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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
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160.05MHz/50kHz Reference
Module
L43
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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 -




CSIRO AUSTRALIA TELESCOPE NATIONAL FACILITY 0

SRS
.

Phase Trapsfer System: ¢ AT/XX X/XX3(e Module: L43 eVersion 1.0 » 27 March, 1996 e Page 4

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.
?
?




CSIRO AUSTRALIA TELESCOPE NATIONAL FACILITY 0

Phase Transfer System: AT/XX X0 e Module: L43 sVersion 1.0 « 27 March, 1996 e Page 5

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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Design/Construction:
Allan Young

Gerry McCulloch

Mike Hayes

Ross Gardyne

77

Documentation:
Narrabri Electronics Group
Allan Young

Gerry McCulloch

S/N 000

D AT - (NPT




CSIRO AUSTRALIA TELESCOPE NATIONAL FACILITY ()

Phase Transler S;s[cm: AT/XX. XX e Module: La2 e Version 1.0 « 27 March, 1996 Page 3

MODULE DESCRIPTION

This purpose of this module is 10 provids =« $MHz reference signal for each of the individual aniennas’
Local Oscillator systems.

Because of the phase tracking requiremezrn:z of the Compact Array, this local reference must be locked 1o
a central reference signal 1o provide lrackzng across he array. This is done by phasc locking the antenna’s
reference oscillator (a SMHz "Veetron™ VCXO osciltator) which has extremely low phase noise (see
specs.) to the central site SMHz. Because o signal transmission instabilities the central reference signal is
transmitted in two componenis. one at 16.73MHz and 1he other o 50kHz . The L41 module derives two
50kHz signals [rom a combination of thesz and a locally derived [60MHz signal, these iwo signals are
used in the L42 module to compiete the przse locked loop. as shown in figure 1.1

50kHz Rael. |
i =-ase Deteclor }_
SOkHz IF .
— F————
|
. Lazs2
: -2 Modute
5MHz @ 6dBm
160MH2
3 e L2 i

Figurs ~--. MODULE FUNCTION
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SUBASSEMBLIES

L42/1 50kHz Phase Deteclor

Qverview

A standard ‘AT phase detector bowd operating at SOk Hz.
Description

The purpose of this module s w compare the phuse of the 50kHz reference coming from the Central
Site (via the L41 module) and produce a driving voltage o control the YCXO w ensure accurale phase
tracking of the reference signal. The module itself consists of the [ellowing parts:

The input/conditioning stage is made up ol two LM3 11 compartor circuits (U1 & U2 and their
associated parts) which condition the LF, and reference signals to produce (wo idcally digital signals,
These two signals are then compared using an MC4044 digital Phasc-Frequency Detector (US). The
oulput of this IC is then integrated using a combination of U6 & U7 which form a [ilier with a response
as shown in [igure 2-1.

The rest of this module consists of monitoring cuicuits (see lor "OUTPUTS ), and & hold circuit
consisting ol U8, which sets up a constant presel level oato the Integrator output signal w ensure that the
VCXO remains al the same [requency when there is no reference signal present.

Hold Ciecutt
O— M3
Phase
Detector
Integrator
MC4044

O— M3t

Figure 2-1. PHASE DETECTOR

Interface
INPUTS:
IF & REF, signals at 50kHz
OUTPUTS:
[ntegrator output (to Vectron contraller bowd).
CONTROL:
Control Hold.
A/ "B’
MONITOR:
Analuyg:
Angle Error, R
[ntegrator Outpul.
REF. & IF. Levels.
Digital:
QOut of Range. ( Display & Datasel)
Qut of Lock. ( Display & Dataset)
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1.42/2 SMHz Splitter

Overview

The SMHz splitier module uses a combination ol a 2-way and a 4-way splitter to produce three SMHzZ
signals (of 0. 6 & 15¢Bm) and two series decade counters 1o divide the signal down 1o give a TTL
50kHz output. This S0kHz outpul is not used however,

Description

This module takes as its input the (+12dBm 777 +10dBm) from the SMHz Vectron YCXO. This signal
is then split using a 2 way 00 splitter to give a § MHz reference signal (used in the L32) and another
signal which is attenuated. then amplificd and sphitagam. This second signal is split 4 ways using a Mini-
Circuits PSC-4-3 spliugr.

Of the outputs [rom he 4 way splitler, none are actually used. One goes through a AMG6EE comparator
and two cascaded decade counters (a 74L5390) 10 give o TTL S0kHz signal. The ncxt oulpul is for the
$SMHz phase meter in the L4 1 module (which doesn’t exist). The nextis simply lerminated to o 50 £
resistor. The [inal output is just a sparc (i +15dBm).

Interface

The L42/2 module has no external interface.

INPUTS:

5MHz (SMA)

OUTPUTS:

50kHz TTL SMA

$MHz for Mcler - SMA connector

SMHz (sparc)

SMHz (relerence) - SMA connector

CONTROL/MONITOR : None,

POWER: +135V, +3V. -3V.GND.

L42/3 Vectron SMHz VCXO

Overview
This is a sell contuned double oven ultra stable VCXO
DESCRIPTION

As per Ihe data sheel.

CO-2475510-VWL2 @ SMHz with SMA conncclor
Interface

INPUTS:

24V supply.

QUTPUTS:

10-14dBm SMHz signal

CONTROL/MONITOR

Bias from Phasc Detector module (L42/1).

Temperature Monitor,

Alignment/Locking/Installation
Before operation the Vectron should be powered up for several hours o allow oven stpbilization, Note
that the specilications suggest 30min. Howcever in practise this is not necessarily the case.
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Il the Vectron will not lock (e, "out of mnge™ aed "out of Tock™ are on) then, providing there is no
vther problems, the Vectron has most likely aged 1o the point where 1Cneeds a [requeney adjustinent. This
can be done by monitoring the SUkH# TTL siwnal levels 1o US in the S0kHz PLL circuit whiist adjusting
Uic g screw on the Veetron, By adjusting tie luning serew 0 a4 middle poinl between where the TTL
signals are slipping one way and the other the Vectron should lock up.

When Uus is done the istegrator output sigeal (pin 6 on UL should be monitored and the Vectron
adjusted until this tevel s approximaicly OVDC. AL Uus pomnt the Vectron should be realligned with the
[requency of the Rubidium.

Il the VCXO integrator out signal 1s reading high (greater than a magnitude ol several volts). The
Vectron's oscillation frequency can be adjusied by installing the L42 on an extender module and
monitoring pin # 0 ol the 100 pin connecton whilst adjusting the Veetron via the (uning screw (o give an
output of approximatcly OV. Care should he taken however 10 ensure that the Veetron has wanned up (in
its position in the rack).

Temperature Monitor,

QOverview,

The temperature monitor is a small board which measures the internal ambient weinperature of the
module. It was not iniended as an exact lemperature monitor. Rather, it was intended 0 give some
indication of the temperature, and 1w be able 10 moeniwr lemperature changes. [ was thought that this
might be uselul for tracking down any problems which seen 10 be wmperature related.

The oulput is an anatogue vollage of +100mV/ OC, with OV al OVC,

Description

This circuit is taken [rom the Precision Monlythics nc. (PMI) databook. This circuit shows two
uimpots, and sume carclully chosen resistor values. For our purposes. we decided that the vollage
trirnming pot waus unnccessary, and that we could obtain sutlicient accuracy and lincarity using only the
remaining pot, and standard value restorss.

The wemperature sensor is the PMI voltage relerence, REF-02C), The CJ version was chosen because it
was a good componmise between cost and the accuriucy of the internal refernce output. As well as having
# +5V voltage reference output, it also has a lemperature output of 2.1mVv/ OC.

ALOOC. the oulput voltage of the sensor is S8thnV. Thus. the op-amp and its associaled components
must perform two (uncitons - they must “buck-ol (™ this 380mV, to give OV ai 0 °C. and they must provide
sufficicnt gain 1 amplily the 2.1mV/OC af the snesor, to H00mV/OC for the output. These two (unctions
are accomplished with three resistors, and the irimpot (or adjustinent.

The serting ol the trimpot affects both the indicated value at the calibration point. and the slope of the
output vohage over te [ull winperature range. (For our appplication. both of thesc are not so important.
We are only intereseted in i small lemperature range between about 20 9C and 35°C. and relative changes
were more important than absolute iemperatures.)

The comnbination of R4, RG and VR give a sample ol the reference voltage equal o the sensor output
voltage at 09C. This is about S80mV. This voliage is then applicd to the inverting input of the opamp,
and the sensor voltage is applicd Lo the non-inverting input. Thus, the opamp is taking the differcnce
between these two voltages and, regardless of the gain ol the opamp, the output vollage should be OV at
0°C.

Feedbuck is then added 1o the opamp, so that the 2.8mV/ OC of the sensor is amplified to 100mV/ ©C for
the output. The opamp gain is approximately (1+R64R4+VR1)). and should be about 47. R3 is (o protect
the opamp from damage should its outpul be shorled to ground, or accidently applicd (o any other
vollage,

As can be sceen, Lhe value of YR is common (0 both the offxetting and the gain, explaing the
Necessary compromise,
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Adjustments,

The circuit is adjusted by putting a Fluke wemperature probe on the case of the REF02CI, and sctting
the trimpot so Ui the outpul voluage agrees with the wemperiture as measured by the Fluke. Therefore,
the output is calthrated a1 one room temperature poiat anly, and not attempt is made to check or adjust
the slope of the output voltige.

see circuit diagram L--/047/1,

Regulator Board.

The L42 madule uses a Mark 5 regolator board. with ithe additional regulator being at +24V,

Address Board.
Description

In this module. the address hoard (s used 1o enable the diatiset 10 read the module’s serial number and
version code.lo unplement the Bin Wired OR funchion ("monuor out of lock™ teinure of the phase
deteclor).

The eight bt seriad number rend via the bus consists ot two pans- the six bit serial noinber of the
module, and a two bil version number. The serigh number i< set by drilling out links on the PCB, and is
intended to be permanent The version number 1< set by links on headers, and is casily changed. All
modules initially had "0 as the version number,

Dataser signals. which enler the moduie via the 100 pin connector, have been grouped in 1 way which
allows a 26 conductor ribbon and mass ermination connectors 1o be used for the dataset bus and Bin
Wircd OR wiring. this ribbon begins at the 1) pin conneclor and. in this module terminates at the
address board.

There are no adjustments, although the serial number and version number of the particular module
must be encoded,

Operation

The dinset address bus has six bits. In line with LO sysicim convention, the lowere four bits
(BADD..3) e wsed 10 set the address of o module™s position along o bin, and the upper two bits
{BADD4.3) are used to address registers within wmnodule. tn this module, BADD4 and BADDS are not
used. The code lor a particular positon along a bin is hardwired into the rack wiring, and consisis of links
hetween paraticular paies of pins on the 100 pin connecter. When o module is placed in the rack, this
code forces some of the "B” inputs ot UL (FT4L.SRS) 1o b grounded. The "A" inputs are connected to the
BADDO..3 of the dataset. Resistors in (he RP2 SIP package wre pull-up resistors on all the inputs of U1,
When the codde from the dataset on the address ines. and the code wired into the 100 pin rack connector
match, UT pin 6 goes HIL This is then ANDed with the STRobe Irom the daisel in U2B. 10 give a signal
called Decoded STRobe. U2C is a simple mverter. U2 (741L.5073) are open collector gales. so two resiors
in the RP2 SIP packaye are the output pulb-up resistors

To read 1he serid number, US (&SALSS41) s tiken vut ol the lagh impedance mode when the RD/WR
hing (pin 1) and] the Decoded STRobe (pin 19} are both LO. Thes then impresses (he code present on the
input stde of U3 across the data lines, where it is able to be read by the divaser. SEP package RpP I are
pull-up resistors on all The mpus o U3,

When the Address Board was manubictured. il serat number hits were connected to ground, giving a
serial sumberol "O0 ™. Links o the two headers were also instaded to give a verion aumber of "0 "
the serial number code should not ever need chinging,

The remaning two gites of U2 are used by the Bin Wired OR circuit. In this imodule, onty onc of these
two inpuls is used. The arrangement olihe PCB is such that the unused input has been ground by a link in
the power supply wining, The used input is from the QUT OF RANGE monitor output on the Phase
Detector Board. when it level error ocecurs, the bin Wired OR input ts HI???, which sets U2's output LO,
indicating 2 fuull condition.
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VCXO Control Board.

This board is mounted on the back of the Vectron mounting pancl and is used to merlace the Veciron
VCXO with the power supply. 100 pin ITT Cannon Conneclor, and the Phase Detector intigrator output.
Front Panel.

The L42 uses a standard Mark 1 Front Panel board.

Hon

e" is ared LED used o indicated an oul of lock condition, while "™ is an orange LED used 10
indicate an out of range condition. All the resisiors are 47() (2.

Dataset Interface

This module communicates 10 the ACC via dataset 29 and has the lollowing inteelace poinds:

Nwne Dataset Form Address Type

input {on Dalasel 29) C=Conlrol

M=monilor
Hold C
Cut ol Lock 11 Single Bit Digital 75 M
Qut of Range 14 Unbalanced Analog 22 M
Angle Error Unbalanced Analog M
Integrator Quiput 12 Unbalanced Analog 20 M
REF. Signal Level i0 Unbalinced Analog 18 M
IF Signal Level il Unbalanced Analog 19 M
Module Temperalure 15 Unbalanced Analog 23 M
VCXO Temperature. 167 Unbalanced Analog 247 M
Version Number M
Serial Nuimmber 0 ADB (address bus) 96 M

Other Parts

Apart from the listed modules, the L42 module contains a standard ground board.

Ld42 Performance
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MODULE DESCRIPTION

The main purpose of this module is to reduce the close-in phase nowse from the 5MHz Phase Transfer
System. This is done by phase locking a SMHz Vectroo oscillator which has extremely low phase noise
(see specs.) to the central site SMHz (typically a Rubidium Standard Clock). The module also comes with
the option of a 4-way splitter which can be configured to g1ve output levels of up to 10dBm.

5MHz
Out
SMHz REF. | Caupler —O
G O
—
N Phase Delector Spliner/Amp
| —_
—O
vCX0

Figure 1-1. MODULE FUNCTION

SUBASSEMBLIES

"™ L46/1 SMHz Phase Detector

Verview

A standard ‘AT phase detector board operating at SMHz.
Description

The SMHz phase detector is based on the standard A.T. design, using and MC12040 as the phase
detecior. See the detailed description of the phase detector in the LO System Manual for a full descripuon
of this circuit. Whal follows are points specific to this phase detector.

The printed circuit board for this detector uses the same compont designations and placements as other
Mk. 6 phase detector boards, although the input circuil 15 unique to this circuit,

The IF input to the phase detector is the output of the Vectron VCX(O medule (coupled of the main
signal path by a ZFDC-20-3 Mini Circusts coupler).

On the input circuit, the 4782 resistor and the single bead choke act as high frequency terminations for
the mixer, C4, C6 and L2 form a 7.5MHz low pass filter. The amplifier Al has been removed as it is not
necessary given the reference input signal has no input comb signals.
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As etched, the board sets U2 for maximum gain, by joining pins 2 & 7. However, this provides to much
gain, and so the link between these pins has been cut, and the gain setting resistor (3k9) soldered across
the top of the IC. Because this circuit doesn't require the hold & inverting lock circuits, these have been
removed.

The only other major change from the standard board is the fact that the L46 PLL has a bandwidth of
only several Hz, Hence the integrator circuit has R71 & C41 modified.

INTEG
ouT
Sz IF Phase integrator <
Detectar

Lou
Mon

SMHz REF E

Figure 2-1. PHASE DETECTOR

Interface
INPUTS:
[F & REF, signals at 5SMHz
OUTPUTS:
Integrator output (to Vectron controller board).
CONTROL:

MONITOR.:
Analog:
Angle Error.
Integrator Qutput.
REF. & IF. Levels,
Digital:
Out of Lock. { Display & Dataset)
Out of Range. { Display & Dataset)

L.46/2 SMHz Splitter
Qverview

This module only exists in L46 S/NOOI & 3 and is used (o provide a distributed 5MHz signal.
Description

Standard Splitter module, this one requires a 6dBm input signal and can be configured (using

externally mounted attenuator to give outputs of up to around 10dBm, Typical configuration is with 3
6dBm outputs & 1 10dBm output.

This module takes as its input the SMHz (6d¢Bm) signal from the SMHz Vectron VCXO.
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Interface
The L46/2 module has no external interface.
INPUTS:
SMHz (SMA)
OQUTPUTS:
5MHz @6dBm SMA
SMHz @6dBm SMA
5MHz @6dBm SMA
5SMHz @ 10dBm SMA
CONTROL/MONITOR : None.
POWER: +15V, +5V, -5V, GND.

L46/3 Vectron SMHz VCXO

Overview

This is a self contained double oven ultra stable VCXO

-~ Description

As per the data sheet.

C0O-2475510-VWL2 @ SMHz with SMA connector
Interface

INPUTS:

24V supply.

OUTPUTS:

10-14dBm 5MHz signal

CONTROL/MONITOR

Bias from Phase Detector module (L46/1).
Temperature Monitor.

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

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 SO0kHz TTL signal levels to US in the 50kHz PLL circuit whilst adjusting

‘he tuning screw on the Vectron. By adjusting the tuning screw to a 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.

[f 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 L46 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).
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MC12040/ -

ot

MC12540

PHASE-FREQUENCY
DETECTOR.

The MC12040 is a phase-frequancy detector intended for use
in systems requiring zero phase and frequency difference at lock.
In combination with a vaitage controlied osciilatar (such as the
MC1648), it is useful in a broad range of phase-locked loop ap-
plications. Operanon of this device is identical to that of Phase
Detector #1 of the MCA4044. A discussion of the theory of operation
and applications information is given an the MC4344/4044 data

sheet.

Operating Frequency = 80 MHz typical

PHASE-FREQUENCY

DETECTOR

R&

Va3

LOGIC DIAGRAM
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MC12040

APPLICATIONS INFORMATION

The MC12040 is a logic network designed for use as
a phase comparator for MECL-compatible input signals.
It determines the “lead” or "lag” phase relationship and
the time difference between the leading edges of the
waveforms. Since these edges oceur oniy ance per cycle,
the detector has a range of =27 radians.

Operation of the device may be illustrated by assuming
two waveforms, Rand V {(Figure 1), of the same frequency
but differing in phase. If the lagic had established by past
history that R was leading V, the U output of the detector
{pin 4) would produce a positive pulse width equal to the
phase difference and the D output {pin 11) would simply
remain low.

On the other hand. it is also possibie that V was leading
R {Figure 1}, giving rise to a posttive pulse on the O output
and a constant low ievel on the U output pin. 8oth outputs
for the sample condition are valid since the determination
of lead or lag is dependent on past edge crossing and
initlal conditlons at start-up. A stable phase-locked loop
will result from erther condition.

Phase error information is contained in the output duty
Cycle —that s, the ratio of the output pulse width 1o total
period. By integrating or iow-pass filtering the outputs
of the detector and shifting the level 10 accommodate
ECL swings, usable analog information for the voltage-
controlted osciflator can be developed. A circuit useful
for this function 1s shawn In Figure 2.

Proper level shifung s accomplished by differenually

FIGURE 1 — TIMING DIAGRAM

—— — _sad

1 L

R Lesas v
O Qurput = g

V Lessas A
U Qurayr = =

1
1

..

driving the cperationai amplifier from the normally high
outputs of the phase detector (U and B). Using this tech-
nique the quiescent differential voltage to the operational
amplifier is zero {assuming matched 1" lavals from the
phase detectorl. The U and D outputs are then used to
pass along phase information to the operationai ampti.
fier. Phase error summing is accomplished through re-
sistors R1 connected to the inputs of the aperational am.
plifier. Some R-C filtering imbedded withun the inpur
network (Figure 2) may be very beneficial since the very
narrow correcticnal pulses of the MC12040 wauld nor
normally be integrated by the amplifier. General design
guides for caiculating R1, R2, and C are included in the
MC4044 dara sneet. Phase detector garn for this config-
uration is approximately 0.16 valtsiradian,

System phase error stems from Input offset voltage in
the operauonal amplifier, mismatching of nominally
equal resistors, and mismatching of phase detectar
“high™ states between the outputs used for threshaolc
setting and phase measuring. All these efiects are re-
flected in the gain constant. Far example, 2 16 mV offset
voltage in the amplifier would cause an error of 0.018
0.16 = 0.1 radian or 5.7 degrees of error. Phase error can
betrimmed to zero initially by trimming either input offset
or one of the threshald resistors (R1 in Figure 2). Phase
érror over temperature depends on how much the of-
fending parameters arft.

FIGURE 2 — TYPICAL FILTER AND SUMMING NETWORK

u
MC12040
MC12540

D
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FHASE-FREQUENCY DETECTOR

The MC4344 ¢08s consists of two digrtat phase detectors, a
charge pump, and an amphfier, In combrnation with 3 voltage

fnput Loading Facter: RV =1
Qurpue Loading Facior (Pin 8) = 1p
. Total Power Dissipation = gg myy typ/pkg
Propagauon Delay Time = g9 ns tyo
{thry ohase detector)

\

PHASE-FREQUENCY
DETECTOR

L SUFFIx !

CERAMIC PaCK age I[
CASE 632
(TO 116)

FSureIx
CERaAMIC PACKAGE
CASE 607

P SUFFIx
PLASNCPACKAGE
CASE gag
MC 4044 oaniy

PU UF
4 ——) §
Charga
Pump
PD DF
11 O— —O 10

Phase
7\Freouent'.‘y
Detector 9
#2

Outpur

Vee = Pin 14
GND=F‘IF‘I 7 ‘
PHASE CETECTOR " CHMARGE PUMP
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t Controlled Crystal Oscillators

4
P

Warmup

When an oscillator is initially turned on at room tem-
perature the frequency 1s extremely high relative to
the output frequency after the oven stabilizes, typi-
cally by 30X10-% This 1s simply due to the fact that
the frequency of an AT cut crystal 1s considerably
higher atroom temperature than atits upper turn-
over temperature. As the oven warms up, the crystal
frequency rapidly decreases. In standard Vecltron
osciltalors, the oven balances in 10-15 minutes but
the crystal displays a rubber-band eftect and over-
shoots its final frequency per Figure 3, prior 1o stabr-
izing Typicatly, retatively high degree of stability i1s
achieved within 30 minutes after turn-on, this time
can be reduced to less than 5 minutes in speciat fast
warm-up designs

~y

—

Frequency (x10 6)

[=}

\/——.—_—__

10 20 30
Time (Minytes}

-—Figure 3—

Turnover Temperature

The oven operating temperature (crystal turnover
temperature) must be several degrees higher than
the highest ambient temperature 1n which the osciila-
tor s to operate in order that the oven may mantain
good control (considenng the internal heat rise gen-
erated by the oscillator itself),

How r.there are disadvantages associated with
high oven temperature operation. First, the crystal's
frequency vs. temperalure character:stic 1s sharper
~ith higher turnover crystals resuiting in more sensi-
vity to minute changes in oven temperature as
shown in Figure 4

U

Frequancy

Crpatal with Crystal with Cryslat wilh
[+l [ e+ 100'C
Tursguet Tutnguts Turnovar

—Figure 4—

Second, and more imporant. crystal aging (dis-
cussed below) degrades with increasing tempera-
ture Therefore, In designing an oven controlled
crystal osciflator, one is faced with a compromise in
determining the desired oven operating tempera-
ture, it should be as low as practicable, but it must be
high enough to provide good contral at the maximum
ambient operating temperature,

Stabulity

A Aging—Aging refers to the continuous change
In crystal osciftator frequency with ime, alt other
parameters held constant Priorto delivery. each
Vectron oven controlled oscillator is pre-aged until it
achieves its specified aging rate Aging rate 1s often
used synonymously with the word stability: thus, an
oscillator with an ageng rate of one partin 10° per day
{1X10-%/day) 1s sormetmes relerred 10 as a one part
in 10% oscillator. This s incorrect terminology, as
aging rate {long term stability) must be referred to
time. and represents oniy one tacet of oscillator
stabihty

13

B Temperature Stability — As previously noted.
because no oven control system s perfect, a change
In ambrent temperature causes a small change in
output frequency. The frequency shift s an offset
from the oscillator's aging curve. This deviation from
the normal aging characternstic 1s not related to ime,
buts a fixed offset. Thus, the frequency offset vs
lemperature {temperature stability), fora given
temperature change is, for example, 5X10-2, not
5X10%/day. This characteristicis shown below

Fraguency
Otfsed

————
-—

Frequency

T R&lurn to wubal
ambient temp
Change 1
ambienttema aging charactenstc
at constant 3mbient

o == |rEgUERCY Curve with

L lemp change

T ma

—Figure 5—

Ambient temperature changes do not produce hys-
leres:s effects; thatss, if there 1s a change in ambrent
termperature followed by a return to the original tem-
perature, the hnal frequency will be essentally that
which would have resulted had there been no
ambient temperature change

When the required temperature stability 1s beyond
that which can be achieved with a standard propor-
tionally controlled oven, a double oven system can
be employed in which the standard oven 1s housed
within a second oven The outer oven then buffers
the amtrent temperature changes to the inner aven.
which contains the oscillator circut

-




en Controlled Crystal Oscillators

i
C Restabilization And Retrace—When a cryslal
oscillator s turned off for a pernod of ime and then
turned on again (as occurs when the unitis shipped}.
the crystal requires a restatilization period The
charactensucis simlar 1o the imital factory aging
charactenstic, but fugh stability 1s achieved signifi-
cantly more quickly because the ¢ryslal has been
factory pre-aged

In most applhications. oven controlled crystal oscilla-
tors are conlinuously energized This being the case.
aging s the cntical charactenstic with turn-oft/turn-
on charactenshics being of ittle or no significance
However, certain applicalions require that oven con-
trofled crystal osciltators be frequently de-energized
andre-energized (a prachice which should be
avoided whenever possible) When applications
reqguire frequent turn-off, an additional series of char-
acternistics should be considered

) regaency

\

tum Qn

Yuin On

-

LN T "
hme

—Figure 6—

In Figure 6, assurme that an oscitlator1s energized
until time Tz whenit1s turned off for a penod of time
and then turned on again attime Tz Three character-
15tics may then be of significance

1 How close does the oscillator return 10 the ouiput
frequency at turn-off, a specified tme after turn-
on Thisis called the retrace characteristic
Retraceerrorat Ta=1 - f:

2 “=w much will the frequency change over moder-

. penods ot itme (hours) afler the oven has sta-
bilized. This is called the restabihzation, or warm-
up, charactenstic Restabihization rate from T: to
To = (fa—12)/{Ts — Ta)

3 How long does it take the oscillalor to achieve s
specified aging rate follow:ng a specified off
period

Many factors affect the retrace, restabilization and

reaging charactenstics Proper cireuil design and

compongnt selection mnirmize their effects, leaving

(1) the crystal and, (2) the tength of off-penod pror to

oscillator turn-on as the prime factors There s signif-

icant vanationin these charactenstics from crysiai to
crystal and they should only be specified when abso-
lutely required and then only to the degree needed.
as "tght” specificalions in this area can have a major
impact upon oscilator cost due to low yield. These
charactenstics are of little consequence in oscillators
which are energized continuously

Double Rotated (SC and IT Cut) Crystals

While most high statulity crysital oscillators use AT
Cut Crystals, SC and IT Cut Crystals are gaining
usage n the highest stabdity HF oven controlled
models
An SC Cut Crystal 1s one of a family of double rotated
AT Cutcrystals (quartz crystats cut on an angle rela-
uve 1o two of the three crystalographic axes). Others
In the family include the IT Cut and FC Cut, but the
SC Cutrepresents the optimum double rotated
design asits particular angie provides maximem
stress compensaton, hence the name

Following 1s a comparison between double rotated
(referred to simply as SC for convenience) and AT
crystals.

»

Advantage of SC Crystals:

1 Improved Aging. For a given frequency and over-
tone (e.g. 10 MHz, thurd overtene), the SC crystal
provides 2:1t0 3.1 aging improvement relative to
AT crystals.

2. Warm-up. In oven controlled oscillators with a
grvenoven design and turn-on power, the SC
crystal achieves its “final frequency” in consider-
ably less tme than does the AT crystal.

3 Phase Noise Foragiven oscillator design, crystal
frequency and overtone, the SC crystal provides
higher ( and associated improved phase noise
characteristics. This improvement only applies
close to the carrier as the noise fioor 1s determrned
by circuit design rather than the ¢rystal.

4 thgh Operating Ambrent Temperature. Figure 7
shows the relative frequency-temperature charac-
tenstics of AT, IT and SC crystals. The upper tem-
perature turn-over point of the AT crystal ("A”"in
Figure 7) and lower temperature turn-over point of
the SC crystal ("B’ in Figure 7) are optimally in the

Frequency

1 n n

-25 0 +25  +50 75  +100 +125°
Temperaturse (*C)
~— Figure 7 =
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ywven Controlled Crystal Oscil!a:lors

v

70°C to 90°C temperature range. Based upon (a)
the desired 10°C difference between the highest
operating ambient temperature and the crystal
turn-over temperature, and (b) the manufacturing
tolerance of crystai turn-over lemperatures, these
crystals are best suited for maximum operating
ambient temperatures of 50°C 10 75°C However
the upper temperature turmng point of the IT crys-
tal ("C™n Figure 7) 1s well suiled to higher lemper-
ature operation and thus the IT crystat s a logical
choice for tugh stability oven controlled oscrilators
having a maximum operating temperature in the
85°C to 95°C range Nole thalwhile the SC and IT
crystal curves are relatively flat at elevated tem-
peratures, therr frequency falls off rapidly at low
temperatures. Thus, while they serve wellin high
stability HF oven controlled oscillators, they are
generally not well suited for other types of stable
crystal osciliators.

Jriertation Sensitivity (tip-over}. When the physi-
cal orientation of an oscillator 1s changed, there 1s
a small frequency change (typicafly not more than
several parts in 107° for any 90 degree rolation),
due to the change in stress on the crystai blank
resulting from the gravitatonal affect upon the
crystal supports Tip-over s expressed in 10-%g
where one g represents one half of a 180° orienta-
tion change. The SC crystal s less frequency
sensitive to orientation change than s the AT,
However, the tip-over difference between AT
and SC crystals 1s not consequential for most
applications and this charactenstic 1s usually not
a specificaton consideration

12

6. Spurious Under Vibration  When a crystal
oscillator 1S subjected to vibration, spurious
frequencies are generated, offset from the .
frequency of oscrllation by the frequency ol vibra-
ion The ampiitude of these spurious cutputs 1s
related 1o the amplitude of wibration, the mecham-
cal design of the crystal support, and the
mecharucal design of the oscillator The SC crys-
tal produces lower amphitude spuru under vibra-
bon than does the AT, however, this charactenshc »
1S determined more by the mechanical designs of
ihe crystal and oscillator than by the crystal cut .«

Disadvantages of SC Crystals:

1 Cost Because of difficulties associated with
tightly-controlted angle rotations around two axes
in the manufacture of SC cryslals vs one axis for
the AT, the SC crystal s several trmes the cost
of an AT of the same frequency and overtone

2. Puflabilty The motional capacitance of an SC
crystalis several times less than that of an AT of
the same frequency and overtone, thus reducing
the ability to “pull” the crystal frequency This
restricts the SC crystat from being used i con-
ventional TCXQOs and VCXOs, or even in oven
controlled oscillators requinng the ability to
deviale the frequency of oscillation by any
significant degree

In summary, the surtability of double rotated
crystals for use in crystal oscillators 1s essentially
restricted to those oven conirolled apphcations .
where the improved aging, warm-up, and close-in
phase noise characteristics justify a significant
costincrease.
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