency beam or response function. Eight frequency points,
for example, would give rise to poor estimation of the &sine
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channel continuum correlation and effects such as "ghosting” may
be of great concern (Bos - TIAU/URSI Symposium on Indirect
Imaging).

3.5 EXPANSION

Future expansion of the AT correlator may include the
following steps.

1. Expansion of the CA Line correlator to 2 blocks per
baseline, This involves the addition of an extra 15 blocks.

2. Expansion of the LBA Line correlator to cater for more
baselines at the rate of one block per baseline.

NOTE: The provision of 15 extra blocks would allow
either 1. or 2. ( to 15 baselines ) above.
Alternatively, once the LBA was extended to 15
bagselines ( 6 antennas ), the blocks in the LBA Line
correlator could bhe used to expand the CA Line
correlator. It is envisaged that this would only be
done by manually switching the blocks in question.

3. Expansion of the LBA Continuum correlator to provide for
more baselines at the rate of 1 block per 8 baselines,

The overall unit count for the AT correlators then becomes:

DEC, 1988
Blocks Modules XCELLS
CALC 15 120 1920
LBALC 6 48 768
CACC 4 32 512
LBACC 1 8 128
TOTAL 26 208 3328
EXPANSION
CALC 15 120 1220
LBALC 15 120 1920
LBACC 2 16 256
32 256 4096

GRAND TOTAL 58 Blocks 464 Modules 7424 XCELLS



CHAPTER 4

BASELINE ORIENTED CORRELATOR COMPONENTS

This chapter describes the baseline oriented sections of

the correlator, Major attention is devoted to the line
correlator system and the switching necessgary for
reconfiguration,

Reconfiguration was seen at the workshop to be essential in
view of the total recirculation memory cost 1if only
recirculation was performed (Chapter 5). However the
implications are not insignificant for the baseline oriented
components as congiderable extra delays are required in many
signal paths.

The point of perhaps greatest importance to the success of
the entire correlator system is covered here also., The XCELL
correlator chip is considered at great length with regard to
reguirements, yield and time scales.

4.1 THE XCELL

The basic correlation element of the proposed Australia
Telescope correlator is the 8x8 XCELL chip. This comprises 64
correlator-accumulator structures arranges in an 8x8 matrizx, A
diagram of the XCELL is given in figure 4,1, A fall-back option
of a 4x4 chip is also under consideration, but use of this would
involve both a fourfold increase in the number of chips required
and a doubling of the minimum size of the recirculation memory
needed to achieve the reguired wutilization factor of 64,
Because of this, only the 8x8 implementation will be discussed
in this note. Obviously the fall-back option would require a
considerable decrease in the overall capability of the
correlator,

The 8x8 XCELL chip, when operated at a 10MHz basic clock
rate, can be considered as capable of measuring 8 lags at 80
MBaud, The 80-MBaud data rate comprises Nyguist sampled data of
either 40 MHz Dbandwidth with 1-hit digitization, or 20 MHz
bandwidth with 2-bit digitization, The two bits are input +to
the XCELL chip in successive 80 MHz clock periods thereby
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Figure 4.1 : An 8 x 8 XCELL correlator chip, a conceptual organization
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requiring a halving of maximum bandwidth, Various methods of
performing the 2-bit correlation are at present being examined
with a view to fabrication of prototypes in the December AUSMPC
multiproject VLSI chip run.

The XCELL chip as presently implemented includes sufficient
on-chip accumulation to integrate for a gingle correlator dump
peried of 100 s, The dump period is primarily set by
recirculation memory requirements, The possibility of providing
much smaller accumulation periocds with on-chip accumulator and
employing off-chip RAM accumulator to reduce chip area is
presently being considered.

Should the XCELL prove incapable of operation at 10 MHz,
the impact on the correlator system would be similar to that of
failing to produce an 8x8 XCELL. The product of number of
channels and speed is the relevant measure of processing power,

4.2 THE MODULE

A MODULE capable of measuring 32 lags at 320 MBaud can be
constructed by connecting together 16 XCELLS in a 4x4 array.
The method of interconnection is shown in figure 4.2, The
module accepts 32 S5 (side) inputs and 32 T (top) inputs and
provides 16%64=1024 accumulated products, In maximum bandwidth
mode (see for example AT/10.4/002) each of the 32 inputs for the
S and T inputs is provided by a one of 32 parallel bits of a
serial to parallel conversion (actually performed at the
correlator system input) which lowers the data rates by a factor
32. Figure 4.2 also shows the lags measured in this mode,

It is also possible to reconfigure such a module so that it
measures increased numbers of lags (by factors of 2) at
correspondingly reduced data rates. Thus a single module can be
considered capable of measuring 32 lags at 320 MBaud, 64 lags at
160 MBaud, 128 lags at 80 MBaud, or 256 lags at 40 MBaud for
reconfiguration factors (K) of 1, 2, 4, and 8 respectively, It
should be remembered that the bandwidth for Nygquist sampled data
is either half the Baud rate for 1-bit digitization, or one
quarter of the Baud rate for 2-bit digitization.

The details of this reconfiguration are considered in
section 4.4,

Each Module, comprising 16 8x8-XCELLs, contains a total of
1024 correlators and can measure a maximum of 256 lags with a
reconfiguration factor (K) of 8 but without recirculation. This
can be increased to 2048 through recirculation by a further
factor of 8: and a cascade of eight modules, fully reconfigured
and recirculated can measure the maximum required number of lags
(16384) giving a complex spectrum of 8192 points,
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4,3 THE BLOCK

Various configurations called for by the astronomical
objectives of the A.T. require up to eight simultaneocus
cross-spectra to be measured for a single baseline with a

resolution of up to 1024 complex frequency points, The
post-XCELL processing of the correlated data also fite in well
with groups of eight modules, Eight modules, maximally

reconfigured and recirculated, require 16K x 32-bits (64KBytes)
of buffer memory, which is a reasonable size of memory to either
build or purchase on a single card. Each module generates 1024
¥ 16-bit words of data to be processed each read-out cycle, thus
with a read-out cycle period of 20mS and groups of 8 modules,
each word of data can claim up to 2.5 microseconds. This is
gquite a reasonable time to allow for adding each data word to
the contents of its corresponding memory location, All of these
considerations lead to the conclusion that 16-XCELL modules
should be grouped in 8-module BLOCKs. (It should also be noted
that BLOCK igs an acronym for “"Baseline Oriented Correlator
Kluge".)

Each BLOCK comprises 8 modules, two 16K =x 32-bit output
data buffer memories, an output data adder with associated
steering memory and control circuitry, and an input data path
switching network to permit connection of up to 4 inputs from
each of two telescopes to selected module inputs, It is also
worthwhile to note that the same BLOCK can be used, with a
modified non-switched set of input data path connections for the
special continuum correlators which, by dint of the internal
matrix organisation of the XCELL chips, generate all four Stokes
parameters for a single baseline/frequency to a resolution of 8
complex frequency points in a single module, or to 16 complex
frequencies in just two.

4.3.1 Signal Switching Within A BLOCK

The various modes sufficient to measure all sensible IF
combinations for a baseline were described in section 2.2.2. A
BLOCK has eight § inputs and eight T inputs which muat be
provided with signals from four undelayed inputs Au,Bu,Cu,Du and
four delayed inputs Ad,Bd,Cd,Dd. The delayed inputs are
required to center the correlation function measurement at zero
lag or to shift the correlation function for either
reconfiguration or recirculation, The wundelayed and delayed
outputs are to be generated by the recirculation memory and
possibly also by an additional unit to provide for
reconfiguartion requirements where the recirculatien memory is
not connected,

The possibility of directly cascading MODULES to increase
the number of channels assigned to a product must also be
provided.
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While it might have been tempting to provide a pair of full
4x8 selection matrices (the undelayed to the S, delayed to T
only}, this ignores the fact that not all possible combinations
are relevant and the order is also irrelevant., It must be
remembered that all data paths are 32 bit wide, 10 MHz so0c a
general purpose switch will require considerable hardware.

Figure 4.3 shows a possible simplified switching
arrangement, This is tailored specifically to the requirements
of eight modes. Some flexibility in choosing numbers of
channels per product has been forsaken. The possibilities are
summarised in the table:

|Mode | Length of Product in MODULES |

| | AA | AB | BA | BB | CC | CD | DC | DD |

1 ] 8| | I I I I I |

2 | 4| | I 4| I | ! I

| 3 1 2] J | 41 2| t I |

4 | 2 | | I 21 2 | | 2 |

5 | 21 21 21 2] | ! ! l

! 11 31 31 1 I I I I

P66 1 11 1) 21 21 2| | | |

7z 1 1] 1) 19 1] 2| I I 2|

e 1 1] 1] ¢+t 1) 1] 1] 1t} 1|

Clearly there are some limitations here, In particular,
modes 2,4,5 and 6 will ideally require more flexibility in
assignment of numbers of modules. It i8s not clear to what

extent this would require an extensive reworking of the basic
switching as shown.

4.4 LAG DISTRIBUTION AND RECONFIGURATION
4.4.1 Lag Spectrum

The spectrum of lags generated by any particular
configuration of XCELLs is not quite as simple as the statements
in the second paragraph of section 4.2 might indicate. Those
statements correctly indicate the incremental contribution of a
single XCELL or module when concatenated with another, but only
in the case of K=8 do they indicate the exact size of the
measured lag spectrum. In all other cases, each end of the lag
spectrum contains lag terms which are only partially measured.
These partially measured lag terms correspond to the extreme
upper and lower edges of the XCELL array,

The array of XCELLS in a module is chosen as a
parallelogram in order to minimise +the number of partially
measured lags, The parallelogram structure is composed of a
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Figure 4.3 : Possible reduced switching of modules within a block
to obtain all required products



