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Background ςTom Clark
Å Oscillators and Clocks
Å What ά/ƭƻŎƪέ tŜǊŦƻǊƳŀƴŎŜ 5ƻŜǎ ±[.L bŜŜŘ?
Å ά!ōǎƻƭǳǘŜ ¢ƛƳŜέ όƛΦŜΦ /ƭƻŎƪ !ŎŎǳǊŀŎȅ ύ 

The Hydrogen Maser - Katie Pazamickas
Å Maser Outputs
Å Data/Frequency Monitoring
Å Troubleshooting/Routine Maintenance

GPS Time - Rick Hambly
Å Week rollover may mean retiring old GPS receivers 
Å GPS ǊŜŎŜƛǾŜǊΩǎ ǉǳŀƴǘƛȊŀǘƛƻƴ error
Å ά!ōǎƻƭǳǘŜέ wŜŎŜƛǾŜǊ /ŀƭƛōǊŀǘƛƻƴ
Å New developments

Katie Pazamickas, Tom Clark & Rick Hambly 
@Haystack, May 2015
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Long-Term 

seconds - years 

Events that occur with a 
defined

nsec -- minutes

Oscillator
Å Escapement Wheels & Pendulums
Å Crystal Oscillators
Å Cavity Oscillators
Å Oscillator Locked to Atomic Transition

o Rubidium (6.8 GHz)
o Cesium (9.1 GHz)
o Hydrogen Maser (1.4 GHz)

Integrator and Display = Clock
Å Gears
Å Electronic Counters
Å Real Clocks

Katie Pazamickas, Tom Clark & Rick Hambly 
@Haystack, May 2015



The VLBI community (Radio Astronomy and 
Geodesy) uses Hydrogen Masers at 40-50 
remote sites all around the world. 

To achieve ~10° signal coherence for ~1000 
seconds at 10 GHz we need the 2 clocks 
(oscillators) at the ends of the interferometer 
to maintain relative stability of: 
Åº[10°/(360° * 1010Hz * 103sec)]

Åº2.8* 10-15 @ 1000 sec.
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ÅIn Geodetic applications, the station 
clocks are modeled at relative levels ~30 
psec over a day:

Åº[30È10-12 / 86400 sec] 

Åº3.5È10-16 @ 1 day

4
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To correlate data acquired at 16Mb/s, station timing at 
relative levels ~50 nsec or better is needed. After a few days 
of inactivity, this requires:
Å º[50 * 10-9 / 106 sec] 
Å º5 * 10-14 @ 106 sec

Since VLBI now defines UT1, VLBI needs to control  
[UTC(USNO) - UTC(VLBI)] with an ACCURACY
(traceable to USNO) 
Å º100 nsec - 1 msec

To detect problems, VLBI should monitor the long-term 
behavior of the Hydrogen Masers (at least) every hour with 
PRECISION
Å º10-50 nsec 
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Allan Deviations of Typical Clocks
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The ONLYreal reason for worrying about 
άŀōǎƻƭǳǘŜ ǘƛƳŜέ ƛǎ ǘƻ ǊŜƭŀǘŜ ǘƘŜ Ǉƻǎƛǘƛƻƴ ƻŦ ǘƘŜ 
earth to the position of the stars:
ÅGenerating Sidereal Time to point antennas.

ÅMeasuring ¦¢м όƛΦŜΦ ά{ǳƴŘƛŀƭ ¢ƛƳŜέύ ǘƻ ǎŜŜ ŎƘŀƴƎŜǎ 
due to redistribution of mass in/on the earth over long 
ǇŜǊƛƻŘǎ ƻŦ ǘƛƳŜ  όŀΦƪΦŀΦ ά¢ƘŜ wŜŦŜǊŜƴŎŜ CǊŀƳŜέύ

ÅKnowing the position of the earth with respect to the 
moon, planets and satellites.

ÅMaking the correlation and Data Analysis jobs easier

Katie Pazamickas, Tom Clark & Rick Hambly 
@Haystack, May 2015
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At the stations this means that we will need to pay 
more attention to timing elements like

ÅFrequency Standard and Station Timing 

ÅThe lengths of all signal & clock cables

ÅThe geometry of the feed/receiver to the antenna.

ÅCalibration of instrumental delays inside the 
receiver and backend. The development of new 
instrumentation is needed.

ÅThe care with which system changes are reported to 
the correlators and the data analysts.

Katie Pazamickas, Tom Clark & Rick Hambly 
@Haystack, May 2015
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The Real Signal Path

* Note --LŦ ǘƘŜ ŀȄŜǎ ŘƻƴΩǘ ƛƴǘŜǊǎŜŎǘΣ ǘƘŜƴ ŀƴ άƻŦŦǎŜǘ ŀȄƛǎέ 

model of the antenna is used

Katie Pazamickas, Tom Clark & Rick Hambly 
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H-Maser

Phase Cal Ground Unit: 
Monitors Cable Length 

Changes

Counter

Cable Length 
Transponder

Divide by n

5/10 MHz

Microwave 
Receiver

1/5/10 MHz

1 Pulse/˃ sec

DOWN

UP

¢Ƙƛǎ ƛǎ ǘƘŜ άŎƭƻŎƪέ ǘƘŀǘ ƛǎ ǳǎŜŘ ǘƻ 
analyze VLBI data

Quasar

Pulse 
Generator

ON ANTENNA

CONTROL ROOM

IF
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IF From 
Microwave 
Receiver

IF 
Distributor

Down 
Converter

5/10 MHz

Clock in Mk5 or 
Mk6 (XCube) 

Formatter

5/10 MHz

Clipper/ 
Sampler

¢Ƙƛǎ ƛǎ ǘƘŜ άŎƭƻŎƪέ 
the correlator uses 

to make fringes

Mark 5 or
Mark 6 (XCube) 

Recorder

H-Maser
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ú Compare two distant clocks by observing the same GPS satellite(s) at the 
same time(also called Common View)
ÁRequires some inter-visibility between sites
ÁRequires some near-real-time communication
Á[ƛƴƪǎ ȅƻǳ ŘƛǊŜŎǘƭȅ ǘƻ ǘƘŜ άaŀǎǘŜǊ /ƭƻŎƪέ ƻƴ ǘƘŜ ƻǘƘŜǊ ŜƴŘ ŀǘ Ϥм ƴǎŜŎ ƭŜǾŜƭ

ú Use Geodetic GPS receivers(i.e. as an extension of the IGS network)
ÁwŜǉǳƛǊŜǎ ƘƛƎƘ ǉǳŀƭƛǘȅΣ ǇǊƻōŀōƭȅ Řǳŀƭ ŦǊŜǉǳŜƴŎȅΣ ǊŜŎŜƛǾŜǊ ōǳǘ ƛǘΩǎ ƘŀǊŘ ǘƻ Ǝŀƛƴ 

access to the internal clock.
ÁRequires transferring ~1 MB/day of data from site
ÁRequires fairly extensive computations using dual-frequency data to get 

~300psec results with ionosphere corrections
ÁAllows Geodetic community to use VLBI Site (and H-Maser) for geodesy 
Á5ƛŦŦƛŎǳƭǘ ǘƻ ƻōǘŀƛƴ άwŜŀƭ ¢ƛƳŜέ ŎƭƻŎƪ ǇǳƭǎŜǎΗ

CBlindly use the Broadcast GPS Timing Signals as a clock

ü¸ƛŜƭŘǎ άwŜŀƭ ¢ƛƳŜέ  Ϥмл-30 nsec results with ~ $1000 hardware
üSingle Frequency L1 only (for now) causes ionosphericerror

12Katie Pazamickas, Tom Clark & Rick Hambly 
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ÅStart with a good timing receiver, like the Motorola Oncore
or the Synergy SSR (uBlox).

ÅAverage the positioning data for ~1-2 days to determine the 
ǎǘŀǘƛƻƴΩǎ ŎƻƻǊŘƛƴŀǘŜǎΦ ¢Ƙƛǎ ǎƘƻǳƭŘ ōŜ ƎƻƻŘ ǘƻ ғр ƳŜǘŜǊǎΦ hǊ ƛŦ 
the site has been accurately surveyed, use the survey values.

Å[ƻŎƪ ǘƘŜ ǊŜŎŜƛǾŜǊΩǎ Ǉƻǎƛǘƛƻƴ ǘƻ ǘƘƛǎ ŀǾŜǊŀƎŜΦ

ÅMake sure that your Time-Interval Counter (TIC) is triggering 
cleanly. Start the counter with the 1 PPS signal from the 
άƘƻǳǎŜέ ŀǘƻƳƛŎ ŎƭƻŎƪ ŀƴŘ ǎǘƻǇ ǿƛǘƘ ǘƘŜ Dt{ ǊŜŎŜƛǾŜǊΩǎ мtt{Φ

ÅAverage the individual one/second TIC readings over ~5 
minutes.

ÅThese steps have been automated in Tac32Plus.

13Katie Pazamickas, Tom Clark & Rick Hambly 
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From: Roberto Ambrosini, Tom Clark, Brian Corey, and Ed Himwich
To: All IVS Stations 
Date: 1 May 2014 

We recommend the following practices for management of the 1 PPS derived from the Maser and used as the station 1 PPS. 
Its synchronization with UTC as derived from the GPS 1 PPS offers a common timing reference for all VLBI stations 
worldwide. We refer to the difference in the epochs of the Maser and GPS 1 PPS signals, as measured by a counter, as the 
Maser/GPS offset, regardless of which signal occurs later. 

Because it is evident that crossing zero time for the Maser/GPS offset should be carefully avoided (the counter would read 
the complement of one second of the desired delay, arithmetic processing of data by the counter not being recommended), 
we recommend keeping the offset at a small but significant distance from zero and its drift rate positive. 

We also recommend keeping the time and frequency retuning of the Maser at a minimum, typically no more than once in a 
year. 

This procedure offers: less work at the station, better modelling of the long term drift of the Maser, and a better chance to 
identify jumps in the offset. 

Here follow some practical recommendations for the Maser/GPS offset: 

(1) Either the Maser 1 PPS or GPS 1 PPS can occur first. 

(2) The offset should be significantly, at least a few microseconds, different from zero. 

(3) The offset should not be too large, a useful upper limit might be on the order of 100 microseconds. 

(4) The offset should be growing slowly, typically less than 0.1 microseconds/day. 

(5) The offset should not be adjusted unnecessarily, no more often than once per year if possible. 

(6) Items (2)-(5) are only recommendations and may not be feasible in some situations and do not need to  replace existing 
successful practice at any station. However to the extent it is reasonable, stations should align themselves with these 
practices. 

14Katie Pazamickas, Tom Clark & Rick Hambly 
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Recommendation (1) is a recognition that different stations have different preferences on which 1 PPS occurs first: Maser or GPS. 

Recommendations (2)-(4) are intended to minimize both the need to re-tune the Maser and the chances of the offset going through 
zero. 

Recommendation (5) is intended to make it easier to relate the offset data from one experiment to another. 

For completeness, the following requirements (as opposed to recommendations) are listed for the FS log recorded offset between 
GPS and formatter 1PPS signals, the "GPS/FM offset". These requirements are necessary to allow correct interpretation of the offset 
data downstream. Please note that these requirements deal with the GPS/FM offset, which is related to, but different from 
Maser/GPS offset discussed above. In addition to the GPS/FM offset, stations can, and are encouraged to, record (appropriately 
labelled) additional available clock offset data, including the Maser/GPS offset, in their FS logs or separately. 

The requirements for the GPS/FM offset recorded in the FS logs: 

(7) The offset is positive and small, i.e. close to (but not too close to) zero and NOT close to one second. If the recommendations  
(2)-(4) for the Maser/GPS offset above are used for that offset, they are likely to also be true for the GPS/Maser offset as
well. In any event, the GPS/FM offset should not cross zero. 

(8) The offset is recorded with either of two possible commands  depending on how the counter is connected. The connections 
should be chosen to agree with (7) and: 

(A) If the counter is started by the GPS 1 PPS, use the  "gps-fmout" command. This should be the case if the formatter  output 
1 PPS (usually determined by the Maser) is late. 

(B) If the counter is started by the fmout 1 PPS, use the "fmout-gps" command. This should be the case if the GPS 1 PPS is late. 
It will be necessary to change which command is used if which  signal is late changes. This should not be needed if  

recommendations (2)-(4) for the Maser/GPS offset are followed. 

(9) The offset counter does not use arithmetical processing. It just reports the "raw" difference in time between the start and stop  
signal. So for example, the small positive offset in (7) is not achieved by subtracting the raw difference from 1 second. 

(10) The offset counter does not use averaging. This allows immediate detection of jumps. Averaging can be applied in post 
processing of the data. 

(11) The offset must be measured at least once per scan in MIDOB. Additional measurements are acceptable as well.

15Katie Pazamickas, Tom Clark & Rick Hambly 
@Haystack, May 2015



Katie Pazamickas, Tom Clark & Rick Hambly 
@Haystack, May 2015



Credit: Microsemi MHM2010 Manual
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Credit: Microsemi MHM2010 Manual
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Sigma Tau MHM 2010 NR Maser
Å2 5MHz
Å2 10 MHz
Å2 1PPS

ÅMaser Data
ÅSync Port

Å4 5MHz 
Å2 1 PPS
ÅMaser Data
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Maser Data Monitoring Frequency Data ςTAC32 Plus
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ÅHydrogen Pressure

ÅMicroprocessor batteries

ÅMagnetics/Degaussing

ÅVacion pumps

ÅHydrogen gas

ÅFrequency corrections

Katie Pazamickas, Tom Clark & Rick Hambly 
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ÅPower Outages
ÅTemperature instabilities-

heater currents

ÅLoss of IF/VCO

ÅBackup Batteries

ÅMicroprocessor Failure

ÅPower Supplies

ÅFuses

Katie Pazamickas, Tom Clark & Rick Hambly 
@Haystack, May 2015



ÅWeek rollover may mean retiring old GPS receivers 
(Motorola VP, UT+, etc.)

Åά²Ŝ have legacy equipment using the OncoreVP. We have 
found that the VP receivers have a cutoff date after which 
the date reverts back 1024 weeks. The final VP swver10 rev 
0 has an end date of operation of 13 Aug нлмсέ

ÅDt{ ǊŜŎŜƛǾŜǊΩǎ ǉǳŀƴǘƛȊŀǘƛƻƴ ŜǊǊƻǊ όάsawtoothέύΦ

Åά!ōǎƻƭǳǘŜέ wŜŎŜƛǾŜǊ /ŀƭƛōǊŀǘƛƻƴ

ÅNew developments
ÅThe SSR-M8T GNSS receiver
ÅTac32Plus updates
ÅCNS Clock II functional improvements (NTP, Oscillator. 

PPS)

24Katie Pazamickas, Tom Clark & Rick Hambly 
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Rx A - Motorola M12+ V2.0 vs. USNO
Data logged by Tac32Plus, Aug 8, 2002 UTC (Day 220).

©2002 CNS Systems, Inc., plotted by Richard M. Hambly

RED = Raw 1PPS     BLUE = Sawtooth Corrected Data

COPYRIGHT 1991-2002 MOTOROLA 

INC.

SFTW P/N #     61-G10268A

SOFTWARE VER # 2

SOFTWARE REV # 0

SOFTWARE DATE  AUG 14 200

MODEL #    P283T12NR5

HWDR P/N # 2

SERIAL #   P030XY

MANUFACTUR DATE 2G13
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~26 nsec 

p-to -p

~1.5 nsec RMSnoise (after 
applying quantization correction)
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ωFor the older Oncore, F=9.54 MHz, so the 1/F quantization error has a range 
of +/- 52 nsec (104 nsec peak-to-peak)

ωThe newer M12+ & M12M have F º40 MHz, so the quantization error has 
been reduced to +/- 13 nsec (26 nsec).

IN

1PPS OUT

1 PPS
C lock
Edge

 1/F
C lock
Edge

R S232

  MASTER
OSCILLATOR
  & CLOCK

RF
STUFF

LOs

   DSP STUFF
Samplers
Correlators
Integrators

Computer

Looooonnnngggg Counter

Freq = F

START REGISTER

STOP REGISTER

LATCH

These are derived from the same 1/F
Signal source, so they are locked to each other.

Unless 1/F is a "perfect" multiple of 1second,
the 1PPS will have a sawtooth "walk"

Serial message tells error +/- 1 nsec

CRYSTAL

Katie Pazamickas, Tom Clark & Rick Hambly 
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ÅWhen the formatter (Mark 5/6 sampler) needs to be reset, you have to 
feed it a 1PPS timing pulse to restart the internal VLBI clock. After it is 
ǎǘŀǊǘŜŘΣ ƛǘ Ǌǳƴǎ ǎƳƻƻǘƘƭȅ ŀǘ ŀ ǊŀǘŜ ŘŜŦƛƴŜŘ ōȅ ǘƘŜ aŀǎŜǊΩǎ рκмл aIȊΦ

ÅThe AVERAGEƻŦ ǘƘŜ мtt{ ǇǳƭǎŜǎ ŦǊƻƳ ǘƘŜ Dt{ ǊŜŎŜƛǾŜǊ ƛǎ άŎƻǊǊŜŎǘέΣ ōǳǘ 
any single pulse can be in error by Ñ13 nsec (or Ñ52 nsec with the older 
VP & UT Oncorereceivers) because of the quantization error.

ÅOnce you have restarted the formatter with the noisy 1 PPS signal, you 
then measure the actual (GPS minus Formatter) time that you actually 
achieved.

ÅOr, you can use the 1PPS from a CNS Clock II which has the quantization 
error removed.

27Katie Pazamickas, Tom Clark & Rick Hambly 
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GPS
Timing 
Receiver

Programmable Delay Line
with 250 psec steps

(Dallas/Maxim DS1023)

1PPS with 
quantization noise

Serial Data

ά/ƭŜŀƴέ 
1PPS

RS-232

PIC Microprocessor generates the
correction for the NEXT1PPS tick
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Data available on RS-232, USB 2.0, Ethernet 
LAN, RS-485 and solid state relay Ports.

Ethernet NTP Server for your LAN.
TNCGPS Antenna Connector.
Buffered 1 PPS outputs.
GPSDO10 (or 5) MHz output. 
High Performance PPS.
Steered OCXO.
Steered Oscillator Utility Functions.

Many Options: IRIG-B, etc.
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1994 ς2004: the TAC 1PPS Sawtooth 
Correction Option

Available Since January 2005, now at Revision J
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CNS Clock II with M12M JB6430 V1.1 with 0.15nsec/div Delay Line

Hardware vs. Software 1PPS Corrections
Data logged by Tac32Plus, April 19, 2009 UTC (Day 109).

©2009 CNS Systems, Inc., plot by Richard M. Hambly

RED = Raw 1PPS     GREEN= Hardware Corrected Data     BLUE = Software Sawtooth Corrected Data     Violet = Correction Difference
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Tac32Plus software simultaneously 

processes data from four Time 

Interval Counters and four CNS 

Clocks, writing 12 logs continuously.

Time Interval Counters compare 

the 1PPS from each CNS Clock 

(M12+) against the USNOôs 

UTC time tick.

/ŀƭƛōǊŀǘƛƴƎ ǘƘŜ ά5/έ hŦŦǎŜǘ ƻŦ aмнҌ ǊŜŎŜƛǾŜǊǎ ǿƛǘƘ нΦл CƛǊƳǿŀǊŜ ƛƴ нллн

We have observed that the ONCOREfirmware evolution from 5.x Ý 6.x Ý 8.x Ý 10.x has been accompanied by 
ŀōƻǳǘ пл ƴǎŜŎ ƻŦ ά5/έ ǘƛƳƛƴƎ ƻŦŦǎŜǘǎΦ 

Motorola tasked Rick to make the new M12+ receiver be correct.

¢Ƙƛǎ ƛǎ ǘƘŜ άDƻƭŘ {ǘŀƴŘŀǊŘέ  ά!έ ǊŜŎŜƛǾŜǊ ǘƘŀǘ ǿŜ ǳǎŜŘ 
for subsequent calibrations.Katie Pazamickas, Tom Clark & Rick Hambly 

@Haystack, May 2015



Individual M12 Clock Performance 
άDƻƭŘέ wŜŎŜƛǾŜǊ ό!ύ ŀǾŜǊŀƎŜ ά5/έ ƻŦŦǎŜǘ Ґ -0.6 ns
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Rx A - Motorola M12+ V2.0 vs. USNO
Data logged by Tac32Plus, Sep 4 - Sep 16, 2002 UTC (Days 247 - 259).

Data is sawtooth corrected. Averaging Period is 100 seconds.

©2002 CNS Systems, Inc., plotted by Richard M. Hambly

Max values within 

averaging period (Blue)

Min values within 

averaging period (Green)

Mean values for  

averaging period (Red)

Average Noise (sawtooth corrected) = 1.2 nsec

COPYRIGHT 1991-2002 MOTOROLA INC.

SFTW P/N #     61-G10268A

SOFTWARE VER # 2

SOFTWARE REV # 0

SOFTWARE DATE  AUG 14 200

MODEL #    P283T12NR5

HWDR P/N # 2

SERIAL #   P030XY

MANUFACTUR DATE 2G13
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Comparing four M12+ Timing Receivers
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Motorola M12+ V2.0 vs. USNO
Data logged by Tac32Plus, Sep 4 - Sep 16, 2002 UTC (Days 247 - 259).

Data is sawtooth corrected. Averaging Period is 100 seconds.

©2002 CNS Systems, Inc., plotted by Richard M. Hambly
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ÅAround 2005, Motorola quit the GPS business and the M-12 
design was licensed to iLotusin Singapore.  The current 
iLotustiming receiver is called the M-12M.

ÅAnticipating the need for a M-12 replacement, Rick & Art 
Sepin (Synergy) examined the Swiss-built uBlox  LEA-6 
receiver module. Because of the large installed base of 
Motorola/iLotusreceivers, Rick developed a hybrid M-12 
emulator; an M-12 sized board and a PIC P˃ to convert the 
uBlox binary command set to the Motorola @@ binary 
format.

ÅMore recently, this new receiver has been upgraded with 
improved hardware, firmware and the uBlox M8T GNSS 
module that supports multiple satellite systems, not just 
GPS. This is in the latest CNS Clock II product.

Katie Pazamickas, Tom Clark & Rick Hambly 
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An iLotusM-12M module. 
The M12+ looks just the same 

The Synergy SSR-M8T Receiver

Katie Pazamickas, Tom Clark & Rick Hambly 
@Haystack, May 2015

The uBlox LEA6T module
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Distributor

4@ HP53132 
CountersKatie Pazamickas, Tom Clark & Rick Hambly 

@Haystack, May 2015
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10 days of 1 minute averages of
Sigma-Tau 1pps tick to each of 4 rcvrs.
Maser rate ~ 27.3 nsec/day
Clock offsets ~ 8 ˃sec
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