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Future inter-satellite clock comparison on high orbit will require optical time and frequency transmission technology
between moving objects. Here, we demonstrate robust optical frequency transmission under the condition of variable link
distance. This variable link is accomplished by the relative motion of a single telescope fixed on the experimental platform
to a corner-cube reflector (CCR) installed on a sliding guide. Two acousto—optic modulators with different frequencies
are used to separate forward signal from backward signal. With active phase noise suppression, when the CCR moves
back and forth at a constant velocity of 20 cm/s and an acceleration of 20 cm/s2, we achieve the best frequency stability
of 1.9 x 10710 at 1 s and 7.9 x 107!° at 1000 s indoors. This work paves the way for future studying optical frequency

transfer between ultra-high-orbit satellites.
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1. Introduction

Free-space transmission and comparison of high-
precision frequency signals from optical atomic clocks are of
great importance in studying the inter-satellite coherent com-
munication systems, satellite navigation, geodesy, very long
baseline interferometry, deep space exploration, and gravita-
tional wave detection.!!'=>! State-of-art optical atomic clocks
can reach fractional frequency stabilities as low as 10718.16]
While optical fibers can be used to realize remote clock com-
parison over several hundred kilometers, they are impossi-
ble to be applied to the comparison of ground-to-satellite or
satellite-to-satellite based optical frequency clocks. This re-
quirement emphasizes the importance of developing new tech-
niques for free-space optical frequency transfer, which can
provide higher precision and stability. However, atmospheric
turbulence will cause both phase noise and amplitude noise.”!
The former can lead to the phase instability of optical links
and the latter will result in reduction of the signal-to-noise
ratio. 18101

Sprenger et al. first carried out an experiment on atmo-
spheric optical frequency transfer combined with 80-MHz ra-
dio frequency (RF) frequency. The relative frequency stability
of optical signals achieved was 1.68 x 10713 at 1 s.['" After

12—

that, many groups ['>~1] also concentrate on free-space opti-

cal frequency transfer for higher precision along with longer
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distance. Notably, in 2022, Gozzard et al. demonstrated a
2.4 km atmospheric optical frequency transfer achieving resid-
ual instabilities of 6.1 x 1072! at 300 s of integration in frac-

(161 Active optics, namely tip-tilt mirror, was

tional frequency.
used to suppress amplitude noise and beam wander. For
future satellite-to-ground optical clocks’ comparisons, Shen
et al. performed a 16-km free-space optical time and fre-
quency transmission and achieved an instability of 4 x 10~'3
at 3000 s.['7! The link loss, 72 dB, is comparable to the loss
between the ground station and the geostationary orbit (GEO)
satellite. Recently, they have also achieved time and frequency
propagation as long as 113 km on the free space link, with
instability less than 4 x 10719 at 10* 5.["8) High power opti-
cal frequency combs and large aperture Cassegrain reflectors
were used to reduce large link loss. This work has been per-
ceived not only to be used for ground-based applications, but
for future satellite time and frequency transmission.

Optical frequency transfer has primarily focused on con-
stant link distance scenarios. However, frequency transfer be-
tween moving objects is also of great interest. The National
Institute of Standards and Technology (NIST) has studied the
clock comparison off an unmanned aerial vehicle (UAV) to
address this need. The experiments were based on optical
two-way time and frequency transfer technology using fre-
quency comb, and achieved timescale synchronization with a
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time deviation of less than 1 fs. Frequency stabilities are be-
low 10713 at 1 s and 10~'® at 200 s of integration time, for
free-space links of 0 km, 2 km, and 4 km when the UAV flew
at +£24 m/s.!"] Reference [20] also gave a solution for optical
frequency transfer via a flying drone with a speed of approx-
imately 0.3 m/s, increasing the flexibility of comparisons be-
tween free-space optical clocks. The statistical uncertainty of
optical frequency is 2.5 x 107!3 after 3 s of integration time.

In this study, we present a simulation of two satellites
with a mean anomaly of 160° separated on the same orbit at
an altitude of 5 x 10* km. We calculate the Doppler frequency
shifts in one orbital period, and our results demonstrate that
the Doppler shifts are highly consistent throughout the entire
period, on a scale of approximately 19 MHz with a variation of
less than 350 Hz. Given that similar or larger variations may
occur in free-space laser links, we suggest that traditional op-
tical frequency transfer technology could potentially compen-
sate for or suppress such variations. It is difficult and complex
to allow the remote and local sites of the optical frequency
transfer system to move simultaneously, so we employ a sin-
gle telescope as both transmitter and receiver and use a corner-
cube reflector (CCR) installed on a sliding guide to reflect the
beam. With the active phase noise suppression technology, the
fractional frequency stabilities achieved are 1.9 x 107 1% at 1 s
and 7.4 x 107" at 1000 s while the CCR moves at a maxi-
mum velocity of +20 cm/s and an acceleration of 20 cm/s.
That is to say, the equivalent variation of Doppler frequency
shift is approximately 0.516 MHz in theory, which is much
greater than the frequency fluctuation observed in our simula-
tion results. Our work is to investigate the ability to suppress
the optical frequency noise at different motion speeds by using
a variable-speed motion platform. This scheme can be used to
preliminarily investigate the development of an inter-satellite
optical clock network.

2. Simulation and experimental setup

2.1. Simulation and analysis of inter-satellite optical links
The study in Ref. [21] showed that the amount of Doppler

shift is approximately 7 GHz for optical links between GEO

and low earth orbit (LEO) satellites.
the residual Doppler frequency fluctuations remain as high as

After compensation,

35 MHz. For traditional optical frequency transfer systems, it
is very challenging to compensate for such a large Doppler fre-
quency shift. Therefore, the selection of satellite orbits must
ensure that the Doppler frequency shift resulting from the rel-
ative motion of two satellites is within the pulling range of
typical phase locked loop.

We expect that placing both satellites in the same or-
bit and increasing the orbital altitude may significantly re-
duce the Doppler frequency, allowing it to fall within the typ-

ical bandwidth of a phase-locked loop (PLL) for compensa-
tion. Figure 1 shows the graphics of our model. The distance
between the two satellites keeps almost the same, which is
~ 9.8 x 10* km with variations of only a few centimeters dur-
ing a whole circle. The right ascension of ascending nodes
(RAANS) of both satellites are 102°. Orbital inclination is
zero degrees. Mean anomaly values of the two satellites are
specially set to ensure that signals will not be hindered by the
earth when it passes through space.

Satellite 1

Satellite 2

Fig. 1. Models of two satellites established. Properties setting are as
follows: altitudes of satellites are both 5 x 10* km; orbital inclination
is also the same, equivalent to zero degrees; mean anomaly values for
satellite 1 and satellite 2 are 0° and 160°, respectively.
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Fig. 2. Doppler frequency shift (black lines, outer) and residual fre-
quency jitter (blue lines, inner) calculated due to relative motion of two
satellites in one orbital period.

The method to calculate Doppler frequency shifts is de-
tailed in Ref. [22]. As shown in Fig. 2, the frequency shifts are
all near 19 MHz. Although the simulated results are relatively
large, we observe that if we subtract 19.076 MHz from all the
computed results, then the residual frequency jitter is no more
than 350 Hz. The 350-Hz jitter occurs because the relative ve-
locity of the two satellites changes by about a few millimeters
per second. Hence the Doppler frequency shift can be written
as

fDoppler = fconstant + f5 y (D

where fpoppler and f5 represent real Doppler shift and fre-
quency jitter, respectively, and feonstant = 19.076 MHz is a
constant. Considering a real system, this constant frequency
shift can be compensated for by using an acousto—optic mod-
ulator to generate the opposite frequency with the same value,
and the residual variations are also able to be suppressed as
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indicated in the following experimental section, the maximum
relative velocity of our terminals reaches close to one meter
per second and the compensation for this Doppler frequency
also reaches the level of sub-Hertz.

In the design of an inter-satellite optical frequency trans-
mission system, various factors should be considered in ad-
dition to the Doppler effect. On one hand, because satellites
are in a high-speed motion state, the acquisition tracking po-
sitioning (ATP) technology is required. The ATP technology
is mainly based on the use of fast steering mirrors (FSMs) and
has been extensively studied.!>3?*! The FSM serves as a core
component of the precision tacking unit in the ATP system. It
should have high accuracy, i.e., a high angular resolution typi-
cally in the range of micro-radians or even sub-micro-radians,
and high bandwidth (up to hundreds of Hertz or even higher),
which is essential to withstand disturbances and jitter caused
by the satellite platform, thermal effects, and other environ-
mental factors.

On the other hand, reference [18] realized stable free-
space optical frequency transfer under the link loss of up to
89 dB, which is equivalent to the loss of optical signals transfer
over a 3.2 x 10°-km-long vacuum on condition that we choose
a wavelength of 1550 nm along with a laser beam divergence
angle of 22 urad and a receiving aperture of 250 mm. To
demonstrate the feasibility of atmospheric optical frequency
transfer in motion, our study focuses on the suppression of the
Doppler frequency shift in one-dimensional motion between
the transmitting and receiving apertures. This allows us to in-
vestigate the potential of atmospheric optical frequency trans-
fer in practical scenarios where the satellite and/or the ground
station may be in motion.

2.2. Experimental setup

The experiments were conducted both in laboratory and
in corridor. In laboratory, the telescope was set near the end
of the sliding guide, while in the corridor, it was placed 70 m
away from the guide. Figure 3 shows the location of the cor-
ridor. In out-of-laboratory experiments, the telescope, the re-
flector, and the moving platform are installed in corridor, while
other equipment remained in laboratory.

The principle of our compensation system is based on the
Doppler noise suppression technique.>> The schematic dia-
gram of our free-space optical frequency transfer system is
shown in Fig. 4. The time-varying optical link was formed
by transmitting optical signals from the telescope (60FC-T-4-
M?200-37). The telescope is a small-aperture optical fiber col-
limator with an integrated tilt adjustment to prevent the aber-
ration caused by vignetting or clipping, and it is reflected from
CCR installed on the electric-controlled sliding rail. The max-
imum moving distance is 80 cm, and it is received by the same
telescope.

Experimental
setup
] Noy  om H
& ~70-m =2

[ N .

Sliding guide Telescope

Fig. 3. Location of corridor and structure of the second floor. The spa-

tial part of our experiment passed through the corridor of the second

floor in building 2 of Shanghai Institute of Optics and Fine Mechanics

(SIOM). The laboratory is composed of three rooms. The experimental

setup was in the third room and connected with the telescope using a

20-m-long single mode optical fiber.

At the local site, the optical signal was generated by

an NKT narrow-linewidth (< 0.1 kHz) laser with a 1550.12-
nm wavelength and transmitted into the compensation system.
The optical signal passed through a 60(up):40(down) optical
fiber coupler (OC) and was injected into telescope. The laser
beam is transmitted to the CCR through a time-varying free-
space optical link, where it was then reflected back to a single
telescope. The maximum clean aperture of the telescope was
48 mm and the diameter of parallel beam was 37 mm. The
optical power entering the telescope was 1.5 dBm. The opti-
cal loss induced by coupling the fiber with the telescope was
about 4.5 dB. In the corridor, the optical power jitter caused by
turbulence in the telescope is about 1 dBm, while in the labo-
ratory it is within 0.5 dBm. A bidirectional erbium-doped fiber
amplifier (EDFA) was placed at the entrance to AOM?2 to im-
prove signal-to-noise ratio. Due to the reciprocal atmospheric
turbulence, the phase noise of the round-trip is twice higher
than that of one-way transmission. At the local site, the opti-
cal frequency signal generated from NKT can be expressed as
(regardless of its intensity)

Epe<cos(wr), 2)

where ® is angular frequency. The AOMI, driven by
voltage-controlled oscillator under the superior control of a
proportional-integral-derivative (PID) controller, namely lig-
uid instruments Moku: Lab, provides a modulation frequency
of w; and phase compensation of ¢.. Then the optical fre-

quency signal emitted from AOMI is
Ej o< cos[(@+ 1)1 — @] 3)

As the CCR was moving back and forth on the sliding guide,
optical signals passed through air space, with its frequency
shifting a variable value denoted as fp. To avoid ambiguity,
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parameter fp is defined as Doppler shift observed from the
view of the telescope or the CCR. Afterwards, signals entered
into AOM2. Optical signals will fall into endless round trip
among the reflector, telescope, and the Faraday mirror, result-

| Compensation
i system

| = = — = = = — — — - - oo - -
ocC ocC 1 2
' &
O 5
I |
| .
| |
| PD1 £
| e
. I PLD.
: Local site | controller
10MHz . o AWG
3 [ N
A e e > —

ing in asymmetrical phase noise between the local site and the
remote site. As a single AOM cannot distinguish the forward
signal and the backward signal, we use the second AOM to
separate them.

|
: ; Reflector
! E, oc Telescope Airspace

() |

\
Mobility platform

ocC
53230A  pD2 Er B2

Measurement system

Fig. 4. Experimental setup of stable optical frequency transfer in variable free-space. Orange lines: optical links; dark blue lines: radio frequency
links. Two AOMs can shift frequency by 80 MHz and —110 MHz, respectively. The sliding guide is 1-m long, and moving range is 80 cm.

At the remote site, one signal beat with the reference sig-
nal (orange dashed line) and was detected by a photodetector
(PD2). The optical frequency signal arriving at the remote site
was as follows:

Ep o< cos[(@1 +27fp + @)t — @ + 2], @)

where @, is the modulation frequency of AOM2 and ¢ is one-
way link fluctuation from telescope to CCR. These data were
recorded by using a Keysight 53230A frequency counter. The
other signal would be reflected off a Faraday mirror (FM),
then returned along its original way and the path was AOM2—
EDFA-telescope—reflector—telescope~AOM1-PD1. The re-
turning signal also beat with the reference signal. As it is trans-
mitted twice through AOM1 and AOM2, the optical frequency
signals into PD1 is

Esoccos[(2m) +4mfp+2m)t —2¢.+4¢]. )

The obtained radio-frequency signal after beating passed
through a frequency divider and was mixed with an rf signal
of frequency %(%‘T + %), generated by an arbitrary waveform
generator (AWGQG) to obtain a phase error signal as follows:

1
Veccos |- (4nfpr —20,.+4¢) |, (6)

3 (

where 1/3 means that the frequency was divided by three in
the frequency divider. With compensation system on, ¢, =

2¢, + 47 fpt, the output optical frequency signal at the remote
site is expressed as the phase independent time-varying link:

E;occos(w+ @)+ m)t. @)

3. Results and discussion

In our experiments, free running link refers to the fre-
quency transfer without compensation system but with slid-
ing guide working. Under this condition, the whole system
is close to a Doppler velocimeter. Therefore, data shown in
frequency counter at the remote site reflects the Doppler fre-
quency shifts due to the relative motion of the telescope to the
reflector.

Blue lines in Fig. 5 shows both positive and negative
Doppler frequency shift as the reflector moves back and forth
on the sliding guide. In addition, the real frequency shift when
the reflector moves at velocity of 20 cm/s in one direction
is nearly 200 kHz, which is two orders of magnitude lager
than the simulation result (< 1 kHz). Nevertheless, such big
Doppler shifts are narrowed within 0.5 Hz (orange line) when
the compensation system works. Figure 6 shows the corre-
sponding modified Allan deviation (MDEV) of free-running
link (blue) and its compensation link (red). All the data are ac-
quired from 53230A frequency counter (A counting)'?®! under
a gate time of 0.1 s and sample time over 4 h, except for the
data of system noise floor, which are under a gate time of 1 s
and sample time over 12 hours.
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The noise floor of the frequency transmission system can
reach 2.3x 1078 for 1 s and 5.3x1072° for 2000 s. In the lab-
oratory, the MDEV of compensated link (red) shown in Fig. 6
reaches 1.9x107!% at 1 s and 7.4x107" at 1000 s with the
phase compensation on, for the case of free-running link, it is
3.9x10719at 1 s and 5% 10~13 at 1000 s when the phase com-
pensation is off (light blue). It can be observed that with the
phase compensation on, the Doppler frequency shift is well
suppressed when the reflector moves at a uniform speed, and
worse suppressed when the reflector moves during the accel-
eration or deceleration process.
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Fig. 5. Frequency data of free-running link (blue, outer) and its com-
pensation results (orange, inner) recorded in 53230A.
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Fig. 6. Variations of modified Allan deviation of optical frequency
transfer with averaging time in laboratory. In inset, v denotes maximum
speed that sliding guide can reach when CCR moves, symbol “+” rep-
resents reflector far away from telescope, while symbol “—"" is opposite,
and ADT refers to acceleration time or deceleration time.

Due to the relatively low speed of the guide, the wave-
form of Doppler shift in Fig. 5 is trapezium-like. The top of
the trapezium illustrates a uniform motion of the sliding guide.
Also, the wave form of its compensated link is trapezium-like.
If the guide is long enough and the reflector keeps moving
away from telescope at a constant velocity, the compensated
frequency data will be equivalent to the results of splicing the
top part of orange curve in Fig. 5. However, the performance
of compensated system deteriorates, and even collapses, as we
increase the speed of sliding guide, or reduce the acceleration
or deceleration time (ADT). The green line in Fig. 6 shows

the worst performance of the compensation system in labo-
ratory experiment and the MDEV is 5.6x10716 at 1 s and
3.7x10718 at 1000 s under a velocity of 50 cm/s and an ac-
celeration of 33 cm/s?>. Meanwhile, the fractional frequency
stability is 4.9x10716 at 1 s and 1.2x107!® at 1000 s (vi-
olet, diamond) with a higher speed of 70 cm/s and a lower
acceleration of 28 cm/s>. Due to the limit of moving range
(~ 80 cm), for violet curve, the sliding guide does not reach
its pre-set maximum speed of ~ 70 cm/s. The whole round
trip just includes the acceleration process and the deceleration
process, resulting in a lower maximum speed of 47.3 cm/s and
higher frequency stability than the green curve. Meanwhile, a
bit higher movement also leads to subtle vibration of the CCR
and the sliding guide, we speculate that it is one of the factors
affecting the instability of the experiment.

10-8

—A— Compensated link (v=+20 cm/s, ADT =1 s)
—¥— Compensated link (v==%10 cm/s, ADT =0.5 s)
—=— Free-running link (v=%20 cm/s, ADT =1 s)
—@— System noise floor

10-10

10712 E

104 F

10-16F

Modified Allan deviation

1018

10720 1 1 1
100 10! 102 103
Averaging time (s)

Fig. 7. Variations of modified Allan deviation of optical frequency
transfer with averaging time in corridor.

We also attempt to connect the free space in the corri-
dor and conduct experiments with the remaining measurement
equipment in the laboratory, and results are shown in Fig. 7.
As the CCR moves at a speed of 20 cm/s, which is the same
as the counterpart in compensated link (red curve in Fig. 6),
and with ADT of 1 s, the frequency stability is 2.5x 10716 at
1 s of integration time and 1.3x 1078 at 4000 s of integration
time (red line in Fig. 7). Another experiment (green line in
Fig. 7) achieves an MDEV of 1.3x 1070 at I sand 5.8x 10~
at 4000 s with a lower moving speed of the CCR. These two re-
sults illustrate that the performance of our phase compensation
in the corridor experiment is worse than that in the laboratory.
In the corridor, although it is not worth mentioning compared
with the Doppler effect-induced frequency vibration when the
system is under free-running link, the influence of atmospheric
turbulence becomes nonnegligible with phase compensation
on. Because of the presence of gentle breeze in the corridor,
the optical power fluctuations received by the telescope in the
corridor are approximately 0.5-dB higher than that in the labo-
ratory. Without active optics, the telescope is unable to correct
the wavefront distortions caused by slightly strong turbulence.
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Therefore, it is necessary to adopt active optical techniques to
weaken this limitation in future work.

4. Conclusions

We have demonstrated a method that can realize robust
free-space optical frequency transfer in variable link distance
conditions. The variable link distance is realized via rela-
tive motion of the transmitter to receiver. A PID controlled
AOM is used to compensate for the noise caused by atmo-
spheric turbulence and motion of the reflector. The frequency
instability obtained at the remote site can reach 1.9 x 1076 at
1 sand 7.4 x 107! at 1000 s under a bandwidth of Doppler
shifts of 516 kHz. Another experiment with the same Doppler
shifts under the 140-m-long free-space condition achieves fre-
quency instability of 2.5x 10716 at 1 s of integration time and
1.3x 1078 at 4000 s of integration time. It is worth noting
that the experiment in our laboratory achieves a frequency in-
stability of 3.7x 107! at 1000 s even with a reflector speed
of 50 cm/s. This speed corresponds to a relative velocity of
1 m/s between the transmitter and the receiver. In addition,
the distance between two satellites in simulation part is nearly
one hundred thousand kilometers, which corresponds to light
attenuation of ~ 79 dB. Reference [17] simulated the GEO-to-
ground station optical link with a loss of 72 dB and a radial
velocity of about 1 m/s for GEO satellite. The frequency in-
stability obtained is 4x 10718 at 3000 s. In view of this, we
predict that for a satellite-to-satellite optical link with a radial
velocity of 1 m/s and a link distance of 10° km, the instability
of frequency transfer may reach 107'% at 10* s. Future work
will concentrate on large-scale Doppler shifts compensation.
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