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INTRODUCTION

This manual is aimed at giving an overall picture of the Phase Transfer system at the Compact
Array. The phase transfer system is aimed at maintaining a long term frequency stability across the
array (or at least a knowledge of the phase/frequency relationships). This is done by periodically
transferring a reference signal from the central site (currently a SMHz HP Rubidium frequency
standard) to each antenna via coax (or fibre to CA06) and periodically measuring a returned signal
from each antenna. Any variations measured here can then be comrected for by the phase rotators in
each antenna at the next integration cycle.

Note that this system does not maintain constant short term phase noise characteristics across the
array (i.e. the noise power spectrum between antennas will be uncorrelated approximately 10% of the
time). This is because of the requirement to transmit each antennas phase information back to the
central site. Also note that the transferred phase information only has a 50kHz bandwidth, being
limited by the sampling rate of the PLL in each anteonas L42 moduie.

The following page shows a schematic of the overall Phase Transfer System, the remainder of this
manual gives a description of how & why the phase transfer sysiem was designed the way it was, and
its performance.
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DESIGN PHILOSOPHY

Allan Young & Gerry McCulloch

The aim of the Phase Transfer System is twofold- to phase-lock the Vectron SMHz VCX() in each
of the antennas to the SMHz Rubidium station reference in the Central Building, and (0 measure
phase changes between the antenna reference and the Central Building reference caused, for
exampie, by cable variations. These changes can then be either eliminated or allowed for by some
means. In the Australia Telescope system, a high frequency and a very low frequency are sent out to
the antennas via buried coaxial cable, and these are used to phase lock the oscillator in the antenna
Another high frequency signal is sent from the antenna back o the ceniral building, and tbis is used
to measure the phase changes between the antenna and the central building,

Refer o Thompson et al., section 7.2! for a detailed discussion of the philosophy of designing a
phase transfer system. It is perhaps worthwhile, though, to briefly summarise here, the main
conclusions which can be drawn'from {1]. For the system where two signals, of different frequencies,
are sent in opposite directions along a cable, their difference in frequency should be as small as
possible, since errors do not track with frequency. Along the cable, there will be mulitiple reflections
from many sources, and the magnitude of the reflection from €ach of these should be kept as small as
possible. The coax cabie should be as lossy as possible, to attenuate the reflected signal components.
This last condition influences consideration of the frequency to be used for the high frequencies. For
a length of coax cable, the awtenuation increases with frequency, and so one way of effectively
increasing the loss of the cable is o use higher frequencies. Using high frequencies enables the "
fractional difference between the two frequencies o be very small, making losses and phase effects
almost identical in both directions. However, the loss still has 10 be low enough so that sufficient
signal-to-noise is available at the far end, to enable the electronics to work reliably.

The AT uses a two-way system with different "out” and "back" frequencies present on the cable.
These frequencies are around !60MHz. This frequency was chosen as a compromise between the
angular precision required in the controlling process and tiie atlenuation in the cable. The
specification for local oscillator stability is 1 degree per GHz. This figure originated at the VLA and
is well documented in Ekers et al?. This is about a factor of ten better than the atmospheric variations
at the VLA site and it was assumed that the VLA site atmosphere was better in this respect than
Culgoora.

The figure of 1° at 1GHz equates 10 0.16° at 160MHz and 0.005° at SMHz, Phase detectors in the
AT have a typical sensitivity of Smillivolts per electrical degree. From these figures, it is evident that
the higher the frequency used for the phase comparison between the anienna reference and the central
reference, the better and more accurate the measurement is likely 1o be. There is a second benefit in
using a higher frequency for the phase comparison. If, for example, the antenna’s SMHz reference
oscillator has a tuning sensitivity of 19 for 3millivolts of control voltage, then, if the SMHz is
multiplied up to produce 160MHz, the phase change is also multiplied up, 0 become 329 for the same
3millivolts. On the other hand, if the SMHz is divided down to IMHz the phase change is also
divided down, to be 0.2° for 3millivolts. Thus, the higher the multiplication factor between the
controlled oscillator and the frequency of the phase comparison, the more sensitive the phase

! Thompson,A.R.. Moran.J.M., and S wenson. G.W.. "Interferometry and Synthesis in Radio
Astronomy", Wiley, New York, 1986.

Z Napier, Thompson and Ekers, “The Very Large Array: Design and Performance of a Modem
Synthesis Radio Telescope.” Proc. [EEE, Vol. 71, No.11, November 1983, l
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correction circuit will be. However, technology imposes an upper limit, since it is difficult to design
good phase detectors at higher frequencies.

For the type of cable used at Culgoora, the attenuation is of the order of 10dB at SMHz, 50dB at
160MHz and 500dB at IGHz. If there is low attenuation in the cable, then there will be multiple
reflections present due to imperfections throughout its length. The phase correction circuit in an
antenna will then respond to the vector sum of these multiple signals , resulting in a phase error.[1] If
there is too high an attenuation in the cabie, then the signal level at the furthest end of the cable will
be very small. If this occurs, then noise from the electronics will add significantly to the composite
signal fed into the phase detector. This will result in noise being transferred to the phase locked loop,
and also to the reurned phase measurement. [t appeared that the best region for our system lay
somewhere between 100MHz and S00MHz. Both 160Mhz and 320MHz were possibilities, as they
were available in the antennas. Finally, 160MHz was chosen, as the cable loss was 3 littie less,
making it more certain that there would be sufficient signal at the ends of the cable (commensurate
with an acceptable power into the cable at the central building). In the system implemented,
160.05MHz is sent up the cable from the central site and 160.0MHz is sent back from the antenna.
To overcome coupling and interference problems, time muitiplexing of these signals is used. For uge
in other parts of the system, SMHz and 50KHz are also distributed along the cable at Culgoora.

It is necessary to recognised that the comparison-correction circuit used in the phase transfer
system, is an offset phase locked loop. The phase errors are effectively measured at 160MHz,
although the phase comparison is actually made at 50KHz, . Making this comparison at S0KHz has I
several advantages. Because the 160.05SMHz signal picked off the coax cable has a low signal to noise ,§

i
H
H

ratio, it would be desirable to use a narrow band filter to reduce the noise level. However, sufficiently
narrow bandwidth filters are not easy to make at 160MHz, and, in any case, a narrow bandwidth filter
at this frequency would be likely to have a phase response which was very lemperature sensitive, For
these reasons, the filiering is done at the S0KHz IF, where filters hundreds of hertz wide are easy to
make. Using S0KHz as a comparison frequency has another advantage. Because a reference SOKHz
has to be distributed along the same coax cable from the central site, cable length variations result in
only a fraction of a degree variation at this frequency as compared with variations at 160MHz,
Additonally, good phase detectors can be readily made at this frequency.

In the central building, the 160.05MHz is phase locked to the site’s frequency reference. In the
antenna, the SMHz VCXO is locked to this reference. The antenna’s VCXO is multiplied up to
160MHz, and is then mixed with the 160.05MHz on the cable, 10 produce a S0KHz [F. The resulting
50KHz signal contains the phase error of the antenna VCXO. This SOKHz [F is compared with the
reference S0KHz which is sent from the central site along the cable. The resulting error signal is used
to phase lock the local VCXO to the central SMHz. Note, though, that the VCXO still has a phase
error (relative to the site’s frequency reference) due to the cable delay and errors in the PLLs. The
frequency multiplication within the antenna makes the COTTECUioN System extremely sensitive, as this
function is much more effective than attempting to directly force the antenna’s 50Khz to have the
same phase as the 50KHz coming down the line from the centra] site. The net effect is that phase
errors in the final LO frequencies are multiplied up from only 160MHz and not from 50KHz,

A third signal at 5SMHz, is also sent oul from the central site along the cable. In the antenna, this is
phase compared with the antenna SMHz in a SMHz phase meter. In the system described above, there ‘
is an integral number of 160.0MHz cycles during one SOKHz period. Therefore, it wouid be possible ‘
for the 160.0MHz to slip one or more cycles, and siill be properly in lock. Because the 160MHz is ;
derived by muitiplying lower frequencies, the slipping of 160MHz by one cycle would result in the !
lower frequencies (20MHz, 40MHz, 80MHz etc.) slipping by less than one complete cycle. As these
frequencies are also used in the antenna, this would Cause phase changes throughout the locat
oscillator system. It is not easy to ensure that such a slippage will never occur. So, in the AT, the
phase of the antenna’s SMHz is measured with respect to the phase of the central building’s SMHz, as \
distributed along the array. Although the phase of the building’s SMHz will change due o cable
variations, this measurement is only looking for gross changes (in the order of 18 O or more), and any i |
cable variations will be much less than this. The result of this phase measurement is sent back to the
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central building, where its value is monitored. If a large change in value is detected, then the array is
recalibrated.

Detailed analysis. 2
A free-running oscillator has a spectral density as shown in figure 1.
phase modulation sidebands

¥

JRALTS NN

Fig. 1

The deviation from f, results from the inherent phase noise of the osciliator and is actually phase
modulation sidebands of the carrier at f, . By comparing the local oscillator with a reference we
reduce the phase noise spectrum to that shown in figure 2 where @p, is the bandwidth of the phase

locked loop.

phasle npis¢ of
refaghase getector

ete \

P
hase noise of
’/%? VCXO

o

Fig. 2

If the loop bandwidth is too small then there is still a lot of phase noise. If we make the loop
bandwidth loo wide we can reduce the phase noise but due to the phase-locked-loop op-amp’s gain
falling off we get a phase roll-off which changes the loop characteristics causing instabilities. Thus
O, is a compromise. Because of the remaining phase noise there is always a finite possibility that
the oscillator will skip one wavelength. If this happens, the loop will continue on as if nothing had
happened. The 160MHz coherence is not affected, but all the lower frequencies derived from it will




CSIRO AUSTRALIA TELESCOPE NATIONAL FACILITY W

Pbase Transfer System: i ATIXX.XNCOCe Module: 143 *Version 1.0 » 27 March, 1996 « Page 1
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MODULE FUNCTION

The L43 Module is located in the central building (in the screened room). The purpose of this module is
to provide 50kHz and 160.05MHz signals to the phase transfer system. The 50kHz is derived simply by
dividing down the 5MHz signal (done by the L43/3 module). The 160.05SMHz signal is obtained by
means of an offset phase locked loop circuit using a 160.05MHz Vectron oven controlled crystal
oscillator as the VCXO. The VCXO control voltage is obtained from the L43/1 50kHz phase detetector
module. This module detects the difference in phase of the 50kHz from the divider (L43/3) and the
50kHz output of the L43/2 (160.05MHz loop module). This module is use to mix the 160.05MHz and
160MHz signals together to give a SOkHz signal.

This module has as inputs the station reference 5SMHz, and 160MHz from an L32, L33 chain. Outputs
include signalMMHz, 160.05MHz & 50kHz.

’[/ .
S0kHz
(to L44)
50kHz Ref. . |
L43/1 S50kMz
Phase Detector
L43/3 S0kHz IF
Divide
hy 100
A
180, H:
L452 Q5MH2 @ XdBm
160MHZ
< —®
180.05M
(to Ldt)
—

160MHZz
] L33 32 |€ SMHz Rub. (to La4)

L43 MODULE FUNCTION

SUBASSEMBLIES

L43/1 S0kHz phase detector

Overview

Description

Interface

INPUTS:
QUTPUTS:
CONTROL
ACCESS -
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MONITOR

ACCESS -EXTERNAL ACCESS:
L43/2 160.05MHz Loop.

Overview
‘This module is used to extract the 50kHz signal from the 160.05MHz VCXO in order to lock the
VCXO to the Rubidium SMHz (divided down to 50kHz using the L43/3) using an offset PLL
technique.

Description
The module uses a 2 way spliter (a MCL PSC-2-1) to extract 160.05MHz from the main signal,
This signal is then auenuated and amplified (to provide isolation) and then mixed with a
160MHz signal (from an .33 module) to give the 50kHz signal,

160.05MHz O 16005MHz

O—

50kHz

160MHz ,\
G P

L43/2 160.05MHz Loop

Interface
INPUTS:
160.05MHz (from Vectron VCXO0).
160MHz (from L33).
OUTPUTS:
160.05MHz (line).
30kHz (IF to L43/1 - 50kHz Phase Detector).
CONTROL
None.
MONITOR
POWER.
+15V
Gnd.
?
?
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i
L43/3 DIVIDER

QOverview

This module consists of two parts, a comparator and a divide by 100 counter circuit o give
50kHz from the Rubidiums SMHz, And a monitor to look at the level of the SMHz signal.

Description

The comparator divider circuit consists of an Am686 comparator chip to square up the SMHz
signal, this is then simply fed into a cascaded pair of decade counters (a 741L.5390), and then
through an inverting buffer (a 74LS04). There is also a +/-5V regulator on board to provide

power for the Am686

The 5MHz monitor rectifies the SMHz signal using a simple diode detector type circuit, and then

amplifies the rectified signal to give a monitor point.

DIVIDE BY 100

5MHz
{(Rub.)

L43/3 DIVIDER

Interface
INPUTS.
5MHz (from Rubidium)
QUTPUTS:
50kHz TTL (10 L43/1 - phase detector).
CONTROL
None
ACCESS -
None
MONITOR
5SMHz level
POWER
+9V -9V +15V,-15V,GND

L43/4 Vectron SMHz VCXO

Overview
This is a self contained double oven ultra stable VCXO
DESCRIPTION

l> 50kHz (TTL}

Detector ——‘ >— Monitor

As per the data sheet: CO-2475510-VWL2 @ SMHz with SMA connector

Alignment/Locking/Installation

Before operation the Vectron should be powered up for several hours to allow oven stabilization. Note
thal the specifications suggest 30min. However i practise this is not necessarily the case.

a

RN ARk o
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If the Vectron will not lock (i.e. "out of range" and "out of lock" are on) then, providing there is no
other problems, the Vectron has most likely aged to the point where it needs a frequency adjustment. This
can be done by monitoring the 50kHz TTL signal leveis to U5 in the 50kHz PLL circuit whilst adjusting
the tuning screw on the Vectron. By adjusting the tuning screw to 2 middle point between where the TTL
signals are slipping one way and the other the Vectron should lock up.

When this is done the integrator output signal {pin 6 on U11) should be monitored and the Vectron
adjusted until this level is approximately OVDC. At this point the Vectron should be realligned with the
frequency of the Rubidium.

If the VCXO integrator out signal is reading high (greater than a magnitude of several volts). The
Vectron's oscillation frequency can be adjusted by installing the L42 on an extender module and
monitoring pin #10 of the 100 pin connector whilst adjusting the Vectron via the tuning screw to give an
output of approximately OV. Care should be taken however to ensure that the Vectron has warmed up (in
its position in the rack).

Interface
INPUTS:
24V supply.
OUTPUTS:
10-14dBm 5MHz signal
CONTROL/MONITOR
Bias from Phase Detector module (L42/1).
Temperature Monitor.

e
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Low Phase Noise
SMHz PLIL Module
L42
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