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Practical  Traceability  to UTC(k) from  a GNSS 
Timing  Receiver  

q  USNO/NIST paper from 2018 ION Precise 
Time and Time Interval Meeting (PTTI), 
Reston, Virginia ---> 

q  GPS Common-View (CV) is a well-
established method in timing metrology, 
to compare two separate UTC(k) time 
scales run by national laboratories 
operating very stable clocks 

q  GPS raw data (pseudoranges  and 
navigation) is needed for CV 

q  But in an inexpensive, ÒindustrialÓ GPS 
timing receiver, the clock is internal, we 
only have access to the output 1PPS,  
aligned to GPS Time (or to UTC from 
GPS), not to the actual physical clock 

q  How can we measure the timing error in 
the 1PPS against a national UTC(k) lab? 
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ABSTRACT  
 
Metrological traceability requires an unbroken chain of calibrations that relate to a reference, with each calibration having a 
documented measurement uncertainty. In the field of time and frequency metrology, the desired reference is usually 
Coordinated Universal Time (UTC), or one or more of its official realizations, termed UTC(k), and traceability to UTC is a 
legal requirement for many entities. Traceability to UTC can be established in three areas – frequency, time interval, and time-
of-day synchronization, but this paper focuses solely on the traceability of time signals used for synchronization.  We first 
examine the definition of traceability, then discuss how traceability can be established via the reception of time signals 
transmitted by satellites and network time servers, followed by a discussion of how these signals can meet the synchronization 
and traceability requirements of the financial and electric power industries.  Not all of the available UTC time signals are 
considered in this paper, as we primarily focus on direct broadcast and common-view Global Positioning System (GPS) signals, 
with uncertainties measured in nanoseconds, and Network Time Protocol (NTP) signals, with uncertainties measured in 
microseconds and milliseconds. 
 

I. INTRODUCTION  
 
The International Vocabulary of Metrology (VIM) defines metrological traceability in section 2.41 (6.10) as “the property of a 
measurement result whereby the result can be related to a reference through a documented unbroken chain of calibrations, each 
contributing to the measurement uncertainty” [1].  The VIM is endorsed by the International Bureau of Weights and Measures 
(BIPM), the International Electrotechnical Commission (IEC), the International Federation of Clinical Chemistry and 
Laboratory Medicine (IFCC), the International Organization for Standardization (ISO), the International Union of Pure and 
Applied Chemistry (IUPAC), the International Union of Pure and Applied Physics (IUPAP), the International Organization of 
Legal Metrology (OIML), and the International Laboratory Accreditation Cooperation (ILAC).  Of these ILAC has a more 
detailed definition, which includes traceability to an international or national measurement standard, a documented 
measurement uncertainty, a documented measurement procedure, accredited technical competence, and comparisons to the 
international system of units (SI) with calibrations at regular intervals.  The International Telecommunications Union (ITU) 
adopted the following definition in 2013: “the property of the result of a measurement or the value of a standard whereby it can 
be related to stated references, usually national or international standards, through an unbroken chain of comparisons all having 
stated uncertainties” [2].  The ITU definition is essentially the same definition found in previous editions of the VIM.  The 
most noteworthy change in the current VIM definition is probably the use of the words “documented” and “calibrations” as 
opposed to “comparisons” in the earlier definition, but the meaning and intent remain the same. 
 
Determining whether enough evidence exists to establish traceability is usually the role of an auditor or assessor who visits the 
laboratory or facility where the measurements are performed.  These auditors or assessors are usually working on behalf of an 
accreditation body such as ILAC and/or a standards organization such as ISO.  In some cases, however, the determination of 
whether measurements are traceable is made by a regulatory agency, such as, in the case of financial markets, the U. S. 
Securities & Exchange Commission (SEC).  In cases where losses or damages are incurred, the final determination of whether 
traceability was properly established may be made in a court of law. Those charged with the responsibility of proving or 
disproving traceability often refer to the internationally accepted definition of metrological traceability provided in the VIM 
[1].  This definition consists of four key parts, as described and expanded upon in the following sections. 
 
Part 1 - Traceability is �³�W�K�H property of a measurement result�´ - This means that the concept of traceability only applies to 
measurement results and not to other things.  Therefore: 

 
�x Traceability is not a property of a system.  For example, traceability is not a property of the Global 

Positioning System (GPS) but a traceable measurement that involves GPS can be made. 
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Practical  Traceability  to UTC(k) from  a GNSS 
Timing  Receiver  

q  Several definitions of traceability are available 

q  ITU (2013): Òthe property of the result of a measurement or the value of a 
standard whereby it can be related to stated references, usually national or 
international standards, through an unbroken chain of comparisons  all 
having stated uncertaintiesÓ 

q  Let us assume that the ÒstandardÓ is our national UTC(k) realization 

q  Traceability can be useful/needed: 

ü  To evaluate the actual error in the timing solution (1PPS) 
ü  To link the user timing solution to the legal UTC(k) time scale of his/her 

country 

q  For example, the European MiFID  II regulation requires to be able to prove 
that events are time-stamped with a maximum divergence of 100 µs, 
traceable to UTC 

q  Typical accuracy in telecom, energy, finance: 1 µs 

q  Ideally we should be able to demonstrate traceability with an error much 
smaller than 1 µs 
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Practical  Traceability  to UTC(k) from  a GNSS 
Timing  Receiver  

q  GNSS modules can cost as little as 100-200 USD 

q  Normally single-frequency GNSS (L1 = 1575.42 MHz): 
sensitive to the ionospheric  delay 

q  Two types typically : 

ü  Steered internal oscillator (ÒdisciplinedÓ) 
ü  free-running (no holdover) 

q  Typical applications: telecom, energy, etc  

q  Very good timing accuracy (after calibration): timing error 
is dominated by the residual ionospheric  error (as we will 
see later): ± 10 ns typically under current solar activity 

q  1PPS jitter can be relevant: ± 2 ns to ± 11 ns (no effect on 
average) 

!
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Practical  Traceability  to UTC(k) from  a GNSS 
Timing  Receiver  

q  1PPS  !   CLKrx  -  CLKBrx  

q  The 1PPS is aligned to the internal clock corrected by the estimated clock bias 
(CLKBrx ) 

q  The clock bias ( CLKBrx ) is calculated versus GPS Time or versus UTC (as transmitted 
by GPS) 

q  UTC = GPSt + UTCO ; UTCO transmitted in the GPS navigation message 

q  UTCO is a small offset between GPSt and UTC(USNO) (normally just a few ns); leap 
seconds between GPSt and UTC (currently 18 s) are also broadcast by GPS (they do 
not affect the 1PPS)  

q  The GPS pseudoranges  are referred to the ÒarbitraryÓ internal clock, not to the 
1PPS! 

q  Before CV, the clock bias (as estimated by the receiver) must be subtracted from 
the pseudorange  in order to align the pseudoranges  to GPSt or to UTC 

q  The receiver pseudorange  delay cancels out and is not observable via CV, but it 
does affect the 1PPS generation 

q  Receiver calibration is needed on top of CV traceability 
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Practical  Traceability  to UTC(k) from  a GNSS 
Timing  Receiver  

!

q  Antenna  on  GMVÕs rooftop  (Madrid, 
Spain ) 

q  Antenna  Òfixed Ó to  accurate  position in 
the  receiver 

q  GPS-only  

q  1PPS configured  to  GPS Time 

q  Raw data recorded  

q  RINEX obs  and nav  files generated  
from  raw  data 

q  CGGTTS file generated  from  RINEX  
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Practical  Traceability  to UTC(k) from  a GNSS 
Timing  Receiver  

q  ±  2 ns jitter  

q  Estimated  clock  bias  is reported  in NAV-CLOCK message  

!



© GMV, 2018 

M8T: FREE-RUNNING CLOCK 

Page 8 

 
  
2018/10/03 

 
 
 
 
 
 
 
Practical  Traceability  to UTC(k) from  a GNSS 
Timing  Receiver  

q  ±  11 ns jitter , and no holdover ! 

q  Estimated  clock  bias  is reported  in NAV-CLOCK message  

!
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Practical  Traceability  to UTC(k) from  a GNSS 
Timing  Receiver  

q  The Real Instituto  y Observatorio  de la Armada (ROA) is the Spanish National 
Timing Laboratory 

q  ROA is located in C‡diz, around 500 km away from our timing receivers. 

q  A CGGTTS file from a calibrated receiver located at ROA has been used 

q  In order to have the same modelling errors for the two sites, the CGGTTS file from 
ROA is also single-frequency, and the Klobuchar  model broadcast by GPS has been 
used to correct for the ionospheric  delay on both sites. 
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Practical  Traceability  to UTC(k) from  a GNSS 
Timing  Receiver  

q  CGGTTS = Common GNSS Generic Time Transfer Standard 

q  The REFSYS column provides the difference at each epoch between the Òreceiver 
clockÓ and the estimation of GPS Time from each satellite in view 

q  CGGTTS files can be generated from raw measurements ( pseudoranges )  and 
navigation data provided by the receiver in the RINEX (Receiver INdependent  
EXchange ) format  

q  R2CGGTTS V8 software recently released by the Royal Observatory of Belgium 
(available via the BIPM) 

Metrologia��!"#$ ��!" ��%#� � � �&''()**+,-+./-.01*#"-#"22*""!3 �r#456*$!*3*%#��
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Practical  Traceability  to UTC(k) from  a GNSS 
Timing  Receiver  
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Practical  Traceability  to UTC(k) from  a GNSS 
Timing  Receiver  

q  Very  good  agreement  between  the  two  receivers despite  the  different  clock  types  

q  Slow  daily  oscillation  ( ± 10 ns ) is typical  of the  residual ionsospheric  error 

q  Solar activity  is currently  quiet , iono error could  be 3x in higher  activity  
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Practical  Traceability  to UTC(k) from  a GNSS 
Timing  Receiver  

q  An average  bias  of 53 ns has been  removed from  the  results  

q  The red lines  are set at ± 13 ns around  the  zero  mean, which  corresponds  to  the  
combined  1PPS jitter  of the  M8F (± 2 ns) and the  M8T (± 11 ns) 

q  Very  good  agreement  between  the  two  1PPS 

!
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Practical  Traceability  to UTC(k) from  a GNSS 
Timing  Receiver  

q  GNSS pseudoranges  (and hence  the  1PPS) 
are delayed  by  

ü  GNSS antenna  
ü  GNSS antenna  cable 
ü  Receiver internal  delay  

q  Total delay  can reach  a few  100 ns 

q  Two  types  of calibration : 

ü  Relative  to  a UTC(k) reference  
ü  Absolute  calibration  ( simulator ) 

q  Calibration  accuracy  around  1-2 ns (1 sigma) 

q  Proper traceability requires receiver 
calibration 
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Practical  Traceability  to UTC(k) from  a GNSS 
Timing  Receiver  

q  Precise Point Positioning (PPP) can be used offline to obtain an accurate antenna 
position 

q  PPP uses precise satellite orbits and clocks, carrier-phase measurements (optionally), 
and detailed ionospheric  maps (in single-frequency) 

q  Several PPP services available online, based on RINEX file submission (e.g., NRCanÕs 
PPP, GMVÕs magicGNSS ) 

q  Dual-frequency PPP: 1-cm error; single-frequency PPP: 10-30 cm error (1 ns) 

!
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Practical  Traceability  to UTC(k) from  a GNSS 
Timing  Receiver  

q  For up to  1000 km distance  between  user  and UTC(k) lab  

q  Assuming  some  ionospheric  disturbance  

q  2.5 ns is almost  three  orders  of magnitud better  than  the  assumed  target accuracy  
(1 µs)  
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Practical  Traceability  to UTC(k) from  a GNSS 
Timing  Receiver  

q  Traceability to UTC(k) using GPS Common-View (CV) is possible provided that raw 
data from the receiver is available: pseudoranges , GPS navigation, and clock bias 
estimations 

q  The clock bias estimates must be subtracted from the pseudoranges  before CV 

q  A CGGTTS file can be generated from RINEX obs  and nav  files (software required) 

q  A CGGTTS file from the UTC(k) lab is also needed, and they are not always public 

q  Software is needed to combine the two CGGTTS files (from user and from lab) 

q  Proper traceability requires receiver calibration in addition to CV 

q  Typical error budget of traceability is 2.5 ns (at 1 sigma, including calibration 
error), up to 1000-km baselines 

q  The actual timing error can be from ± 10 to ± 30 ns, depending on solar activity 
(typical accuracy requirement is 1 µs) 

q  Traceability can be obtained a-posteriori, typically on a next-day basis, although 
hourly traceability could be possible subject to hourly file availability on both sites 

q  Traceability calculations could be highly automated hiding all the complexity (for 
example NIST has such a service, only for subscribers) 

q  The 1PPS jitter increases the instantaneous error (normally zero average) and 
should be characterized 
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