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Optical two-way time-frequency transfer (O-TWTFT), utilizing optical frequency comb carriers and linear optical
sampling, effectively enables space-to-ground optical frequency standard comparisons. Previously reported detection sen-
sitivities of O-TWTFTs were typically in the nanoWatt level, necessitating high-power optical frequency combs to compen-
sate for significant losses in high-orbit satellite-to-ground passes. Such hardware-based solutions, while effective, tend to be
costly. This paper presents a novel data post-processing algorithm to enhance sensitivity. Unlike previous timing methods,
which depend solely on optical phase data and discard intensity information — resulting in elevated errors, especially under
low-reception power, our approach employs complex least squares (CLS) estimation in the complex frequency domain. By
preserving all intermediate data and avoiding noise from phase unwrapping, it achieves superior sensitivity and accuracy.
Experiments over a 113-kilometer free-space link validate the algorithm’s robustness, delivering a detection sensitivity of
0.1 nanoWatts — over tenfold better than prior techniques — despite a 100-decibel link loss, comparable to Earth-Moon
optical links.
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1. Introduction

The advancement of optical clocks has necessitated the
development of high-precision time and frequency transfer
systems on a global scale. State-of-the-art optical clocks
have achieved remarkable instability and uncertainty levels of
10719 11-5] surpassing the best primary frequency standards by
over an order of magnitude. These precision levels are essen-
tial for applications such as the redefinition of the second!¢!
and precision geodesy.!”-8! While fiber-based links can meet
these demands, their global deployment is hindered by cost
and complexity in the near future.

Current global time and frequency transfer relies on
satellite-based relays. But none meets the requirement of op-
tical clock frequency transfer. Ground-satellite links require a
large unambiguous timing range for continuous operation due
to the noisy and unstable atmospheric conditions. Traditional
microwave signals, used as carriers, limit long-term instability

TThese authors contributed equally to this work.
fCorresponding author. E-mail: hjiangl @ustc.edu.cn

CSTR: 32038.14.CPB.ae1120

to a few picoseconds due to their low timing resolution. Time
transfer by laser link (T2L2), which uses pulse lasers and pho-
todetectors, faces similar limitations. 10!

The most viable solution is the optical two-way time-
frequency transfer (O-TWTFT), which employs the two-way
transmission of coherent pulse laser trains, i.e., optical fre-
quency combs (OFCs), combined with linear optical sampling
(LOS).I"!I The LOS method involves interfering a local OFC
with a received OFC of a slightly different repetition rate, al-
lowing the local comb’s pulses to continuously traverse the
signal pulse. The OFC’s nanosecond-level pulse interval pro-
vides a large unambiguous timing range, facilitating link re-
connection after interruptions.

Achieving a ground-satellite O-TWTFT link requires
overcoming transmission losses ranging from tens to over
a hundred dB, depending on the distance and optical
transceiver’s effective aperture. In 2022, we demonstrated an
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89-dB, 113-km O-TWTFT link with an instability of 10! at
10000 s, using an OFC power of up to 1 W and detection sensi-
tivity in the nanoWatt range.[!?! This high tolerance for loss is
suitable for GEO/IGSO satellite-to-ground links but falls short
for deep space applications like Moon—Earth links.

An alternative method to improve loss tolerance is opti-
cal frequency comb tracking,!'*!#! which modulates the lo-
cal comb to interfere synchronously with the received signal,
enhancing optical signal utilization. Static link experiments
demonstrate sub-picoWatt timing sensitivity; however, this ap-
proach requires complex, fast-tracking hardware to manage
significant Doppler shifts, and experimental realization under
such dynamic conditions has not yet been achieved. ']

This study builds on the proven O-TWTFT technology,
validated for diverse scenarios, including Doppler effects and
multi-node setups. Previous time extraction involves: (1) ap-
plying a fast Fourier transform to convert time-domain sig-
nals into complex frequency-domain spectra; (2) extracting
phase data with phase unwrapping to correct periodic phase
transitions; and (3) estimating time via least squares from the
frequency—phase relationship. We found that discarding am-
plitude in step two increases time estimation errors, while
phase unwrapping introduces significant inaccuracies under
low-power conditions. Our innovation eliminates phase un-
wrapping by directly using complex frequency-domain data
for time fitting, improving detection sensitivity and accuracy
without hardware changes. This approach, though computa-
tionally intensive due to multi-parameter fitting, offers a robust
software-based solution.

2. Time extraction algorithm

O-TWTFT derives clock offsets by differentiating two
one-way delay measurements, a method predicated on the
Cru-
cially, the performance enhancement of O-TWTFT depends

assumption of noise process symmetry in both links.

on achieving high-precision one-way delay measurements,
which can be achieved using linear optical sampling (LOS).
As shown in Fig. 1(a), LOS consists of two frequency combs
— a local comb operating at a repetition frequency f; and an
incoming comb with a deviation of Af;. The electric fields of
the two combs can be written as

N
Elocal(t) — e127rv1t Z El,nelszrt, (1)
n=0

Esig(t) _ eiervs(t—r) i Esﬁneizm(fﬁAfr)(t*T). 2)

n=0
Here, v; and v; are carrier frequencies of local and signal
combs, Ej, and E;, denote the spectrum intensity distribu-
tions of local and signal combs, and 7T denotes the one-way
delay. The two combs interfere and generate a series of volt-

age data at the detector with a proper low-pass filter (see sup-
plementary of Ref. [11]):

V(1) o< Im[Ejoey (1) Esig(1)]

[ —i2mvsT 127r(vs V)t

N
« Z El,nEs,n e—1271:n(fr+Afr)TelZﬂnAfrt]’ (3)
=0

which is a periodic centerburst signal in the time domain. Each
centerburst signal represents a single measurement and we call
it an interferogram.
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Fig. 1. (a) The time domain picture of O-TWTFT. The two terminals ex-
change frequency comb pulse trains, where their repetition rates, denoted as
i1 and fro, are offset by a small frequency difference Af;. (b) The upper
part of the figure presents a schematic that illustrates the optical spectra of
comb 1 (in blue) and comb 2 (in red). The interference of the two combs
creates a series of beat frequencies after a proper filter. The lower part of the
figure depicts the CLS algorithm schematic. After the interferogram under-
goes Fourier transformation and is divided by the corresponding points of
the Fourier transformation of the reference interferogram, the resulting pat-
tern theoretically forms a spiral line (parameterized by Be!*@+7) within
the space composed of the complex plane and the frequency axis (k).

For conventional LOS, one first performs a fast Fourier
transform (FFT) on the interferogram data, yielding a com-
plex spectrum S(f). After calculating the phase difference
AZS(f) relative to a reference interferogram (with delay Tee),
the residual phase is proportional to the change in delay AT =

T — Trer and the FFT frequency f:

f—(vs—w)
Afy

The change in one-way delay A7 can be solved from the

AZS(f) = —2mviAT —21 (i +Af)AT.  (4)

slope of AZS(f) versus f. The main obstacle in conven-
tional LOS is that the phase AZS(f) is wrapped. Reliable
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15161 becomes extremely

one-dimensional phase unwrapping!
challenging at low signal-to-noise ratios (SNR), and even al-
gorithms optimized for O-TWTFT!'7! struggle, introducing
errors and limiting detection sensitivity.

Previous methods!!?! utilize only the phase information
from the FFT, requiring unwrapping and least-squares fitting
of the phase slope to estimate time delay. In contrast, we
propose the complex least squares (CLS) method, which di-
rectly employs the full complex FFT data (amplitude and
phase), avoiding phase unwrapping entirely (as illustrated in
Fig. 1(b)).

The CLS algorithm is introduced as follows. We will de-
note the complex FFT values within the effective spectrum of
the reference interferogram as Ay, and those for the current in-
terferogram as Cy, where k is the frequency bin index. Inspired
by Eq. (4), which shows that the spectral phase difference is
linear with frequency, we construct a model to predict the cur-
rent spectrum (By) from the reference spectrum (Ay):

By = Ay - Belkaty), 5)

Here, B represents the relative amplitude change, and the
phase term k& + Y models the linear phase difference. The pa-
rameter Y is a constant phase offset, and ¢ is the slope of the
phase difference versus the frequency bin index k. Crucially,
« is directly proportional to the change in one-way time delay
AT:

Y
288 f(fr +Afy)’

where 0 f is the frequency spacing per bin. It is this delay vari-

AT = — 6)

ation, AT, that represents the timing signal to be measured and
constitutes the final output of our algorithm for each interfer-
ogram.

Our goal is to find the optimal values of o, 8, ¥ to mini-
mize the loss function, defined as the sum of squared complex
errors e = By — Cy:

loss =Y lex|* = ¥ |4 B e *et) — ¢y 2. (7
k k

Minimizing this loss function (Eq. (7)) is equivalent to
a maximum likelihood estimation (MLE) of the parameters
(a, B,7), under the assumption that the noise (Cy — By) is com-
plex additive white Gaussian noise (AWGN). This assumption
is reasonable for detector and shot noise dominating single-
interferogram measurements (justification provided in the sup-
plementary material).

The CLS method offers the following key advantages
over traditional phase-only fitting. (1) It completely bypasses
the problematic phase unwrapping step, thus avoiding the un-
wrapping errors that plague low-SNR measurements. (2) It
utilizes the full complex information (both amplitude and
phase) from the Fourier spectrum, whereas conventional meth-
ods discard the amplitude. In a functional sense, the amplitude

information serves as a weighting factor, which effectively re-
duces the error variance. Although computationally more de-
manding, CLS significantly enhances the robustness and pre-
cision of time extraction, especially at ultra-low SNR. A de-
tailed explanation and further elaboration of this algorithm are
provided in the supplementary material.

3. Experimental setup

To rigorously evaluate the performance of our proposed
CLS algorithm, especially under low-SNR scenarios, we con-
ducted time-frequency transfer experiments in Uriimgi, Xin-
jiang, with received power as low as 0.1 nW. The experimen-
tal setup essentially replicated that reported in Ref. [12], ex-
cept for an optical attenuator inserted into the link to introduce
additional loss. At such ultralow power levels, interferogram
signals suffered complete submergence in noise, rendering the
original level-triggered acquisition scheme ineffective. Conse-
quently, we implemented quasi-continuous data sampling un-
der low received power, followed by a proper postprocessing
method with the CLS algorithm. The detailed steps for data
filtering can be found in Section II of supplementary mate-
rial. The detailed setup is shown in Fig. 2. Two terminals,
situated in Nanshan and Gaoyazi, are 113 km apart and are
equipped with an ultra-stable laser (USL), two high-power
OFCs, two LOS modules, two computational modules, and
optical transceiver telescopes. By employing frequency mul-
tiplexing within a shared free-space channel, we established
two independent two-way time-frequency transfer links. We
intentionally increased the loss on the 1545-nm link to gen-
erate a dataset for algorithm comparison, using the 1563-nm
link with lower loss as a control.

Each terminal houses a USL with a frequency instability
of 3 x 1071 at 1 second and a wavelength (1) of 1550.12 nm,
serving as the reference clock source. The OFCs, optically
phase-locked to the USL, function as carrier and reference sig-
nals. The 1545-nm OFC operates at a 250 MHz repetition
rate with a 2.5 kHz differential repetition rate between termi-
nals, while the 1563-nm OFC has a 200 MHz repetition rate
with a 2 kHz differential rate. To counteract the significant
link loss, we utilized a two-stage high-power erbium-doped
fiber amplifier (EDFA), achieving a 1-W output power with a
20-nm filtered spectrum. The 3-dB bandwidth of the OFCs
at both wavelengths was restricted to approximately 7 nm by
the gain region of the EDFA. In the LOS modules, interfer-
ence data is detected by a balanced photodetector, and low-
pass filtered (bandwidth ~ 100 MHz) to isolate only a sin-
gle copy of the baseband interferogram spectrum for subse-
quent processing. This differs from approaches that might av-
erage multiple spectral copies.!'®! The data is then digitized,
and sent to the calculation module for processing. The op-
tical transceiver telescopes, with automatic direction tracking,
use an orthogonal polarization scheme to differentiate between
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sending and receiving OFCs, providing substantial isolation in
two-way transfer and mimicking a satellite-to-ground scenario
with relative angular motion distinguishing backward and for-
ward transfers.

The 1563-nm link demonstrates an average link loss of
approximately 75 dB. The performance at such loss has been
validated in previous experiments,'?! so the previous algo-

113 km free-space link

rithm’s result on the 1563-nm link serves as the gold-standard
reference due to its established validity. In contrast, the 1545-
nm link experiences a significantly higher average link loss,
estimated at 90 dB. By applying both the previous algorithm
and the CLS algorithm on the 1545-nm link while referencing
their outcomes against the 1563-nm benchmark, we quantita-
tively evaluate the performance of these algorithms.

7'y

| Telescope i
LOS
| Los [ATT | p_§ w ._l
P=1W
H Comb Comb

1545 1563

y
| Calculation T - | Calculation
Lockedl' -‘Locked :
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Fig. 2. Experimental setup. The schematic illustrates two free-space links, with the 1545-nm link in yellow and the 1563-nm link in blue. The
lower section details the computational steps within the computation module, including the phase unwrapping process performed using both

the CLS algorithm and the previous algorithm!!7! for comparison.

4. Results

Figure 3(a) presents the time deviation (TDEV) for both
the CLS and previous algorithms. The average received power
for the valid data utilized by the CLS algorithm was 2.2 nW,
compared to 3.8 nW for the previous algorithm, reflecting the
CLS algorithm’s enhanced sensitivity. Over short averaging
intervals (T < 100 s), the TDEV of both algorithms exhibits a
downward trend, with the slope being proportional to 7~ 1/2,
characteristic of white phase noise limited performance. No-
tably, the CLS algorithm demonstrates superior stability com-
pared to the previous algorithm at each averaging point. The
CLS algorithm’s TDEV starts at 50 fs and improves to 1 fs
within approximately 100 seconds, whereas the previous al-
gorithm begins at a higher TDEV of 80 fs. The CLS algorithm
also collects more valid data, with an average data rate of 280
samples per second, compared to 130 samples per second for
the previous algorithm, which struggles with processing inter-
ferograms with a received power less than 1 nW. For averaging
periods less than 100 seconds, the previous algorithm fails to
match the performance of the CLS algorithm. At longer av-
eraging times (7 > 100 s), the TDEV curves tend to converge
because of system drift domination. This drift is primarily at-
tributed to temperature fluctuations affecting a short section
of uncompensated optical fiber within the setup, and we ob-
served a correlation between the TDEV bump and the labo-
ratory’s air conditioning cycle. This is beyond the scope of
the CLS algorithms. To explore the performance limits of the
CLS algorithm, we also present the TDEV curve calculated

only from data points with received power around 0.1 nW (fil-
tered from the full dataset). Due to atmospheric turbulence,
the instantaneous received power fluctuates significantly. The
0.1 nW represents the instantaneous power calculated directly
from the signal amplitude of specific interferograms (see sup-
plementary material). This indicates that even at the much
lower data rates associated with this minimum power level, the
CLS algorithm’s TDEV can reach below sub-femtoseconds at
10000 seconds of averaging. Details on selecting specific re-
ceived power and filtering valid data can be found in the sup-
plementary material.

Figure 3(b) illustrates the standard deviation as a func-
tion of received optical power for the high-loss 1545-nm link,
for both algorithms. As signal power decreases, the SNR
of the interferograms diminishes, leading to an increase in
the standard deviation of the results. The CLS algorithm’s
curve is consistently lower than that of the previous algorithm,
indicating its effectiveness in reducing estimation errors un-
der low SNR conditions. The superior performance of CLS,
both in TDEV (Fig. 3(a) at short 7) and single-shot preci-
sion (Fig. 3(b)), stems from key advantages discussed in Sec-
tion 2 and supplementary material. First, as an MLE process,
CLS optimally utilizes the full complex information (ampli-
tude and phase) across the entire effective spectrum, acting
akin to a matched filter. In contrast, the previous phase-only
method discards amplitude information and, critically, suffers
from phase-unwrapping ‘cycle-slip’ errors at low SNR, intro-
ducing significant technical noise far above the fundamental

[17

limit.!'7! Second, by avoiding phase unwrapping entirely, CLS
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is inherently more robust at very low SNR. This enhanced
per-measurement precision directly translates to the improved
short-term TDEV shown in Fig. 3(a). In extremely low SNR
scenarios, both algorithms may produce erroneous results that
deviate significantly from the true value. We define the mini-
mum received power for an algorithm as the threshold at which
99% of its output data falls within three standard deviations
(after filtering, see supplementary material). The CLS algo-
rithm’s minimum received power is approximately 0.1 nW, an
order-of-magnitude improvement compared to the previous al-
gorithm’s limit of about 1 nW. Figure 3(b) also displays the
fundamental shot-noise limit inherent to the LOS technique

for a single interferogram measurement: >!->]

2 Tg
o = 8
* 7 SNR’ ®
where 7, represents the intensity full width half maximum

(FWHM) of the unchirped frequency comb pulses, and

3InMt, A . . .. . .
SNR =~ % is the shot-noise-limited signal-to-noise
102t (a) |
z
g 10}
get
g 3
z —%-CLS 2.2 nW /"\\
S CLS 0.1 nW - &
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Fig. 3. (a) Time deviation (TDEV) comparison for the 1545-nm link. The
CLS algorithm outperforms the previous algorithm by half an order of mag-
nitude at short averaging times. The average received power among valid
data for the previous algorithm is 3.8 nW, while for the CLS algorithm, it is
2.2 nW, reflecting their respective minimum received power capabilities. The
TDEV curve for the CLS algorithm at 0.1-nW filtered data (data points around
0.1 nW selected from the full dataset) parallels the other curves over long in-
tegration times, indicating negligible long-term stability impact under such
a low signal power. Performances of top optical clocks are also shown for
comparison. %20 (b) The relationship between the single-shot measurement
standard deviation and received power for the 1545-nm link, with the blue line
for the CLS algorithm and the orange line for the previous algorithm. The col-
lected data in one round of the experiment is binned by received power. The
standard deviation of each bin is then calculated. The CLS algorithm’s per-
formance approaches the shot-noise limit for the LOS technique, represented
by the yellow line.

ratio of a single, baseband interferogram, as shown in Eq. (AS5)
of Ref. [21]. This SNR gap compared to conventional shot-
noise-limited interferometric SNR arises because the LOS
scheme employs two optical frequency combs with slightly
different repetition rates. Therefore, in fact, only the pairs of
laser pulses that are simultaneously arriving contribute to the
interference signal. Our results demonstrate that under low
received power conditions, the CLS algorithm’s precision ap-
proaches the LOS shot-noise limit defined by the equation.

5. Conclusion

We proposed and experimentally validated the application
of the complex least squares (CLS) algorithm for time extrac-
tion in O-TWTFT, which enhances the system’s detection sen-
sitivity and timing accuracy. Previous timing algorithms relied
exclusively on fitting the unwrapped spectral phase, leading to
significant timing errors under low signal-to-noise ratio (SNR)
conditions. In contrast, the CLS method fully exploits the
complex information of the interferogram spectrum (both am-
plitude and phase), additionally avoiding the error-prone phase
unwrapping step. Experimental results demonstrate that the
minimum received power requirement has been reduced by an
order of magnitude, from 1 nW to 0.1 nW. Additionally, the
short-term time standard deviation has decreased from 80 fs
to 50 fs. For O-TWTFT systems equipped with Watt-level
optical frequency combs (OFCs), the CLS algorithm enables
the total system loss to reach 100 dB, equivalent to the Earth—
Moon link loss.
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