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Abstract

While traditional GNSS signals are always modulated with navigation data, various modern signals provide a distinct pilot
channel without data modulation to support long coherent integration times. Intra-signal biases between the data and pilot
components of such signals are evaluated for satellites of the GPS, Galileo, BeiDou-3, and QZSS constellations using
measurements from a dedicated set of receivers. Peak values of about 2 ns are obtained for the GPS L5 signal, while slightly
smaller values of up to 1 ns apply for the B1C and B2a signals of BeiDou-3 as well as the QZSS L1C signal. For Galileo
El and E5a/b, data+ pilot biases are confined to less than 0.1-0.3 ns, which is typically less than other pseudorange errors
for these signals. Fully negligible values of < 0.05 ns are obtained for the L1C and L2C signals of GPS as well as the L2C
signal of QZSS in accord with expectations for time-multiplexed or interlaced modulations. To support consistent processing
of multi-GNSS data in heterogeneous networks, biases between combined data + pilot tracking and pilot-only tracking are
derived in a dedicated zero-baseline receiver test bed. The analysis confirms the general understanding that biases between
combined and pilot-only pseudoranges amount to a fixed fraction of the corresponding data + pilot biases. This fraction
depends on the power sharing of the data and pilot component in the respective signals and amounts to 50% in most cases.
The results of this study are expected to remove the prevailing problem of two distinct receiver groups in the generation
of satellite clock and bias products by the International GNSS Service and to enable a rigorous and consistent use of these
products by multi-GNSS users.
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Introduction make use of distinct pseudo random noise (PRN) ranging

codes. While the data channel always needs to be demodu-

A variety of modernized navigation signals of GPS/QZSS
(L1C, L2C, L5), Galileo (E1 Open Service, E5a, E5b),
and BeiDou-3 (B1C, B2a) presently offer distinct channels
with and without modulated navigation data (Betz 2016).
Depending on the specific signals and constellations, the
data and pilot channels are modulated on the common car-
rier using different modulation techniques, including time
multiplexing, phase quadrature, or interplex modulation, and
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lated to access the corresponding navigation data, the actual
tracking can be confined to the data-less pilot signal, which
does not exhibit unknown bit transitions and enables par-
ticularly long coherent integration times. Therefore, geo-
detic receivers commonly track the pilot component for the
generation of high-grade pseudorange, carrier phase, and
Doppler measurements while using only a slaved prompt
correlator arm on the data channel for demodulating the data
bits of such signals. Alternatively, a combined tracking loop
making joint use of correlation samples from the pilot and
data channels is employed in various receiver architectures
to benefit from the combined signal power and to achieve a
higher carrier-to-noise density ratio (C/Nj).

In the combined (“x”) tracking mode, independent cor-
relation or discriminator values are obtained for each of the
two signal components and used to form a combined meas-
urement of the tracking error for the code- and phase-track-
ing loops. In this way, a lower tracking noise is achieved,
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which corresponds to the C/N,, for the total signal power
received for the two channels.

In the presence of biases between the data (“d”) and pilot
(“p”) components, the combination will result in a distor-
tion of the combined correlation functions and a shift of
the tracking point. The shift will depend on the combining
method. In the case where the combination involves adding
the pilot and data correlations prior to computing the dis-
criminator, it can be modeled in analogy with short range
multipath (Byun et al. 2002; Young and Meehan 1988) for
in-phase signals. For a typical early-minus-late correlator
and for a given data-minus-pilot bias B,_,, the combined
tracking will then result in the bias

[0

Bx—p =Bd—p ' l+a (1)

with respect to the pilot-only tracking, where a denotes the
amplitude ratio of the data component relative to the pilot
component.

In view of the small magnitude of data+ pilot biases for
current GNSS signals in relation to commonly employed
correlator spacings, Eq. (1) is likewise applicable for more
advanced correlator architectures such as double-delta and
strobe correlators and can be used as a baseline for modeling
the expected biases of combined data + pilot tracking relative
to the pilot-only tracking. Nevertheless, it must be empha-
sized that implementation details for the combined tracking
mode are not disclosed by the current receiver manufac-
turers. As such, the above model represents a conceptual
model, but cannot necessarily substitute actual measure-
ments of x—p biases. In particular, this applies to signals
with different power in the data and pilot channel, such as
QZSS L1C and BeiDou B1C, where non-identical weights
may be applied in combination to minimize the resulting
code tracking noise (Hegarty 1999; Guo et al. 2022).

To distinguish the various modes of tracking and meas-
urement generation, the Receiver INdependent EXchange
(RINEX, Romero 2021) format provides distinct observa-
tion codes such as D (data) and P (pilot), I (in-phase) and Q
(quadrature), S (short) and L (Iong), or B and C for data-only
and pilot-only tracking. In contrast, the X and, occasionally,
Z observation codes are used for measurements resulting
from the combined tracking of the two signal components.
The proper assignment and careful distinction of observa-
tion codes is a necessary condition for considering track-
ing-mode-specific signal biases in the processing of GNSS
observations, but has not been applied and exploited in an
adequate manner, so far.

Within the global monitoring network of the International
GNSS Service (IGS, Johnston et al. 2017), a heterogene-
ous set of receivers is used for tracking satellites of the
various global and regional satellite navigation systems.
Measurements of the IGS network provide the basis for the
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determination of precise orbit and clock products, which in
turn support a multitude of GNSS applications in the field of
surveying, timing, and geodesy. Since the various receiver
models available within the IGS provide either x- or p-track-
ing observations but do not offer concurrent measurements
from both modes, the IGS network essentially partitions into
two distinct groups of stations (Wang et al. 2016). This divi-
sion causes both conceptual and practical problems in the
joint processing of data from the x and p receiver groups in
the orbit determination and time synchronization (ODTS) of
GNSS satellites (Montenbruck and Steigenberger 2021) and
the use of the resulting products in precise point positioning
(PPP; Li et al. 2020).

Even though carrier phase observations from both
receiver groups can provide precise information on the varia-
tion of satellite clock offsets over time, rigorous use of pseu-
dorange measurements from both receiver groups for abso-
lute clock offset determination is hampered by the presence
of satellite-specific x—p biases, whenever the conventional
clock reference signals involve both pilot and data compo-
nents. Here, satellite clock offsets must either be referred
to pilot-only tracking or combined data + pilot tracking and
only pseudoranges from the corresponding group of receiv-
ers should be used in the ODTS process. While GPS is not
currently affected by this issue due to the use of the L1/L.2
P(Y) signals as the basic clock reference, the ionosphere-free
E1/E5a combination is commonly used as a reference for
the precise orbit and clock products of Galileo within the
IGS. This leaves an ambiguity concerning the choice of pilot
or combined data + pilot observations on both frequencies,
which analysis centers and users often silently ignore. Sig-
nals with data and pilot components also serve as the clock
reference for QZSS (L2C) and are likely to be applied for
BeiDou-3 (B1C, B2a) in the foreseeable future.

With this background, the present study aims to com-
prehensively characterize biases in open-service data/pilot
signals of the various global and regional navigation satellite
systems based on actual receiver measurements. In addi-
tion, first calibrations of x—p satellite biases for the relevant
signals of GPS, Galileo, and BeiDou-3 are provided that
will assist consistent processing of combined data + pilot and
pilot-only observations from the respective receiver groups
in a heterogeneous tracking network.

Data and processing

The results discussed in this work are based on measure-
ments collected with two basic receiver types specifically
configured or modified to support independent and concur-
rent tracking of data and pilot channels. Following the initial
work of Sleewaegen and Clemente (2018), a new and com-
prehensive set of data+ pilot biases for four constellations
was determined for the present study with two Septentrio
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PolaRx5 receivers in Leuven and Tokyo in January 2023.
Other than the standard firmware, limited to pilot-only meas-
urements, a special firmware build was used in both cam-
paigns to support joint tracking and output of data and pilot
observations. Overall, data + pilot biases for the GPS L1C,
L2C, L5, Galileo E1 O/S, E5a, E5b, and BeiDou-3 B1C,
B2a signals were obtained for the globally visible satellites
in medium earth orbit. In addition, L1C, L2C, and L5 biases
were measured for the QZSS satellites in both inclined geo-
synchronous and geostationary orbit.

Next to the PolaRx5, measurements of GPS, Galileo, and
BeiDou-3 data + pilot biases for the aforementioned sig-
nals were performed at DLR’s German Space Operations
Center (GSOC), Oberpfaffenhofen, in January 2023 with a
pair of Javad TRE-3S receivers in zero-baseline configura-
tion. While one of the two receivers was operated in the
default configuration for combined data + pilot tracking with
“normal” correlator settings, the second receiver was oper-
ated in a special “data” configuration providing distinct data
and pilot observations. RINEX observation files for the two
receivers were generated from binary receiver data in the
vendor-specific JPS format (Javad 2022) using a conversion
software (JPS2Rnx) independently developed by the authors.

Given the limited QZSS visibility from Central Europe,
complementary QZSS observations were obtained with
Javad TRE-3 receivers of the Multi-GNSS Integrated Real-
time and Archived Information system (MIRAI; Cabinet
Office 2022a) between January and December 2022. A
total of eight stations in the Asia-Pacific region contrib-
uted by the QZS operator and supporting joint output of
data and pilot observations for GPS and QZSS satellites
was selected for this purpose. RINEX observation files for
the MIRALI stations are generated by the MIRAI providers
based on real-time data streams with multi-signal messages
(MSM) in Radio Technical Commission for Maritime Ser-
vices (RTCM) v3.3 format (RTCM 2021). Due to apparent
encoding errors, the designations for data and pilot observa-
tions are swapped in both the RTCM real-time streams and
the RINEX observation files. For proper data analysis, the
respective measurements were therefore exchanged prior to
using them in the present analysis.

For comparison with estimated data + pilot code biases,
“inter-signal corrections” (ISCs) are used, which are trans-
mitted within the navigation messages of most of the mod-
ernized signals. The respective values were extracted from
RINEX 4 navigation data files (Montenbruck and Steigen-
berger 2022) provided by the IGS and represent average val-
ues over the January to December 2022 time frame.

The estimation of intra-signal biases B,_, from pseudor-
ange observations Py and P, of the data and pilot channels
obtained within a single receiver follows the general concept
of differential code biases (DCBs) determination of Monten-
bruck et al. (2014). However, no global ionosphere maps are

required for correcting differential path delays between data
and pilot signals in view of the common signal frequency.
Accordingly, the difference between the data and pilot pseu-
doranges may be modeled as the sum of the corresponding
receiver and satellite biases as well as the receiver noise
difference £4_:

Py—P,= Bff_"p + B;"fp +E4p 2)

The sum of the receiver and satellite biases is thus
obtained as the arithmetic average of the respective data-
minus-pilot pseudoranges over the selected data arc. For
the separation of satellite and receiver biases, a zero-mean
constraint is applied over the satellites of each constellation.

As an alternative to the above approach, inter-signal
biases for two signals s, and sz of the same frequency or
two different tracking modes of the same signal may also
be determined using a pair of receivers A and B in zero-
baseline configuration, i.e., connected to the same antenna
via a power splitter (Hauschild and Montenbruck 2016). In
this case, the model for the respective pseudorange differ-
ence is given by
PB,SB - P,

SSA

= [C . dtB—A + BrBCV

,Sp—A,S,

t
+BY +épa (3)

where ¢ - dtz_, denotes the product of the speed of light
and the differential receiver clock offset at the measurement
epoch. Assuming constancy of the satellite biases over the
processing interval, the epoch-wise values of the combined
clock offset and receiver bias terms as well as the individual
satellite biases can be obtained from the solution of a least-
squares system based on observations covering an extended
data arc and the full constellation. Similar to the single-
receiver case, the system exhibits a rank — 1 deficiency that
is removed by an additional zero-mean constraint across all
observed satellites of the constellation.

Due to the estimation of epoch-wise parameters, the least-
squares adjustment involves a substantially larger number
of solve-for parameters than the single-receiver, bias-only
problem. In view of the block diagonal structure of the
normal equations and the purely diagonal structure of the
large submatrix for the epoch parameters, the system can,
nevertheless, be solved with moderate computational effort,
even for long data arcs. Within the present study, a dual-
receiver, zero-baseline configuration is used to determine
biases between observations for combined data + pilot track-
ing mode and pilot-only mode, which cannot be generated
simultaneously by a single receiver.

@ Springer
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Results

Based on the concepts and data sets introduced above,
data + pilot biases as well as biases of combined data + pilot
tracking with respect to pilot-only tracking have been
obtained. Results for the two types of biases in GPS, Galileo,
BeiDou-3, and QZSS signals are presented and discussed in
this section.

Data + pilot biases

For the L1C and L2C signals of GPS, the satellite-specific
data + pilot biases as measured in the present analysis are
confined to magnitudes of less than about 0.05 ns (1.5 cm),
which is generally negligible in practical GNSS data analysis
(Fig. 1). Based on tests for different days, arc lengths and
elevation cutoff angles, the individual bias estimates exhibit
an uncertainty of about 0.02 ns, close to the magnitude of
the bias values themselves. The near-absence of data + pilot
biases is indeed expected for the time-multiplexed

modulation of the data (medium length) code and the data-
less (long) pilot code in the L2C signal. Similar considera-
tions hold for the data and pilot components of the L1C
signal, which is transmitted by the GPS III satellites along
with the P(Y) signal in the in-phase channel of the L1 carrier
using an interlaced majority voting combination (Spilker and
Orr 1998, Thoelert et al. 2019).

On the other hand, pseudorange differences for GPS
L5 pilot and data tracking cover a range of about+3 ns
or, equivalently, +90 cm (Fig. 1). This is well above the
noise and multipath level of the respective observations and
clearly needs to be considered in high precision processing.
Within the GPS constellation, L5 data + pilot biases of the
GPS III satellites clearly show a notably smaller magnitude
and scatter than those of the previous generation of Block
IIF satellites. This improved performance is likely related to
the use of a mostly digital signal generation chain in GPS III
(Marquis and Shaw 2011), which allows for more uniform
chip shapes across the individual satellites of the constel-
lation than the earlier analog Block IIF signal generators.

Comparison of the PolaRx5 and TRE-3S results shows
agreement at the level of 0.05 ns, and the consistency with
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Fig. 1 Data+pilot code biases of modernized GPS signals as
obtained with two different receiver types. For L1C and L5, the
receiver measurements are compared against zero-mean aligned ISCs
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from manufacturer calibrations of Lockheed Martin (LM) and the
CNAV navigation message. Shaded bars indicate that the respective
biases are not available or not applicable for the given satellite
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Fig. 2 Data+ pilot code biases of Galileo signals as obtained with two different receiver types. Shaded bars indicate that the respective biases are

not available or not applicable to the given satellite

zero-mean aligned L5 broadcast ISCs is typically at the
0.1-0.2 ns level. As an obvious exception, a discrepancy
of 1.3 ns between receiver measurements and ISCs may be
observed for space vehicle number (SVN) G069. While ISCs
for L1C are foreseen as part of the new CNAV-2 naviga-
tion message, routine transmissions of such messages on
the L1C signal will only commence after the introduction
of the new OCX control segment for GPS. Initial ISCs for
the first five GPS III satellites have, however, been released
by the United States Coast Guard Navigation Center (USCG
2022) based on factory calibrations of Lockheed Martin. The
respective values suffer from an obvious discretization of the
group delay measurements but confirm that the L1C ISCs
of all GPS III satellites launched until 2022 are well below
the 0.1 ns level after a zero-mean alignment and, therefore,
negligible in practical applications.

Galileo data+ pilot biases for the E1 Open Service (O/S)
signal as well as E5a and E5Sb amount to typically 0.1 to
0.3 ns, or, equivalently, 3-9 cm (Fig. 2). As already pointed
out by Gunawardena et al. (2015), Galileo clearly benefits
from the use of a digital frequency generation and up-con-
version unit (FGUU) that minimizes chip shape distortions
and chip shape variations across different satellites. This

results in a lower scatter of satellite-specific biases in gen-
eral and better consistency of pilot and data channel group
delays. At the given magnitude, data+ pilot biases of the
Galileo signals are likely buried in measurement noise and
multipath for most receivers. Nevertheless, proper consid-
eration of these biases appears advisable when aiming at
applications requiring the highest accuracy in the pseudor-
ange modeling for, e.g., timing applications and the genera-
tion of high-end orbit and clock products.

For ES5a, good consistency of results from both receiver
types is obtained, whereas the E1 data+ pilot biases exhibit
obvious differences in magnitude and even signs. The incon-
sistencies are most pronounced for the In-Orbit-Validation
(IOV) satellites (E101-E103), even though the measured
biases are still confined to the 0.2 ns level for all satellites.
The receiver dependence suggests a notable impact of the
specific correlator architecture and might be more pro-
nounced for E1 than E5a due to the specific properties of
the sub-carrier modulation of the Galileo E1 O/S signal. For
E5b, major differences between results from the two receiver
types are likewise noted. This is surprising, though, in view
of the good consistency observed for ESa and the overall
similarity of those two signals.

@ Springer
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Fig.3 Data+ pilot code biases of BeiDou-3 signals as obtained with two different receiver types. For comparison, zero-mean aligned inter-signal
corrections transmitted in the CNAV-1 and CNAV-2 navigation messages are shown

For the new BI1C signal of BeiDou-3, data+ pilot
code biases amount to up to 0.6 ns (Fig. 3), which clearly
exceeds the corresponding values for the GPS L1C and
Galileo E1 O/S signals in the same frequency band. Dif-
ferences between the two receiver types can amount to a
few tenth of ns for selected satellites, which likely relates
to receiver-specific implementations for tracking the quad-
rature multiplexed binary offset carrier (QMBOC, Lu et al.
2019) modulation. Furthermore, obvious discrepancies
between receiver measurements and ISCs, as reported
in the CNAV-1 message of the B1C signal, are encoun-
tered. In the case of the B2a signal, only small (<0.15 ns)
data + pilot biases are observed for all satellites except for
SVN C206, which exhibits a non-negligible bias of about
0.75 ns. Similar to the Galileo E5a signal, good consist-
ency between the estimates from different receiver types
is obtained for B2a. Likewise, the present estimates show
good agreement with the B2a data + pilot group delays, i.e.
the B2ad ISCs, from the CNAV-2 navigation message. It
may be noted that the broadcast ISCg,, 4 values exhibit a
mean value of about —2.7 ns across the constellation that
notably exceeds the scatter across the various satellites and
presently lacks a proper explanation (Montenbruck et al.
2022). As for the signals discussed before, the constella-
tion mean has therefore been removed from the ISCs for
the comparison with observed data + pilot biases in Fig. 3.

For QZSS, PolaRx5 receiver measurements of
J002-J005 conducted for the current study in January 2023
have been merged with earlier results of Sleewaegen and
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Clemente (2018) for JOO1, while the TRE-3 results are
based on MIRAI data for the January to December 2022
timeframe and include both the first QZS-1 satellite (JOO1;
transmitting until March 2022) and the QZS-1R replenish-
ment satellite (JOO5).

Overall, data+ pilot biases of 0.5 to 1 ns are observed
for both the L1C and LS5 signal (Fig. 4). For L2C, negligi-
ble data + pilot biases are encountered, as can be expected
for the time-multiplexed modulation. Other than GPS,
which uses an interlaced majority voting for the in-phase
L1 signal components, the L1C data and pilot compo-
nents of QZSS are generated using an interplex modula-
tion (Kogure et al 2017). As such, QZSS L1C data + pilot
biases in QZSS are generally larger than those of GPS
and also larger than those of the time-multiplexed L2C
signal. They also exceed those of the Galileo E1 O/S sig-
nal, which makes use of a similar interplex modulation.
While the L1C data + pilot bias for the Block I QZSS sat-
ellite JOO1 has a magnitude of roughly 0.5 ns, values for
the subsequent Block II and ITA satellites are typically at
the 0.1-0.2 ns level. L5 data + pilot biases, in contrast,
are confined to roughly 0.2 ns across all generations of
satellites.

As a peculiarity, we also note the occurrence of orbit-
periodic variations with a peak-to-peak amplitude of up
to 0.3 ns in the time series of L5 data + pilot pseudorange
differences for the Block II and IIA satellites that stand
out clearly above the measurement noise. The data + pilot
bias variations across an orbit show a distinct pattern that
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Fig.4 Estimated data+ pilot code biases of QZSS signals as obtained
with two different receiver types. For the PolaRx5 receiver, measure-
ments of J002-JO05 have been complemented with JOO1 data of Slee-
waegen and Clemente (2018) after adjusting an offset in the biases for

differs with the geographic location of the observing sta-
tions. This hints at satellite-generated interference, but
further investigations will be required to understand the
nature of these variations fully. For the present analysis,
Fig. 4 provides mean values of the data+ pilot biases over
the full visibility period and, in case of the TRE-3 results,
over a geographically diverse set of stations.

Differences between data + pilot estimates from the two
types of receivers amount to 0.25 ns and 0.1 ns for L1C
and L5, respectively. However, major inconsistencies of
0.5-1 ns can be observed in comparison with the long-term
mean values of the L5 broadcast ISCs from the CNAV-1
message over the analysis period. The CNAV-1 L5 ISCs
are also found to exhibit notable long-term variations with
peak-to-peak amplitudes of up to 0.7 ns for the geostationary
QZS-3 satellite (JOO3) that presently lack proper understand-
ing and explanation. No such variations are encountered for
the L1C ISCs transmitted in the CNAV-2 message of QZSS,
which also show a better overall match with the observed
data + pilot biases. Overall, the results hint at a possible
deficiency in the ISC calibration of the QZSS ground seg-
ment rather than pronounced variability of the actual satel-
lite biases.

Biases of combined data and pilot tracking

While the above measurements provide insight into the mag-
nitude of data+ pilot biases in the various GNSS signals,
knowledge of these biases themselves is of only limited prac-
tical relevance for the processing of multi-GNSS observa-
tions from heterogeneous receiver networks due to the sparse
availability of geodetic receivers providing measurements
from data-only (“d”) tracking. Instead, the combined data-
plus-pilot (“x”) tracking is most widely used as an alterna-
tive to pilot-only (“p”) tracking and requires a distinction of
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J001(Jo1)
J002(J02)
J003(J07)
J004(J03)
J005(J04)

the commonly observed J002-J004 in both date sets. For comparison,
inter-signal corrections transmitted in the CNAV and CNAV-2 navi-
gation messages are shown

the respective receiver groups in the determination of signal
biases, clock offsets, and ionosphere products.

Complementary test data for the estimation of x—p
biases were collected in a dedicated receiver test bed to
cope with this limitation. In the absence of GNSS receiv-
ers offering concurrent measurements from all three track-
ing modes, a pair of TRE-3S receivers in zero-baseline
(ZB) configuration was used for our analysis. While one
of the receivers was configured for combined data + pilot
tracking, the second receiver provided individual pilot-
only and data-only observations. Satellite-specific biases
were then adjusted from the between-receiver single-dif-
ference observations along with epoch-wise single-differ-
ence clock offsets.

Scatter plots of the resulting combined-minus-pilot-
only biases versus the data-minus-pilot biases are shown
in Fig. 5. It covers all GPS, Galileo, and BeiDou-3 signals
with relevant intra-signal biases, whereas signals based on
time multiplexing and interlaced majority voting have been
excluded in view of their negligible data + pilot biases.

With the exception of the BDS B1C signal, all con-
sidered signals employ a 1:1 share of signal amplitudes
and powers in the data and pilot channels. In accordance
with expectations, the respective scatter plots show that
the magnitude of x—p biases is close to 50% of the cor-
responding d—p biases. For the BDS B1C signal, the data
and pilot channels are transmitted with a 1:3 power ratio
(CSNO 2017), which corresponds to an amplitude ratio of
a= 1/\/_ ~ 0.58. Using the model of (1), x—p biases are
expected to amount to 37% of the d—p biases in this case,
which is in fair agreement with the measured value of 29%
but may also relate to different weights in the combination
of discriminator values for the combined data + pilot track-
ing in the tested receiver.

For QZSS, no direct measurements could be performed
due to lacking visibility of QZSS satellites at the location
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Fig.5 Scatter plot of TRE-3S x—p biases versus d—p biases for GPS, Galileo, and BeiDou signals with non-negligible data + pilot biases. Next to
the individual data points, a regression line and the respective slope are provided

of our zero-baseline test facility. Based on the common
signal structure and properties of QZSS L5 and GPS LS,
it is reasonable to expect x—p biases of half the size of d—p
biases for QZSS L5 as well. For QZSS L1C, in contrast,
the data-to-pilot power ratio amounts to 4.8 dB or, equiva-
lently, 1:3 (Cabinet Office 2022b), rather than the common
ratio of 1:1. Similar to the BeiDou-3 B1C signal, the x—p
biases of QZSS L1C are therefore expected to amount to
roughly one-third of the d—p biases in this case.

In the absence of a zero-baseline test bed in the
Asia—Pacific regions that could be used for direct esti-
mation of QZSS x—p biases, we indirectly determined
L1C x—p biases by differencing the L1C(x)-L1C/A and
L1C(p)-L1C/A biases of two independent sets of TRE-3
receivers from the IGS and MIRAI networks, respectively.
Using data for JO01-JOOS5 from the January to December
2022 time frame, a value of 0.28 for the ratio of x—p biased
relative to d—p biases was determined from QZSS L1C sig-
nal, which closely matches the B1C value obtained above.

Overall, the results show that the “multipath” model
(see (1)) provides a reasonable approximation for the
satellite-specific biases of combined tracking relative to
pilot-only tracking for the analyzed signals in the present

@ Springer

tests. It should be emphasized, though, that the results are
limited to a single-receiver type and correlator architecture
for the p-, d-, and x-tracking modes. Further measurements
with other receiver types and signals are encouraged to
better understand combined tracking modes across diverse
hardware platforms and fully characterize the associated
biases.

Discussion

As derived in the previous section, the availability of meas-
ured x—p satellite biases provides the basis for a proper for-
mulation of the GNSS pseudorange model and enables con-
sistent use of receivers with x- and p-tracking for ODTS and
PPP. Considering a single-constellation model and focusing
on the relevant contributions, pseudoranges for pilot-only
and combined tracking can be described as

Py=p+c- <dt;“ —dt‘r“g;) +T+1+B"  and

p—ref 4
P.=p+c- (d —dr) +T+I+ij‘_‘ref +BX @)
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respectively. Here, p denotes the light-time corrected geo-
metric range, T and [ are the tropospheric and ionospheric
range delays; satellite and receiver clock offsets are
described by dr* and dt*", B;Zfref is the satellite’s differential

code bias between the pilot signal and the clock reference
signal, and Bi‘fp is the satellite-specific bias of combined
versus pilot-only tracking.

Receiver biases are not explicitly considered in (4) but
are lumped into the signal-specific receiver clock offsets.
This is adequate based on the understanding that a single
receiver will only ever provide either x or p observations,
so only one of the two variants of the pseudorange model
will be applied for the processing of measurements from
a given station. Since no need arises to align clock offsets
from different receivers to a common tracking mode in
common ODTS or PPP applications, receiver biases can
readily be lumped with the receiver clock offset and esti-
mated as a combined parameter.

For satellite biases, in contrast, we distinguish between
the bias B;*fref of pilot-only observations relative to the

clock reference signal (ref) and the corresponding bias

Bls)ifref + Bia—tp = Bia—lref (5)
for combined tracking, which is split into the sum of the
pilot-only bias B:a_tref and the intra-signal x—p bias Bi‘fp.
While the first term can be computed from signal-specific
satellite biases that are routinely determined by various IGS
analysis centers (Wang et al. 2016; Montenbruck et al. 2014;
Villiger et al. 2019) and made available for ODTS and PPP
users, the Bf:ﬂp contribution has commonly been neglected
so far.

This simplification has mainly affected the processing
of observations from the Galileo constellation, for which
the E1 O/S and E5a signals have been adopted as clock
reference signals of the precise orbit and clock products.
As discussed above, both data-minus-pilot and combined-
minus-pilot biases of the Galileo signals are sufficiently
small to tolerate the resulting errors, even though further
quality improvements can be expected from a proper mod-
eling of p and x observations in accord with (4). Similar
considerations hold for QZSS, where data and pilot com-
ponents of the L2C signal are generated in a time-multi-
plexed modulation with essentially vanishing relative
delays. As such, it is likewise safe to neglect the ijfp con-
tribution when working with the QZSS L2C signal. The
same would not apply, though, when processing L1C
instead of the more common L1 C/A code signal. In view
of the more pronounced data + pilot biases of QZSS L1C
as compared to L2C, proper consideration of Bfﬁp would
obviously be needed in this case.

Likewise, Bia_‘p will need to be considered when working
with the modernized B1C and B2a signals in the process-
ing of BeiDou-3 observations. The two signals are particu-
larly attractive due to their common frequencies with GPS
L1/L5 and Galileo E1/E5a as well as improved signal
properties (Montenbruck et al. 2020) and have already
shown a superior performance in ODTS and PPP com-
pared to the legacy B11I/B3I signals (Wang et al. 2021; Ye
et al. 2022). At a magnitude of up to 0.5 ns, x—p bias for
these signals are no longer negligible, though, and should
clearly be considered when processing BeiDou-3 data
from heterogeneous receiver networks.

Summary and conclusions

Data + pilot biases as well as biases between observations
from combined data + pilot tracking and pilot-only track-
ing have been measured for a comprehensive set of modern
GNSS signals. Based on these measurements, it is shown
that combined-minus-pilot-only biases for common receiv-
ers can be predicted from measured data + pilot biases and
known power ratios with good confidence for most signals
using a basic “multipath” model. For the dominating case of
equal power sharing of the data and pilot components, they
amount to 50% of the d—p biases. For the BDS-3 B1C and
QZSS L1C signals with their 1:3 power sharing, a 37% bias
ratio is predicted by the simple model, but smaller values
may apply depending on the actual combining method and/
or on the weighting of both components in a specific receiver
architecture.

The measurements confirm the common expectation that
data + pilot biases of time-multiplexed signals, i.e., GPS and
QZSS L2C, and interlaced signals, such as GPS LI1C are
fully negligible. With representative magnitudes of 0.05 ns
or less, the biases for these signals do not merit a distinction
of data, pilot, and combined tracking modes in GNSS data
processing. For Galileo, satellite-specific data + pilot biases
in the E1 O/S, ESa, and E5b signals are confined to typically
0.1-0.3 ns, which limits associated inconsistencies in the
clock offset determination to the 5 cm level when neglecting
those contributions in the processing of observations from
the combined tracking mode. With representative magni-
tudes of 1-2 ns, the data-minus-pilot and combined-minus-
pilot-tracking biases are no longer negligible, though, for
GPS L5, QZSS L1C, and BeiDou-3 B1C/B2a signals. Here,
use of pre-determined x—p biases in the observation model
enables a unified processing of measurements from receiver
groups with x- and p-tracking in orbit determination and
time synchronization as well as precise point positioning.
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