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New research trends on high-precision time transfer technology
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Abstract : High-precision time transfer plays an important role in the areas of fundamental research and applications. Accompan-
ying with the remarkable improvements in the ability of generating and measuring high-accuracy time-frequency signal, seeking
for new time-transfer techniques between distant clocks with much further improved accuracy attracts attentions world-widely. The
time-transfer technique based on optical pulses has the highest precision presently, and the further improvement in the accuracy is
heavily dependent on the time-domain properties of the pulse as well as the sensitivity of the applied measurement on the ex-
changed pulse. The application of optical frequency comb in time transfer for a precision up to femtosecond level are currently the
focus of much interest, and has recently achieved many breakthroughs. Further investigations show that, utilizing quantum tech-
niques, i.e. quantum measurement technique and quantum optical pulse source, can lead to a new limit on the measured timing
information. Furthermore, it can be immune from atmospheric parameters, such as pressure, temperature, humidity and so on.
Such quantum improvements on time-transfer have a bright prospect in the future applications requiring extremely high-accuracy
timing and ranging. The potential achievements will form a technical basis for the future realization of sub-femtosecond time trans-
fer system.

Keywords: High-precision time transfer; quantum improvement; pulse shaping; quantum frequency comb.

1 Introduction ying an increasingly important role in areas of funda-

Time is a fundamental physical quantity which mental pl:ZTSchs (e.g., tests of fundamental physical

constants'*"' | general relativity verification'*""" |

characterizes the motion of matter. It provides an es-

il 1]
sential time base coordinate for all dynamical sys- dark matter searching™ ") , and many other areas of

tems and measurements of timing processes. The highly advanced technology and engineering infra-

. . g r h long- line interferometry for
measurement precision of time and frequency is five structure ( such as 9 g-baseline interferometry fo
radio  astronomy''?’ |  accelerator-based

[13-16]
b

to six orders of magnitude higher than that of all the X-ray

sources mapping of the Earth’ s geoid''",

other fundamental physical quantities, and the meas-
deep space exploration'**"

[21-23]

urement precision of those quantities can be im- , precise distance ran-

proved indirectly through the measurement of time ging and timing , €fc).

and frequency. Therefore, high-precision time and The breakthrough in all these applications will

frequency has become a critical parameter represen- benefit from the capability of high-stability time and

ting the development levels of various areas of a na- frequency transfer, therefore attempts to significantly

tion ranging from science and technology, econom- improve the conventional time and frequency transfer

ic, military to social life, influencing the security
and stability of a country.

Accompanying with the remarkable improve-
ments in the ability of generating and measuring

1-3]

high-accuracy time-frequency signal '™ | the appli-

cation of high-precision time and frequency is pla-

accuracy and stability become a crucial subject. Ac-
curate time transfer between two geographically dis-
tant sites is currently dominated by satellite-based
navigation systems. A traditional method for transfer-
ring frequency and time standards over long dis-

tances has been the common-view global positioning
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system ( GPS)'*". By averaging for about a day it is
possible to reach accuracies of one part in 1E-14%".
Subsequently, the two way satellite time and fre-
quency transfer (TWSTFT) ***/ has pushed the fre-
quency transfer instability to the low parts in E-15 in
1 day. With a much higher frequency and bandwidth
of laser pulses than radio radiations, the time transfer
by laser link ( T2L2) was proposed and recently
shown an synchronization accuracy of tens of pico-

seconds 2"

, which corresponds to a frequency sta-
bility of E-16 in 1 day. However, these techniques
are far from enough to satisfy the growing require-
ment for comparison of the new generation of high-
precision atomic clocks. An alternative for stable
transferring of the time and frequency signal is trans-
mission over optical fibers since an environmentally
isolated fiber can be considerably more stable than
free space paths. Currently, multiple research teams
are oriented at ultrastable frequency transfer through

optical fibers'*"*"

, and a frequency instability of
10* after 10*s averaging time has been demonstra-
ted® . However, time scale comparisons are always
necessary, therefore methods on time transfer through
optical fibers ( TTTOF ) are also under investiga-
tion"* ', Among all the achieved results, a timing sta-
bility of the time transfer over 158 km long optical link
with minimum value of 300 fs in terms of time devia-
tion (TDEV) at averaging time of 10 s has been pres-
ented"”” . Moreover, it has been demonstrated that the
long-term time transfer stability is less sensitive to the
fiber length than the method accuracy®’.

The precision of the above time transfer meas-
urement is classically limited by the available power
and bandwidth'®’. To overcome the classical stand-
ard quantum limit (SQL), quantum clock synchro-
nization ( QCS) was proposed. By utilizing the non-
classical and nonlocal characteristics of quantum en-
tangled and squeezing resources, QCS can result in
enhanced accuracy compared with their classical ana-
logues. By employing frequency entangled and
squeezed pulses, it can break through the shot noise

limit on the classical timing system, and finally rea-

ches the fundamental Heisenberg limit. On the other
hand, with the rapid development of optical frequen-
cy comb'™' using optical frequency comb and
phase measurement technique for time transfer has
revolutionarily improved the transfer accuracy into

the femtosecond scale %%

. Utilizing the special
property of the mode-locked femtosecond lasers, a
new quantum-improved scheme is proposed' " that
lead to a new SQL in time transfer by combining ho-
modyne detection, potentially reaching the yoctosec-
ond range. Benefitting from the large number of pho-
tons and from the optimal choice of both the detec-
tion strategy and of the quantum resource, the pro-
posed scheme represents a significant potential im-
provement in space-time positioning.

In addition, by shaping temporally the local os-
cillator in the homodyne detection scheme, the tim-
ing accuracy can be immune from environmental
fluctuations such as pressure, temperature, humidity

and other changes in dispersion’*"

. Given its unique
advantages in high transfer accuracy, to carry out
quantum optimized pulse time transfer research has

great prospects.

2 Review on research progress of high-
precision long-distance time transfer

According to Einstein’s theory of timesynchro-
]

’

nization' ™’ | accurate time transfer between two ob-
servers A and B is dependent on measuring the arri-
val times of the incoming light pulses, which con-
sists in repeatedly exchanging light pulses. The ge-
neric scheme of a one way time transfer is shown in
Fig. 1. Observer A regularly emits light pulses at a
rate synchronized to its local clock; B receives these
pulses and determines their times of arrival by meas-
uring the difference between the arrival times of the
incoming light pulses and light pulses delivered by a
source located in B and synchronized to a reference
clock in B consider that the precision of the clocks in
A and B is ideal, the accuracy of this measurement
relies the sensitivity of the determination of the delay

between two light pulses.
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Fig. 1 General scheme of a one way time transfer

The conventional method is performed by meas-
uring the arrival time of the maximum of the pulse
envelope, which is called incoherent time of flight
(TOF) measurement. Given a gaussian pulse of fre-
quency spread Aw , then, according to the central
limit theorem, the travel time of the pulses cannot be
measured with an accuracy better than the classical
shot noise limit'*’ .

1 .
2Aw /N

Where N is the total number of photons meas-

(Aw)"” = (Au)fy, = (D)

ured in the experiment during the detection time.
Due to the bandwidth limit of the photodetectors a-
vailable today, the TOF measurement accuracy is in
the picosecond range at best. By timing femtosecond
pulses through phase-locking control of the pulse
repetition rate using the optical cross-correlation
technique that exploits a second-harmonic birefrin-
gence crystal and a balance photodetector, the time-
of-flight precision was improved to the nanometer re-
gime™" .
In quantum theory, the limit of time measuring
accuracy comes from the quantum nature of light'*’.
In order to break through the shot noise limit on the
timing accuracy, researchers have proposed quantum
time synchronization'* ; under ideal photon number
squeezing and coincident-frequency entanglement
conditions, the measurement accuracy of signal pulse
travel delay will reach the fundamental limit set by
natural physical principles —the Heisenberg limit.
() = (2)
where M is the number of frequency entangled
pulse. Currently, frequency entangled source with

M =2 generated by spontaneous parametric down

conversion is the main light source of quantum time

synchronization application***"

. In addition, quan-
tum time synchronization protocols based on fre-
quency entanglement have been shown capable of e-
liminating the dispersion effect on the achievable ac-
curacy in transmission path'”*"). Therefore, quan-
tum time synchronization became widely studied.
The second method consists in the determination
of the phase shift on a signal after traversing a given
distance. This method will be referred to as a coher-
ent phase (PH) measurement. For instance, the
widely used continuous-wave (c.w.) laser interfer-
ometer measures the phase of optical wavelengths to

achieve sub-nanometre resolution"**®’

Suffering
from quantum limits associated with the quantum na-
ture of light, the measurement accuracy will be close

to the corresponding shot noise limit "/ .

. P — 1 .

(Au)"™ = (Au)fy, Tﬂﬁ (3)

Where w,, is the center frequency of the pulse.
However, such measurements are limited to relative
range changes as the ambiguity range equals half the
laser wavelength. Therefore, multi wavelength inter-
ferometry ( MWI ), which combines measurements
at several optical wavelengths to effectively generate
a longer “synthetic wavelength” , was applied to ac-
quire a reasonable ambiguity range while maintaining
sub-wavelength resolution. These systems are vulner-
able to systematic errors from spurious reflections,
and extending the ambiguity range beyond a millime-
ter can require slow scanning.

Femtosecond optical frequency combs offer an
intriguing solution by combining the pulsed nature
with the coherence of the carrier. Using two coherent

frequency comb sources, a coherent laser ranging



6 Dong Ruifang, et al; New research trends on high-precision time transfer technology

system was successfully implemented at NIST that
combines the advantages of time-of-flight and inter-
ferometric approaches to provide absolute distance
measurement and achieve a nanometer level of preci-
sion with an ambiguity range of 1.5 m and high im-

munity to spurious reflections "’

. Furthermore, op-
tical time-frequency transfer over free space via two-
way exchange between coherent frequency combs
was demonstrated, which achieved 1 fs timing devia-
tion across the 2 km link. With the development of
phase-locking technology

of optical frequency

comb "*' | the measurement precision is getting closer

111

and closer to these quantum limits given by Eqn. (3).

In order to further reduce the limit of the meas-
urement precision, Fabre’ s group proposed a new
scheme combining homodyne detection and mode-
locked femtosecond lasers that lead to a new SQL in
time transfer, which is referred as the quantum im-

[47

proved measurement of time transfer "*"'. The pro-
posed scheme is shown in Fig. 2. According to the
proposal, the pulses synchronized on the clock in A
are measured in B by homodyne detection with the
local oscillator pulses synchronized on the local

clock.

Y/ N\

B |

Clock 2

Signal

i\ Clock1 }

Local /

Fig. 2 Proposed balanced homodyne scheme to reach optimal detection in ranging measurement '’

The key ingredient is the use of a mode-locked
laser as a precise source for multi-wavelength inter-
ferometry in a homodyne detection scheme. Through
balanced homodyne detection techniques and appro-
priate shaping of the local oscillator source in an ad-
equate temporal mode, both the phase and time of
flight information can be extracted simultaneously.
The shot noise limit of time delay precision is ex-
pressed as;

(Au>5()L = 1 (4)

2A/a)(2J + Aw? VN

As can be seen, such scheme can lead to a new

SQL in time transfer, potentially reaching the yocto-
second range (10>'-10%" s). Moreover, if squeezing
of the input field modes is achieved, a new mini-
mum precision of the measurable delay will be giv-

ent".

1

2A/a)§ + Aw® VN

(Au“)&]z =

c_r < (ALL)S()L‘

(5)

Where r represents the squeezing parameter of
the incoming pulse. The already very low SQL given
in Eqn. (4) can be even overcome using appropri-
ately multimode squeezed light. Further study
showed that, by shaping temporally the local oscilla-
tor, one can directly access the desired delay infor-
mation without affected by the fluctuations induced
by the environment ',

Benefitting from the large number of photons
and from the optimal choice of both the detection
strategy and of the quantum resource, the proposed
scheme represents a significant potential improve-
ment in time transfer. The application of this quan-

tum improved time transfer method in real system is
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still challenging, and the research attentions should
be focused on the development of the key tech-
niques, such as the efficient generation of quantum
frequency comb, the adequate time shaping the local
oscillator pulse, and suppression of phase noise in an
optical frequency comb at the quantum limit to im-

prove timing measurements.

3 Review on key techniques in quantum
improved time transfer method

The application of this quantum improved time
transfer method in real system is still challenging,
and intensive research attentions can be classified in-
to 3 main aspects of key techniques development, i.
e., adequate time shaping the local oscillator pulse,
efficient generation of quantum frequency comb, and
phase noise suppression in an optical frequency comb
at the quantum limit to improve timing measure-

ments.

3.1 Progress on accurate pulse shaping of the lo-

cal oscillator optical frequency combs

A great deal of scientific studies indicates that,
for an ultrashort pulse with given phase and ampli-
tude, accurate pulse shaping can be achieved
through the phase and amplitude modulations of its
spectrum. By employing the liquid crystal spatial
light modulator ( SLM) to a 4-f Fourier-transform
configuration, a programmable pulse shaping tech-

61]

nique was firstly proposed by Weiner et al.'®’ | and

widely applied to varieties of precise pulse

62-65]

shaping ! . However, due to the presence of
space time conversion effect '’ | the visibility of the
optimum mode is decreased, and so does the rele-
vant sensitivity. Verluise et al. experimentally ac-
complished the phase and amplitude reshapes of an
ultrashort pulse by use of an acousto-optic program-
mable dispersive filter ( AOPDF)'“"’ | in which the
original optical pulses pass through the acousto-optic
crystal directly, without sophisticated 4-f structure.
Because of the high dynamic range of the AOPDF,

this method was thus extensively concerned. Based

on the AOPDF, Ohno et al. demonstrated an adap-
tive control of both spectral phase and amplitude of
pulses in experiment'® | where two-dimensional
patterns obtained from frequency-resolved optical ga-
ting (FROG) were used for calculating cost func-
tions in an adaptive control algorithm. Since the
FROG measurement described the whole phase and
amplitude profiles of the ultrashort pulse, there was
no need of the pulse shape reconstruction during the
control of pulse shape. Furthermore, Sato et al. per-
formed arbitrary shaped ultrashort pulses by delive-
ring through a single-mode optical fiber ‘*’. They
numerically verified that, through the control of the
input pulse spectrum to compensate the group delay
dispersion and self-phase modulation, various de-
sired time differential to the pulses could be acquired
at the fiber output. Such method is the so-called all-
optical pulse shaping protocol. In spite of a relatively
low input peak power, it has been widely utilized in
Ref. ™™/ Recently Labroille et al. proposed a new
all-optical time-space mode matching technique ™.
Base on a Babinet-Soleil-Bravais (BSB) compensa-

tor, the 1" order time differentiation of both the

)
pulse field and pulse envelop were fulfilled. When
the pulse envelops of two optical frequency combs
are approximately Fourier-transform limited, the re-
quired pulse shapes in Eqn. (1.3) could be genera-
ted using this method. Owing to the advantages of
compact configuration, this method is free from the
time-space conversion effect and has no need on ac-
tive control, therefore is an ideal setup for 1 order
pulse shaping. In order to investigate the impact of
the group velocity dispersion to the time delay meas-
urement during the transmitting path, it is necessary
for us to study the realization of the 2" order time

differential to the local pulses.

3.2 Review on the generation of quantum light

and quantum frequency comb

The optical parametric oscillator ( OPO) based
on the second order nonlinear effect is one of the

most common methods to produce continuous vari-
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ablenon classical light source with squeezing' ™ and
entanglement '™’ characteristics. Due to the superior-
ity of the nonclassical light in highly sensitive quan-
tum measurement and quantum information applica-
tions, efforts have been made to optimize the para-
metric down conversion in order to obtain a greater
degree of squeezing and entanglement, such as utili-
zing strong pump powers or optical resonant cavity
to improve the nonlinear conversion efficiency. As
we know, parametric down conversion is a transient
process, nonlinear effect is proportional to the in-
stantaneous power of the pump light and thus a
mode-locked femtosecond pulse laser is best for
pumping the parametric process. Furthermore, due to
the short interaction time between the femtosecond
pulse and the nonlinear crystal, the thermal damage
to the crystal have been greatly reduced under high
power condition. So far, a squeezing of as low as -6.
8dB '™ has been obtained by using femtosecond
pulse laser through single pass of a third-order non-
linear medium, such as the fiber. However, because
of the inherent Rayleigh scattering and Brillouin scat-
tering effect in the fiber, the coherence of the output
light is destroyed. Employing a femtosecond pulse
through a second-order nonlinear crystal is also used
to produce the high performance squeezing light' ™.
To obtain the ideal squeezing light, the pump peak
power is supposed to be infinite. To increase the
peak power, the Q modulation and the optical ampli-

fication method!™

are adopted at the expense of the
loss of the coherence properties between the pump
pulses. In addition, due to the influence of the spa-
tial distribution deformation of the signal light pro-
duced in this process, the squeezing degree can be
obtained is -6 dB. In order to break through the lim-
it, the resonant cavity or waveguide is proposed' ™.
The perfect quantum properties can be produced by
using the high finesse resonant cavity under the finite
pump power. To date, an amplitude squeezing up
to -12dB'™ has been obtained by using continuous
laser to pump an optical parametric down conversion

crystal in a resonant cavity with high finesse. There-

fore, in the experiments of producing quantum light
source based on parametric down conversion, it is
extremely attractive to combine the advantages of
high peak power and resonant cavity. Such device is
the so-called synchronously pumped optical paramet-
ric oscillator ( SPOPO ), in which the round-trip
time of the pump or (and) signal should be coinci-
dent with the repetition cycle of the femtosecond op-
tical pulse pump to ensure the coherent superposition
of multi pump pulses’ parametric effects and reduce
the threshold output power. This SPOPO has been
widely used to generate tunable ultrashort pulse light

[81-83]

sources . And their time domain characteristics

are also analyzed deeply [84-86]

. However, the theory
of generating ultrashort pulse source based on SPO-
PO has not been proposed until 2006*"".

According to the theory, the generated quantum
frequency comb based on the SPOPO can obtain a
squeezing degree up to -25 dB '*' | which therefore
can reduce the measurement limit of Eqn. (1.3) by
2 orders of magnitude. The first experiment to gener-
ate the quantum frequency comb based on SPOPO
technology was implemented in 2012 and an ampli-

®1 Later on

tude squeezing of -1.2 dB was reported'
a similar experiment was carried out in Shanxi Uni-
versity , which reported a quadrature phase squeezing
of -2.6 dB'™'. Though there is a large gap between
the experiments and the theory, profound experi-
ments will soon achieve breakthrough in improving

the squeezing degree.

3.3 Research progress of CEO phase noise sup-

pression technologies

It has been shown that the sensitivity of a highly
sensitive homodyne timing measurement scheme with
femtosecond lasers is limited by carrier-envelope-off-
set (CEO) phase noise'™'. Therefore, the CEO
phase locking and noise suppression is one of the key
technologies in quantum-improved time synchroniza-
tion. The CEO phase locking technology, one of the
key technologies of obtaining optical frequency

combs (OFC) , has been widely concerned from the
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beginning of the 20" century when the OFC ap-
peared, and thus become a critical piece of the No-
bel Prize in physics 2005. The phase locking tech-
nique has been advanced from the initial use of direct
coherent pulse detection '”" to the lately method
based on measuring the phase shift induced by fre-

[92]

quency drift . While the control system has been

evolved from feed-backward'”' to feed-forward

93]

technology'”'. Accompanying with the improvement
of the CEO phase locking precision, the noise sup-
pression capability becomes higher and higher. The
most advanced feed-forward control technology ever
reported used an acousto-optic frequency shifter
(AOFS) placed in a femtosecond laser output to
correct the CEO frequency in real-time. Compared
with the feed-backward control technique which
changes the CEO frequency by controlling the pump
power of the femtosecond laser, the feed-forward
control technology has a better performance in phase
noise suppression as it can eliminate the effect of
amplitude-phase noise conversion. With the feed-for-
ward control technology, the residual timing jitter
can be suppressed as low as 12-attoseconds, which is
nearly an order of magnitude higher than the usual
feed-backward control technique. But the disadvan-
tage of feed-forward control technology is that the
controllable range of frequency drift is small. Moreo-
ver, there will be small changes in beam direction.
So this project will combine these two feedback tech-
nologies to optimize CEO phase locking thus obtain
lower phase noise and sustained for a long time. For
such CEO phase stabilized femtosecond optical pul-
ses, a broadband passive optical cavity system in
low vacuum was proposed and demonstrated to fur-
ther filter the residual CEO phase noise to the shot
noise limit" "

In conclusion, although quantum optimized
time synchronization based on OFC is a new concept
in recent years and have a certain distance from ap-
plication, but international researchers have made a
deep study in the key technologies and have a break-
through. In China, the research of QCS is still at the

primary stage, Shanxi University, Institute of phys-
ics, Chinese Academy of Sciences have made prom-
inent progress in the generation of quantum OFC and
CEO phase locking respectively. However, there is
no report about the work of quantum optimized time
synchronization based on OFC in China. According
to the strategic needs of the country and the research
orientation, National Time Service Center, Chinese
Academy of Sciences set quantum time synchroniza-
tion as one of the important research contents
of “135” science and technology planning and has
taken the lead in establishing quantum time synchro-
nization laboratory in 2011. The laboratory began to
carry out the research of quantum optimized time
synchronization based on femtosecond optical pulses
in 2014. At present, progress has been made in the
generation of quantum OFC and CEO phase noise

suppression of optical pulse.
4 Conclusion

Accompanying with the remarkable improve-
ments in the ability of generating and measuring
high-accuracy time-frequency signal, researches on
highly advanced time transfer techniques between
distant clocks with much further improved accuracy
have attracted widespread attentions. Though the
time-transfer technique (e.g., T2L2) based on opti-
cal pulses has the highest precision presently, it can-
not satisfy the time scale comparison requirement be-
tween two optical lattice clocks for fundamental
physics law verification. The application of optical
frequency comb in time transfer for is currently of
much interest as it can achieve a precision up to fem-
tosecond level. However, further breakthrough needs
exploiting new ideas. Quantum improved time trans-
fer was then proposed, utilizing quantum measure-
ment technique and quantum optical pulse source,
that can lead to a new SQL in time transfer, poten-
tially reaching the yoctosecond range. Benefitting
from the large number of photons and from the opti-
mal choice of both the detection strategy and of the

quantum resource, the proposed scheme represents a
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significant potential improvement in space-time posi-
tioning. Furthermore, such method can be immune
from atmospheric influences. Such quantum im-
provements on time-transfer have a bright prospect in
the future applications requiring extremely high-ac-
curacy timing and ranging. The potential achieve-
ments will form a technical basis for the future reali-
zation of sub-femtosecond time transfer system.
Although the quantum improved time transfer
based on OFC is a new concept in recent years and is
still under investigated in laboratory, international
researchers have numerous studies on the key tech-
nologies. In China, the research of quantum time
transfer is still at the primary stage, and there is not
yet report on the work of quantum improved time
transfer based on OFC. However, many institutes,
such as Shanxi University,
(IOP, CAS), National Time Service Center ( NT-
SC, CAS), have made lots of efforts in realization

Institute of physics

of individual aspects of key technologies, such as,
generating quantum optical frequency comb and loc-
king the CEO phase. Oriented by the strategic needs
of the nation and the research direction, NTSC have
set quantum time synchronization as one of the im-
portant research contents of “135” science and tech-
nology planning and has taken the lead in establis-
hing quantum time synchronization laboratory in
2011. Since 2014, NTSC started the research of
quantum improved time synchronization, and interim
progress have been achieved in the generation of
quantum OFC and CEO phase noise suppression of

optical pulse.
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