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Abstract
Aiming at the influence of satellite motion on the inter-satellite two-way clock offset measurement, this paper
proposed a correction method to eliminate the influence of satellite motion. Firstly, the measuring principle
for the inter-satellite two-way clock offset was offered, and then specific influences of satellite motion on the
measurement of inter-satellite two-way clock offset were analyzed in details when the mutual closing and faraway motions were conducted among the satellites. Finally, this paper integrated the specific influences of
two motions on the measurement of inter-satellite clock offset, and put forward the correction method of
inter-satellite clock offset with the smallest error after the polynomial fitting of measured clock offset. Satellite
tool kit (STK) was used for the simulation of two-way clock offset measurement, and the result indicated that
the accuracy of measurement for the inter-satellite clock offset with the length of 8 min containing the
simulation error was better than 1 ns. The clock offset correction method can be used for the autonomous
and high-accuracy measurement of inter-satellite clock offset.
Keywords: Satellite communication, Satellite constellation, Satellite motion, Time synchronization, Clock offset
measurement

1 Introduction
Rapid development of space technology have witnessed diversified forms that are displayed for various
space applications where one typical representatives
are satellite navigation system [1–4], space-based
TT&C [5, 6], manned spaceflight [7], deep space exploration [8], and distributed satellite system and
others [9]. These aerospace application systems are
dependent on the spacecraft, navigation satellite, explorer satellite, other various special satellites, small
satellites in formation flying, and others. To realize
timely sharing and comprehensive utilization, we must
obtain information among different systems, and the
unified time reference must be equipped among the
systems. In addition, one precondition to establish the
high-precision time reference of the system is to get
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the high-precision clock offset of each satellite within
the system.
Through comparison with ground station, we can
realize the measurement of clock offset, and in
current aerospace application, the time reference is
established on the ground. But such measurement has
several shortcomings: short measurement time, low
measurement precision, and others limitations resulting from short visual time between the ground station
and satellite. Moreover, once the ground station is
damaged, that measurement of clock offset cannot be
conducted. After establishing inter-satellite link for
the measurement of clock offset directly in the
inter-satellite, we can obtain high-precision system
time reference, get high-precision inter-satellite clock
offset, and use the suitable algorithm processing. The
satellite-ground two-way time synchronization is one
of the methods to measure the high-precision clock offset
between the satellite and ground station [10–12]. It can
improve the measurement precision of clock offset because it can offset the influence of additional delay at
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atmospheric layer, as well as the time delay between
the satellite and ground station. However, the satellite
and ground are required to stay in a relative rest
state when we use this method; otherwise, the inconsistent two-way time delay caused by the satellite motion will affect the accuracy. This paper used
satellite-ground two-way time synchronization method
for autonomous measurement of inter-satellite clock
offset, and analyzed the specific influence of satellite
motion on the measurement. Taking the satellite motion into consideration, this paper deduced the correction method of inter-satellite two-way clock offset
measurement, and the correctness of the method was
verified via satellite tool kit (STK) simulation.

2 Methods and experiments
2.1 Method of measuring inter-satellite two-way clock
offset

Clock offset measurement with inter-satellite two-way
time synchronization is shown in Fig. 1 [12]. The
clock offset between satellite A and B is set as Δt.
Satellite A and B participating in the measurement of
clock offset transmit the timing signal via own sending equipment respectively. The following equation
can be obtained after the timing signal from the other
party is received via the receiving equipment.
T 1 ¼ Δt þ t 2 þ τ BA þ r 1 þ δ 1

ð1Þ

T 2 ¼ −Δt þ t 1 þ τ AB þ r 2 þ δ 2

ð2Þ

In the equation, T1 is the time difference between
the timing signals transmitted by satellite A and received from satellite B; t1 is the time delay of transmitting equipment for satellite A; r1 is the time delay
of receiving equipment for satellite A; τBA is the
propagation time delay from satellite B to satellite A;
δ1 is other time delay; T2 is the time difference between the timing signals transmitted by satellite B
and received from satellite A; t2 is the time delay of

Fig. 1 Principle for inter-satellite two-way clock offset measurement
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transmitting equipment for satellite B; r2 is the time
delay of receiving equipment for satellite B; τAB is the
propagation time delay from satellite A to satellite B;
and δ2 is other time delay. The clock offsetΔtof two
satellites can be obtained from Eqs. (1) and (2) as
shown below.
Δt ¼

T 1 −T 2 t 1 −t 2 r 2 −r 1 τ AB −τ BA δ 2 −δ 1
þ
þ
þ
þ
2
2
2
2
2
ð3Þ

In Eq. (3), T1 can be measured via satellite A; T2 can
be measured via satellite B. According to the frequency
of transmitting signal of the satellite, t1, t2, r1, and r2 can
be calibrated in advance; therefore, the time delay can be
processed as the known value, and the measurement influence on the clock offset can be ignored. In order to
highlight the specific influence of satellite motion on
measuring inter-satellite clock offset, the satellite clock
offset Δt is supposed as unchanged in the measurement
process of clock offset, and the simplified calculation
formula for clock offset can be obtained as the
following.
Δt ¼

T 1 −T 2 τ AB −τ BA δ 2 −δ 1
þ
þ
2
2
2

ð4Þ

Seen from formula (4), the precision of
inter-satellite clock offset measurement is mainly depending on three main factors of measurement: precision on time difference (T1-T2)/2, transmission time
delay difference (τAB-τBA)/2 of timing signal, and
other delay difference (δ2-δ1)/2. When the clock offset
measurement for satellite A and B is conducted at
the frequency of higher than once per second, the influence of other time delay (δ2-δ1)/2 on the precision
of clock offset measurement is contained into the
time difference and time delay difference. Therefore,
in order to analyze the influence of satellite motion
on the precision of clock offset measurement, we
should consider the close frequency of timing signals
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transmitted by each party at the same time and the
basic same of the path passed by the timing signal.
Formula (4) can be further simplified as the
following.
Δt ¼

T 1 −T 2 τ AB −τ BA
þ
2
2

ð5Þ

T 1 ¼ Δt þ τ BA

ð6Þ

T 2 ¼ −Δt þ τ AB

ð7Þ

Formula (6) and (7) are the basic formula analyzing the
influence of satellite motion on the precision of
inter-satellite two-way clock offset. If the location of the satellite for two-way clock offset measurement in the measuring process does not change, the clock offset of two
satellites can be obtained from formula (5) as the following.
T 1 −T 2
2
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According to the principle of invariance of light velocity,
it can be obtained from the figure.
c  τ BA þ vA  τ BA ¼ R

ð9Þ

c  τ AB þ vB  τ AB ¼ R

ð10Þ

It can be obtained from formula (9) and (10).

Meanwhile, formula (1) and (2) can be changed as

Δt ¼

(2019) 2019:3

ð8Þ

2.2 The influence of satellite motion on the clock offset
measurement and correction method

According to the simulation of satellite constellation, the
main performance of inter-satellite motion within the constellation are the mutual close, mutual far-away, and relatively unchanged location [13, 14]. Therefore, on the
influence of satellite motion on the inter-satellite two-way
clock offset measurement, the mutual close and mutual
far-away are only considered for the following analysis. In
order to simplify the analysis, the initial inter-satellite distance of satellite is R; the speed from satellite A to satellite
B is vA; and the speed from satellite B to satellite A is vB.
Then, vA < vB supposing the inter-satellite motion is rectilinear motion.
When the mutual close motion is conducted among
the satellites, the schematic diagram is as shown in Fig. 2.

τ BA ¼

R
c þ vA

ð11Þ

τ AB ¼

R
c þ vB

ð12Þ

Substituting formula (6) with formula (11), and formula (7) with formula (12), we can get the following.
T 1 ¼ Δt þ

R
c þ vA

T 2 ¼ −Δt þ

R
c þ vB

ð13Þ
ð14Þ

The calculation formula for the clock offset at the mutual
close of satellite can be obtained from formula (13) and (14).


T 1 −T 2 1
R
R
Δt ¼
−
þ 
ð15Þ
2
2 c þ vB c þ vA
¼

T 1 −T 2
RðvA −vB Þ
þ
2
2  ðc þ vB Þ  ðc þ vA Þ

Formula (15) is the influence of satellite motion on
inter-satellite clock offset Δt at the mutual close of the satellite. Taking the influence of satellite motion on the
measurement of inter-satellite two-way clock offset out of
consideration, we can see from formula (15), if vA < vB, the
RðvA −vB Þ
is negative, which indicates that the
value of 2ðcþv
B ÞðcþvA Þ
calculation result would be bigger than the actual clock
offset calculated via formula (8). In order to correct the

Fig. 2 Influence of inter-satellite mutual close on the measurement of inter-satellite two-way clock offset
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big calculation result, the corrected value is negative
RðvA −vB Þ
2ðcþvB ÞðcþvA Þ.
When the mutual far-away motion is conducted
among the satellites, the schematic diagram is as shown
in Fig. 3. According to the principle of invariance of light
velocity, it can be obtained from the figure.
c  τ BA −vA  τ BA ¼ R

ð16Þ

c  τ AB −vB  τ AB ¼ R

ð17Þ

It can be obtained from formula (16) and (17).
τ BA ¼

R
c−vA

ð18Þ

τ AB ¼

R
c−vB

ð19Þ

Substituting formula (6) with formula (18), and formula (7) with formula (19), we can get the following.
T 1 ¼ Δt þ

R
c−vA

T 2 ¼ −Δt þ

R
c−vB

ð20Þ
ð21Þ

The calculation formula for the clock offset at the mutual far-away of satellite can be obtained from formula
(20) and (21).


T 1 −T 2 1
R
R
Δt ¼
−
þ 
2
2 c−vB c−vA
T 1 −T 2
RðvB −vA Þ
¼
þ
ð22Þ
2
2  ðc−vB Þ  ðc−vA Þ
Formula (22) is the influence of satellite motion on
inter-satellite clock offset Δt at the mutual far-away of the
satellite. Taking the influence of satellite motion on the
measurement of inter-satellite two-way clock offset out of
consideration, we can see from formula (22), if vA < vB, the
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RðvB −vA Þ
is positive, which indicates that the
value of 2ðc−v
B Þðc−vA Þ
calculation result will be smaller than the actual clock offset calculated via formula (8). In order to correct the small
calculation result, the corrected value is positive
RðvB −vA Þ
2ðc−vB Þðc−vA Þ.

2.3 Correction method of the inter-satellite clock offset
measurement

Seen from formula (15) and (22), the correction value is
RðvA −vB Þ
2ðcþvB ÞðcþvA Þ at the inter-satellite close motion, and it is

RðvB −vA Þ
at the
negative. The correction value is 2ðc−v
B Þðc−vA Þ
far-away motion, and it is positive. Therefore, the caused
correction value of clock offset is changed from the
negative to the positive from the close motion to the
far-away motion. When the correction value is 0, the
inter-satellite clock offset from the two-way measurement is nearest to the actual clock offset, and the moment occurred at the turning point from the mutual
close to mutual far-away between two satellites. The
inter-satellite distance change rate at the moment is 0
via the simulation result.
Via the above error analysis on the measurement result of the satellite motion on inter-satellite two-way
clock offset, we can see that, excluding the influence of
satellite motion on the clock offset measurement, the
clock offset is larger than the actual clock offset at the
mutual close motion. The clock offset is smaller than
the actual clock offset at the mutual far-away motion if
the influence of satellite motion on the clock offset
measurement is not considered. If the satellite two-way
clock offset measurement is made from the mutual close
to mutual far-away, and the influence of satellite motion
on the clock offset measurement is not considered, the
inter-satellite error clock will change from large to small.
The moment for the consistency between measured
clock offset and actual clock offset occurs in the process,
and the inter-satellite distance change rate among two

Fig. 3 Influence of inter-satellite mutual far-away motion on the measurement of inter-satellite two-way clock offset
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satellites is 0 at the moment. Therefore, the fitting polynomial of satellite clock offset in the process can be obtained if the least square fitting is conducted for the
clock offset data from the measurement in the process.
Δt ¼ f ðt Þ

ð23Þ

According to the above analysis on the clock offset
measurement error, the requirement on the clock offset
measurement precision can be met via one fitting for
formula (23). In order to verify the correction method
after the occurrence of deviation of measured clock offset caused by the above satellite motion, STK simulation
tool is used to generate the clock offset measurement
data, and the moment with the inter-satellite distance
change rate of 0 in the measurement process of the
clock offset is obtained via the simulation. The minimum value between the measured clock offset and actual clock offset can be obtained after substituting the
moment into formula (23), and the precision of the correction method can be obtained.

3 Results and discussion
3.1 Simulation results

Supposing the clock offset between satellite A and B is
unchanged in 1 μs among the measuring process of
inter-satellite two-way clock offset and ignoring the
equipment time delay and other time delay of satellite
receiver and transmitter, we can see the constellations
include three layers of satellites of Geosynchronous
Earth Orbit (GEO), Inclined Geo Synchronous Orbit
(IGSO), and Medium Earth Orbit (MEO) which are selected as the simulation object. GEO satellite and IGSO
satellite are served as satellite A; MEO satellite is served
as satellite B; STK is used to simulate 4-section
inter-satellite clock offset measured data respectively.
After the clock offset is calculated with formula (8) along
with the satellite motion change rule, one polynomial fitting is conducted for the clock offset data calculated in
the process. The moment with the inter-satellite distance
change rate of 0 is simulated via STK. The inter-satellite
clock offset with minimum error is obtained after substituting the moment into the clock offset fitting polynomial, and the verification result of the correction
method is obtained via the comparison between the
clock offset and supposed clock offset. The comparison
result between the inter-satellite clock offset via specific
simulation calculation and supposed actual clock offset
is shown in Table 1.
It is indicated in Table 1 that when the time period for
inter-satellite two-way clock offset measurement is basically symmetric compared with the moment at the
inter-satellite distance change rate of 0, the fitting precision measured for clock offset fit polynomial is higher
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with small fitting error and high clock offset measuring
precision, and the minimum error between the calibrated inter-satellite clock offset and supposed clock offset including the simulation error condition is
0.287340679374 ns. The precision for measured clock
offset fit polynomial is lower with large fitting error and
reduced clock offset measuring precision when the time
period for inter-satellite two-way clock offset measurement is asymmetric compared with the moment at the
inter-satellite distance change rate of 0. The above results show that the proposed correction method for
inter-satellite clock offset is correct.
3.2 Results discussion

Same with the satellite-ground two-way time
synchronization, we take the different deviation occurs
at each simulation experimental result during the simulation period of inter-satellite two-way clock offset measurement for the influence of satellite motion direction
and Sagnac effect on the correction method out of consideration [14]. The satellite motion directions at the
same time length and different time period as well as
different time length and different time period are different when simulating and calculating the clock offset
data, and the influence on the clock offset fit polynomial
error is also different. Especially, the deviation between
the clock offset after the correction and actual clock offset is the maximum when the time period for clock offset measurement is asymmetric compared with the
moment at the inter-satellite distance change rate of 0.
At the actual application of the correction method, the
simulation influence on the correction method is reduced for the influence of satellite motion direction and
Sagnac effect on the algorithm is contained in the measuring value of T1 and T2 [15]. If the high-precision time
difference measuring method is used for the moving satellite and the data processing method with higher fitting
precision is used, the precision of correction method can
be improved further, and the actual clock offset measurement precision will be higher than the result obtained from the simulation.

4 Conclusions
In this paper, the specific error formula for the
inter-satellite motion on the two-way clock offset measurement is deduced in details based on the measuring
principle of inter-satellite two-way clock offset. The specific influence of satellite motion on the inter-satellite
two-way clock offset measurement is analyzed with the
formula, and the calibration method eliminating the influence of satellite motion is proposed. The simulation
result of inter-satellite clock offset measurement indicates that the least square one fitting is used in the calibration method to process the inter-satellite clock offset

10:58:19.5574374629894
1000.287340679374

Moment with the inter-satellite distance
change rate of 0

Correction clock offset Δt
1000
0.287340679374

Supposed inter-satellite clock offset (ns)

Deviation between the correction clock offset
and supposed clock offset (ns)

min(ns)

Δt = − 0.364959943846 t
+ 1087.954045728843

Δt = − 0.372176501946 t
+ 1089.444989769498

Clock offset fit polynomial

0.295182409809

1000

1000.295182409809

22:38:22.1876282510187

22:34:22.00–22:42:22.00
(IGSO-MEO,
7 May 2013, 8 min)

10:54:20.00–11:02:20.00
(IGSO-MEO,
4 May 2013, 8 min)

Inter-satellite clock offset measurement
period

1.569846515461

1000

1001.569846515461

09:17:18.3207178132001

Δt = − 1.555465415566 t
+ 1467.152871236339

09:12:19.00–09:22:19.00
(GEO-MEO,4 May 2013,
10 min)

− 30.652515754201545

1000

969.3474842457985

09:17:18.3207178132001

Δt = − 1.306432475243 t
+ 1517.084268939684

09:10:19.00–09:20:19.00
(GEO-MEO,4 May 2013,
10 min, asymmetric)

Table 1 Comparison table between the simulation result of least square fit of inter-satellite measured clock offset and supposed inter-satellite clock offset (supposed intersatellite clock offset is 1 μs)
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data. The precision of clock offset measurement is better
than 1 ns when the time period for clock offset measurement is basically symmetric compared with the moment
at the inter-satellite distance change rate of 0 and the
influence of simulation error is contained. If the data
processing method with higher precision is used in the
actual inter-satellite clock offset measurement, the
precision of clock offset measurement can be further improved to meet the high-precision demand on
inter-satellite independent clock offset measurement for
various moving satellites. The satellite clock offset
prediction algorithm with higher precision will be used
in the future to further improve the correction ability of
the algorithm on the influence of satellite motion combined with the inter-satellite clock offset measured data
processing algorithm.
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