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Realization of high performance satellite onboard clock is vital for various positioning, navigation, and timing ap-
plications. For further improvement of the synchronization-based satellite time and frequency references, we propose
a geosynchronous (GEO) satellite virtual clock concept based on ground—satellite synchronization and present a beacon
transponder structure for its implementation (scheduled for launch in 2025), which does not require atomic clocks to be
mounted on the satellite. Its high performance relies only on minor modifications to the existing transponder structure
of GEO satellites. We carefully model the carrier phase link and analyze the factors causing link asymmetry within the
special relativity. Considering that performance of such synchronization-based satellite clocks is primarily limited by the
link’s random phase noise, which cannot be adequately modeled, we design a closed-loop experiment based on commercial
GEO satellites for pre-evaluation. This experiment aims at extracting the zero-means random part of the ground-satellite
Ku-band carrier phase via a feedback loop. Ultimately, we obtain a 10 value of 0.633 ps (two-way link), following the
Gaussian distribution. From this result, we conclude that the proposed real-time Einstein-synchronization-defined satellite
virtual clock can achieve picosecond-level replication of onboard time and frequency.

Keywords: Einstein synchronization, satellite virtual clock, geosynchronous satellite, carrier phase

PACS: 06.30.Ft, 84.40.Ua

1. Introduction

Artificial satellite technology is becoming increasingly
important in daily life, production, and scientific research.!!-6]
Its primary functions encompass communication, positioning,
navigation, and timing. In design processes of common com-
munication and navigation satellite payloads, it is essential
to equip satellites with a series of high-precision frequency
or time references onboard, particularly in scenarios involv-
ing high-precision navigation and physics research.!”~'4 This
is due to the fact that the time or frequency output of the
satellite’s onboard clock not only provides a reference for the
time dissemination of the satellite ephemeris but also supports
the operation of a series of onboard radio-frequency (RF) de-
vices and digital systems. With the continuous development
of miniaturization technology for atomic clocks, an increasing
number of communication and navigation satellites start to in-
corporate atomic clocks as part of their payloads, which has
significantly enhanced the performance of positioning, navi-
gation, and timing (PNT) applications in recent years.!!>~1°]
In addition to the proposal of incorporating atomic clocks into
the satellites, for some satellites that are visible to the ground
station for a long period of time, stability and high-precision
clock references onboard can also be achieved via ground-
satellite time and frequency transfer. By establishing an RF
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link between Earth and the satellite, it is possible to repli-
cate a high-precision reference that is synchronized with the
ground time and frequency onboard the satellite. Several ef-
forts have been made based on GNSS constellations, such as
Japan’s QZSS?-22! and China’s CAPS.>>-23! Synchroniza-
tion performance on the order of nanoseconds or even sub-
nanoseconds has been achieved.

However, both the aforementioned approaches face tech-
nical challenges in further performance improvement. On the
one hand, for satellite atomic clocks, although miniaturized
atomic clocks can achieve smaller size and mass at the same
level of accuracy compared with the past, owing to cost lim-
itations and payload capacity constraints, the demand for en-
hancing the performance of onboard atomic clocks has been in
conflict with the need for size reduction.[!>26] Thus, the vol-
ume and mass of some representative state-of-the-art atomic
frequency standards are still too large for the current satellite
payload capacity, making it difficult to popularize picosecond-
level onboard atomic clocks in the near future.?=%1 On the
other hand, the existing methods for synchronization-based
satellite clock implementation generally can only achieve sub-

[20-25] This limitation arises from in-

nanosecond performance.
sufficient analysis and processing of the relativistic effect and
onboard crystal oscillator phase variation.

To enhance the

precision and availability of
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synchronization-based onboard time and frequency refer-
ences, it is necessary to comprehensively consider factors
such as the asymmetry in the two-way link between Earth
and the satellite due to relativistic effects and the initial phase
or additional phase noise of the transponder’s local oscilla-
tor. Additionally, the carrier phase technique!3!'=3¢! should
be incorporated into the payload architecture to improve the
synchronization performance.

For improving the performance of time and frequency ref-
erence on GEO satellites, this paper proposes the concept of an
onboard virtual clock based on satellite Einstein synchroniza-
tion and the corresponding beacon transponder implementa-
tion, which was scheduled for payload launch in 2025. This
onboard virtual clock architecture is based on two-way infor-
mation exchange between Earth and the satellite and does not
require the satellite to carry atomic clocks. Only minor modifi-
cations to the existing commonly used GEO satellite transpar-
ent transponder structure are needed to achieve our proposal.

(a) Onboard oscillator 1 I

PDRO Amp

We carefully consider the asymmetry of the two-way rounded
link caused by the effects of the special theory of relativ-
ity (satellite Einstein synchronization), introduce an unmod-
ulated carrier phase as the information transmission medium,
and employ a beacon transponder for the elimination of the
onboard oscillator phase variation. Because the unmodeled
phase noise level of the Earth—satellite link is the main fac-
tor limiting the final precision of the proposed onboard vir-
tual clock architecture in this study, a closed-loop locking ex-
perimental system is used to evaluate the phase noise of the
commercial Ku-band GEO satellite’s Earth—satellite link as a
reference, resulting in a Gaussian distribution of 0.633 ps at
lo. According to comparisons and extrapolations, we believe
that the proposed implementation of the onboard virtual clock
architecture can achieve frequency synchronization at the pi-
cosecond level, which may be useful for high-precision PNT

applications and physical experiments.
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Fig. 1. Comparison of the traditional transponder and the novel transponder with an onboard clock beacon. PDRO: phase-locked
dielectric resonator oscillator; Amp: amplifier; BPF: bandpass filter; LPF: lowpass filter; Doubler: phase-locked frequency doubler

oscillator circuit.

2. Carrier phase based beacon transponder

Figure 1(b) shows the structure of the beacon transpon-
der, which is used to implement the onboard virtual clock dis-
cussed in this study, in comparison with the commonly used
communication satellite transponders [Fig. 1(a)]. Although
conventional communication satellite transponders also pos-

sess beacon transmission functionality, this feature is typically

employed by users as a satellite directive beacon for antenna
direction adjustment. Because of the modular requirements in
the manufacturing of satellite payloads, the beacon reference
for such transponders is generally provided by an indepen-
dently operated onboard crystal oscillator. Thus, the informa-
tion carried by such beacon beams upon reaching the ground

fails to provide the essential phase reference of the satellite
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transponder’s down-conversion local oscillator. In contrast,
the proposed beacon transponder utilizes the one-way channel
of the satellite beacon to reduce the influence of the GEO satel-
lite onboard crystal oscillator on the ground—satellite two-way
link, by synchronizing the beacon channel’s oscillator with the
downconversion stage oscillator of the satellite transponder.
Consequently, the initial phase of the frequency local oscillator
can be determined by extracting the phase information carried
by the beacon’s down-link carrier beam. This approach effec-
tively resolves the issue of phase drift in the onboard crystal
oscillator that arises when the carrier phase is employed as the
medium for information transmission.

A schematic depicting the principle of achieving high-
precision frequency recovery with the GEO satellite utilizing
the beacon transponder is presented in Fig. 2.

To replicate the high-precision time or frequency refer-
ence from the ground station to the satellite, a carrier phase
bidirectional link called the detection channel, a unidirectional
downlink (beacon channel), and an uplink synchronization
link (synchronization channel) are employed. For the detec-
tion channel, taking the self-receiving and self-transmitting
channel of a specific ground station A as an example, consider-
ing factors such as the changing relative position between the
satellite and the ground, the initial phase of the onboard crys-
tal oscillator, ionospheric effects, and the effects of the theory
of relativity, the carrier-phase signal generated by the high-
precision time and frequency reference of the ground station is
forwarded by the synchronized orbit satellite and subsequently
received on the ground. The carrier phase value grx_aa Ob-

tained by the receiver satisfies

Wya + @
¢RX—AA = ¢A<t) — W0 Tg — %pas(ﬁ +Kiono
1 1
xTECA(—+—) + OAZA, (1)
Wy A

where @4 (t) represents the slow phase drift of the ground sta-
tion’s atomic frequency standard; @ represents the angular
frequency of the satellite transponder’s down-link local oscil-
lator; 75 represents the satellite onboard oscillator’s phase vari-
ation; wya and wga represent the angular frequencies of satel-
lite up-link and down-link carriers, respectively, with respect
to station A; and p,s(f) represents the pseudo-distance from
station A to the satellite. For the asymmetry of the satellite
two-way link in the special theory of relativity, 7y is the cor-
rection coefficient for station A’s proper time, while X rep-
resents the link asymmetry in Minkowski spacetime, which
is extensively discussed in the next section. Regarding the
ionospheric nonlinear delay factors, TEC4 represents the to-
tal electron content along station A’s transmission path, and

Kiono 1s the rounded coefficient constant of ionospheric delay,

which is given as
Kiono = 40.28 x 47? /c. )

By conducting a similar analysis, for the beacon chan-
nel in Fig. 2, the carrier phase received on the ground for the
down-link carrier beam can be expressed as
Kiono - TECA

o — 0gs¥aZa, (3)

s
¢S—A(t) = WgsTs — ?dPaS(t) +

where wys represents the down-link beacon angular frequency.
For Egs. (1) and (3), it is reasonable to construct a compen-
satory equation that eliminates the phase drift of the onboard
crystal oscillator and offsets the carrier phase value of the syn-
chronization channel in Fig. 2 by employing a linear combina-
tion satisfying

1 (0N
Pps(t) = — 5 [¢SfA(t) 0w + %X—AA(’)}
Kiono TEC
o qu'}’AEA + iono A
Wp1
Pas (t ) DuA KionoTECA 1
= - - = — b))
" o 2¢A(t) OuAYAZA,
“4)
where )
2 i
Op1 = WyA O Wua )

(Ds(ng + w[fs + Wga Os)
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Fig. 2. Schematic of the carrier phase-based beacon transponder’s time
and frequency recovery.

For the ground station, this equation is sent to an RF phase
shifter on the transmitting side of the synchronization chan-
nel, which phase shifts the carrier phase at the ground sta-
tion’s transmitter. Consequently, assuming that no significant
changes occur in the ground—satellite link in the short term, the
synchronization channel’s carrier phase received by the GEO
satellite can be expressed as

Wy KionoTEC
O (1) = Gps (1) + 04 (1) — 2 pag (1) + A
c WA
+ At + BuaYAZA

070601-3



Chin. Phys. B 33, 070601 (2024)

1
= §¢A(t)+qut- (6)

At this point, the signal received by the satellite can be
obtained through an RF coupler, and frequency multiplication
is performed to restore and track the phase variations of the
high-precision frequency reference at the ground station in real
time. As the system operates in a stable state, phase fluctua-
tions in the ground station’s atomic clock can be synchronized
with the satellite owing to the real-time phase-shift operation
of the synchronization channel in Fig. 2. Consequently, the
frequency standard at the ground station can be recovered at
the satellite’s receiving side, providing both the initial phase
and the phase-fluctuation information for further use.

3. Asymmetry of satellite two-way link in special
theory of relativity

For synchronization-based satellite time and frequency
references, if nanosecond-level performance is required, it will
be unnecessary to correct for the special theory of relativity.
However, if further improvements in precision and accuracy
are desired, careful analysis and handling of the asymmetric
factors in the uplink and downlink due to relativistic effects
will be needed, with real-time corrections applied. The bea-
con transponder described in the above section utilizes two-
way information exchange between the ground and the satel-
lite. The timing values of each point in the recovered clock are
determined by the round-trip time of the signal between the
ground station and the satellite. This determination method is
commonly known as Einstein synchronization in the inertial
reference frame. The reference source of the satellite clock
(such as an atomic clock providing transition frequencies at
the ground station) does not actually exist on the satellite;
rather, it conceptualizes a virtual clock defined in real time
by the Einstein synchronization. However, because classi-
cal Einstein synchronization is not applicable in non-inertial
reference frames, some corrections mentioned in this section
must be incorporated. This involves reanalyzing the process
of two-way information exchange between the ground and the
satellite in the framework of special relativity to determine the
values of yp and X, in Eq. (4).

Figure 3 shows a single two-way information-exchange
process in Minkowski spacetime. Because both Earth and the
GEO satellites in Earth-centered inertial (ECI) frames make
rotational motion approximately along the north—south polar
line, one dimension of Earth is dropped, and the time axis is
employed as a substitute, resulting in a three-dimensional geo-
metric problem, for better presentation. The equidistant helix
G is the world line (in Einstein’s special theory of relativity)
of the ground station, while the points Gy, G», G3, and Gy
represent the ground station’s statuses at the coordinate time

of signal emission (7)), the coordinate time of signal arrival at
the GEO satellite (7»), the coordinate time of signal transmis-
sion from the GEO satellite (73), and the coordinate time of
signal reception (74) in the ECI reference system.

Owing to the high-speed motion of both the GEO satel-
lite and the ground station in the ECI reference frame, the geo-
metric structures of the paths traveled by the information dur-
ing the uplink and down-link processes differ, resulting in dif-
ferent transmission delays. By expressing this asymmetry in
terms of the coordinate time in the ECI frame, the following
results can be obtained through geometric analysis:

1 ols in 6
Ea=3lm-n) - (m-n)] =~ LSRR g

where @y represents the rotational angular velocity of Earth;

2 — rers@} cos 6y’

re and rg represent the distances from the projection point of
the ground station and the satellite, respectively, on the equa-
torial plane to the center of Earth; 8y represents the difference
in longitude between the ground station and the satellite; and
c represents the speed of light in vacuum.

Time

‘;rollnd Station Projecteq
sk on the Barth Equagey

Fig. 3. Demonstration of the asymmetry of a single two-way informa-
tion exchange between a ground station and a satellite.

As the ground-satellite link is established with high-
precision atomic frequency standards located on Earth’s sur-
face as the reference, the asymmetric delays expressed by
Eq. (7) in terms of coordinate time are actually perceived by
the ground station in its proper time. Thus, when performing
measurements and corrections at the ground-station terminals,
adjustments related to the time dilation factor associated with
the position coordinates of the ground station in special rela-
tivity must be performed, satisfying

wW=—"""" ®)

The above two equations constitute corrections to the
classical Einstein synchronization in the two-way information-
exchange process between the ground and the GEO satellite,
which are defined in the following.

Satellite Einstein synchronization In the realm of ECI,
consider the process of two-way signal transmission between
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a GEO satellite and ground station A, which entails three dis-
tinct events: the signal’s emission from the ground station, its
traversal through the channel to reach the satellite, and its sub-
sequent return to the ground station. These events are mea-
sured locally at the ground station and denoted as Tl(g), Tz(g),
and T4(g), respectively. In the occasion that for every occur-
rence of two-way signal transmission via the satellite, a certain
satellite time reference 7; aligns constantly with Tz(g), it can be
concluded that in the ECI reference frame, this time reference
remains synchronized with the standard clock reference at the
ground station. Consequently, the following equations hold
true for T:

N

1
I = *(Tl<g) +T4(g)) —ZA YA,

2
FeFs(yp Sin B
Ia= I R
€= — Tels @y COs By
c— ojr?
w=—""". )
c

The basic idea of Eq. (9) is to use the occurrence of the
signal reaching the satellite as a synchronization timestamp
between the ground station and the satellite. For this event,
the proper time of the ground station should be measured as
Tz(g), while the satellite receiver, upon detecting the arrival of
the signal at the satellite, defines its own time as Tg which hap-
pens to be equal to Tz(g). Furthermore, in practical situations, it
is impossible for the ground station to perceive the event of the
signal reaching the satellite in real time. Therefore, the signif-
icance of Eq. (9) lies in the fact that the definition of time on
the satellite relies solely on the data that the ground station can
acquire (i.e., the transmission time of the signal and the time it
is received by the ground station) and the precise ephemeris of
the satellite, rather than real-time measurements of the event
of the signal reaching the satellite.

4. Random phase noise evaluation on commer-
cial Ku-band two-way satellite links

Owing to the continuous reliance of synchronization-
based satellite time and frequency references on ground—
satellite communication, the performance of the satellite vir-
tual clock depends significantly on the carrier beam quality
and phase noise level of the RF link. Most of the interfer-
ence in the link channels arises from random perturbations in
the space medium, which are often difficult to model accu-
rately. Therefore, we conducted experiments to evaluate the
random phase noise in the carrier phase link of Earth GEO or-
bits and commercial GEO satellites. This was conducted as
a pre-validation before the launching of the beacon transpon-
der payload, to assess the performance that can potentially be
achieved with the existing software-defined radio equipment.

The core concept of our closed-loop carrier phase exper-
iment and its difference from the original clock recovery sys-
tem are shown in Fig. 4. Figure 4(a) presents the scheme of
our original clock recovery link. The signal-transmission pro-
cess comprises two uplink steps and two down-link steps. Fig-
ure 4(b) shows the closed-loop experiment aimed at evaluating
the total random noise along the ground—satellite link, which
contains one uplink step and a down-link step. Because of the
zero-mean nature of random noise, it is mostly averaged by the
integrator, leaving only the non-random components (such as
satellite motion, effects of special relativity, and ionospheric
delay) at the input of the controller. Thus, the behavior of the
feedback loop gradually tends to cancel out the non-random
phase variations of the entire ground—satellite link through the
pre-transmission phase shifting stage on the TX side. Ulti-
mately, when the entire closed-loop link reaches a steady state,
the random phase jitter of a two-way carrier phase link is ac-
cumulated at the receiving end of the ground station’s closed-
loop link. On this basis, the recover noise at the satellite in
Fig. 4(a) can be regarded as v/2 times the acquired result o, in
Fig. 4(b).

(a)

Synchronization

Combine

Transponder

e

Beacon

‘ Sagnac/ionospheric correction

Controller }~4>{ TX
T

Integrate }' RX

Free space

(b)

Feedback

Free space
Oy

Fig. 4. Comparison of the proposed frequency recovery system and the
phase noise evaluation experiment: (a) link noise in our proposed system
based on carrier phase beacons in actual operation, where o, represents the
one-way random noise error; (b) link noise of the closed-loop bidirectional
carrier phase locking experiment performed in this study.

For the specific hardware implementation, figure 5
presents the hardware diagram of the Ku-band transceiver and
the baseband processing device. We take the China Sat 10
as the test satellite, with an uplink frequency of 14.3135 GHz
and a down-link frequency of 12.5635 GHz. The height of the
satellite orbit is approximately 35800 km, which is roughly
the same as that of the satellite to be carrying the aforemen-
tioned beacon transponder. The frequency up-conversion sys-
tem we utilize contains a vector signal generator (VSG) for
L-band generation and a block upconverter for L band-to-Ku
band amplification. The frequency down-conversion system
uses a three-step demodulation structure to acquire the base-
band signal. All the RF wave generation devices in Fig. 5 are
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referenced to an active hydrogen maser, which acts as the pri-
mary frequency standard in our experiment.

Ku band box

Down conversion module
PDRO
11.2G
—> BPF AMP AMP
LNA
Block
upconverter
__________________ Outdoor  ____________i]]
Indoor
Hydrogen
maser
L band box
[
[ LPF )-—<>?<—{ BPF || AMP )-—<>T§-
PDRO PDRO
76.5 M 1.286 G
v
ADC DAC L
(Base band) —l ’—. (Base band)

Vector si 1

| FPGA with PC as controller | ector signa

generator

NI FPGA & PC system

Fig. 5. Schematic of the Ku-band transceiver and the signal-processing
device. PDRO: phase-locked dielectric resonator oscillator; AMP: am-
plifier; BPF: bandpass filter; LPF: low-pass filter; LNA: low-noise am-
plifier; ADC: analog-to-digital converter; DAC: digital-to-analog con-
verter; FPGA: field-programmable gate arrays; PC: personal computer.
FPGA firmware

Input frontend Output frontend

1 MHz from
ldownlink baseband ADCO

1 MHz from
hydrogen maser

[ADC1H [Complex signal }—

1 MHz
DACO

1Q baseband to VSG

DAC1

Uplink phase shift]

Data FIFO transfer bus 1

Data FIFO transfer bus 0

Data storage] PI controllerf—{Integratorf—{Unwrapl—| Phase resolvin J
PC

Fig. 6. FPGA firmware. ADC: analog-to-digital converter; DAC: digital-
to-analog converter; LPF: lowpass filter; PLL: phase-locked loop.

Figure 6 presents the baseband signal processing system
realized using NI field-programmable gate array (FPGA) hard-
ware. We use a digital IQ demodulator and an uplink baseband
generator in the FPGA board, whose global clock is also ref-
erenced to the external root hydrogen maser. Furthermore, we
use a data first-in-first-out (FIFO) pipeline for communication

between the FPGA and PC devices. This pipeline can signif-
icantly reduce the instability caused by the thread preemption
on the PC’s operating system. In the PC compensation pro-
gram shown in Fig. 6, the phase of the down-link signal is
first extracted from the IQ complex signal. Subsequently, the
extracted phase is sent to a phase unwrapper followed by an
integrator and a proportional-integral controller. We introduce
these steps on the PC to satisfy the requirements of floating-
point value processing, flow control, and data storage. NI Lab-
VIEW is used for the programming of the PC software and the
configuration of the FPGA.

5. Results

Figure 7 shows the time-domain waveform for the resid-
ual phase of our closed-loop compensation experiment, which
was acquired as o; in Fig. 4(b). This experiment started on
Nov 10, 2022 at 03:34:51 UTC and lasted approximately 7 d.
We performed a statistical analysis on the phase values ob-
tained in this time-domain result and grouped all the data into
128 bins, as shown in Fig. 8(a). From Fig. 8(a), we assume that
the two-way noise of the ground—satellite link conforms to a
probabilistic model with a Gaussian distribution, and Fig. 8(b)
shows the corresponding Gaussian fit curve. The fitting result
is calculated by

1

P(9) =exp| — 5 (

> (])—0.000081)2}’ (10)

0.05
where ¢ represents the down-link residual phase in rad, and
P(¢) represents the probability statistics value of the down-
link phase ¢ under closed-loop conditions.

For verifying our assumption, the Shapiro—Wilk test was
used to evaluate the normality of the ground-satellite link
phase residual. The W statistic is calculated by

(X aix(;))?
Y (x—x)2

where x(;) represents the ascending ordered phase value shown

W= (11)

in Fig. 7, and a; represents the rounded factor obtained from
the fitted normal distribution.[3”] A W statistic of 0.99974 with
a p value of 0.82266 is obtained, which indicates considerable
conformity between the satellite ground link phase noise and
the corresponding normal distribution.

From Eq. (10), the o value is determined to be 0.05 rad,
which indicates a time fluctuation of 0.633 ps at a down-
link Ku-band frequency of 12.5635 GHz. This result indi-
cates that for a two-way electromagnetic-wave transmission
process, link noise of < 1 ps can be achieved. Thus, a fre-
quency reproduction precision of 0.896 ps is promising in our
frequency reproduction scheme, which contains a four-way
transmission model, as shown in Fig. 4.
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Fig. 7. Ku-band phase residuals of the closed-loop experiment.
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Figure 9 shows the time deviation of the residual phase.
Two bulges were observed over the 7-d experiment. We at-
tribute the bulge at approximately 3 x 10* s to the periodic
motion of the satellite and the cyclic changes in the outdoor
temperature. We have no reasonable explanation for the bulge
at approximately 30 s, but we suspect that it could be corre-
lated with the time constant of our feedback loop owing to the
alignment with the integral time of the proportional-integral-
derivative module employed in the system feedback loop,
which has a similar duration scale (P = 0.01, 7; = 0.3 min,
and Ty = 0.3 min).

Figure 10 shows the Allan deviation for the residual
phase. Notably, the slope of 1/7 decreases with an increase in
the average time. The second-level stability reaches approxi-
mately 10~!2, while the day-level stability approaches 10716
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g. 10. Allan deviation of the closed-loop experiment in the Ku band.
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Fig. 11. Allan deviation of the hydrogen maser used in the experiment.

Figure 11 shows the Allan deviation of the active hydro-
gen maser used in the closed-loop experiment. For a closed-
loop carrier phase system shown in Fig. 5, carrier phase com-
parison of the transmitting and receiving ends is needed to
obtain the phase result. During the signal transmission pe-
riod, the stability of the hydrogen maser is required to ensure
the correctness of the carrier phase measurement. Comparing
Figs. 11 and 10 reveals that the short-time stability of the hy-
drogen maser is at least one order of magnitude higher than
the closed-loop experimental results. Thus, the frequency ref-
erence did not affect the final measurement.

6. Discussion

The results obtained in the closed-loop experiment in-
dicate that the current ground-satellite carrier link can sup-
port synchronization-based satellite time and frequency refer-
ence with ps-level precision, surpassing the majority of cur-
rent onboard clock schemes. Furthermore, it is advanta-

geous in scenarios that require high real-time performance
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in measurement, control, and navigation. Table 1 presents
a comparison between the Allan deviation results obtained
in the closed-loop experiment and those for existing GNSS
onboard clocks, highlighting the significant advantages and
potential of our proposal. The high-precision time and fre-
quency reference on satellites can increase the accuracy and
precision of various PNT applications. Additionally, such a
synchronization-defined satellite virtual clock can be benefi-
cial for space physics experiments, e.g., facilitating the provi-
sion of stable local heterodynes for the space very long base-
line interferometry (SVLBI). SVLBI experiments typically re-
quire frequency stability below the 3 x 10~ '3 level within the

1,383 and our pro-

integration time (10-100 s) of concer
posal may have the potential to fulfill this requirement (refer
to Fig. 10).

Moreover, multiple ground stations simultaneously estab-
lishing their own satellite virtual clocks on the same GEO
satellite would enable high-precision and real-time frequency
On the

premise of higher satellite clock recovery performance, the

comparison applications for distant Earth stations.

phase noise encountered by these recovered signals during
the carrier down-link process is common-mode. Therefore,

by simultaneously receiving these down-link carrier waves at
any location within the satellite coverage area, real-time fre-
quency variations between clocks of distant stations can be
obtained. As the concept of the proposed satellite virtual
clock is entirely based on the carrier phase, we believe that the
frequency-transfer performance achieved using the aforemen-
tioned method can reach a level similar to that of TWCP,[34:33]
which is also based on the Ku-band carrier phase of GEO
satellites. This implies a cross-site frequency transfer accu-
racy at the level of picoseconds, which is orders of magnitude
higher than those of the widely adopted TWSTFT and GPS
CV/AV methods!*) (at the level of nanoseconds) in current
UTC calculations. [*!]

Because the proposed satellite virtual clock concept is
considered entirely in the theory of special relativity, it does
not take into account the phenomenon where light does not
travel in a straight line in Earth’s gravitational field with
respect to the general relativity. We believe that the fre-
quency/phase error in this case is negligible for ps-level time
and frequency applications. However, the exact magnitudes of
the resulting frequency/phase variations may need to be inves-
tigated further.

Table 1. Typical parameter comparison among the closed-loop results of this study and the measurement results of other

GNSS constellations’ onboard clocks.

Integrate time

Closed-loop results in this paper

GPS IIR Rb clocks!!0] BDS clocks?[7:15]

102 s 10~4 ADEYV level
103 s 10715 ADEV level
10* s 10710 ADEYV level

10~13 ADEV level
10714 ADEYV level
10~4 ADEV level

10~!2 ADEV level
10~ 13 ADEV level
10~ 4 ADEYV level

2The best performance among BDS2-Rb, BDS3-Rb, and BDS3-PHM is selected.

7. Conclusion

This paper proposes the concept of a satellite virtual clock
based on the carrier phase synchronization link between the
ground and satellite. It also presents the principle and imple-
mentation of the beacon transponder used to realize this con-
cept (corresponding payload is scheduled for launch in 2025).
The innovation of this proposed satellite time and frequency
reference lies in the following aspects. First, it does not require
the additional incorporation of atomic clocks on the satellite,
nor does it necessitate the introduction of additional compli-
cated digital signal processing and servo systems. It only
requires minor modifications to the existing commonly used
GEO satellite transparent transponder structure for achieving
the desired result. Second, the synchronization scheme for
this type of onboard frequency reference is based on two-way
information exchange between Earth and the satellite, with
careful consideration given to the link asymmetry caused by
the special relativistic effect (satellite Einstein synchroniza-
tion). Third, the carrier phase is used as the medium for infor-

mation exchange of the two-way link, theoretically enabling

performance close to or even surpassing that of current on-
board atomic clocks. For this type of synchronization-based
onboard reference, the random phase noise and interference
levels of the carrier synchronization link significantly influ-
ence the overall performance. Thus, a closed-loop experiment
has been conducted using a commercial Ku-band GEO satel-
lite to evaluate the random noise level of the carrier phase.
The objective of this experiment is to quantify the difficult-to-
model and difficult-to-eliminate random noise components in
the ground—satellite link. Statistical analysis and the Shapiro—
Wilk test have been performed on the measured phase noise
results. The test results exhibit a remarkably close fit to a nor-
mal distribution, with a W statistic of 0.99974 and a p value
of 0.82266. The obtained o value for the one-week experi-
ment in the 14.3135 GHz/12.5635 GHz Ku band is 0.633 ps,
indicating the feasibility of achieving a ¢ value of 0.896 ps
for a Ku-band four-way carrier link. In conclusion, we believe
that ps-level synchronization/application performance can be
achieved with the proposed system, which may have poten-
tial for a wide range of applications in the fields of physics,
communication, and metrology.
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