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Evaluation of the relativistic redshift for a spaceborne optical clock
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Spaceborne optical clocks will play a significant role in the tests of fundamental physics. However, orbital
motion and gravitational potential lead to the relativistic redshift (RRS), which introduces systematic errors in
frequency measurements. Based on perturbation force models and orbital ephemeris data, we calculated the
trajectory of the China Space Station (CSS), and evaluated the RRS of a strontium optical lattice clock aboard.
The uncertainty of the RRS is estimated to be 3.3 × 10−17, and the instability reaches 3.57 × 10−19 at 104 s,
which is comparable to the overall uncertainty and instability of the state-of-the-art ground-based optical clock.
Therefore, according to our assessment, the evaluating method for the RRS of the optical clock in the CSS is
feasible and effective, and the results can serve as a reference for dynamic frequency correction of spaceborne
optical clocks.
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I. INTRODUCTION

Spaceborne optical clocks hold the promise of boosting
the significance of tests of fundamental physics [1–7] and
searching for physics beyond the standard model [8–12],
as well as benefiting applications such as positioning, time
and frequency transfer, and the accurate determination and
monitoring of the geoid [13–16]. However, the variable grav-
itational potential in the orbit and its motion will lead to
significant frequency shifts in the spaceborne optical clock.
Special relativity indicates that, for an observer in an inertial
frame of reference, a clock that is moving relative to them
will be measured to tick slower than a clock that is at rest
in their frame of reference, with a corresponding decrease in
frequency (resulting in a second-order Doppler effect). This
case is sometimes called special relativistic time dilation. In
general relativity, gravitational redshift is the phenomenon
in which electromagnetic waves or photons traveling out of
a gravitational well lose energy. This loss of energy corre-
sponds to a decrease in the wave frequency and an increase
in the wavelength, known as a redshift [17]. When two clocks
are located in different gravitational potentials, the clock
in the higher potential measures a higher frequency com-
pared to the clock in the lower potential. These shifts are so
large that, without proper correction, the system would not
work.

Several measurements of the relativistic redshift (RRS) in
spaceborne microwave atomic clocks have been performed.
In 1976, National Aeronautics and Space Administration
(NASA) conducted the first experiment sensitive enough to
measure gravitational redshift using a hydrogen maser clock
on the Gravity Probe A satellite [18,19], which was positioned
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approximately 10000 kilometers above the earth’s surface,
achieving a testing accuracy of 7 × 10−5. In 2014, Galileo
satellites GSAT-0201 and GSAT-0202 of the European Global
Navigation Satellite System (GNSS) Galileo, boarding a hy-
drogen maser, were unintentionally launched into eccentric
orbits. This provides an accuracy of around 2 × 10−5 [20–22].
Atomic Clock Ensemble in Space (ACES) is a European
Space Agency (ESA) mission launched in 2021 and flown
on the Columbus module of the International Space Station
(ISS) [23–25], which aims at improving the bound on redshift
measurements to around 3 × 10−6. The ACES payload will
include the space hydrogen maser (SHM) and the cold cesium
atom clock PHARAO achieving fractional frequency stability
of 10−16. In 2018, Litvinovd et al. presented an approach to
probing the gravitational redshift effect, using the RadioAs-
tron satellite [26], with an anticipated precision of 10−5. For
optical atomic clocks, studies evaluating the RRS of clocks
have only been carried out on the ground [27–32].

In 2022, the China’s Mengtian space laboratory module
was launched to the China Space Station (CSS), which carries
a 87Sr optical clock system with the accuracy of 10−17 [33].
Due to the higher accuracy, the RRS is more prominent in
optical clocks than microwave clocks. Particularly, for the
spaceborne optical clock, the local gravitational field and
instantaneous velocity vary significantly relative to those on
the ground. However, the position and velocity of the CSS
is provided every four minutes. Therefore, accurate real-time
evaluation of the status for the CSS and the corresponding
RRS is crucial for spaceborne optical clock’s applications.

In this paper, based on the perturbation force models
[26,34–37], we obtained the trajectory of the CSS. It is shown
that, during the orbital ephemeris measurement intervals, the
simulation fits well with the orbital data and the deviation
exhibits as a stochastic error. Combining the orbit and grav-
itational field data, the RRS is calculated in real time and its
Allan deviation is evaluated.
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FIG. 1. The spaceborne 87Sr optical clock system. (a) shows the
schematic of the spaceborne 87Sr optical clock system. (b) shows the
rendering of the spaceborne 87Sr optical clock system.

II. COMPONENTS OF THE SPACEBORNE OPTICAL
CLOCK SYSTEM

The spaceborne 87Sr optical clock system in the CSS, as
depicted in Fig. 1, comprises five integral components: the
electronic control unit, the optics unit, the physics unit, the
ultrastable laser unit, and the optical frequency comb unit.

The electronic control unit serves as the central control unit
of the entire system, generating drive and control signal for the
optics and physics units, as well as processing the detected
data.

The optics unit has lasers operating at five wavelengths:
679 nm, 707 nm, 813 nm, 461 nm, and 689 nm, along with
their related optics. Figure 2 illustrates the corresponding
level structure of the 87Sr atom that these lasers interact
with. The 461 nm laser is utilized for Zeeman slowing, the
first stage cooling, and state detection. The 679 nm and
707 nm lasers are used for repumping to eliminate dark
states. The 689 nm laser is employed for the second stage
cooling. The 813 nm laser is used to generate the optical
lattice [38].

The physics unit primarily consists of a vacuum chamber
and several coils, including Zeeman slower coils, magnetic
field compensation coils, and magnetooptical trap (MOT)
coils. The Sr atomic beam is generated in an oven, colli-
mated in a two-dimensional (2D) collimator, slowed in a
Zeeman slower, and finally cooled and trapped in a MOT
within the main vacuum chamber. Additionally, the physics
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FIG. 2. The level structure used in the 87Sr optical clock system
(the hyperfine structure is not depicted in this figure).

unit is equipped with a CCD camera and photomultiplier tubes
(PMTs) to detect the fluorescence of 87Sr.

In the ultrastable laser unit, a 698 nm laser is locked to
an ultralow expansion (ULE) cavity. Part of this laser is sent
to the physics unit for clock transition interrogation. Another
part is sent to the optical frequency comb unit, serving as the
frequency reference to stabilize a comb.

The optical comb unit has a repetition rate of 200 MHz,
which is locked in the 698 nm ultrastable laser. Its carrier-
envelope offset (CEO) frequency is locked to a hydrogen
maser. Once it is locked, it also transfers the stability to the
689 nm laser via frequency offset locking.

The five units of the optical clock are housed in separate
cabinets and interconnected through optical fibers and cables.
Finally, when the frequency locking loop is closed, the optical
comb unit outputs a 100 MHz clock signal for various appli-
cations.

III. EVALUATION OF THE GRAVITATIONAL FIELD

The RRS is closely related to the earth’s gravitational field
[25]. The earth is not a perfect sphere and has an uneven
mass distribution. Therefore, the universal gravitational for-
mula does not accurately describe the gravitational field of the
earth. By using the spherical harmonic series, for the motion
of real satellites, the gravitational potential V can be modeled
as [39]

V (r, φ, λ) = GM

r

[
1 +

∞∑
l=2

l∑
m=0

(a

r

)l
P̄lm(sin φ)[C̄lm cos(mλ)

+ S̄lm sin(mλ)]

]
. (1)

Here, GM is the geocentric gravitational constant, a is the
equatorial radius of the earth, r is the distance from the space
station to the center of the earth, φ is the latitude, λ is the
longitude, and P̄lm(sin φ) is the associated Legendre function.
C̄lm, S̄lm are coefficients of the spherical functions, and vary
for different earth gravitational models. l is the degree of
the selected gravitational model, and m is the order of the
selected gravitational model. The higher their values, the more
parameters the model has, and the more precise the results
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obtained. The associated Legendre functions P̄lm(sin φ) are
shown as follows [39]:

P̄(l+1)(l+1)(x) = P̄ll (x)

√
(2l + 3)

(l + 1)(2 − δ0l )
(1 − x2), (2)

P̄(l+1)l (x) = xP̄ll (x)
√

2l + 3, l � 1, (3)

P̄(l+1)m(x) = xP̄lm(x)

√
(2l + 1)(2l + 3)

(l + m + 1)(l − m + 1)

− P̄(l−1)m(x)

√
(l + m)(l − m)(2l + 3)

(l + m + 1)(l − m + 1)(2l − 1)
,

(4)

P̄00(x) = 1, P̄10(x) =
√

3x, P̄11(x) =
√

3(1 − x2). (5)

The Earth Gravitational Model EGM2008 provides a high-
resolution representation of the earth’s gravitational potential.
The official EGM2008 model has been publicly released
by the U.S. National Geospatial-Intelligence Agency (NGA)
EGM Development Team, which gives the spherical harmonic
coefficients of the static earth potential needed to compute the
gravitational potential at a given position [34]. The variations
in EGM2008 geoid undulations compared to independent
GPS or leveling values are on the order of ±5 to ±10 cm.
This gravitational model is complete to spherical harmonic
degree and order 2159 and contains additional coefficients
up to degree 2190 and order 2159. The coefficients C̄lm and
S̄lm can be obtained by consulting the relevant coefficient
tables. In our work, we use the EGM2008 model to determine
the gravitational potential, expanding the computation to the
200th order using the coefficients C̄lm and S̄lm from the 0th
to the 200th order. This is because, from the 40th to the
100th order, the redshift and the convergence value remain
within the range of 10−17 at this scale. Beyond the 200th
order, the changes in redshift are no longer visible at this scale
[25]. Therefore, the calculation at the 200th order meets our
simulation requirements.

During the calculation process, it is necessary to transform
between the Earth-Centered Inertial (ECI) coordinate system
J2000.0 and the Earth-Centered-Earth-Fixed (ECEF) coordi-
nate system. Since the orbit data is in the ECEF coordinate
system, and the gravitational potential of the earth in Eq. (1)
is expressed in the ECI coordinate system.

Assuming rotations around the x, y, and z axes by an-
gles α, β, and θ , respectively, the rotation matrix can be
expressed as

Rx(α) =
⎛
⎝ 1 0 0

0 cos α sin α

0 − sin α cos α

⎞
⎠, (6)

Ry(β ) =
⎛
⎝ cos β 0 − sin β

0 1 0
sin β cos β 0

⎞
⎠, (7)

Rz(θ ) =
⎛
⎝ cos θ sin θ 0

− sin θ cos θ 0
0 0 1

⎞
⎠. (8)

The transformation from ECI coordinate system to ECEF
coordinate system can be written as [40]

rECEF = RPMRERRNRPrECI, (9)

and

RP = Rz(−zA)Ry(θA)Rz(−ξA), (10)

RN = Rx(−ε − 
ε)Rz(−
ϕ)Rx(ε), (11)

RER = Rz(SG), (12)

RPM = Ry(−xp)Rx(−yp). (13)

Here, r is the position in the coordinate system, RP is the
precession matrix with precession parameters (zA, θA, and ξA),
RN is the nutation matrix with obliquity nutation and longitude
nutation parameters (
ε and 
ϕ), RER is the earth rotation
matrix with the Greenwich Apparent Sidereal Time SG (the
angle of the earth’s rotation from the equinox of date to the
Greenwich meridian), and RPM is the polar motion matrix with
xp and yp components (the angles between the pole of date and
the CIO pole) [39].

IV. SIMULATION OF THE TRAJECTORY OF THE CSS

According to the China Manned Space Agency (CMSA)
[41], the orbital data of the CSS has a period of approximately
1 h and 32 min. Figure 3 shows the trace of the CSS in one
period, one day, and seven days, respectively. The unclosed
trace of the CSS indicates that the RRS varies in different pe-
riods. For optical clocks, the typical feedback cycle is several
seconds, while the orbital data of the CSS is only provided
every 4 min, which is too coarse. Therefore, for precise clock
comparisons, the continuous trajectory of the CSS needs to be
determined.

The CSS is attracted not only by the central force of the
earth, but also by the noncentral force, that is, the attraction
forces of the sun and the moon, and the drag force of the
atmosphere. Additionally, it is influenced by solar radiation
pressure, earth and ocean tides, and so on. The perturbed
equation of motion of the station is described by Newton’s
second law in an inertial coordinate system as [39]

r̈ = −GM

|r|3 r + f1(t, r, ṙ, σ ), (14)

where ṙ and r̈ represent velocity υ and acceleration vectors of
the CSS in the inertial frame, respectively, σ is the dynamic
perturbation parameter vector. The first term represents the
acceleration due to the gravitational force from the earth’s
center, while the second term accounts for the perturbation
acceleration caused by other perturbation forces. The pertur-
bation force models used in the simulation are listed in Table I.

With the orbital dynamics model, the trajectory of the CSS
can be simulated numerically given the initial state vector
of the CSS in Eq. (14). Among various numerical integra-
tion methods, the Runge-Kutta-Fehlbrg (RKF) 7(8) method
is known for its high precision in calculating high-accuracy
orbits. Furthermore, it is capable of adaptive step size control,
which can improve computational efficiency. RKF7(8) is a
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FIG. 3. (a) One-period orbit, (b) one-day orbits, and (c) seven-day orbits of the CSS in the Earth-Centred Inertial (ECI) Coordinate System.
The solid blue lines are orbits, and the red dot is the initial position of the CSS.

commonly used numerical method in many areas and com-
mercial software [40,42,43].

In a continuous simulation, we adopt the RKF7(8) method
to obtain a one-day trajectory with an initial time of Octo-
ber 12, 2023. Figure 4 shows the deviations in position and
velocity between the actual orbital data and the simulated
results. Due to the limitation of perturbation force models,
the simulation error will accumulate as time increases. As
shown in Fig. 4, when the simulation time exceeds 8.5 h,
the simulation error starts to oscillate greatly, with the period
identical with the CSS orbital period. The oscillation results
from the thrust of the CSS, which is not included in the model.
To promote simulation accuracy, we restrict the simulation
in the four-minute interval, and reset the status of the CSS
with the orbital data provided by CMSA before proceeding
with the next interval simulation.

With the modified method, a seven-day trajectory of the
CSS is simulated. As shown in Fig. 5, the deviation between
simulated results and measured orbital ephemeris data is suf-
ficiently suppressed. Specifically, the distance deviation 
r
is constrained within a range of 0.3 m, while the velocity
deviation 
υ is confined within a range of 0.001 m/s. The
oscillation with the same period of the CSS orbital motion
still exists, but with a constant amplitude due to the reset at
the beginning of each four-minute interval.

The frequency spectrum of the deviation is illustrated in
Fig. 5(b). The distance deviation 
r exhibits no apparent
periodic characteristics and can be considered as a random
error. In terms of the deviation spectra of the elevation angle
φ, azimuth angle λ, and velocity υ, apparent peaks exhibit
harmonic frequencies of the orbital motion of the CSS. Once
the data of the CSS orbit adjustment, this low-frequency noise
can be sufficiently suppressed, and the residual noise is essen-
tially white [see Fig. 5(c)]. The accuracy of the propagated

TABLE I. Perturbation force models.

Perturbation Force Model

Earth’s Gravitational Field EGM2008
Earth and Ocean Tides IERS Conventions (2010)
Solar System bodies DE440
Solar Radiation Pressure Dual Cone
Atmospheric Drag NRLMSISE-00

orbit data obtained through the phased integration method
is significantly better than that obtained from long-term nu-
merical integration in Fig. 5. Therefore, we use the modified
simulation results to calculate the RRS for the space optical
clock.

V. EVALUATION OF THE RELATIVISTIC REDSHIFT

In the framework of general relativity, the proper time
increment τ for a clock near the earth changes according to
the equation [44,45]:

dτ =
(

1 + V

c2
− v2

2c2

)
dt, (15)

where c is the speed of light in vacuum, υ is the satellite’s
velocity in a local ECI reference frame, V is the gravitational
potential, and dt is the time increment in a coordinate sys-
tem at rest at infinity. The second term corresponds to the
gravitational redshift while the third term accounts for the
second-order Doppler effect from special relativity. The ratio
dτ/dt also equals the frequency ratio between two clocks:

dτ

dt
= ν

ν0
, (16)

FIG. 4. Deviations in position and velocity between the actual or-
bital ephemeris data and the continuous simulation results. (a) shows
one-period orbit data, and (b) shows one-day orbit data. r, φ, and λ

are spherical coordinates, and υ is velocity of the space station.
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FIG. 5. Deviations in position and velocity between the actual orbital ephemeris data and the modified simulation results. (a) shows the
deviations of seven-day orbit data, (b) shows the frequency spectrum of deviations within seven days, and (c) shows the autocorrelation function
of the processed deviations. r, φ, and λ are spherical coordinates, and υ is velocity of the space station.

where ν0 and ν are the transition frequencies of the optical
clocks. We define the fractional RRS by using the fractional
frequency shift between these two clocks as

fRRS

f
= 
ν

ν0
= ν − ν0

ν0
= dτ

dt
− 1, (17)

where fRRS is the RRS of the optical frequency f . The RRS is
calculated based on Eqs. (15)–(17) and the propagated orbit of
the CSS. The fractional RRS of the propagated orbits within
one period, one day, and seven days are shown in Fig. 6.

In the previous studies on the RRS of ground-based atomic
clocks compared to the geoid [27–30], the uncertainty of
the relative gravitational redshift depends on the uncertainty
of the height of the ground atomic clocks. Because on the
surface of the earth g ≈ 9.8 m/s2, one centimeter of ortho-
metric height change corresponds to a fractional frequency
shift fRRS/ f0 ≈ 1.1 × 10−18. Therefore, a frequency standard
with an accuracy of 1 × 10−18 requires the determination of
its orthometric height to an accuracy of 1 cm or better, so
that the RRS correction does not degrade the accuracy of the
frequency standard in its contribution to International Atomic
Time (TAI). To evaluate the uncertainty and stability of the
RRS of the spaceborne optical clocks, we compare the sim-
ulated results with the actual orbital ephemeris data provided
by CMSA.

In the uncertainty and stability evaluations of the RRS, we
consider four error sources, as follows:

δ fRRS = δ fCSS + δ fGP + δ ftide + δ fsim, (18)

where δ fRRS is the total error, δ fCSS is the orbit error of
CSS, δ ftide is tidal correction residual, δ fGP is the gravitational
potential error, and δ fsim is the orbit simulation error. The orbit
error of CSS is the measurement error of the actual orbit every
four minutes. For the CSS, the position accuracy is about
±0.1 m [46], corresponding to a clock fractional frequency
uncertainty σCSS of 1.0 × 10−17. The gravitational potential
error is related to the calculation accuracy of gravitational po-
tential and the gravity field model EGM2008. The EGM2008
accuracy is about ±0.3 m2/s2 [47], corresponding to a clock
fractional frequency uncertainty σGP of 3.0 × 10−17. The tidal
correction residual is at ±0.1 m2/s2 level [35,47], corre-
sponding to a clock fractional frequency uncertainty σtide of
1.0 × 10−17. In Eq. (18), the orbit error of CSS (δ fCSS), the
tidal correction residual (δ ftide), and the gravitational potential
error (δ fGP) are all independent systematic errors. The orbit
simulation error (δ fsim) is the error generated when simulating
the orbit during a four-minute interval. By analyzing the noise
spectrum of the orbit simulation error discussed in Sec. IV, we
have identified it as a stochastic error. The uncertainty index
of the atomic clock typically considers the impacts brought
about by systematic errors [48]. Therefore, the calculation of

FIG. 6. The fractional relativistic redshift and the radial coordinate of the propagated orbits of CSS within (a) one period, (b) one day, and
(c) seven days as functions of UTC time. The blue solid line represents fractional relativistic redshift fRRS/ f , and the red dashed line represents
radial coordinate r of the space station.
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FIG. 7. The Allan deviations of the RRS. The blue dots represent
the Allan deviation calculated by the actual orbit data with propaga-
tion, while the red triangles depict the Allan deviation calculated by
the actual orbit data. The blue and red fitted curves represent their
linear regressions, respectively.

the total uncertainty σRRS is as follows:

σRRS =
√

σ 2
CSS + σ 2

tide + σ 2
GP = 3.3 × 10−17. (19)

The stability of the RRS is evaluated in two ways, as
shown in Fig. 7. The Allan deviations of the statistical data
with and without propagation are compared. Additionally, we
performed linear regression on both types of deviations. As
seen in Fig. 7, we found a significant improvement in the
short-term stability and a two-order-of-magnitude improve-
ment in the long-term stability after the orbit propagation. The
instability of the RRS calculation after propagation can reach
3.57 × 10−19 at 104 s.

The measured absolute frequency of the clock transition in
the 87Sr optical lattice clock at the National Time Service Cen-
ter is 429 228 004 229 872.91(18) Hz [48] with a total relative
uncertainty of 5.1 × 10−17. Based on our simulated results of
the CSS, the fractional RRS is approximately 9.83 × 10−10

with an uncertainty of 3.3 × 10−17. Our results indicate that
the uncertainty of the RRS is lower than the main frequency
shifts of the ground-based optical clock at NTSC. We aim
to compare the frequency of the spaceborne optical clock in

the CSS with that of the ground-based optical clock, which
requires precise estimation and evaluation of the uncertainty
and instability of the spaceborne optical clock. In this work,
we enhanced the stability through orbital propagation and
accurately evaluated the uncertainty. As a result, we have
successfully reduced the relevant uncertainty and instability
of the RRS below those of the ground-based optical clock,
proving that this factor will not limit the accuracy of the fre-
quency comparison. Therefore, the evaluation method for the
RRS of the optical clock in the CSS is feasible and effective.

VI. CONCLUSION

This study utilizes the EGM2008 model to calculate the
variation of gravitational potential and extrapolate the orbital
ephemeris data of the CSS using perturbation models and
the RKF7(8) numerical integration method. The RRS is cal-
culated based on the simulated results of the CSS, which is
around 9.8 × 10−10. The uncertainty of the RRS is estimated
to be 3.3 × 10−17, and the instability reaches 3.57 × 10−19

at 104 s. The results can serve as a reference for frequency
dynamic correction of spaceborne optical clocks.

This study presents an effective method for evaluating the
relativistic redshift of the cold atomic clock on the China
Space Sation and provides a reference for future relativistic
redshift compensation. Space optical clocks play a crucial role
and have broad prospects in the fields of modern science and
technology such as navigation, dark matter searches, geodesy,
and tests of fundamental physics. Furthermore, spaceborne
optical clocks have great potential for future development.
With the progress of technologies, we can foresee greater
breakthroughs in spaceborne optical clocks, including longer
time stability and broader applications. Moreover, spaceborne
optical clocks can be combined with research in other fields,
such as gravitational wave detection and the study of vari-
ations in fundamental physical constants, providing us with
more precise tools to explore the universe and understand
nature.
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