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Abstract

Following several performance enhancements, GPS has provided a stable signal-in-space range error (SISRE) of about
50 cm (RMS) for more than a decade. As of early 2024, a major SISRE reduction by about 30% could be noted that helps
to maintain the competitiveness of GPS in comparison with the Chinese BeiDou system and reduces the performance dif-
ference with respect to the European Galileo system. Based on analyses of onboard clock stability and broadcast navigation
messages, the SISRE enhancement can be attributed to a combination of clock switches on selected satellites as well as an
overall reduction of the mean time between navigation data uploads. The additional adoption of new transmit antenna phase
center offsets in the control segment has no immediate performance impact but affects the comparison of broadcast and
precise orbits. Following the aforementioned operational changes, SISRE values for dual-frequency P(Y)-code positioning
with the legacy navigation message (LNAV) were found to decrease to roughly 30 cm from March 2024 onward, and mar-
ginally worse results are obtained for users of the civil L1/L2 signals and the L2 civil navigation (CNAV) message. Single-
frequency LNAYV users, on the other hand, experience only a minor benefit, since orbit and clock information improvements
are largely masked by the non-availability of group delay information for the L1 C/A signal relative to the L1 P(Y) signal.
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Introduction comparison, satellite positions r* and clock offsets cdr® of

broadcast and precise ephemerides are jointly transformed

The concept of signal-in-space range error (SISRE) moni-
toring was introduced by Bernstein (1983) as a means
for assessing the GPS service performance. The SISRE
describes the joint effect of orbit, clock, and group delay
errors on the modeled pseudorange in single-point position-
ing (SPP). It aggregates the contributions of the control and
space segment to the achievable positioning performance,
and separates them from the user equipment errors (UEEs)
which comprise, for example, receiver noise and multipath,
but also unmodelled atmospheric path delays (Langley et al.
2017).

A generic framework for SISRE analysis based on the
comparison of broadcast orbits, clocks, and signal-spe-
cific group delays (described by subscript “bce”) and pre-
cise products (denoted by subscript “ref”) has previously
been presented in Montenbruck et al. (2018). For proper

< O. Montenbruck
oliver.montenbruck @dIr.de

Deutsches Zentrum fiir Luft- und Raumfahrt, German Space
Operations Center, 82234 Welling, Germany

Published online: 05 December 2024

to the center of mass (CoM) as a common reference point
using the corresponding antenna offsets. Here, ¢ denotes the
speed of light and is used to translate clock offset differ-
ences from the time domain to the range domain for ease of
interpretation.

At any epoch, the difference 4p of the observed-minus-
computed pseuodorange residuals using broadcast and pre-
cise ephemerides can then be expressed as

T o o .
Ap =—e (riyce,com - rief,com) + (AT - AT) (1)
where
ar’ = r‘;ce,com - rief,com (2)

represents the orbit error of the broadcast ephemerides and e
denotes the line-of-sight unit vector from the user to the sat-
ellite. For a given single-frequency user signal or a dual-fre-
quency signal combination, both the broadcast and precise
clock offset values need to be corrected for the respective
group delay contribution as described by the pseudorange
bias B. Accordingly,
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represents the error of the CoM-referenced and group-delay-
corrected satellite clock offsets of the broadcast ephem-
eris. Here, systematic differences between the system time
realization and the group delay reference are considered by
removing the epoch-wise average At over all satellites in
the constellation.

For a SISRE measure that is independent of the user loca-
tion, it is common to consider the global average

—\2
& ot (Ar = dr + A7)+ w3 (473 + 472) @)

of the squared pseudorange error, which can be obtained
by integration of Eq. (1) over the part of the Earth’s sur-
face in view of the satellite. Here, Ary, Ar,, and Ar denote
the components of the orbit error Ar® in radial, along-track,
and cross-track direction. The weight factors w, and w,
depend on the orbit height of the GNSS satellite and the
assumed elevation mask angle and can be computed using
numerical or analytical relations as described in Dieter et al.
(2004) and Renfro et al. (2024a). For GPS, a 2° elevation
mask is adopted in DOD (2020), which results in values of
w; = 0.980 and w, = 0.141. Weight factors for other repre-
sentative elevation masks and orbit heights of other GNSS
constellations are provided in Montenbruck et al. (2018) and
Renfro et al. (2024a). RMS and 95th-percentile SISRE val-
ues can be obtained from Eq. (4) by forming the respective
statistics of the epoch-wise global-average error s over a
given period of interest. To separate the contribution of orbit
errors from that of clock offset and bias errors, it is common
to also consider the “orbit-only SISRE”, which is obtained
by neglecting Az and At in the above relation.

The latest version of the GPS Standard Positioning Ser-
vice (SPS) performance standard released in 2020 (DOD
2020) specifies a 95th-percentile value of less than 7.0 m
for the global-average SISRE during normal operations over
all ages-of-data. This limit applies both for single-frequency
L1 C/A-code and the legacy navigation message (LNAV) as
well as dual-frequency L1 C/A plus L2C or L5 and the civil
navigation message (CNAV). Assuming zero mean errors
with a normal distribution, this is equivalent to a 3.6 m RMS
SISRE value and presents a fairly conservative upper bound
for the actual performance. In fact, SISRE values of less than
1 m were obtained as early as 2005 following completion of
the legacy accuracy improvement initiative (L-All; Creel
et al. 2007), which introduced an improved orbit model and
increased the number of monitoring stations available for
orbit determination and time synchronization in the GPS
control segment.

Over the following years, old Block ITA satellites
were gradually replaced by modernized satellites with
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Rubidium atomic frequency standards (RAFSs). These
offered enhanced stability over the clock prediction period
required to cover the time between consecutive navigation
message uploads, and resulted in a gradual SISRE improve-
ment. For the 2013 to 2015 timeframe, RMS values of about
0.7 to 0.9m were achieved for single-frequency L1 users
(Montenbruck et al. 2015b; Renfro et al. 2015; Perea et al.
2017), which further decreased over the following years and
stabilized at roughly 0.6 m from 2019 onwards (Monten-
bruck et al. 2020; Renfro et al. 2024b). Even smaller values
of about 0.4 to 0.5m apply for the Precise Positioning Ser-
vice (DOD 2007) for dual-frequency P(Y) and LNAYV users,
which is not affected by group delay uncertainties (Fig. 1).

First announcements of a renewed performance enhance-
ment initiative by the GPS providers were made in Hobbs
(2024), who reported a decrease of the user range error for
dual-frequency P(Y)-code users from an average of 45 cm in
early 2024 to only 30 cm from March 2024 onwards. While
no specific details were given, the enhancements were attrib-
uted to “clock swaps, additional uploads, troubleshooting
noisy components, specialized commands".

For an independent characterization of these accuracy
improvements, we first investigate relevant changes in the
GPS space and control segment operations. As part of this,
we discuss recent updates to the convention and numeri-
cal values of GPS transmit antenna phase center offsets for
the orbit and clock offset determination and analyze the
Allan deviation of the GPS satellite clocks to identify clock
switches in the active constellation. Furthermore, we deter-
mine the epochs of navigation message uploads from broad-
cast ephemeris data of a global monitoring station network
to characterize the upload pattern and to identify related
changes. In a second step, we evaluate the GPS SISRE over a
20-months period (January 2023 to August 2024) consider-
ing different signal types and navigation message to quantify
the recent performance improvements and to relate them
to the previously discussed changes in the GPS operations.
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Fig. 1 Evolution of the monthly RMS SISRE between 2015 and
2024. All values refer to the Precise Positioning Service using dual-
frequency P(Y) and LNAV navigation messages



GPS Solutions (2025) 29:33

Page3of12 33

Furthermore, the recent GPS SISRE performance is com-
pared to Galileo and the global BeiDou-3 constellation.
Finally, we provide a summary and conclusions addressing
practical implications of the performance improvement and
the relevance for GPS and multi-GNSS users.

GPS operational changes

Between fall 2023 and spring 2024 various changes in the
operations of the GPS satellites have taken place which
impact the overall system performance and its assessment.
These comprise the active clocks, the upload intervals, and
the phase center offsets.

Atomic frequency standards

Within the 2023/2024 time frame, the GPS constellation
comprised four Blocks of GPS satellites (IIR, IIR-M, IIF,
and III) equipped with different generations of RAFSs (Wu
1996; Dupuis et al. 2008) and, in case of Block IIF, a com-
plementary Cesium (Cs) clock (Vannicola et al. 2010). The
latter was in use on space vehicle number (SVN) G072 and
G073, transmitting pseudorandom noise (PRN) codes GOS8
and G10, respectively, until early 2024. On February 9 of
that year GO73 transitioned to use of a Rb clock as the pri-
mary atomic frequency standard, followed by G072 near
midnight of February 21/22 (Fig. 2). The clock swaps were
not officially declared, but accompanied by generic Notices
Advisories to NAVSTAR Users (NANUSs; NAVCEN 20244, b)
marking the respective satellite as “unusable” for a period of
about ten days after activation of the Rb clock. Furthermore,
the Cs to Rb transitions are evident from a factor of ten
reduction of the clock’s Allan deviation over a wide range
of time scales.

For the analysis of clock stability in the period of inter-
est we made use of precise clock offset solution with 30 s
sampling obtained by the Center for Orbit Determination
in Europe (CODE) as part of their CODOOPSFIN product
(Dach et al. 2023). Based on the respective data, overlap-
ping Allan deviations (Riley 2008) were computed over

consecutive seven-day intervals after correcting for day-
boundary discontinuities and compensating possible secu-
lar trends by adjustment and subtraction of a second-order
polynomial.

Results of the clock stability analysis are summarized
in Fig. 3. It illustrates the statistical distribution of weekly
Allan deviations (ADEVs) for correlation times of 4 h and
24 h, which correspond to the typical fit and upload inter-
vals of GPS navigation data, respectively. In total, 34 dif-
ferent space vehicles were active in the 20-months period,
which included handovers from SVN G041 to G044 and
G063 to G049 for PRNs G22 and GO1, respectively. Clear
performance differences can be recognized between the dif-
ferent generations of RAFSs. Except for the IIF satellites,
which suffer from thermally induced variations of the appar-
ent clock phase (Montenbruck et al. 2012), the ADEV(4 h)
results of each individual satellite show only a moderate
scatter throughout the analysis period and range from 104
to 10~13 for the various RAFS types. On the other hand, peak
values of 2 x 10713 are reached for the IIF Cesium clocks.
At the daily time scale, ADEVs of the Rubidum clocks are
mostly at the 1074 level, but a slightly larger scatter can be
observed compared to the stability over 4-h intervals. Aside
from the Cesium clock, below-average clock stabilities at
24 h may be noted for the RAFS of satellites G043, G048,
G053, G057 and, most notably, GO69.

As a rough approximation, stochastic clock varia-
tions over a period = can be described by the expression
cdt(t) ~ c- ADEV(7) - 7. For the 4-h fit interval, this yields
representative errors ranging from a few centimeters to a
few decimeters for the differences between the actual clock
offsets and the adjusted clock polynomial. At the daily inter-
val, which reflects the typical upload period for new sets of
navigation messages, a 104 ADEV likewise implies a clock
prediction error at the 0.25 m level, but notably larger errors
may arise for the aforementioned satellites with unstable
Rb or Cs clocks. Here, the limited clock stability implies
a major constraint for the achievable SISRE and reduced
upload intervals may be required for these satellites to main-
tain a uniform navigation data performance across the active
constellation.
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Fig.2 Detrended clock offsets of satellite GO72 across the Cesium (red) to Rubidium (blue) clock swap on February 21/22, 2024
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Fig.3 Box-whisker plots illustrating the distribution of Allan devia-
tions at 7 = 14400 s (top) and = = 86400 (bottom) over consecutive
7-day intervals from January 2023 to August 2024. For SVN G072

Upload interval

Following the ground-based orbit and clock determination in
the GPS Master Control Station (MCS), the propagated orbit
and clock data are approximated by the broadcast ephemeris
model over consecutive time intervals with a two-hour shift
in their reference epoch (Dorsey et al. 2017). These data are
subsequently uploaded to the respective GPS satellite, which
then transmits updated, but gradually aging, ephemeris data
to the user. New uploads of refreshed orbit and clock data are
traditionally performed once every day for each spacecraft in
the constellation, even though more frequent uploads may be
adopted for individual satellites with a degraded clock stability
(Hegarty 2017).

The GPS Interface Control Document IS-GPS-200N for
civil L1 and L2 signals (SSC 2022) specifies use of epoch val-
ues deviating from the nominal 2-hour grid (i.e., 0:00, 2:00, ..,
22:00 for LNAV and 01:30, 03:30, ..., 23:30 for CNAV) for the
first (and occasionally second) element of each clock-ephem-
eris-integrity (CEI) data sequence. New batches of navigation
messages from the same orbit and clock propagation can thus
be identified from the condition that the ephemeris reference
epoch ¢ . differs from the immediately preceding navigation
message and meets the condition

t,e mod7200s # { 54%; g } for { LNAV

CNAV } messages .

@ Springer

and G073, distinct results are provided for dates before the Cs to Rb
clock swaps in February 2024 (indicated by a red median value and
inter-quartile range) and after the swap (in blue)

The earliest transmit time #,, of the respective ephemeris
will then provide an approximation of the associated upload
time.

Based on this methodology, LNAV and CNAV upload
times between 1 January 2023 and 31 August 2024 were
determined from the “BRD4”” merged multi-GNSS broadcast
ephemeris product (Montenbruck and Steigenberger 2022).
Uploads of the CNAV messages on Block IIR-M and IIF
satellites were found to follow those of LNAV messages
with representative delays of 10 to 15 min, while matching
upload times for both types of navigation messages were
found on GPS III satellites. Over the examined time frame,
uploads of new navigation data were performed within less
than 25 hours after the preceding upload in 95% of all cases.
The cumulative distribution function of the time between
uploads is illustrated in Fig. 4 for epochs before and after
1 March 2024.

Prior to that date, the mean time between consecutive
uploads ranged from 21.7 h to 23.3 h for most satellites of
the GPS constellation. As an exception, almost two uploads
were performed each day for the two Block IIF satellites
SVN(PRN) G069(G03) and GO72(G08). For these satellites,
the mean times between consecutive uploads amounted to
14 h and 13 h, respectively.

Starting in March 2024, additional upload capacity from
other missions was made available for GPS to reduce the
mean upload interval on a notably larger number of GPS
satellites. Overall, a total of ten IIR, IIR-M and IIF satellites
(SVN G043, G045, G048, G052, G053, G057, G061, G069,
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Fig.4 Cumulative distribution of the time between consecutive GPS navigation message uploads from January 2023 to Feb 2024 (left) and from

March to August 2024 (right)

G072, GO73) now benefit from a reduced mean upload time
of about 11 h to 18 h. This group corresponds closely to the
set of satellites with a median ADEV(24 h) of more than
1 x 107 (Fig. 3), which may cause differences of true and
predicted clock offsets at the 1-m level after a 1-day forecast
interval. Interestingly, satellites G072 and G073 are both still
considered for the increased update rate, even though their
clock stability at daily intervals is well below that threshold
after the switch from Cesium to Rubidium clocks and fully
comparable to the nominal performance of other Block IIF
and GPS III satellites operating on RAFS.

Phase center offsets

Satellite positions and clock offsets transmitted in the GPS
navigation message are jointly referred to a common refer-
ence point representing the antenna phase center. Within
the GPS MCS, satellite-specific, conventional values for the
offset between this phase center and the satellite’s CoM are
applied as part of the orbit determination and ephemeris
generation. Knowledge of these phase center offsets (PCOs)
is not required for pseudorange modeling from broadcast
ephemerides in the user receiver, but affects the comparison
with precise ephemerides providing CoM-based orbits and
clock offsets relative to different models of the antenna phase
center and phase variations.

As first disclosed in Malys et al. (2021), the PCOs
used in the MCS were consistent since 1989 with values
adopted by the National Geospatial Agency (NGA) and
documented in, e.g., NGA (2014) and NGA (2020). While
the exact nature and origin of the legacy NGA/MCS PCOs
is no longer traceable, the values are likely to represent

manufacturer calibrations of the L1 phase centers (Mon-
tenbruck et al. 2024). As of January 3, 2021 a new reali-
zation WGS84(G2139) of the World Geodetic System 84
was released and implemented (NGA 2021) to improve the
overall alignment with the International Terrestrial Refer-
ence Frame (ITRF). With a three-months delay, NGA and
the GPS MCS furthermore decided to adopt PCOs for the
ionosphere-free L1/L2 combination based on the antenna
model of the International GNSS Service (IGS; Johnston
et al. 2017) for best compatibility with the ITRF GNSS
contribution. The new PCO values were introduced on
28 March 2021 (GPS week 2151) and taken from the
latest version igs14_2134.atx of the IGS antenna model
available at that time. As an exception, L1 manufac-
turer calibrations were adopted for the GPS III satellites.
Along with the release of the most recent WGS realization,
WGS84(G2296), NGA and the MCS once again updated the
PCOs for GPS orbit determination and ephemeris genera-
tion in January 2024 (NGA 2024). This time, L1/L2 PCOs
from the igs20_2290.atx antenna model were adopted for
all operational GNSS satellites to ensure best compatibility
of the WGS84(G2296) reference frame with the ITRF2020
(Altamimi et al. 2023) realization of the International Ter-
restrial Reference System. For further reference, a summary
of PCO values as used by the MCS is given in Table 1.

Performance analysis
For our analysis, we consider the SISRE evolution for

four different combinations of user signals and naviga-
tion messages, that are summarized in Table 2. Case A

@ Springer
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Table 1 Antenna phase center SVN  Block  Until 2021/03/28 2021/03/28 — 2024/01/07 From 2024/01/07

offsets for GPS navigation

message generation (NGA X [m] y [m] z [m] X [m] y [m] z[m] X [m] y [m] z [m]

2020, 2021, 2024). All values

refer to IGS conventions for G041 TIR-A  —0.002 0000 +1.614 —-0.003 -0.002 +1.305 —-0.003 —0.002 -+1.237

the spacecraft body coordinate G043 IIR-A  —0.002 -0.003 +1.614 —0.002 —0.002 +1.348 —0.002 —0.002 +1.287

%Sltgg (Montenbruck et al. G044 TIR-A  —0.002 —0.001 +1.513 +0.001 +0.005 +1.000 +0.001 +0.005 +0.936
G045 TIR-A  —0.002 +0.001 +1.584 —0.003 +0.003 +1.359 —0.003 +0.003 +1.290
G046 IIR-A —0.002 -0.001 +1.514 -0.001 —0.001 +1.118 -0.001 —0.001 +1.054
G047 TIR-B —0.002 +0.001 +0.060 —-0.002 +0.002 +0.851 —0.002 +0.002 +0.771
G048 TIR-M  —0.001 0000  +0.001 0.000  +0.005 +0.822 0.000  +0.005 +0.757
G049 IIR-M —-0.012 0000 —0.023 0.000 0000 +0.963 0.000 0.000 +0.865
G050 ITIR-M  —0.003 0.000 —0.017 -0.003 0.000 +0.778 —0.003 0.000  +0.743
G051 IIR-A —0.002 —-0.001 +1.614 +0.001 —0.003 +1.314 +0.001 —0.003 +1.262
G052 TIR-M  —0.002 0000 —0.058 -0.001 +0.006 +0.913 —-0.001 +0.006 -+0.837
G053 IIR-M +0.010 —0.006 —0.101 +0.003 +0.001 +0.771 +0.003 +0.001 +0.712
G054 IIR-A +0.010 —0.006 +1.592 +0.014 0.000 +1.249 +0.014 0.000 +1.182
G055 IIR-M +0.010 —0.006 —0.012 +0.005 +0.002 +0.623 +0.005 +0.002 +0.576
G056 IIR-A +0.010 —0.006 +1.663 +0.013 —0.007 +1.469 +0.013 —0.007 +1.389
G057 IIR-M +0.010 —-0.006 —0.015 +0.011 —0.005 +0.792 +0.011 —0.005 +0.723
G058 IIR-M +0.010 —0.006 —0.094 +0.010 —0.006 +0.768 +0.010 —0.006 +0.711
G059 IIR-B  +0.008 —0.005 —0.018 +0.009 —0.001 +0.808 +0.009 —0.001 +0.719
G060 IIR-B  +0.009 —0.004 0.000 +0.015 +0.007 +0.766 +0.015 +0.007 +0.702
G061 IIR-B  +0.010 —0.006 —0.082 +0.001 —0.001 +0.729 +0.001 —0.001 +0.682
G062 1IF +0.392  +0.002 +1.093 +0394 0.000 +1.517 +0.394 0.000 +1.454
G063 1IF +0.391 0.000 +1.091 +0.394 0.000 +1.502 +0.394 0.000 +1.421
G064 1IF +0.395 —0.001 +1.090 +0.394 0.000 +1.522 +0.394 0.000 +1.462
G065 1IF +0.392  +0.002 +1.093 +0.394 0.000 +1.407 +0.394 0.000 +1.352
G066 1IF +0.391 0.000 +1.090 +0.394 0.000 +1.522 +0.394 0.000 +1.436
G067 1IF +0.395 —0.001 +1.092 +0.394 0.000 +1.467 +0.394 0.000 +1.411
G068 1IF +0.396 —0.002 +1.092 +0.394 0.000 +1.523 +0.394 0.000 +1.460
G069 1IF +0.395 0.000 +1.091 +0.394 0.000 +1.551 +0.394 0.000 +1.482
G070 1IF +0.397 0.000 +1.084 +0.394 0000 +1.535 +0.394 0.000 +1.472
G071 1IF +0.393  —0.001 +1.093 +0.394 +0.000 +1.504 +0.394 +0.000 +1.434
G072 1IF +0.396 +0.000 +1.086 +0.394 +0.000 +1.501 +0.394 +0.000 +1.428
G073 1IF +0.396 —0.001 +1.083 +0.394 +0.000 +1.515 +0.394 +0.000 +1.429
G074 1 —0.059 +0.018 +1.090 —0.059 +0.018 +1.090 —0.061 +0.020 +1.940
G075 1 —0.073 +0.021 +1.074 —0.073 +0.021 +1.074 —0.064 +0.015 +1.940
G076 11 —0.065 +0.020 +1.062 —0.065 +0.020 +1.062 —0.069 +0.022 +1.920
G077 I —0.064 +0.023 +1.099 —0.064 +0.023 +1.099 —0.066 +0.019 +1.939
G078 1 —0.066 +0.023 +1.102 -0.068 +0.021 +1.965
G079 1 —0.066 +0.023 +1.113 —0.068 +0.021 +1.965

Table 2 Navigation message types and user signals considered for the
GPS SISRE analysis

Case Navigation Msg Signals

A LNAV L1C/A

B L1 P(Y), L2 P(Y)
C CNAV L1C/A

D L1 C/A,L2C

@ Springer

represents the legacy definition of the Standard Position-
ing Service using L1 C/A code observations along with
the LNAV message. As of 2024, these are still the only
civil signals and data transmitted by the entire GPS con-
stellation, even though more than three quarters of all sat-
ellites already offer the new civil L2C signal and CNAV
message for dual-frequency positioning. Use of that pro-
cessing mode has officially been introduced into the 2020
edition of the SPS performance standard (DOD 2020) and
is considered as Case D in this work. We contrast this
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mode with dual-frequency positioning using L1 and L2
P(Y)-code signals in Case B. While formally assigned to
the regulated Precise Positioning Service (PPS; (DOD
2007), P(Y) signals are available on all satellites of the
GPS constellation and semi-codeless tracking enables
access to P(Y)-code tracking also for civil receivers with-
out decryption devices. Case C, finally, considers single
frequency L1 navigation but using CNAV navigation mes-
sages. While this reflects a largely hypothetical scenario,
in which users would have access to the L2 (or L5) CNAV
message but still perform L1-only positioning, it appears
instructive to demonstrate the vital role of the L1 C/A-
to-P(Y) group delay differences on the C/A pseudorange
modeling performance.

In view of a larger number of parameters and higher
resolution, the CNAV orbit model offers a better good-
ness-of-fit and lower discontinuities at ephemeris hando-
vers than LNAV (Steigenberger et al. 2015). Neverthe-
less, both navigation messages offer a largely compatible
overall orbit and clock performance, which is driven by
the forecast accuracy in the MCS. As such, differences
in the SISRE performance between the various services
are mainly related to the availability and quality of group
delay parameters for individual user signals.

Single- and dual-frequency SISRE

Monthly SISRE values covering January 2023 to August
2024 are shown in Fig. 5 for the various combinations of
signals and navigation messages. All results are based on the
BRD4 merged multi-GNSS broadcast ephemerides (Mon-
tenbruck and Steigenberger 2022) and the CODOMGXFIN
precise orbit and clock products of the Center for Orbit
Determination in Europe (Dach et al. 2024), as well as the
CASOOPSRAP bias products of the Chinese Academy of
Sciences (Wang et al. 2016).

Prior to February 2024, the SPS (Case A) and PPS (Case
B) SISREs amount to roughly 55 cm and 45 cm RMS,
respectively. Both positioning services assume use of the
LNAYV navigation message and are supported by the entire
GPS constellation, but differ in the choice of user signals
(L1 C/A-code vs. L1/L2 P(Y) code). Other than might be
expected at first sight, the choice of single- vs. dual-fre-
quency signals has no direct impact on the degraded SPS
results, since SISRE values consider only the space and con-
trol segment contributions to the user range model, but no
ionospheric errors. Instead, the PPS SISRE benefits from the
fact that no group delay uncertainties need to be considered,
since the user signals match the signals used in the deter-
mination of the broadcast clock offsets. C/A-code users, in
contrast, require knowledge of the L1 C/A vs. L1/L2 P(Y)

(a)

SISRE [m]

SISRE RMS (b)
Il SISRE orb

(c)

SISRE [m]

Jan Apr Jul Oct Jan Apr Jul

2024

(d)

Jan Apr Jul Oct Jan Apr Jul

2023 2024

Fig.5 RMS SISRE and SISRE(orb) for four different combinations of user signals and navigation messages. (a) L1 C/A, LNAV; (b) L1 P(Y),

L2 P(Y), LNAV; (c) L1 C/A, CNAYV; (d) L1 C/A, L2C, CNAV
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group delays. However, only the L1 P(Y) vs. L1/L2 P(Y)
group delay is provided in the LNAV message as part of
the Timing Group Delay (TGD) parameter. The residual L1
C/A vs. L1 P(Y) group delays (known as L1 C/A inter-signal
corrections, ISCs) are unavailable to LNAV users, exhibit
representative magnitudes of up to +2 ns or +0.6 m (Wang
et al. 2016), causing a notable SISRE increase compared to
the PPS.

With roughly 50 cm, the SISREs for use of civil signals
and the CNAYV navigation message (Cases C and D) are
slightly larger than the PPS SISRE, but clearly superior to
the legacy SPS (Case A). Even though these cases do not
include use of old IIR satellites with potentially inferior
clock stability, they mainly benefit from availability of all
relevant ISCs in the CNAV message. This can readily be
seen from the nearly identical results of the dual-frequency
CNAV SISRE (Case C) and the (hypothetical) SISRE for
single-frequency L1 C/A + CNAYV users.

Overall, the SISRE prior to the performance improvement
is dominated by the contributions of clock instabilities and,
in the case of the L1 C/A LNAV users, by unknown group
delays. As indicated by the orbit-only SISRE of about 20 cm,
uncertainties in the predicted orbits contribute only a minor
part to the root-sum-square (RSS) of all error sources, leav-
ing roughly 40 to 55cm to the clock and bias errors in the
navigation messages.

For completeness, we also note that the larger-than-aver-
age L1-only SISRE values of 0.7 to 0.8m in early 2023 are
related to the latest GPS III satellite SVN G079. This satel-
lite was set healthy in mid February 2023, but transmitted an
improper TGD causing a range error of about 3 m until May
4, 2023, when the correct TGD was made available. While
users might have eliminated the affected satellite as part of
the receiver autonomous integrity monitoring (RAIM), it
was part of the active GPS constellation at that time and has
therefore been included into the SISRE analysis.

Following the operational changes described in the pre-
vious section, a pronounced SISRE decrease can be recog-
nized from March 2024 onward. It is most evident for PPS
and CNAYV users while the benefits are still largely masked
by the lacking group delays information for civil L1 users.
Even though the increased upload rate results also in a small
(= 10 %) reduction of the orbit-only SISRE, the dominating
benefit is clearly related to the reduction of clock predic-
tion errors. In fact, the total PPS SISRE reaches a level of
roughly \/E times the orbit-only SISRE after implementation
of the accuracy improvement initiative, thus indicating an
almost equal RSS contribution of orbit and clock prediction
errors to the overall SISRE across the entire constellation.

For further reference, SISRE values for single- and dual-
frequency Galileo and BeiDou-3 are provided in Table 3 for
a one-month period in mid 2024. They are based on compar-
ison of the respective broadcast orbit, clock, and group delay

@ Springer

Table 3 Comparison of SISRE values for single- and dual-frequency
navigation of GPS, Galileo, and BeiDou-3 in August 2024

GNSS Signals Nav. Msg SISRE (RMS)
[m]
GPS L1C/A LNAV 0.40
L1 C/A, L2C CNAV 0.27
L1/L2 P(Y) LNAV 0.26
Galileo El INAV 0.23
El, ESa FNAV 0.11
BeiDou-3 BIC CNAV-1 0.44
BIC, B2a CNAV-1 0.47

parameters with the CODOMGXFIN multi-GNSS orbit and
clock products (Dach et al. 2024) and the CASOOPSRAP
code biases (Wang et al. 2016). While Galileo clearly out-
performs the other GNSSs in terms of SISRE, the results
show that GPS has caught up, and is again second place
before BeiDou-3. In particular, the GPS SISRE for dual-
frequency users is clearly lower than that of the Chinese
navigation system, even though BeiDou-3 benefits from very
stable clocks as well as inter-satellite links enabling hourly
navigation message uploads. On the other hand, these ben-
efits are counteracted by intrinsic incompatibilities of the
BeiDou-3 time synchronization and group delay parameters
with actual user receivers (Montenbruck et al. 2022).

Cui Bono - who benefits?

Evidently, the SISRE reduction achieved by selecting more
stable onboard clocks and by increasing the navigation
message upload frequency marks a major improvement
and increases the competitiveness of GPS in comparison
with other GNSSs. Nevertheless, it appears worthwhile to
ask, which applications specifically would benefit from this
enhancement and how the SISRE reduction would material-
ize in the resulting positioning accuracy.

In this context, it is recalled that the concepts of SISRE,
UEE, and dilution of precision (DOP) have been developed
as a framework for assessing the performance pseudorange-
based single-point positioning and for characterizing indi-
vidual contributions to the overall error budget. Leaving
aside the number and geometric distribution of satellites,
the SPP accuracy is driven by errors in the observed and
modelled measurements, which are described as the RSS
of signal-in-space range errors and user equipment errors.
While continued improvements in the space and ground
segment have contributed to a SISRE reduction down to
the few-decimeter level, the UEEs have not improved in a
similar manner. Even though the pseudorange noise of sur-
vey- and geodetic-grade receivers with wide-band frontends
may reach a level of one or a few decimeters for uncombined
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observations, the uncertainties of ionospheric models con-
tribute notably larger errors in single-frequency positioning.
Vice versa, dual-frequency navigation is essentially free of
ionospheric errors but suffers from the unfavorable ampli-
fication of noise and multipath errors (by roughly a factor
of three; Hauschild 2017) when forming the ionosphere-
free linear combination. As a result, SPP errors are typi-
cally dominated by the UEE contribution, and even a nota-
ble SISRE reduction as achieved in the latest GPS accuracy
improvement initiative does not show up in a corresponding
improvement of the positioning error budget.

By way of example, this is illustrated in Fig. 6, which
shows the distribution of single-point positioning errors for
a representative geodetic reference station. All results are
based on dual-frequency P(Y)-code observations consider-
ing a 10° elevation mask and a maximum position dilution of
precision (PDOP) of 10. Individual positioning solutions for
the Brussels station of the IGS were computed at 30 s steps
for five-day intervals centered around day of year (DoY)
30/2024 and 60/2024, respectively, and are based on LNAV
messages and dual-frequency P(Y) observations. The two
dates roughly mark the begin and end of the operational
changes implemented in early 2024 to reduce the SISRE
of the GPS constellation. Within this period, the horizontal
position errors of the BRUX station decreased by roughly
8%, out of which 3% can be attributed to a slightly more

R95=1.76 m
R95 =1.63m

North [m]

East [m]

Fig.6 Scatter of horizontal SPP errors for the IGS BRUX station
before (blue) and after (red) implementation of the 2024 accuracy
improvement initiative. The 95th percentile radii (R95) are indicated
by solid circles in the corresponding colors and amount to roughly
1.7 times the distance root mean square (DRMS) horizontal position
error

favorable dilution of precision at the end of February.
The user equivalent range errors (UEREs), i.e., the RSSs
of SISRE and UEE, in the two periods amount to roughly
0.90 m and 0.86 m, respectively. They are dominated by a
UEE of roughly 0.80 m, which exceeds the SISRE values
by a factor of two to three and largely masks the SISRE
improvement.

Given the magnitude of representative pseudorange meas-
urement errors, the SISRE performance of GPS, Galileo, and
BeiDou-3 has only limited impact on the achievable SPP
accuracy and is thus barely distinguishable in practice. As
such, precise point positioning (PPP; Zumberge et al. 1997)
techniques based on dual-frequency carrier phase observa-
tions are required to fully materialize the benefits of today’s
low SISRE values. Other than single point positioning, PPP
requires the adjustment of carrier phase ambiguities collect-
ing information from multiple epochs. On the other hand,
carrier-phase-related UEEs are essentially negligible, when
using PPP techniques with broadcast ephemerides. Further-
more, ephemeris errors can in part by compensated through
dedicated error states or process noise in a sequential filter
(Gunning et al. 2019; Carlin et al. 2021). While PPP with
broadcast ephemerides has received only limited attention
so far, selected studies (Hadas et al. 2019; Carlin et al. 2021;
Cheng et al. 2024) have demonstrated the feasibility of dec-
imeter-level positioning with overall errors proportional to
the constellation-specific SISRE values.

Sample PPP results using LNAV navigation messages and
dual-frequency P(Y) carrier phase observations in a kin-
ematic positioning mode are collated in Table 4 and com-
pared with SPP solutions for the previously considered test
periods. At a horizontal dilution of precision (HDOP) close
to one, the resulting DRMS position errors essentially match
the UERE in all four cases. Other than the SPP solutions,
which are dominated by UEE contributions, the PPP solu-
tions are essentially free of receiver-related measurement
errors and directly reflect the SISRE improvement achieved
in early 2024.

While the GPS SISRE enhancement offered by the
recent GPS accuracy improvement initiative obviously
contributes to a reduced positioning error budget, it
appears unlikely to affect the relevance of satellite-based
correction services such provides by Satellite Based

Table 4 Horizontal positioning errors (DRMS) of the BRUX station
using code- and carrier-phase-based positioning techniques for five-
day periods before and after implementation of the GPS accuracy
improvements

Period (DoY) DRMS(SPP) [m] DRMS(PPP)
[m]

28 — 32/2024 0.96 0.43

58 — 62/2024 0.89 0.30

@ Springer



33 Page 10 of 12

GPS Solutions (2025) 29:33

Augmentation Systems (SBAS; Walter 2017) or the Gali-
leo High Accuracy Service (HAS; Fernandez-Hernandez
et al. 2022). Aside from integrity information for aviation
users, the main benefits of SBAS for positioning stem from
the availability of ionospheric corrections for single-fre-
quency processing, which typically exceed the orbit and
clock errors by an order of magnitude. For PPP users, HAS
still offers a somewhat lower GPS SISRE than the uncor-
rected navigation message even after the performance
improvement, and, foremost, group delay corrections for
the relevant user signals of all GPS satellites.

Summary and conclusions

Various operational changes have led to a notable per-
formance improvement in the GPS Standard Positioning
Service in early 2024. These are achieved by selecting
the most stable onboard clocks on each spacecraft and
by increasing the mean upload interval for satellites with
less-than-average clock stability. Overall, the global-aver-
age signal-in-space range error could be decreased from
roughly 45 cm to 30 cm for dual-frequency P(Y) and L1
C/A + L2C users along with the LNAV and CNAV naviga-
tion messages, respectively. Slightly larger values of about
40 cm after February 2024 apply for single-frequency L1
C/A-code users due the lack of relevant inter-signal group
delay corrections in the LNAV message. Compared to
other GNSSs, GPS again outperforms BeiDou-3 in terms
of control and space segment contributions to the rang-
ing error, but still falls behind Galileo by a factor of two
to three. On the other hand, SISRE values for all three
constellations are well below representative user equip-
ment errors. As such, carrier-phase-based positioning
techniques would be required to fully exploit the quality
of the respective navigation messages in all cases.
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