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Satellite clocks are typically computed on daily basis, i.e. with the data of each

day being processed independently from other days. This approach

produces the well-known day-boundary discontinuities (DBDs) on clock

estimates that stem from the estimation process, rather than to the

nature of the atomic clock itself.

In general, the DBDs, that can reach some nanoseconds, are not an issue on

applications like Precise Point Positioning (PPP) technique using IGS precise

products, because the clocks and orbits are consistent on each batch.

Nevertheless, studies like the Gravitational Redshift Experiment with

eccentric sATellites (GREAT) project may benefit from having satellite

continuous clocks for the statistical characterization of long-term

phenomena correlated with the on-board clocks.

Introduction

GA
L

GP
S

E01

E01

G03 G03

In this work we present a strategy to

estimate the satellite and receiver clock

offsets that removes the DBDs observed

in precise products of different IGS

analysis centers, ultimately improving the

accuracy of clock estimates.
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Data Set
• RINEX data at a 30 s Sampling Rate (SR)

• 153 receivers from the International GNSS Service (IGS) 

• 7 receivers equipped with H-MASER frequency standard

• Comparison with Satellite clocks (SR of 30 s) from four IGS Analysis Centres

• CNES: Centre National D'Etudes Spatiales

• GFZ:    Deutsches GeoForschungsZentrum

• CODE: Centre for Orbit Determination in Europe

• ESOC:  European Space Operation Centre from ESA

• Campaign of 340 days analyzed in 2017:
Selected periods DoYs 191-230 and 281-310 of 2017.
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ESOC Precise Orbit 
and Clock products 

Raw phase biases 
estimation:

Extra-Wide-Lane, 
Wide-Lane and L1

Un-differenced 
Ambiguity Resolution

Methodology

IGS RINEX DATA

CLOCK OUTPUT

Kalman filter: Receiver and Satellite clocks

and Refined Phase biases

∆𝐿1𝑖
𝑗= 𝑐 𝑇𝑖 − 𝑇𝑗 − 𝛼1𝐼𝑖

𝑗
+ 𝑘1𝑖 + 𝑘1

𝑗

∆𝐿5𝑖
𝑗= 𝑐 𝑇𝑖 − 𝑇𝑗 − 𝛼5𝐼𝑖

𝑗
+ 𝑘5𝑖 + 𝑘5

𝑗

∆𝐿7𝑖
𝑗= 𝑐 𝑇𝑖 − 𝑇𝑗 − 𝛼7𝐼𝑖

𝑗
+ 𝑘7𝑖 + 𝑘7

𝑗

…………..

𝐶𝑜𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑡 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛𝑠:
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• Estimation process:
- Extra Wide Lane: (L2,L5), (E5a,E5b)
- Wide Lane: (L1,L2), (E1,E5a)     
- Single Freq.: L1, E1
➔L2, L5, E5a, E5b

• Temperature dependencies observed 
by other authors, Montenbruck (2012)

Raw phase biases

ZOOM

GPS32 (SVN62)
Block II-F
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Raw phase biases 

Phase biases can be well determined in EWL, WL and L1.

Phase biases associated to L1/E1 are more scattered than WL combination:

• a-priory satellite orbits and clocks products from ESOC

• potential slightly different modellings (e.g. Antenna Phase Centers)
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1) Extra Wide Lane (L2,L5) , (E5a,E5b)

2) Wide Lane (L1,L2), (E1,E5a)

3) Single freq. L1, E1 ambiguities

➔ L2, L5, E5a, E5b

Integer Ambiguity Resolution

Example of L1/E1 float ambiguities, 
before IAR, in undifferenced mode,
after satellite and receiver phase 
biases are determined and removed

About 90% of time of L1/E1 
ambiguities are fix for all 
satellites and receivers of the 
network.
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IAR module outputs carrier-phases:

• Very precise “pseudoranges”            

(from unambiguous carriers) 

• Continuous: No Inter-day discontinuities

Integer Ambiguity Resolution

G12

E03
E30

→ Input data used in the Kalman filter
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• Uncombined IAR measurements ∆𝐿𝑓𝑖
𝑗

• Each day is estimated independently 
with forward & backward filter.

• Satellite 𝑇𝑗 and receiver 𝑇𝑖 clocks 
treated as white noise processes.

• Ionosphere delays 𝐼𝑖
𝑗

are treated also 

as white noise processes.

Kalman Filter

• Satellite 𝑘𝑓
𝑗and 

receiver 𝑘𝑓𝑖
phase 

biases are treated as 
random walk          
(10-4 m2 / h) to cope 
with any temperature 
dependency.

Kalman filter: Receiver and Satellite clocks

and Refined Phase biases

∆𝐿1𝑖
𝑗= 𝑐 𝑇𝑖 − 𝑇𝑗 − 𝛼1𝐼𝑖

𝑗
+ 𝑘1𝑖 + 𝑘1

𝑗

∆𝐿5𝑖
𝑗= 𝑐 𝑇𝑖 − 𝑇𝑗 − 𝛼5𝐼𝑖

𝑗
+ 𝑘5𝑖 + 𝑘5

𝑗

∆𝐿7𝑖
𝑗= 𝑐 𝑇𝑖 − 𝑇𝑗 − 𝛼7𝐼𝑖

𝑗
+ 𝑘7𝑖 + 𝑘7

𝑗

…………..

𝐶𝑜𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑡 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛𝑠:

Only carrier-phase are used
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Results: Satellite and Receiver clocks

The DBD are basically removed in (gAGE) clocks (in black).

The root of small jumps on 192, 283, 284 were analysed and are related to errors in

the a priori reference products (orbit or clocks) used.
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• Allan deviation (AD)

This is the standard metric used to assess the stability of clocks.

Roughly speaking AD measures the non-linearity of clocks. A stability

at the level of 1E-14, at t=104 s, is expected for an H-maser oscillator.

• Day-to-day predictability: 1 hour predictability of the following day.

The linear trend of the clock is adjusted by the values (clock estimates)

of the last hour of a given day and the predictions of this model are

compared with the values of the first hour of the following day. This test

measures inter-day clock jumps.

Testing Satellite clocks
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Allan deviation:

The proposed approach is at the level or better than well-stablished IACs
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Day-boundary discontinuities: Satellites

Among the inter-day discontinuities, the stability of satellites clocks is also

affecting the extrapolation error of this test. Indeed, Galileo clocks exhibit lower

extrapolation errors.
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The refined phase biases (carrier hardware delays) are estimated as random walk 
processes, instead of computing them as constant parameters. This treatment of 

the process noise allows us to take into account the dependency of the 
temperature of some of these biases, Montenbruck et al. (2012).

Refined phase biases

In figures show the 
agreement when 
comparing the Phase 
Biases estimated 
simultaneously with clock 
(green) with two 
independent estimations, 
calculated directly from 
measurements:
• From GF and IF (red)
• From HMW (grey)
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Our approach relies on the use of unambiguous, undifferenced and

uncombined carrier phase measurements collected by a network of permanent

receivers on ground.

• The key point of this strategy is to exploit the natural continuity over days of

the carrier phase biases (carrier phase hardware delays) .

• An initial rough estimate of phase biases, allows to fix the ambiguities into

their integer values, ultimately obtaining continuous unambiguous carrier

phase measurements on the boundaries between adjacent days. It is worth

to say that this “day-to-day” continuity on the fixed carriers is achieved even

if the integer ambiguity resolution is performed on daily batches.

• The results show a strong mitigation (typically removal) of day-boundary-

discontinuities on clock estimates computed with these “day-to-day”

continuous and unambiguous carrier phase measurements, improving the

clock estimates.

• Because the estimation process uses three frequencies, clocks offsets are
estimated jointly with the carrier phase biases. These refined hardware delays are
estimated as random walk processes, instead of computing them as constant
parameters. It allows us to take into account, for instance, the dependency of the
temperature of some of these biases.

Conclusions
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More details in:
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https://doi.org/10.1007/s10291-021-01085-3


gAGE
g

A
G

E
/U

P
C

 r
e
s
e
a
rc

h
 g

ro
u
p
 o

f 
A

s
tr

o
n

o
m

y
 a

n
d
 G

e
o
m

a
ti
c
s
  

  
  

  
  

  
 

B
a

rc
e

lo
n

a
T

E
C

H
, 
S

p
a
in

8th International Colloquium on Scientific and Fundamental Aspects of GNSS

14-16 September 2022 | Sofia, Bulgaria

Thank you !!

gAGE/UPC
Research group of Astronomy & Geomatics

Technical University of Catalonia, Spain

http://www.gage.upc.edu

Contact:  jaume.sanz@upc.edu
Campus Nord UPC Jordi Girona 1-3, 08034 Barcelona (Spain). 
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Back up slides
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We can observe that the prediction error of gAGE clock estimates is the lowest, with values at the 
level of 3 cm (approximately 100 ps).
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HB for satellites in 
view from ref station 

HB for stations having sat. 
in view from ref station.

HB for satellites NOT in 
view from ref station 
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WL amb fixed Rec. HW bias Sat. HW bias
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Kalman filter: Refined Phase biases   
and clocks

∆𝐿1𝑖
𝑗= 𝑐 𝑇𝑖 − 𝑇𝑗 − 𝛼1𝐼𝑖

𝑗
+ 𝑘1𝑖 + 𝑘1

𝑗

∆𝐿5𝑖
𝑗= 𝑐 𝑇𝑖 − 𝑇𝑗 − 𝛼5𝐼𝑖

𝑗
+ 𝑘5𝑖 + 𝑘5

𝑗

∆𝐿7𝑖
𝑗= 𝑐 𝑇𝑖 − 𝑇𝑗 − 𝛼7𝐼𝑖

𝑗
+ 𝑘7𝑖 + 𝑘7

𝑗

…………..

𝑇𝐶𝐸𝐵𝑅 = 0
𝑘𝑓𝐶𝐸𝐵𝑅

= 0

Reference frequency for satellites:

Reference clock for receivers

Equivalent to take the IF combination of GAL/GPS carrier phases in E1/E5 

and L1/L2 as the satellite/receiver clock reference.

𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝐶𝑙𝑜𝑐𝑘 𝑎𝑛𝑑 𝑝ℎ𝑎𝑠𝑒 𝑏𝑖𝑎𝑠𝑒𝑠:

𝐶𝑜𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑡 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛𝑠:
𝑘1

𝑮𝑨𝑳𝑗 = 𝑘5
𝑮𝑨𝑳𝑗

𝑘1
𝑮𝑷𝑺𝑗 = 𝑘𝟐

𝑮𝑷𝑺𝑗

𝑘1𝑹𝑬𝑪𝑖 = 𝑘2𝑹𝑬𝑪𝑖


