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Abstract: An ultrahigh precise clock (space optical clock) will be installed onboard a low-orbit
spacecraft (a usual expression for a low-orbit satellite operating on an orbit at an altitude of less
than 1000 km) in the future, which will be expected to obtain better time-frequency performance in
a microgravity environment, and provide the possible realization of ultrahigh precise long-range
time synchronization. The advancement of the microwave two-way time synchronization method
can offer an effective solution for developing time-frequency transfer technology. In this study, we
focus on a method of precise satellite-ground two-way time synchronization and present their key
aspects. For reducing the relativistic effects on two-way precise time synchronization, we propose
a high-precision correction method. We show the results of tests using simulated data with fully
realistic effects such as atmospheric delays, orbit errors, and earth gravity, and demonstrate the
satisfactory performance of the methods. The accuracy of the relativistic error correction method is
investigated in terms of the spacecraft attitude error, phase center calibration error (the residual error
after calibrating phase center offset), and precise orbit determination (POD) error. The results show
that the phase center calibration error and POD error contribute greatly to the residual of relativistic
correction, at approximately 0.1~0.3 ps, and time synchronization accuracy better than 0.6 ps can
be achieved with our proposed methods. In conclusion, the relativistic error correction method
is effective, and the satellite-ground two-way precise time synchronization method yields more
accurate results. The results of Beidou two-way time synchronization system can only achieve sub-ns
accuracy, while the final accuracy obtained by the methods in this paper can improved to ps-level.

Keywords: clock; microgravity environment; microwave; two-way time synchronization; relativis-

tic; performance

1. Introduction

The invention of atomic clocks provides an effective time solution for precision po-
sitioning, navigation, and timing (PNT) [1]. The atomic clock is known to be the heart
of the global navigation satellite system (GNSS). High-precision time-frequency transfer
technology can be achieved through the time comparison algorithm of satellite-satellite,
satellite-ground, ground-ground, or other communication links. At present, microwave
two-way time synchronization technology is one of the most accurate time-frequency trans-
fer methods. In a BeiDou-3 navigation system (BDS-3) time synchronization experiment, it
was shown that the time synchronization accuracy can reach the sub-ns level [2,3], which
is limited by the accuracy of the onboard atomic clocks onboard. To further improve the
accuracy, the European Space Agency (ESA) proposed a novel idea to enhance the perfor-
mance of time synchronization. To operate a new generation payload with a high-precision
atomic clock ensemble (with a stability better than 1E-16@1day) onboard the International
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Space Station (ISS) in a microgravity environment, ultrahigh precise two-way time synchro-
nization was achieved through a microwave link (MWL). The results showed that the time
synchronization accuracy is expected to be less than 10 ps when using a multifrequency
two-way time synchronization algorithm [4-7]. China also plans to deploy high-precision
atomic clocks (including space optical clocks with a stability better than 1E-17@1day) on
the Chinese Space Station (CSS) to develop an ultrahigh precise time reference in space to
further improve two-way time synchronization accuracy [8].

The relativistic effect affects the time synchronization performance of satellite-ground
links (GSLs) or inter-satellite links (ISLs), especially for spacecraft operating in low orbits,
e.g., ISS, CSS, low-orbit earth orbit (LEO) satellites, etc. The relativistic effect can be
more negative due to its high-speed motion (nearly 7 km/s) [9,10]. This research focuses
on a high-precision time synchronization method, which depends on the two-way links
between ground stations and low-orbit satellites equipped with high-precision atomic
clocks. Considering the complicated space environment of spacecrafts in low-orbit, we
introduce a variety of errors to generate the simulation data. On this basis, we describe the
relativistic effects and deduce the correction methods. To validate the methods, we analyze
the impact of different orbital errors (including attitude error, phase center calibration error,
and precise orbit determination error) on the relativistic effects, and derive the final results
of satellite-ground two-way time synchronization. Finally, some conclusions are offered.

2. Two-Way Time Synchronization Method with GSLs

The Beidou (BD) Ka-band inter-satellite link (ISL) system employs a time division mul-
tiple access (TDMA) communication mode to realize two-way time synchronization with
GSLs or ISLs, and the TDMA mode limits the observations of each pass over a given ground
station [11]. To increase the GSL observations in the duration of each pass (300400 s), the
improved method (see Figure 1) deploys a communication mode of simultaneous transmis-
sion or simultaneous reception of signals [12], as shown in Figure 1. GSLs are composed of
satellite-ground ranging pairs, including uplink pseudorange observations and downlink
pseudorange observations. Assuming that satellite B receives an uplink signal with an f1
frequency (Ka-band, 20~40 GHz) from ground station A at its local time Ty, the uplink
pseudorange observation (0 45(Tp)) can be obtained. Similarly, ground station A receives
two downlink signals with an f2 frequency and f3 frequency (Ka-band, 20~40 GHz) from
satellite B at its local time T, and the downlink pseudorange observation (pp4(Tp)) can
be obtained. The 2 and {3 frequency signals are mainly used to correct the atmospheric
delay. And the f1 and f2 frequency signals are mainly used to perform new method of
two-way time synchronization, referring to Two-way Satellite Time and Frequency Transfer
(TWSTET) [13]. For specific description, according to the pair links of f1 and 2, p45(Tp)
and pp(Tp) can be written as:

pae(To) |XB To) — X4 (To — 42| +¢ - [x(To) — x4(To — “42)]
(5snd+5Rw) +C (Stm( PAB ,To) +c- 510n< PAB ,To) 1)
+C“5zr4€§3( — P22, o) + - 855" (To — P42, To) + eap

and

pBA(To) =[Xa(To) —Xp(To — #24)+c - [xa(To) — xp(To — £2)]
<5gnd+5Rcv) c- 89 (Ty — PB4, Ty) +c- 8197 (To — 224, Ty)  (2)
e O (To — 224, Tog) + - 05" (To — 84, Ty) + ea

where c is the speed of light, X4 and Xp are the position vectors of ground station A
and satellite B (the positions of the ground station and the spcacecraft orbitography are
expressed in the earth-centered inertial (ECI) reference frame), x4 and xp are the clock
errors of ground station A and satellite B, 523 and 619 are the tropospheric delays of the
uplink path and downlink path, 5% and 6 are the ionospheric delays of the uplink path
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and downlink path, (5?{% and csgfq are the periodic relativity delays of the uplink path and
downlink path, 5‘?{50 and 5‘%2” are the gravitational errors of signals, 65 and §R are the
transmission and reception delays of the payload, and ¢ includes phase center offset (PCO)
and unknown errors.

SB SA
5871(1

T1 3 5;:‘nd T
(f2.13) 2
(f1)

6Rcv TO

J A AT

TO 65“3 ______________________
Spacecraft B Ground station A

Figure 1. The principle of the two-way time synchronization method with GSLs.

Furthermore, the subtraction of p 45(Tp) and pp4(Tp) forms a geometry-free observ-
able [14] and is typically used for estimating satellite clock errors, as follows:

AT(To) = xp(To) — xa(To)

_ PAB(TO);PBA(TO) B ( (TO PLA) _ xA(TO PAB))

—(|Xa(To) — XA(To—pﬂ|—!XA To) — Xp(To — £84)|) /c
(To —

_(52% ) (5tro( PBA TO))
— (935 To) — 5?£(T - 84, Ty)) 3)

(To —
~ (o o—@, To) — g (T — e To))
— (95187 (Ty — 242, o) — 57 (Ty — 024, Ty))
(5§CU + (Sgnd) — ((SECU + (Sind)) - (EAB — SBA)

From Equation (3), for precise time synchronization, the decoupling of relative clock
error AT relates to the correction models of time delay caused by motion, tropospheric
delay, ionospheric delay, relativistic delay, hardware delay, PCO delay, etc. The detailed
process of the two-way time synchronization method is shown in Figure 2.

Specifically, the hardware delay can be considered as a constant that can be accu-
rately deducted. The time delay caused by motion, atmospheric delay, relativistic delay;,
and PCO delay can be calibrated by precise models. Table 1 shows the detailed error
correction strategies.

Table 1. Error correction strategies for the two-way time synchronization process.

Item Strategy

Time delay caused by motion Precise model (With precise orbit and clock products) [15]
Atmospheric delay (Tropospheric .
delay and ionospheric delays) Precise model [16,17]
Relativistic delay Corrected by precise model
Hardware delay Considering as a constant value over several days [18]
PCO delay Calibrated: provide by manufacturer values for antennas [19]
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Figure 2. The detailed process of the two-way time synchronization (step-by-step).

For ps-level time synchronization, the error factors of tropospheric delay, relativistic
delay, and time delay caused by motion must be considered. The time delay caused by
motion can be precisely estimated by precise orbit and clock products (the accuracy of the
orbit is better than 10 cm), and the results show that the correction accuracy is better than
0.02 ps [20]. To reduce the effect of tropospheric delay, we adopt a precise model, with
data from a microwave radiometer. In addition, the correction of the relativistic effect is a
significant factor to improve the accuracy of satellite-ground time synchronization.

3. Relativistic Effects and Corrections

According to the theory of relativity, the simultaneity of spatially separated events is
not absolute. The relativistic errors in the satellite-ground two-way time synchronization
algorithm are mainly caused by the high-speed relative motion between the low-orbit
spacecraft and the ground station. This section mainly introduces relativistic errors and
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derives error correction methods. The main relativistic effects on satellite-ground two-way
precise time synchronization operations are as follows [21-23]:

e  Relativistic effect on frequency (nominal frequency offset and periodic relativity delay)
e  Relativistic path range effect (gravitational time delay)

3.1. Relativistic Effect on Frequency

The relativistic effect on frequency is caused by the relative movement (special relativ-
ity) and difference in gravity field (general relativity) between the low-orbit spacecraft and
the ground station receiver. In the ECI coordinate frame, there is no Sagnac effect, and the
ground station can be treated as an ultralow-orbit spacecraft. Thus, the relativistic effect on
the frequency of the low-orbit spacecraft and ground station can be computed by

Afrel,f - _ |:;(v)2 + Acgl] - f 4)

c

where Af"-f is the relativistic effect on frequency, the v is the velocity of the target (low-
orbit spacecraft or ground station in the ECI reference frame), AU is the earth potential
difference between the target and object on the surface of the earth, and f is the nominal
frequency.

A spacecraft orbiting the earth is in the gravitational field of the earth and is subjected
to various perturbation forces. The perturbation force levels of different in-orbit spacecraft
are shown in Table 2. The perturbation magnitude of nonspherical gravitation can reach
1073, which has an impact on the gravitational potential of objects. For the ps-level
time synchronization method, it is also necessary to consider the effect of the earth’s
nonspherical perturbation force beside the gravity of the earth [24]. Thus, the potential
differences between the target and object on the surface of the earth can be expressed as:

GM _,, GM

s Te

AU =W, — Wy = ®)

where W is the earth potential, GM is the geocentric gravitational constant of the earth, 7,
is the earth radius, s is the geocentric distance, and V is the nonspherical perturbation
potential of earth.

Table 2. Level of perturbation forces on satellites in different orbits [25].

Level of Perturbation Force

Type Nonspherical Gravitation  Lunisolar Gravitation Atmospheric Solar Tidal
> Others Sun Moon Drag Radiation
LEO 10-3 107~ 1078 10-8 1077 10~6~ 10710 10-8 108
MEO 1074 1077 1.8x107® 3.9x10°° < 10710 1.6 x1077 107
GEO 1.2 x 1074 1077 75%x107¢ 1.6 x107° < 10710 40x1077 1078
According to the two-body problem [26], Equation (4) can be rewritten as
rel—f _ _ f (26M _ GM _ GM f
Af f__?(T_T_W taeV ©)
_GM[1 _ 3 2fVaGM  _. f
—7{2—5} f - TgesinE+ 5V

where g is the semi-major axis, e is the eccentricity, and E is the eccentric anomaly.

The first term in Equation (6) represents the nominal frequency offset (NFO), which
can be corrected by reducing the atomic clock frequency of spacecrafts or ground stations.
In this way, a major part of the relativistic effects is removed. However, the temporal
variations of the relativistic effects remain (periodic relativity delay), and they can be
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eliminated by data post-processing. Furthermore, the periodic relativity delay of spacecraft
i at time f can be expressed as:

2v/aGM
5 (1) =~ 2YIOM G Bt Mgt A @
¢ i()
in which 1
A5]2 + Adother = C7f vt
®)

co ] !
V= GTM [Z Y (‘%E) Py, (sin @) [CpycosmA + Slmsinm)\}]
S — -0 El

where ag is the semimajor axis of Earth’s equator, ¢ is latitude, A is longitude, and (Cjy,, Syy;)
are the coefficients of Earth’s gravitational potential.

Therefore, according to Equations (3), (7) and (8), the periodic relativity delay on
two-way time synchronization of GSLs can be corrected. The periodic relativity delay of
two-way time synchronization can be expressed as:

51 = (05T — 248, o) — o (T — 224, T0))
_ Zx/uG
= (A(S;z + Adyiher — esin E) B(To)
— (Aén + Abypper — 2 “GMe sin E) ‘

A(Ty—P4E) ©
—|—(A(5]2 + Sother — \/fesln E) ’B(To—m)
_ <A5]2 + (Sother - Zmesu’l E) ‘A(To)

3.2. Relativistic Path Range Effect

The relativistic path range effect is also known as the gravitational time delay of
signals. Due to the impact of the gravity field, the paths of signals are not Euclidian straight
lines. Therefore, the general relativity of signal transmission from target A at time ¢; to B at
ty can be expressed by the Holdridge model [27], as follows:

2GM, (ra(t1) +rp(t2) +dap(ts, t2)
S8 (4, 1p) = ln< A 10
o (frh) = =5 ra(ty) +re(t2) —dap(ty, f2) 10
where r is the geocentric distance, in which
dap(ti, t2) =|Xp(t2) — Xa(t1)] (1)

The gravitational time delay correction model is considered in the ECI coordinate
frame, and only considers the impact of gravity. The gravitational effects of the Moon, Sun,
and other planets are reduced to tidal forces with very small relativistic corrections. Then,
substituting Equation (9) into Equation (3) can precisely correct the gravitational time delay
on two-way time synchronization.

Similar to the derivation of periodic relativity delay of two-way time synchroniza-
tion from Equations (3) and (7)—(9), the total gravitational time delay of two-way time
synchronization can be expressed as:

5810 — (58"’“’( 0 — Pﬂ Ty) — 56’"‘“’( _ M )

_ 2GM 7A(T0*m)+fB(To)+dAB O*m
c ra(To— 4B ) +rp(To)—d ap(To— P4, T

_2GM, r4(To)+rp( pBA)-FdBA(To—mT
ra(To)+rp(To—PBA)—dp, (Ty—FBA,Tp)

(12)

Relating the Equations (9) and (12) to Equation (3), the relativistic effect on satellite-
ground two-way time synchronization can be accurately eliminated.
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4. Simulation and Discussion

To verify the methods of time synchronization and correction of relativistic effects,
a simulation platform has been developed using Matlab, including two parts: one is the
data generation module, and the other is the performance evaluation module, as shown in
Figure 3.

Data generation module

Clock noises model

— Clock model

f1,£2,£3

Tonospheric model

!

Tropospheric model

Pseudo-range of

f1,£2,3

A

Precise products

Performance evaluation module

—

—

EIGEN-6S/JPL
DE405/Tidal model

— Gravitational model

Orbit of low-orbit

spacecraft and

ground station (ECI)

Earth rotational
model

Orbit noises model

Correction of motion

I

Correction of
ionospheric effect

Correction of
tropospheric effect

Correction of
relativistic effects

| Relative clock errors

1 between two targets

|

Evaluation

Attitude/
PCO/Unkown error

Figure 3. Simulation platform.

4.1. Data Generation

A low-orbit satellite trajectory (height of ~400 km) is simulated (Kepler orbit) by flying
in an orbit with an inclination of approximately 45° [28]. In order to obtain the accurate
satellite and ground station orbit information, we have fully considered a variety of main
perturbation force models when generating simulation orbits (see Figure 3), e.g., Earth
Gravity Model (EIGEN-6S), N-body Gravity Model (JPL DE-405), Tidal Model (FES-2004),
etc. A high-precision earth rotation model must be adopted. The ground station is located
in Xi’an, China. To nullify the Sagnac effect, the ECEF coordinates of the ground station
and spacecraft are converted to ECI coordinates through the Earth orientation parameters
(EOPs) file of International Earth Rotation Service (IERS) (https://www.iers.org/IERS).
An ultrahigh precise atomic clock was employed onboard the low-orbit satellite, and the
stability of the clock was set to 8E-18@1day. Because of the high-stability clock, the noise of
the clock contributes little to the total errors of the transfer link, and it can almost be ignored.
Using tri-frequency signals (20 GHz~40 GHz) to generate simulated pseudoranges, the
involved errors include orbit error, clock error, ionospheric error, tropospheric error, and
relativistic error. The fact of satellite-to-ground coverage shows the actual situation of
satellite-ground communication [29], which is one of the important factors for realizing
simulation. Table 3 shows the fact of the simulated low-orbit spacecraft link to Xi’an
ground station (visibility results in one day using STK software), about 6 visible arcs per
day while the low-orbit spacecraft pass over the ground station. Owing to the limitation of
the payload’s antenna pointing angle, each pass over the ground station can only observe
approximately 300 s. We use the data simulation platform to generate 300s tri-frequency
pseudorange data, as shown in Figure 4.

The pseudoranges of pair links with f1 and f2 can be used to decouple the relative
clock between the satellite and ground station, and the downlink pseudoranges of f1 and
f3 can be used to obtain the slant total electron content (STEC) and reduce the effects
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of the ionosphere and troposphere. Figure 5 shows the different contributions in the
pseudoranges. All of the contributions in the one-way transfer are greater than 10 ps, and
they cannot be neglected for the ps-level time synchronization. In this paper, we mainly
focus on using simulation data to verify the accuracy of the relativistic effect correction
method and the realization of the satellite-ground two-way time synchronization method.
Thus, it is possible to verify the relativistic correction algorithm without considering
other errors except the relativistic error, and then verify the accuracy of the two-way time
synchronization method while considering all effects.

Table 3. Visibility results in one day.

. . Start Time End Time Duration
Visible Arc Num. (EpSec) (EpSec) ©)
1 1009.872 1280.094 270.222
2 6899.775 7244119 344.344
3 67,539.405 67,797.561 258.156
4 73,389.376 73,745.408 356.032
5 79,379.406 79,631.930 252.524
6 85,326.710 85,590.520 263.810
13 x10° . . . ,
x10° B

12

1"

68.22 68.24

|

Pseudorange/m

0 50 100 150 200 250 300
Epoch/s

Figure 4. Pseudo-range data obtained by simulation.

4.2. Validating the Methods with Simulated Data

From Equations (7)—(10), to reduce the relativistic effects, we adopt the precise prod-
ucts [30] (orbit product and clock product) and the correction model to calculate the
approximate value of the relativistic errors. Therefore, the correction accuracy of the model
in Section 3 depends on the product accuracy and the perturbation force model of the
spacecraft. To achieve ps-level time synchronization, additional perturbation force inputs
are needed, considering the nonspherical gravitation (J, and others). On this basis, the
orbit errors from the orbit product will become the biggest obstacle to correct the relativistic
errors. The position vector of the spacecraft can be obtained by post-processing of the data
from receivers [31], but the final results of the orbit product are coupled with the attitude
error, phase center calibration error, and precise orbit determination (POD) error of the
spacecraft [20].

In engineering, corresponding indices are proposed for these errors. We take poor
indexes (0.02° attitude error, 2 mm phase center calibration error and 10 cm POD error) as
a reference standard, which can be easily achieved. A less quantitative (and less absolute)
criterion is the absence of a notable signature in the residuals: most of the time we expect
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the spread to be uniform across the pass, and any visible pattern should be investigated as
a possible consequence of implementation problems [32].

10° ‘
— {roposphere
= |ONOSpPhere(f1)
lonosphere(f2) |
== |onosphere(f3)
10" F Relativistic E
»
£
>
T 10° -l
[}
[m]

e R e
——

0 50 100 150 200 250 300
Epoch/s

Figure 5. Contribution of atmospheric and relativistic delays in the simulated pseudorange of the
f1/£2/13 signal (absolute values).

When Figure 6a-f is examined, it can be seen that the residuals obtained by the rela-
tivistic error correction method in Section 3 were determined precisely. Here, a relativistic
correction solution means that the accuracy (RMS, root mean square) is better than 1 ps
in periodic relativity correction and 3 x 10~!2 ps in gravitational time delay correction.
Furthermore, we study the influence of one error on the correction of the relativistic errors
with the condition of two errors unchanged (the constant indexes are 0.02° for attitude
error, 2 mm for phase center calibration error and 10 cm for POD error). As a result, the
RMS of the periodic relativity correction residual of different attitude errors, different
phase center calibration errors, and different POD errors are approximately 0.52-0.55 ps,
0.40-0.60ps, and 0.42-0.70 ps, respectively, and the RMS of the gravitational time delay
correction residual of different attitude errors, different phase center calibration errors,
and POD errors are approximately 2 x 10712-2.6 x 107'2, 1.6 x 10712-2.4 x 102, and
1.6 x 10712-2.9 x 10712 ns, respectively. Then, the influence of orbit errors on the accuracy
of relativity correction can be roughly estimated and is shown in Table 4.

Table 4. The effect of comprehensive error factors on the correction of total relativistic effects
(including attitude error, phase center calibration error and POD error).

Attitude Error Phase Center Calibration Error POD Error
RMS of residual 0.02 ps—0.03 ps 0.1 ps—0.2 ps 0.2 ps—0.3 ps

When Figure 6 is examined together with Table 4, it can be seen that the effect of
orbit error factors on the gravitational time delay correction is almost negligible. The
effect of three errors (attitude error, phase center calibration error, and POD error) on total
relativistic correction can range from 0.02-0.03 ps, 0.1-0.2 ps, and 0.2-0.3 ps, respectively.
For ps-level time synchronization, the attitude error can be ignored, but the phase center
calibration error and POD error must be considered, and the error of periodic relativity
must be corrected by the precise model proposed in the paper.
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Figure 6. The influence of different orbit errors on the accuracy of the relativistic correction model. (a,b) The influence of
different attitude errors on periodic relativity and gravitational time delay correction, respectively. (¢,d) The influence of
different phase center calibration errors on periodic relativity and gravitational time delay correction, respectively. (e f) The
influence of different POD errors on periodic relativity and gravitational time delay correction, respectively.

The correction of relativistic effects is closely related to the POD error, attitude error,
and phase center calibration error. When the attitude error is no more than 0.02°, the
phase center calibration error is less than 2 mm, the POD error is better than 10 cm, and
other errors (ignoring the hardware error) in the process of time synchronization are fully
considered. Then, the relativistic correction method in this paper is used to process and
calibrate the simulated data, and the relative clock error between the spacecraft and the
ground station is further calculated by the two-way time synchronization method. Through
the quadratic fitting of the relative clock error, the performance of time synchronization
can be evaluated [33]. The time synchronization performance of the satellite-ground MWL
is shown in Figure 7. The peak-to peak value of the time synchronization residual is no
more than 2 ps and the accuracy (RMS) of satellite-ground time synchronization is better
than 0.6 ps.
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Figure 7. Satelliteground time synchronization residual. (After calculating the relative clock error
between the satellite and the ground, the quadratic fitting model is used to fit the clock error, the
residual after fitting represents the time synchronization residual, and the root mean square (RMS) of
the residual represents the accuracy of time synchronization).

5. Conclusions

In this work, we studied a precise method of time synchronization between a space-
craft and a ground station, to achieve ps-level time synchronization accuracy. In this
method, a high-precision relativity correction was first applied to accurately estimate the
relativistic errors contained in the two-way link. To validate the time synchronization
method and the relativity correction method, we built a simulation platform where we take
the real situation of the earth and the signal propagation, considering all errors involved
in the process of signal propagation. It can generate two-way ranging data and verify the
methods by the simulated data. When the attitude error, phase center calibration error, and
POD error are taken into consideration, the impact of attitude error can be almost negligible,
the effect of phase center calibration error and POD error on relativistic correction can
range from 0.1-0.2 ps and 0.2-0.3 ps, respectively. As an example of the application of these
methods we have used them to demonstrate that typical low-orbit spacecraft orbitography
errors (attitude error of ~0.02°, phase center calibration error of ~2 mm, POD error of
~10 cm) affect the two-way time synchronization below its performance specifications
(1 ps), and thus can reach the expected accuracy requirements on the science objectives that
depend on that performance. Final methods development will occur during the remaining
phases. As soon as the hardware error is confirmed and data schemes freeze, we will need
to fine-tune our methods (including the tri-frequency time synchronization method and
error correction method) and adapt our flow to possible deviations with respect to the
present situation or assumptions.
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Abbreviations

Abbreviation Definition

POD precise orbit determination

PNT Positioning, navigation and timing
GNSS Global navigation satellite system
BDS-3 BeiDou-3 navigation system

ESA European Space Agency

ISS International Space Station

MWL Microwave link

CSS Chinese Space Station

GSLs Satellite-ground links

ISLs Inter-satellite links

LEO Low-orbit earth orbit

TDMA Time division multiple access
TWSTFT Two-way Satellite Time and Frequency Transfer
ECI Earth-centered inertial

NFO Nominal frequency offset

EOPs Earth orientation parameters

IERS International Earth Rotation Service
STEC Slant total electron content

PCO Phase center offset

RMS Root mean square
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