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Statement and a much valued outside opinion…Statement and a much valued outside opinion…

ProloguePrologue
I strongly believe that the concept 
I will present is sensible and it is 
vital for LIGO in the medium term.

Hello,
In general it would be a mistake to depend on a raw GPS receiver for

timing control. There are just too many potential problems and 
reliability issues.
A standard commercial cesium has a time dispersion of a few ns per

day once its rate offset has been calibrated. It could easily provide
a primary time source for your facility. A rubidium standard would be
much cheaper, but its free-running performance would not be good enough
to support your requirements. A GPS-disciplined rubidium could do the
job. It would be much cheaper than a cesium, but it would not provide
the same level of independence from outside problems. There are a number
of commercial devices that you could choose from -- you don't have
to build this yourself.
It is a simple matter to synchronize two sites to much better than

1 us using GPS. It is not too hard to get synchronization at the level
of tens of ns, and you could get down below 10 ns if you are willing
to work at it. The time could be traceable to NIST or USNO without
too much trouble. You could also use the NIST services to calibrate
and certify your frequency standards if you wanted continuous real-time
traceability.
The hardware provided by Timing Solutions will certainly do the 

job for you. It is probably quite a bit fancier than you need based
on your requirements, but it will certainly do what you want.
Generally speaking, it is hard to transmit 1 pps signals over any
distance, and it is more common to use one of the other formats and
to regenerate the 1 pps when it is needed.

Judah Levine
Time and Frequency Division
NIST Boulder

Proposal to purchase, install and commission  
atomic standard based timing systems at the LIGO 
observatories to 

• establish legally traceable and accurate LIGO timing

• ensure long term stability

• provide a single time standard for each observatory

• dramatically increase timing reliability, dependability
and robustness via quality and redundancy

• set the standard for international GW collaboration 
timing systems

• make it better than the “absolutely necessary” for 
extra confidence and long lasting performance

• do it right the first time and avoid future “timing 
mitigation” efforts and expenses

• give us the confidence we need for the first 
detection!



Background and questionsBackground and questions

Present LIGO timing is solely based on GPS…
» Large number of independent units and antennas
» Large distances between units and antennas
» None of the GPS units can fail during operation
» Most units are from a single small manufacturer

Can we afford to have different time at different crates?
Can we keep timing in case of GPS outage?
How reliable and accepted is GPS based timing?
How reliable are GPS receivers?
Can we present credible timing to the world in case of detection?
Can we make it more robust? 
For coincidence analysis accurate relative and absolute timing is a 
necessity

» Is it wise to solely rely only on the GPS system?
» Delays on the signal path?
» Are we synchronized to the world? (e.g. external triggers)
» Are we running in sync? How much in sync?
» Do boards from different manufacturers give us the same time?
» Do we ALWAYS get the right time from the GPS?
» GPS is complicated -> are there firmware bugs?



Various levels of potential GPS failures Various levels of potential GPS failures 

Core GPS system level
» Selective availability, jamming, software bugs, … 

Satellite level
» On board clock failures, spacecraft to spacecraft inconsistencies, …

Geophysical / RF transmission level
» Solar activity, ionosphere, troposphere, storms, multipaths, … 

Antenna / cabling level
» Satellite visibility, environmental issues, reflections, connectors, …

Board / firmware level
» Limited firmware precision, board to board, time to time variations, built in bugs, …

• Fundamental limitations

• Failure modes experienced

• Failure modes possible

• Avoidable but “unavoided” failures

Wide selection of scary examples in the literature !a 270 page thesis …



Selective availability is off … is it for forever?Selective availability is off … is it for forever?

“Note that peak-to-peak excursion were 
reduced dramatically without selective 
availability, but that averaging against a 
stable atomic or quartz oscillator is still 
required to eliminate instantaneous noise 
effects. Mathematically estimating an 
average 1PPS and correcting for 
estimation errors still requires the baseline 
of an atomic oscillator to achieve long-term 
frequency accuracy.”

~0.75 µs

- Factor of ~2 in rms
improvement only

- The military is still 
more accurate

- Ionosphereric 
uncertainty is significant

- Long term stability still 
requires a local atomic 
oscillator

- Dynamic use of GPS 
timing information is 
dangerous



~70ns for 1 hour averages !!

http://www.boulder.nist.gov/timefreq/service/gpstrace.htm

~300ns !

2000-4-24

~300ns !

1998-4-24

~120ns !

2002-4-24

Note the large gaps… NIST DAQ or GPS?



Not much good news from a longNot much good news from a long--term GPS evaluation project…term GPS evaluation project…



LIGO LIGO –– Virgo GPS board comparison resultsVirgo GPS board comparison results

LIGO and VIRGO use different GPS boards
» Is there a difference?
» Measure the board to board jitter 1 PPS signals …

Conclusion
Significant difference exist
The software correction on the Datum (Virgo) card helps but 
not too much
When confronted, the Datum executives were 

» Not at all surprised
» Stated that such difference is 

– normal
– will exist between even identical boards

» Attributed to the board and not to the GPS system
» Kindly offered regular and costly calibration services

LIGO has its own history of GPS related glitches
» Firmware bug
» Cable and antenna problems

Ergo, presently the timing dynamically varies
» from site to site
» from building to building
» potentially from rack to rack
» from board to board
» from time to time 

Establishing legal traceability for our timing is impossible now

Can timing compromise our credibility in the future?

LIGO 1PPS
(trigger source)

1PPS VIRGO GPS 
antenna

VIRGO 1PPS

~1.2 µs !

~0.7 µs !



Proposed Timing System ExtensionProposed Timing System Extension

Centralized atomic clock with time distribution over fiber to 
the corner/mid/end stations.
Serves as an independent means to verify current GPS 
based timing system.
Periodic calibrations to NIST standard.
Long term: may use it as the primary clock.
Use it to synchronize the photon calibrator.
Yields accurate timing calibration of ETM displacements.
Some might think it is an “overkill” but it should eliminate 
any doubts in the current (rather complicated) system.

Confidence is extremely important—both inside and outside of 
the collaboration!



Proposed timing system geometryProposed timing system geometry

Portable
Rb clock

Fixed

Cs clock

Master Clock and 
Distribution Assembly

M
ass-Storage room

Single mode fibers

~ 100 m ~ 100 m

~ 2km~ 2km

~ 4km ~ 4km

Necessary subsystems:

1. Fixed Caesium clock for 
long term stability

2. Portable Rb clock for 
mobility

3. Optical fiber based 
distribution system to 
ensure centralized timing 

LVEA 2LVEA 1

Mid YMid X

Time Code 
Generators at VEAs

End X End Y
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Datum Datum Caesium Caesium PlusPlus



Multiple uses for a portable Multiple uses for a portable Rb Rb clockclock

- GPS independent time transfer between primary clocks 

- Mobile base to investigate intra-site, inter-site and international timing issues

- Instant backup for Caesium or local clocks



Preferred portable Rubidium clockPreferred portable Rubidium clock

[hours]



Optical timing distribution system costOptical timing distribution system cost

HanfordHanford: (for 6 TCT nodes)

~39k$
+5k$ if 10MHz output is needed

LivingstonLivingston: (for 3 TCT nodes)

~25k$
+2.5k$ if 10MHz output is needed

TotalTotal: (for 3 + 6 TCT nodes)

~64k$    ~64k$    ++ if extra outputs are needed

Anatomy of TCT modules



Major hardware costMajor hardware cost

Caesium clocks
» ~ 2 x 38k$

Portable Rb clocks
» ~ 2 x 15 k$ 

Optical distribution system
» ~ 25 + 39 k$ 

Estimated total
» ~ 200 k$ 

– assumes an additional 30 k$ for initial 
calibration, installation, UPSs, epics alarms, 
etc. 

» The exact spare policy must be 
addressed as it depends on the method 
of use

Delivery prospects:
» Clocks 

– ~4-6 wks ARO
» Distribution system

– 01 October 2003



SummarySummary

It is sensible to complement our timing systems with
» legally traceable highly accurate Caesium clocks
» Portable Rb clocks which are

– very rugged
– highly accurate on the short term (days)

» installing an optical fiber based timing distribution system
– go for high precision, let the atomic clock set the error
– put the full observatory on a single time base
– centralize backup power environmental requirements
– Avoid RFI, ground loop and acoustic noise problems

If there is an intent to rely on this system, it is fairly 
straightforward to address 

» replacement part issues – the system is highly modular
» redundancy issues – two atomic clocks at each site
» Specific CDS signal requirements – TS will work with us

It costs money, but this is the right way to do it.

Please visit http://www.ligo.caltech.edu/~smarka/Caesium/ for additional documents.

http://www.ligo.caltech.edu/~smarka/Caesium/
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