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Abstract

GNSSs, such as Galileo and modernized GPS, BeiDou and GLONASS systems, offer new potential and challenges in precise
time and frequency transfer using multi-frequency observations. We focus on the performance of Galileo time and frequency
transfer using the E1, E5Sa, E5b and ES observations. Dual-frequency, triple-frequency and quad-frequency models for
precise time and frequency transfer with different Galileo observations are proposed. Four time and transfer links between
international time laboratories are used to assess the performances of different models in terms of time link noise level and
frequency stability indicators. The average RMS values of the smoothed residuals of the clock difference series are 0.033 ns,
0.033 ns and 0.034 ns for the dual-frequency, triple-frequency and quad-frequency models with four time links, respectively.
With respect to frequency stability, the average stability values at 15,360 s are 9.51x 10713, 9.46x 10713 and 9.37 x 10~ for
the dual-frequency, triple-frequency and quad-frequency models with four time links, respectively. Moreover, although biases
among different models and receiver the inter-frequency exist, their characteristics are relatively stable. Generally, the dual-/
triple-/quad-frequency models show similar performance for those time links, and the quad-frequency models can provide
significant potential for switching among and unifying the three multi-frequency solutions, as well as further enhancing the
redundancy and reliability compared to the current dual-frequency time transfer method.
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Introduction

Since the GPS has proved to be an effective spatial tool for
the comparison of remote time and frequency standards,
it has been the subject of increased focus in the time—fre-
quency area. From the initial approach of common-view and
all-in-view techniques (Allan and Weiss 1980; Defraigne and
Petit 2003; Weiss et al. 2005; Petit and Jiang 2008), which
use only pseudorange measurements, to the development
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of the carrier phase (CP) technique, which combines dual-
frequency carrier phase observations (Ray and Senior 2005),
the accuracy of GPS time transfer has undergone significant
improvements (Defraigne and Bruyninx 2007), and it has
therefore been integrated into standard data analysis algo-
rithms for the computation of the international atomic time
(TAI) since 2009.

In recent years, with the modernization of GPS and
GLONASS and the development of BeiDou (BDS) and
Galileo systems, research on the use of emerging GNSSs
has been undertaken to guarantee the accuracy, redun-
dancy and robustness of previous GPS-only time trans-
fer (Defraigne and Baire 2011; Jiang and Lewandowski
2012a, b). The new-generation GNSS satellite transmits
signals at more than two frequencies. The Block IIF sat-
ellites of GPS include three signals at L1 (1575.42 MHz),
L2 (1227.60 MHz) and L5 (1176.45 MHz) (https://www.
gps.gov/). The Chinese BDS was designed to provide three
signals at B1 (1561.098 MHz), B2 (1207.14 MHz) and B3
(1268.52 MHz) (http://www.beidou.gov.cn).
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Time and frequency transfer based on the BDS has been
the subject of considerable interest, and its performance
has been invested in depth. Huang and Defraigne (2016)
use BDS for time transfer with the standard common GPS
GLONASS time transfer standard (CGGTTS). Guang et al.
(2018) analyzed the performance of BDS time and frequency
transfer at the National Time Service Center (NTSC), and
Liang et al. (2018) evaluated BDS time transfer over multi-
ple intercontinental baselines as a UTC contribution. Using
BDS triple-frequency observation is expected to improve
the current BDS time transfer performance. Tu et al. (2018a,
b) demonstrated that the BDS triple-frequency model can
be applied for CP precise time and frequency transfer with
accuracy and stability identical to that of the dual-frequency
model. Moreover, the European Galileo system is capable of
transmitting signals with low noise and superior multipath
performance in the E5 frequency band (1191.795 MHz). In
this frequency band, Galileo forms two sub-carriers, namely
E5a (1176.45 MHz) and E5b (1207.14 MHz), spaced at
30.69 MHz. The potential of using Galileo E5 observation
for time transfer has been well investigated using a single
frequency or by forming dual-frequency observation with E1
(1575.42 MHz) measurements (Martinez-Belda et al. 2011,
2013; Zhang et al. 2019).

Conventionally, ionospheric-free (IF) combination with
dual-frequency carrier phase and code measurements has
been employed for P3 and L3 observations with the CP tech-
nique for time and frequency transfer (Petit and Defraigne
2016; Zhang et al. 2018). However, the availability of multi-
frequency signals can provide significant opportunities for
improving the performance. With additional frequencies,
GNSS data processing, such as cycle slip detection, ambigu-
ity resolution and phase multipath estimation from a single

Fig. 1 Ground tracks of the

station, can be performed more effectively than with dual-
frequency observations only (Simsky 2006; Dai et al. 2009;
Zhang and Li 2016; Guo et al. 2016; Li et al. 2019). Various
studies have focused on benefits in terms of positioning, such
as relative positioning (Teunissen et al. 2002) and precise
point positioning (PPP) (Elsobeiey 2015). Tegedor and @Dvs-
tedal (2014) demonstrate that the new L5 observation can
increase robustness. Deo and El-Mowafy (2016) proposed
two new PPP models that use triple-frequency data to accel-
erate the convergence of carrier phase float ambiguities. Con-
sidering that similar GNSS data processing strategies exist
between positioning and time transfer, the multi-frequency
data might be usefully applied in the area of time transfer.
Regarding time and frequency transfer, the BDS-2 tri-
ple-frequency model was proposed, and the results demon-
strated accuracy and stability that were identical to those
of dual-frequency CP models (Tu et al. 2018a). Moreover,
the performance of the BDS-3 triple-frequency time trans-
fer has been investigated (Su and Jin 2019). The number of
BDS-3 satellites is quite limited at present, and thus, the
triple-frequency contribution has not yet been effectively
demonstrated. However, the Galileo system has a sufficient
number of satellites, comprising 26 satellites: 4 in-orbit
validation satellites and 22 full operational capability sat-
ellites (http://mgex.igs.org/IGS_MGEX_Status_GAL.php)
at the end of 2018. Figure 1 presents the ground tracks of
Galileo satellites available for time transfer on February
1, 2019. Although a huge potential exists for Galileo time
and frequency transfer, particularly because of its superior
ES frequency, studies in recent years have focused only on
dual-frequency observations and not on multi-frequency
observations (Martinez-Belda et al. 2011, 2013; Zhang et al.
2019). With Galileo’s superior ES5 signal and its sub-carriers

Galileo system as of February
1,2019
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(E5a and E5b) and E1 observations, additional combination
options are available, and the redundancy of observations
is significantly increased compared to that of current dual-
frequency Galileo time transfer. The results of previous stud-
ies on multi-frequency positioning have indicated that GNSS
observations suffer from serious inter-frequency clock bias
(Li et al. 2017). Therefore, how to handle these new biases
in practical time transfer applications using multi-frequency
observation is another major research topic.

In this study, mathematical models for dual-frequency,
triple-frequency and quad-frequency Galileo CP time and
frequency transfer are developed. Experiments were per-
formed on four time links with observations from interna-
tional time laboratories to assess the performance of the
models. We begin with a brief description of mathemati-
cal models of the Galileo time and frequency transfer with
dual-frequency, triple-frequency and quad-frequency obser-
vations. Then, the experimental design and data processing
strategy for assessing the performance of the models are
discussed. The results and discussion are presented. Finally,
the summary and conclusions are given.

General observation model of the CP time
and frequency transfer technique

The observation equations for the code P and carrier phase L
at different frequencies can be generally expressed as follows
(Leick et al. 2015; Li et al. 2015; Petit and Defraigne 2016):
P o=pi4c- (A, —de) + L +T +c-t3+€, (1)

n
Lin =p) +c-(dt, —dt®) — Iin + T+ Nin + ein Q)

where the indices s, r and n represent the satellite, receiver
and frequency identifiers, respectively. The symbol p;
denotes the geometric distance between the satellite and
receiver, c is the speed of light in vacuum, dt, and dt® denote
the receiver and satellite clock offsets, respectively, I}, is the
slant ionosphere delay for the corresponding frequency, 77
denotes the tropospheric delay, ¢, is the instrumental code
delay, N} is the integer ambiguity of the frequency n, and
e;, and ] are the sum of the noise and multipath error
for the code and carrier phase observations, respectively. It
is important to note that the phase center offset and varia-
tion, tidal loading, ocean tides, phase windup and relativistic
delay must be corrected in existing models, even though the
associated terms do not explicitly appear in (1) or (2).

For the time and frequency transfer, the receiver clock
offset dt, is of interest as an unknown parameter, which
denotes the clock difference between the Galileo system
timescale (GST) and the time and frequency reference.
When the hardware delays caused by the receiver, antenna

and cables have been calibrated (Rovera et al. 2014a, b), the
transfer operation between two remote time and frequency
references (namely A and B) can be realized. Then, the for-
mula can be expressed as follows:

T(A) — T(B) = (dt,(A) — GST) — (dt,(B) — GST) = dt,(A) — dt,(B)
3)

The code observation, which directly measures the time
information, and the carrier phase observation, which offers
the advantage of low noise levels, are used to achieve high
performance of the receiver clock. This is known as the CP
technique and is the same as the PPP technique in geodesy.
The precise satellite orbit and clock products obtained from
the IGS are used to control the errors from the satellite orbit
and clock. The tropospheric delay T7 is usually expressed
as the sum of the dry and wet components, which can be
expressed by their zenith delays and corresponding mapping
functions. In general, the dry component is effectively cor-
rected by its empirical model, while the wet component is set
as an unknown parameter for estimation. The first order of
the ionospheric delay in the CP technique can be eliminated
by forming the IF combination of the pseudorange and car-
rier phase observations, which is used extensively in the area
of precise time and frequency transfer. Regarding the four
frequencies of the Galileo data, additional IF combination
options are available in precise time and frequency transfer.

Dual-frequency CP models

The traditional CP technique using the IF model, which can
eliminate the ionospheric delay to the first order, has been
extensively applied in dual-frequency observation. For the
pseudorange and carrier phase observations, the mathemati-
cal models of the CP technique can be formed as follows:

r,mn m= r,m n- rn T,mn I,mn

L =a,l’ +al =p+c-(dt,,—d)+T5+N5  +¢€

T,mn m=r.m n"rn

{PS =a,P +a,P5 =p+c-(di,,—dt)+T5+e
“
where the indices m and n represent the frequency index. For
the four Galileo frequencies (E1, E5a, ESb and EY), six inde-
pendent IF combinations can be formed for the coefficients
of the IF dual-frequency combination. Because the noise
amplification factors in the E5a/ESb, ESa/ES and E5b/ES IF
combinations are substantially larger than those of the other
three IF combinations, these are inappropriate to apply to
CP time and frequency transfer. Therefore, the mathematical
model of the CP technique using dual-frequency measure-
ments (E1/ESa, E1/E5b and E1/ES) can be formed according
to (4) in the Galileo time and frequency transfer.
However, so-called differential code biases (DCBs)
exist among the code observations at different frequen-
cies because the signals at different frequencies undergo
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varying time delays when propagating through the satellite
and receiver hardware. Users can cancel the effect of satel-
lite DCBs by using the E1/E5a observation directly with
an IF combination and IGS precise clock product, because
this conventional clock product contains the satellite DCB

Triple-frequency CP models

For Galileo, the general CP triple-frequency IF model
among the four frequency observations for precise time and
frequency transfer is as follows:

{ Py = buPy ¥ b,P}, + b, Py = p+c- (dt,,, —dt) + T3 +DCB;  +e ®
— S — S i E
L}y = bull, + 0,15, + b, = p - (dt,,, —dE) + TS+ NS, 46,

correction term of the E1/E5a IF combination. However,
for the E1/ESb and E1/E5 combinations, the DCBs among
different frequencies should be corrected for the Galileo CP
models to remain compatible with the current precise clock
product, which is formulated as follows:

DCB (1,3) = f, - DCB}, — §,;DCB}, ©)
DCB (1,4) = f, - DCB, — §,,DCB;, )

I
R
parameters between the m and n frequencies, which can be
obtained from the MGEX DCB products (ftp://cddis.gsfc.
nasa.gov/pub/gps/products/mgex/dcb). The associated
receiver DCBs will be lumped into the receiver clock offset
with a constant and can be well calibrated. The dispersive
coefficients and noises of the dual-frequency IF combina-
tions are summarized in Table 1.

Therefore, the mathematical models (4) of the Galileo CP
time and frequency transfer with dual-frequency observa-
tion can be transformed and linearized, and the estimated
parameter vector Xp, can be expressed as:

]

where (x, y, z) are the station coordinate components and 7',
is the wet component.

where §,, = and DCB’ ~represent the satellite DCB

XCP() = [)C, ¥,z dtr,mn’ Twet’ N:,mn 7

Similarly, four sets of IF combinations can be formed
among the E1, ESa, E5b and ES5 signals, in which the noise
amplification factor of the E5a/E5b/ES IF combination is
substantially larger than those of the other three IF com-
binations. Therefore, we pay more attention to the E1/
E5a/E5b, E1/E5a/E5 and E1/ESb/ES IF combinations in
the Galileo triple-frequency CP technique for precise time
and frequency transfer. The corresponding coefficients and
noises of the triple-frequency CP model combinations are
presented in Table 2. It can be observed the noises of the
triple-frequency CP models are slightly smaller than those
of the dual-frequency CP models.

The satellite DCBs should also be corrected according to
the MGEX DCB products in the triple-frequency CP mod-
els. The corresponding correction terms for different triple-
frequency CP models can be expressed as follows:

DCB?
cpl

(1,2,3) = (B, — by) - DCB}, = b3 - DCBj;  (9)

DCB’ (1,2,4) = (B, — b,) - DCB}, — b, - DCB},

p

(10)

DCB’ (1,3,4) = p;, - DCB}, — b; - DCB}, — b, - DCB],
11

The values of the corresponding coefficient b, are given in

Table 2. It should be noted that the three pseudorange obser-
vations are combined for each of the triple-frequency CP

s
p

Table 1 Comparison of the

Obs. a; a, a, a, Noise Satellite
three dual-frequency CP models : DCB cor-
for time and frequency transfer rection

E1/ESa 2.261 —1.261 0 0 2.588 0

E1/ESb 2422 0 1422 0 2.809 DCB (1,3)

EI/E5 2.338 0 0 -1.338 2.694 DCB; (1,4)
Table 2 Comparison of the Obs. b, b, by b, Noise  Satellite DCB correction
three triple-frequency CP ‘
models for time and frequency E1/E5a/E5b 2.315 —0.836 —0.479 0 2.508 DCB; (1,2, 3)
transfer E1/ESa/ES 2.293 —0.734 0 —0559 2472 DCB; ,(1,2,4)

E1/ESb/E5 2373 0 -0.593 —0.780 2,567 DCB,(1,3,4)
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models. The receiver hardware delay biases among different
frequencies are absorbed by the receiver clock offset with a
constant, which can be calibrated using the approach of the
time link in the time and frequency transfer areas. Therefore,
the parameters to be estimated in the triple-frequency CP
model include the station coordinate components, receiver
clock offset, tropospheric wet component and float ambigui-
ties, which can be expressed as:

+ &

dual-frequency CP models since they assimilate different
receiver code biases. In the individual dual-frequency CP
model, these receiver code biases can be calibrated together
with other hardware delays at remote stations and thus do not
need to be considered in the mathematical model. However,
to account for the situation of the CP2 model, the additional
parameters of inter-frequency bias (IFB) are introduced
into the E1/E5b and E1/E5 code combinations to maintain
compatibility among the three dual-frequency CP models.
Therefore, the formula for the CP2 model can be written as
follows:

r,15a

13)

XCPl - [x’ MRS dtr smnp? Twet’Nﬁmnp] (12)
Py =Py 0Py, =ptc (dtys, —dt) + T3 +ep s,
Ly, =aly, + Cng =p+c- (dtr,ISa - dts) + T5 + N 1sq
S ; ;
J Prisy = 1Py +cPrg, = p e (digys, = d°) +TFB, + DCBISh FT 4 e s,
L1y = ailyy +eslys, = pte (diys, = dt)+T‘+N515b

Py g =Py eyPg=p o (digs, —df)
Ls=alitalis=p+c: (dtg 15, —dt) + T3 + Ny s +

L

rle

+1FB2,, + DCB s+ +e s

where Xp; denotes the estimable vector for the triple-fre-
quency CP model.

Quad-frequency CP models

The Galileo quad-frequency CP model can be implemented
in three ways: First, the measurements from four frequencies
can be used in three dual-frequency CP models, as men-
tioned previously (E1/E5a, E1/E5b and E1/ES), which is
defined as the “CP2” model. The second method involves
combining two of the triple-frequency CP models to form
the quad-frequency CP model (E1/E5a/E5b, E1/E5a/ES and
E1/E5b/ES), defined as the “CP3” model. Finally, the meas-
urements from four frequencies can be used to establish the
quad-frequency CP model directly with one combination
(E1/ES5a/ESb/ES), defined as the “CP4” model in this study.

CP2: three dual-frequency IF combinations

The CP2 model for the Galileo quad-frequency time and
frequency transfer is implemented by combining the three
dual-frequency CP models. However, the parameters of
the receiver clock offset are different in the individual

where the ¢ values are the coefficients of the quad-frequency
CP model and where IFB,5;, and IFB,5 denote the IFB
parameters between the E1/E5b, E1/ES and E1/E5a code
combinations. Therefore, the parameters to be estimated in
the quad-frequency CP model include the station coordi-
nates, receiver clock offset, IFB parameters, tropospheric
wet component and float ambiguities, listed as follows:

Xepy = |69, 2t 15, IFBI 0, TFB2 o, Ty N3 15,1 N2 150 N2 15
(14)

where Xp, denotes the estimable vector for the quad-
frequency CP model using three dual-frequency IF
combinations.

CP3: two triple-frequency IF combinations

Unlike the quad-frequency CP model based on CP2, which
has only one combination, the quad-frequency CP model
based on CP3 can be implemented by combining two triple-
frequency CP models among E1/E5a/E5b, E1/E5a/E5 and
E1/ESb/ES. Similarly, additional unknown IFB parameters
are required to maintain compatibility between the two tri-
ple-frequency CP combinations. Therefore, the three quad-
frequency CP models with two triple-frequency CP combi-
nations can be formulated as follows:

P} susy = 1P H P Py = ptc (dt, ysas — dt*) + DCBS o, + T° + er,lsasb

L} isusp = 1Ly + LY s, + 3Ly = pt e (dtysesy = dE) + T34 N] 50, + 8 155, (15)
P s =P+ Pl Pl =ptc: (dtyysasp — dt°) + IFB 5,5 + DCBljaS + T+ €155

L} s = clLr’ tolis, telis=ptc: (dt, 15,5, — d€°) + T° N2 s T € 15us
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P} susy = C1PY + P + P, = p oo (dts,s, — dE°) + DCBig s, + T5 + €, 1545

L} isusp = 1Ly + LY s, + 3Ly = pt o (dtyisesy = dE) + T4 N] 50 + 8 155, (16)
P} sps = C1PY e3P+ eyPr g = p e (dt sy — d°) + TFB 55 + DCBleS + T + e, 1555

L} 155 = ClLr,1 tali, talis=pte: (At 505y —dC) + T3 + N 1sps + €L 1sps

P} sus = CiPY + P+ eyPh g = pc- (dtys,s —dE) + DCBg s + T + €, 15,5

L} ises = ilyy ol telis=pte: (dt 505 — dt*) + T3 + N, 1505 T € 15as a7
P} sps = C1PY + e3P+ eyPrg = ptce (dtgs,s — d°) + 11:13151,5 +DCBi,, s + T5 + €, 155

L s =aly talig, talis=ptc: (dt, 505 —dt) + 77 + N, 1sps T € 1505

where the model combining E1/E5a/E5b and E1/E5a/ES is
defined as CP3-1, the model combining E1/E5a/E5b and
E1/E5b/ES is defined as CP3-2, and the model combining
E1/E5a/E5 and E1/ESb/ES is defined as CP3-3. Moreover,
IFB 5,5 and IFB 5,5 denote the IFB parameters between the
E1/ESa/ES, E1/ESb/ES and E1/E5a/E5b code combinations.
The IFB parameter between the E1/E5a/E5 and E1/ESb/
ES5 code combinations is symbolized as IFB,5;,s. Thus, the
unknown parameters for the quad-frequency CP model can
be summarized as follows:

Xeps—1 = %> 2 dt, 15455, IFB 315 Ters Nrslsasb’ Nrs15u5]
(18)

XCP3—2 = 7-x7 y,Z, dtr,lSaSb’ IFBcpS—Z’ Twet’ Nr 15a5b° Nlil5b5:|
(19)

Xcps—z = 7x’ Y52, dtr,lSaS’ IFBcp3—3’ Twet’Nr 15a5° 1 Vr, 151;5] (20)

where Xcps_, Xcps_p and Xps_5 denote the estimable vector
for the quad-frequency CP model using two triple-frequency
IF combinations.

CP4: single quad-frequency IF combination

The CP4 model for time and frequency transfer is formed
with a single quad-frequency IF combination. Similar to
the dual-frequency and triple-frequency models, the first
order of the ionospheric delay cancels, and the geometric
distance remains unchanged. Moreover, the amplification
noise of the combination should be controlled within a cer-
tain range. Therefore, the coefficients for the quad-frequency
IF combination are directly provided in Table 3. It should be
noted that the four pseudorange measurements are combined
within a single equation. The receiver hardware delay bias
among the four frequency code observations is a constant
that is ultimately incorporated in the receiver clock param-
eter. Since the hardware delay is calibrated in the time and
frequency transfer, these biases do not have to be considered
in the CP4 model. Thus, the equation for the CP4 model for
the Galileo quad-frequency time and frequency transfer can
be expressed as:

Table 3 Comparison of the five

Model  Obs. ¢ I 3 cy Noise  Satellite DCB correction
quad-frequency CP models for :
time and frequency transfer CP2  El/ESa 2261 -1261 0 0 2589 0
E1/E5b 2.422 0 —1.422 0 2.809 DCBip(l ,3)
E1/E5 2.338 0 0 —-1.338 2694 DCB; »(1,4)
CP3-1 EI1/ESa/E5b 2315 -0.836 —0.479 0 2.508 DCB‘ 1(1,2,3)
E1/E5a/E5 2293  -0.734 0 -0.559 2472 DCB;}}I(I 2,4)
CP3-2  El/ES5a/E5b 2315 -0.836 —0.479 0 2.508 DCBZPI(I, 2,3)
E1/ESb/ES 2.373 0 -0.593 -0.78 2.567 DCB;pl(l, 3,4)
CP3-3  EIl/E5a/E5S 2293  -0.734 0 -0.559 2472 DCB:pl(l, 2,4)
E1/ESb/E5 2.373 0 -0.593 -0.78 2.567 DCB; 21(1,3.4)
CP4 E1/E5a/ESb/E5S 2317  -0.606 —0274 —0437 2450 DCB! pa(1,2.3.4)
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S _ S S S - s S N s

P} g = CobPr + CaP + P Py = p e (dty,,,, —df) + T2+ DCB;  +e o
s _ s s s s _ S S S s

Lr,mnpq - Cer,m + CﬂLr,n + C[’Lr,p + Cqu,q =p+tc: (dtr,mnpq —dt ) + Tr + Nr,mnpq + er,mnpq

The satellite DCB correction for the CP4 model can be
expressed as:

DCB; ,(1,2,3,4) = (f1, — by) - DCB}, — by - DCB}, — b, - DCBY,.
(22)

Therefore, the parameters to be estimated in the quad-fre-

quency CP model using a single quad-frequency IF combi-
nation include the station coordinates, receiver clock offset,
tropospheric wet delay and float ambiguities, which can be
listed as follows:
Xeps = [x,y, Z,dt; 154505 Twet’Nilsajbs]' (23)
where Xqp, denotes the estimable vector for the quad-
frequency CP model using a single quad-frequency IF
combination.

Table 3 summarizes the five quad-frequency Galileo CP
models for precise time and frequency transfer, including the
observations, coefficients for the individual models, noise
amplification factors and satellite DCB corrections. It can
be observed that the quad-frequency models of CP2 and CP3
are indirectly formed using dual-frequency and triple-fre-
quency IF combinations, and the corresponding IFB param-
eters need to be introduced to maintain compatibility among
different IF combinations. The quad-frequency model of
CP4 is directly formed with code and CP measurements
from the four frequencies. It can be observed that the noise
amplification factor of CP4 is slightly smaller than those of
the CP2 and CP3 models. Because the precise clock product
is determined using the E1/ESa observation for Galileo, it
contains the satellite DCB correction term of the E1/E5a IF

Time and frequency transfer experiment

To evaluate Galileo time and frequency transfer with multi-
frequency observations, five stations equipped with UTC
(laboratory) time and frequency references were selected.
The site names, GNSS receiver and antenna types, corre-
sponding frequency standards and locations are summa-
rized in Table 4. It should be noted that the receivers are
all manufactured from Septentrio in Belgium; these receiv-
ers are widely used in time and frequency determination.
Observations spanning from modified Julian dates (MJDs)
58,518-58,530 were collected as the experimental datasets
for this study. Considering that station PT11, associated
with the Physikalisch-Technische Bundesanstalt (PTB), is
usually set as the central station in practical work of time
and frequency transfer, we used it as a reference station in
the experiment. Therefore, time links were formed, denoted
by UTC(Lab2)-UTC(Lab1) or Station1-Station2, referring
to the basic quantity that is generally used to analyze the
performance of time and frequency transfer. Table 5 sum-
marizes the four time links of the experiment and the cor-
responding geodetic distances, which spanned from 454.9
to 6274.8 km.

To evaluate the performance of those models, we devel-
oped a new time and frequency transfer software package
named precise time transfer solution (PTTSol), which also
supports multi-frequency time and frequency transfer. Dur-
ing data processing, the precise orbit and clock products
were taken from the IGS data analysis center GFZ, which

Table 5 Time links formed

combination, and hence, it does not need to be considered ! ( Time link Geodetic
when using only the E1/E5a dual-frequency observation. g?iacnocré?p onding geodetic distance
The five quad-frequency CP models, all of which need to (km)
consider the DCB correction, and the corresponding formu- BRUX-PT11 454.9
las are summarized in Table 3. WAB2-PT11 635.3
ROAG-PTI11 2182.5
USN7-PT11 6274.8
Table.4 Attributejs of statigns Site name GNSS receiver Antenna Frequency standard Location
used in the experiment of time
and frequency transfer PT11 POLARX4TR LEIAR25.R4 UTC(PTB) 52.2°N, 10.4°E
BRUX POLARX4TR JAVRINGANT_DM UTC(ORB) 50.8°N, 4.4°E
ROAG POLARXSTR LEIAR25.R4 UTC(ROA) 36.5°N, 6.5°W
USN7 POLARXS5TR TPSCR.G5 UTC(USNO) 38.9°N, 77.1°W
WAB2 POLARXS5TR SEPCHOKE_B3E6 UTC(CH) 46.9°N, 7.5°E
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Table 6 Observation models
and Galileo multi-frequency
RINEX data processing
strategies for time and
frequency transfer

Item

Models and strategies

Observations

Signal selection
Satellite orbit and clock
Satellite antenna phase center offset
Ionosphere
Tropospheric delay
Elevation cutoff
Sampling rate
Observation weight
Estimator

Receiver clock offset
Receiver IFB

Phase windup effect

Galileo carrier phase and code observations
E1/E5a/ESb/ES

Precise satellite products from GFZ
Corrected using MGEX values (Rizos et al. 2013)
Eliminated by different IF combinations
Initial model + random walk process

70

30s

Elevation-dependent weight

LSQ in sequential mode

Estimated as white noise process

Dual-frequency/triple-frequency/CP4 models:
absorbed in receiver clock offset

CP2/CP4 model: estimated as constant
Model corrected (Wu et al. 1993)

S

~
Input Data CP model N ( Assessment h

| Multi-frequency | !

--------------------- i Dual-frequency | ! Smoothing |
CP Model | | residuals |

i\ Galileo data _:

§> i Triple-frequency | §> i Frequency |
iGSsateitie | V| Lo CPModel [T/ | L stabilty |

"""""""""""" ! Quad-frequency | | j
H CP Model H

1 Biases character |
! H

Fig.2 Basic implementation of the multi-frequency Galileo time and

frequency transfer experiment

Fig.3 Number (up) of available
Galileo satellites and TDOP
(down) values from MJDs
58,518-58,530 at stations
BURX (a), PT11 (b), ROAG
(¢), USN7 (d) and WAB2 (e)
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can provide the Galileo orbit and clock products. Different
IF combinations of the CP models were separately applied
to eliminate the first-order ionospheric delay. The dry trop-
ospheric delay was corrected by using the Saastamoinen
model, while the residual zenith wet delay was estimated as
a random walk process. A cutoff elevation angle of 7° and
an elevation-dependent weighting approach were applied.
Moreover, the receiver clock offset parameter was estimated
as a white noise process. The receiver inter-frequency biases
in the dual-frequency, triple-frequency and CP4 models were
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absorbed in the receiver clock offset, and this offset was
estimated as constant in the CP2/CP4 model. Moreover, the
phase windup effects were considered (Wu et al. 1993).

Table 6 summarizes the Galileo multi-frequency observa-
tion models and data processing strategies employed. Fig-
ure 2 shows the implementation of the experiments. The
Galileo quad-frequency data collected at the stations and
the IGS satellite products are the input data. Three kinds
of multi-frequency CP models (dual-, triple- and quad-)
are employed to achieve precise time transfer between time
links. The performance of the multi-frequency models on
different time links is assessed in terms of the smoothing
residuals, frequency stability and bias character.

Results and discussion

For precise time and frequency transfer, the number of avail-
able satellites at a station and the time dilution of precision
(TDOP) are key issues to be addressed prior to verifying the
multi-frequency time and frequency transfer models. The
fact that two external time and frequency references were
individually installed at the two ends for the one time link
and were running in real time during the experimental period
affected the performance evaluation for different time trans-
fer cases. Therefore, the root mean square (RMS) value of
the smoothed residuals (Harmegnies et al. 2013) was used in
this study; the RMS reflects the noise level of the time trans-
fer link. Furthermore, the frequency stability of the time link
is a crucial indicator of time and frequency transfer. Given

Table 7 Mean and STD values of the two model biases at different
links

Time link Bias1-dual Bias2-dual

Mean (ns) STD (ns) Mean (ns) STD (ns)
BRUX-PT11 2.732 0.065 1.648 0.035
ROAG-PT11 —6.759 0.030 —-4.927 0.018
USN7-PT11 —4.811 0.066 —4.295 0.019
WAB2-PT11 —3.609 0.028 —2.281 0.014

that the Allan deviation (ADEV) (Jiang and Lewandowski
2012a, b) is a measure of the fractional frequency fluctua-
tion and offers the advantage of convergence, it is the most
commonly used time-domain measure of frequency stability.
Therefore, the RMS and ADEV indicators were assessed for
different multi-frequency CP models. Moreover, the IFBs
were analyzed in the quad-frequency CP model.

Figure 3 illustrates the number of available Galileo satel-
lites and TDOP values during the entire experiential period.
The increase in the number of Galileo satellites offers sig-
nificant opportunities for precise time and frequency trans-
fer. For the 7° elevation cutoff, approximately 4—8 satellites
could be observed at BRUX in most epochs, and the aver-
aged value was 6.18. The average numbers of available sat-
ellites were 6.25 for PT11, 5.93 for ROAG, 6.79 for USN7
and 5.83 for WAB2. The average TDOP values were 1.98,
2.17,2.13, 1.88 and 2.22 for BRUX, PT11, ROAG, USN7
and WAB?2, respectively.

Fig.4 Clock difference series 927 1202~ . . .
of the three dual-frequency time — (a) (b) —=—E1ES5a
transfer in nanoseconds from 2 200+ —e—E1E5b ]
MJDs 58,518-58,530 at time o 91 11981 —aE1E5 |
links BRUX-PT11 (a), ROAG- 2
PT11 (b), USN7-PTI11 (¢) and @ 90 1196 .
WAB2-PT11 (d) e
2 % 1194 W
=
3 881 {1921 ]
& 1901 ]
g7 /BRUX-PT11 ROAG-PT11
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0.06 - I E1E5a

[ E1E5b
B E1E5

0.05 +

0.04

0.03

RMS [ns]

0.02 -

0.01

0.00 -

BRUX-PT11 ROAG-PT11 USN7-PT11 WAB2-PT11

Fig.5 RMS of smoothed residuals for the clock difference series
derived by the three dual-frequency models from MJDs 58,518—
58,530 at four time links

Dual frequency

Figure 4 presents the time transfer results for the three dual-
frequency models in the four time links. The vertical axis
(clock difference) represents the difference between the two
receiver clock offsets at the two ends of the time link, which
could be determined according to (3). It should be noted
that the variations in the time transfer values agreed well
for each solution. Moreover, clear biases existed among the
solutions from the three different dual-frequency CP models,
the reason for which is mainly the receiver clock offset being

absorbed by different receiver DCBs as varying frequencies
undergoing different time delays.

To assess the performance of the biases between different
dual-frequency models during the experiment, we selected
the clock difference from the E1/E5a model as a reference.
Therefore, the bias between E1/ESb and E1/E5a was denoted
by “Biasl-Dual,” while that between E1/E5 and E1/E5a
was denoted by “Bias2-Dual.” The statistical information
of individual bias series includes mean and standard devia-
tion (STD) indicators, which are summarized in Table 7. It
can be noted that, although the two biases at the four time
links differed (the maximum mean value was —6.759 ns
at ROAG-PT11 in “Bias1-Dual,” while the minimum was
1.648 ns at BRUX-PT11 in “Bias2-Dual”), these values were
stable during the experimental period. Moreover, the stand-
ard deviation (STD) of Bias2-Dual, having an average value
of 0.022 ns, was generally better than that of Bias1-Dual,
with an average value of 0.047 ns at the four different time
links. This implies that the E5 observation was superior to
the sub-carrier observation from E5b. Therefore, effective
calibration techniques such as relative and absolute tech-
niques (Rovera et al. 2014a, b) can be applied in practical
time and frequency transfer, thereby increasing the effective
redundancy results compared to the current only one dual-
frequency model in practical time transfer work.

In this study, the RMS value of smoothed residuals for
the raw clock difference series was employed to reflect the
noise level of the time transfer results, which was obtained
by comparing the smoothed clock difference series using
a Kalman filter. Figure 5 presents the RMS values for the

Fig.6 Comparison of ADEVs 107 1072
for the three dual-frequency (@ BRUX-PT11 (b) ' ROAG-PT11  EEE1ESa
models from MJDs 58,518— I E1E5b
58,530 at time links BRUX- S, a3 I E1ES
=107 110731
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Fig.7 Clock difference series of
the three triple-frequency time
transfer in nanoseconds from
MIDs 58,518-58,530 at time
links BRUX-PT11 (a), ROAG-
PT11 (b), USN7-PT11 (c) and
WAB2-PT11 (d)

1694(c)
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Table8 Mean and STD values of the two triple-frequency model
biases at different links

Time link Biasl-triple Bias2-triple
Mean (ns) STD (ns) Mean (ns) STD (ns)
BRUX-PT11  —-0.222 0.010 1.193 0.027
ROAG-PT11 0.254 0.006 —3.365 0.014
USN7-PT11 -0.179 0.008 —2.897 0.027
WAB2-PT11 0.299 0.005 —1.569 0.011
0.06 - Il E1E5aE5b
1 I E1E5aE5
0.05 Il E1E5bE5
0.04
o ]
=
o 0.034
= |
(13
0.02
0.01
0.00 -

BRUX-PT11 ROAG-PT11 USN7-PT11 WAB2-PT11

Fig.8 RMS of smoothed residuals for the clock difference series
derived by the three triple-frequency models from MJDs 58,518-
58,530 at four time links

58518 58521 58524 58527 58530
MJD

58527 58530

four time links. It can be noted that the RMS values were
generally similar for the three dual-frequency models at the
four time links. The average value was 0.033 ns for the E1/
E5a solution, 0.033 ns for the E1/E5b solution and 0.034 ns
for the E1/ES solution. The E1/E5b solution was slightly
inferior to the E1/E5a and E1/ES5 solutions.

Figure 6 presents the ADEVs for the three dual-frequency
modes at the four time links. To clearly show the difference
between the three dual-frequency models, the ADEVs were
drawn as column side by side. The frequency stabilities were
also generally similar for the three dual-frequency models,
regardless of the averaging time interval. The average sta-
bility values at 15,360 s for the four time links exceeded
9.27x 107" for the E1/E5a solution, 9.92x 10~'* for the E1/
E5b solution and 9.35x 10~"* for the E1/ES solution.

Triple frequency

As discussed previously, three triple-frequency CP models
were also implemented for the Galileo time and frequency
transfer. Figure 7 illustrates the time transfer results of the
three triple-frequency models at the four time links. The
variation trends of the three different cases are generally
identical, all reflecting the characteristics of the two external
time and frequency references for one time link. Moreover,
biases also existed among these three clock difference series.
The bias between E1/E5a/ES and E1/E5a/E5b is denoted by
“Bias1-Triple,” while that between E1/E5a/E5 and E1/ESb/
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ES is denoted as “Bias2-Triple.” Table 8 summarizes the
statistical results for the biases. Although biases of different
values are exhibited among the three triple-frequency mod-
els, i.e., the maximum mean value is — 3.365 ns at ROAG-
PT11 in “Bias2-Triple,” while the minimum is —0.179 ns
at BRUX-PT11 in “Bias1-Triple,” the STDs are relatively
stable. The average STD is 0.007 ns for “Bias1-Triple” and

@ Springer
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0.020 ns for “Bias2-Triple,” which is far less than the STD
of the corresponding clock difference series with an average
value of 0.535 ns. Therefore, it meets the prerequisite for
the time link calibration among the three triple-frequency
CP models.

Figure 8 presents a comparison of the RMS values
from the three triple-frequency CP models for the four
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Table 9 Mean and STD values

Bias2-quad Bias3-quad Bias4-quad

Mean (ns) STD (ns) Mean (ns) STD (ns) Mean (ns) STD (ns) Mean (ns) STD (ns)

-0.148  0.013 -0.169  0.017 -0.391 0.023
0.681 0.068 0.672  0.064 0923  0.061
0.766  0.037 0.763  0.035 0.582  0.034
0232 0.026 0218  0.025 0513  0.025

° Time link Biasl-quad
of the two triple-frequency
model biases at different links
BRUX-PT11 -1.107 0.037
ROAG-PTI1 2969  0.094
USN7-PT11 2.401 0.050
WAB2-PT11 1430  0.039
0.06+ EECP2 [ CP3-
1 I CP3-2 [l CP3-3
0.05 Il cP4

RMS [ns]

BRUX-PT11 ROAG-PT11 USN7-PT11 WAB2-PT11

Fig. 11 RMS of smoothed residuals for the clock difference series
derived by the five quad-frequency models at four time links

time links. The RMS values are also generally similar for
different CP models. The average values at the four time
links are 0.033 ns for the E1/E5a/E5b solution, 0.033 ns

Fig. 12 Comparison of ADEVs

for the E1/E5a/E5 solution and 0.034 ns for the E1/E5b/
ES solution.

Furthermore, Fig. 9 presents a comparison of the fre-
quency stability values for the three triple-frequency CP
models. These values are generally identical for different
solutions at the four time links. The average stability values
at 15,360 s for the four time links surpassed 9.40x 1071
for the E1/E5a/E5b solution, 9.34x 10™" for the E1/E5a/
E5 solution and 9.64 x 10~" for the E1/ESb/ES solution.

Quad frequency

There were four quad-frequency CP models for the time
and frequency transfer, which were derived from the three
dual-frequency CP combinations, the two triple-frequency
CP models and the use of the observations from four fre-
quencies directly. Figure 10 shows that the variations in the
clock differences from the four solutions were generally
identical, regardless of the time links, all representing the
characteristics of the two time and frequency references
during the experimental period. Moreover, the solutions

10
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Fig. 13 Comparison of ADEVs 10" 10°
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from the CP3-1 and CP3-2 CP models are very similar
because the receiver clock offsets in the two models all
refer to the parameter from the E1/E5a/ESb combination.
Similar to the other models, the biases among the four
quad-frequency CP models were studied in depth. For con-
venience, we denote the biases between CP2 and CP4 as
“Bias1-Quad,” between CP3-1 and CP4 as “Bias2- Quad,”

@ Springer
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between CP3-2 and CP4 as “Bias3-Quad” and between
CP3-3 and CP4 as “Bias4-Quad.” The statistical informa-
tion is summarized in Table 9. The maximum mean value
is 2.969 ns at ROAG-PT11 in “Bias2-Quad,” while the
minimum is -0.148 ns at BRUX-PT11 in “Bias2-Quad.”
The averaged STD value of the four biases at all modes
is 0.041 ns, which is far less than the averaged STD of
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0.518 ns for the time transfer result. Therefore, these biases
also exhibit relatively stable behavior during the entire
experiment.

Figure 11 presents a comparison of the RMS values of
the five quad-frequency CP models at the four time links. It
can be noted that the RMS values are identical for different
CP models. The average value at the four time links is better
than 0.033 ns for the five CP models.

Figure 12 presents a comparison of the frequency stability
values for the five quad-frequency CP models, which were
generally identical for different solutions at the four time
links. The average stability values at 15,360 s for the four
time links surpassed 9.29 X 10~" for CP2, 9.40x 10~" for
CP3-1,9.40x 107" for CP3-2, 9.35x 10™" for CP3-3 and
9.41x 10™" for CP4.

To clearly compare the performance of the dual-, triple-
and quad-frequency models, the corresponding ADEVs at
the four time links are shown in Fig. 13. It can be noted
that the three models are generally equivalent in frequency
stability.

In the CP2 and CP3 models, additional unknown IFB
parameters were introduced to maintain compatibility
between different dual-frequency and triple-frequency IF
combinations when indirectly forming the quad-frequency
CP model. Figure 14 presents the two IFB value series for
the CP2 model during the experimental period. It can be
observed that, although the IFBs were estimated as constant
for the daily solution, they still maintained high stability
during the entire time transfer period. Additionally, the two
types of IFB series exhibit strong agreement. The IFB values

-245 .
58518 58520 58522 58524 58526 58528 58530

of IFB2,,, are smaller than those of IFB1, at the five dif-
ferent stations. Furthermore, the averaged STD value of
IFB1,,, is 0.287 ns and that of IFB2 , is 0.203 ns for the 12
experimental days. Figure 15 presents the three IFB value
series in the CP3 models, which are also highly stable even
for 12 days at the five stations. The averaged STD value of
IFB1,,;3 is 0.163 ns, that of IFB2_ 5 is 0.217 ns, and that of
IFB3,,3is 0.220 ns.

Summary and conclusions

To exploit the potential of the Galileo multi-frequency code
and CP observations in time and frequency transfer, we stud-
ied a multi-frequency model of Galileo precise time and
frequency transfer based on the CP technique. The math-
ematical models for the dual frequency, triple frequency and
quad frequency have been discussed and presented. Moreo-
ver, comprehensive numerical analyses were conducted to
assess different multi-frequency CP models using datasets
derived from five international time laboratories involving
four time transfer links.

The results of the three dual-frequency CP models dem-
onstrate that the variations in the clock difference series
from the three solutions agree very well. The biases between
the three models exhibited superior stability compared to the
time transfer results during the entire experimental period.
The average STD of those bias series reaches 0.047 ns and
0.022 ns for the three dual-frequency models. This pro-
vides significant potential for switching among the three
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dual-frequency solutions and further enhances the redun-
dancy of models compared to current time transfer. The
RMS values of smoothed residuals are generally similar for
the three dual-frequency models at the four time links. The
average values are 0.133 ns for the E1/E5a solution, 0.138 ns
for the E1/E5b solution and 0.135 ns for the E1/E5 solu-
tion. Additionally, the frequency stability values are gener-
ally similar for the three dual-frequency models, regardless
of the averaging time interval. The average stability values
at 15,360 s for the four time links reach 9.27 x 10~!3 for
the E1/E5a solution, 9.92% 10™" for the E1/E5b solution
and 9.35x 101 for the E1ES solution. These results imply
that the performance of the three dual-frequency CP mod-
els is generally identical, regardless of the noise level and
frequency transfer.

The time and frequency transfer results of the three triple-
frequency CP models also demonstrate strong agreement
during the entire experimental period. Moreover, a statisti-
cal analysis of the biases among the three triple-frequency
CP models was performed, and the average STD values are
0.007 ns and 0.020 ns, which are less than the 0.047 ns and
0.022 ns obtained for the three dual-frequency CP models.
The major reason is that the additional observation used
can provide a more robust time transfer result. Regarding
the noise levels of the time transfer links, the RMS values
are also generally similar for different CP models at the
four time links, with 0.033 ns for the E1/E5a/E5b solution,
0.033 ns for the E1/ESa/E5 solution and 0.034 ns for the E1/
ESb/ES solution. Moreover, the frequency stability values
are identical for the three solutions, even at different time
intervals. The average stability values at 15,360 s at the four
time links surpass 9.40 X 10" for the E1/E5a/E5b solution,
9.34x 107" for the E1/E5a/E5 solution and 9.64 x 10~'° for
the E1/ESb/ES solution.

Five quad-frequency CP models were also developed for
time and frequency transfer in this work, and the time and
frequency transfer series results are also in strong agree-
ment. The averaged STD value of the biases among the five
CP models is 0.041 ns. The noise levels of time links are
identical for different solutions, with average values supe-
rior to 0.033 ns at the four time links. Furthermore, the
frequency stability values for the five quad-frequency CP
models were generally identical for different solutions at the
four time links, with average values of 9.29 X 1071 for CP2,
9.40x 107" for CP3-1, 9.40x 10~" for CP3-2,9.35x 107"
for CP3-3 and 9.41x 10~ for CP4 at the 15,360-s time
interval. Moreover, the characteristics of the receiver IFB
are also analyzed. The averaged STD value of IFB1 , is
0.287 ns and that of IFB2, is 0.203 ns for the 12 experi-
mental days, while the averaged STD value of IFB1 5 is
0.163 ns, that of IFB2, 5 is 0.217 ns, and that of IFB3_ 5 is
0.220 ns. These results imply that the IFB should be well
estimated for the multi-frequency observation model for

@ Springer

time and frequency transfer. Moreover, the dual-frequency,
triple-frequency and quad-frequency solutions were revealed
to be generally equivalent, regardless of the noise level or
frequency stability indicators for the time link. Fortunately,
the biases between different CP models were relatively sta-
ble during the entire experimental period, which implies that
these can be effectively predicted or calibrated in the area
of time and frequency transfer and further enhance the per-
formance of the current dual-frequency (E1/E5a) solution.
At present, the multi-system and multi-frequency satellite
navigation systems are undergoing rapid development. Fur-
ther investigations into the application of time and frequency
transfer will be valuable for enhancing and improving their
performance.
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