GPS Solutions (2023) 27:104
https://doi.org/10.1007/s10291-023-01415-7

ORIGINAL ARTICLE

Recent flex power changes

=

Check for
updates

Ozge Gizem Esenbuga’ - André Hauschild' - Peter Steigenberger’

Received: 13 July 2022 / Accepted: 4 February 2023 / Published online: 11 April 2023

© The Author(s) 2023

Abstract

The redistribution of the transmit power among different GPS signal components is called flex power, and it is implemented
on modernized GPS satellites starting with Block IIR-M. The purpose of the flex power is to increase signal protection
against jamming. It has been mostly active since the beginning of 2017 in different flex power modes and is visible in the
carrier-to-noise density ratio (C/N;) observations as stepwise changes. Especially after the beginning of 2020, the flex power
modes changed frequently. We summarize these changes and study their impact on differential code biases (DCBs) which
is 0.3 ns on average for L1 and L2 intra-frequency DCBs. The flex power is analyzed daily using C/N, measurements of the
globally distributed GNSS observations network from January 1, 2020 until February 28, 2022. The flex power activation
times are written into a dedicated block of the SINEX metadata format.

Keywords Flex power - GPS - Differential code biases

Introduction

Global positioning system (GPS) satellites transmit their sig-
nals from three different frequency bands, which are L1 at
1575.42 MHz, L2 at 1227.60 MHz and L5 at 1176.45 MHz.
All satellites in the GPS constellation transmit the L1 C/A
and P(Y) code as well as the L2 P(Y) code. In addition,
the civil L2C signal and military M-code on L1 and L2 are
provided by the newer satellite blocks starting with Block
IIR-M. LS5 signals are only available for satellites of Block
IIF and Block IIT (Hegarty 2017; Johnston et al. 2017). Until
January 2017, all GPS satellites transmitted their signals
with constant power. After the modernization of GPS satel-
lites, starting with Block IIR-M, it is possible to redistribute
this power between the different signal components. The
redistribution of the power between different GPS signal
components is called flex power, and it is introduced as a
remedy against jamming. This redistribution is necessary
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as it is impossible to increase the power of all signal com-
ponents. The redistribution of the power between different
GPS signal components is observed on carrier-to-noise den-
sity ratio (C/N,) observations as sub-daily stepwise changes.
Currently, depending on the flex power mode, C/A and P(Y)
code on L1 band and P(Y) code on L2 are observed to be
affected by flex power on Block IIR-M and Block IIF satel-
lites. Due to the adjustable power output property, the maxi-
mum value of the individual signal components of the Block
IIR-M and Block IIF satellites can be exceeded, but this
value is not expected to exceed — 150 dBW. (IS-GPS-200M,
2021). It should be mentioned that flex power capability is
also available on GPS Block III satellites; however, it has
not been observed yet. Several studies have shown that flex
power affects differential code biases and causes disconti-
nuities up to 0.8 ns with an average of 0.4 ns (Steigenberger
et al. 2018; Esenbuga and Hauschild 2020; Esenbuga et al.
2020).

The activation times of the flex power can change from
day to day. Therefore, it is categorized under flex power
modes. There are different modes of flex power, and some
of them, until flex mode 4, have been discussed in the pre-
viously mentioned studies. First, the initial analysis of the
impact of flex power on C/N, estimations is shown. A first
flex power test campaign was conducted for only five days
between September 7 and 12, 2010 (Jiménez-Bafios et al.
2010). Next, early flex power changes from flex power mode
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1 to mode 3 are studied (Steigenberger et al. 2018). In Jan-
uary 2017, flex power mode 1 started to be active for L1
C/A and P(Y) signals with one geographical center mean-
ing that the flex power was activated if the elevation of a
dedicated satellite was greater than 3 degrees with respect
to the center point. Flex power mode 2 was first observed
globally for a shorter amount of time in 2018, and after that,
it was observed again in 2021. Flex mode 3 was active for a
few days in 2018 and 2019. It has one geographical center
similar to mode 1. Following this research, Esenbuga and
Hauschild (2020) analyzed the impact of the early flex power
mode 1 on DCB estimations for L1 and L2 frequency bands
and concluded that the impact of the flex power on L1 intra-
frequency DCBs is more significant than L2 intra-frequency
DCBs. Additionally, due to the impact of the ionosphere,
L1-L2 inter-frequency biases is not as significant as intra-
frequency DCBs. The effects of flex power mode 4 is stud-
ied, which was active from February 14 to April 12, 2020
(Esenbuga et al. 2020). Different than flex power modes
1 and 3, this mode has, in fact, two geographical centers.
Finally, Yang et al. (2022) developed a strategy to monitor
flex power using machine learning and combined it with
polynomial fitting.

After April 12, 2020, the flex power modes have been
changed rather frequently. These changes in flex power have
not yet been studied. Currently, the number of different flex
power modes has increased to 9, and it is possible that it will
increase even further. Additionally, up to flex power mode
4, it was possible to model the flex power changes with one
or two geographical center points. After flex mode 5, the
flex power implementations on GPS satellites have changed
drastically. First, as the flex power mode changes frequently,
it is not practical to define a rule stating the center points of
the flex power. Second, it is not possible to look for a certain
flex point center and model it for some flex power modes.
Additionally, daily differences occur within the flex power
modes, making the modeling more complicated.

Flex power is observed on C/N,, observations as sub-daily
stepwise changes. These observations are taken from Inter-
national GNSS Service (IGS) (Johnston et al. 2017) network
to identify the flex power activation times. Alternatively,
high-gain antenna measurements can also be used to study
flex power (Steigenberger et al. 2018). If the noise power is
assumed to be constant, the C/N,, observations can indicate
the received signal strength. Although the C/N,, observations
from different stations are not directly comparable, stepwise
changes in these measurements can be used to identify the
flex power activation and deactivation times. A new algo-
rithm, called the flex power detector (FPD), has been devel-
oped to identify the flex power activation times. This tool
looks for stepwise changes in the C/N, observations and
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checks the number of occurrences within the network. If this
number of occurrences reaches a certain value, it is defined
as flex point activation or deactivation time. Additionally, in
case the stepwise change in the C/N, observation is positive,
the timestamp of it will be marked as flex point activation
time for that satellite, and vice versa. The flex power acti-
vation times are written into a proposed extension of the
SINEX metadata format. We first used FPD to retrieve the
flex power activation and deactivation times and fed this
information into estimations of DCBs. The time frame of
this study is from January 1, 2020 until February 28, 2022.

High/low power mode detection

As the flex power changes are visible in the C/N, observa-
tions of geodetic GNSS receivers, it is possible to detect the
time when satellites switch to high or low power. In case the
satellite goes into high power, a stepwise jump is seen on
the C/N,, observations, and vice versa. Figure 1 depicts these
stepwise variations for the station ALBHOOCAN located in
Victoria, Canada, which is part of the IGS network. The
observations have a sampling of 30 s and show a drop in C/
Ny at ca. 11:20 h and an increase at 23:30 h.

Geodetic receivers use semi-codeless techniques to track
the encrypted P(Y) code signals on L1 and L2 (Woo 2000).
Therefore, C/N,, observations of these signals are identical.
Due to the limited sampling rate, short-term variations in
the C/N,, are not observable. If one uses a higher data rate,
the result will look different. Figure 2 depicts the same drop
occurring in Fig. 1 approximately at 11:20 h for 1 Hz data
of different receiver types. Additionally, different receivers
show different behaviors in the C/N,, observations. Obser-
vations for Fig. 2 are taken from a geodetic antenna at
Deutsches Zentrum fiir Luft- und Raumfahrt (DLR) Oberp-
faffenhofen, Germany. Javad TRE-G3TH and Trimble NetR9
receivers show similar pattern with two stepwise drops in
the C/N,, observations of P(Y) code. On the other hand, the
Septentrio PolaRx5 receiver shows rather a gradual change.

First, observations with 30 s data rate are screened
using an elevation and C/N,, threshold with 30 degrees and
30 dB-Hz. Since the beginning of 2020, the flex power is only
affecting the P(Y) code on L1 and L2. Due to the nature of
the semi-codeless tracking, C/N, observations of these bands
are identical; therefore, stepwise changes on L2 P(Y) code of
the C/N,, observations over ca. 250 IGS stations are used to
detect the activation and deactivation of the flex power times.

The measurements are processed, and the differences in
C/N,, observations between subsequent epochs are calculated
to see the changes in C/N, measurements. Additionally, the
average of C/N, observations is also calculated for the prior
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Fig.1 C/N, observations on L1 and L2 P(Y) of satellite G072 from
IGS station ALBHOOCAN on January 4, 2022
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Fig.2 P(Y) code C/N, observations of satellite GO72 from a geodetic
antenna at Oberpfaffenhofen/Germany with 1 Hz data rate on January
4,2022

5 min with respect to the current epoch and 5 min later with
respect to the next epoch. The difference between these aver-
aged C/N, observations is also calculated along with the
current and next epochs. This averaging aims to detect step-
wise changes, in the case they are gradual with two or more
steps. To differentiate these changes from noise, the stepwise
change at the same epoch must occur at least from 20 dif-
ferent stations in the IGS network. If the stepwise change
occurs at least as many as the predetermined value and it
has a positive value, the corresponding satellite is going into
high-power mode. If the step is in the other direction, it is
marked as low-power mode.

The algorithm is tested each day from January 1, 2020
until February 28, 2022. In this time frame, the algorithm
successfully detects the flex power activation and deactiva-
tion times except for the flex power mode 1. As this mode

Fig.3 Time evolution of flex
power modes

Mode 1 < Mode 2

Mode 3 ®Mode 4

has 2.5 dB changes on the C/N, measurements, it is currently
not robust in differentiating the stepwise changes of flex
power from noise. For flex power mode 1, a cone method is
used to mark the high/low power modes. The cone method
models the flex power mode 1 for most of the Block IIF sat-
ellites to go into high power in case their elevation is greater
than 3° from its center at 41° E/37° N. More information on
the cone method can be found in a study by Esenbuga and
Hauschild (2020).

Flex power modes

Flex power mode 1 was the main active mode from 2017
until February 2020. During this time period, flex power
mode 2 was first observed in 2018. Later, this mode is
observed again for 14 days in total in 2021. Finally, mode
3 was only active for a few days. Early flex power modes
refer to the flex power modes 1-3. In February 2020, flex
power modes started to change frequently. Using the high/
low power detection method with the FPD algorithm men-
tioned above, flex power has been tested each day from
January 1, 2020 until February 28, 2022. Figure 3 sum-
marizes these flex power changes.

Early flex power modes

Flex power modes seen before 2020 for the first time are
called early flex power modes. Three different flex power
modes were detected on GPS Block IIR-M and Block IIF
satellites by Steigenberger et al. (2018). In addition, mode
2 is detected again in 2021. These modes are summarized
in Table 1. The second column includes the satellites that
are included in the flex power mode. In case an entire satel-
lite block is included in the flex power mode, the name of
the satellite block is stated. Otherwise, the individual satel-
lite vehicle numbers (SVN) are specified. The third column
shows the activation time period of the flex mode in DOY/
year format. There are some exceptional days with slight
differences in high/low power patterns within the flex power
mode 2. These days are mentioned under the fourth col-
umn. The fifth column shows the coverage of the flex power

1

Mode5 Mode6 < Mode7 Mode8 © Mode9 @ Off
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Table 1 Summary of early flex power mode

Flex Satellites Activation Period  Exceptions Coverage L1 L1 L2
Power (DOY/Year) C/A P(Y) P)
Mode
Mode 1 Most Block-IIF Center at
satellites except for 027/2017— B 41°E/37°N 125 s 3
G070 & GO73 044/2020 dB dB
Mode 2 IIR-M & IIF 103-107/2018
151-155/2021 Exceptions
254-257/2021 on
266-267/2021 266-267/2021, Global - +6dB +5dB
296/2021
296/2021,
299/2021
299/2021,
320/2021
320/2021
Mode 3 IIR-M & IIF 117,121,124/2018 Center at —(2-3) +9-11 dB

171-172/2019

mode and the latter columns show the characteristic stepwise
changes in C/N, observations.

The regional flex power mode 1 was active from January
2017 until February 2020 on most Block IIF satellites for the
L1 band. Flex power modes 2 and 3 were active for a rather
shorter period of time on GPS Block IIR-M and Block IIF
satellites (Steigenberger et al. 2018).

Recent flex power modes

In 2020, compared to the previous years, flex power changed
more frequently. Some of these modes are first mentioned
by Steigenberger et al. (2020). These flex power modes are
denoted as recent flex power modes and summarized in
Table 2. There is also one pattern observed for a day; how-
ever, it is excluded and not named as a new mode as it was
active for less than three consecutive days. This is mentioned
in Appendix 3. It should be mentioned that the individual
L1 P(Y) and L2 P(Y) power changes can only be obtained
from a high-gain antenna. As no high-gain observations are
available to separate these measurements, only the sum of
the L1 +L2 power change could be determined from C/N,
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115°W/40°N  dB

measurements from the IGS network for flex power modes
between 5 and 9.

Mode 4 was active from February 2020 until April 2020
on Block IIR-M and Block IIF satellites on L1 and L2 bands.
Esenbuga et al. (2020) detected and analyzed flex mode 4.
This mode, like mode 1, can be modeled with the cone
method but with two centers. The cone method marks Block
IIR-M and Block IIF satellites in high power in case they
have at least 3° elevation from one of the flex centers located
at 37° E/35° N and 69° E/35° N. It is also possible to use
the high/low power detection method. Figure 4 depicts flex
mode 4 and it is obtained with this high/low power detection
method on February 15, 2020. The crosses show the two
centers of the flex power.

Flex power mode 5 looks similar to the previous flex
power mode 4. However, it is more extended in the south-
ward direction, which results in a reduced number of power
transitions per day by ca. 25%. It is observed that on Block
IIR-M and Block IIF satellites, there is a 9—-11 dB power
increase of L1+ L2 P(Y). This mode is first observed
between April 13 and May 3, 2020. After that it is observed
between May 9 to June 13, June 20 to 22, and July 3 to 6,
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Table 2 Summary of recent flex power modes

Flex Satellites Activation Period Exceptions Coverage L1 L2
Power (DOY/Year) (DOY/Year) C/A  P(Y) P(Y)
Mode
Mode4 IIR-M & IIF  045-103/2020 Center at
- 37°E/35°N & - +6dB  +5dB
69°E/35°N
Mode5 IIR-M & IIF  104-124/2020
130-165/2020 - - +9-11 dB
172-174/2020
185-188/2020
Mode 6 IIR-M & IIF  125-129/2020 Between
137-150/2021 longitudes 155°E  — +9-11 dB
156-253/2021 & 30°W
258-265/2021 -
268-295/2021
297-298/2021
300-319/2021
321/2021-059/2022
Mode7 IIR-M & IIF  166-171/2020
175-184/2020
189-215/2020
235-256/2020 192-198/2020  Center at
275-292/2020 111°W/33°N & +9-11 dB
298-299/2020 33°E/34°N & -
310-320/2020 70°E/35°N
326/2020-011/2021
016-064/2021
122-136/2021
Mode 8 IIR-M & IIF  216-234/2020
293-297/2020 Center at
300-309/2020 - 109°W/32°N & - +9-11 dB
012-015/2021 70°E/35°N
065-121/2021
Mode 9 IIR-M & IIF  321-325/2020 - Center at
T6°W/41°N & - +9-11 dB
70°E/35°N
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2020. In total, this mode was observed for 64 days. An illus-
tration of flex mode 5 is depicted in Fig. 5.

As illustrated in Fig. 6, flex power mode 6 is rather differ-
ent than the other modes. It is activated between longitudes
155° E and 30° W. Similar to mode 5, it results in 9-11 dB
power increase of L1+ L2 P(Y) on Block IIR-M and Block
IIF satellites. This mode has first been observed on May 4
until May 8, 2020. This mode was active for 4 days in 2020;
however, it was observed for 215 days in 2021. In 2022, this
mode is observed for all of the 59 days tested, meaning that
this is the only flex power mode that has been observed in
2022.

Different than the other flex power modes, flex power
mode 7 has three different centers located at 111° W/33° N,
33° E/34° N, and 70° E/35° N, see Fig. 7. Similar to the pre-
vious modes, it is observed that on Block IIR-M and Block
IIF satellites, there is a 9—11 dB power increase in the sum
of L1 and L2 P(Y). It was observed for the first time on
June 14, 2020. It lasted 6 days and ended on June 19, 2020.

However, after that it was observed quite frequently. The
longest duration of its activation is from November 21, 2020
until January 11, 2021. Overall this mode was observed
in total for 137 days in 2020. For 2021, it is observed for
75 days. In addition, flex mode 7 has visible exceptions
between July 10 and 16, 2020. However, it is still included
in this mode to keep the flex power modes as compact as
possible. The exceptions include SVNs G062, G063, G065,
G066, G071, and GO072. It is observed that these satellites
go on high power later that it normally should when it is
compared to the typical flex mode 7.

Similar to flex power mode 4, flex power mode 8 has two
centers located at 109° W/32° N and 70° E/35° N shown in
Fig. 8. On Block IIR-M and Block IIF satellites, it causes
9-11 dB power increase on L1+L2 P(Y). This mode was
observed first between August 3 and 21, 2020. After that
it was observed again 2020 between October 19 and 23.
Hence, this mode was active for 34 days in 2020. For 2021,
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Fig.6 Example day for the flex 90 .
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flex mode 8 was observed for 61 days in total. It has not yet
been observed in 2022.

Flex power mode 9 was centralized at 76° W/41° N and
70° E/35° N and it is shown in Fig. 9. This mode results in a
9-11 dB power increase in the sum of L1 and L2 P(Y) codes
for GPS Block IIR-M and Block IIF satellites. It was active
for a very short time period between November 16 and 20,
2020. Therefore, it is likely to assume that this mode was
active for some testing purposes.

Flex power impact on DCBs

Previous studies show that flex power affects the estima-
tion of the differential code biases (DCBs) (Steigenberger
et al. 2018; Esenbuga and Hauschild 2020; Esenbuga et al.
2020). The magnitude of this effect differs for each satel-
lite and each mode. Flex power is considered for estima-
tions of DCBs. To do this, two different DCBs for each

Longitude [°]

pseudorange observation combination having flex power
activation throughout the day are estimated. This results
in two different DCBs for each combination when the flex
power is on and off. Therefore, these biases are named
“normal” and “flex” DCBs, respectively.

The impact of the flex power is not notable for inter-
frequency DCBs due to the influence of the ionosphere.
However, this effect can be significant for intra-frequency
DCBs. Therefore, intra-frequency DCBs on L1 and L2
bands are estimated. To identify DCBs, two observation
codes are used; each of them consists of three charac-
ters. The estimated DCBs are C1C-C1W, C2W-C2L,
C2W-C2S, and C2W-C2X. The first character in the
observation code, which is in this case ‘C’, shows that it
is a pseudorange observation. The second character is a
number, and it stands for the band. Finally, the last char-
acter shows the channel or the tracking mode of the signal.
C1C is provided via C/A code on L1, whereas C1W and
C2W stand for semi-codeless tracking of the encrypted
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Fig.8 Example day for the 90
flex mode 8 on August 4, 2020
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Fig.9 Example day for the flex
mode 9 on November 16, 2020
with two centers symbolized as
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P(Y) code on L1 and L2, respectively. C2L, C2S and C2X
are provided via different signal components of the L2C
pseudorange, which are, respectively, L, M, and mixed
M +L codes (IGS RINEX Working Group and RTCM-
SC104 2018). The normal and flex C1C-C1W DCBs on
L1 band are, depicted in Figs. 10 and 11, respectively. It
should also be mentioned that the standard deviations of
these DCB estimations are between 0.03 and 0.05 ns.

As the normal and flex DCBs are mostly stable in the
same mode, the average of DCBs on L1 band for each mode
is listed in Table 3. The absolute difference between aver-
aged normal and flex C1C—C1W DCBs is depicted in Fig. 12
to show the impact of the corresponding flex power mode.

Both Fig. 12 and Table 3 show that except for mode 1
the flex DCBs are similar to each other for the same satel-
lite in different flex power modes. The normal DCBs have
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similar values for all of the modes. Except for mode 1, the
flex power affects the L1 intra-frequency DCBs by a mag-
nitude of 0.3 ns on average, ranging from 0.82 ns with a
maximum for G073 and 0.01 ns with a minimum for G068.
For mode 1, this impact on C1C-C1W DCBs is 0.4 ns on
average with a maximum of 0.91 ns for G067 and 0.01 ns
with a minimum for G066.

For L2 intra-frequency C2W-C2L DCBs, the impact of
flex power is analyzed. It should be noted that C2L signal is
mostly provided by Septentrio PolaRx5 receivers, whereas
C2W observations are available by almost all receivers
within the network. Flex power mode 1 is not included as
it does not affect any power changes on L2. The maximum
value is 0.68 ns for satellite GO50. The minimum value is
0.01 ns for satellites G052 and G064. It should be noted
that the flex power impact is rather stable on average for
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Fig. 11 Flex C1C-C1W DCBs over estimated time period from Janu-
ary 1, 2020 until February 28, 2022

each satellite within the mode change. The impact of the
flex power is depicted in Fig. 13. The impact of flex power
on L2 C2W-C2L is 0.3 ns on average for all the flex power
modes from mode 4 to 9.

Similar to the C2W—C2L, the impact of the flex power
on C2W-C2S DCBs is shown in Fig. 14. It should be noted
that C2L observations are provided by Leica receivers within
the network, which is quite limited. On the other hand, C2W
signal is available by almost all receivers within the network.
The range of the impact of flex power for DCBs is between
0.63 ns for G067 and 0.01 ns for G068. It should also be
noted that the average impact of C2W—-C2L and C2W-C2S
is the same, however different for each satellite. The impact
of C2W-C2S DCBs is between 0.2 and 0.3 ns on average.
For flex power mode 4, it has an impact of 0.2 ns on aver-
age, and it ranges from 0.58 ns for G067 to 0.01 for G048
and G068.

Finally, the impact of flex power on C2W-C2X DCBs is
analyzed. C2X observations are provided mostly by Trim-
ble and Javad receivers within the IGS network. Different
than other modes, the flex power impact differs between
each mode for each satellite. It takes its maximum value
of 0.44 ns for satellite G067 and 0.01 ns for satellite GO48.
This is depicted in Fig. 15. The impact of C2W-C2X DCBs
is 0.2 ns for all flex power modes.

Conclusion

Flex power activity is analyzed daily for a 2 years period
starting on the first calendar day of 2020 until the end
of February 2022. Nine different flex power modes are
observed until the end of February 2022. Most of them
occurred in 2020 and 2021. For 2022, only mode 6 has
been observed so far. It should also be mentioned that flex
power is currently activated for Block IIR-M and Block
IIF satellites and has not yet been observed in Block III
satellites.

The daily changes of the flex power are documented for
these days in the dedicated SATELLITE/FLEX_POWER
block of the SINEX metadata format described in Appendix 1
and shown in a video Appendix 2. In addition to these
modes, there is also one exceptional day on September 18,
2020. As it is not observed for at least three subsequent days,
it is not called a new flex power mode. This can be seen
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Table 3 Average of normal and flex DCBs for each flex power mode

SVN Block C1C-C1W normal DCBs (ns) C1C-CI1W flex DCBs (ns)
Flex power mode Flex power mode
1 4 5 6 7 8 9 1 4 5 6 7 8 9
G048 TIR-M -040 -061 -0.57 -046 -049 -048 -048 - -032 -030 -020 -023 -023 -0.24
G050 -1.03 -1.11 =109 -096 -100 -0.99 -1.00 - -078 =075 -0.65 -0.68 -0.68 —0.67
G052 -0.89 -0.86 -083 -0.71 -075 -073 -0.73 - -0.71 -0.67 -057 -0.60 -0.60 —0.60
G053 -054 -054 -052 -040 -044 -042 -043 - -043 -039 -029 -032 -0.32 -0.33
G055 -1.02 -096 -093 -081 -0.85 -0.84 -0.84 - -1.00 -097 -088 -090 -091 -0.89
G057 -046 -0.66 —-0.63 -050 -054 -0.54 -0.53 - -023 -020 -0.10 -0.13 -0.13 -0.15
G058 -0.57 -0.65 -061 -049 -054 -0.53 -0.51 - -0.12 -0.09 0.01 -0.02 -0.02 -0.04
G062 TIF 0.60 0.66 0.68 0.79 0.77 0.79 0.80 1.28 0.93 0.94 1.03 1.02 1.01 1.00
G063 -1.13 -1.08 -1.06 -095 -099 -096 -1.04 -0.75 -1.15 -1.14 -1.07 -1.10 -1.09 -1.20
G064 0.40 0.45 0.45 0.56 0.55 0.55 0.56 0.73 1.06 1.06 1.17 1.14 1.14 1.12
G065 -120 -1.14 -111 -097 -102 -1.00 -099 -064 -082 -0.79 -0.70 -0.71 -0.73 -0.73
G066 0.10 0.14 0.16 0.28 0.24 0.27 0.27 0.11 0.22 0.26 0.33 0.32 0.31 0.31
G067 -166 —-160 —-158 —-144 -148 -146 —-148 -0.75 -135 -133 -122 -125 -125 -127
G068 -023 -020 -0.17 -006 -0.10 -0.10 -0.09 -028 -0.19 -0.15 -0.05 -0.08 -0.09 -0.11
G069 -1.65 —-161 -157 -146 -149 -148 -148 -1.18 -137 -132 -123 -126 -126 -1.30
G070 -158 -152 -148 -137 -139 -138 -139 - -1.06 -1.02 -092 -094 -094 -0.95
G071 -031 -026 -024 -0.14 -0.16 -0.14 -0.13 0.03 0.23 0.26 0.34 0.32 0.32 0.32
G072 -0.15 -0.11 -0.09 0.06 0.02 0.04 0.04 043 0.22 0.24 0.33 0.30 0.30 0.28
G073 -0.8 -0.82 -0.79 -0.70 -0.71 -0.71 -0.70 - 0.00 0.03 0.11 0.09 0.09 0.07
— 1 _.08
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Fig. 12 Absolute differences between averaged flex DCBs and aver-  Fig. 13 Absolute differences between averaged flex DCBs and aver-
aged normal DCBs of CIC-C1W aged normal DCBs of C2W-C2L
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in Appendix 2 in the video or Appendix 3. The analysis
shows that the impact of the flex power on L1 and L2 intra-
frequency DCBs is approximately 0.3 ns on average on both
L1 and L2 intra-frequency DCBs. For L1 intra-frequency
DCBs, this can reach up to 0.9 ns; on L2, this value is 0.7 ns.
As the averaged standard deviation is approximately between
0.03 ns and 0.05 ns for these DCB estimations, it can be
relevant for high-accuracy DCB estimations.

Appendix 1. Proposed flex power SINEX
format

In this section, a dedicated SATELLITE/FLEX_POWER
block of the SINEX metadata format (Steigenberger and
Montenbruck 2022) is proposed. This block contains the
timestamps for GPS satellites going into high or low power
mode. The proposed format includes 4 columns in total.
These columns are the space vehicle number (SVN) as a
unique identifier, starting timestamp, ending timestamp,
and flex power state. In case the satellite goes into the
high-power state, flex power state will show “ON”. This
will be “OFF” for a low power state. An example of the
proposed block is shown in Fig. 16.

The naming of the proposed format is defined as follows.
Note that placeholders YYYY, DDD, HH, MM are the cur-
rent year, day of the year, hour and minute, respectively.

e DLROOPSSNX_YYYYDDDHHMM_ 01D_00U_FLX.
SNX
This file contains daily observations for 1 day of the
flex power timestamps in flex power SINEX format.
e DLROOPSSNX_YYYYDDDHHMM_30D_00U_FLX.
SNX
This file contains daily observations for 30 days of the
flex power timestamps in flex power SINEX format.

Appendix 2. Flex power since 2020

C/N, measurements of a globally distributed network are
used to analyze daily flex power changes. These daily results
are merged into a video file to summarize the flex power
changes.

Appendix 3. Exception days

On September 18, 2020 an irregularity was observed in
terms of the pattern of the flex power. As it only occurred
for a day, it is not counted as a new mode. This was the only
irregularity observed in 2020 as depicted in Fig. 17.
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Fig. 16 An example of the pro-
posed flex power SINEX format
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Fig. 17 High power pattern
observed on September 18,
2020
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