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Topics I will discussTopics I will discuss
Requirements and limitations: path delay, Requirements and limitations: path delay, 
receiver calibration, local effects receiver calibration, local effects 
Methods: oneMethods: one--way, twoway, two--way, commonway, common--view, view, 
allall--inin--viewview
Systems: lowSystems: low--frequency systems (WWVB and frequency systems (WWVB and 
Loran), GPS, other satellites, telephone lines, Loran), GPS, other satellites, telephone lines, 
and the Internetand the Internet
Algorithms for clock disciplineAlgorithms for clock discipline
–– What do you do with the data after you get it?What do you do with the data after you get it?
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IntroductionIntroduction

Time distribution depends on accuracy Time distribution depends on accuracy 
of channel delay of channel delay 
–– Delay through each link in the chain must Delay through each link in the chain must 

be knownbe known
–– Minimum path delay 3 Minimum path delay 3 µµs/kms/km



Judah Levine,  FCS June, 2006: 4

IntroductionIntroduction

Frequency distribution depends only Frequency distribution depends only 
on the stability of the delayon the stability of the delay
–– Delay through each link in the chain must Delay through each link in the chain must 

be constantbe constant
–– Measurement of the delay not necessaryMeasurement of the delay not necessary
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Methods for estimating the delayMethods for estimating the delay
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OneOne--way distribution methodsway distribution methods

GPS

65 ns, Ionosphere 
delay from model or 
L1-L2 dispersion

Geometric delay, 65 ms 
estimated using ephemeris
and known position

5 ns,Troposphere 
delay from T, RH, 
or multiple satellites

Geophysical effects,
earth models, 1ns Calibration,

Multipath, 10nsReceiver
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RealReal--world limitationsworld limitations
Errors in the model parametersErrors in the model parameters
–– Broadcast ephemeris errorsBroadcast ephemeris errors
–– Troposphere zenith delay Troposphere zenith delay 
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RealReal--world limitationsworld limitations
Effects not modeledEffects not modeled
–– Multipath Multipath reflectionsreflections
–– Temperature sensitivity of the antenna Temperature sensitivity of the antenna 

cablecable
–– Effective delay through the receiverEffective delay through the receiver
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RealReal--world limitationsworld limitations
How well does it work for GPS?How well does it work for GPS?
–– Easy: 1Easy: 1µµs s 
–– possible: 50 nspossible: 50 ns
–– Very hard:  10 ns or less Very hard:  10 ns or less 
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TwoTwo--way methodsway methods

Query

Internet time 
client

Internet time 
server

Reply

Client-server delay= one-half of round-trip value
(can be measured by client or by server)
Error= (asymmetry)×(path delay)
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RealReal--world limitations world limitations ---- 11

Query

Internet time 
client

Internet time 
server

Reply

Physical path has elements that are hard to
characterize: network routers and gateways,
modems and satellite transponders, etc.
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RealReal--world limitations world limitations ---- 22

Query

Internet time 
client

Internet time 
server

Reply

Path dispersion:
Physical path are not the same

Time dispersion:
Messages are not sent at the same time
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CommonCommon--view methodview method
Path delays
are nearly equal

Source

Rcvr 1 Rcvr 2

T1= t(1) -s T2= t(2) -s

∆t= T1-T2
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RealReal--world limitationsworld limitations

Paths are not of equal delayPaths are not of equal delay
–– Estimate of difference introduces errorsEstimate of difference introduces errors
–– Ionosphere, troposphere are differentIonosphere, troposphere are different
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RealReal--world limitationsworld limitations

Local effects are not common and don’t Local effects are not common and don’t 
cancelcancel
–– Multipath Multipath reflectionsreflections
–– Temperature sensitivity of receiverTemperature sensitivity of receiver
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RealReal--world limitationsworld limitations

Sites are too far apart to see a common Sites are too far apart to see a common 
sourcesource
–– NIST/Boulder and AustraliaNIST/Boulder and Australia
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All in view melting potAll in view melting pot
Com ref

S1 S2 S3 S4 S5 S6 S7 S8

2-C 3-C 4-C 5-C 6-C 7-C 8-C1-C

Rcvr 1 Rcvr 2

∆1=(S1+S2+S3+S4)/4 ∆2=(S5+S6+S7+S8)/4

∆T=∆1-∆2
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RealReal--world limitationsworld limitations

Same as oneSame as one--way and commonway and common--viewview
Errors in link between satellite clocks Errors in link between satellite clocks 
and common referenceand common reference
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Comparison of the methodsComparison of the methods

TwoTwo--wayway
–– Requires only a symmetrical path delayRequires only a symmetrical path delay

•• Including symmetry of endIncluding symmetry of end--point hardwarepoint hardware
–– Error proportional to asymmetry and Error proportional to asymmetry and 

delaydelay
–– Not always possible or practicalNot always possible or practical
–– No casual associationsNo casual associations
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Comparison of the methodsComparison of the methods

CommonCommon--viewview
–– Attenuates commonAttenuates common--modemode effectseffects

••Does not improve local problemsDoes not improve local problems
–– Works best when paths are nearly equalWorks best when paths are nearly equal
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Comparison of the methodsComparison of the methods

Melting potMelting pot
–– Many of the advantages of common viewMany of the advantages of common view
–– Can work even if there is no common Can work even if there is no common 

sourcesource
–– Really an ensemble of oneReally an ensemble of one--way way 

measurementsmeasurements
•• Requires better modeling of paths and clocksRequires better modeling of paths and clocks
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Comparison of the methodsComparison of the methods
One wayOne way
–– Works when nothing else is availableWorks when nothing else is available
–– Simple and often good enoughSimple and often good enough
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CommonCommon--view vs. Melting potview vs. Melting pot

Common viewCommon view
–– More problems are commonMore problems are common--mode and mode and 

will be attenuated by the subtractionwill be attenuated by the subtraction
Melting potMelting pot
–– More measurements are possible; More measurements are possible; 

measurement noise will be attenuatedmeasurement noise will be attenuated
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CommonCommon--view vs. Melting potview vs. Melting pot

Very short baseline: methods identicalVery short baseline: methods identical
Short baseline: CShort baseline: C--V probably winsV probably wins
LongLong--baseline: Mbaseline: M--P probably winsP probably wins
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Distribution SystemsDistribution Systems

LowLow--frequency groundfrequency ground--based servicesbased services
–– WWVB and similar stationsWWVB and similar stations
–– Loran and eLoran and e--LoranLoran

GPS (also GLONASS and Galileo)GPS (also GLONASS and Galileo)
TwoTwo--way systemsway systems
–– Communications satellites Communications satellites 
–– Digital systems using the Internet, or dialDigital systems using the Internet, or dial--

up telephone linesup telephone lines
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LowLow--frequency servicesfrequency services
WWVB (60 kHz) and its friends (< 100kHz)WWVB (60 kHz) and its friends (< 100kHz)
–– Model path delay to 10 ms or better Model path delay to 10 ms or better 
–– Variation in delay near sunrise and sunsetVariation in delay near sunrise and sunset
–– Path delay stability (over 24 hrs): few Path delay stability (over 24 hrs): few µµss

•• 1 1 µµs/24 hrs ~ 10s/24 hrs ~ 10--1111 (as good as a rubidium standard)  (as good as a rubidium standard)  

–– Easy to receive, modest power provides Easy to receive, modest power provides 
continental coverage, usually with no outside continental coverage, usually with no outside 
antenna.antenna.

–– Used for wall clocks, wrist watches, simple Used for wall clocks, wrist watches, simple 
automationautomation

•• Correction for daylight saving time, leap seconds, Correction for daylight saving time, leap seconds, ……
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Renaissance of lowRenaissance of low--frequencyfrequency

Early use was for frequency calibrations:
Delay is very stable over 24 hours

Increased power supports consumer applications
Wrist watches, wall clocks, …
Cheaper and simpler than GPS
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Loran Loran -- 11

Transmits highTransmits high--peakpeak--power pulses power pulses 
using carrier at 100 kHzusing carrier at 100 kHz
–– Multiple (at least 3) synchronized stationsMultiple (at least 3) synchronized stations

•• A Loran “chain,” 1 is master, rest are slavesA Loran “chain,” 1 is master, rest are slaves
•• Geometry guarantees unique identificationGeometry guarantees unique identification

W X
Geometrical
delay cannot
reverse ordering

Z Y
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Loran Loran -- 22

Shape of pulses very carefully Shape of pulses very carefully 
controlledcontrolled
Original recipe has no additional Original recipe has no additional 
information and was intended information and was intended 
primarily for hyperbolic navigationprimarily for hyperbolic navigation
Enhanced Loran will add time of day Enhanced Loran will add time of day 
and other informationand other information
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Loran Loran -- 33

Stations in each chain identified by time Stations in each chain identified by time 
interval between pulsesinterval between pulses
–– Seneca, NY  (master of 9960 chain) Seneca, NY  (master of 9960 chain) 

•• pulse period of 99.6 ms (10+ pulse period of 99.6 ms (10+ ppspps), TOC=4m9s), TOC=4m9s
–– Fallon, NV (master of 9940 chain)Fallon, NV (master of 9940 chain)

•• Pulse period of 99.4 ms (10+ Pulse period of 99.4 ms (10+ ppspps), TOC=8m17s), TOC=8m17s
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Loran Loran -- 44

Pulses “on time” only at a “TOC”Pulses “on time” only at a “TOC”
–– Difficult to use for simple time of dayDifficult to use for simple time of day

Observe signals from several chainsObserve signals from several chains
–– Use Multiple Use Multiple TOCs TOCs (Chain coincidence)(Chain coincidence)

Often used in commonOften used in common--viewview
–– Limited by anisotropies in the path delayLimited by anisotropies in the path delay
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UTC(GPS)-9610 Master (Data provided by USNO)
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Loran - NIST & USNO
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y(1day), Loran - UTC(NIST)
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Time from LoranTime from Loran
Better than 1 Better than 1 µµs 100% of the times 100% of the time
Sometimes much better than this Sometimes much better than this –– can reach can reach 
60 ns RMS60 ns RMS
–– Significant variability with time and locationSignificant variability with time and location
–– LongLong--period variations, especially over landperiod variations, especially over land
–– Your mileage may varyYour mileage may vary

Can support almost all routine civilian Can support almost all routine civilian 
timing  applications timing  applications 
Scientific, research, national labs, need Scientific, research, national labs, need 
something bettersomething better
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Frequency from LoranFrequency from Loran
OneOne--day average day average 
–– Fractional frequency accuracy of Fractional frequency accuracy of 

•• 1X101X10--1212 100% of the time100% of the time
•• 5X105X10--1313 90% of the time90% of the time

–– Supports telecom stratumSupports telecom stratum--1 (1X101 (1X10--1111))
•• Assumes reference clock has adequate holdover Assumes reference clock has adequate holdover 

stability consistent with 1stability consistent with 1--day averaging timeday averaging time

–– Cannot support highCannot support high--end cesium deviceend cesium device
–– 2X102X10--1414 with 1 day of averagingwith 1 day of averaging
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Renaissance of LoranRenaissance of Loran

Shut down scheduled several times

Now proposed as backup for GPS
Almost impossible to jam

Time and frequency accuracy can support
almost all civilian applications



Judah Levine,  FCS June, 2006: 38

20200 km

26600 km

GPS: 24 SVs (+ spares)
6 Orbital planes inclined 55 
degrees, 4 SVs/plane, not 

equally spaced in orbit

R≅ 4.2Re

3.87 km/s
T=12 hr
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GPS System TimeGPS System Time

“Composite clock” “Composite clock” 
–– average of ground and space clocksaverage of ground and space clocks

Steered to UTC(USNO) Steered to UTC(USNO) 
–– Prediction of offset in navigation message.Prediction of offset in navigation message.

Incorporates the 19 leap seconds that Incorporates the 19 leap seconds that 
were in UTC as of 1980were in UTC as of 1980
–– Time ignores subsequent leap secondsTime ignores subsequent leap seconds
–– Count of leap seconds in Count of leap seconds in navnav. message. message
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Time and the GPS satellitesTime and the GPS satellites
PRN code transmission derived from onPRN code transmission derived from on--
board atomic clockboard atomic clock
–– L1 freq= 1575.42 MHz, L2= 1227.6 MHzL1 freq= 1575.42 MHz, L2= 1227.6 MHz
–– C/A (1.023 MHz) code on L1C/A (1.023 MHz) code on L1
–– P code (10.23 MHz) on L1 and L2P code (10.23 MHz) on L1 and L2

•• Generally encryptedGenerally encrypted

Navigation message computed on the ground Navigation message computed on the ground 
and uploaded periodicallyand uploaded periodically
Navigation message has:Navigation message has:
–– PredictedPredicted orbital parameters of satelliteorbital parameters of satellite
–– PredictedPredicted offset of satellite clock from GPS timeoffset of satellite clock from GPS time
–– PredictedPredicted offset of GPS system from UTC(USNO) offset of GPS system from UTC(USNO) 
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Using the SV SignalsUsing the SV Signals

TheThe PseudorangePseudorange
–– cross correlate receivedcross correlate received prnprn signal with signal with 

local copy of code derived from SV number local copy of code derived from SV number 
and time.and time.

–– maximum in correlation gives apparent maximum in correlation gives apparent 
difference between SV time and local clock.difference between SV time and local clock.
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Using the SV SignalsUsing the SV Signals
Correct Correct pseudorangepseudorange using orbit, using orbit, 
known station position,  SVknown station position,  SV--GPS clock GPS clock 
offset,...offset,...
Result is local clock Result is local clock –– GPS time via 1 GPS time via 1 
satellitesatellite
–– Raw data rate typically 1 measurement/s Raw data rate typically 1 measurement/s 

using local 1 Hz ticksusing local 1 Hz ticks
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Code-based
Time transfer

xs,ys,zs,tsS
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Correction 1: IonosphereCorrection 1: Ionosphere
Refractivity (excess delay) proportional Refractivity (excess delay) proportional 
to “total electron content” (TEC)to “total electron content” (TEC)
TEC affects L1TEC affects L1--L2 dispersion as wellL2 dispersion as well
–– Measure dispersion to estimate TECMeasure dispersion to estimate TEC
–– Use TEC value to correct L1 dataUse TEC value to correct L1 data

L1, L2 carriers have identical P codeL1, L2 carriers have identical P code
–– L1L1--L2 does not require decrypting the codeL2 does not require decrypting the code
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Correction 1: IonosphereCorrection 1: Ionosphere
Range is linear combination of signals Range is linear combination of signals 
on L1 and L2:on L1 and L2:

L1 + C*(L1L1 + C*(L1--L2)= (1+C)*L1 L2)= (1+C)*L1 -- C*L2C*L2
•• Corrected range Corrected range noiser noiser by by 

SingleSingle--frequency common view may be frequency common view may be 
better choice for short baseline

3)1( 22 ≈++ cc

better choice for short baseline
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Correction 2: TroposphereCorrection 2: Troposphere
Refractivity (excess delay) depends on Refractivity (excess delay) depends on 
integrated densityintegrated density
–– NonNon--dispersive dispersive at radio frequenciesat radio frequencies

Assume homogeneous and isotropic Assume homogeneous and isotropic 
–– Effect proportional to path lengthEffect proportional to path length

•• Zenith delay/sin(Zenith delay/sin(elevelev angle)angle)
•• Zenith delay estimated from data or from Zenith delay estimated from data or from 

surface measurements of P, T, …surface measurements of P, T, …

Usually Z< 6 ns, often ignoredUsually Z< 6 ns, often ignored

Z t
e
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Correction 2: TroposphereCorrection 2: Troposphere
More accurate mapping functionsMore accurate mapping functions
–– Niell Niell mapping function:mapping function:

...
sin()1
1sin()1

1

+
+

++
=zT

Most important at low elevation angles
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Correction 3: Station DelaysCorrection 3: Station Delays
Antenna, cable and receiver delayAntenna, cable and receiver delay
–– Affected by ambient temperatureAffected by ambient temperature

GLONASS satellites transmit on different GLONASS satellites transmit on different 
frequenciesfrequencies
–– receiver frontreceiver front--end delay may depend on satelliteend delay may depend on satellite

Not improved by commonNot improved by common--viewview
Not improved by twoNot improved by two--way unless way unless 
symmetricalsymmetrical
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Calibration of receiver delayCalibration of receiver delay

Use simulator driven from known clockUse simulator driven from known clock
–– complicated and expensivecomplicated and expensive
–– can test for receiver design problemscan test for receiver design problems

ShortShort--baseline common view using baseline common view using 
common clock and “standard” receivercommon clock and “standard” receiver
–– differentialdifferential multipathmultipath will not cancelwill not cancel

Some evidence that methods are Some evidence that methods are not not 
equivalentequivalent
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Correction 4: Correction 4: MultipathMultipath
Reflections from ground and nearby objectsReflections from ground and nearby objects
Reflections at cable connectors, …Reflections at cable connectors, …
Reflections at impedance Reflections at impedance mismis--matchmatch
–– Systematic effect: effective path longerSystematic effect: effective path longer

Coping with Coping with multipathmultipath::
–– Ground planes, choke rings, multiple element Ground planes, choke rings, multiple element 

antennas (electrically steered)antennas (electrically steered)
–– Attenuators in cables, antenna downAttenuators in cables, antenna down--conversionconversion
–– Advanced receiver correlationAdvanced receiver correlation
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CodeCode--based timing receiversbased timing receivers

Single channel “NBS” typeSingle channel “NBS” type
–– Needs a tracking schedule for common Needs a tracking schedule for common 

viewview
8 or 12 channel receivers designed for 8 or 12 channel receivers designed for 
timingtiming
–– PseudorangePseudorange/time offset of each SV /time offset of each SV 

available separatelyavailable separately
–– Can implement allCan implement all--inin--view “meltingview “melting--pot” pot” 

No current receiver is optimumNo current receiver is optimum
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GPS - UTC(NIST)
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Common View

-6

-4

-2

0

2

4

6

53370 53371 53372 53373 53374 53375 53376 53377 53378 53379 53380

MJD

T
im

e
 d

if
fe

re
n

c
e

 (
n

s)



Judah Levine,  FCS June, 2006: 54



Judah Levine,  FCS June, 2006: 55



Judah Levine,  FCS June, 2006: 56

Dealing with Dealing with multipath multipath 

Computing siderealComputing sidereal--day frequency day frequency 
average and integratingaverage and integrating
Exact repetition period varies from one Exact repetition period varies from one 
satellite to anothersatellite to another
–– Function of orbital parametersFunction of orbital parameters
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UTC(NIST)-GPS time
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CarrierCarrier--phase GPS measurementsphase GPS measurements

Carrier and code from same oscillatorCarrier and code from same oscillator
Carrier period 1000X smaller that codeCarrier period 1000X smaller that code
–– corresponding increase in resolutioncorresponding increase in resolution
–– Increased sensitivity to most perturbations Increased sensitivity to most perturbations 

and errorsand errors
•• Requires postRequires post--processed precise orbits, clock processed precise orbits, clock 

estimates, ionosphere, ..estimates, ionosphere, ..

Integer cycle ambiguities make time Integer cycle ambiguities make time 
transfer more difficult than frequencytransfer more difficult than frequency
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TwoTwo--way Satellite time transferway Satellite time transfer

fup=14.3GHz
fdn=12 GHz

Modem Modem1/s
in

TIC

1/s
out

TIC

1/s

in
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TWSTT capabilitiesTWSTT capabilities

Time stability of 0.1 nsTime stability of 0.1 ns
Frequency transfer of 10Frequency transfer of 10--1515 or a bit lessor a bit less
Calibration is difficultCalibration is difficult
Stability of hardware delay a possible Stability of hardware delay a possible 
problemproblem
–– Delay generally changes if hardware is Delay generally changes if hardware is 

modifiedmodified
Accuracy generally limited by Accuracy generally limited by 
calibration using codecalibration using code--based GPSbased GPS
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Advantages of TWSTTAdvantages of TWSTT
Delay through atmosphere and through Delay through atmosphere and through 
common hardware cancels in roundcommon hardware cancels in round--
trip subtraction (at least to firsttrip subtraction (at least to first--order).order).
–– Depends only on Depends only on symmetrysymmetry of delayof delay

Not affected by SA or military controlNot affected by SA or military control
Not sensitive to position of satelliteNot sensitive to position of satellite
Output in nearOutput in near--real time, no significant real time, no significant 
postpost--processing.processing.
LessLess multipathmultipath ---- antenna directionalantenna directional
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Disadvantages of TWSTTDisadvantages of TWSTT
Satellite time is expensiveSatellite time is expensive
hardware is complicated and expensive, hardware is complicated and expensive, 
station is active and requires approvalstation is active and requires approval
delays through satellite transponders may delays through satellite transponders may 
vary with time or direction or as different vary with time or direction or as different 
transponders are usedtransponders are used
calibration procedure of groundcalibration procedure of ground--station station 
complicatedcomplicated
–– delay is sensitive to temperaturedelay is sensitive to temperature

Users must establish cooperative scheduleUsers must establish cooperative schedule
–– Occasional or passive users cannot be supportedOccasional or passive users cannot be supported
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Comparison of CComparison of C--P and 2P and 2--wayway

Carrier phaseCarrier phase
–– Supports casual associationsSupports casual associations
–– No operating costs for data acquisitionNo operating costs for data acquisition
–– ShortShort--term noise lower (< 50 term noise lower (< 50 psps))
–– Requires significant postRequires significant post--processingprocessing
–– Depends on outside support for orbits, …Depends on outside support for orbits, …
–– LongLong--period fluctuations may limit period fluctuations may limit 

performance in some applicationsperformance in some applications



Judah Levine,  FCS June, 2006: 65

Comparison of CComparison of C--P and 2P and 2--wayway

TwoTwo--wayway
–– No postNo post--processing processing –– results available results available 

immediatelyimmediately
–– LongerLonger--term noise not worse, but not well term noise not worse, but not well 

knownknown
–– Receiver is complicated and requires Receiver is complicated and requires 

approvalapproval
–– Satellite time costs moneySatellite time costs money
–– No casual associationsNo casual associations
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Digital Systems Digital Systems -- 11
NIST ACTS dialNIST ACTS dial--up telephone serviceup telephone service
–– 6 independent servers in Boulder linked to clock 6 independent servers in Boulder linked to clock 

ensemble, 30 telephone lines.ensemble, 30 telephone lines.
–– Telephone number: 303 494 4774Telephone number: 303 494 4774
–– Server measures roundServer measures round--trip delay using echo of trip delay using echo of 

onon--time marker character from client endtime marker character from client end
–– Subsequent onSubsequent on--time markers are advanced to time markers are advanced to 

arrive at client system on time.arrive at client system on time.
–– Symmetry of delay limited by modemsSymmetry of delay limited by modems

•• Stability of time transfer ~ 1Stability of time transfer ~ 1--2 ms2 ms
•• Accuracy depends on modem, typically < 5 msAccuracy depends on modem, typically < 5 ms
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Digital Systems Digital Systems -- 22

Internet servicesInternet services
–– Network Time Protocol (NTP)Network Time Protocol (NTP)

•• Protocol described in RFC 1305Protocol described in RFC 1305
–– Client measures roundClient measures round--trip delay using trip delay using 

echo of query to serverecho of query to server
–– Symmetry depends on path detailsSymmetry depends on path details

•• Stability and accuracy ~ 10Stability and accuracy ~ 10--20 ms20 ms
–– Communication protocol independent of Communication protocol independent of 

clock discipline algorithmclock discipline algorithm
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Network Time Protocol Network Time Protocol –– cont.cont.
Protocol can support authentication Protocol can support authentication 
–– Not widely usedNot widely used

Protocol can support notice of and correction Protocol can support notice of and correction 
for leap secondsfor leap seconds
–– Can be used to calculate TAI from transmitted Can be used to calculate TAI from transmitted 

UTC time stampsUTC time stamps
NIST operates 14 independent serversNIST operates 14 independent servers
–– Geographically separated to minimize delay to Geographically separated to minimize delay to 

users and reduce single points of failureusers and reduce single points of failure
–– Servers currently receive about 20,000 requests/sServers currently receive about 20,000 requests/s
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simple onesimple one--way protocolsway protocols

SimpleSimple--NTP, daytime, time, RDATE, NTP, daytime, time, RDATE, 
DATEDATE
–– Simple delay estimator (or no estimate)Simple delay estimator (or no estimate)
–– “set and forget” “set and forget” –– no fancy statisticsno fancy statistics

Suited for small systems and those with Suited for small systems and those with 
no alwaysno always--on network connectionon network connection
–– Laptops, many PCsLaptops, many PCs

NIST NTP servers also support these NIST NTP servers also support these 
protocolsprotocols
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How do we use the data?How do we use the data?
Can we distinguish amongCan we distinguish among
–– Noise in the device under testNoise in the device under test
–– Fluctuations in the channel delayFluctuations in the channel delay
–– A problem with the remote clockA problem with the remote clock

•• Extreme case: is the remote clock broken?Extreme case: is the remote clock broken?

Separation of varianceSeparation of variance
–– At short times, local clock is quieter than remote At short times, local clock is quieter than remote 

clock seen through a noisy channelclock seen through a noisy channel
–– Flicker and random walk of local clock make it Flicker and random walk of local clock make it 

worse than remote clock at longer timesworse than remote clock at longer times
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Cost/benefit analysisCost/benefit analysis

If all calibration requests have the same If all calibration requests have the same 
cost, then process cost, C ~ 1/cost, then process cost, C ~ 1/ττ
ΤΤ=TDEV of synchronized clock:=TDEV of synchronized clock:

T=T=τ×στ×σyy((ττ))
Quality=Q= 1/CT= 1/Quality=Q= 1/CT= 1/σσyy((ττ)=1/)=1/ττ--kk = = ττkk

k> 0, white or flicker phase noisek> 0, white or flicker phase noise
k< 0, flicker or RW frequency noisek< 0, flicker or RW frequency noise
Performance regions: best/most Performance regions: best/most 
expensive, optimum, worse/cheaper expensive, optimum, worse/cheaper 
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Optimum operating pointOptimum operating point

Use an interval between calibrations, Use an interval between calibrations, 
that corresponds to the minimum value that corresponds to the minimum value 
of of σσyy((ττ))
–– ττ ~ 20,000 seconds for typical computer ~ 20,000 seconds for typical computer 

clockclock
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SummarySummary
Presented methods for estimating the Presented methods for estimating the 
transmission delaytransmission delay
–– OneOne--way, twoway, two--way, commonway, common--view, …view, …

Described methods used for transmitting Described methods used for transmitting 
time and frequency informationtime and frequency information
–– WWVB, Loran, GPS, Internet, …WWVB, Loran, GPS, Internet, …

Discussed methods for designing clock Discussed methods for designing clock 
discipline algorithms based on performance discipline algorithms based on performance 
of the local clock and the network linkof the local clock and the network link
Estimated cost/benefit ratio for Estimated cost/benefit ratio for 
synchronization processessynchronization processes
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For more informationFor more information

List of publications of the NIST time List of publications of the NIST time 
and frequency division are in the and frequency division are in the 
publications menu of our web page:publications menu of our web page:

tftf.boulder..boulder.nistnist..govgov
Many of these publications are onMany of these publications are on--line line 
“Time and Frequency Measurement” “Time and Frequency Measurement” 
by C. by C. Hackman Hackman and D. B. Sullivan, and D. B. Sullivan, 
published by the American Association published by the American Association 
of Physics Teachers, 1996.of Physics Teachers, 1996.
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