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Saint-Mandé France.10
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22

Although the satellite navigation systems are all in their definition based on23

the international atomic time (TAI), each system has its own realization. There24

is therefore a difference, variable in time, between different realizations of the25

same time systems. Thus, the time of the GPS (GPST) and Galileo (Galileo26

System Time, GST) systems differ in their realization by some nanoseconds.27

This difference is called GGTO for GPS to Galileo time offset. An independent,28

accurate and high resolution knowledge of the GGTO can be useful for precise29

positioning and orbit determination in a multi-constellation context. However,30

the GGTO, determined by the Galileo ground segment, is not distributed publicly31

in a precise way.32
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We present here an experimental setup to estimate the GGTO: the same GNSS33

antenna is “split” on two receivers, one using the GPST, the other the GST34

as reference time. Both receivers are connected to the same rubidium oscillator,35

in order to have the same frequency reference. A preliminary analysis has been36

carried out using collected pseudo-distance observations. The results obtained37

show a good agreement with the broadcast GGTO, but a constant bias of few38

nanoseconds remains, requiring further investigations.39

Keywords: GPS to Galileo time offset, time metrology, multi-GNSS time40

synchronization41

1 Introduction42

The principle of satellite positioning systems (GNSS) is based on the measurement43

of distance (trilateration) between satellites and a receiver on the ground. Satellite-44

receiver pseudo-distances are deduced from a signal propagation time measurement45

between receiver and satellite. Positioning accuracy therefore depends to a large extent46

on the accuracy of this propagation time measurement, and therefore on the quality47

of clock synchronization between the satellites and the receiver, which must all be in48

the same common time reference.49

Satellite positioning geodesy has been undergoing a transformation in recent years:50

the arrival of new constellations, notably the European Galileo declared operational51

in 2016 and the Chinese Beidou in 2018, as well as the arrival of GPS Block III in52

2018, marks the availability of new signals that offer a host of new perspectives in53

terms of location accuracy. It is also possible to simultaneously use signals from several54

positioning systems in so-called multi-GNSS processing. To do this, it is necessary55

to bring the measurements from the different systems into line with the same time56

reference. The main GNSS systems are based on TAI time (International Atomic57

Time). However, each system has a different time realization, and this difference is58

not constant. The result is a difference between the two time scales that needs to be59

taken into account in the measurements.60

In the following, we focus on the GPS and Galileo systems. As mentioned above,61

GPS (GPST) and Galileo (Galileo System Time, GST ) system times are aligned with62

TAI, but differ in their realization by a few nanoseconds. This difference is called63

GGTO for GPS to Galileo time offset. The GGTO is determined by the Precise Time64

Facility (PTF) of the Galileo Ground Mission Segment (GMS) [5], but its value (which65

varies over time) is not precisely distributed publicly. It is only delivered in a simplified66

and degraded form in the ephemeris broadcasts. The one and only precise and high-67

resolution representation of the GGTO published during the In-Orbit Validation (IOV)68

phase is shown in Figure 1.69

Relatively little research has been carried out into determining the GGTO itself.70

During the Galileo constellation design phase, [11] analyzes the various issues related71

to GPS/Galileo interoperability for positioning and synchronization, including GGTO72

and synchronization biases, and presents practical experience with GIOVE-A, the73
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Fig. 1 representation of the GPS to Galileo time offset value, as estimated by the Galileo Time
Validation Facility (black line) and the GGTO as transmitted in the navigation message and available
to the user (red line). The black curve is the only representation of a precise and high-resolution
GGTO available in open source literature. Source: ESA Website https://www.esa.int/Applications/
Navigation/Galileo and GPS synchronise watches new time offset helps working together

first Galileo experimental satellite. [13] proposes several methods for determining the74

GGTO, but these were probably never subsequently exploited. [7] estimates the GGTO75

by exploiting Doppler and pseudo-distance measurements from a receiver that records76

signals from the GPS and Galileo systems. [9] describes the pseudorange equations77

enabling multi-GNSS calculations, but does not detail precise methods for determining78

the GGTO itself. After 2016, research has been carried out to determine the GGTO79

from the user’s point of view. [1] describe a method, using least-squares estimation of80

the GGTO, in addition to user position and time offsets. However, the results show a81

difference of around 25 nanoseconds between their estimate and the reference GGTO.82

There is currently no easy way for the scientific community to access a precise83

GGTO value, which is a drawback. Similarly, this parameter is not currently considered84

in geodetic GNSS processing software. GGTO is absorbed more or less homogeneously85

by satellite clock biases, and in the Inter-System Biases (ISB) specific to each receiver.86

However, an explicit introduction of the GGTO (and equivalent time offsets for other87

constellations) into the observation equations of GNSS computations, as a constant88

for a given epoch or as a parameter to be estimated, would most likely enable the89

estimation of satellite and receiver clock biases, as well as ISBs, to be refined. In90

addition to precise positioning, a better understanding of the GGTO could also be91

useful for GNSS clock combinations [2] and time transfer [10].92

Therefore, our present study aims to determine GGTO values independently and93

accurately, avoiding the official but degraded values broadcast in broadcast orbits.94

We present an experimental setup which aims to record GNSS observable in an opti-95

mal configuration to estimate the GGTO. We propose two approaches to determine96

GGTO’s values over the study period: one using directly the RTKLIB software, and97

the second using a single difference strategy.98
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2 Experimental setup and reference GGTO99

To attempt an independent determination of the GGTO, we set up the configura-100

tion presented in Figure 2 two GNSS receivers (model Septentrio PolaRx5 ) at 1 Hz101

acquisition rate observing both the GPS and Galileo constellations. Both receivers102

are connected via a splitter to the same antenna located on the Telgrafenberg, Pots-103

dam, Germany. One receiver (POTG) is set to use GPST as reference time, the other104

(POTE) is set to GST as reference. An external rubidium standard supplies the same105

frequency to both receivers. The two receivers must therefore observe exactly the106

same satellites, but with different time realizations. The measurements are conducted107

during 160 days between days of year 2021-060 and 2021-220.108

Galileo broadcast messages use a polynomial description of the GGTO [6]. We fetch109

RINEX navigation files, which contain the polynomial coefficients as broadcast by the110

Galileo system, to compute the GGTO (called GAGP in the RINEX convention) over111

the experiment’s period. These files are generated and supplied by GOP (Geodetic112

Observatory Pecnỳ, Czechia) [3] for the first 26 days of our experiment, and by NASA’s113

CDDIS [8] for the rest of the period (GOP’s GAGP coefficients are missing after this114

date).115

Daily jumps and sharp trend variations from one day to the next are clearly visible.116

They most likely do not correspond to any physical reality, but are a consequence of117

the linear approximation of the broadcast messages. The GGTO average value over118

our study period is around 1.5 nanoseconds, but variations are not negligible, of the119

order of 20 nanoseconds. This reference from the broadcast messages is represented as120

a blue curve in the following Figures 3 and 4.121

Fig. 2 The experimental setup for GGTO determination used for this study
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3 GGTO direct determination using RTKLIB122

software123

We use RTKLIB software [12] with its explorer demo5 b34g forked version [4] in single124

point positioning, named Single mode in the software and herefter, i.e. using only125

one receiver at a time, and only pseudoranges information from GPS and Galileo126

systems. Data are decimated to 30 seconds. RTKLIB provides an estimate of both the127

receiver clock bias with respect to GPS time (“receiver clock bias GPS (ns)”), and128

the difference in clock bias between GPS and Galileo time (“receiver clock bias GAL-129

GPS (ns)”). The latter corresponds to GGTO. We compare this estimate with our130

reference extracted from broadcast messages. The results are presented in Figure 3.131
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Fig. 3 GGTO estimated using RTKLIB software in single mode. The green and the red curves are
the GGTO estimated from the GPS time-synchronized and the Galileo time-synchronized receiver
respectively. The blue curve represent the reference GGTO extracted from the broadcast messages.

Blue curve is the broadcast GGTO reference, while red and green curves are the132

GGTOs estimated by RTKLIB, using data from the GPS time-synchronized receiver133

and Galileo time-synchronized receiver respectively. For the estimated values, we have134

taken a daily average of the data calculated every 30 seconds, in order to reduce noise.135

The 1 − σ daily standard deviation is represented as a faded area. The trends are136

very similar between the RTKLIB-estimated GGTO and the reference one, but the137

estimated GGTO is about −8 nanoseconds shifted w.r.t. the reference.138

4 GGTO with simple difference estimation139

From the specific experimental setup described in section 2, we develop the funda-140

mental observational equations using the principle of simple differences to obtain an141

analytical definition of the GGTO. Our starting point is the fundamental observation142

equations for GNSS positioning. We use only the pseudorange data, as the carrier143

phase data poses the additional problem of resolving ambiguities.144
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The pseudo distance as recorded by our receivers is defined as follows:145

p = (trec/rec − tem/sat)× c (1)

Where:146

� p : pseudo-range147

� trec/rec : signal reception epoch in the receiver time reference148

� tem/sat : signal emission epoch in satellite time reference149

We therefore need to reduce these times to a common reference, which will be GPS150

time for our first receiver and Galileo time for the second.151 {
pSr1
(
tG
)
= c

[
tr1
(
tG
)
+ δtr1

(
tG
)
− tS

(
tG
)
− δtS

(
tG
)]

pSr2
(
tE
)
= c

[
tr2
(
tE
)
+ δtr2

(
tE
)
− tS

(
tE
)
− δtS

(
tE
)] (2)

Where:152

� pSri : pseudo-range between receiver i and satellite S153

� tri
(
tG
)
: receiver 1 epoch in GPS time scale154

� tr2
(
tE
)
: receiver 2 epoch in Galileo time scale155

� δtr1
(
tG
)
: clock bias of the receiver 1 w.r.t. GPS time scale156

� δtr2
(
tE
)
: clock bias of the receiver 2 w.r.t Galileo time scale157

� tS
(
tG
)
: satellite epoch in GPS time scale158

� tS
(
tE
)
: satellite epoch in Galileo time scale159

� δtS
(
tG
)
: clock bias of the satellite w.r.t. GPS time scale160

� δtS
(
tE
)
: clock bias of the satellite w.r.t. Galileo time scale161

� Kri,j : hardware biais of the receiver i at frequency j162

� KS
j : hardware biais of the satellite s at frequency j163

By rearranging the equation’s terms:{
pSr1
(
tG
)
= c

[
tr1
(
tG
)
− tS

(
tG
)]

+ c
[
δtr1

(
tG
)
− δtS

(
tG
)]

pSr2
(
tE
)
= c

[
tr2
(
tE
)
− tS

(
tE
)]

+ c
[
δtr2

(
tE
)
− δtS

(
tE
)] (3)

The term c
[
tri(t

G)− tS(tG)
]
corresponds to the exact time the signal took to164

travel from the satellite to the receiver, since we’re now on the same theoretical time165

scale. The signal is disturbed by various elements along the way. To the geometric166

distance we must add various delays and biases. The pseudo-distances are therefore167

rewritten as follows:168

{
pSr1,j

(
tG
)
= dSr1 + τSr1,j,tropo + τSr1,j,iono + τSr1,j,rel +Kr1,j +KS

j + c
[
δtr1

(
tG
)
− δtS

(
tG
)]

pSr2,j
(
tE
)
= dSr2 + τSr2,j,tropo + τSr2,j,iono + τSr2,j,rel +Kr2,j +KS

j + c
[
δtr2

(
tE
)
− δtS

(
tE
)]

(4)
Where:169

� dSri : geometric distance between satellite s and receiver i170
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� τSri,j,tropo : tropospheric delay between satellite s and receiver i at frequency j171

� τSri,j,iono : ionospheric delay between satellite s and receiver i at frequency j172

� τSri,j,rel : relativity delay between satellite s and receiver i at frequency j173

� Kri,j : hardware biais of receiver i at frequency j174

� KS
j : hardware biais of satellite s at frequency j175

If we take the difference between two pseudorange measurements, at the same176

frequency for the same satellite, between the signals received by receiver 1 and receiver177

2, we eliminate several terms:178

pSr1,j
(
tG
)
− pSr2,j

(
tE
)
= Kr1,j −Kr2,j + c

[
δtr1

(
tG
)
− δtr2

(
tE
)
− δtS

(
tG
)
+ δtS

(
tE
)]
(5)

Since our two receivers share the same antenna, the path taken by the signal is the179

same.180

The satellite s clock time can be expressed in either the GPS or Galileo time181

reference:182

tS = tG + δtS
(
tG
)

(6)

tS = tE + δtS
(
tE
)

(7)

(6)− (7) → 0 = tG − tE + δtS
(
tG
)
− δtS

(
tE
)

(8)

This brings us to the definition of GGTO, which is the difference between Galileo183

system time and GPS system time.184

tE − tG = δtS
(
tG
)
− δtS

(
tE
)
= GGTO (9)

We can introduce this term into our simple difference equation:185

pSr1,j
(
tG
)
− pSr2,j

(
tE
)
= Kr1,j −Kr2,j + c

[
δtr1

(
tG
)
− δtr2

(
tE
)
−GGTO

]
(10)

This leaves us with the unknowns of hardware bias and receiver clock bias. But as186

we saw earlier, the RTKLIB software estimates the latter. In fact, in what it presents187

as only clock biases, it includes hardware biases. Since it is difficult to separate the two,188

we therefore have the values of
[
δtr1

(
tG
)
+Kr1,j

]
et
[
δtr2

(
tE
)
+Kr2,j

]
estimated in189

section 3.190

Thus:

GGTO = −

(
pSr1,j

(
tG
)
− pSr2,j

(
tE
)

c
−
[(
δtr1

(
tG
)
+Kr1,j

)
−
(
δtr2

(
tE
)
+Kr2,j

)])
(11)

Figure 4 represents the GGTO estimated with this method. A GGTO value is191

obtained for each pair of pseudo-range observations (note that only C/A pseudoranges192
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are considered here). The GGTOs calculated for each pair are averaged epoch by193

epoch. In purple, the standard deviation (1σ) of this average is shown. The result is194

noisy (±0.5 nanoseconds) but constant over the entire study period, suggesting that195

the estimated GGTO is stable. Indeed, the mean GGTO value obtained follows the196

same fluctuations as the broadcast reference, albeit with a −8 nanosecond offset. The197

result is very similar to RTKLIB estimation’s result in Single mode.198
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Fig. 4 GGTO estimated using the simple difference method (purple curve). The blue curve represent
the reference GGTO extracted from the broadcast messages.

5 Discussion and summary199

We have developed an experimental setup based on two receivers, each synchronized on200

GPS or Galileo time scales, and an associated simple difference processing strategy for201

determining the GGTO. It provides a continuous value with high temporal resolution.202

This GGTO is compatible with the daily values estimated by RTKLIB in single point203

positioning mode for each of the two receivers. Its variations are also consistent with204

the reference broadcast values.205

However, an offset of around 8 nanoseconds between our estimate and the reference206

GGTO remains visible, both in the simple difference estimate and in the RTKLIB207

estimate. Several hypotheses are possible: we are likely observing a trade-off effect208

between the GGTO and clock and/or hardware receiver biases. It should also be noted209

that the simple difference estimate is not independent of the RTKLIB calculation, since210

we reuse the hardware and clock receiver biases estimated by the latter as they are.211

This possible trade-off effect can therefore potentially be propagated into the simple212

difference estimate. However, insofar as the GGTO values estimated by RTKLIB are213

of the same order of magnitude for both receivers, and this independently, we must not214

rule out a possible correction for a constant bias in the reference GGTO broadcast.215

Thus, further studies are needed to explain this shift. Furthermore, we have only216

exploited pseudorange measurements, but taking carrier phase measurements into217
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account would undoubtedly improve the accuracy of the estimated GGTO. In any218

case, considering the GGTO in geodetic GNSS processing software could potentially219

lead to improvements in the estimation of satellite and receiver clock biases.220
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