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ABSTRACT

Measurements of Global Navigation Satellite System
(GNSS) receivers are affected by systematic offsets re-
lated to group and phase delays of the signal generation
and processing chain. The resulting code and phase biases
depend on the transmission frequency and the employed
signal modulation. Within this study differential code
biases (DCBs) of legacy and modernized GNSS signals
are derived from pseudodrange observations of a global
multi-GNSS receiver network. Global ionosphere maps
(GIMs) are employed for the correction of ionospheric
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path delays. Satellite and receiver-specific contributions
are separated based on the assumption of additive biases
and a zero-mean condition for the satellite biases within a
constellation. Based on 6 months of data collected within
the Multi-GNSS Experiment (MGEX) of the International
GNSS Service (IGS), DCBs for the publicly available
signals of GPS, Galileo and BeiDou have been deter-
mined. The quality of the resulting DCB estimates is as-
sessed and compared against group delay parameters
transmitted by the GNSS providers as part of the broad-
cast ephemeris data.

INTRODUCTION

Pseudorange observations are well known to be affected
by signal- and frequency-dependent differential code bi-
ases (DCBs) that need to be considered in the observation
modeling. Depending on the choice of a conventional
signal or signal combination for the clock offset determi-
nation, timing group delays (TGDs) or inter-signal correc-
tions (ISCs) need to be applied when using other signals
for pseudorange-based positioning.

DCBs and TGDs are routinely determined for the legacy
GPS and GLONASS signals (C/A and P/Y code on L1
and L2) but only limited knowledge is presently available
for satellite and receiver DCBs related to modernized
GPS signals (L2C, L5) as well as those of new and
emerging constellations (BeiDou, Galileo, QZSS,
IRNSS).

Within the Multi-GNSS Experiment (MGEX) of the In-
ternational GNSS Service (IGS) multi-frequency observa-
tions and broadcast navigation messages of the BeiDou
and Galileo constellations as well as the QZS-1 satellite
are collected on a routine basis by a global network of
monitoring stations. These offer a basis for an independ-
ent determination of differential code biases for a wide
range of signal combinations within a combined estima-
tion of DCBs and ionospheric parameters.

As a simplified alternative, a multi-GNSS DCB estima-
tion system has been established, which makes use of
global ionosphere maps (GIMs) to model the contribution
of ionospheric path delays on the difference of dual-
frequency pseudoranges. DCBs of individual satellite-
receiver combinations can thus be derived from an aver-
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age of ionosphere-corrected pseudoranges differences
over a given tracking arc for any combination of com-
monly tracked signals. Using a distributed network of
monitoring stations and observations of all satellites
within a constellation, the satellite-receiver DCBs may
subsequently be partitioned into satellite-specific and re-
ceiver-specific DCBs. In accord with the common con-
vention applied for GPS and GLONASS within the IGS, a
zero-mean condition is applied for the constellation aver-
age of the satellite biases in this process.

Following a brief overview of the MGEX tracking net-
work and the employed receiver types, the concept of
DCB estimation with a priori ionosphere information is
presented. Thereafter, results for legacy and modernized
GPS signals as well as Galileo and BeiDou are presented
and discussed. To assess the achievable accuracy, DCBs
for legacy GPS signals are compared against DCBs de-
rived routinely by the Center for Orbit Determination in
Europe (CODE) from the much larger core IGS network.
Furthermore, DCBs for new constellations are compared
against broadcast group delay parameters determined by
the GNSS providers.

TRACKING NETWORK AND RECEIVERS

In response to the ongoing modernization of legacy
GNSSs (GPS, GLONASS) and the rapid build-up of mul-
tiple new satellite navigation systems (BeiDou, Galileo,
QZSS, IRNSS), the International GNSS Service (IGS) has
established the Multi-GNSS Experiment (MGEX; [1]) as
a platform for early familiarization with new systems and
signals. Starting in early 2012 a new network of multi-
GNSS receivers was established in parallel to established
GPS/GLONASS stations. By the end of 2013, the MGEX
network has already grown to roughly 90 stations (Figure
1) and offered a global coverage for Galileo and BeiDou
satellites in medium-altitude Earth orbits (MEOs) as well
as regional coverage of the QZSS and BeiDou satellites in
inclined geosychronous and geostationary orbits
(IGSs/GEOs).
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Figure 1 MGEX station distribution and supported con-
stellations (Dec. 2013)

Other than various private multi-GNSS networks de-
ployed by companies such as Trimble or Fugro, the
MGEX network is highly heterogenous. It makes use of a
wide variety of receivers and antennas as well as diverse
combinations thereof. An up-to-date overview of the

MGEX network and the employed hardware is available
through the MGEX website [2].

For the period covered by this study (Jan.-June 2013), the
MGEX network had not reached its current deployment
status and was therefore augmented by stations of the
COperative Network for GNSS Observations (CONGO)
that joined the MGEX network at a later stage. A sum-
mary of contributing receivers and their observation types
is provided in Table 1. Overall, GPS, Galileo, and BeiDou
observations from up to 85 receivers were incorporated
into the DCB analysis. While the majority of these receiv-
ers also tracks the (legacy) GLONASS signals (C/A- and
P-code on L1 and L2), the estimation of GLONASS
DCBs is already well covered by the IGS and beyond the
scope of the present study. Likewise, QZSS has been ex-
cluded from the analysis, since the availability of only a
single spacecraft does not enable a proper separation of
satellite and receiver DCBs without a calibrated reference
station.

Table 1 Receiver and observation types used for the es-
timation of differential code biases. Observation types for
GPS (G) Galileo (E), BeiDou (C) are based on RINEX 3
observation codes [3].

Receiver Type Sites  Observations
Javad TR_G2T, 29 G: 1C,1W,2X2W,5X
TRE G3TH E: 1X,5X
Javad TRE_G3TH 1 G: 1C,1W,2X,2W,5X
(v8 board) E: 1X,5X,7X,8X

C: 21,71
Trimble NETR9 29 G:1C.2X,2W,5X

E: 1X,5X,7X,8X

C: 2L6L71
Leica GR10, GR25, 14 G:1C28,2W.5Q
GRX1200+GNSS E: 1C,5C,7C,8Q
NovAtel OEM6 1 G: 1C,2W,5Q

E: 1C,5Q
Septentrio AsteRx3, 11 G: 1C,2L,2W,5Q
PolaRxS/4/4TR E: 1C,5Q,7Q,8Q

C: 21,71

Most modernized GNSS signals offer distinct data-less
(pilot) signal components in parallel to those modulated
with navigation data. These pilot signals are considered to
facilitate a robust signal tracking under adverse condi-
tions, since the coherent integration time is not limited by
bit transitions. Inspection of Table 1 shows that the cur-
rently available multi-GNSS receivers can largely be di-
vided into two categories with respect to tracking of such
signals. While part of the receivers (Septentrio, NovAtel,
Leica) provide pilot-only observations, others (Javad,
Trimble) provide measurements from a combined pi-
lot+data tracking. In case of the GPS L2C signal, a total
of three flavors can even be encountered: observations
derived from tracking of the medium length L2C(M) code
with navigation data (Leica), the long L2C(L) pilot com-
ponent (Septentrio) or the combined L2C(L+M) signal
(Javad, Trimble).



Other than specialized Test User Receivers [4] which may
support concurrent (or at least configurable) tracking and
measurement generation for multiple signal components,
only a single, predefined tracking mode is usually avail-
able in commercial multi-GNSS receivers. For the deter-
mination of differential code biases it is, nevertheless,
important to carefully distinguish different tracking
modes, since the satellite contribution to the observed
receiver-plus-satellite DCB may depend on the particular
signal component(s) selected for the tracking. In accord
with this consideration, distinct group delay corrections
will be broadcast for the I- and Q-components of the GPS
(and QZSS) LS and L1C signals ([5]-[6]). For L2C, only a
single Inter-Signal Correction (ISC) parameter is pres-
ently available as part of the CNAV navigation message
[7]. However, no public evidence has been provided so
far, that the biases between the L2C signal components
are indeed small enough to be neglected in practice. For
precision applications in geodesy and surveying, distinct
DCBs for the various L2C components should therefore
be derived from actual observations.

DCB ESTIMATION

The estimation of differential code biases has long been
established as an integral part of ionospheric monitoring
from terrestrial and spaceborne GPS/GLONASS observa-
tions (see [8]-[10] and references therein). DCBs are rou-
tinely estimated by IGS Analysis Centers and reported as
part of Global Ionosphere Maps (GIMs) in Ionosphere
map Exchange format (IONEX, [11]) or as independent
DCB products.

Ignoring multipath and noise, a single pseudorange obser-
vation

P=p+c™ —ca™ +T+1+B (1)

can be described by the sum of a geometric range p , the

satellite and receiver clock offsets (¢t ,), as well as the
tropospheric and ionospheric range delays (T , | ) and an
additive bias B . Considering two pseudorange observa-
tions obtained by tracking two distinct signals S; and S,

of the same satellite at frequencies f s, and f s, » most of

the above terms cancel when differencing both observa-
tions. The pseudorange difference

Py, — Py,
(Is, —1s,)+(Bg —Bg )

(2)
- 4031m%2. L L .STEC +DCBg g .
f2 f2 1792
S, S,

can thus be expressed as the sum of the differential iono-
spheric path delay Ig —Ig ~and a differential code bias

DCBg, s, =Bs, —Bs, . 3)

Neglecting higher-order contributions the ionospheric
path delays can further be related to the Slant Total Elec-
tron Content (STEC). Obviously, the pseudorange differ-
ence for noise- and multipath-free observations directly
provides the corresponding DCB, if two signals (or signal
components) on a common frequency are considered.
Among others, this facilitates the determination of C/A-
P(Y) and L2C-P(Y) biases on the GPS L1 and L2 fre-
quency. The impact of STEC uncertainties is also notably
suppressed for closely matching signal frequencies which
benefits the determination of code biases among Galileo
ES5a, ESb, and E5ab observations.
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Figure 2 Single-layer ionosphere model

For further processing, the slant TEC is commonly de-
scribed by the product

STEC = VTEC-m(E) 3)

of the vertical TEC (VTEC) and an elevation-dependent
mapping function mM(E). In the most simple case of a
single-layer model ([12], [9]), the ionosphere is consid-
ered as a thin shell of constant altitude h (Fig. 2). The
mapping function

1 1
sin(E') ’1—COSZ(E')

is then determined by the elevation E' at the ionospheric
pierce point (IPP). From the Earth-observer-IPP triangle
the pierce point elevation is obtained as

m(E)= “

cos(E’):%cos(E) . %)
@

for a satellite observed at elevation E from the given site.

For estimation of the global VTEC distribution, dual-
frequency GPS (or, more generally, GNSS) observations
from a worldwide station network are jointly processed
[9] and the geographic VTEC variation is described by a
linear combination of spherical harmonics or other base-



functions or, alternatively, interpolation across a set of 2D
or 3D grid points (see [12]-[14] and references therein).
The coefficients of this parameterization can then be es-
timated along with satellite- and site-specific DCBs for
the employed signal.

While the estimation of ionospheric parameters is com-
monly expected to benefit from better spatial and tempo-
ral resolution if multiple GNSS constellations and signals
are processed, existing ionosphere and DCB estimation
software is still largely focused on GPS(+GLONASS)
processing. As such, only sparse information on differen-
tial code biases of new navigation satellite systems is
available so far and mostly restricted to group delay pa-
rameters made available within the broadcast ephemeris
messages. To fill this gap, an alternative and computa-
tionally less intensive approach has been pursued, which
builds on the availability of global ionosphere maps to
describe the contribution of ionospheric path delays in the
difference of dual-frequency code observations.

In a first step, the combined satellite-plus-receiver DCBs
are determined for all contributing sites and all observed
satellites. Making use of (2)-(5), the combined satellite-
plus-receiver DCB may be obtained from the arithmetic
mean

n

DCBg s, = % > [P, P, )-au] ©)
i=1

of a suitably large set of ionosphere corrected pseudo-
range observations where the inter-frequency difference
of the ionospheric path delay

1 1
Al =40.31m>s? - ———5 |'M(E)-VTEC (7

fSl fSz
is modeled by the known VTEC and a single-layer map-
ping function. As an underlying assumption, the DCB is
considered to be constant over the period of the data arc.
In addition receiver noise and multipath errors are as-
sumed to have a zero mean average over the data arc. For
practical reasons, a 1-day data arc is adopted, making use

of daily RINEX observation files at a 30 s sampling rate.
Furthermore, a minimum elevation limit of 20° is applied

for observations considered in the DCB estimation. This
value has been chosen to reduce the impact of ionosphere
modeling errors at low elevations while maintaining cov-
erage of geostationary satellites by an adequate number of
widely distributed stations.

For the purpose of illustration, the difference of ESa and
E1 pseudoranges is shown in Fig. 3. Following the model-
based correction of the ionospheric path delays, a DCB of
about -20 ns (-6 m) is obtained.

The above approach matches the single-station bias de-
termination concept proposed in [15], except for the direct
processing of unsmoothed code observations. Carrier
phase smoothing of code observations or the use of code-
leveled carrier phase observations results in a notably
reduced noise level for the instantaneous ionospheric pa-
rameter estimation. However, it does not affect the esti-
mated code bias obtained from a mean value over the en-
tire data arc.

Following the estimation of satellite-plus-receiver-biases
for all sites and satellites, individual satellite and receiver
DCBs are obtained in a second step. Here, it is assumed
that biases generated in the transmitter chain and the re-
ceiver are additive and fully independent of each other.
Consequently, the overall DCB may be separated into the
sum of a receiver-specific contribution and a satellite-
specific part:

DCB =DCB®* + DCB™ . (®)

While this is not true in general (see, e.g. [16]-[18]) due to
the multiplicative nature of the transfer function of the
entire signal chain, it represents a standard approximation
in GNSS bias analysis and is likewise applied in the pre-
sent work.

Denoting by

XSHI — (DCBsat,l’“.’DCBsat,n)T . (9)
and

x™ = (DCB™!,...,DCB™"™)T (10)

the vectors of DCBs for n satellites and m stations and
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Figure 3 Difference of E5a and E1 pseudoranges of Galileo PRN IOV-1 satellite (SVN101) tracked from the FTNA station
before (shaded) and after (black) ionospheric correction. The modeled ionospheric path delay difference based on CODE
global ionosphere maps is indicated by a shaded line. The dashed line indicates the estimated satellite-plus-receiver DCB.



by
z=(DCB',...,DCBY)T . (10)

the vector of k “observed” satellite-plus-receiver DCBs
as derived from (6), the unknown biases may be obtained
by minimizing the loss function

J :”Z_Axsat _Bchv 2

an

Based on the additive DCB model (8) , the partial deriva-
tives

Aj =ozi 1 ox§* and Bjj = az; /x| . (12)

are equal to one for just a single element in each row of
A and B but zero otherwise. The resulting normal equa-

tions matrix (A, B)T (A,B) exhibits a rank deficiency

since a bias common to all satellites cannot be distin-
guished from a corresponding bias common to all receiv-
ers. The rank deficiency may be removed by fixing a sin-
gle receiver bias or by imposing a zero-mean condition
for the satellites. While the former approach is suitable for
use with calibrated reference receivers in a GNSS control
segment, the latter is commonly applied within the IGS
and likewise adopted in this study. Furthermore, the loss
function (11) is modified by a weighting matrix, which
reflects the standard deviation of the ionosphere- cor-
rected pseudorange differences (PSl -F, )—AI in (6). In

this way the varying quality of the satellite-plus-receiver
DCBs can be taken account, which is caused by pseudo-
range measurement errors and the varying performance of
the single-layer ionosphere model.

PERFORMANCE ASSESSEMENT

The DCB estimation scheme presented above differs in
various aspects from more elaborate techniques which
jointly estimate ionospheric and bias parameters in a
common adjustment process. Aside from the inevitable
impact of measurement errors, it relies on the quality of
the global ionosphere maps employed from the slant TEC
correction. Prior to presenting and discussing more de-
tailed results, an effort shall therefore be made to assess
the overall performance of the method. The following
performance indicators are employed for this purpose:

e Consistency of estimated GPS satellite DCBs with
monthly values derived by the CODE analysis cen-
ter of the IGS

e Day-to-day variations of estimated satellite and re-
ceiver biases for selected signals

For a first assessment, the DCBs for GPS P(Y)-code
tracking on L1 and L2 are compared in Figure 4. Aside
from a mean offset of -0.05 ns, the biases of individual
GPS satellites exhibit a standard deviation of 0.20 ns
across the entire constellation when compared to the
CODE reference solution. Daily biases for a given satel-
lite exhibit a scatter of about 0.06-0.08 ns (1c) across the
monthly average.
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Figure 4 Difference of GPS C1W-C2W (=P1-P2) DCBs
determined in this study as compared to the monthly DCB
product of CODE for the month of January 2013. The
mean offset of the daily DCB solutions from the CODE
reference is shown in blue. 16 bounds of the daily solu-
tions relative to the mean values are indicated by grey
markers.

A similar comparison is provided in Fig. 5 for the inter-
signal bias of L1 P(Y) and L1 C/A tracking. Due to the
common frequency, errors in the ionospheric modeling do
not affect the estimated DCBs and the day-to-day varia-
tion is in fact substantially decreased to a representative
value of about 0.01 ns (15). Nevertheless, obvious differ-
ences between DCBs estimated in this study and the
CODE values used as reference may be noted. These dif-
ferences exhibit a standard deviation of about 0.3 ns
across the entire constellation, which even exceeds that of
the C1W-C2W inter-frequency bias. It may be concluded
that the observed scatter is largely driven by differences
in the employed network and receiver types.
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Figure 5 Difference of GPS CIW-C1C (=P1-C1) DCBs
determined in this study as compared to the monthly DCB
product of CODE for the month of January 2013 (blue:
DCBs based on MGEX stations; red: DCBs based on leg-
acy IGS stations).

To substantiate this interpretation, a complementary
C1W-C2W DCB solution has been obtained from a much
larger set of legacy IGS stations closely matching those
used in the CODE analysis. While at most 41 (of 85)
MGEX stations contribute both C1W and C1C observa-
tions an almost 3-times larger number of contributing
stations (114 out of 222) was available in the IGS net-



work. As can be seen from Fig. 5, a much better agree-
ment with CODE results is obtained in this case with the
exception of SVN49. The latter spacecraft exhibits a large
satellite-internal multipath (see [19]-[20]) and the result-
ing inter-signal code biases vary largely with the em-
ployed receiver technology.

Overall, the above comparison suggests that DCBs can be
determined with a representative accuracy of a few tenths
of nanoseconds with the proposed approach, if a suffi-
ciently large number of stations (typically >30) contrib-
utes the observations types of interest.

RESULTS AND DISCUSSION

Within this section, results for the satellite biases of mod-
ernized GPS signals as well as Galileo and BeiDou are
presented and discussed. Furthermore, key characteristics
of station biases are presented and the dependence on
receiver types is highlighted.

Modernized GPS

Up to fall 2013, the modernized civil L2 signal (L2C) has
been transmitted by a total of 8 Block IIR-M satellites
(including the unhealthy SVN49 s/c) as well as four satel-
lites of the latest Block IIF generation. Since geodetic
GNSS receivers traditionally support a semi-codeless
tracking of the L2 P(Y) signal on the same frequency, this
signal provides a natural reference for the estimation of
L2C-related differential code biases. In accord with the
three tracking modes employed by receivers of the
MGEX network (see Table 1), distinct C2W-C2S, C2W-
C2W and C2W-C2X biases have been determined. All of
these exhibit a very small day-to-day variation (typically
less than 0.04 ns) and peak values of about =1 ns with
respect to the constellation mean (Fig. 6).
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Figure 6 Differential code biases between P(Y) and L2C
tracking on L2 (mean values April-June 2013). For com-
parison, differential code biases between P(Y) and L2C
based group delay corrections transmitted during the
CNAV test campaign in June 2013 are indicated by grey
circles.

Differences of DCBs for the individual L2C tracking
modes exhibit a standard deviation of about 0.3 ns across

the constellation, which is significant compared to the
overall size of the DCBs but still at the uncertainty level
of the DCB estimation discussed in the previous section.
Unfortunately, the lacking distinction of L2C tracking
modes within the old RINEX2 format inhibits use of a
larger set of tracking stations from the legacy IGS net-
work for a more detailed investigation of this aspect. It
appears advisable, though, to carefully distinguish the
three L2C tracking modes if DCB accuracies well below a
carrier phase wavelength (20 cm or 0.7 ns) are desired.

As part of the new L2 and L5 CNAV navigation message,
inter-signal corrections will be transmitted, which reflect
the DCBs of these signals relative to the L1 P1 signal (see
[211,[71,[5]). A first CNAV test transmission was per-
formed in June 2013 [22] during which ISCp,c values
(corresponding to C1W-C2S/L/X DCBs) were transmitted
for all L2C-capable satellites except SVN49 and the most
recently launched IIF-4 satellite (SVN66, PRN27). A
comparison of broadcast ISCs with values derived in this
study is shown in Fig. 7.
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Figure 7 Differential code biases between L1 P(Y) and
L2C as compared to broadcast ISCy,c parameters from
the CNAV tracking campaign.

Aside from a mean offset of 2.3 ns, the difference be-
tween broadcast ISCs and DCBs derived from iono-
sphere-corrected pseudorange observations exhibits a
scatter of 0.3-0.4 ns. This is compatible with uncertainty
estimates for other DCB types given above, if one takes
into account that only few stations (11 for DCB(C1W-
C2L) and 30 for DCB(C1W-C2X)) allow a joint tracking
of the respective signals for the bias estimation.

A more favorable agreement at the 0.1-0.2 ns level is
achieved when computing the differential code bias

2 2
DCB(C2W -C2) = f‘f—zfz “TGD+ISCpc  (13)
2

between P(Y) and L2C from the combination of TGD and
ISCyyc parameters (cf. [23]). The respective values are
shown in Fig. 6, where a bias of 1.05 ns has been added to
achieve a zero-mean constellation average. The best over-
all agreement is achieved in comparison with C2W-C2X
DCBs derived in the present study, which may indicate
that the broadcast parameters are obtained from a corre-



sponding set of receivers. However, the actual source of
the transmitted ISCs has not been reported, and informa-
tion on the expected accuracy is not presently available.
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affect the DCB calibration performance include long-
periodic multipath errors in the tracking of geostationary
BeiDou satellites (caused by a quasi-static viewing ge-
ometry) as well as code-carrier inconsistencies [24]-[25]
that suggest the presence of satellite-induced group delay
variations across the antenna.
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Figure 8 Differential code biases between L1 P(Y) and
L5 as compared to broadcast ISCy sis;1.50s parameters from
the CNAYV tracking campaign.

A comparison of broadcast ISCs for the L5 signal with
values from the present study is, furthermore, provided in
Fig. 8. The two ISC values for the data signal (ISCys;5 and
the pilot signal (ISCysqs) transmitted in the CNAV test
show a mean offset of about 2 ns from the present analy-
sis, but agree less well among each other than the
DCB(C1W-C5Q) and DCB(C1IW-C5X) code biases.
Again, however, the origin of the broadcast ISC parame-
ters is unknown, which inhibits further interpretation of
the these observations.

BeiDou

The current BeiDou constealltion transmits signals on a
total of three frequencies: B1 (E2, near L1), B2 (E5Sb),
and B3 (near E6). In-phase components of the B1 and B2
are considered as Open Service signals, while the remain-
ing four signals (B3 in-phase and B1/B2/B3 quadrature
components) are commonly expected to be restricted sig-
nals of an Authorized Service. Nevertheless, tracking of
the B3-I component is presently supported by various
receivers in the MGEX network due to the known struc-
ture of the employed ranging codes.

Differential code biases derived from MGEX observa-
tions of BeiDou are shown in Fig. 9. The results cover the
operational satellites (SVN C003-C016, PRN 01-14) as
well as the first test satellite (SVN C001, PRN C30) and
have been normalized by a zero-mean constraint across
the full set of 15 spacecraft. With the exception of the first
two space vehicles (C30, CO1), the resulting DCBs biases
are confined to a range of £10 ns, which is similar to the
range of L1/L2 code biases encountered in GPS. On the
other hand, the day-to-day variations of the estimated
biases exhibit a representative standard deviation 0.2 ns
(and peak values of 0.5 ns), which is notably larger than
for GPS. This can, in part be attributed to the limited
number of stations in the Asia-Pacifica region observing
the GEO and IGSO satellites as well as the lacking global
coverage for MEO satellites. Other aspects that might
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Figure 9 Differential code biases of BeiDou signals as
derived from GIM-corrected B1, B2 and B3 pseudorange
observations (mean values for Jan. 2013).

While GPS, GLONASS, Galileo, QZSS and IRNSS refer
their broadcast clock offsets to a ionosphere-free combi-
nation of dual-frequency pseudoranges [23], BeiDou has
adopted the B3 signal as the primary clock reference [26]-
[27]. For use with other signals or signal combinations,
tow timing group delay parameters (TGDI1, TGD2) are
provided in the BeiDou navigation message, that describe
corrections for use with B1 and B2 signals, respectively,
and can thus be interpreted as B1-B3 and B2-B3 differen-
tial code biases. Even though the current B1 Open Service
Signal ICD of BeiDou specifies only the TGD1 parame-
ter, the presence of TGD2 can be inferred from inspection
of the raw navigation data frames [27] and both parame-
ters are now routinely collected within the MGEX project.
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Figure 10 Difference between BeiDou DCBs estimated
in this study and corresponding timing group delay pa-
rameters from the BeiDou navigation message.

As can be recognized from Fig. 10, the TGD values are
not normalized to a constellation mean of zero and exhibit
a notable mean offset from the DCBs determined here.



Even worse, a pronounced scatter (£1.5 ns for TGDI,
+3 ns for TGD2) can be noted, which by far exceeds the
expected uncertainty of the present DCB estimates. The
cause of this discrepancy is not known at present, but may
be related to differences between the B3-1 and B3-Q sig-
nal component or the incorporation of antenna offsets into
the published TGD values. Further analysis will be re-
quired to better understand this finding and to assess the
performance of the various group delay parameters in
multi-frequency positioning solutions. It is evident
though, that an independent DCB monitoring for all “pub-
lic” signals is vital for an optimum understanding and
utilization of the BeiDou navigation system.

Galileo

Aside from the E1 Open Service, Galileo offers a total of
three signals (ESa, ESb and ESAItBOC) in the combined
ESab band that can be accessed by civil receivers. For all
of these signals both data- and pilot-codes are transmitted
concurrently. Observations may thus be based on tracking
of an individual pilot or data channel or a combination
thereof. As summarized in Table 2, current receivers util-
ize either a pure pilot-tracking mode (indicated by C1C
and C5Q/C7Q/C8Q observation types) or a combined
mode (indicated by C1X and C5X/C7X/C8X observation
types) for Galileo. Due to the lack of receivers supporting
concurrent tracking in multiple modes, it is not possible to
directly observe differential code biases between pilot and
data components of the various signals. Instead, distinct
inter-frequency DCBs are derived within this study for the
two tracking modes (pilot or combined). In all cases the
DCBs are formed with respect to the El signal, which
serves as a common reference.
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Figure 11 Galileo E1-ES5a differential code biases. Pilot-
only DCBs (E1C-E5Q) are indicated by solid squares, the
corresponding biases for combined pilot-data tracking are
marked with open diamonds.

Time series of daily E1-E5a differential code biases for
the four Galileo In-Orbit-Validation (IOV) satellites are
shown in Fig. 11. During the first quarter of the year vari-
ous jumps in the DCBs of the most recently launched sat-
ellites (IOV-3/PRN E19 and I0V-4/PRN E20) may be
noted, which coincide with data gaps and can potentially
be attributed to equipment or configuration changes in the
signal generation chain. Within the second quarter of the

year a high stability of the observed biases can be noted.
Here, day-to-day-variations and possible residuals drifts
result in a standard deviation of about 0.1 ns.
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Figure 12 Galileo E1-E5a differential code biases from
BGDgs,g, Broadeast Group Delay parameters transmitted
in the Galileo navigation message.

For comparison, Fig. 12 shows the corresponding differ-
ential code bias

2 2
DCB(E1- ESa) :—%-BGDEIESZ‘ (14)
El

as obtained from BGDgs,z; broadcast group delay pa-
rameters transmitted in the Galileo I/NAV navigation
message since March of this year. Evidently, a zero-
average constraint is applied in the operational ionosphere
and bias estimation process similar to the present study.
As a result, a good agreement of the mean bias values for
the individual satellite can be noted from the direct com-
parison of Figs. 11 and 12. However, a much larger scat-
ter of the broadcast values (roughly 0.3 ns standard devia-
tion) is obvious, which reflects the notably smaller net-
work of presently 12 Galileo sensor stations [28].

Table 2 Mean values of Galileo IOV DCBs for April-
June 2013

DCB E101 E102 E103 E104
(E11) (E12) (E19) (E20)

[ns] [ns] [ns] [ns]

CIC-C5Q 4.25 1.75 -3.31 -3.03
CI1X-C5X 4.51 1.87 -3.48 -3.27
CIC-C7Q 4.59 1.43 -3.50 -2.85
C1X-C7X 4.89 1.45 -3.74 -2.92
CIC-C8Q 4.39 1.48 -3.19 -3.01
CI1X-C8X 4.53 1.51 -3.28 -3.10

Mean values of the differential code biases for E5a, E5b
and E5ab signals relative to E1 over a 3 months period are
summarized in Table 2. Differences of DCBs for pilot-
only tracking vs. combined tracking range from O0.1-
0.3 ns, which is slightly larger than the scatter of the daily
DCB estimates but may well reflect the impact of differ-
ent sets of tracking stations used to determine the two
types of biases.



Furthermore, a close match of biases for the individual
and combined E5a/ESb frequency bands may be noted.
Differences between E5a-E1, ESb-E1 and E5ab-E1 DCBs
for all IOV satellites amount to less than 0.5 ns, which
reflects a high quality of the signal generation and trans-
mission chain despite the extreme bandwidth of the com-
bined E5ab band.

As a final note, it is emphasized that no observations of
the first two Galileo test satellites, GIOVE-A and -B,
were considered in this study. Compared to the IOV satel-
lites, these spacecraft exhibit widely different ESa/b/ab-
E1l biases that were inconsistently handled by individual
receiver manufacturers. However, both satellites were
deactivated long before the start of the present analysis
period.

Station Biases

Based on the assumed separability of differential code
biases into a GNSS satellite contribution and a re-
ceiver(+antenna) contribution, site specific DCBs have
been obtained as part of the MGEX data processing for
the supported constellations and signals. Other than the
satellite-specific DCBs, which need to be explicitly con-
sidered in the measurement model, the receiver DCBs are
usually lumped with other parameters (such as the re-
ceiver clock offset, system time offsets, inter-system bi-
ases) when performing a point positioning [23]. However,
pronounced differences between the DCBs of different
receiver families may typically be observed, which affects
the alignment of time scales and inter-frequency biases in
a multi-GNSS processing. Also, proper knowledge of
receiver-receiver DCB differences is of interest in mixed-
receiver multi-GNSS relative navigation problems to
speed up the ambiguity resolution process [29].

Since a detailed presentation of receiver+antenna biases
for all MGEX stations and available signals is well be-

yond the scope of the current paper, we confine ourselves
to a discussion of key characteristics of individual re-
ceiver types. As shown in Table 3, site-specific DCBs for
signals on different frequencies cover a typical range of
10-15 ns when considering receivers of a given family,
while DCBs for signals of common frequency (such as
GPS L1 C/A and P(Y)) exhibit a much smaller scatter at
the 1 ns level across similar receivers.

In both cases these budgets comprise the combined effects
of receiver and antenna biases. A comparison of station
biases for groups of similar receivers but different anten-
nas suggests antenna-related bias differences at the 5 ns
level for some of the observed signals. As an extreme
case, the USN4 station of the United States’ Naval Obser-
vatory shows a 15 ns difference of the E1-E5a bias com-
pared to other sites with the same receiver type (Septen-
trio PolaRx4). This can essentially be attributed to the use
of a legacy L1/L2 AOAD/M_T antenna that has not been
designed for L5 reception. The atypical antenna bias also
affects the collocated USNS station which constitutes the
only NovAtel OEM6 receiver in the MGEX network.
Accordingly, the corresponding biases in Table 3 should
not be considered as representative for this receiver fam-
ily. Further investigations and tests with collocated re-
ceivers will be required to properly isolate the impact of
the antenna- and receiver-specific contributions of the
station biases.

Comparing the inter-frequency biases of different receiver
families, systematic offsets of 20-40 ns can be observed
for GPS (e.g. C1C-C2W DCB difference Leica-Trimble).
Even larger differences may be encountered with some of
the new constellations as evidenced by the CIC-C7Q
DCB difference of Leica and Septentrio receivers). As an
extreme case, DCB differences of up to 100 ns can bee
observed for the Javad Delta-G3TH (rev. 8) receiver with
Galileo E5b and BeiDou B2 tracking support in compari-
son to other receiver types.

Table 3 Representative range of receiver DCBs for different signals and receiver brands as listed in Table 1. Signals are indi-
cated by their RINEX signal designators. Values in brackets are derived from a single receiver in the MGEX network and re-

quire further consolidation.

Constellation Signals Javad Leica NovAtel Septentrio Trimble
GPS C1C-C2wW +5...+15ns +15...+25 ns (+10 ns) +5...+10 ns -20...-5ns
C1C-C5Q +10...+15 ns (-12 ns) -5...+0ns
C1C-C5X -15...-5ns -25...-10 ns
C1W-C1C -2.5...-1.5ns -2.0...-1.5ns
C1IW-C2W -5...+15ns +5...+10 ns
C2W-C28 -2.6...-2.2 ns
C2W-C2L -1.0...-0.5 ns
C2W-C2X -2.0...-0.5 ns -0.5...+1.5ns
Galileo C1C-C5Q +5...+15 ns (-15 ns) -5...+0 ns
C1X-C5X -10...+0 ns -10...+5 ns
C1C-C7Q -55...-45 ns +5..+15ns
C1X-C7X (+105 ns) +0...+10 ns
C1C-C8Q -60...-50 ns +5..+10 ns
C1X-C8X (+15 ns) -5.+5ns
BeiDou C2I-C71 (+115 ns) +10...+20 ns +20...+30 ns
C2I-Cél +40...+55 ns
C71-Cé6l +20...+30 ns




Overall, the values summarized in Table 3 may serve for
a better understanding of receiver-related biases in multi-
GNSS clock offset solutions for GNSS satellites as well
as differential receiver biases in terrestrial networks.

SUMMARY AND CONCLUSIONS

Differential code biases are well known to affect the pre-
cise processing of GNSS observations and are continu-
ously monitored for the legacy GPS and GLONASS sig-
nals. With the advent of new GNSS constellations and
modernized signals, users are confronted with an ever
increasing plethora of signals, tracking modes and associ-
ated biases. To cope with this problem, a DCB estimation
process has been implemented, which determines inter-
signal and inter-frequency code biases from the mean
difference of commonly-tracked pseudorange observa-
tions after correction of the relative ionospheric path de-
lay with a global ionosphere map. While potentially less
accurate than a joint estimation of ionospheric and bias
estimation, the approach facilitates and efficient process-
ing of large data sets and has been used to determine
DCBs for modernized GPS signals as well as the Galileo
and BeiDou system using observations from the MGEX
network of the IGS.

Depending on the number of stations jointly tracking a
given constellation and signal set, a day-to-day repeatabil-
ity at the 0.05-0.3 ns level has been obtained for the esti-
mated satellite biases. Station-specific DCB often exhibit
larger variations at the 1 ns level, which may be attributed
to imperfections of the ionospheric correction. However,
further investigations will be required to assess the actu-
ally stability of station biases and the potential benefit of
refined, local estimates of ionospheric path delays on the
bias estimation.

A good agreement (<0.2ns) of DCBs derived in this study
with broadcast group delay parameters was obtained for
GPS L2C (w.r.t. to L2 P(Y)) as well as Galileo E5a/b
(relative to E1). On the other hand, differences of a few ns
were identified for signals of the Chinese BeiDou system,
which require further attention. Among others, it is not
presently clear to what extent the (partly unofficial) Bei-
Dou TGD parameters include additional contributions
such as antenna offsets that would inhibit a direct com-
parison with pure DCB values as derived in this study.

Concerning new navigation signals with distinct pilot and
data components it could not be finally clarified whether
(or to what extent) the biases depend on the selected sig-
nal component and tracking mode. For GPS L2C, differ-
ences exceeding the day-to-day stability of the DCB esti-
mates were observed between tracking of the medium,
long or combined code components, but those differences
may well reflect the impact of the different sets of stations
supporting a given tracking mode. For Galileo, satellite
DCB differences derived from receivers with pilot-only
tracking vs. combined pilot+data tracking are less than 0.5
ns (typically 0.3 ns), which makes it likewise difficult to

distinguish network-related effects from true, signal-
related bias differences.

Station DCBs (comprising receiver and antenna contribu-
tions) for some signals of the new constellations were
found to show much higher systematic differences be-
tween receiver brands than known from GPS and the leg-
acy L1/L2 signals. While this does not in any way affect
the suitability of specific receiver types for multi-GNSS
processing, it will require due attention in various applica-
tions. In particular, it will affect the estimation of satellite
clock biases in a joint multi-GNSS orbit and clock deter-
mination process and thus the time scales realized in fu-
ture IGS multi-GNSS ephemeris products. Likewise,
multi-GNSS ambiguity resolution in heterogeneous re-
ceiver networks may be affected when neglecting the ac-
tual DCB differences.
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