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ABSTRACT

Optical two-way time and frequency transfer (O-TWTFT) is an enabling technology that has applications ranging from fundamental investi-
gations of relativity to the operation of global navigation satellite systems. Linear-optical-sampling (LOS) between optical frequency combs
has been used to create very stable optical two-way time and frequency transfer links over free-space. Here, we demonstrate two-way time
and frequency transfer using LOS between electro-optic frequency combs. This two-way electro-optic time and frequency transfer system
demonstrated instabilities as low as 15 fs at 1 s of averaging time. These results show a pathway to highly stable, frequency agile, and low
SWaP-C time transfer networks.

VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0240786

Comparison between distant optical clocks could lead to new
understanding about the nature of gravity,1,2 improve global naviga-
tion satellite systems (GNSS),3 enable precise geodetic mapping,4 and
reduce clock-based inaccuracies in very long baseline interferometry.5,6

Deployed optical clock networks would consist of highly stable optical
references, along with highly precise optical frequency dividers and
free-space optical time-transfer transceivers.1,2,7 The significant cost of
deploying such timing networks has also motivated the miniaturiza-
tion and power reduction of key optical components. With the demon-
stration of chip-scale components for optical references and stabilized
optical clockwork,8,9 similarly high performing methods for comparing
these optical clocks will be required that have a path to full photonic
integration.

Two-way time and frequency transfer methods use timing sig-
nals traveling over reciprocal paths. Departure and arrival times are
measured independently at both local and remote sites and then
compared to each other to remove the common time delay of the
reciprocal path. This methodology has been well established using
radio frequency (RF) carrier signals to transfer time between satel-
lites.10 The accuracy of this method was improved by over an order
of magnitude by using pulsed lasers as a timing signal,7,11 reaching
sub-picosecond stability over 100 s in a laboratory demonstration.11

Recent work has demonstrated sub-picosecond level stability using

RF modulation of optical carrier signals.12–14 The stability of these
RF-over-optical time-transfer demonstrations are limited to a few
hundreds of femtoseconds.

Low noise mode-locked fibers have been used to generate highly
stable time-transfer links. Sub-femtosecond time synchronization over
a fiber network has been achieved using low-noise mode-locked fiber
oscillators locked to a microwave reference.15 Optical two-way time
and frequency transfer (O-TWTFT) with sub-femtosecond stability
has been demonstrated in free space using linear-optical sampling
(LOS)16,17 between optical frequency combs (OFC) generated from
fully stabilized mode-locked fiber lasers.18–24

OFCs can also be generated using direct electro-optic (EO) mod-
ulation of an optical carrier with RF signals.25–30 Electro-optic (EO)
combs are well suited to applications that benefit from accessing a large
range of repetition rates, fast frequency switching, predictable output
over a wide temperature range, or a flat optical spectrum.31 As a result,
EO comb generators have been implemented for gas sensing,32,33 opti-
cal communications,34 and as frequency references for astronomical
spectroscopy.35,36 EO comb generators have a path to significant
SWaP-C improvements through on-chip photonic integration.37–42

EO combs make a compelling option for optical time and frequency
transfer because of their frequency tunability, agility, and the potential
for photonic integration for scalable manufacturing.
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In this work, we use LOS between two highly tunable EO comb
generators to demonstrate O-TWTFT over a 1 km fiber optical link
within a single laboratory. This demonstration uses a single clock that
is common to both the local and remote nodes of the optical link to
isolate the additive timing noise of the EO combs. This technique
employs RF modulation of an optical carrier using fiber-coupled phase
modulators, but we are able to achieve an improved noise floor over
other RF over optical techniques by using LOS and low noise single
tone RF synthesizers. After cancelation of the timing error induced by
the optical link, stability below 15 fs is reached after 1 s of averaging.
15 fs stability is maintained with link attenuation as high as 40 dB. This
proof-of-principle demonstration provides a compelling case for the
use of two-way electro-optic time transfer (EOTT) for deployed time-
transfer networks.

We compare time interval information between clocks in our
system using LOS between remote and local EO combs. LOS tem-
porally magnifies the terahertz electric field oscillations of the combs
so the field information can be measured with a single photodetec-
tor and RF electronics. Furthermore, the picosecond level sensitivity
limit set by photodetection timing jitter is surpassed by magnifying
the optical timing noise above the back-end timing noise floor.18,23

Temporal magnification is produced by generating two combs with

offset repetition rates: a local comb with repetition rate, fr;L ¼ fr ,
and a remote comb with repetition rate, fr;R ¼ fr þ Dfr . The repeti-
tion rate offset produces a temporal walk-off between the pulse
trains creating a cross correlation signal, a time-domain interfero-
gram, that carries information about the relative timing and phase
between the two frequency combs. The LOS magnification factor,
M, is given by the ratio: fr=Dfr . As a result of the walk-off between
pulse trains, many pulses do not contribute to the interferogram
signal, decreasing the power efficiency when compared to other
optical-time transfer methods.43,44

The interferogram signal is detected at a rate equal to Dfr , which
is the maximum update rate of the time transfer link. Figures 1(d)–1(f)
show a record of the time-domain interferograms where fr was set to
200MHz and Dfr is tuned to 1, 10, and 100kHz. Measurements of the
arrival time of the time-domain interferograms are made at both the
local node, sL, and the remote node, sR. These measurements include
information about time interval differences between the clocks at each
node, sLR, time-of-flight noise in the common-path optical link,
and residual measurement errors. Assuming reciprocity of the link,
time-of-flight noise is common to measurements. As a result, sLR can
be isolated from the time-of-flight noise by adding the time-interval
measurements from the local and the remote node such that

FIG. 1. (a) Overview of the EOTT system. Linear optical sampling between two EO combs is performed on two ends of a 1 km fiber optical link. The EO combs are indi-
vidually generated at the remote node and the local node and share both an optical reference from a common CSL and an RF reference from an OCXO. (b) Diagram
of an EO comb generator. An ECDL is locked to a CSL and is phase modulated to generate an EO comb. The phase modulators (PM) are driven by an amplified RF
tone from an RF signal generator (SG). TDL: tunable RF delay line and TIM: time interval measurement. (c) Diagram of the time-interval measurement system. Light
from one EO comb generator is coupled with light the EO comb generator that has traversed the optical link. The coupled light is detected on a balanced photodiode.
After a LPF, the signal is digitized on an ADC. Digital signal processing (DSP) increases the SNR, and digital-downconversion (DDC) removes the carrier frequency
before peak detection. (d)–(f) 1 ms time record of LOS interferograms produced with repetition rate differences of (d) 1 kHz, (e) 10 kHz, and (f) 100 kHz. Time records
are shown after a digital BPF. (g)–(i) Interferogram spectra with repetition rate differences of (g) 1 kHz, (h) 10 kHz, and (f) 100 kHz. The interferogram spectra are shown
both before (gray) and after applying a digital BPF.
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sL þ sR
2

¼ sLR þ �s: (1)

The combined residual timing error from measurements at the local
and remote sites, �s, limits the total link stability. Due to the shared
clock between local and remote sites, sLR ¼ 0 and the comparison
between time-interval measurements made at each site in Eq. (1) pro-
vides a direct calculation of the additive noise from the EOTT
apparatus.

The experimental apparatus is shown in Fig. 1(a). The experi-
ment includes two EO comb generators, one generator for the local
node, and one for the remote node of our system. The optical reference
in this experiment is derived from a single-frequency laser diode
locked to an ultra-stable optical cavity. This cavity stabilized laser
(CSL) is used as an optical reference to stabilize two external-cavity
diode lasers (ECDLs), which are then used to generate the local and
remote EO combs. The RF reference is derived from a commercially
available oven-controlled crystal oscillator (OCXO). This OCXO is
used to synchronize (1) the offset locks between the ECDLs and the
CSL; (2) the RF signal that is used to generate sidebands around the
EO comb carrier frequency; and (3) the onboard clock of the digitizer
used to measure the timing information from the two combs. Other
than the CSL, the OCXO, and the use of a single multichannel analog-
to-digital converter, all the components in the two nodes of the system
are completely independent. The EO combs are generated by phase
modulating 1556 nm light from each ECDL in a series of two electro-
optic (EO) phase modulators producing combs with 16GHz of optical
bandwidth. The phase modulators are driven by amplified signals
from phase-lock loop (PLL) based RF synthesizers. Figure 3(a) shows
the measured phase noise of the RF synthesizers when generating a
200MHz tone.

The output of the local EO comb is split using fiber-optical cou-
plers, and a part of the light is directed over a spooled 1 km fiber-
optical cable [Fig. 1(a)]. At the other end of this fiber-optical link, at
the remote node, the light is combined with the remote EO comb sig-
nal using a 50:50 fiber-optical coupler. This combined local and
remote light is then sent to a balanced photodetector as shown in
Fig. 1(c). The light from the remote EO comb is also split and sent
across the fiber-optical link in the opposite direction before being com-
bined with the local EO comb and similarly detected on a balanced
photodetector at the local node. The EO comb generators produce
highly chirped optical frequency combs, with frequency components

FIG. 2. Modified Allan deviation (MDEV) measurement of the fractional frequency
instability of the system. (Green, squares) Time-of-flight noise of the 1 km fiber optic
link shows the noise floor of a one-way time transfer system. (Orange, circles)
Time-of-flight noise measurement over a shortened (1 m) fiber optic link shows that
the increase in instability of the 1 km time-of-flight above 10 s of averaging time is
due to technical noise fluctuations in the long link. (Black, triangles) 1 km link stabil-
ity measurement using the two-way time-interval comparisons that removes com-
mon mode technical noise fluctuations of the long link. (Dashed) Expected MDEV
slope for white phase noise. (Dotted) Expected MDEV slope for flicker phase noise.

FIG. 3. (a) Relative phase noise measurement of the RF synthesizers generating a
200MHz tone in a free-running configuration (blue) and a common-clock configura-
tion (orange). (b) Calculated time deviation of the link (black) compared to the time
deviation between the two RF synthesizers generating 200MHz tones in a
common-clock configuration (orange).

FIG. 4. Measurement of the time deviation over the 1 km fiber optical link with differ-
ent link updates rates (repetition rate differences, Dfr ). Triangles: 100 kHz updates
rate; squares: 10 kHz update rate; and circles: 1 kHz update rate.
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spread out over the 5 ns period of the driving frequency. The � 2 ps
differential time delay between optical frequency components across
the comb bandwidth produced by the 1 km single-mode fiber was
small compared to the initial differential time delay of each comb’s
optical frequency components, and therefore, no link dispersion com-
pensation was required.

The RF signal measured on the photodiodes is low-pass filtered
at 100MHz and digitized on a 14-bit analog-to-digital converter
(ADC) with a sample rate of 200MS/s. The data from the digitizer are
streamed continuously, without gaps, to data storage and post-
processed. Figures 1(d)–1(f) show a record of the time-domain inter-
ferograms. The time record data are digitally bandpass filtered to
remove out of band photodetector noise [Figs. 1(g)–1(i)]. The peaks of
the interferograms are found with sub-sample precision by performing
a cubic spline interpolation around the five highest points in each
interferogram.

Figure 2 shows the measured two-way instability over the 1 km
optical link. For this measurement, the local comb is generated with a
200MHz modulation frequency and the remote comb is generated
with a modulation frequency of 200.002MHz. This produces a 2 kHz
repetition rate difference (Dfr) between the local and remote EO
combs. Above 5ms of averaging time, the modified Allan deviation
(MDEV) of the link decreases proportionally to s�1, except for two
peaks above 25ms, which are caused by PLLs in the RF signal genera-
tors. The s�1 trend to the MDEV indicates that the system perfor-
mance is limited by flicker phase noise above 100ms. Beyond 7 s of
averaging time, the time-of-flight noise of the optical link dominates
the one-way time-interval measurement. The two-way measurement
reduces this time-of-flight noise down to the s�1 noise floor, which
also corresponds very closely to the one-way measurement over a
shortened 1m fiber-optical link. The corresponding two-way time
deviation measurement for the 1 km link is shown in Fig. 3(b), demon-
strating a noise floor of just under 15 fs after 1 s of averaging.

The relative noise between the synthesizers was measured using a
phase meter with one synthesizer acting as the reference and the other
synthesizer acting as the device-under-test. Both synthesizers were tuned
to 200MHz for this measurement. Figure 3(a) shows the relative phase
noise between the synthesizers in both a free-running configuration,
with independent clocks, and in a common-clock configuration. At
offset frequencies below 10Hz, the phase noise levels off, indicating that
the synthesizer PLLs are tracking the common clock on timescales
longer than 100ms. The time deviation between the synthesizers was
also calculated using the phase meter and is shown in Fig. 3(b). The time
deviation between the synthesizers in the common-clock configuration
closely matches the time deviation noise floor of the EOTT link beyond
100ms of averaging time indicating that the long-term stability of the
EOTT link is limited by phase noise in the PLLs of the synthesizers.

Improvements in link stability may be possible by using optical
methods of generating low-phase noise RF signals.45,46 The noise floor
of the system can be reached at shorter averaging times by tuning the
repetition rate difference between the two combs to produce higher
update rates. With a 100kHz update rate, the system could reach the
noise floor of 15 fs after averaging for 2ms, as shown in Fig. 4.

This experiment was performed over an optical fiber link for
experimental convenience, but by varying link loss, we can simulate
performance over a free-space link, which incurs loss from long-range
propagation in turbulent atmosphere.47 To measure the performance

of the system with high link loss, we added calibrated optical attenua-
tors to the fiber optical link when operating with an update rate of
1 kHz. A matched filter was also applied to the digitized signals to
increase the SNR of the received interferograms under significant link
attenuation. We were able to add more than 40dB of attenuation to
the link with transmitted signal powers as low as 100 nW before
degrading the performance of the system, as shown in Fig. 5(a). With
received optical powers below 100nW, the stability of the link begins
to degrade due to a reduction in the signal-to-noise ratio of the mea-
sured interferograms. Below 100 nW of received optical power, the
time deviation at 1ms begins to increase, eventually increasing at a
rate inversely proportional to the square root of the transmitted optical
power: rð1msÞ / 1=

ffiffiffiffiffiffiffiffi

Plink
p

[Fig. 5(a)].

FIG. 5. (a) Measurement of link time deviation while the link is operating at an
update rate of 1 kHz while attenuating the link signal. Link time deviations are
shown at received optical powers from 10 pW to 100 nW in 10 dB increments. (b)
Link time deviation measured at different received optical powers. Black dots: no
averaging and pink dots: after 1 s of averaging. Photodetector noise limits are calcu-
lated from simulation; black, solid: no averaging, pink, solid: 1s of averaging, and
pink, dotted: noise floor from the relative stability of the two RF synthesizers at 1 s
of averaging.
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To identify the noise source that caused this decreased stability,
numerical simulation of the EO comb generators, optical link, and
time-interval measurement was performed. In experiment, noise from
the amplified balanced photodetectors was measured to have a nearly
flat spectrum with a standard deviation of 1.9mV after digitization.
The digitizer sampled this noise at a rate of 200MS/s, and 100MHz
low pass filters were used on the digitizer inputs. In simulation, white
amplitude noise with this standard deviation was added to simulated
interferograms measured at the same received optical powers that were
observed in the experiment. Simulated interferogram arrival times
were calculated using the same post-processing algorithm that was
used to process the experimental data. A linear fit to the simulated
deviation data was used to determine the detector noise limit and is
shown in Fig. 5(b). The simulated noise limit from photodetector noise
closely matches the noise limited performance of the system under
large link attenuation, indicating that photodetector noise dominates
at low received optical powers. Over long averaging times, some of this
noise can be averaged down to reach better performance. Figure 5(b)
shows that after 1 s of averaging, the stability of the system with 1 kHz
update rate is mostly unaffected with received optical powers above
100pW. Below 100 pW, the link stability at 1 s also begins to follow
the photodetector noise limit.

The link was also tested with a 20 dB gain erbium-doped fiber
amplifier (EDFA) added to the output of the EO comb generators,
emitting 100mW. The system performance with the EDFA included
showed no performance degradation from amplified spontaneous
emission, indicating that optical amplification could be used to estab-
lish long free-space optical links without decreasing the link stability.

In this work, we demonstrate a system for making two-way time
interval measurements between clocks using LOS between electro-optic
frequency combs. This EOTT method demonstrated a link stability of
15 fs with 1 s of averaging. This performance would represent at least
an order of magnitude improvement in RF-over-optical time-transfer
links when implemented in real time. Deployed time-transfer trans-
ceivers will be extremely sensitive to size, weight, power, and cost. For
these applications, EOTT, with components that can be fully integrated
on chip, has significant benefits. Furthermore, the wide frequency tun-
ing range and frequency agility of EO comb generators can also provide
a more flexible architecture for future time-transfer networks.
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