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This paper reports a test of gravitational redshift, which is a consequence of the Einstein 
equivalence principle, using the Rb clocks of GPS Block IIF satellites. The fractional deviation 
in the gravitational redshift was measured using 6,640 days of data from three Rb clocks onboard 
GPS Block IIF satellites. The systematic effects related to orbital uncertainty, temperature, and 
magnetic field were modeled conservatively. The fractional deviation in the gravitational redshift 
from the general relativity prediction was measured with (0.23 ± 1.34) × 10−3 at one sigma.

1. Introduction

Gravitational redshift is a consequence of the Einstein equivalence principle (EEP). The EEP includes the independence of 
the gravitational acceleration of composition (i.e., the weak equivalence principle), independence of the outcome of any local 
nongravitational test experiment of the velocity of the freely falling reference frame (i.e., local Lorentz invariance), and of the 
location in spacetime (i.e., local position invariance (LPI)) [1]. The LPI can be tested using typical gravitational redshift experiments, 
which measure the frequency or wavelength shift 𝑧 = Δ𝜈

𝜈
between two indistinguishable frequency standards placed at different 

heights of a static gravitational field. Based on EEP prediction, the shift for clocks at rest is given by Eq. (1).

𝑧 = Δ𝑈
𝑐2
, (1)

where Δ𝑈 is the difference in the Newtonian gravitational potential between the two clocks, and 𝑐 is the speed of light. For estimating 
the magnitude of a possible violation of general relativity, a test of parameter 𝛼, which quantifies any deviation from the refined 
relativistic model, was defined by [2]. The violation of a stationary clock of the relative frequency shift Δ𝑓

𝑓
due to a change in the 

gravitational potential Δ𝑈 is modeled by Eq. (2) [3,4].

𝑧 = Δ𝑓
𝑓

= (1 + 𝛼) Δ𝑈
𝑐2
, (2)

with 𝛼 = 0, if the clock rate shows no location dependence.

A series of Pound–Rebka–Snider experiments conducted in 1960–1965 [5,6] provided the first experimental verifications of the 
gravitational redshift by shift observation using a Mössbauer emitter and absorber at a height difference of approximately 23 m. 
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Fig. 1. Changes in the GFZ-published clock corrections every 15 min for PG01 for Modified Julian Day, 57742 (12:00:00 UTC, 20 December 2016), plotted against 
radial distance.

The most accurate test for gravitational redshift was acquired by the Gravity Probe A (GPA) mission. The GPA mission compared 
one hydrogen maser on board a sounding rocket launched at a height of 10,000 km above the ground with another corresponding 
maser on the ground and reached an uncertainty of |𝛼| ≤ 1.4 × 10−4 [7–9]. In 2018, using three passive hydrogen maser (PHM) 
clocks located on two satellites of Europe’s Galileo navigation satellite system over data spanning approximately three years, Delva 
et al. [10] and Herrmann et al. [11] obtained (0.19 ± 2.48) × 10−5 and (4.5 ± 3.1) × 10−5 at one sigma for the LPI violation parameter 
𝛼, which improved the GPA mission test by factors of 5.6 and 4.0, respectively.

Improvements in atomic clock technology have made satellite constellations perfect tools for testing EEP. Some missions have 
been especially designed for this purpose, such as NASA’s Gravity Probe B, the Satellite Test of the Equivalence Principle, and 
the Micro-Satellite à traînée Compensée pour l’Observation du Principe d’Equivalence. Furthermore, the atomic clocks used in 
satellites constellations are sensitive enough to test EEP. Our main goal in this study was to investigate GPS atomic clocks for testing 
gravitational redshift. The first test of LPI using GPS atomic clocks was performed in 2012 [12], where the limit of LPI violation 
estimated with one year of data from seven stable clocks among 32 operational GPS satellites had a bound of −0.0027 < 𝛽𝑓 < 0.0030. 
In this study, we tried to improve this method by dealing with systematic errors and improving the statistics model.

2. Materials and methods

In this study, to estimate the LPI violation parameter 𝛼, the changes in clock corrections for GPS Block IIF satellites were analyzed. 
To perform this experiment, accurate measurements of time and position of GPS Block IIF satellites were required. The data can be 
retrieved from several International Global Navigation Satellite System (GNSS) Service (IGS) analysis centers in the form of Final 
products, which have the highest quality and internal consistency of all IGS products. The accuracy of the Final products for satellite 
orbit and the clocks is approximately 2.5 cm and 20 ps [13], respectively. Herein, we used the Final products retrieved from IGS 
German Research Centre for Geosciences (GFZ) in sp3 format.

The GPS Block IIF series include 12 satellites, which were built by Boeing, launched between 27 May 2010 and 5 February 2016. 
These satellites were designed for a lifespan of 12 years, and they broadcast multiple improved civilian and military signals (i.e., 
L1M, L2M, and L2C) and new L5I and L5Q signals. The GPS Block IIF satellites are equipped with two radiation-hardened rubidium 
atomic clocks and one cesium clock with highly stable timing, and their payloads also include a radiation-hardened 32 bit central 
processor, and full message encoding and processing techniques. For accurate guidance, control, and navigation, a real-time Kalman 
filter is applied, and for providing improved crosslink performance, a narrow-band crystal filter is also incorporated [14,15]. The 
GPS Block IIF Rb AFS clock was built by PerkinElmer, and due to the improved physics package design, its performance is more 
accurate than that of the GPS IIR Rb AFS [16]. The temperature sensitivity of Rb AFS is less than 5 ×10−14 K−1 [17], and the one-day 
frequency stability of the Rb AFS is 2 × 10−15 ∼ 3 × 10−15 [18].

2.1. Estimation of 𝛼 bounds

The procedure proposed by [12] was used to estimate the LPI violation parameter 𝛼 in this study. The clock correction changes 
against the radial distance were fitted with linear regression. Fig. 1 shows an example of these fits. All nonzero slopes of the fits were 
used to estimate conservatively large bounds for LPI violation, which were attributed to 𝛼, as defined by Eq. (3).

𝑟𝑎 − 𝑟𝑝
2

𝛼 =𝑚
2Δ𝑇max

, (3)
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where 𝑟𝑎 is the radius at apogee, 𝑟𝑝 is the radius at perigee, 𝑚 is the slope of the linear fit of clock correction changes against the 
radial distance, and Δ𝑇max is the maximum theoretical clock correction of a satellite at apogee, as defined by Eq. (4) [19].

Δ𝑇max =
𝑇ep

((
Φ𝑎 −

𝑣2𝑎
2

)
−
(
Φ𝑖 −

𝑣2
𝑖

2

))
𝑐2

, (4)

where Φ𝑎 and 𝑣𝑎 are the gravitational potential per unit mass and the velocity of a satellite at apogee, respectively; Φ𝑖 and 𝑣𝑖 are 
the gravitational potential per unit mass and the velocity of a satellite in an ideal circular orbit for GPS orbit, respectively; 𝑇ep is the 
period between two epochs, which is 15 min.

The best-fit slope and corresponding 𝛼 values were calculated for the selected satellites for the revolution of each satellite around 
the Earth. The annual oscillations are likely caused by atmospheric effects [12]. The annual oscillations and short-term fluctuations 
were estimated from the calculated value of 𝛼. The short-term fluctuations were filtered out using a moving average. For removing 
the annual oscillation, a least-squares fit as given by Eq. (5) was implemented.

𝑦 =𝐴+𝐵 cos
(
2𝜋𝑡
𝑇𝑑

+𝜑
)
, (5)

where 𝐴, 𝐵, and 𝜑 are the fit parameters; 𝑇𝑑 is the time period of the data; and then 𝐵 cos
(
2𝜋𝑡
𝑇𝑑

+𝜑
)

was subtracted from daily 
values.

2.2. Systematic effect modeling

As presented by references [10,11,20], systematic effects are mainly caused by magnetic field, temperature effect, and satellite 
orbital modeling error.

Magnetic field correction: As proposed by Angelopoulos et al. (2008) [21] and Tsyganenko (2007) [22], the clock’s magnetic 
sensitivity and the International Geomagnetic Reference Field model [23] were employed to model the magnetic field effect at GPS 
altitude in this study. To estimate the uncertainty of the magnetic field, the total magnetic field effect was considered instead of its 
projection onto a specific Rb clock’s axis. The relative frequency for the Rb clocks was smaller than 1 ×10−13 G−1 [17]; this sensitivity 
was applied to the clock firstly, and then the model was used to translate the magnetic field variations in the local frame axis into 
a maximum fractional frequency variation in the atomic clock in orbit. The total uncertainty of the magnetic field was estimated as 
the differences of 𝛼+ and 𝛼−, where 𝛼+ and 𝛼− are for add and subtract correction, respectively.

Temperature effect correction: Temperature is controlled by thermal pipes in the clock location, and we modeled the maximum 
possible temperature variation with a focus on satellite orientation. The temperature variation ranges for the Rb clocks in GPS 
IIR/IIR-M are ±2.25 K [24] and, the observed maximum peak-to-peak variation for GPS satellites is 0.5 K [16]. This temperature 
variation was attributed to the orbital period. The ground temperature sensitivity range in the relative frequency for the Rb clocks 
was established as < 5 × 10−14 °C [17]. In this study, the clock variation was attributed to the satellite’s orientation change with 
respect to the Sun. In addition, the thermal control system allowed us to record their range variation in the form of peak-to-peak 
variation.

Orbital modeling correction: The force from the solar radiation pressure (SRP) is the largest perturbation acting upon GNSS satellites 
after the gravitational attraction from the Earth, Sun, and Moon, which makes it the largest source of error in the modeling of GNSS 
orbital dynamics. The clock error is attributed to the radial part of orbit error, and the angle between the satellite orbital plane and 
the direction of the Sun (i.e., Sun elevation angle 𝛽). The satellite laser ranging (SLR) residuals correlated to the clock offset and 
radial orbit error can be considered as a measure of the radial orbit error [25]. Unfortunately, no SLR data are available for correcting 
GPS orbit; in this study, we considered that the orbital systematic effects depend on the Sun direction as well as the mean anomaly 
of GPS satellite. The enhanced SRP model for GPS satellites proposed by [26] was used to model the orbital uncertainty caused by 
SRP. A good fit between the observed variation and a function of 𝛽 angle is given by Eq. (6) [26].

𝐹 (𝛽) =𝐴+𝐵 sin𝛽 +𝐶∕ sin𝛽 +𝐷 cos𝛽, (6)

where 𝐴, 𝐵, 𝐶 , and 𝐷 are separate empirical parameters describing the 𝐶_𝑌1, 𝑆_𝑋2 shape factor to combine SRP equations for 
the GPS solar radiation pressure model (GSPM) (see Table 5 in [26]), and box-wing parameters can be found in Table 4 in [26]. 
These two sets of parameters were estimated with six years of GPS measurements. The physical effects, including yaw bias, radiator 
emission in the satellite body-fixed −𝑋 and 𝑌 directions, and the thermal radiation of solar panels, were considered as additional 
constant parameters in the optical parameter adjustment [26].

All systematic effects contributing to the final error budget are summarized in Table 1. The systematic corrections and their 
uncertainties were combined using a quadratic sum of the individual uncertainties. The final mean value of error and its uncertainty 
with an equal-tailed 68% confidence interval for each clock were derived from the different systematic corrections, as shown in 
Fig. 4.

2.3. Relativistic effect

Second-order relativistic correction for nonzero orbit ellipticity −(2𝑟 ⋅ 𝑣)∕𝑐2 is routinely applied by GFZ [27], but as shown 
3

in [28], this correction leads to two types of error: a missing relativistic effect because of the oblateness of the Earth, as well as 
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Table 1

Error budget of statistical corrections and systematic uncertainties. All errors are in 
the 1𝜎 interval. Statistical error estimated from distribution of fit results. Systematic 
uncertainties for magnetic fields and temperature are upper and lower bounds 
(assuming uniform distribution).

Groups LPI violation 
×10−3

Total 
×10−3

Stat 
×10−3

Orbit 
×10−4

Temp 
×10−5

Mag 
×10−5

PG01 0.49 1.85 1.83 2.65 0.76 0.77

PG10 0.14 1.67 1.65 2.66 1.11 1.12

PG30 0.17 1.26 1.23 2.65 0.86 0.85

Combined 0.23 1.34 1.31 2.65 2.54 2.52

Table 2

Details of GPS Block IIF satellites. PRN, pseudo-random noise.

PRN Satellite 
Clk

Lunch Date 
(UTC)

Launch 
Vehicle

Clk Corr 
SD (ms)

Days 
Included

PG01 Rb 2011/07/16 Delta IV 101.8 2,310

PG03 Rb 2014/10/29 Atlas V 161.0 -

PG06 Rb 2014/05/17 Delta IV 200.5 -

PG09 Rb 2014/08/02 Atlas V 248.2 -

PG10 Rb 2015/10/31 Atlas V 150.3 2080

PG25 Rb 2010/05/28 Delta IV 270.5 -

PG26 Rb 2015/03/25 Delta IV 243.6 -

PG27 Rb 2013/05/15 Atlas V 185.9 -

PG30 Rb 2014/02/21 Delta IV 112.3 2250

PG32 Rb 2016/02/05 Atlas V 242.8 -

non-Keplerian perturbations. Both of these effects are not considered in the Keplerian model. The full relativistic model is given by 
Eq. (7) [19,28,29].

Δ𝑡rel =
[
𝑆offset + 𝛿Δ𝑡con(𝑎0)

]
𝑡+Δ𝑡per + 𝛿Δ𝑡rel, (7)

where 𝑡 is the satellite time observed on the ground, 𝑆offset is the nominal frequency offset, Δ𝑡per is the conventional satellite relativity 
correction, as given by Eq. (8).

Δ𝑡per = −2𝑟 ⋅ 𝑣
𝑐2

, (8)

where 𝑟 and 𝑣 are the radius and velocity vectors of the satellite, respectively. 𝛿Δ𝑡con(𝑎0) is the relativistic time correction caused 
by the departure of the mean semimajor axis (𝑎0) from the nominal satellite semimajor (𝑎𝑛), and 𝛿Δ𝑡rel is the desired approximate 
correction with respect to the conventional satellite relativity correction (Δ𝑡per), as given by Eq. (9) and Eq. (10), respectively.

𝛿Δ𝑡con(𝑎0) = +3
2
𝐺𝑀(𝑎0 − 𝑎𝑛)(

𝑎0𝑐
)2 , (9)

𝛿Δ𝑡rel =
𝑎2
𝐸

2𝑎2𝑐2
𝐽2

[
3
√
𝐺𝑀𝑎 sin2 𝑖 sin 2𝑢− 7𝐺𝑀

𝑎

(
1 − 3

2
sin2 𝑖

)
𝑡

]
, (10)

where 𝐺𝑀 is the product of the gravitational constant and the Earth’s mass, 𝑎 is the semimajor axis, 𝐽2 is the gravity term, 𝑎𝐸 is the 
semimajor axis of the Earth, 𝑖 is the orbit inclination, and 𝑢 is the argument of latitude.

3. Results and discussions

The variations in the clock corrections of the 12 operational GPS Block IIF satellites were analyzed, where satellite clocks with 
standard deviations (SDs) smaller than first quantile of SDs would be selected for this study. Three satellite clocks met this criterion, 
as described in Table 2. The clocks were labeled with the pseudo-random noise (PRN) [30] (i.e., PG01, PG10 and PG30), which is 
the code of the satellite that carries the clock. We obtained 6,640 days of data from the three GPS Block IIF satellites, spanning 23 
March 2014 to 25 July 2020. Fig. 2 shows the raw clock correction for each clock. Outliers were removed if they were typically 
more than 3𝜎, which represented 2.1% for PG01, 7.3% for PG10, and less than 1.0% for PG30 of the data. The data were corrected 
for the relativistic corrections and systematic effects. The change in the clock correction linear fit slopes against the estimated radial 
distance, as shown in Fig. 1, represents a linear fit for the period number 2008 (12:00:00 UTC, 20 December 2016) for PG01, as an 
example of linear fit. To remove the annual oscillation and short-term fluctuations, the data were split by year and then smoothed 
4

with a 16-day moving average. The moving average window was chosen based on the frequency distribution of the Fourier analysis. 
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Fig. 2. Raw clock corrections generated by GFZ. Y-axis represents raw clock corrections in milliseconds, and X-axis shows Modified Julian Days (MJD).

Fig. 3. Distribution of daily test parameter 𝛼 results for (a) PG01, (b) PG10, and (c) PG30. Error bars indicate 1𝜎 fit errors from respective least-squares fit.

Eq. (5) was utilized to fit the data, then the annual oscillation, i.e., 𝐵 cos
(
2𝜋𝑡
𝑇𝑑

+𝜑
)

, was subtracted from the daily values. The data 
were more sensitive to annual oscillation than short-term fluctuations.

Table 1 shows the results derived from the distribution of fitted test parameters 𝛼 for the three Rb clocks. Some bias in the 
distribution of all three clocks could be observed, which indicated that some systematic effects still remained in our data. This 
occurred because we addressed only temperature, magnetic field errors, and SRP correction of orbital uncertainty. The LPI violations 
found from PG01, PG10, and PG30 are (0.49 ± 1.85) × 10−3, (0.14 ± 1.67) × 10−3, and (0.17 ± 1.26) × 10−3, respectively. Compared with 
the first test of LPI violation using RAFS, which indicated that the boundary is −0.0027 < 𝛽𝑓 < 0.0030 [12], our results improve the 
LPI violation by factors of 1.6, 1.8, and 2.4, respectively. The distributions of the daily test parameter 𝛼 for PG01, PG10, and PG30 
5

are shown in Fig. 3.
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Fig. 4. Test parameter 𝛼 including systematic corrections for each clock as well as for combination of all three clocks, as shown in panel (a) PG01, (b) PG10, (c) PG30 
and (d) Combined, respectively. Vertical lines mark mean (solid lines) as well as equal-tailed 68% (dashed lines) and 95% (dotted lines) confidence intervals.

The final results were obtained by combining all clocks (equal weights were assigned to all clocks), and the limit was (0.23 ±
1.34) × 10−3, which improved the [12] by a factor of 2.2. The probability distributions of the test parameter 𝛼 for each clocks and 
their combination are shown in Fig. 4.

The accuracy of testing the LPI parameters crucially depends on the accuracy of the clock, and for this test, long-term stability 
in the orbital period term or longer is appropriate [31]. Long-term clock stability limits depend on frequency biases that can vary in 
time in respond to external or operational parameters acting upon the AFS [32]. Because of its higher frequency stability and lower 
drift, PHM is more accurate than RAFS [18,33–36]. This higher accuracy makes PHM the perfect tool for testing the fundamental law 
of physics, which is why H masers were used in space for the first time [37]. However, because of the lack of necessary information, 
systematic errors for GPS clocks have not been completely modeled. Therefore, some uncounted systematic errors still remain in 
the data, which prevents improvements in gravitational redshift tests using GPS IIF RAFS. The main advantages of RAFS are its 
small volume, low cost, and low power consumption compared with those of other AFSs, so RAFS is the most-used AFS in space 
applications [32]. Improvements in the modeling or measurement of the clock environment, using a clock with higher stability, and 
reducing the effect of orbit determination can substantially improve tests for future experiments.

4. Conclusions

Since 1976, the GPA mission has been the most accurate test for gravitational redshift, which uses comparisons of hydrogen 
masers at heights of 10,000 km above the ground with its ground-based counterpart. The latest improvement to the GPA test was 
presented in 2018 [10,11] using about three years of data from three PHM clocks, producing improvement factors of 5.6 and 4.0. GPS 
atomic clocks were used to test LPI in 2012 [12] using Rb clocks on board GPS satellites. This study analyzed 6,640 days of data from 
three stable Rb clocks on board GPS Block IIF satellites with more eccentric orbits. The systemic effects that we considered included 
temperature and magnetic field errors, SRP correction in orbital modeling error, and the improved relativistic correction. However, 
the orbit radial errors were unable to be removed because the SLR data were unavailable for GPS IIF satellites. The fractional 
6

deviation of the gravitational redshift from the general relativity prediction estimated by the combination of these three Rb clocks 
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is (0.23 ± 1.34) × 10−3. In addition to the improvements in atomic clock technology in recent years, we improved the statistics and 
considered the possible systematic errors, which improved the limit of LPI violation presented by [12] by a factor of 2.2.

Optical atomic clock is a new kind of clock with the ability to measure time based on optical frequency standards. These clocks 
use trapped ions and many neutral atoms with fractional frequency uncertainties of 1 part in 1018 [38–42]. The development of 
stabilized femtosecond-laser frequency combs and improvements in laser cooling/trapping techniques in cooperation with advances 
in atomic quantum systems has led to rapid improvements in clocks at optical frequencies [43,44]. Using optical atomic clocks 
will improve the uncertainty for 𝛼 to 1 × 10−9 [45]. The ability to directly measure the environmental parameters of clocks [45], 
improvements in clock technology [46], and available SLR corrections for new generations of GNSS satellites, thereby lead to new 
studies to considerably improve the test in the future.
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