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Preamble

This document is a report of a Workshop. It contains the views of
the workshop participants on what is achievable and what is needed
for the AT. The statements on design criteria are in no way meant
to pre-empt further discussions and final decisions. Rather they
are intended to alert the reader to what is considered feasible
with current technology and to encourage comments and ideas so as
to allow for the design of the best possible system with the
available funds.

It is envisaged that further elaboration on the design concepts will
form the subject of future documents in the AT Memoranda Series in
due course.

Readers are urged to respond to this document in writing.  Contrib-

utions may be lodged as either AT Memoranda Series documents (for
substantive comments) or as AT File Notes (for less detailed comments).

R.H. Frater



1. INTRODUCTION AND OVERVIEW

This meeting was conducted with the general aims of:

(1)
(2)

(3)

Establishing a strawman total system concept

Identifying areas of the project requiring urgent and detailed
attention

Highlighting key personnel requirements for the project.

Those present at the workshop were:

Bob Frater (Chairman) [RP]

Jon Ables [RP]

Colin Jacka [RP]

Peter Napier [NRAO]

Alec Little [University of Sydney]
John 0'Sullivan [SRZM]

There was conéiderable discussion of the aims of the AT project, and the
priorities that should be considered in the workshop. This discussion
led to a number of conclusions:

(1)

(2)

(3)

One of the key features of the instrument would be its ability to
make maps with wide field and high spectral resolution.

The prime effort should go into ensuring the best possible
performance in the 6km array {Ref.section 6 and Attachments 2 and 3).

Considerable concern was expressed on the viability of the mobile
antenna as an element of either the 6km or LBI arrays.

The basic specification for the AT was taken from the draft description of
the project (AT/15.1/0058B; RNM:25 November 1982). A number of concerns
were expressed in relation to that description:

(1)

(2)

It is not clear that operation will be possible at 115 GHz with
baselines of hundreds of metres. The following comparison of
the site altitude with sites specialising in mm work highlights
one aspect:

Site Elevation
Plateau de Bure 2550 m
Nobeyama 1350 m
Owens Valley 1222 m
Hat Creek 1043 m
Culgoora 210 m

In addition, actual water vapour data for Northern NSW suggests
that Culgoora is 2 to 3 times worse than the VLA site (2100 m
elevation).

Recent information on communication links and TV transmitters in
the Siding Spring region raises serious questions about the
possible affect-of interference on the operation of the proposed
Siding Spring antenna.
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(3) The use of a mobile antenna as an adjunct to both arrays is of
questionable viability and needs more consideration.

The workshop concluded that:

(1} No additional cost should be incurred to provide 115 GHz
performance. As far as the system is concerned this means the
acceptance of a phase specification over the 6 km array of
approximately 1°/GHz (RMS).

(2) The interference environment at Siding Spring (and Culgoora) must
be investigated immediately. The viability of all the possibie
sites on the mountain should be assessed.

(3} While the viability of the mobile antenna is questioned, it is
clear at least two small fixed antennas between Siding Spring and
Culgoora would be needed for a viable long baseline array. This
possibility should be investigated as a possible lower cost
alternative to the mobile antenna.

2. REVIEW OF OVERALL PROJECT TIME SCHEDULE

The current Australia Telescope Planning Schedule (Attachment 1, AT/14/001;
Revision 1, D.N. Cooper, 10 November 1982), was reviewed. The only
significant change recommended is to delay the acquisition of the data
reduction computer by one year to maximise the size of the computer that can
be obtained for the available funds. So that software development is not
delayed, a new activity 1ine should be added entitled "Data Reduction Soft-
ware" which will involve the selection of STARLINK and/or AIPS and/or GYPSY
and/or DWARF and/or another suitable software ?ackage and its/their
adaptation to the Radiophysics VAX. This will ensure that data reduction
facilities are available when the first astronomy is started on the AT at the
end of 1985, and will provide the basis for new software development in the
AT data reduction computer when it is available.

It is recommended that the name of the correlator activity be changed to
"Digitizer/Correlator".

The breakdown of the AT project as defined in the Planning Schedule was
considered acceptable. A brief description of each activity is given below,
together with the name of the individual providing currently assigned
responsibility of providing the leadership for the activity.

It s clear that immediate action is needed in assigning responsibilities
for detailed design for the various sections of the project.

At this stage (9 December 1982) only interim arrangements are possible and
indeed, most of the people nominated for the tasks in the schedule are
heavily committed elsewhere.

The relationship of the electronics subsystems are shown in the top-level
block diagram of Figure 2.1.
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Configuration Design:

Antennas:

Antenna Surface Panels:

Antenna Servo System:

Antennas 1 - 7:

Parkes:

First Interferometer:

Feeds:

Front Ends:

Fibre Optics/Cables:
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R.N. Manchester. Determination of top
level scientific specifications for the

AT, such as angular resolution, sensitivity,
image quality, spectral resolution,

temporal resolution etc. for the various
proposed operating modes as well as the
determination of these modes.

D.N. Cooper. Specification, design,
procurement and testing of the antenna
elements.

B.F. Parsons. Specification, design,
procurement and alignment of the reflector
panels for the antenna elements.

D.N. Cooper. Specification, design,
procurement and testing of the antenna
servo system,

Project Manager. Qutfitting and system
testing of each fully equipped antenna
element.

J.G. Ables and D.N. Cooper. Preparation of
the Parkes 64 m antenna for its normal
observing duties, ESA and NASA support and
preparation for radio link array observations
during the AT project.

Project Manager. Provision of all necessary
hardware and software to allow interferometry
to start, the testing of the interferometer
and decisions on need for design changes.

G.L. James. Specification, design, fabrication,
testing and installation of the feeds for the
antenna elements, including responsibility for
all polarization splitting devices.

J.W. Brooks and/or M.W. Sinclair. Specification,
design, fabrication, testing and installation of
the low noise receivers and their cryogenic
systems.  Responsibility includes all hardware
between the rectangular waveguide or coax input
to the dewar and the input to the first I.F.
mixer. Includes input of injected noise amp-
litude calibration system.

A.G. Little. Specification, design, procurement,
installation of all fibre optic, coaxial cable

and telephone 1ine communication 1inks in the
Culgoora east-west array. These links will carry
all LO, IF, Monitor and Control, and Voice
Communication data, between the antennas and the
Central Electronics Building.  Responsibility
includes the physical cables and all transmit/
receive electronics at each end of the cable.



Radio Links;

Antenna IF:

Antenna LO:

Monitor/Control:

Master Local Qscillator:

Digitizers/Correlators:
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M.W. Sinclair. Specification, design,
procurement, installation and testing of

all radio 1inks between Parkes, Siding Spring
and Culgoora. These radio links will carry
LO signals from Parkes out to Siding Spring
and Culgoora; digital commands from Parkes to
Siding Spring and Culgoora; digital monitor
data from Parkes and Siding Spring to Culgoora.
Responsibility includes all antennas, radio
towers, and transmit/receive and repeater
electronics.

J.W. Brooks and/or M.W. Sinclair. Specific-
ation, design, fabrication, testing and
installation of electronics in the antenna
between the input to the first IF mixer and

the input to the high speed digitizer.
Responsibility includes all freguency converters,
bandpass filters, ALC circuits, and total power
and calibration signal detectors.

J.G. Ables.  Specification, design, fabrication,
testing and installation of the electronics which
provide all phase stabilized LO's and clock
signals needed at the antenna. Responsibility
includes provision of phase switching, fringe
rotation and variable rate sampling clocks.

C.E. Jacka. Specification, design, fabrication,
testing and installation of the system which
disseminates command information from the on-line
control computer to all hardware in the AT, and
collects monitor information from that hardware
and returns it to the on-line computer. Respon-
3ibility includes the interface between the on-
line computer and the communication 1ink in the
central Electronics Building, and all monitor/
control electronics and microprocessors at the
antenna.

J.G. Ables. Specification, design, fabrication,
testing and installation of the primary frequency
standards in the central Electronics Building, the
electronics to disseminate these references to all
antennas and the system to measure the phase and
stability of the reference signal returned from
each antenna. Also, the provision of a means of
locking the primary reference to a Hydrogen Maser
located at Tidbinbilla.

J.G. Ables. Specification, design, fabrication,
testing and installation of the high speed
digitizers at the antennas and the recirculating
spectral Tine correlation system. Responsibility
includes provision of "special features: such as a
tied array mode, one to two bit conversions with
reduced bandwidth and external gating capability
required for pulsar observations.
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Parkes Electronics: Project Manager. Specification and design
of "one-of-a-kind" electronics systems needed
specially for the Parkes 64 m antenna because
it is different from the other AT antennas.

Heliograph Modifications: K.V. Sheridan. Specification and installation
of all changes needed to the Culgoora Radio-
heliograph to allow it to coexist with the AT.

On-1ine Computers: C.E. Jacka. Procurement and programming of the
on-line computer which controls and monitors the
array, carries out the real time lag-to-frequency
FFT's and performs prelimirary data correction
and calibration,

Data Reduction Computer: R.H. Frater. Provision and programming of the
computer system which performs final data
calibration, forms images from UV-plane data and
provides image processing facilities.

Data Reduction Software: R.H. Frater. Selection of one or more existing
synthesis data reduction packages for use on the
Radiophysics VAX.  Modification and testing of
this package so that it is available on the RP
VAX in time for the First Astronomy.

Site Electrical Works: W.J. Payten. Provision of all electrical services
to all fixed and movable antenna sites at and near
Culgoora and Siding Spring.  Includes provision of
emergency generators, where necessary, to keep
cryogenics cold and stow antenna during power
outages.

Buildings: Project Manager. Provision of all necessary
temporary buildings.

3. THE I.F. SYSTEM

The I.F, system takes 0 - 128 MHz signals from the front-end converters, limits
the bandwidth, amplifies the signal to a level suitable for digitising and
produces either a 1-bit or 2-bit TTL level signal for delivery to the trans-
mission system. At this stage it is not possible to specify all the levels

in the system.

The decision to digitize at the antennas has the following implications:
(1) Fringe Rotation has to be done through the LO at the antenna.
(2) A1 narrow band filters have to be at the antennas.
(3) The I.F. cable phase stability requirements are relaxed.
(4) It will not be possible to go to any analogue transmission from
antennas to the central electronics in the future without stabilising

the I.F. cables.

(5) The maximum digitizing rate is limited by the digital transmission
system.
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(6) As will be mentioned in the correlator section, the correlator
chip can only handle the full bandwidth for 1-bit operation and
half bandwidth for 2-bit operation so the digitizer has to be
able to do both 1-bit and 2-bit digitization.

(7) To achieve full sensitivity in tied array mode, e.g. for long baselines
or fan beam operation, 3-or 4-bit digitization may be desirable.

The block diagram of the system is shown below (Figure 3.1). There are
two of these complete systems, one for each polarization. The second
output is an option for spectral line observations but will not be provided
at this stage - only the transmission 1ink will be installed.

Both the LO and sampling clocks can be derived from a master oscillator which

is Doppler shifted to allow for the fringe rotation (the "unified clock" method).

A block diagram of.a pessible system is shown below (Fig. 3.2), This allows a basic
system which is the same for all bands, with different frequency bands being select-
ed by the appropriate locking system at the antennas. For this system to work,

it must be capable of producing internally a phase stability of about 1°/GHz

with a maximum of about 40° above 40 GHz. This figure is a maximum and it

would be desirable to be even less. The main LO pilot signal can be sent

out at say a few hundred MHz using a phase stabilized Tink.

For tied array operation such as for VLBI using 1-bit operation there could
be a loss of sensitivity of about 25% if the full bandwidth is used. How-
ever it may be sufficient to reduce the bandwidth before sampling whilst
still maintaining the fast sampling in which case the signal is oversampled
and the loss will be negligible.

Note:

Because the sampler is operating at such a high speed, considerable attention
will have to be paid to shielding of the sampler to avoid interference to

the telescope, particularly since the sampling will be coherent at each
antenna.

Manpower:

High-level engineering is required immediately for systems design of the
sampler and LO systems; the other components are relatively straightforward.
From experience with TEST, this could be approximately one man-year.

For production, allowing for 6 elements at Culgoora, 1 element at Siding
Spring, Parkes and Tidbinbilla, and one spare (10 units total), an estimate
of two/three technicians for one year full-time.
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4. THE CORRELATION SYSTEM

4.1 Factors influencing the correlator specifications
4.1.1 Basic astronomical requirements
The document "Proposed Spectral Line Correlation System" (AT/10.4/001)

primarily determines the overall size of the correlator. The relevant
extreme parameters are summarized in the following:

Bandwidth Spectral Recirculation
Channels/Pol Factor
128 MHz 128 20 (=1) -
2 MHz 8192 26 (=64)

Given 1-bit correlation with the existing design for the VLSI correlator
chip, this indicates the use of 15 x 2 x 256 channels capable of a sampling
rate of 256 MHz. Each correlator chip provides (conservatively) 8 channels
at 80 MHz sampling rate thereby requiring 7680 x 4 = 3840 chips.

A new chip might provide 2-bit operation at half bandwidth. We conclude
on the basis of costing that full bandwidth operation must be restricted
to 1-bit.

4.1.2 Implications of full field mapping

The requirement that the entire field of view be mapped out to the 10 dB
point for the primary beam sets limits on the maximum frequency channel
width and correlator readout rate.

(i) Radial bandwidth smearing

Given a synthesised beam of approximately A/B radians, and a field radius
of approximately A/D radians, then a maximum radial smearing of

Av.Ax.B = Av.
A

o

<
<

results from a fractional bandwidth av/v. Setting a limit of 50% linear
smearing, which implies a point source decorrelation of approximately 5%
gives

Av < 0.5 D/B
v

For v = 3 GHz (the lowest frequency at which full bandwidth is likely to
be available), Av = 5.4 MHz results.
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(i) Circumferential integration time smearing

An integration time of At seconds determines a movement of the synthesized
beam during Earth rotation at a radius of A7D radians in the field given by

from which a circumferential smearing of

>

A
43200 D

results,

A requirement of less than 50% smearing yields

At < 21600.

m

=~ 25 seconds

)]
B
4.1.3 Maximum readout rate

The maximum readout rate is influenced by:

(1) Astronomical wishes which suggest maintaining the possibility to
read out a limited subset of the correlator data (i.e. only continuum

points) at intervals as short as Ims.

(ii) Loss of observing time due to correlator blanking during readout.
The VLSI chip readout time is of the order 0.1 ms.

(iii) Prescale quantisation noise in the VLSI chip. For 6 bits prescaling
we have

262

o2(quant) ='(;T§g

and for an integration time at
o2(thermal) = st

The reguirement oquant <€ cthermal yields
At > 212/3\)0

where v, is the basic correlator sampling rate (10 MHz). We obtain
At > 0.03 ms.
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(v)
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Readout data rate - to be considered in a later section.

Recirculation requirements - to be considered in a Tater section.

4.1.4 Correlator configuration flexibility

All
X 2

7680 physical channels will commoenly be configured as 15 baselines
polarisations x 256 channels. Somg possible other modes might

include

Baselines Polarisations or Channels
Separate I.F.'s

15 2 256
15 4 128
0 or 1 2 3840*

*For example: Tied array autocorrelation spectra or grating tied array
cross correlation spectrum for pencil beam high spectral resolution work.

Such considerations dictate flexibility in assigning inputs to correlator
banks and chaining of consecutive correlator banks. Detailed consider-
ation must be given to these points. Preliminary indications suggest
that correlators arranged in banks of 64 lag channels with full input
selector flexibility for each bank should be viewed as a design goal.
Schematically we have (Figure 4.1)

O— ca\;__édfiﬁqufl
O——— O
Ex2
APuTS* Selecroe
O
MeTesx

é{\_ﬁ 64 Cvanned]
O O _ —]

]

o— &
64 Lasonmist,
O
/20 &0
Cerrrurs Banks

*
E8cr mowT 5 ik Lawnvalevr O Cue 256 Mz 1B/ Sresars,

*each input is the equivalent of a 256 MHz 1-bit stream.
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Additional features to be provided include phase switch demodulation in
each input line, correlator blanking (pulsar observations), one bit -
two bit selection. These plus certain extra selector functions such as
selection of 6km array or radio linked array as input to the correlator
should be identified as separate functions where possible to prevent
hidden restrictions in as yet unforeseen operating modes.

4,2 Requirements for Correlator Recirculation

A recirculation factor of F, = 2 1is suggested to fully utilize correlator
capacity down to 2 MHz band&idth.
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The recirculation method allows multiplication of the number of correlator

channels by a factor F,. In principle this need not be restricted to an

increase in spectral cﬁannels but could allow muitiplication of baselines,

I.F.'s, etc. as the correlator may be reconfigured between recirculation

cycles. The recirculation method reads data into one of two input buffers

at the reduced input rate (256)Mbits/sec for a bandwidth of (128)MHz. The other
FR FR

input buffer is readout FR times at 256Mbits/sec rate with, for example,
successiveTy altered Tags to allow Fp separate utilisations of the correlator.

Given a readout rate or basic recirculation interval tc, two input buffers

of size 256 tc Mbits are required. For the proposed system, F, x 7680

separate accumulators are required. Depending on the exact method of
handling the VLSI correlator chip output, this could rise to F, x 3840 x 64

= 245760 F_, separate 24 bit accumulators (47 MB). It is therefore advisable
to combine”all 32 subproducts immediately in Fp x 7680 separate 32 bit

accumulators {2 MB).
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The time required to complete a recirculation cycle is Fpt..

Recirculation with t- = 5ms
FR = 25
Input buffer size 320 KB/input
38 Mbyte total
Output buffer size 2 MB
Readout rate 320 ms

The input recirculation memory is a high speed serial in-serial out buffer
but should be implemented with normal RAM technology thereby allowing
considerable economy. Considerable flexibility in readin and readout
address sequencing should be considered to allow full potential of the
recirculation principal to be realised.

4.3 Correlator System Outline

The diagram (Figure 4.3) outlines the entire correlator system for both 6km
and radio linked systems. Some comments are appropriate concerning the
separate subsystems.

(a) Serial-parallel conversion

The high speed data streams from the antennas. are-.reduced.at the earliest
possible stage to paralTel, Tow speed bit streams.

(b} 6km delay path tracking

Although potentially combinable with other functions in the system
(recirculating buffers), it is felt that system simplicity and flexibility
is improved with the use of a separate subsystem for the path delay tracking.
Because of the use of the "unified clock method", the delay tracking memory
is also first-in, first-out (FIFQ) but should be designed around standard
RAM chips.

{c) Modulator matrix

In particular, any phase switch modulation could be demodulated here.

(d) Summation units

At least two separate adders are envisaged to allow

(i) operation of the 6km array as a tied array with or without
the radio linked array

(i1)  high resolution grating array spectrometry.
Inputs to the summation units should be individually selectable.
(e) Radio 1ink/6km array selector

To avoid unnecessarily complicating the full selector matrix, a simple 2-way
switch is envisaged here.
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(f) Radio link delay path tracking

A separate delay correction should be provided for the low bit rate
(20 Mbit/sec) but large path length radio linked array.

{g) Recirculating input buffers

See discussion in section 4.2.

{(h) Selector matrix

See section 4.1.4.

(1) Correlator banks

See section 5.

(3) Recirculating output buffers

See section 4.2.

(h) Control section

The control section is responsible for storage of all configuration inform-

ation. Some thought must be given to altering configurations at the basic
recirculation cycle time (approx. 5ms).

5. THE A.T. DIGITAL CORRELATOR SUBSYSTEM

5.1 Introduction

The AT correlator is based on a very wideband digital correlator with a
parallel, pipe-lined architecture using a large number of identical comput-
ational elements implemented with VLSI NMOS circuitry. The lag range for
smaller bandwidths is increased by operating the basic correlator with a
recirculation memory system. The VYLSI chips are combined to form

correlator modules which become the building blocks for the correlation System.

5.2 System Architecture

Input and output signal data paths are 32 bits wide and operate at a maximum
rate of ~ 32 x 10° bits/sec. The source of input data depends on the
operating mode and may be either the delay tracking memory system or the
recirculation memory system. The data source and signal data linkage
between modules is determined by a data selector matrix.

Output correlation data paths are also 32 bits wide and connect to the data
logging computer system. Data rates on the output paths is determined by
the logging system as well as the correlator system needs.

The communication bus provides the path by which the on-line computing
systems are able to configure and command the correlators and to receive
status information from the correlators. The timing bus provides the path
by which the correlators are synchronised with external systems.
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5.3 Correlator Module Specifications (Preliminary)
Bandwidth: 256 x 10° samples/sec (1-bit)
128 x 10° samples/sec (2-bit)
Lag range: 64 (unidirectional)

Signal data paths:
Corr. data path:

Integration time (T):

No. of VLSI chips/module:

Construction:

On-board corr. data
management:

Power:

32 bit parallel synchronous
32 bit parallel asynchronous
1ms to 25sec

32

single board (pc, wirewrap or multiwire)

microprocessor + memory

5V at approx. 20W
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5.4 YLSI Correlator Chip Architecture

The well-known Weinreb digital correlator (and multi-bit extensions of the
basic one-bit version} may be considered as a pipeline processor for

computing sums of lagged products of a pair of digitised sample data streams.

The "pipeline" is the shift register (SR) down which the delayed stream
flows.  The upper 1imit on processing speed is determined by the minimum
time required for the multiplier-accumulator (MAC) attached to each SR stage
to perform one operation. (The SR is usually faster than the MAC). Only
one sample at a time is input to the processor.
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Now consider the computational element {CE) diagramed below.
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S and T are data samples from the two streams so that (S.(n),S;(n)) is the
n-th sample block from stream S. Here N = 2; i.e. the data is blocked
into groups of two samples. The MAC's operate on the "intersections" of
the data streams within the CE. Date input at the top and left side
appear, delayed by one block time, at the bottom and right side respectively.

The new architecture described here differs from the Weinreb correlator in
that it operates on successive blocks of N samples (which may be multi-bit)
with all operations on the N samples taking place at the same time at each
pipeline stage. For a given logic speed this achieves an N-fold speed
increase over the Weinreb architecture but at a cost of using N times as many
SR elements and MAC's. The advantage of the parallel processing method is
that speed is achieved through the use of more circuitry rather than higher
speed circuits.  This means that the cheapest circuitry now known, VLSI
poly-silicon gate NMOS circuitry, can be used to reach speeds not possible
using the Weinreb architecture, even with the fastest (and extremely
expensive) logic now available.

The CE in the first figure is designated (for obvious reasons) a 2X2 CE.

A CE that accepts blocks of N samples from both data streams

is called NXN.  Rectangular CE's (NXM) are also possible, but they do

not seem to have any particular advantage over the symmetrical NXN CE

and are more complex to interconnect. An NXN CE computes all the

partial sums of lagged products from blocks of N samples necessary to
determine the correlation over N lags. To extend the lag range, CE*s

can be cascaded to lengthen the pipeline. The CE's can also be ganged

in parallel, with appropriate interconnections, to increase the input sample
block length in multiples of N. The structure of a correlator with an input
block length of six and a lag range of 12, built from 2X2 CE's, is shown

in Figure 5.4,
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5.5 Broad Specifications for AT Correlator IC Chip (XCELL)

* Type: 8X8

* Bits per sample: 1 or 2 selectable

* Process rate: 10 MHz (5 MHz for 2-bit mode)

* Prescale factor: 64

* Read out: serial (approximately 150 microsec)
* Accumulator length: 24 bits

* Package: Standard 40-pin ceramic

* Technology: Polysilicon-gate NMOS

3 to 5 micron minimum line width
5.6 Correlation Subsystem Requirements

(Corre}ator only, i.e. not including recirculation memory or selector
matrix

Correlation modules: Culgoora correlator 120
Parkes correlator _16
136
+ spares (20%) 24
160
XCELL 8X8 chips: approx. 5000
Power: Culgoora 3KW
Parkes 400W
Space: Culgoora 4 racks
Parkes 1 rack
Time and Money*
(rough estimates) Man Years
VYLSI design & procurement 2
testing 1
Module design 0.5
construction 0.5
testing 0.5
System integration and testing 1
$A (1982.9)
XCELL chips (packaged) $32
Correlator module (tested) $2000
Culgoora correlator system $300K
Parkes correlator system 40K

* costs do not include salaries or overheads.
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6. LOCAL OSCILLATOR DISTRIBUTION SYSTEM

An important starting point in the design of the local oscillator distrib-
ution system for the AT is the selection of a phase stability specification
for the instrument. On time scales of 10's of minutes the instrumental
phase errors should be small compared to the atmospheric phase errors. At
the VLA, a phase stability specification of 1° rms phase/GHz has proven
adequate to ensure this. Since precipitable water vapour at Culgoora is

2 to 3 times higher than the VLA, it can be expected that tropospheric phase
errors will be worse at the AT by this amount. Therefore on time scales of
a few 10's of minutes a phase stability spec. of 1° rms/GHz should be
adequate. On shorter time scales, on the order of a minute, we require that
there be no loss of correlation in an integration period used for self-
calibration. A suitable specification for this purpose would be 1° rms

for frequencies less than 10GHz, 10° rms for freguencies higher than 10GHz in
a one minute integration time. Both the shert and ldng term specifications
need to be met.

0f the possible communication links which can be considered for the LO link

on the 6km array, radio 1inks can be rejected due to interference and spectrum
availability problems. Waveguides are too expensive and coaxial cables have
too much attenuation. A fibre optics LO Tink is attractive from the point of
view of the low cost of optical fibres and the low attenuation that is available
in modern mono-mode fibres. The current state-of-the-art in phase stabilized
fibre optics links is reviewed in the Attachments 2 and 3 by T. Cole {Wideband
Single-Mode Fibrelinks with Phase Stability) and G. Lutes (Development of
Optical Fibre Frequency and Time Distribution Systems).
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For costing purposes one could consider the prototype fibre optics system
shown in Figure 6.1. In this system cables are run to points separated
every 300m along the railway track. An umbilical cable would connect
each antenna to its nearest fibre 1ink. The total cable length in this
system would be approximately 14km. Allowing a generous 12 fibres for
each run, the total cost of fibre at $1.3/metre per fibre is 14000 x 12

x 1.3 approx. $220000 (without installation costs). This is within range
of the current budget but clearly an extension of the fibre link from the
6km station out to 18km will only be possible if there are cost savings
elsewhere.

There are 3 basic methods of phase stabilizations for long cable runs.
These are shown in Figure 6.2. Either the Two Oscillator or the Round
Trip Phase method would be suitable for stabilizing a fibre optics link.
The bandwidths of commercially available fibre optic cables would suggest
that the highest frequency LO distributed to the antennas should be in the
range 100 to 400 MHz.

The phase stabilized fibre optics link is one of the areas of the AT that
needs most development work. Experiments should start immediately and
will require at least 1 full-time engineer/scientist and one high level
technician for the duration of the project.
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Figure 6.2 : Three Methods of Phase Stabilization
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7. RADIO LINKS FOR THE LBI ARRAY

Any consideration of a radio linked array between Culgoora and Tidbinbilla
presupposes the installation for NASA of a radio link between Parkes and
Tidbinbilla for the Voyager/Uranus project. It is probable that this 1link
will provide full-duplex frequency diversity operation with a mixture of

S- and X-band hops. The proposed system provides TV baseband modulated
onto a 24 MHz bandwidth channel. The bandwidth available for TV approaches
9 MHz with a pilot tone in this region also.

This system would be available for radioastronomy use. In its simplest
application, analog data could be transmitted between Tidbinbilla and Parkes.
In the most probable mode of operation a 20 Mbit/sec data stream would be
encoded onto the TY band and transmitted to Parkes.

8. THE PARKES-SIDING SPRING-CULGOORA LINK

The most economical approach to this 1ink would require the use of a duplex
S-band system based on a 24 MHz channel. This system would be used for

both LO and data. The LO distribution could be similar to the two-frequency
system described by van Ardenne et al. ("A High Precision Phase Comparijson

-—

EXperiment USTNT a Geostationary Satellite"; submitted for pubtication to
IEEE Transactions on Instrumentation and Measurements - July 1981.; Copy of
preprint available in RP Epping Library) for satellite use. The 24 MHz
band would be split into three bands of about 7 MHz. This would allow a

20 Mbits/sec data stream from each of Tidbinbilla, Parkes and Siding Spring
to Culgoora. The future provision of extra channels in the Parkes to
Culgoora direction would allow for operation up to 80 Mbits/sec but would
impose considerable strain on the correlator design. (See elsewhere in
this report.)

Detailed investigation is needed of the following questions:
(1) The possible use of existing towers and the siting of new towers.
(ii}  The capital cost of the proposed system.

(iii) The projected operating costs.
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BRDIO LINKS
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9. MONITOR CONTROL

Although this subject was not discussed at the meeting, this note is
included to give an idea of the requirements. See alsg Figure 9.7.

9.1 Telescope Drive

The telescope drive could be controlled either from a central computer or

by a Tocal microprocessor under slave control from the centre. The latter
might have some advantages since it allows each telescope to be a stand-alone
unit.  However each time the telescope is moved the master clock would be
interrupted which could be a nuisance.

9.2 Monitor

The monitor system keeps track of the behaviour of the telescope and the
electronics, and either flags faults or maybe, if possible, switches over
from a faulty component to a spare. Use of the latter would depend on the
cost of the component and whether it could be easily switched in or out.
Flagging will probably be the system used.

9.3 Control and Monitor Wiring List to each Telescope
(i) 3 Phase Power: for aerial drives
electronics

helium refrig.
air conditioning.
lights

KVA = 2

(i1) Monitor leads for: aerial pointing
temp - several places
radiometer gain - several places
L0 status - i.e. lock
power
freq. select
bandwidth select
digitizer freq. select
cable - 0K
helium refrig. - 0K

Note: These could be multiplexed and could goc onto one of the optical fibres.
(i11) Hard wired crash control
(iv) TV monitor for remote sites?

(v) IF ) optical
Local oscillator ) fibres

(vi} Intercom
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WIDEBAND SINGLE-MODE FIBRELINKS WITH PHASE STABILITY

TREVOR W. COLE

Laboratory for Imaging Scicnce and Engineering
School of Electrical Engineering
University of Sydney

Aceurate time dissemination is impertant in a number
of applications. One of the most challenging is radio
interferometry in which the time of arrival of a wavefront
at each of two antennas needs to be measured to high accuracy.
One technique is to use separate clocks at each station
(Very Long Baseline Interferometry) comparcd by eclock
transport and radio observational techniques. This paper
concentrates on the alternative process of using one clock
whose timing information is transmitted by cable to the two
antennas.

The magnitude of the problem can be summarized as
perhaps requiring 19 of phase accuracy at an observing
frequency of 40 GH=z (wavelength = 7.5 mm) over an antenna
separaticn of 10 kilometres. This accuracy would be required
for cach several second integration over a total observing
session of 12 hours. Such a performance is necessary for a
map to have an accuracy range of intensity of several tlhousand
to one.

In terms of phase ¢, one sees that the requirement
translates to a relative accuracy of

Ad (10x10° x 360)7! = 2x107°

¢ 7.5

or alternatively, to within A/360 or 20 microns.

Current practice uses coaxial cable and a frequency of several
hundred megahertz., At the antenna, frequency multiplication
and phasc loecking are used to reach the desired local
vscillator [requency.

In several systems (at Cambridge for example} simple
burial of the cable gives sufficient stability when appropriate
"zero-coefficicnt" cables are used, Further stability in a
Japanese antenna system is obtained by contrelling the gas
pressure inside the cable as the temperature changes in an
already controlled environment. llowever in most cases it is
accepted that the temperature cannot he controlled to a
sufficient degree and active phase calibration and compensation
schemes have becen employed. These take various forms but all
rely on a two way transmissiaon along the cabile.

Several factors make optical Ffibres a more attractive
technique for accurate time dissemination. These include large

13.1

ATTACHMENT 2.

bandwidth, low loss, low cost, simplicity of installation and
immunity to interference. The relative unkomown is the phase
stability which,on first look, could be good due to the low
thermal expansion coefficient of silica. The full story 1is

more complicated.

The phase shift produced in fibres by a temperature
change has been studied by a number of authors, [1,2,3],
Using the nomenclature of Lagakos, 1f k = 27/2 (for A
the vacuum wavelength), the phase length of a length & of fibre

of refractive index n is

Euﬁ,f@"m +£WIJ :;ﬁ
¢ 2 n 2 n\aTlp n /o

where €, 1s the axial strain in the core due to length changes,
P is core density and we see the refractive index effects split
into components at constant density and at constant temperature.

Further expansion gives the fractional phase change per
degree as

|t
2iE
1

2

ox

|m+ HAmulmnmﬁmu_+v-Umn+m: muuv
T T, AT 2

\
where P11 and Pjz are Pockels coecfficients in the core and Er
is the radial strain in the fibre.

Analysis to determine the strains depends on the
dimensions and composition of core, cladding, substrate, buffer
material and the fibre jacket. Lagakos et al report [1] on two
ITT single mode fibres (one bare and one coated) with silica
core, silca + 5% By 03 cladding and silica substrate, The
jacketed fibre had silicone buffer and a polyester jacket. The
results were

A9
95 4

bare fibre

for experiment calculation

0.70x10" " foc
1.64x10 " /%

0.68x10" */oe

jacketed fibre 1.80x10 ° /%

The low expansion coefficient of silica makes the AW%VO

term dominant for the bare fibre. In the jacketed fibre the
wajor effect is the length change followed by temperaturc
changes of refractive index. The photoelastic effects are not
insignificant. In general, a tight jacket worsens the perform-
ance due to its larger expansion coefficient,

Although study [2] indicates that better fibre
compositions could be chosen and that a hypothetical fibre
coold be built with zero phase changes, the best suggestian
was the use of Nd-laser glasa core and 2 calculated phase

sensitivity of 0.13x107%/0¢,

13.2



e

‘pue (1aqr3 Teorido 103 s/u
wo._q x T*Z=) aur] 3yl vy uoriededoid yo A3To01ar ay3z
‘sI2jaW UL JULT 2y3 IO Yjquel 9yl = 3
‘reulrs
P2ITUTWSSTIP aUl Jo Louvanbaxy zetnBue Teurwou ayy -

‘sueTpel ul oanjwvasdwa)] uesw =yl je Leyep 9yl = 5

EEEUTY

(€)

‘sT Ianieiraduay

30 uoTiduUnj B S DUTT UCTSSTWSuEIY ay3 ydnoxyz suetpel ur (g) Aeysp ayl

d

= —=m

"UOTIBTIEA aanjeaadwal ayj Jjo Lorusnbsay syl = 7

pue UOTIETIEA
ainjexadwa) 9y3 jo 273> auc jo poriad ayy = 4

‘u0T18TaAEA 2inlBladwa) yead syl =

[I5yM

d
@ Imours g o= 1

‘ST 8192 Y3 J0 () @anleisdwsy Jo jusucdmwos FurLiea aya (1) =vIit ¥y
"TeprosnuTs Aflerijuassa $7 ainzeradwel ur =%ueys

Teuanyp ayj 1ey: ysnouz A1dssp paTing ST afqed =2yl eyl BUNsSsT oSV
rpunca® ay3 up PITANg ST YITum I{ged 1aqr3 [ecpido spou-aplurs Zuoy ®
12a0 pajeuTwassTp ST Asuanbaiy svusiagyal ayqels A1i1vejyzad v jeyl sunssy

‘ganjyerad. s} Uy
a2ury2> dajs e wey3 pue vanjezedway ul suoyieTiea TEPTOSNUTE 151}; <SpTS

-u02 ay  “£117IQEISUT Jo 3DAnos ajeurmepald wy3 ST STYI 2DULS padw LIuow
2q TTTA suorjvraea aanieasdma) jusTque Aq pesned uorieperdsp =.: ATup

She

.A.Tfﬂ u V
I- "3/ 30 sardues 30 Jaquinu ayy - N

‘pum hu:&:kum Aeinue Teutwoy ayy = Iy

‘sayduwes U33MI3q TearsIuT ayy -

SWr3 Surdues zuc 8Yyy = 3

T+ T+u
1 pue 3
uaamlaq Teaxayug Iyl ur hu:a:wenu a3eisae - H+nw

u
T e Y

UR93MI3q TEAXI3UT ayy uT £ouenbazy aSeisae o b

‘a1aynm

4

2% . ﬂ.m+:.u _ :ww ﬂﬂwcm 1% m k74
I T

e da) 117108 . " 2
3 L1k i 15 I® ayyg Am WUGUHQHUHV SIURTIIRA up 241 Jo un.uDh.NH .U
ITV nbs ay

Jo sme] Ut 14r Ie Pa13T00ds 51 WUUBUHmHUH gﬂuﬂuﬂﬁwhu Jo hu.n_ﬁnmum ayy
- LS.

'SrOTT03 ST pajeuriss uss ‘ T n 21982 sTY3 yfnox
T q Sy ‘uorjezT
1 TTIqe1s Jnoggrm ¢
Surssed ®Udrs ssuaragax Lowenbaiy g Jo £3T1rqE3s 3 uw :oaumkumu m:u
1 T T P ayx

PUR sy3Buatr wy 7 10 -1 u
T PRATA031 2q 1114 37quwn o . Y
WMMMMMM:mmuabhwm SUOY LT unumins £3T1TIN HOWavwma:wA H”WMHHMMW e
058 38 3jeaado og paulisap SI89QT3 1ed13do wvomAuusaznzuum:uH
T ure)

-1sdo uy *I7qEY ay T BAOYS ST weisfs g yans
3 UT sseT wy3 jJo ST Jouny
T ny e s5e Y T
103 (z dualayax) {R/S) oTaea 2STou-03-1euldrs BIleTnoyes ayy ¢ 2InTfy u
- .ﬁ H

241 ST Ind3no ay3y j® oseyd ey 242 3 A
5 134
Ud 343 s103azayy 'qm OST® 8T 22us1ay31 Indur ou-




ghe

“(01) puz (€) weay st (3) aurz jo uoT3isuny e se (g) sseud £l

T9TQE> 841 30 JURISUOD SWI] oy = %

‘pue aanzriadway juaTquEe
ur 28ueyd dols v adurs pasdeTs suwry =y = 1

‘sanjeiadwsl JuoTquE U 2%uen> dais oyl = wH

al1ayn

1) 3 a -~ T1)% =1
Lf3-

sT (1)

BT 1r 2TQED B2 Jo (1) Jsanieaadwo) AATIRTOZ Al *S[qed 3yl Jo JUEBIS
THOD SUT) AUl UPYI IBISP] yInw aq o] pawnsse ST afugya My, *oanjviadua;
Juotgque ut 2%ueys dais w ag pa32alyns ST Juyi aTqed o ADPTIUOD MOy

~xa1dwo] astdg dang SULILpLC) o7 3T pue

‘Id0 1B 8pULl SJUALIDINSTAW U0 PRSTgq SsnrA OTJ:T (™ol arp 2434l " (uovie
SLITA JRUIN(pRY puesas zad suripra 00wag/rg = o pur pundas aad sioiew q01
* T2 =0 “2.1T= mH.Uo\mloa =9 .nuMumscaH =¥ SRUTIITA pur SpuUCIes cCH
031 pued’s T Woxl r o SaRTEA 10F 4 aan8iy UT privnran o1 worienba siyg

T=U
u
(6) A_+ uvs urs &m urs X -0
Tz T
4 N
‘sawodaq AuTap uf - twraea
TEBPTOSNULS © JUTARY BUTT U0l -FTWSURIT © Yinoiyy Juresve --udrs

T 30 IOUBTIEA UTITY B4l 4o 3001 oxrnby ayg (/) pue () wozs ¢

(B) Ar+auv3 urs ms urs|- M|
4 my:eoa¢
u b u 1A T+u
124 3 m urs - vurs ~ g3 moure g — | - ] -

tvé

‘() pue (9) woaj s¥
mwﬁudw:vmuw 2dragar 2s91|1 uIIMIAG VOUAISIITD 2yl JO 4ITEA BINTOSQT Byl

) im UTS — 8
u
1Z7+ 3

u
'sT AFN+:u .p+ﬂuu TEAIOIUT IXIU IY: UT AH+ I1) 4ocuvenboaz o8eioar 2yl pue

1
(93 L T Lo o [0y

ST (1+Y3 Y7}

TEAZ2quE 33 ur (J) Aousnbaz] aleaoar oyl ‘{g) pue (§) woajy viojaxBY]

<

(12

k4 H ~o

T2AI0IUT BUT) 2ul Ag PapIATP Trazoiul 2wl ay] Huranp ('g) pairTnumoce
aseyd rI03 93l ST (1) [EAJOJUT ~WIZ © I0oa0 () Aousnbar) a8niasae 2y -

~ A A y
) R ST N
Loy m Fm

f(g) put () wolj ST (3) owTl Jo uorjdunl v sv (y) asenqd oo

(Ue/( 0T
AR13D Jo juwln ooy alairiedual £, 07482 Yyl = »



092

-£f3uaroT33?@ I9q13 apou-aT8urs ® o1 andino I3se]
ay3 Surrdnoo welgoxd ® sr X3yl pue alqrTLEAE JOU 31p s3dTdnos TPUOL1
~22ITp a9qTJ @pow-3TBUF§ ‘BWT1 STYI I¥ wIIILOI FU Seale om3 9i1g IIYL

-qeudts anduy @y jo eseyd ayl 03
and3ano peaneiep 3yl 3o asoyd Y3 $¥020T IS7FITIQRIS ssvyd uorirnpou ayL

-3usiand uaalld e 103 @8E YITM HSEIZIVP 01 SPUIT a1y xemod
zatizes Tedrade 8yl SAZLTTOPIS 19ZTTI4EIS T3AST 1atxzen Teorido 2yl

-quo payzom axe sing syl pue worionpoxd a[eds

TTRJ oiuT ©8 SIasEY Y1 JUC D[GBAITYT A1Tpes1 9q o3 saesdde sanTIEl O3
aw;] uesw sinoy J00°0§ IO Teed ang -L1qeioeidde papuaixa aq pInoA Wil
-aJIT =24l puw¥ ainjeiadua) I9moT B 01 3T [00D PINOT M SSE2 YaTun ul ‘sed
3Iauy vt uf ey Ayl Teds 03 ur(d am 2Inin3y 2y3 ul -swapyoad Bursnes
£{IEniusAd IISE] QY3 U0 LSUIPUAD PINOA 1Tz SuTpunolins Iyl WEIF INJCA
asnenag sanjeIadwsy woel moleq 03 palooY 10U L1osedand st 31 "BIT(

£7T Spu@iIxXa pue SITISTIAIILABYD Surjeando 1T SHZITIQEIS STUL " (Do5Z=}
ainjersdues vooI JEWAOU Irau PISY ST I2STLT A3 JO aanjeaddunl ayyg

<1pzTTIqEIS asvyd uolITINPIW B puE 122TTTqUIS TaAD] I9T1iRD rentrade
ue ‘132TTTQUIS simjeiadwsy B ‘Ppolp IISTT Oyl JO $IWTHU0D 3T 74 aandT ]

wr umoys ST padoTesap 3uloq A233TWSUTAF ASSET 243 so wealerp 90{q ¥V

“ZR6T O Uoawy ut pITIEISUL ST

aTged 2y3l swil 3yl Aq Lpesd aq prooys juswdinba sTyl Jo sadi303o01g "pPI
_do7aasp BuTreq OS[2 ST WalsAs UOTIRZTTIAWRIS AT4RI 203 ao3 L13TNoaATD 1Al
12 padoTasap Buraq eir £33l ‘WTQERILEA® 21¥ yiguarsaes wu QOET IE Fuile
_zado sioATana1l puE s1233Twsurll T[e2Tido [r1oiswwod 214EITNS OU 2July

+sTe0d Byl 123w 03 Iapie Ui “JULT

13q13 Teotido w1 ® 0] .qOH DUT (0T UIEAIEq @q 03 @avy TTis waisks
uor1ezTTFORIS Y} JO J037RI U0TID21102 3YT IFYI 231BPTLUL SIITWT I @ 253Y]
-pauade ST A7B1 24l Jo 100p U3 pur 1fe wnusTd £q pATOCS TSl @ UT
papusdsns aie 2TYwy JO 52s3mw O isYn 2s5E2 8yl 10J SON[BA PIIVECISEI Iaw
asayj, ‘Spuodds 009 = 91 pue puodes asd siazew 0T X T°¢ = 4 ¢n.nT = 2L
.Uo\nIDH ~ p fslajew Q] = ¥ $ DT o1 I=N SATqBTIBA pUT £pU0ISS GDH o3
rundas T woId 1 JO SanTeA uow ¢ 2an3T4 UT PIIBUTTAD ST uorienba sTY]

(c1) - 2 -7

6#e

“{(%1) Pue {T) woxl sowcdaq Aelep utr
sfueys Terauvsuodxo ue Jura®y PUTT worssTwsueil v ySnoiys Qurssed Teulrs

B Jo Snueliea UBTIY 8yl Jo joox airnbs syi 103 wuitiedIv Ayl ‘snyl

{v7) 2 - a - L
2 2 2 3 0 =
. . L Loz o
1 1 u
143 -
3= 2 - E) AL
s} 2 T4 u
1 1 T [ 3 AR 3 - 3
m T - — RAY Y
1243 b] 1+ 1

_ - “(cU) pue (zr) woag st (TUp) pur ()
saTauonbeay a8rpioae 213 uDoMI3Y BOUNIITITP FYI JO INTEA DIN|OSqU By

i+ 3 p....:u
(e 1) 2o 1) - A . Ay 1 T{u
2 T - = 3
u 1/3- 51030 40wt ()%
iZ+ 1 1z+
. u
ST (3743 1+ 3)
1eaa=33uT puodas »yil ur (TtYy) Aovanbazg sfexsae oyl pun
.
Eu‘ cu
(z1) ® - 1| et ,T = |=|="
. 2 an 810300 aoquﬂ e *
1+ 3 H+:u

u 11
a ST (M+ 3 Y73 vAZaIlU?
153T3 24yl ur ( j) Acusnbaay oFexsaer syl ‘(g¢) pue (1) wor] NwMOMUum -

an 2 - P S S
e s o ' g
/1 AA-Y Tl I T



AT

"1861

‘6T Trady ‘yo ‘euepesed *Azoleloge uorsTndoig isr “Z9-zy 31aoday

ssa1301d uor3ysInboy e1eg pue SuoTiEoTuUNwwooalal aYyL ,,‘uorIngriisiqg
TeuldTS sousiazay J0J IarITTduy UETINgTaISIQ AEM-1nog ¥, ‘9T "a "2 g

*Z861 'v) “ruspeseg ‘Laojeioqe] uorsndoag 1ar
‘paystiqnd 8q 03 ‘*ainimasdwsl *sa LeTaqg 3o §301d ‘“1® 39 ‘uewliag +q “y
T to6T “toq
. ‘uol3uTysepy ‘SpPiPpuEIL IO NEIINF TEUSTITY ‘ygf BION TEITUYDAL SEN
! ‘43r7IqRl5 ASusnbaig jo UOTI¥ZTIa32BILY),, “"TB 1= "'y [ ‘sauaeg €

‘0861
‘ST "8ny ‘y) ‘ruspeseqd ‘L1o31e1oqe] vorsyndoag s ‘gc=z4 1xoday
' 5ga1301g uoritsinboy e3eg pue SUOTIBITUNIOISTRL 2Y] ., * SyuT]
5273dQ 19q14 107 uUOTIBINIER]) OTIFY ®STON~0I-TRUITS, ‘n®] "% ¥ -7

"086T ‘y-z ‘29d ‘pueTAzEq ‘i7aqueaig

‘a@ju=) JYB11i @vedg paeppog 1® pysy *Hurissy Jutuusyg pue suoyl

-eo1Tddy (Iild) [eAaraiul ont] pue awry IST291g Tenuuy YiFjasal a3yl

3o s3urpsagoerg ‘g/iz UCTITIITqNJ PIUDIaFUc) YSVN , *Sevusiagey Burwrl
pue £ousnbaiz jo uoTINTIISTQ Y2 10J SI8qL3 1eot1dp, ‘saing o 1

SHONTIIITY

THIOM STHI IO 281000 32 Inc Pnoiyl ste-is993ns
PUB 32UBISTSSE [@IINUDBT 10T 10upds pICYDLY YUBYD 03 sayste Ioying ayr

LHNIHOT 3 TMONADY

‘u00s pairadxa 21® SUOTINTOS pur

‘Arprdex SJupacu st LFojouysel 2yl Ing ‘seole LraF ouos pue smayqoad
SWOS are 213yl peyveoadde aq urd sTred ayz IBUY 8IBDTLUT SITNSAL

2Yi ‘siuveuodmos waisds ucTIeETTIqRIS-aseyd pur sjuotodus- rajsks
Te213de ‘s1qed zaqry Tesrido ue SpEU UISQq ALY SIusTLInsesw Alz.-=Iyead

*Burqraado st
SPOTP J9STT WU OOCT 242 usym ¥i3uoiaaes wu gpp( 03 palimsuos @¢ TIIA 3T
‘yIBusTaaEm wn ggg 2® paise) uazsq sey uBrsop IaATsnva Teotado ape.: vid vy

-uaacad

8T £13TN0aTO By3 TIIUN S3s99 @58yl 1cJ poreinurs Huraq ST @p . Iasel
2yl -IszT1IQEs 9seyd uoriernpom syy 10y 3dadxs paiss1 Sur. ST pur
papiroqpraiq u=2sq Sy ApoTp AISPT Mu Q0%T 2111 10} A13Tnoaya Tz to2 ayy

152

~uoT3EI0T SATITSUas ATTFwAayl 150U HYJ ¥ SLOISTWIaY] Byl
Furaerd pue uume ay1 U0 ATI991TP afm 1o7wRy a8yl Zuppura £q paadTyom®
st SIDTADP wmw:u 70 1011u03 TEWISY]1 POO) "SPUAILBS (g = mw juels
T : “Z] 'g 10 D /sd HT0T0

—uo3y suyl Tewiayl SulL  “Zh Q0T 37 I, /SUPTPEL o.0T x L8 e
uM u:UﬁuﬂMMNOU ainjeasdro)] B sEY 31 JIOXIW °2pdrp Lyii0oyag ToAdT-YEIY ®
sasn '(g sJu21aJal) 8 2an813 ‘io3oaiop =5eyud pezITIqEIs-2anyeiadusl 2L

"ZHH OTT 23
dn s310d and3ne y a4yl Jo ated fue ussmiag wor3ETOSE 4P 00T < =¥
fpug 2Hy (QZ MCEPQ UCTIEBTOST Juoly O] H2Eq gp 00T < =

*1eulTs ZHW QQT © WOIF ZE QT ‘YIprapueq
Z{ T ® ur 2¢p Ov[- > ST asTou aseyd jo A3ysusp Tealdads Ismod

*aamod gndano wgp v+

*

‘ure8 TeurMou gp ¢
‘qIpImMpuURe ZHH SZZ O3 ST =
fp1e suorlvarlToeds (¢ 22u013381) 30T ITTdUe wOTIRqQTaIsTIp IYL

sauiquuow ayl ur padoyTeanp alam ‘wel
—sks LOTIEZTTTQFIS 57U 243 I0J paposdu *1012212p asepyd pazilqeig-oIng
-p1adua) B pue ie1Iridue UOTINGTIISLP ASTOU 25Ed-80T UCTITTOST 41y v

-pa3aTdwos usag Isnl sey Burdeqoed syl ‘pesn
aq pInod £2y3 miojaq pafleyoed aq 01 pry pur ([g41) Ivak sTyl jo Ley
ITIun aTqBII®AR 10U alam sapolpojoyd puv siesel yldualeaem wu QOET =YL

+27qes Py3 JO JUSLAAGA 3YI ©3 PIIETIA 8q PINOI IBYI parinyzo sRumd

ou (sd 1) sss1dap g-g Ineqe JO 100TJ 350U aseyd e yity ‘sSAemMm JulIaTITP
ur jueq pue paAoul sea B[QED Y3 ITTYN pRIOITuOU Sem 21qEd Y3 yInoays
fe1op eseyd ayl -91qED 3aqil epow-aT3urs jo °vard wy- e yInoiyi paiztv
—suray sca 1eudis zRI-p0¢ v Burpuaq Aq s73317 L£1oa poizajie ST €I13q13
Tesrade spow-ajSurs yEfnoiya Aerep =43 vyl £ITI3A 03 apEW 21dM SISV

rmglSAs Jusuwainsesw ayj

ut 51 s1sa193SAY PRIUIIpPUT oyl "SI13qTJ padoyorl £13ydril 103 Asien yonuw
) pRTqEd $323qTF A0] [RoTdA3 51 umoys o 1ad
s1 3TnSax sup -saaqlj 1estido snoTava 1oy

usaq Sgy Ap(ap jO IuOTITy3ac> 2anjriaadwuaj]

@ oueD qng ‘sanny RToop ur
wdd gy @Yl "4 2AnNJTF UI uUMOYS
(f D02U21a2321) 4L IF pIRINSCaU

*ZE6T 40 a@jyaenb 3sa13

Yl uT peafaded aq TIIA pur PBIaplo usaq seif 2142 Iaql3 TEsTido ayy

SSTUD0dS

memel BT »..ﬂ_l,‘




£5¢

tse
v
=
o
= SIGMA
o — .
= = = =) o, =}
g < ! o — st
= = o \n =
m T T T _— T T T _._ T T T _* T T TT
3 ]
% = ]
o P \\\
o 8 ]
; - . yd
| —
! %o
: ey L
: % @
5
15 L
f ® L
3 = l
-3 - m -
— —
F g
= X R
- )
8 ! A
1] " | .
o 0 =
: I & m I ) x
m. L= ~) .#0
J ] N ~
* 1 I
o =] vy
v e )
. ) )
- .._. (] \\
v 2 3 - ]
. @ = \ - ]
T L. D= ﬂ =
S 2
. -4
: - - =
B o | T ]
z g - > ]
- ; & z
o™ 2] = b—r w -
5 S, _ Nu
_ 4
- ] |
L 1 |
— _ = f
= -
wn
_ , "I86T ‘LT Punr ‘yo ‘euspese] *LI0lvioge]
o i H VOTE IOl jer ‘tg-ry 110day sso1forg uvoTaTsinboy gipg pur srories
) =t _ Lt B e _ TIERS=GIRTAL 3ul |, *1033938q 3SPUd PAETITqRIS eanjvisdmal, ‘o  ‘a ‘A
= '
T =



T T | [ P a g
2
SR R -8
= ) ~ =
=R :
= ws o
- 2 8 8 ot
i = T o
= [=a] =
= 3 = 2
— W = -1 ; w” w
d o &
[u]
™
i g il
a3
= d
[
.? a
- & s
bo
)
1 | L -
§ 8 8 8 € 8 ° 8 2
—y b=}
N 2
P) — B
(9 S
UOTIEZTTIqRIS BSeYd 3o poya=zy uollednfuoj *Z 3an¥1g
|aoi:)3130
¥0¥Y3
o~
LRdLNO (WY 8) HIVd T¥DELdO
BEL:| (1-31my NIS 1NdN}
1M NIS AADY 4ADY 43
W31Ld0 WI11d0 —<
Edind ¥IL4IHS A
—— ISYHd
Y LWX ¥LWX
WIILdO 1¥211d0]

[+ }M) NS



31qep ® uo 2anjvisdwajy ur 28uryn deig v Aq PRIPSIIV SE LatrIqRis ‘% 2an3141

{SANODJ3S) NVL

R S S S (LS S CLTE 2 pe
TT | T 'II\‘lll 1 lllHLl] 1 LI ]IH T7 6'{‘_
Sgr.00
s )i ]
: =,7.01
5 o) AR
S 0L s 3 %
E 001= "1 3. a1
B 20 R
- g 009 = 1 ]
2 ot o
2 L QTOLe N F
— . ¢l
q 10000°0= © |
Eu_u.l_l__hu e w1 e b o s 3 VI'OI

YUTT 12474 Te273dp apoy 37Buts
PRLTTTIAEISUN UE I1oJ potiag Surtdurg sa A37T1qels Louanbaiy poiruyisy

“p @IndTg
295 1
¢+ 01 V+UI E+DI Z+OI HOI DOI [_DI
T T | T f T 8[-0[
] H_OI
~9[_OI
s}
Dol =1
30ﬁ5_01‘= o _API-DI
IEEN] pm - 7
i J | ¢1-01

258

257




652

092

PHASE CHANGE (ppm)

*g sanfig

32010 ¥35v1
43Z1118v1s
LYY 3431

J&
1NdiN0
Sj7

ISYHd
NOLLIYINQOW

Wy

RELEN

w2140

¥ INIBYLS
43Z1118vl

!

a1333TWSURA} 1958 9Yd jJo weiBeTg Nyloig

INdN|
NOHYINGOW

300 T T T T T T T
ONE CONDUCTOR CABLE
20~ SyNGLE-MODE FIBER .
10. 5. CORE DIAMETER
100 . 125, 0.D. ]
850nm WAVELENGTH
ol LOOSE TUBE CONSTRUCTION
-100+- +6. 66 ppm/°C y
200k -
-300F -
-400- _
-500 - -
-600 ] ) | ] 1 | |
80 -60 -40 -20 0 20 20 60 80

TEMPERATURE (°C)

Figure 7. TPhase Delay vs Temperature of a Single Mode Optical Fiber Cable



Figure 8,

The Temperature Stabilized Phase Detector with the

Insulation Removed

261

QUESTIONS AND ANSWERS

MR. " KEMPARQ, Aerospace Corporation
Fow concerned are you with spectral aging of the Taser diode?

MR. LUTES:
211, we're very concerned. We hope eventually to be able to put
wne diode in an inert enviranment and cool it below room temperature
-2 protect it, and we believe that will greatly extend the life.
#epefully, it will extend it enough that we don't have a problem
with that if we have a reqular maintenance program,

MR. LAUREN RUEGER, JHU/APL

Are you doing anything to compensate for frequency dispersion over
the large bandwidths you are trying to transmit on this fiber optic?

MR. LUTES:
The dispersion of the cable that we're buying, single mode fiber in
the cable is such that we're hoping to get one gigahertz bandwidth
to go over the eight kilometer distance. Of course, bandwidths as
great as 30 tc 35 gigahertz kilometer have been reported.
Nobody really knows how to measure that yet without having a
long cable; so, we have a problem in that area, but I don't think it
is going to be a problem at the levels that we're looking at.
DR. FRED WALLS, NBS

What's the level of sensitivity of your precision phase detector?
MR. LUTES:

I don't know off hand. It's a high-ievel Schottky Diode mixer.
DR, WALLS: )

Sure. But if the amplitude of the signal changes by a couple of dB,
how many picoseconds does that cost you?

MR. LUTES:
I don't know. I don't have those numbers.
DR. WALLS:

Thank yau.
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JET PROPULSION LAB

TO USE SIECOR CABLE

Hickory, North Carvlina—The Cali-
farnia Institutz aof Technalogy's Jet
Propulsion Labaoratory recently award-
ed Siecor Optical Cable a contract for
eight kilormetars of B-fiber optical
cablz. Each cable will contain two
single mode fibers, two 1000 MHz fi-
bers and two commercial grade fibers.
The cabies will be irstalled at NASA's
Deep Space Communication Complax
as part of a program to evaluate fiber
optics in standard frequency distribu-
tion systams. Siecor’s loose tube con-
struction will be used to manufacture
ultra-stable performance cables for a
wide range of conditons,

Troc , 2ped 1132
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TIME INTERNAL (PTTI) APPLICATIONS AND PLANNING
' MEETING, DECEMBER 1981

DEVELOPMENT OF OPTICAL FIBER FREQUENCY AND TIME
DISTRIBUTION SYSTEMS=*

George Lutes
Jet Propulsion Laboratory, Pasadena, California

ABSTRACT

The Jet Propulsion Laboratory is engaged in the
development of ultra stable optical fiber distri-
bution systems for the dissemination of frequency
and timing references. The ultimate design goals
for these systems are a frequency stability of
10-17 for 12100 sec and time stability of #0.1 ns
for 1 year and operation over distances 230 km.
This paper will review last years report, describe
a prototype system being implemented and discuss
progress made in the past year,

INTRODUCTION

Preliminary work on an optical fiber reference frequency distribution
system was reported at last year's PTTI conference. This paper is a
progress report on this effort and will begin with a brief review, fol-
lowed by a description of the prototype system and progress made in the
last year.

REVIEW

It was reported at last year's PTTI conference that a 3-km experimental
multimode optical fiber link operating at 850 nm wavelength was
installed at JPL. It was to be used in the development of ultra-stcable
frequency and timing distribution systems.

The link was stabilized using the conjugation method, reference 1, and
achieved a stability of 4 x 10-15 for t = 100 secoads.

Several problems with this link were reported. The stability was
limited by the optical transmitters and receivers. Delay changes as a
result of bending multimode fibers are nonreciprocal under some circum-
stances, and excessively large. This precludes their use for frequency

This paper presents the results of one phase of research carried out at
the Jet Propulsion Laboratory, California Institute of Technology,
under Contract No. NAS 7-100, sponsored by the National Aeronautics and
Space Administration.
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and - ne reference distribution in non-stationary environments. The
min: .2 loss in optical fibers operating at 850 nm wavelength is about
3 ¢ @, which is too large to achieve a 30 km operating distance. The
bau<..dth of currently available multimode fibers, about 1.5 Giz—~km, is
not z-lequate for this use over these distances.

It was concluded in last year's report that, although the results
obtained were encouraging, there was still a lot of work to be done.

PROTIZTYPE SYSTEM

A prucotype system, 8 km in length, will be installed between two sta-—
tioas in the Deep Space Communications Complex (DSCC) at Goldstone,
California. It will be a single-mode fiber system and will operate at
1300 nm wavelength. The conjugation type of stabilization that will
be used in this system will be an improved version of the one used in
the experimental system reported last year,

The goal for frequency stability for distances up to 30 km is shown in
Figure 1. With this stability the distribution aystem will not exces—
sively degrade the stability of future frequency references having a
stability of up to 10-17 for v = 100 seconds.

The time distribution stability goal is #0.Ins for 1 year. This goal has
not yet been addressed in detail because it can probably be net with
minor additions to the frequency distribution system. In any case, most
of the problems will have been resolved in the implementation of the
more difficult frequency distribution system,

Another goal, not directly related to frequency and timing distribution,
is the capability to distribute 400 Miz bandwidth IF signals over 20 km.
This goal will be met as a consequence of the frequency and timing dis-
tribution work.

These goals can be approached using single-mode optical fibers operating
at 1300 nm wavelength. The delay through such fibers is affected very
little by bending and the modulation bandwidth is much wider than that
of multimode fibers. Also, 1300 nm is near the wavelength which gives
mininmum dispersion (equivalent to the widest bandwidth) and lowest loss
(21 dB/km). -~

A block diagram of the system is shown in Figure 2. 1In this system, a
signal is sent to the far end of the cable where it is turned around
and returned to the near end. The transmitted signal, sin {(wt + 1), is
forced by the control circuit to be the conjugate of the return signal,
sin {wt - 7). Since the forward and retum paths have aqual delays -
being the same path - the phase at the far end of the cable is halfway
between the transmitted phase and the return phase or wt. The phase of
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the input reference is also wt, therefore the phase at the output is the
same ag the phase at the input.

In Figure 3 the calculated signal-to-noise ratio (8/N) (reference 2) for
such a system is shown as a function of the loss in the cable. An oper-
ating frequency of 100 Miz and a bandwidth of 10 Hz are assumed. The
calculations are supported by measurements made on the 3-km experimental
link. The difference between single-mode and multimode fibers ig due to
greater signal loss in multimode fibers caused by dispersion.

The cable connecting the two stations will contain two single-~mode and
two multimode optical fibers designed to operate at 1300 om wavelength,
These fibers will be useq to develop frequency and timing distribution
systems and wideband communications systems. The cable will also con-

The degradation of the stability of a frequency reference signal passing
through this cable, without stabilization, has been estimated as follows,

The stability of frequency references is specified at JPL in terms of
the square root of the Allan variance (reference 3}. The algorithm for
computing it is:

N
1 1 2
= _zr - f 1
¢ V2 w. T \/Nn=l (fn n l) ’ W

where:

f = average frequency in the interval between
t and t
n n+l

fn+l = average frequency in the interval between
tn+1 and Ent2
T th . ;
t = then sampling time

T = the interval between samples,

W, = the nominal angular frequency and,

N = the number of samples of(fn-—fn+1}
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Only cre degradation caused by ambient temperature variations will be
conz: .2red since this is the predominate source of instability. We con-
sider {irst sinuscidal variations in temperature and then a step change
in t:z-perature.

Assume that a perfectly stable reference frequency is disseminated over
a long single-mode optical fiber cable which is buried in the ground.
Also assume that the cable is buried deeply enough that the diurnal
change in temperature is essentially sinusoidal,

At zime (t) the varying component of temperature (T) of the cable is,

T = Tp sin wt (2)

where

T = the peak temperature variation,

P = the period of one cycle of the temperature
variation and

27 .
w= 35 = the frequency of the temperature variation.
The delay (B) im radians through the transmission line as a function of

temperature is,

B = + — (3)

where
wOR
e the delay at the mean temperature in radians,
Wy = the nominal angular frequency of the disseminated

signal,

2 = the length of the line in meters,

v = the velocity of propagation in the line (=2.1 x lO8

m/s for optical fiber) and,
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o = the cable's temperature coefficient of delay
(=1072/°C).

The phase (B) as a function of time (t) is from (2) and (3),

w2 w.iaT
0 0 R
B = v + - sin wt. (4)

Lhe average frequency (f) over a time interval (1) is the total phase
accumulated (B,) during the time interval divided by the time interval

(1), A

fa
T

f= (5)

Therefore from (4) and (5), the average frequency (£,) in the interval
(t,, tptT) is

n 3]
£ = [B(t)] = 29 P sin wt (6)
n T T v v

and the average frequency (fn+l) in the next interval (tn+T, tn+2T) is,

t +21
n

+ sin wt (7
v

The absolute value of the difference between these average frequencies
is from (6) and (7),
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woﬁaTP
; - fn+l = E— 2 sin m(tn+r) - sin wtn - sin m(tn+2ﬂ

= o sin® w5 sin w(tn+r) (8)
Then, from (1) and (8), the square root of the Allan variance of a
signal passing through a transmission line having a sinuseoidal
variaz.cn in delay becomes,
y 2
ARGTP 1 . 2T
o = N sin” wy sin m(t +T) €))
Yoty =1 o

This equation is evaluated in Figure 4, for values of T from 1 second to
10% seconds and variables L= 10" meters, a= 10”5/°C, Tp=1°C, v=2.1 x
108 meters per second and w = 2w/B6400 radians per second (diurnal vari-
ation). These are realistic values based on measurements made at JPL
and at the Goldstone Deep Space Complex.

Now consider a cable that is subjected to a step change in ambient
temperature. The change is assumed to be much faster than the time con-

stant of the cable. The relative temperature (T) of the cable at time
(t) is,

_t/Tc .
T = TS 1l -e (1)

where

T, = the step change in ambient temperature,

t = the time elapsed since a step change in
ambient temperature and,

TC = the time constant of the cable.

The phase (B) as a function of time (t) is from (3) and (10),
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w8 w_ taT ~-t/T
p=-—2 4 0 S(l—e C) (11)

tnerefore, from (11) and (5), the average frequency (f ) in the first
iaterval (tn, tn+T) is, ¢

tn+1 r tn+T
w8 wafaT -t/T
. =[B(t)J ) ;_[0 , YoteTs (1—& c)] (12
n T T v v

t
It It

and the average frequency (f,4+1) in the second interval
(tn+r, tn+21) is,

t +27 t +21
I

w2 w 2aT -tfT o
[O + 2 S(l—e C) (13)
v v

t 4T t +1
T n

h
=]
+
IL—I
1
f lm'
o
p—
1l
A=

The absolute value of the difference between the average frequencies
(fn) and (fn+l) is from (12) and (13),

£ T £ t 21 T
£ £ _ uJOzaTS 2 B TC B ?Z - Tc
n n+l v e - a -e

- Lt 4T
n - * S
w. 2aT T T T
S
= 0 e ¢ 2 - e ¢ _ e € (14)
v

Thus, the algorithm for the square root of the Allan variance of a

signal passing through a transmissioa line having an exponential change
in delay becomes from (1) and (14),
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X X
LaT T T T
g = 5 —;;Ze € la_e S _gf€ (15)
‘/E-TV

This eguation is evaluated in Figure 5 for values of 1 from 1 second

to 10°% seconds and variables ¥=1 to 10/, £ = 10 meters, o« = 10-2/°C,

Tg = 10°C, v = 2.1 x 108 meters per second and T, = 600 seconds. These
are estomated values for the case where 10 meters of cable are suspended
in a rack cooled by plenum air and the door of the rack is opened.

These estimates indicate that the correction factor of the stabilization
system will have to be between 103 and 104, for a 10-km optical fiber
link, in order to meet the goals.

Since no suitable commercial optical transmitters and receivers oper—
ating at 1300 nm wavelength are available, they are being developed at
JPL.Circuitry for the cable stabilization system is also being develop-
ed. Prototypes of this equipment should be ready by the time the cable
is installed in March of 1982,

A block diagram of the laser transmitter being developed is shown in
Figure 6. It consists of the laser diode, a temperature stabilizer, an
optical carrier level stabilizer and a modulatiom phase stabilizer.

The temperature of the laser is held near normal room temperature
(=~25°C). This stabilizes its operating characteristics and extends its
life. Tt is purposely not cooled to below room temperature because
water from the surrounding air would condense on the laser eventually
causing problems. In the future we plan to seal the laser in an inert
gas, in which case we could cool it to a lower temperature and the life-
time would be extended appreciably. Our goal of 50,000 hours mean time
to failure appears to be readily achievable once the lasers go into full
scale production and the bugs are worked out.

The optical carrier level stabilizer stabilizes the optical carrier
power which tends to decrease with age for a given current.

The modulation phase stabilizer locks the phase of the detected output
to the phase of the input signal.

There are two areas of concern at this time. Single-mode fiber direc-
tional couplers are not available and there is a problem coupling the
laser output to a single-mode fiber efficiently.
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TROGRESS

The optical fiber cable has been ordered and will be received in the
first quarter of 1982.

Temperature coefficient of delay has been measured at JPL (reference #4)
for garious optical fibers. One result is shown in figure 7. The <7 ppm
per C shown is typical for fibers cabled in loose tubes, but can be
much worse for tightly jacketed fibers. The indicated hysteresis igs in

the measurement system.

Tests were made to verify that the delay through single-mode optical
fibers is affected very little by bending. A 500-!Hz signal was trans—
mitted through a l-km piece of single-mode fiber cable. The phase delay
through the cable was monitored while the cable was moved and bent in
different ways. With a phase noise floor of about 0.2 degrees (1 ps) no
change occurred that could be related to the movement of the cable.

The 1300 nm wavelength lasers and photodiodes were not available until

May of this year (1981) and had to be packaged before they could be
used. The packaging has just been completed.

A high isolation low-phase noise distribution amplifier and a tempera-—
ture-stabilized phase detector, needed for the cable stabilization sys—
tem, were developed in the meantine.

The distribution amplifier {reference 5) spacifications are,

* 25 to 225 MHz bandwidth,

b

3 dB nominal gain,

* +14 dBm output power,

*

Power spectral density of phase noise is < -140 dBc in a 1 Hz
bandwidth, 10 Hz from a 100 MHz signal,

* > 100 dB back to front isolation below 200 MHz and,

b

> 100 dB isolation between any pair of the 4 output ports up
to 110 MHz,

The temperature-stabilized phase detector, Figure 8 (reference 6), uses
a high~level Schottky diode mixer. It has a temperature coefficient of
0.014 ps/°C or 8.7 x 10-6 radians/°C at 100 MUz. The thermal time con-—
stant is = 500 seconds. Good thermal control of these devices is
achieved by winding the heater wire directly on the mixer and placing
the thermistors at the most thermally sensitive location.
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The cc. . -5l eircuitry for the 1300 nm laser diode has been breadboarded
and is :2ing tested except for the modulation phase stabilizer. The
laser <inde is being simulated for these tests until the circuitry is

prover.

A pin ¢-ode optical receiver design has been tested at 850 nm wavelength.
It will be converted to 1300 nm wavelength when the 1300 nm laser diode

is operating.

CONCLUSION

Preliz:-ary measurements have been made on optical fiber cable, optical
systea cimponents and phase-stabilization system components. The
results indicate that the goals can be approached. There are some
problems and some gray areas, but the technology is moving rapidly,

and solutions are expected soon.
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QUESTIONS AND AMSHERS

MR. ..M KEMPARQO, Aerospace Corporation
how concerned are you with spectral aging of the Taser diode?

MR. LUTES:
“ell, we're very concerred. We hope eventually to be able to put
<he diode in an inert environment and cool it below room temperature
0 protect it, and we believe that will greatly extend the 1ife.
Hopefully, it will extend it enough that we don't have a problem
with that if we have a regular maintenance program.

MR. LAUREN RUEGER, JHU/APL

Are you doing anything to compensate for frequency dispersion over
the large bandwidths you are trying to transmit on this fiber optic?

MR. LUTES:
The dispersion of the cable that we're buying, single mode fiber in
the cable is such that we're hoping to get one gigahertz bandwidth
t5 go over the eight kilometer distance. Of course, bandwidths as
great as 30 to 35 gigahertz kilometer have been reported.
Nobody really knows how to measure that yet without having a
long cable; so, we have a problem in that area, but I don't think it
is going to be a problem at the Tevels that we're looking at.
PR. FRED WALLS, NBS

What's the level of sensitivity of your precision phase detector?
MR. LUTES:

I don’t know off hand. It's a high-Tevel Schottky Diode mixer.
DR. WALLS:

Sure. But if the amplitude of the signal changes by a couple of dB,
how many picoseconds does that cost you?

MR, LUTES:
I don't know. I don't have those numbers.
DR. WALLS:

Thank you.
267
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Proc. of 7th Aust. W/shop on Optical Communication
University of NSW, Sch. Electrical Engineering and
Computer Sci. 8-9 Dec. 1982.

WIDEBAND SINGLE-~MODE FIBRELINKS WITH PHAgE STABILITY

TREVOR W. COLE

Laboratory for Imaging Science-and Engineering
School of Electrical Engineering
University of Sydney

Accurate time dissemination is important in a number
of applications. One of the most challenging is radio
interferometry in which the time of arrival of a wavefront
at each of two antennas needs to be measured to high accuracy.
One technique is to use separate clocks at each station
(Very Long Baseline Interferometry) compared by clock
transport and radio observational techniques. This paper
concentrates on the alternative process of using one clock
whose timing infoérmation 1s tranmsmitted by cable to the two
antennas.

The ..magnitude of the problem can be summarized as
perhaps requiring 1° of phase accuracy at an observing
frequency of 40 GHz (wavelength = 7.5 mm) over an antenna
separation of 10 kilometres. This accuracy would be required
for each several second integration over a total observing
session of 12 hours. Such a performance is necessary for a
map to have an accuracy range of intensity of several thousand
to one.

In terms of phase ¢, one sees that the requirement
translates to a relative accuracy of

A = (10x10° x 360)"" = 2x10”°
S 7.5

or alternatively, to within A/360 or 20 microns.

Current practice uses coaxial cable and a frequency of several
hundred megahertz. At the antenna, frequency multiplication
and phase locking are used to reach the desired local
oscillator frequency.

In several systems (at Cambridge for example) simple
burial of the cable gives sufficient stability when appropriate
"zero-coefficient” cables dre used. TFurther stability in a
Japanese antenna system is obtained by controlling the gas
pressure inside the cable as the temperature changes in an
already controlled environment. However in most cases it is
accepted that the temperature cannot be controlled to a
sufficient degree and active phase calibration and compensation
schemes have been employed. These take various forms but all

‘rely on a two way transmission along the cable,.

Several factoxrs make optical fibres a more attractive
technique for accurate time dissemination. These include large

l3tl



bandwidth, low loss, low cost, simplicity of installation and
immunity to interference. The relative unknown is the phase
stability which,on first look, could be good due to the low
thermal expansion coefficient of silica. The full story is
more complicated,

The phase shift produced in fibres by a temperature
change has been studied by a number of authors, [1,2,3].

Using the nomenclature of Lagakos, if k = 2%n/A (for X
the vacuum wavelength), the phase length of a length £ of fibre
of refractive index n is

b4 = AL + 4o = ¢, + 1(3n) AT+(§3)
d - L n 2 n\dTip n g

where €, is the axial strain in the core due to length changes,
p is core density and we see the refractive index effects split
into components at constant density and at constant temperature.

Further expansion gives the fractional phase change per
degree as

%%T = %a_% +A;(ez-_g_2[(9u +P1,)e _+Py, € 1)

i
where P11 and Piz are Pockels coefflcients in the core and €.

is the radial strain in the fibre.

Analysis to determine the strains depends on the
dimensions and composition of core, cladding, substrate, buffer
material and the fibre jacket. Lagakos et al report [1] on two
ITT single mode fibres (one bare and one coated) with silica
core, silca + 5% By 03 cladding and silica substrate. The
jacketed fibre had silicone buffer and a polyester -Jacket. The
results were

Ad

for experiment calculation
LY
T -5 -5
bare fibre 0.68%x10 /9c 0.70x10 " /oc
jacketed fibre 1.80x10  °/%c 1.64x10 °/%c

The low expansion coefficient of silica makes the (g%)

term dominant for the bare fibre. In the jacketed fibre the
major effect is the length change followed by temperature
changes of refractive index. The photoelastic effects are not
insignifiicamt. In general, a tight jacket worsens the perform-
ance due to its larger expansion coefficient,

Although study [2] indicates that better fibre
compositions could be chosen and that a hypothetical fibre
could be built with zero phase changes, the best suggestion
wag the use of Nd-laser glass core and a calculated phase
sensitivity of 0.13x10”°/Cc.
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An uncompensated accuracy of 2x10-9 could only be
achieved then with a temperature stability of about 0.01%c.
Clearly active compensation is needed for the example chosen.
(However if the requirements are less severe in terms of
baseline and operating frequency, a simple system could
suffice).

Practical experience in the compensation of optical
fibre links has been obtained [3] at Jet Propulsion
Laboratories. A 3 km multimode fibre of bandwidth 1.5 GHz.km
and loss 3db per km has been in use at 850 nm. One interest-
ing observation was of (excessively large) non-reciprocal
delay changes on bending this multimode fibre. Such effects
are absent from single mode fibre which also has a wider
bandwidth and losses below 1db per km.

An 8 km single mode link at 1300 nm is undergoing
installation with goals of 30 km links and 400 MHz bandwidth.
The lower loss of single mode fibre produces better signal to
noise ratio and hence more accurate compensation.

The cables are simply ploughed into the ground to a
depth of 1.5 m at which depth a 1°C diurnal temperature
variation is expected with short sections subject to step
changes in temperature of perhaps 10°.

In confirmation of the results above, the temperature
coefficient of phase (@) for a loosely jacketed fibre was
found to be 7 ppm or approximately 10~ °/°¢.

Regular diurnal variations of temperature can be
modelled to improve the stability but active phase correction
systems will usually be needed. One such optical system isg
illustrated [3] in Figure 1. The signal is sent out and then,
by directional couplers, is returned. One transmits sin
(wt+Z) such that the returned signal is sin (wt-ZY. The
signal at the far end must then simply be sin{wt). The
accuracy of correction depends on temperature changes in fibre
source and detector as well as signal-to-noise of the receiver
and integration time.

It is necessary to convert the JPL frequency stability
results to the radio interferometry application. JPL reports
stabilities as the rms deviation O between successive assess-
ments of frequency from the fibre taken over some sampling
interval T.

Their results show that present state of the multimode
fibre link with stabilisation gives g = 5x10~1? divided by the
interval time in seconds. This is valid over intervals up to
several hours. Changing to an improwved single mode system at
JPL is projected to give a Af/f of about 50 times better than
the multimode system over intervals up to an hour. Beyond
this the o stabilizes at an expected limit of about 10-1!7

independent of sample time.

In terms of phase stability, one takes the mean phase
departure in an interval to be half the difference between the

13.3



pPhases at beginning and end of the interval.

5x10713 gyer One second implies

So a

A 5x1071% x 1 x 4x10'° 4 360 x X

fl

3.6 degrees at 40 GHz

That is, the multimode system could compensate to a length
accuracy of 75 microns. If one wished to achieve the full
Compensation to within 20 microns it may well be necessary
to use a single mode fibre 1ink.

Remembering the basic temperature variation of about
107%o¢ the phasge calibration System would need to be capable

of an improvement factor of 10°, 1In such a system the result
is achieved by very careful dttention to phase stabilities of
laser sources and photodetectors. The fibre isg only one of

the components of the system. Nevertheless fibre systems can
satisfy the requirements for radio interferometer timing
disseminations.

R e RN
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Figure 1. Phase compensation by two-way transmission in the fibre [3]
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1. INTRODUCTION AND OVERVIEW

This meeting was conducted with the general aims of:
{1) Establishing a strawman total system concept

{2) Identifying areas of the project requiring urgent and detailed
attention

(3) Highlighting key personnel requirements for the project.
Those present at the workshop were:

Bob Frater {Chairman} [RP]

Jon Ables {RP]

Colin Jacka [RP]

Peter Napier [NRAQ]

Alec Little [University of Sydney]
John 0'Suilivan [SRZM]

There was considerable discussion of the aims of the AT usoumn«. m:a.ﬁ:m
priorities that should be considered in the workshop.  This discussion
led to a number of conclusions:

(1) One of the key features of the instrument would be its ability to
make maps with wide field and high spectral resoluticn.

(2) The prime effort should go into ensuring the best possible
performance in the 6km array {Ref.section 6 and Attachments 2 and 3).

{3} Considerable concern was expressed on the viability of the mobile
antenna as an element of either the 6km or LBI arrays.

The basic specification for the AT was taken from the draft description of
the project {AT/15.1/005B; RNM:25 November 1982). A number of concerns
were expressed in relation to that description:

(1) It is not clear that operation will be possible at 115 GHz with
baselines of hundreds of metres. The following comparison of
the site altitude with sites specialising in mm work highlights

ong aspect:

Site Elevation
Plateau de Bure 2650 m
Nobeyama 1350 m
Owens Valley 1222 m
Hat Creek 1043 m
Culgoora 210 m

In addition, actual water vapour data for Northern NSW suggests
that Culgoora is 2 to 3 times worse than the VLA site {2100 m
elevation).

(2) Recent information on communication links and TV transmitters in
the Siding Spring region raises serious questions about the
possible affect of interference on the cperation of the proposed
Siding Spring antenna.

-3-

(3) The use of a mobile antenna as an adjunct to both arrays is of
questionable viability and needs more consideration.

The workshop concluded that:

{1) No additional cost should be incurred to provide 115 GHz
performance. As far as the system is concerned this means the
acceptance of a phase specification over the 6 km array of
approximately 1°/GHz {RMS}.

{2} The interference environment at Siding Spring (and Culgoora) must
be investigated immediately. The viability of all the possible
sites on the mountain should be assessed.

(3) While the viability of the mobile antenna is questioned, it is
clear at least two small fixed antennas between Sidfng Spring and
Culgoora would be needed for a viable long baseline array. This
possibility should be investigated as a possible lower cost
alternative to the mobile antenna.

2. REVIEW OF OVERALL PROJECT TIME SCHEDULE

The current Australia Telescope Planning Schedule (Attachment 1, AT/14/001;
Revisjon 1, D.N. Cooper, 10 November 1982}, was reviewed. The only
significant change recommended is to delay the acquisition of the data
reduction computer by one year to maximise the size of the computer that can
be obtained for the available funds. So that software development is not
delayed, a new activity 1ine should be added entitled "Data Reduction Soft-
ware" which will invoive the selection of STARLINK and/or AIPS and/or GYPSY
and/or DWARF and/or another suitable software package and its/their
adaptation to the Radiophysics VAX. This sd_w ensure that data reduction
facilities are available when the first astronomy is started on the AT at the
end of 1985, and will provide the basis for new software development in the
AT data reduction computer when it is available,

It is recommended that the name of the correlator activity be changed to
"Digitizer/Correlator”.

The breakdown of the AT project as defined in the Planning Schedule was
considered acceptable. A brief description of each activity is given helow,
together with the name of the individual providing currently assigned
responsibility of providing the leadership for the activity.

It is clear that immediate action is needed in assigning responsibilities
for detailed design for the various sections of the project.

At this stage {9 December 1982) only interim arrangements are possible and
indeed, most of the people nominated for the tasks in the schedule are
heavily committed elsewhere.

The relationship of the electronics subsystems are shown in the top-level
block diagram of Figure 2.1.
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Configuration Design:

Antennas:

Antenna Surface Panels:

Antenna Servo System:

Antennas 1 - 7:

Parkes:

First Interferometer:

Feeds:

Front Ends:

Fibre Qptics/Cables:

_5-

R.N. Manchester. Determination of top
level scientific specifications for the

AT, such as angular resolution, sensitivity,
image quality, spectral resolution,

temporal resolution etc, for the various
proposed operating modes as well as the
determination of these modes.

B.N. Cooper. Specification, design,
procurement and testing of the antenna
elements.

B.F. Parsons. Specification, design,
procurement and alignment of the reflector
panels for the antenna elements.

D.N. Cooper. Specification, design,
procurement and testing of the antenna
servo system.

Project Manager. Outfitting and system
testing of each fully equipped antenna
element,

J.G. Ables and D.N. Cooper. Preparation of
the Parkes 64 m antenna for its normal
observing duties, ESA and NASA support and
preparation for radio link array observations
during the AT project.

Project Manager. Provision of all necessary
hardware and sofiware to allow interferometry
to start, the testing of the interferometer
and decisions on need for design changes.

G.L. James. Specification, design, fabrication,
testing and installation of the feeds for the
antenna elements, including responsibility for
all polarization splitting devices.

J.W. Brooks and/or M.W. Sinclair. Specification,
design, fabrication, testing and installation of
the low noise receivers and their cryogenic
systems, Responsibility includes all hardware
between the rectangular waveguide or coax input
to the dewar and the input to the first I[.F.
mixer. Includes input of injected noise amp-
litude calibration system.

A.G, Little, Specification, design, procurement,
installation of all fibre optic, coaxial cable

and telephone line communication links in the
Culgoora east-west array. These links will carry
all L0, IF, Monitor and Control, and Voice
Communication data, between the antennas and the
Central Electronics Building. Responsibility
includes the physical cables and all transmit/
receive electronics at each end of the cable,



Radio Links:

Antenna IF:

Antenna LO:

Monitor/Control:

Master Local Osciilator:

Digitizers/Correlators:

—6-

M.W. Sinclair. Specification, design,
procurement, installation and testing of

all radio 1inks between Parkes, Siding Spring
and Culgoora. These radio links will carry
LO signals from Parkes out to Siding Spring
and Culgoora; digital commands from Parkes to
Siding Spring and Culgoora; digital monitor
data from Parkes and Siding Spring to Culgoora.
Responsibility inciudes all antennas, radio
towers, and transmit/receive and repeater
electronics.

J.W. Brooks and/or M.W. Sinclair. Specific-
ation, design, fabrication, testing and
installation of electronics in the antenna
between the input to the first IF mixer and

the input to the high speed digitizer.
Responsibility includes all frequency converters,
bandpass filters, ALC circuits, and total power
and calibration signal detectors.

J.G. Ables. Specification, design, fabrication,
testing and installation of the electronics which
provide all phase stabilized LO's and clock
signals needed at the antenna. Responsibility
includes provision of phase switching, fringe
rotation and variable rate sampling clocks.

C.E. Jacka. Specification, design, fabrication,
testing and installation of the system which
disseminates command information from the on-line
control computer to all hardware in the AT, and
collects monitor information from that hardware
and returns it to the on-line computer. Raspon-
sibility includes the interface between the on-
1ine computer and the communication link in the
central Electronics Building, and all monitor/
control electronics and microprocessors at the
antenna.

J.G6. Ables. Specification, design, fabrication,
testing and installation of the primary frequency
standards in the central Electronics Building, the
electronics to disseminate these references to all
antennas and the system to measure the phase and
stability of the reference signal returned from
each antenna. Also, the provision of a means of
Tocking the primary reference to a Hydrogen Maser
located at Tidbinbilla.

J.G. Ables. Specification, design, fabrication,
testing and installation of the high speed
digitizers at the antennaz and the recirculating
spectral line correlation system. Responsibility
includes provision of "special features: such as a
tied array mode, one to two bit conversions with
reduced bandwidth and external gating capability
required for pulsar observations.

Parkes Electronics:

Heliograph Modifications:

On-Tine Computers:

Data Reduction Computer:

Data Reduction Software:

Site Electrical Works:

Buildings:

3. THE 1.F. SYSTEM

-7-

Project Manager. Specification and design
of "one-of-a-kind" electronics systems needed
specially for the Parkes 64 m antenna because
ft is different from the other AT antennas.

K.V. Sheridan. Specification and installation
of wﬁa changes needed to the Culgoora Radio-
heliograph to allow it to coexist with the AT.

C.E. Jacka. Procurement and programming of the
on-1ine computer which controls and monitors the
array, carries out the real time lag-to-frequency
FFT's and performs preliminary data correction
and calibration.

R.H. Frater. Provision and programming of the
computer system which performs final data
calibration, forms images from U¥-plane data and
provides image processing facilities.

R.H, Frater. Selection of one or more existing
synthesis data reduction packages for use on the
Radiophysics VAX. Modification and testing of
this package so that it is available on the RP
VAX in time for the First Astronomy.

W.J. Payten, Provision of all electrical services
to all fixed and movable antenna sites at amnd near
Culgoora and $iding Spring.  Includes provision of
emergency generators, where necessary, to keep
cryogenics cold and stow antenna during power
outages.

Project Manager. Provision of all necessary
temporary buildings.

The I.F. system takes 0 - 128 MHz signals from the front-end converters, limits
the bandwidth, amplifies the signal to a level suitable for digitising and
produces either a 1-bit or 2-bit TTL level signal for delivery to the trans-
mission system. At this stage it is not possible to specify all the levels

in the system.

The decision to digitize at the antennas has the following implications:

(1) Fringe Rotation has to be done through the 10 at the antenna.

(2) A11 narrow band filters have to be at the antennas.

(3) The I.F. cable phase stability requirements are relaxed.

(4) It will not be possible to go to any analogue transmission from
antennas to the central electronics in the future without stabilising

the I.F. cables.

{5) The maximum digitizing rate is limited by the digital transmission

system,
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{6) As will be mentioned in the correlator section, the correlator
chip can only handle the full bandwidth for 1-bit operation and
half bandwidth for 2-bit operation so the digitizer has to be
able to do both 1-bit and 2-bit digitization.

(7) To achieve full semsitivity in tled array mode, e.g. for long baselines
or fan beam operation, 3-or 4-bit digitization may be desirable.

Samelxe
258 Miir
Clock

256 Mz Max.

The block diagram of the system is shown below (Figure 3.1). There are
two of these complete systems, one for each palarization. The second

output is an option for spectral line observations but will not be provided i
at this stage - only the transmission 1ink will be installed.

Both the L0 and sampling clocks can be derived from a master oscillator which

is Doppler shifted to allow for the fringe rotation (the "unified clock" method).

A block diagram of a possible system is shown below (Fig. 3.2). This ailows a basic

system which is the same for all bands, with different frequency bands being select-

ed by the appropriate locking system at the antennas. For this system to work,

it must be capable of producing internally a phase stability of about 1°/GHz N
with a maximum of about 40° above 40 GHz, This figure is a maximum and it

would be desirable to be even less. The main LO pilot signal can be sent

out at say a few hundred MHz using a phase stabilized link.

Ovrrour
2 Moniroe

Leviel

For tied array operation such as for VLBI using 1-bit operation there could

——
e

be a 1oss of sensitivity of about 25% if the full bandwidth is used. How-
ever it may be sufficient to reduce the bandwidth before sampling whilst

- ———

still maintaining the fast sampling in which case the signal is oversampled
and the loss will be negligible. ‘

Note:

Fiulrees
88 Mz
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Because the sampler is operating at such a high speed, considerable attention
will have to be paid to shielding of the sampler to avoid interference to
the telescope, particularly since the sampling will be coherent at each

antenna.

Manpower:

High-1evel engineering is required immediately for systems design of the
sampler and LO systems; the other components are rejatively straightforward.
From experience with TEST, this could be approximately one man-year.

.

N
I
T
9
3

For production, allowing for 6 elements at Culgoora, 1 element at Siding
Spring, Parkes and Tidbinbilla, and one spare Mdo units total), an estimate
of two/three technicians for one year full-time.
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Figure 3.1
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4. THE CORRELATION SYSTEM

4.1 Factors influencing the correlator specifications

4.1.1 Basic astronomical requirements

The document “Proposed Spectral Line Correlation System™ (AT/10.4/001)
primarily determines the overall size of the correlator. The relevant
extreme parameters are summarized in the following:

£F

Bandwidth Spectral Recirculation
Channels/Pol Factor

Fesq
Conreol
Box

128 MHz 128 2 (= 1)

B Srasie
Lo

2 MHz 8192 2% (=64)

Given 1-bit correlation with the existing design for the VLSI correlator
chip, this indicates the use of 15 x 2 x 256 channels capable of a sampling
rate of 256 MHz. Each correlator chip provides (conservatively) & channels
at 80 MHz sampling rate thereby requiring 7680 x 4 = 3840 chips.

e

Dre
"~

]

A new chip might provide 2-bit operation at half bandwidth. We conclude
on the basis of costing that full bandwidth operation must be restricted
to 1-bit.

4.1.2 Implications of full field mapping

The requirement that the entire field of view be mapped out to the 10 dB
point for the primary beam sets limits on the maximum frequency channel
width and correlator readout rate.

256 Muzx

MasrEe LO

(i) Radial bandwidth smearing

Given a synthesised beam of approximately i/B radians, and a field radius
of approximately A/D radians, then a maximum radial smearing of

/38
Val
o=

M,

Peoposan (Loce-L0 Sysrem

A
]

I
<

results from a fractional bandwidth av/v. Setting a limit of 50% linear
smearing, which implies a point source decorrelation of approximately 5%
gives

Figure 3.2

Loak

av € 0.5 /B

AL

T
Fesa
Conreol
Box
¢ SraslE

er

For v = 3 GHz (the lowest frequency at which full bandwidth is likely to
be available), Av = 5.4 MHz results.
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(i) Circumferentfal integration time smearing
An integratign time of At seconds determines a movement of the synthesized
beam during Earth rotation at a radius of A/D radians in the field given by

at. m

r___ A
43200 D

from which a circumferential smearing of

at. r

A B
73200 D »

results.
A requirement of less than 50% smearing yields

at = 21600.D = 25 seconds

5 B

4.7.3 Maximum readout rate
The maximum readout rate is influenced by:
(i) Astronomical wishes which suggest maintaining the possibility to
read out a Timited subset of the correlator data (i.e. only continuum
points} at intervals as short as Ims,

(i) Loss of observing time due to correlator blanking during readout.
The YLSI chip readout time is of the order 0.1 ms.

(i1} Prescale quantisation noise in the VLSI chip.  For 6 bits prescaling

we have

2
c2(quant) = AWMML

and for an integration time at
a?(thermal) = bty

The requirement oquant < gthermal yields
at > 212/3u

where vy s the basic correlator sampling rate (10 Miz}. We obtain
at > 0.03 ms.
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(iv} Readout data rate - to be considered in a later section.

{v) Recirculation requirements - to be considered in a later section.
4.1.4  Correlator configuration flexibility

A1l 7680 physical channels will commonly be configured as 15 baselines

x 2 polarisations x 256 channels. Some possible other modes might
include

Baselines Polarisations or Channels
Separate I.F."s
15 2 256
15 4 128
0or 1 2 3840*

*For example: Tied array autocorrelation spectra or grating tied array
cross correlation spectrum for pencil beam high spectral resolution work.

Such considerations dictate flexibility in assigning inputs to correlator
banks and chalning of consecutive correlator banks. Detailed consider-
ation must be given to these points. Preliminary indications suggest
that correlators arvanged in banks of 64 lag channels with full input
selector flexibility for each bank should be viewed as a design goal.
Schematically we have (Figure 4.1)

64 Laannis
o o
o S
bl Carmmiel
oO—— -0 _
Ex2 o—— | |
AmeTs* Selecroe _
Ol
Marex __
o
|
oO—_
64 Lrsonmint
O
/20 20

Oerrpurs Banks

P
Encm hwor f5 Tk LavvalonT O e 256 Mtz 78:7 Sremars

*each input is the equivalent of a 256 MHz 1-bit stream.
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Additional features to be provided include phase switch demodulation in
each input line, correlator blanking (pulsar observations), one bit -
two bit selection. These plus certain extra selector functions such as
selection of 6km array or radio linked array as input to the correlator
should be identified as separate functions where possible to prevent
hidden restrictions in as yet unforeseen operating modes.

4.2 Requirements for Correlator Recirculation

>1mn¢1ncdmamo=¢mnno1c*mnmmAmmcmamMﬁmnnoﬁca_m:ﬂm_*wmnossmdmﬁow
capacity down to 2 MHz bandflidth.

} €
_
_
INBLT . Coesslaroe _
LowSersn o o “
Aoy SPAsED
Rersarep _
Lasoour
T t
Buerees
hykﬂnﬁxﬂ
Eeoioctares
Figure 4.2 O evdnns LS

The recirculation method allows multiplication of the number of correlator

channels by a factor F. In principle this need aoﬂ.cm qmmﬁ«dnnma am an

increase in spectral nmm::mdm but could allow multiplication of baselines,

1.F.'s, etc. as the correlator may be reconfigured between 1mn_sn=~wﬁ_o=

cycles. The recirculation method reads data into one of two input buffers

at the reduced input rate (256)Mbits/sec for a bandwidth of awwmvz:N. The other
FR R

input buffer 1s readout Fg times at 256Mbits/sec rate with, for example,

successively altered lags to allow Fp separate utilisations of the correlator.

Given a readout rate or basic recirculation interval t¢, two input buffers

of size 256 tc Mbits are required. For the proposed system, mxa” 7680

separate accumulators are required.  Depending on the exact thod of
handling the VLSI correlator chip output, this could rise to ﬂm x 3840 X 64
= 245760 F, separate 24 bit accumulators (47 MB). It is the fore @a<,mma_m
to nnavﬁsmxmdd 32 subproducts immediately in Fg x 7680 separate 32 bit

accumuiators {2 MB).

-15-

The time required to complete a recirculation cycle is Fric.

Recirculation with . = 5ms
ﬂw = 26

Input buffer size 320 KB/input

38 Mbyte total

OQutput buffer size 2 MB

Readout rate 320 ms
The input recirculation memory is a high speed serial in-serial out buffer
but should be implemented with normal RAM technology thereby allowing
considerable economy. Considerable flexibility in readin and readout
address sequencing should be considered to allow full potential of the
recirculation principal to be realised.
4.3 Correlator System Qutline
The diagram (Figure 4.3) outlines the entire correlator system for both 6km
and radio linked systems. Some comments are appropriate concerning the
separate subsystems.
(a) Serial-parallel conversion

The :Aus speed data streams from the antennas are reduced at the eariiest
possible stage to parallel, low speed bit streams.

(b} bkm delay path tracking

Although potentially combinable with other functions in the system
ﬁ1mmﬁ1n=dmnm=a buffers}, it is felt that system simplicity and flexibility
is improved with the use of a separate subsystem for the path delay tracking.
mmnmcmm of the use of the "unified clock method", the delay tracking memory
is also first-in, first-out (FIFQ) but should be designed around standard
RAM chips.

(c) Modulator matrix

In particular, any phase switch modulation could be demodulated here,

(d) Summation units

At Teast two separate adders are envisaged to allow

(i) operation of the 6km array as a tied array with or without
the radio linked array

(ii) high resolution grating array spectrometry,
Inputs to the summation units should be individually selectable.
(e) Radio 1ink/6km array selector

To avoid unnecessarily complicating the full selector matrix, a simple 2-way
switch is envisaged here.
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{f) Radio link delay path tracking

A separate delay correction should be provided for the Tow bit rate
(20 Mbit/sec) but large path length radio linked array.

{q) Recirculating input buffers

See discussion in section 4.2.

(h) Selector matrix

See section 4.1.4.

(i} Correlator banks

See section 5.

(3} Recirculating output buffers

See section 4.2.

(h) Control section

The control section is responsible for storage of all configuration inform-

ation. Some thought must be given to altering configurations at the basic
recirculation cycle time (approx. 5ms}).

5. THE A.T. DIGITAL CORRELATOR SUBSYSTEM

5.1 Introduction

The AT correlator is based on a very wideband digital correlator with a
parallel, pipe-lined architecture using a large number of identical comput-
ational elements implemented with VLSI NMOS circuitry. The lag range for
smaller bandwidths 1s increased by operating the basic correlator with a
vecirculation memory system. The VLSI chips are combined to form

corralator modules which become the building blocks for the correlation system.

5.2 System Architecture

Input and output signal data paths are 32 bits wide and operate at a max imum
rate of ~ 32 x 105 bits/sec. The source of input data depends on the
operating mode and may be either the delay tracking memory system or the
recirculation memory system. The data source and signal data linkage
between modules is determined by a data selector matrix.

Qutput correlation data paths are alse 32 bits wide and connect to the data
logging computer system. Data rates on the output paths is determined by
the logging system as well as the correlator system needs.

The communication bus provides the path by which the on-line computing
systems are able to configure and command the correlators and to receive
status information from the correlators. The timing bus provides the path
by which the correlators are synchronised with external systems.
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5.3 Correlator Module Specifications (Preliminary)
Bandwidth: 256 x 105 samples/sec (1-bit)
| 128 x 105 samples/sec (2-bit)
Lag range: 64 (unidirectional)

$1gnal data paths:
Corr. data path:
Integration time {T}:

No. of VLSI chips/medule:

Construction:

On-board corr. data
management :

Power:

32 bit parallel synchronous
32 bit parallel asynchronous
1ms to 25sec

32

single board {pc, wirewrap or multiwire)

microprocessor + memory

5V at approx. 20W
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5.4 YLSI Correlator Chip Architecture

The well-known Weinreb digital correlator {and multi-bit extensions of the
basic one-bit version) may be considered as a pipeline processor for
computing sums of lagged products of a pair of digitised sample data streams.
The "pipeline” is the shift register (SR) down which the delayed stream
flows. The upper 1limit on processing speed is determined by the minimum
time required for the multiplier-accumulator (MAC) attached to each SR stage
to perform one operation. (The SR is usually faster than the MAC}. Only
one sample at a time is input to the processor.

Sysresm
Clock

murnq40ﬂ||1ll|

_ | se
%%% = AMac
b.ﬁu‘bM i h -

Figure 5.2 :Alenexs Oiaral Coeeslaroe

Now consider the computational element (CE) diagramed below.
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Figure 5.3



-20-

S and T are data samples from the two streams so that (S_(n},5,{(n}} is the
n-th sample block from stream S. Here N = 2; 1i.e. the data s blocked
into groups of two samples. The MAC's operate on the “intersections" of
the data streams within the CE. Date input at the top and left side
appear, delayed by one block time, at the bottom and right side respectively.

0

The new architecture described here differs from the Weinreb correlator in
that it operates on successive blocks of N samples (which may be multi-bit)
with all operations on the N samples taking place at the same time at each
pipeline stage. For a given logic speed this achieves an N-fold speed
increase aver the Weinreb architecture but at a cost of using N times as many
SR elements and MAC's.  The advantage of the parallel processing method is
that speed is achieved through the use of more circuitry rather than higher
speed circuits. This means that the cheapest c¢ircuitry now known, VLSI
poly-silicon gate NMOS circuitry, can be used to reach speeds not possible
using the Weinreb architecture, even with the fastest (and extremely
expensive) logic now available.

The CE in the first figure is designated {for obvious reasons} a 2X2 CE.

A CE that accepts blocks of N samples from both data streams

is called NXN. Rectangular CE's (NXM} are also possible, but they do

not seem to have any particular advantage over the symmetrical NXN CE

and are more complex to interconnect. An NXN CE computes all the

partial sums of lagged products from blocks of N samples necessary to
determine the correlation over N lags. To extend the lag range, CE's

can be cascaded to lengthen the pipeline. The CE's can also be ganged

in parallel, with appropriate interconnections, to increase the input sample
block length in multiples of N.  The structure of a correlator with an input
block length of six and a lag range of 12, built from 2X2 CE's, is shown

in Figure 5.4.
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5.9 Broad Specifications
* Type:

* Bits per sample:
* Process rate:

*

Prescale factor:

*

Read out:

»

Accumulator length:
* Package:

* Technology:
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far AT Correlator IC Chip {XCELL)
8xe

1 or 2 selectable
10 MHz {5 MHz for 2-bit mode)

64

serial (approximately 150 microsec)
24 bits

Standard 40-pin ceramic

Polysilicon-gate NMOS
3 to 5 micron minimum line width

5.6 Correlation Subsystem Requirements

{Correlator only, i.e. not including recirculation memory or selector

matrix}

Correlation modules:

XCELL 8X8 chips:

Power:
Space:
Time and Money*

{rough estimates}

YLSI design & procurement
testing

Module design
construction
testing

System integration and testing

XCELL chips {packaged)
Correlator module (tested)
Culgoora correlator system

Parkes correlator system

Culgoora correlator 120
Parkes correlator _16
136
+ spares {20%) 24
160

approx. 5000

Culgoora KW
Parkes 4004
Culgoora 4 racks
Parkes 1 rack
Man Years
2
1
0.5
0.5
0.5

]

$A (1982.9)
$32

$2000
$300K
$40K

* costs do not include salaries or overheads.

6.
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LOCAL OSCILLATOR DISTRIBUTION SYSTEM

An important starting point in the design of the local oscillator distrib-
ution system for the AT is the selection of a phase stability specification

for the

instrument.

On time scales of 10's of minutes the instrumental

phase errors should be small compared to the atmospheric phase errors.
the VLA, a phase stability specification of 1° rms phase/GHz has proven

adequate

to ensure this.

errors will be worse at the AT by this amount.
a few 10's of minutes a phase stability spec. of 1° rms/GHz should be

adequate.

there be no loss of correlation in an integration period used for self-

calibration.

a one minute integration time,

need to be met.

A suitable specification for this purpose would be 1° rms
for frequencies less than 10GHz, 10° rms for {reauencies higher than 10GHz in
Both the short and long term specifications

At

Since precipitable water vapour at Culgoora is
2 to 3 times higher than the YLA, it can be expected that tropospheric phase
Therefore on time scales of

On shorter time scales, on the order of a minute, we require that

0f the possible communication links which can be considered for the LO link

on the 6km array, radio links can be rejected due to interference and spectrum
Waveguides are too expensive and coaxial cables have
A fibre optics LO link is attractive from the point of

availability problems.

too much

attenuation.

view of the low cost of optical fibres and the Tow attenuation that is available

in modern mono-mode fibres.

The current state-of-the-art in phase stabilized
fibre optics Tinks is reviewed in the Attachments 2 and 3 by T. Cole (Wideband

Single-Mode Fibrelinks with Phase Stability) and G. Lutes {Development of
Optical Fibre Frequency and Time Distribution Systems).

’5  F2 09

o]
o
w

Nor 7o Seals

Fibre optics cables to points every 300m
along the 3km track and one to the 6km

station.

O o

o8 O¥ 09 17

+5
Q

Cenvrenl Budomes

Figure 6.1 {see text on next page)

50rr




-24- -25-

For costing purposes one could consider the prototype fibre optics system 7. RADIO LINKS FOR THE LBI ARRAY
shown in Figure 6.1.  In this system cables are run to points separated
every 300m along the railway track. An umbilical cable would connect Any consideration of a radio linked array between Culgoora and Tidbinbilla
each antenna to its nearest fibre link. The total cable length in this presupposes the installation for NASA of a radio 1ink between Parkes and
system would be approximately 14km.  Allowing a generous 12 fibres for Tidbinbilla for the Voyager/Uranus project. It is probable that this link
each run, the total cost of fibre at $1.3/metre per fibre is 14000 x 12 will provide full-duplex frequency diversity operation with a mixture of
x 1.3 approx. $220000 (without finstallation costs). This is within range S- and X-band hops. The proposed system provides TV baseband modulated
of the current budget but clearly an extension of the fibre link from the onto a 24 MHz bandwidth channel. The bandwidth available for TV approaches
6km station out to 18km will only be possible if there are cost savings 9 MHz with a pilot tone in this region also.
elsewhere.

This system would be available for radioastronomy use. In its simplest
There are 3 basic methods of phase stabilizations for long cable runs. application, analog data could be transmitted between Tidbinbilla and Parkes.
These are shown in Figure 6.2. Either the Two Oscillator or the Round In the most probable mode of operation a 20 Mbit/sec data stream would be
Trip Phase method would be suitable for stabilizing a fibre optics link. encoded onto the TY band and transmitted to Parkes.

The bandwidths of commercially available fibre optic cables would suggest
that the highest frequency L0 distributed to the antennas should be in the

range 100 to 400 MHz. 8. THE PARKES-SIDING SPRING-CULGOORA LINK

The phase stabilized fibre optics link is one of the areas of the AT that The most economical approach to this link would require the use of a duplex
needs most development work. Experiments should start immediately and S-band system based on a 24 Miz channel. This system would be used for
will require at least 1 full-time engineer/scientist and one high level both LO and data. The LO distribution could be similar to the two-frequency
technician for the duration of the project. system described by van Ardenne et al. {"A High Precision Phase Comparison

Experiment using a Geostationary Satellite"; submitted fer publication to
IEEE Transactions on Instrumentation and Measurements - July 1981.  Copy of

Vo CEelEFeTOR preprint available in RP Epping Library) for satellite use. The 24 Mhz
(@) Onague f Y5 Pl < MaoulArED band would be split into three bands of about 7 Mz. This would ailow a

) L w0 TOE 20 Mbits/sec data stream from each of Tidbinbilla, Parkes and Siding Spring
to Culgoora. The future provision of extra channels in the Parkes to
Culgoora direction would allow for operation up to 80 Mbits/sec but wou'ld
impose considerable strain on the correlator design. (See elsewhere in
this report.}

Detailed investigation is needed of the following questions:

(1) The possible use of existing towers and the siting of new towers.

nmt Two sollinroe rm_\pwﬂqu (ii) The capital cost of the proposed system.

m {iii) The projected operating costs.

® -

(c) Eounvo Tewr FyAsE

Figure 6.2 : Three Methods of Phase Stabilization
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9. MONTTOR CONTROL

Although this subject was not discussed at the meeting, this note is
included to give an idea of the requirements, See also Figure 9.1.

9.1 Telescope Drive

The telescope drive could be controlled either from a central computer or
by a Tocal microprocessor under slave control from the centre. The latter
might have some advantages since it allows each telescope to be a stand-alone
unit.  However each time the telescope is moved the master clock would be
interrupted which could be a nufsance,

9.2 Monitor

The monitor system keeps track of the behaviour of the telescope and the
electronics, and either flags faults or maybe, if possible, switches over
from a faulty component to a spare.  Use of the latter would depend on the
cost of the component and whether it could be easily switched in or out.
Flagging will probably be the system used.

9.3 Control and Monitor Wiring List to each Telescope

for aerial drives
electronics
helium refrig.
afr conditioning
lights

KVA = 2

(i) 3 Phase Power:

(ii} Monitor leads for: serial pointing
temp - several places
radiometer gain - several places
L) status - i.e. lock
power
freq. select
bandwidth select
digitizer freq. select
cable - QK
helijum refrig. - 0K

Note: These could be multiplexed and could go onto one of the optical fibres.

(iii) Hard wired crash control
(iv) TV monitor for remote sites?

{v) IF ) optical
Local osciltlater ) fibres

(vi) Intercom
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