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1
OPTICAL TIME DISTRIBUTOR AND
PROCESS FOR OPTICAL TWO-WAY
TIME-FREQUENCY TRANSFER

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

This invention was made with U.S. Government support
from the National Institute of Standards and Technology
(NIST), an agency of the United States Department of
Commerce, and under Agreement Nos. HR001133679,
HRO011518121, HRO0011620341, and HR0011727192
awarded by the Defense Advanced Research Projects
Agency, and Agreement No. HR0011518541 awarded by the
Defense Advanced Research Projects Agency. The Govern-
ment has certain rights in the invention. Licensing inquiries
may be directed to the Technology Partnerships Office,
NIST, Gaithersburg, Md., 20899; voice (301) 301-975-2573;
email tpo@nist.gov; reference NIST Docket Number
17-019US1.

BRIEF DESCRIPTION

Disclosed is an optical time distributor for optical two-
way time-frequency transfer (O-TWTFT), the optical time
distributor comprising: a master clock comprising: a master
comb that produces a master clock coherent optical pulse
train output; a transfer comb that produces a transfer coher-
ent optical pulse train; and a free-space optical terminal in
optical communication with the transfer comb and a free
space link and that: receives the transfer coherent optical
pulse train from transfer comb; produces a master optical
signal in response to receipt of the transfer coherent optical
pulse train; communicates the master optical signal from the
master clock to a remote clock via a free space link; and
receives a remote optical signal from the remote clock the
master clock producing a pulse label; and the remote clock
in optical communication with the master clock via the free
space link and comprising: a remote comb that produces: a
remote clock coherent optical pulse train output; a remote
coherent optical pulse train; a free-space optical terminal in
optical communication: with the remote comb; and with the
free-space optical terminal of the master clock via the free
space link, and that: receives the remote coherent optical
pulse train from the remote comb; receives the master
optical signal from the free-space optical terminal of the
master clock; produces the modulated cw laser signal in
response to receipt of the remote coherent optical pulse
train; and communicates the modulated cw laser signal to
the free-space optical terminal of the master clock, the
remote clock producing a pulse label.

Also disclosed is an optical time distributor for
O-TWTFT, the optical time distributor comprising: a master
clock comprising: a master comb that receives a reference
oscillator signal from a first oscillator and produces: a local
master clock signal; a master clock coherent optical pulse
train output; a master frequency output; a master pulse-per-
second output; and a master coherent optical pulse train in
response to receipt of the reference oscillator signal; a
transfer comb that receives a reference oscillator signal from
the first oscillator and produces, in response to receipt of the
reference oscillator signal, a transfer coherent optical pulse
train; a master-transfer optical transceiver that: receives the
master coherent optical pulse train from the master comb;
receives the transfer coherent optical pulse train from the
transfer comb; and produces a RF master-transfer interfero-
gram (radiofrequency, RF) in response to receipt of the
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2

master coherent optical pulse train and the transfer coherent
optical pulse train; a remote-transfer optical transceiver that:
receives the transfer coherent optical pulse train from the
transfer comb; receives a remote coherent optical pulse train
from a remote comb; and produces a RF remote-transfer
interferogram in response to receipt of a remote optical
signal and the transfer coherent optical pulse train; a digital
signal controller in electrical communication with the master
comb, the master-transfer optical transceiver, the remote-
transfer optical transceiver, and a coarse timing and com-
munications module and that: receives the local master clock
signal, the RF master-transfer interferogram, and the RF
remote-transfer interferogram; receives a cw laser hetero-
dyne signal; produces a cw laser modulation and a pulse
label in response to receipt of the local master clock signal,
the RF master-transfer interferogram, the RF remote-trans-
fer interferogram, and the continuous wave (cw) laser het-
erodyne signal; produces the master pulse-per-second output
via a pulse selector; and produces the pulse label; the coarse
timing and communications module in electrical communi-
cation with the digital signal controller and that: generates
the cw laser heterodyne signal in response to receipt of a
modulated cw laser signal; and receives the cw laser modu-
lation from the digital signal controller; and produces an
outgoing modulated cw laser signal in response to receipt of
the cw laser modulation; a free-space optical terminal in
optical communication with the coarse timing and commu-
nications module, the transfer comb, and a free space link
and that: transfers the modulated cw laser signal and the
transfer coherent optical pulse train from the master clock to
the free space link; transfers the remote optical signal from
the free space link to the master clock; and produces a
master optical signal in response to receipt of the modulated
cw laser signal and the transfer coherent optical pulse train,
the master optical signal comprising: a transfer coherent
optical pulse train; and a modulated cw laser signal; a remote
clock in optical communication with the master clock via the
free space link and comprising: the remote comb that
receives a reference oscillator signal from a second oscilla-
tor and produces: a local remote clock signal; a remote clock
coherent optical pulse train output; a remote frequency
output; a remote pulse-per-second output; and the remote
coherent optical pulse train in response to receipt of the
reference oscillator signal; a free-space optical terminal in
optical communication: with the remote comb; and with the
master clock via the free space link, and that receives: the
remote coherent optical pulse train from the remote comb;
and the master optical signal from the free-space optical
terminal of the master clock, and that communicates: the
modulated cw laser signal to the free-space optical terminal
of the master clock, the modulated cw laser signal compris-
ing: the remote coherent optical pulse train; and a modulated
cw laser signal; a transfer-remote optical transceiver that:
receives the remote coherent optical pulse train from the
remote comb; receives the transfer coherent optical pulse
train; and produces a RF transfer-remote interferogram in
response to receipt of the remote coherent optical pulse train
and the transfer coherent optical pulse train; a coarse timing
and communications module in electrical communication
with a digital signal controller and in optical communication
with the free-space optical terminal; the digital signal con-
troller in electrical communication with the remote comb,
the transfer-remote optical transceiver, and the coarse timing
and communications module and that: receives the local
remote clock signal, and the RF transfer-remote interfero-
gram from the transfer-remote optical transceiver; receives
a cw laser heterodyne signal; produces a cw laser modula-
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tion and a pulse label; produces a remote pulse-per-second
output via a pulse selector; produces the pulse label pulse
label; and produces a clock feedback signal in response to
receipt of the RF transfer-remote interferogram; the coarse
timing and communications module in electrical communi-
cation with the digital signal controller and that: generates
the cw laser heterodyne signal in response to receipt of the
incoming modulated cw laser signal; receives the cw laser
modulation from the digital signal controller; and produces
an outgoing modulated cw laser signal in response to receipt
of the cw laser modulation.

BRIEF DESCRIPTION OF THE DRAWINGS

The following descriptions should not be considered
limiting in any way. With reference to the accompanying
drawings, like elements are numbered alike.

FIG. 1 shows an optical time distributor;

FIG. 2 shows an optical time distributor;

FIG. 3 shows (a) synchronization in which time informa-
tion is transmitted between sites across a turbulent air path.
Real-time feedback is applied to the clock at site B to
synchronize it with the clock at site A. A folded optical path
allows for verification of the synchronization by a direct
“out-of-loop” measurement. (b) Measured time deviation, or
precision, between the time outputs while synchronized
across a 4-km link, based on data acquired over 2 days;

FIG. 4 shows generation and synchronization of two
optical time scales, one located at site A and one at site B,
via O-TWTEFT over a turbulent air path;

FIG. 5 shows (a) a heterodyne cross-correlation amplitude
between the two clock pulse trains versus their time offset.
The blue dashed line indicates the linear range of response.
(b) Typical measured out-of-loop time offset AT over a 4-km
air path based on the heterodyne amplitude. While synchro-
nized, the standard deviation is 2.4 fs;

FIG. 6 shows synchronization data across 4-km air path
over a 50-h time period including, from top to bottom, the
measured time offsets for both the out-of-loop AT (black
trace) and the in-loop ATAB (blue trace), the change in time
of flight Tlink, the frequency correction applied to the time
scale at site B to maintain synchronization, and the link
availability. All data are filtered and down-sampled from the
0.5-ms measurement period to 60 s;

FIG. 7 shows a modified Allan deviation for the corre-
sponding frequency transfer from site A to site B (black
trace). The {fractional frequency uncertainty reaches
2%x1071°;

FIG. 8 shows turbulence-induced power fluctuations and
dropouts. (a) Probability density of received optical comb
power. Inset shows the ~2-nW threshold. (b) Probability
density of dropouts versus duration. 90% of the dropouts are
below 10 ms. Longer durations are typically due to a
disruption of the beam from physical objects, realignment,
or heavy precipitation, rather than turbulence. The typical
turbulence structure constant is C,*~107'* m=>* over the
link;

FIG. 9 shows (a) a free space link that traverses the
National Institute of Standards and Technology (NIST)
campus over 1-m, 2-km, and 4-km distances with the latter
achieved by a double pass between two flat mirrors. (b) The
out-of-loop time offset AT (blue) as the link distance (green)
is changed in real time;

FIG. 10 shows synchronous optical pulse-per-second
(PPS) outputs. (a) Synchronous optical PPS photodetection
at 8-GHz bandwidth. (b) Optical interference between
selected pulse bursts measured through the tilt interference
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pattern on a focal plane array. The strong interference
demonstrates that the pulses arrive well within their corre-
lation time of ~300 fs. MZM, Mach-Zehnder modulator;

FIG. 11 shows a still shot from a video of a synchronous
optical pulse-per-second (PPS) output, wherein optical inter-
ference shows synchronization during active synchroniza-
tion and wherein the remote clock wanders when synchro-
nization is turned off;

FIG. 12 shows (a) a system on site B that includes
quantities for calibration and to the calculation of the master
synchronization equation. DDS, direct digital synthesizer;
PRBS, pseudorandom binary sequence; ADC, analog-to-
digital converter for the linear optical sampling between
comb pulse trains; ADC', analog-to-digital converter for the
coarse two-way time transfer via the PRBS signals; DFB,
distributed feedback laser; EOM, Electro-optic phase modu-
lator; PI, proportional-integral loop filter; WDM, wave-
length division multiplexer; IGM, interferograms. TWTFT,
two-way time-frequency transfer. (b) Time synchronization
between the ADC clocks of the remote and master sites with
a standard deviation of below 57 ps;

FIG. 13 shows (a) a multistatic synthetic aperture radar,
wherein an array of microwave oscillators is synchronized to
a single master optical oscillator; LO, local oscillator. (b)
The master site’s clock is based on a laser stabilized to an
optical cavity (optical oscillator). The remote site’s clock is
based on a combined quartz oscillator and DRO. This
remote microwave clock is tightly synchronized to the
optical clock over a folded 4 km long air path via O-TWTFT.
The time and the frequency outputs from each clock are
compared in a separate measurement to verify femtosecond
time offsets and high phase coherence of the synchronized
signals;

FIG. 14 shows a master optical clock that includes a
frequency comb phase-locked to a 195 THz cavity-stabilized
laser;

FIG. 15 shows an operation during dropouts. (a) Sche-
matic of the Kalman-filter-based loop filter; PI, proportional
and integral. (b) Measured out-of-loop time offset (black
trace), in-loop time offset measured via the O-TWTFT
system (circles), and predicted in-loop timing offset from the
loop filter (orange trace). During the shaded gray regions,
the received power over the single-mode link was below
threshold, leading to a dropout in the measured in-loop time
offset. (¢) Correction applied to the frequency of the 10 GHz
signal (blue trace);

FIG. 16 shows (a) a time offset (gated operation) between
optical and microwave clocks. (b) Link availability. (c)
Turbulence strength as measured by the turbulence structure
function Cn2;

FIG. 17 shows a time deviation calculated from the
measured time offset between the microwave and optical
clock for gated operation (light curve) and for continuous
operation (dark curve). The data for gated operation agrees
with previous optical-to-optical synchronization (dashed
curve) to 100 s;

FIG. 18 shows a single-sideband PSD for differential
phase noise of the 10 GHz outputs from the optical and
microwave clocks without synchronization (purple curve),
while synchronized over the 4-km link (red curve), and
while synchronized over a shorted link (gray curve). The
integrated phase noise is 375 prad (6 fs) for the red curve
from 100 pHz out to the synchronization bandwidth of 100
Hz. In addition, the PSD calculated from the optical time
outputs is shown (in blue);

FIG. 19 shows a fractional instability (modified Allan
deviation) of the frequency difference between the remote
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site and master site clocks during continuous operation for
the synchronized 10 GHz microwave outputs (red trace) and
for the optical time offsets (blue trace); and

FIG. 20 shows a stabilization architecture for a micro-
wave clock, wherein BPF: bandpass filter, DRO: dielectric
resonator oscillator;

FIG. 21 shows (a) an experimental setup, wherein the
phase of the local optical oscillator (cavity-stabilized laser)
is transferred via a Doppler-cancelled fiber link to a fre-
quency comb, a portion of whose output is transmitted to the
opposite site, where it is heterodyned against the local comb.
The link is folded, i.e. A and B are physically adjacent, to
permit acquisition of truth data. (b) The resulting cross-
correlation between pulse trains is analysed to extract the
envelope peak time, t, y, and the phase, ©, 5, which are
input to a Kalman-filter based algorithm to calculate the
relative phase/timing evolution between the two optical
oscillators despite atmospheric phase noise and fading;

FIG. 22 shows results for ~1.4-hours across the turbulent
4-km link;

FIG. 23 shows a phase noise power spectral density of
dp(H)-8¢,,,.,() (dark blue) in rad*/Hz (left axis) and con-
verted to f5*/Hz (right axis). For comparison, the corre-
sponding power spectral density extracted from the envelope
pulse timing alone is also shown (light blue);

FIG. 24 shows the residual fractional frequency instabil-
ity, 0,,,, for carrier-phase O-TWTFT over a 4-km link with
1% fades (blue circles) and 26% fades (open red circles)
compared to the corresponding envelope-only O-TWTFT
for 1% fades (blue triangles) and 26% fades (open red
triangle). The carrier-phase O-TWTFT instability over a
shorted (0 km) link is also shown (green squares). Finally,
the fundamental limit set by the time-dependence of the
atmospheric turbulence is indicated shaded orange box (at
10-90% likelihood);

FIG. 25 shows fade statistics for 1% fading of FIG. 22
(blue) and a second run with 26% fading (gray) compared to
the mutual coherence times t_,,°*? "*“~7 ms (red line) and
ton' "“4~50 ms (orange line). The number of fades of
duration greater than t__,*'? "* ms are 1,357 and 28,508 for
1% and 26%-fade runs, respectively;

FIG. 26 shows two modes of extracting the phase,
referred to as a normal operation and a look ahead operation.
Under normal operation, the phase is sequentially
unwrapped using the main Kalman filter. When the predic-
tion confidence interval exceeds a threshold, the system
transitions to look-ahead operation to use up to ~250 ms of
data (established empirically) to determine the correct inte-
ger offset to unwrap by before returning to normal operation
for the next measurement;

FIG. 27 shows the normal operation of Kalman-filter-
based phase extraction;

FIG. 28 shows a look-ahead operation. Look-ahead opera-
tion iterates over index j to determine the correct integer
offset to unwrap the p” measurement. thres: threshold value
for o,

FIG. 29 shows (a) a Doppler simulator mode of operation
and a (b) cartoon of UAS mode of operation. In UAS mode,
the light is polarization multiplexed between site A and site
B due to the use of single tracking terminal and retro
reflector. In both cases, the system is folded to allow for
out-of-loop verification;

FIG. 30 shows (a) an optical clock design for site A
including of two frequency combs, A (master) and X (trans-
fer), a modulated cw laser for the communications link and
coarse timing, and a hybrid FPGA-DSP-based controller.
Both comb A and comb X are phase-locked to the same
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optical oscillator (not shown). Comb A serves as the clock
output while comb X serves as the local oscillator to read the
pulse arrival times from site B. (b) The architecture at site B
is similar except there is only one comb, B (remote), which
both serves as the clock output and the local oscillator to
read the pulse arrival times;

FIG. 31 shows results from Doppler simulator operated at
velocities ranging from 0 m/s to 25 nv/s. The time-of-flight
(top panel, left axis) and effective velocity (middle panel)
were retrieved from the in-loop measurements of the comb
pulses and coarse-timing. The clock offset (bottom panel) is
the out-of-loop verification of the clock offset during periods
of active synchronization. All data are plotted at the full ~2
kHz detection rate. (b) Inset showing same results in addi-
tion to continuous recording of the clock offset (cyan line)
plotted underneath the clock offset for periods of active
synchronization (black dots);

FIG. 32 shows (a) sub-femtosecond time deviation for
motion at +/-24 m/s using the Doppler simulator and a
free-space path with a path length of 0 m (red circles), 2 km
(blue circles), and 4 km (cyan circles). Additionally, the time
deviation for 0 m/s of motion and a 0 m free-space path is
shown (gray circles) indicating that there is no significant
degradation of the synchronization due to the presence of
motion. The synchronization bandwidth was 10 Hz for all
data. (b) Modified Allan deviation for the same data;

FIG. 33 shows results from UAS mode of operation. The
time-of-flight (top panel, left axis) and effective velocity
(middle panel) were retrieved from the in-loop measure-
ments of the comb pulses and coarse-timing. The clock
offset (bottom panel) is the out-of-loop verification of the
clock offset during periods of active synchronization. All
data are plotted at the full ~2 kHz detection rate;

FIG. 34 shows a system to compute the calibration terms;

FIG. 35 shows a Doppler simulator including 12-pass
geometry with a maximum effective velocity of 24 m/s for
2 m/s rail motion. The light is polarization multiplexed for
bi-directional operation of the simulator that preserves reci-
procity of the full optical link;

FIG. 36 shows a cross-ambiguity function to compute the
true pulse arrival times;

FIG. 37 shows a lack of residual bias due to motion for
free-space paths of 0, 2, and 4 km lengths; and

FIG. 38 shows an FSO terminal (a) design and (b)
prototype. The signal (comb light) path is fully bi-direc-
tional; the transmitted and received comb signals pass
through the same fiber entering the terminal. The beacons
are bi-directional (and co-collimated with the signal) up to
the filter, where the received beacon is separated and
directed onto a quadrant detector. The quadrant detector
signal acts on the galvo mirror to center the received beacon
onto the detector. The received comb signal is then effi-
ciently passively coupled into its fiber.

DETAILED DESCRIPTION

A detailed description of one or more embodiments is
presented herein by way of exemplification and not limita-
tion.

Advantageously and unexpectedly, it has been discovered
that atmospheric turbulence does not degrade performance
of an optical time distributor. Moreover, an optical time
distributor herein provides O-TWTFT for high-performance
clocks connected by free-space optical links. Moreover, the
optical time distributor provides two-way exchange of fre-
quency comb pulses and phase-modulated laser light over a
single-mode free-space optical link and supports frequency
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comparison, time comparisons, or the full synchronization
between distant clocks at sub-femtosecond levels. Benefi-
cially, the optical time distributor overcomes problems with
conventional time distribution such as operation between
moving platforms, operation at very high-precision by the
use of the comb pulse carrier phase, and generation of
coherent microwaves at remote sites.

In an embodiment, with reference to FIG. 1, optical time
distributor 100 for O-TWTFT includes master clock 110 and
remote clock 112. Master clock 110 includes master comb
138 that produces master clock coherent optical pulse train
output 150; transfer comb 134 that produces transfer coher-
ent optical pulse train 136; and free-space optical terminal
114 in optical communication with transfer comb 134 and
free space link 400. Here, free-space optical terminal 114
receives the transfer coherent optical pulse train 136 from
transfer comb 134; produces a master optical signal 116 in
response to receipt of the transfer coherent optical pulse
train 136; communicates the master optical signal 116 from
the master clock 110 to a remote clock 112 via a free space
link 400; and receives a remote optical signalremote optical
signalremote optical signalremote optical signalremote opti-
cal signalremote optical signal remote optical signalremote
optical signalremote optical signalremote optical signalre-
mote optical signalremote optical signalfrom a remote opti-
cal signal 124 from the remote clock 112, the master clock
110 producing a pulse label 154. Also, remote clock 112 is
in optical communication with master clock 110 via free
space link 400 and includes remote comb 174. Remote comb
174 produces remote clock coherent optical pulse train
output 182 and remote coherent optical pulse train 176.
Further, remote clock 112 includes free-space optical termi-
nal 122 in optical communication with remote comb 174 and
with free-space optical terminal 114 of master clock 110 via
free space link 400. Free-space optical terminal 122 receives
remote coherent optical pulse train 176 from remote comb
174 and master optical signal 116 from free-space optical
terminal 114 of master clock 110. Moreover, free-space
optical terminal 122 produces modulated cw laser signal 124
in response to receipt of remote coherent optical pulse train
176 and communicates modulated cw laser signal 124 to
free-space optical terminal 114 of master clock 110, wherein
remote clock 112 produces pulse label 192.

According to an embodiment, with reference to FIG. 2,
optical time distributor 100 for O-TWTFT includes master
clock 110. Master clock 110 includes: master comb 138 that
receives reference oscillator signal 144 from first oscillator
142 and produces: local master clock signal 146; master
clock coherent optical pulse train output 150; master fre-
quency output 151; master pulse-per-second output 157; and
master coherent optical pulse train 148 in response to receipt
of reference oscillator signal 144. Master clock 110 also
includes transfer comb 134 that receives reference oscillator
signal 140 from first oscillator 142 and produces, in response
to receipt of reference oscillator signal 140, transfer coherent
optical pulse train 136; master-transfer optical transceiver
166 that: receives master coherent optical pulse train 148
from the master comb 138; receives the transfer coherent
optical pulse train 136 from transfer comb 134; and pro-
duces RF master-transfer interferogram 168 in response to
receipt of master coherent optical pulse train 148 and
transfer coherent optical pulse train 136. Master clock 110
further includes remote-transfer optical transceiver 162 that:
receives transfer coherent optical pulse train 136 from
transfer comb 134; receives remote coherent optical pulse
train 176 from remote comb 174; and produces RF remote-
transfer interferogram 164 in response to receipt of remote
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optical signal 124 and transfer coherent optical pulse train
136. Digital signal controller 152 is in electrical communi-
cation with master comb 138, master-transfer optical trans-
ceiver 166, remote-transfer optical transceiver 162, and
coarse timing and communications module 130, wherein
digital signal controller 152 receives local master clock
signal 146, RF master-transfer interferogram 168, and RF
remote-transfer interferogram 164; receives cw laser hetero-
dyne signal 159; produces cw laser modulation 156 and
pulse label 154 in response to receipt of local master clock
signal 146, RF master-transfer interferogram 168, RF
remote-transfer interferogram 164, and cw laser heterodyne
signal 159; produces master pulse-per-second output 157 via
pulse selector 155; and produces pulse label 154. Addition-
ally, master clock 110 includes coarse timing and commu-
nications module 130 in electrical communication with
digital signal controller 152 and that: generates cw laser
heterodyne signal 159 in response to receipt of modulated
cw laser signal 132; receives cw laser modulation 156 from
digital signal controller 152; and produces an outgoing
modulated cw laser signal 132 in response to receipt of cw
laser modulation 156. Master clock 110 includes free-space
optical terminal 114 in optical communication with coarse
timing and communications module 130, transfer comb 134,
and free space link 400 and that: transfers modulated cw
laser signal 132 and transfer coherent optical pulse train 136
from master clock 110 to free space link 400; transfers
remote optical signal 124 from free space link 400 to master
clock 110; and produces master optical signal 116 in
response to receipt of modulated cw laser signal 132 and
transfer coherent optical pulse train 136, master optical
signal 116 comprising: transfer coherent optical pulse train
118; and modulated cw laser signal 120.

Optical time distributor 100 also includes remote clock
112 in optical communication with master clock 110 via free
space link 400. remote clock includes: remote comb 174 that
receives reference oscillator signal 196 from second oscil-
lator 194 and produces: local remote clock signal 177;
remote clock coherent optical pulse train output 182; remote
frequency output 181; remote pulse-per-second output 195;
and remote coherent optical pulse train 176 in response to
receipt of reference oscillator signal 196. remote clock 112
also includes free-space optical terminal 122 in optical
communication with remote comb 174 and with master
clock 110 via free space link 400, and that receives: remote
coherent optical pulse train 176 from remote comb 174; and
master optical signal 116 from free-space optical terminal
114 of master clock 110, and that communicates: modulated
cw laser signal 124 to free-space optical terminal 114 of
master clock 110, modulated cw laser signal 124 including:
remote coherent optical pulse train 126; and modulated cw
laser signal 127. remote clock further includes transfer-
remote optical transceiver 184 that: receives remote coher-
ent optical pulse train 176 from remote comb 174; receives
transfer coherent optical pulse train 118; and produces RF
transfer-remote interferogram 186 in response to receipt of
remote coherent optical pulse train 176 and transfer coherent
optical pulse train 118. Further, remote clock 112 includes:
coarse timing and communications module 170 in electrical
communication with digital signal controller 188 and in
optical communication with free-space optical terminal 122;
digital signal controller 188 in electrical communication
with remote comb 174, transfer-remote optical transceiver
184, and coarse timing and communications module 170 and
that: receives local remote clock signal 177, and RF transfer-
remote interferogram 186 from transfer-remote optical
transceiver 184; receives cw laser heterodyne signal 198;
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produces cw laser modulation 199 and pulse label 192;
produces remote pulse-per-second output 195 via pulse
selector 193; produces pulse label pulse label 192; and
produces clock feedback signal 190 in response to receipt of
RF transfer-remote interferogram 186. coarse timing and
communications module 170 is in electrical communication
with digital signal controller 188 and: generates cw laser
heterodyne signal 198 in response to receipt of incoming
modulated cw laser signal 172; receives cw laser modulation
199 from digital signal controller 188; and produces outgo-
ing modulated cw laser signal 172 in response to receipt of
cw laser modulation 199.

In an embodiment, optical time distributor 100 includes:
optical synchronization verification 200 in optical commu-
nication with master clock 110 and remote clock 112 such
that optical time distributor 100 receives master clock coher-
ent optical pulse train output 150 from master clock 110;
receives remote clock coherent optical pulse train output 182
from remote clock 112; and produces out-of-loop verifica-
tion 202 in response to receipt of master clock coherent
optical pulse train output 150 and remote clock coherent
optical pulse train output 182.

In an embodiment, optical time distributor 100 includes:
pulse-per-second verification 204 in optical communication
with master clock 110 and remote clock 112, wherein optical
time distributor 100 receives master pulse-per-second output
157 from master clock 110; receives remote pulse-per-
second output 195 from remote clock 112; and produces
optical interference 206 in response to receipt of master
pulse-per-second output 157 and remote pulse-per-second
output 195.

In an embodiment, optical time distributor 100 includes
frequency verification 208 in electrical communication with
master clock 110 and remote clock 112, wherein optical time
distributor 100 receives master frequency output 151 from
master clock 110; receives remote frequency output 181
from remote clock 112; and produces relative phase differ-
ence 210 in response to receipt of master frequency output
151 and remote frequency output 181.

In some embodiments, optical time distributor 100
includes first oscillator 142. In certain embodiments, optical
time distributor 100 includes second oscillator 194.

In optical time distributor 100, master clock 110 provides
a master time, a master frequency output, or a combination
of thereof. Additionally, master clock 110 can produce a
coherent optical pulse train at the master comb repetition
frequency. Similarly, remote clock 112 provides remote
time, remote frequency output, or a combination thereof.
Additionally, remote clock 112 can produce a coherent
optical pulse train at the remote comb repetition frequency
and can be synchronized to master clock 110.

master clock 110 includes a number of elements such as
free-space optical terminal 114 provides the coupling
between the single spatial mode of the fiber optics of master
clock 110 and the free-space link 400. Exemplary compo-
nents of free-space optical terminal 114 include a bidirec-
tional beam path that includes refractive optics for trans-
mitting and receiving the timing and communications
signals, a separate beam path for detection of alignment
errors due to atmospheric turbulence, a fast-steering mirror
for tip or tilt correction, a visible wavelength camera for
alignment, and a gimbal mount for coarse pointing. Free-
space optical terminal 114 also includes a field-program-
mable-gate-array (FPGA) controller running a proportional-
integral (PI) loop for each error signal detected. In an
embodiment, free-space optical terminal 114 includes a fiber
collimator, a x-y galvo mirror with a 1.2 kHz servo band-
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width, and a 14:1 Keplerian beam expander leading a 20 mm
radius beam with 1.5 dB insertion loss in the bidirectional
path. Additionally, free-space optical terminal 114 includes
additional fiber collimators, lenses, polarization optics, and
quadrant photodetectors for the detection of atmospheric-
turbulence-induced pointing errors.

It is contemplated that master optical signal 116 includes
optical signals transmitted across the free-space link 400
from master clock 110 to remote clock 112. Exemplary
components of master optical signal 116 include the transfer
coherent optical pulse train 118 and the modulated cw laser
signal 120 generated from master clock 110. In an embodi-
ment, master optical signal 116 includes the transfer coher-
ent optical pulse train 118 at a 200-MHz repetition rate and
modulated cw laser signal 120 containing a pseudo-random
binary sequence (PRBS) and 10 Megabit per second (Mbps)
communications signal.

It is contemplated that transfer coherent optical pulse train
118 include phase coherent optical pulse train generated by
the transfer comb 134. Exemplary components of the trans-
fer coherent optical pulse train 118 include phase coherent
optical pulses. In an embodiment, transfer coherent optical
pulse train 118 includes optical pulses in the near-infrared
centered at 1560-nm wavelength with an optical bandwidth
of 12 nm and with pulse-to-pulse timing jitter below 5 fs.

It is contemplated that modulated cw laser signal 120
includes a phase-modulated optical output of a cw laser.
Exemplary components of the phase-modulated cw laser
signal include modulation for coarse timing determination
and a communication signal generated by the digital signal
controller 152 inside the master clock 110. In an embodi-
ment, the modulated cw laser signal includes a Manchester-
encoded PRBS with a 100-ns chip length and a 10 Mbps
binary phase-shift keying (BPSK) communications signal.

It is contemplated that free-space optical terminal 122
provides the coupling between the single spatial mode of the
fiber optics of remote clock 112 and the free-space link 400.
Exemplary components of free-space optical terminal 122
include a bidirectional beam path using refractive optics for
transmitting and receiving the timing and communications
signals, a separate beam path for detection of alignment
errors due to atmospheric turbulence, a fast-steering mirror
for tip/tilt correction, a visible wavelength camera for align-
ment, and a gimbal mount for coarse pointing. Free-space
optical terminal 114 also includes a FPGA controller running
a PI loop for each error signal detected. In an embodiment,
free-space optical terminal 122 includes a fiber collimator, a
x-y galvo mirror with a 1.2 kHz servo bandwidth, and a 14:1
Keplerian beam expander leading a 20 mm radius beam with
1.5 dB insertion loss in the bidirectional path. Additionally,
free-space optical terminal 122 includes additional fiber
collimators, lenses, polarization optics, and quadrant pho-
todetectors for the detection of atmospheric-turbulence-
induced pointing errors.

It is contemplated that remote optical signal 124 includes
optical signals transmitted across the free-space link 400
from remote clock 112 to master clock 110. Exemplary
components of remote optical signal 124 include the remote
coherent optical pulse train 126 and the modulated cw laser
signal 127 generated from remote clock 112. In an embodi-
ment, remote optical signal 124 includes the remote coher-
ent optical pulse train 126 at a 200-MHz repetition rate and
modulated cw laser signal 127 containing a PRBS and 10
Mbps communications signal.

It is contemplated that remote coherent optical pulse train
126 includes the phase coherent optical pulse train generated
by the remote comb 174. Exemplary components of the
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remote coherent optical pulse train 126 include phase coher-
ent optical pulses. In an embodiment, remote coherent
optical pulse train 126 includes optical pulses in the near-
infrared centered at 1560-nm wavelength with an optical
bandwidth of 12 nm and with pulse-to-pulse timing jitter
below 5 fs.

It is contemplated that modulated cw laser signal 127
includes a phase-modulated optical output of a cw laser.
Exemplary components of the phase-modulated cw laser
signal include modulation for coarse timing determination
and a communication signal generated by the digital signal
controller 188 inside the master clock 112. In an embodi-
ment, the modulated cw laser signal includes a Manchester-
encoded PRBS with a 100-ns chip length and a 10 Mbps
binary phase-shift keying (BPSK) communications signal.

It is contemplated that coarse timing and communications
module 130 and 170 generate the outgoing modulated cw
laser signal based on signals received from the digital signal
controller and measure the optical heterodyne signal
between a local cw laser and the in-coming modulated cw
laser signal. This It is contemplated that can independently
be the coarse timing and communications module inside
remote clock 112 or inside master clock 110. Exemplary
components of the coarse timing and communications mod-
ule 130 include a cw laser, a phase modulator, a fiber
combiner, and a photodetector. In an embodiment, this It is
contemplated that includes a distributed feedback (DFB)
laser offset in frequency from the carrier of the received
modulated cw laser by 250 MHz, a phase modulator, 50:50
fiber splitters, and a balanced photodetector.

It is contemplated that modulated cw laser signal 132 and
172 includes a phase-modulated optical output of a cw laser
inside a single-mode fiber. This It is contemplated that can
independently be the modulated cw laser signal inside
remote clock 112 or the modulated cw laser signal inside
master clock 110. Exemplary components of this It is
contemplated that include modulation for coarse timing
determination and a communications signal. This It is con-
templated that is time multiplexed to be either the received
modulated cw laser signal from the free-space link or the
outgoing signal generated locally via the coarse timing and
communications module. In an embodiment, the modulated
cw laser signal includes a Manchester-encoded PRBS with
a 100-ns chip length and a 10 Mbps binary phase-shift
keying (BPSK) communications signal.

It is contemplated that transfer comb 134 includes a fully
self-referenced frequency comb operated at a repetition
frequency equal to the master comb repetition frequency
plus an offset frequency, Afr. Exemplary components of the
transfer comb include an octave-spanning frequency comb,
actuators to allow for full stabilization including either
phase-locking to an optical or microwave reference signal,
multiple optical outputs, and a FPGA-based digital control-
ler for comb stabilization. In an embodiment, the transfer
comb is a near-infrared all-polarization-maintaining self-
referenced frequency comb with a repetition rate of 200
MHz+Afr, where Afr~2.4 kHz.

It is contemplated that transfer coherent optical pulse train
136 includes the phase coherent optical pulse train generated
by the transfer comb 134. Exemplary components of the
transfer coherent optical pulse train 136 include phase
coherent optical pulses. In an embodiment, transfer coherent
optical pulse train 136 includes optical pulses in the near-
infrared with pulse-to-pulse timing jitter below 5 fs.

It is contemplated that master comb 138 includes a fully
self-referenced frequency comb operated at a repetition
frequency, fr. Exemplary components of the master comb
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138 include an octave-spanning frequency comb, actuators
to allow for full stabilization including either phase-locking
to an optical or microwave reference signal, multiple optical
outputs, and a FPGA-based digital controller for full stabi-
lization. In an embodiment, the master comb is a near-
infrared all-polarization-maintaining self-referenced fre-
quency comb with a repetition rate of 200 MHz.

It is contemplated that reference oscillator signal 140 and
144 includes the single frequency output of the first oscil-
lator 142. This It is contemplated that can independently be
the reference oscillator signal used for phase-locking the
transfer comb 134 or the reference oscillator signal used for
phase-locking the master comb 138. Exemplary components
of the reference oscillator include the single frequency
output of an oscillator. In an embodiment, the reference
oscillator signal includes a 192-THz signal. In another
embodiment, the reference oscillator signal includes a
10-GHz signal.

It is contemplated that first oscillator 142 is the frequency
reference for master clock 110. Exemplary components of
the first oscillator 142 include a frequency reference. In an
embodiment, the frequency reference includes a cavity-
stabilized 192-THz cw laser. In another embodiment, the
frequency reference includes a 10-GHz dielectric resonator
oscillator (DRO) plus a quartz oscillator.

It is contemplated that local master clock signal 146
includes the RF local clock signal supplied to the digital
signal controller 152. Exemplary components of the local
master clock signal 146 include a photodetector for the
conversion of the optical pulse train to an RF signal, RF
bandpass filters, and the RF frequency used to clock the
digital signal controller. In an embodiment, the local master
clock signal includes a 200-MHz signal.

It is contemplated that master coherent optical pulse train
148 includes the phase coherent optical pulse train generated
by the master comb 138. Exemplary components of the
master coherent optical pulse train 148 include phase coher-
ent optical pulses. In an embodiment, master coherent
optical pulse train includes optical pulses in the near-
infrared with pulse-to-pulse timing jitter below 5 fs.

It is contemplated that master clock coherent optical pulse
train output 150 includes the phase coherent train of optical
pulses at the master comb repetition frequency output from
master clock 110. Exemplary components of master clock
optical pulse train output include a phase coherent train of
optical pulses at the master comb repetition frequency. In an
embodiment, master clock coherent optical pulse train out-
put includes optical pulses in the near-infrared at a 200-MHz
repetition frequency with pulse-to-pulse timing jitter below
5 fs.

It is contemplated that master frequency output 151
includes a single RF frequency output corresponding to a
harmonic of the master comb repetition frequency. Exem-
plary components of the master frequency output 151
include a fast photodetector to convert a harmonic of the
repetition frequency of the optical pulse train to an RF
signal, RF bandpass filters, and the single RF frequency
output. In an embodiment, the master frequency output
includes a 10-GHz frequency output.

It is contemplated that digital signal controller 152 and
188 receive and process RF signals within the clock, con-
trols the clock outputs, and can provide synchronization
feedback. This It is contemplated that can independently be
an It is contemplated that to process signals within the
master clock, to process signals within the remote clock,
control outputs from the master clock, to control outputs
from the remote clock, and to provide the synchronization
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feedback to the remote comb. Exemplary components
include a FPGA, a digital-signal-processor (DSP), analog-
to-digital converters (ADCs), direct digital synthesizers
(DDS), and a graphical user interface (GUI). In an embodi-
ment, the digital signal controller includes an FPGA clocked
at 200 Ms/s; a 12-bit ADC; a commercially available DSP;
a DDS capable of a 40 MHz output; and a GUI that includes
inputs for calibration, system initialization, and optional
synchronization feedback.

It is contemplated that pulse label 154 and 192 include the
output of the digital signal controller indicating the integer
associated with a specific pulse of the coherent pulse train
output of the clock. This It is contemplated that can inde-
pendently be the label of a pulse of the master clock coherent
pulse train output or the remote clock coherent pulse train
output. Exemplary components include the integer label
associated with each pulse. In an embodiment, this label is
recorded in the digital signal processor and output to a pulse
selector.

It is contemplated that pulse selector 155 and 193 include
a device to permit only some pulses from the coherent pulse
train output of the clock to pass through to generate a train
of pulses that occur at a lower repetition frequency. Exem-
plary components include a pulse picker and an input for the
pulse label emitted by the digital signal controller. In an
embodiment, the pulse picker includes a Mach-Zehnder
modulator controlled by the digital signal controller to emit
a pulse-per-second optical output.

It is contemplated that cw laser modulation 156 and 199
include an RF signal emitted from the digital signal con-
troller which contains the encoded information applied to
the cw laser output in the coarse timing and communications
module to generate the modulated cw laser signal. This It is
contemplated that can independently be either the RF signal
emitted from the digital signal controller inside the master
clock or the remote clock. Exemplary components include
an RF signal. In an embodiment, the cw laser modulation
includes the Manchester-encoded packets which contain
both the coarse timing and communications signals along
with a preamble and error correction signals.

It is contemplated that master pulse-per-second output
157 includes an optical one pulse-per-second output. Exem-
plary components include a single optical pulse or a burst of
pulses emitted every second selected from the master clock
coherent optical pulse train output. In an embodiment, one
out of every 200 million 150-fs-duration pulses from a
200-MHz repetition frequency optical pulse train is selected.

It is contemplated that cw laser heterodyne signal 159 and
198 include the RF signal generated from the optical detec-
tion of the modulated cw laser signal in the coarse timing
and communications module. This It is contemplated that
can independently be the cw laser heterodyne signal
detected inside the master clock or the cw laser heterodyne
signal detected inside the remote clock. Exemplary compo-
nents include a modulated RF signal which arises from the
optical heterodyne measurement of the local un-modulated
cw laser and the received modulated cw laser signal. In an
embodiment, the cw laser heterodyne signal has a carrier
frequency of 250 MHz.

It is contemplated that remote-transfer optical transceiver
162 includes the fiber optic components necessary for the
optical cross-correlation of the received remote coherent
optical pulse train and the local transfer coherent optical
pulse train. Exemplary components include fiber optic split-
ters and combiners to ensure the overlap of the electric fields
of the two pulse trains, fiber optic attenuators to balance
optical powers, fiber optic bandpass filters to select an
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appropriate section of the frequency comb spectrum, and
photodetectors for the conversion of the optical cross-
correlation to an RF signal. In an embodiment, 50:50 fiber
splitters and 12-nm bandpass filters centered at 1560 nm are
used to generate the optical cross-correlation.

It is contemplated that RF remote-transfer interferogram
164 includes the RF signal generated from the optical
cross-correlation of the received remote pulse train and the
local transfer pulse train. Exemplary components of the RF
remote-transfer interferogram include a train of RF pulses
which arrive approximately at the difference in repetition
frequencies, i.e. Afr, whose peak arrival time contains infor-
mation about the arrival time of the underlying pulses. In an
embodiment, a RF remote-transfer interferogram peak
arrives approximately every 400 us and is used to compute
the difference in time between the master and remote clocks.

It is contemplated that master-transfer optical transceiver
166 includes the fiber optic components necessary for the
optical cross-correlation of the master coherent optical pulse
train and the transfer coherent optical pulse train. Exemplary
components include fiber optic splitters and combiners to
ensure the overlap of the electric fields of the two pulse
trains, fiber optic attenuators to balance optical powers, fiber
optic bandpass filters to select an appropriate section of the
frequency comb spectrum, and photodetectors for the con-
version of the optical cross-correlation to an RF signal. In an
embodiment, 50:50 fiber splitters are used to generate the
optical cross-correlation.

RF master-transfer interferogram 168 includes the RF
signal generated from the optical cross-correlation of the
master pulse train and the transfer pulse train. Exemplary
components of the RF master-transfer interferogram include
a train of RF pulses which arrive approximately at the
difference in repetition frequencies, i.e. Afr, whose peak
arrival time contains information about the arrival time of
the underlying pulses. In an embodiment, a RF master-
transfer interferogram peak arrives approximately every 400
us and is used to compute the difference in time between the
master and remote clocks.

It is contemplated that remote comb 174 includes a fully
self-referenced frequency comb operated at a repetition
frequency, fr. Exemplary components of the remote comb
174 include an octave-spanning frequency comb, actuators
to allow for full stabilization including either phase-locking
to an optical or microwave reference signal, multiple optical
outputs, and a FPGA-based digital controller for full stabi-
lization. In an embodiment, the remote comb is a near-
infrared all-polarization-maintaining self-referenced fre-
quency comb with a repetition rate of 200 MHz.

It is contemplated that remote coherent optical pulse train
176 includes the phase coherent optical pulse train generated
by the remote comb 174. Exemplary components of the
remote coherent optical pulse train 176 include phase coher-
ent optical pulses. In an embodiment, remote coherent
optical pulse train 176 includes optical pulses in the near-
infrared with pulse-to-pulse timing jitter below 5 fs.

It is contemplated that local remote clock signal 177
includes the RF local clock signal supplied to the digital
signal controller 188. Exemplary components of the local
remote clock signal 177 include a photodetector for the
conversion of the optical pulse train to an RF signal, RF
bandpass filters, and the RF frequency used to clock the
digital signal controller. In an embodiment, the local remote
clock signal includes a 200-MHz signal.

It is contemplated that remote frequency output 181
includes a single RF frequency output corresponding to a
harmonic of the master comb repetition frequency. Exem-
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plary components of the remote frequency output 181
include a fast photodetector to convert a harmonic of the
repetition frequency of the optical pulse train to an RF
signal, RF bandpass filters, and the single RF frequency
output. In an embodiment, the remote frequency output
includes a 10-GHz frequency output.

It is contemplated that remote clock coherent optical pulse
train output 182 includes the phase coherent train of optical
pulses at the master comb repetition frequency output from
remote clock 112. Exemplary components of remote clock
optical pulse train output include a phase coherent train of
optical pulses at the remote comb repetition frequency. In an
embodiment, remote clock coherent optical pulse train out-
put includes optical pulses in the near-infrared at a 200-MHz
repetition frequency with pulse-to-pulse timing jitter below
5 fs.

It is contemplated that transfer-remote optical transceiver
184 includes fiber optic components for the optical cross-
correlation of the received transfer coherent optical pulse
train and the local remote coherent optical pulse train.
Exemplary components include fiber optic splitters and
combiners to ensure the overlap of the electric fields of the
two pulse trains, fiber optic attenuators to balance optical
powers, fiber optic bandpass filters to select an appropriate
section of the frequency comb spectrum, and photodetectors
for the conversion of the optical cross-correlation to an RF
signal. In an embodiment, 50:50 fiber splitters and 12-nm
bandpass filters centered at 1560 nm are used to generate the
optical cross-correlation.

RF transfer-remote interferogram 186 includes the RF
signal generated from the optical cross-correlation of the
received transfer pulse train and the local remote pulse train.
Exemplary components of the RF transfer-remote interfero-
gram include a train of RF pulses which arrive approxi-
mately at the difference in repetition frequencies, i.e. Aft,
whose peak arrival time contains information about the
arrival time of the underlying pulses. In an embodiment, a
RF transfer-remote interferogram peak arrives approxi-
mately every 400 us and is used to compute the difference
in time between the master and remote clocks.

It is contemplated that clock feedback signal 190 includes
the output from the digital signal controller 188 which
adjusts the repetition frequency of the remote comb so that
the outputs of the remote clock 112 are synchronized to the
outputs of the master clock 110.

It is contemplated that remote pulse-per-second output
195 includes an optical one pulse-per-second output. Exem-
plary components include a single optical pulse or a burst of
pulses emitted every second selected from the remote clock
coherent optical pulse train output. In an embodiment, one
out of every 200 million 150-fs-duration pulses from a
200-MHz repetition frequency optical pulse train is selected.

It is contemplated that second oscillator 194 is the fre-
quency reference for remote clock 112. Exemplary compo-
nents of the second oscillator 194 include a frequency
reference. In an embodiment, the frequency reference
includes a cavity-stabilized 192-THz cw laser. In another
embodiment, the frequency reference includes a 10-GHz
dielectric resonator oscillator (DRO) plus a quartz oscillator.

It is contemplated that reference oscillator signal 196
includes the single frequency output of the second oscillator
194 used for phase-locking of the remote comb 174. Exem-
plary components of the reference oscillator include the
single frequency output of an oscillator. In an embodiment,
the reference oscillator signal includes a 192-THz signal. In
another embodiment, the reference oscillator signal includes
a 10-GHz signal.
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It is contemplated that optical synchronization verifica-
tion 200 includes an out-of-loop heterodyne detection
between the two-clock coherent optical pulse train outputs.
The amplitude of the heterodyne signal depends on the time
offset between the two clock outputs. Exemplary compo-
nents of the optical synchronization verification include a
deliberate offset of the remote comb carrier envelope fre-
quency, fiber optic splitters and combiners, fiber optic band-
pass filters and a photodetector. In an embodiment, the
carrier envelope offset frequency is offset by 1 MHz, ~30 nm
of optical bandwidth of the coherent optical pulse train
output in the near-infrared is utilized, a balanced photode-
tector is used, and the range over which clock excursions can
be tracked is ~300 fs.

It is contemplated that out-of-loop verification 202
includes the demodulated amplitude from the out-of-loop
heterodyne detection signal produced by the optical syn-
chronization verification 200. Exemplary components of the
out-of-loop verification include a time series of the demodu-
lated amplitude and the conversion between amplitude and
time-offset.

It is contemplated that pulse-per-second verification 204
includes the overlap the electric fields of the remote and
master optical pulse-per-second signals to generate an opti-
cal fringe pattern at a reference plane when the remote clock
is synchronized to the master clock. Exemplary components
of the pulse-per-second verification include optics to create
a tilt interference pattern and a focal plane array. In an
embodiment, the pulse-per-second verification includes an
InGaAs focal plane array.

It is contemplated that optical interference 206 includes
the optical interference pattern generated from the pulse-
per-second verification which has a clear fringe pattern
when the pulse-per-second signals are aligned to within the
optical pulse width. Exemplary components of the optical
interference include the focal plane array image output and
the presence or absence of a clear fringe pattern in the
output. In an embodiment, appearance of a strong interfer-
ence pattern indicates that the pulses arrive within their
correlation time of ~300 fs.

It is contemplated that frequency verification 208 includes
the output of the relative phase difference measurement.
Exemplary components of the frequency verification include
a time series of the relative phase difference between the
frequency output of the remote clock and the master clock.

It is contemplated that relative phase difference 210
includes a device to measure the relative phase difference
between the frequency output of the remote clock and the
master clock. Exemplary components of the relative phase
difference include a phase noise test set, a common oscillator
for the down conversion of the frequency outputs to fre-
quencies accepted by the phase noise test set, RF mixers, RF
bandpass filters, and RF amplifiers. In an embodiment, the
relative phase difference includes frequency outputs from
the remote and master clocks at 10.037 GHz, a 10 GHz
common oscillator, RF mixers for 10 GHz signals, RF
amplifiers, and a phase noise test set comparing two 37 MHz
input signals.

It is contemplated that free space link 400 includes the
turbulent air path traversed by the master optical signal and
remote optical signal. Exemplary components of the free
space link include turbulent air located between the master
clock and the remote clock. In an embodiment, the free
space link includes 0, 2, and 4 km of turbulent air close to
the ground. In another embodiment, the free space link
includes 12 km of turbulent air within 100 m of the ground.
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In an embodiment, a process for making optical time
distributor 100 includes constructing three frequency combs,
the master comb 138, the remote comb 174, and the transfer
comb 138 with repetition frequencies of fr, fr and fr+Afr
respectively; constructing the master-transfer optical trans-
ceiver 166, the remote-transfer optical transceiver 162, and
the transfer-remote optical transceiver 184; constructing the
two free-space optical terminals 114 and 122; constructing
two digital signal controllers 152 and 188; constructing two
coarse timing and communications modules 130 and 170;
assembling master clock 110 and remote clock 112 from
their respective subsystems; and programming digital signal
controllers 152 and 188 with the signal processing algo-
rithms.

According to an embodiment, a process for transferring
time or frequency includes using an optical oscillator as the
first oscillator 142 and the second oscillator 194; phase-
locking the master comb 134 and the transfer comb 138 to
the first oscillator optical frequency; phase-locking the
remote comb 174 to the second oscillator optical frequency;
establishing the bi-directional single-mode free-space link
400; calibrating the system delays; initializing of the time
transfer protocols; recording of interferogram and cw laser
heterodyne signals by the digital signal controllers; calcu-
lating the time offset between remote clock 112 and master
clock 110 in digital signal controller 188; and applying
feedback to remote comb 174 to synchronize remote clock
112 to master clock 110.

According to an embodiment, a process for transferring
time or frequency includes using an optical oscillator as the
first oscillator 142 and the second oscillator 194; phase-
locking the master comb 134 and the transfer comb 138 to
the first oscillator optical frequency; phase-locking the
remote comb 174 to the second oscillator optical frequency;
establishing the bi-directional single-mode free-space link
400; calibrating the system delays; initializing of the time
transfer protocols; recording of interferogram and cw laser
heterodyne signals by the digital signal controllers; and
calculating the time offset between remote clock 112 and
master clock 110 in digital signal controller 188.

According to an embodiment, a process for transferring
time or frequency includes using an optical oscillator as the
first oscillator 142 and a microwave oscillator as the second
oscillator 194; phase-locking the master comb 134 and the
transfer comb 138 to the first oscillator optical frequency;
phase-locking the remote comb 174 to the second oscillator
microwave frequency; establishing the bi-directional single-
mode free-space link 400; calibrating the system delays;
initializing of the time transfer protocols; recording of
interferogram and cw laser heterodyne signals by the digital
signal controllers; and calculating the time offset between
remote clock 112 and master clock 110 in digital signal
controller 188.

According to an embodiment, a process for transferring
time or frequency includes using microwave oscillators for
both the first oscillator 142 and the second oscillator 194;
phase-locking the master comb 134 and the transfer comb
138 to the first oscillator microwave frequency; phase-
locking the remote comb 174 to the second oscillator
microwave frequency; establishing the bi-directional single-
mode free-space link 400; calibrating the system delays;
initializing of the time transfer protocols; recording of
interferogram and cw laser heterodyne signals by the digital
signal controllers; and calculating the time offset between
remote clock 112 and master clock 110 in digital signal
controller 188.
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According to an embodiment, a process for transferring
frequency includes using the transfer comb 138 only within
master clock 110; phase-locking transfer comb 138 to the
first oscillator 142; phase-locking remote comb 174 to the
second oscillator 194; generating local master clock signal
146 from transfer comb 138; and computing the frequency
difference between the first oscillator and the second oscil-
lator from the RF remote-transfer interferogram and the RF
transfer-remote interferogram.

Optical time distributor 100 and processes herein have
numerous advantageous and unexpected properties. Unex-
pectedly, optical time distributor 100 can compute the clock
offset between remote clock 112 and master clock 110 to
within femtoseconds despite significant Doppler shifts; can
compute the clock offset between remote clock 112 and
master clock 110 despite turbulence-induced fades; can
compute the clock offset between remote clock 112 and
master clock 110 despite turbulence-induced phase noise;
can compute the clock offset between remote clock 112 and
master clock 110 over a single-mode optical link capable of
supporting high-speed optical communication signals; can
compute the difference in underlying carrier phase between
remote clock 112 and master clock 110; can compute the
clock offset between remote clock 112 and master clock 110
in real time to support synchronization bandwidths of 100
Hz or lower; can correct for errors induced by motion to
properly synchronize moving remote clock 112 to master
clock 110; can synchronize a remote clock 112 with a
microwave-based reference oscillator signal to a master
clock 110 with an optically-based reference optical signal
bridging 6 orders of magnitude in frequency with femtosec-
ond precision; and can compute the frequency difference
between the first oscillator 142 and the second oscillator 194
to a fractional precision of 1x1072° even in the presence of
strong random frequency walk noise between the two oscil-
lators.

The articles and processes herein are illustrated further by
the following Examples, which are non-limiting.

EXAMPLE
Example 1

Synchronization of distant optical clocks at the
femtosecond level

The use of optical clocks/oscillators in future ultra-precise
navigation, gravitational sensing, coherent arrays, and rela-
tivity experiments will require time comparison and syn-
chronization over terrestrial or satellite free-space links.
Here, we demonstrate full unambiguous synchronization of
two optical timescales across a free-space link. The time
deviation between synchronized timescales is below 1 fs
over durations from 0.1 s to 6500 s, despite atmospheric
turbulence and kilometer-scale path length variations. Over
two days, the time wander is 40 fs peak-to-peak. Our
approach relies on the two-way reciprocity of a single-
spatial-mode optical link, valid to below 225 attoseconds
across a turbulent 4 km path. This femtosecond level of
time-frequency transfer should enable optical networks
using state-of-the-art optical clocks/oscillators.

Optical clocks reach absolute accuracies approaching
107'® and optical oscillators (e.g. cavity-stabilized lasers)
can provide sub-femtosecond timing stability over seconds.
A physical network of optical timescales, derived from these
clocks, could enable dramatic improvements in precision
navigation and timing, phased sensor arrays, tests of special
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and general relativity, clock-based geodesy, and even future
searches for dark matter. In these applications, the local
optical timescale would either be compared against or
synchronized to a distant timescale via terrestrial or satellite
free-space links. Existing rf-based techniques can support
time transfer over free-space links but are limited to 10 ps to
100 ps accuracy and ~1 ps stability, a hundred to a thousand
times worse than optical oscillators. The highest perfor-
mance rf system to date is planned for the ACES mission and
will support 300 fs timing stability at 300 s integration and
<6 ps timing stability over days from ground to space.
Optical clocks/oscillators with femtosecond precision will
eventually require analogous optical, rather than rf, time-
frequency transfer techniques to realize their full potential.
Indeed, optical time-frequency transfer over fiber optics can
achieve frequency transfer at 107'® fractional stability over
1840 km, time transfer at sub-picosecond stability over up to
a thousand kilometers, and sub-femtosecond stability over
several kilometers. These fiber links are appropriate for
connecting national laboratories but to support the broader
applications of clock networks that include mobile or tem-
porary stations, free-space optical timing-links of interest.

The challenge with comparing and synchronizing the time
between distant clocks arises from the finite speed-of-light.
A direct comparison of their time inevitably includes an
unknown and variable path delay in transmitting one clock
signal to the other. In two-way RF comparisons, this prob-
lem is overcome by transmitting the time signals between
clocks in each direction. Subtraction of the measured arrival
times then yields the clock time-offsets independent of the
path delay provided the path is reciprocal with equal delay
in both directions. An analogous two-way time-frequency
transfer approach in the optical domain can be based on
frequency combs to enable frequency comparisons between
remote oscillators after post-processing with a common
optical oscillator. Here, we pursue the problem of two-way
time comparison between two distant optical timescales and,
with active real-time feedback, their time synchronization.
The ability to not just compare but to synchronize two
distant clocks at the femtosecond level over the air can be a
powerful tool but has significant complexity as it requires
real-time measurements of the absolute time offset between
clocks, real-time communication between sites, and real-
time adjustment of the synchronized clock, all with femto-
second-level precision. Moreover, to achieve femtosecond
time-synchronization, this two-way approach must cancel
variations in the path length between the distant sites to
below 300 nm despite kilometer or longer paths through
turbulent air.

Here, we show that optical two-way time transfer can
indeed compare and synchronize two optical timescales to
the femtosecond level and at an update rate of 2 kHz. The
basic setup is sketched in FIG. 3a. In this work, we construct
two optical timescales based on independent cavity-stabi-
lized lasers (i.e. optical oscillators). We show that these two
timescales can be time synchronized with sub-femtosecond
stability from 0.1 s to 6500 s (see FIG. 3b), dropping as low
as 225 attoseconds at 10 seconds averaging. Over two days,
the long-term wander of the time offset is 40 fs peak-to-peak
which is attributed to temperature induced variations in the
non-reciprocal fiber paths associated with the out-of-loop
time verification and the coherent transceivers. This femto-
second-level performance is reached despite strong turbu-
lence-induced fading and piston noise, variations of hun-
dreds of picoseconds in the path delay from turbulence and
weather, temporary misalignments of the link, and inten-
tional variations of the path length from 1 m to 4 km. At
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these levels, a network of optical clocks/oscillators will have
a sensitivity a thousand times superior to analogous rf-based
systems for timing, navigation and sensing.

With respect to synchronization between two distant
optical timescales using two-way time transfer, a first aspect
is to create an optical timescale at each site. Atomic optical
clocks are operated as frequency standards; they output an
optical frequency from a laser stabilized to an optical cavity
and atomic transition. Therefore, atomic optical clocks are
compared by their frequency ratios, typically via a frequency
comb. To create a timescale instead, we phase lock a
self-referenced frequency comb to the cavity-stabilized
laser. The optical pulses output by the frequency comb are
analogous to the “ticks” of a conventional clock. To generate
a local time, we label the comb’s optical pulses according to
their arrival at a defined reference plane. Our goal is to
synchronize the two clocks so that their pulses with the same
time label arrive at their respective reference planes simul-
taneously.

We first discuss two-way time transfer, before discussing
the modified optical two-way time transfer demonstrated
here. Consider two clocks at separate sites A and B. Suppose
Site A transmits a pulse at its zero time to Site B. Its
measured arrival time according to Site B’s clock is
At, =T, .+AT, -where T, , is the path delay and AT 5 is
the time offset between the clocks. Simultaneously, Site B
transmits a pulse at its assumed zero time in the opposite
direction to Site A, where its arrival time is Aty , =T, .~
AT 5. Subtraction of these two arrival times yields the clock
time offset, AT, ;='2(At, _, z~ATz_. ), that must be adjusted
by a calibration constant, T, to account for time delays in
the transceiver to a defined reference plane. Summation of
the two arrival times provides T, ..

For our optical timescale, we cannot implement the
simple two-way protocol discussed above with direct two-
way exchange of the optical-clock pulse-trains because
photodetection of the incoming pulses immediately intro-
duces picosecond-level uncertainty, far in excess of the
femtosecond timing jitter on the actual optical-clock pulses.
Instead, we implement linear optical sampling of the optical
pulse trains. Linear optical sampling requires the introduc-
tion of a third “transfer” comb that operates at an optical
pulse repetition frequency offset by Afr from both clocks’
pulse train repetition frequency, f,. Heterodyne detection
between this transfer comb and either clock comb yields an
interferogram, or cross-correlation. From the peak location
of the cross-correlation, we can infer the relative timing
between pulse trains. Since the transfer comb’s repetition
frequency is offset by Af,, the cross-correlation repeats at
this rate, yielding a relative timing measurement at an update
rate of Af.

To combine this linear-optical-sampling-approach with
two-way transfer, we locate the transfer comb at Site A. We
then measure the two-way timing information across the link
between the transfer comb and the clock comb at Site B, as
well as the local timing information between the transfer
comb and the clock comb at Site A. Specifically, we use
linear optical sampling to retrieve three quantities: (i) the
time offset between the transmitted clock comb pulses from
Site B and the transfer comb pulses at Site A, At;_, 5, (ii)
their analogous time offset at Site B, At,. ,, and (iii) the
time offset between the transfer pulses and the comb pulses
at Site A, Aty ,. (Note the subscript “X” denotes the
transfer comb.). We can derive a master synchronization
equation for the time offset between Site A and Site B as
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ATqp = (1
La A A A\ L 42 an
5 (ATpox — ATxop) = ATaox + Teal _(Z_fr)( link +Alapc) + T
where T, is the time-of-flight across the link, At . is the

time offset between the analog-to-digital converters (ADCs)
at the two sites, An is an integer related to the pulse labelling,
and T, is a calibration offset that sets the location of the
reference planes.

The first three terms of Eq. (1) comprise a generalized
two-way time transfer expression. There are the two addi-
tional terms, one proportional to Af, and one proportional to
n. The latter simply accounts for the 1/(2f,) ambiguity in the
pulse labeling. The former is a small correction accounting
for the mismatch in repetition rates between the transfer
comb and clock combs. This mismatch is necessary for the
linear optical sampling, but leads to an incomplete cancel-
lation in the two-way comparison of both the path delay,
T, and the relative timing of the analog-to-digital con-
verters used in the linear optical sampling, At ,,.. The term
is small since it is proportional to Af,/(2f,)~1/200,000 but its
inclusion is needed for correct time comparison and syn-
chronization.

The frequency-comb-based measurements cannot provide
a value for these last two terms. Instead, we require a
“coarse” two-way time transfer measurement that measures
At and T,, . without ambiguity. To achieve 1 fs uncer-
tainty in AT ,z, the uncertainty on these measurements must
be below 2f,/Af,x1 s, and must be below 1/(2f,) to resolve
the integer An. In our system, the uncertainty of this “coarse”
two-way time transfer needs to be below 200 ps.

Finally, calculation of Eq. (1) requires combining the
two-way timing information measured at each site, which in
turn requires rapid, real-time communication between them.
Optical communication across a free-space link has dropouts
due to turbulence. Here, however, that problem is moot, as
the optical communication channel uses the same single-
mode spatial link as the comb light. Any turbulence-induced
dropouts are correlated and therefore communication is
available whenever the timing information is available.
Once AT, is calculated, its value can be used in a feedback
loop to synchronize the clock at Site B.

FIG. 4 shows a high-level view of the physical system.
Sites A and B are connected via a free-space single-spatial-
mode optical link covering up to 4 km. This link is folded by
use of plane mirrors so that Sites A and B are physically
adjacent, enabling synchronization verification via an out-
of-loop measurement of the time offset, AT, independent of
the “in-loop” calculated time offset AT, 5. Here, the optical
time scale from each site is defined by the arrival of pulses
from the clock comb at a specified reference plane. For
example, the nth pulse from each site arrives at the reference
plane at the time shown in the lower display, while the
(n+1)st pulse arrives at a time 1/fr later. In the setup here, the
two co-located clocks have a common reference plane to
allow for out-of-loop synchronization verification. The tim-
ing and data exchange between the two sites occurs only
over the free-space path shown in the upper part of the
figure, and mimics a point-to-point link. In the figure, DFB
laser is a distributed feedback laser and phase modulator; PI
Loop, proportional-integral loop; symbols.

The optical timescale at each site is based on a cavity-
stabilized laser, which acts as an optical oscillator. The
cavity-stabilized lasers for both sites are located in an
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environmentally stable laboratory that is ~350 m from the
main transceivers. A commercial cw fiber laser is locked to
an optical cavity with a ~1 Hz linewidth and a typical
environmentally-induced frequency drift ranging from 0
Hz/s to 10 Hz/s. The frequency of the cavity-stabilized laser
is 195.297,562 THz for Site A and 195.297,364 THz for Site
B. Two separate Doppler-cancelled fiber links transport
these frequencies to Sites A and B, located in a rooftop
laboratory. To generate a timescale, at each site we phase
lock a self-referenced “clock™ frequency comb to the cavity-
stabilized laser to produce a 200.733,423-MHz pulse train at
Site A and similar pulse train at Site B. The detected pulses
are used to clock a field programmable gate array (FPGA)
controller that counts and labels each pulse with its arrival
time at the selected reference plane, based on a given start
time and known pulse repetition period. This conversion
from an input optical frequency to a time requires that no
phase slips occur in the conversion of the cavity-stabilized
laser to the clock comb output; this is verified through
monitoring of the phase locks of the cavity-stabilized lasers,
frequency combs, and Doppler cancelled links during syn-
chronization. (Although, when synchronized any phase slips
in the clock at site B are automatically compensated.) More
generally, the cavity-stabilized laser could be steered to an
atomic transition to provide an absolute timescale at a single
master site, or at both sites, for example in performing
relativity experiments.

As described in the previous section, a third transfer comb
is needed at the master Site A. It is phase-locked to Site A’s
cavity-stabilized laser but with a pulse repetition rate that
differs by Af,=2.27 kHz from the Site A clock comb. The
relative timing between the three comb pulse trains is then
measured via linear optical sampling at three balanced
detectors at an update rate of Af,=2.27 kHz. From Nyquist
sampling considerations, Af, also sets a maximum transmit-
ted comb optical bandwidth of 8 THz. Here, we filter the
transmitted comb bandwidth to 16 nm (2 THz), centered at
1555 nm. The comb power at the transmit aperture is 2.5
mW.

We implement the “coarse” two-way time transfer to
establish the rightmost terms in Eq. (1) with the timing
signal is carried by rf phase modulation of a cw distributed
feedback (DFB) laser with a pseudorandom binary sequence
(PRBS). The PRBS-modulated DFB laser light and comb
light are combined within the same single-mode fiber and
launched via the same free-space optical terminals with
tip/tilt control to compensate for turbulence-induced beam
wander. The PRBS-modulated light traverses the same
single-mode spatial optical link as the two-way comb light
and therefore measures the same path delay over the air. The
detected signals measure the time difference between the
ADC clock of Site A at Site B, t,_,z, and the reciprocal
quantity, tz_, ,. The sum and difference of these quantities
yield unambiguous values of T,,,, and At with a statis-
tical uncertainty of 57 ps. This coarse two-way time transfer
does see a different path delay than the comb light because
of non-common mode fiber optic paths in the transceivers,
but these differences are included in the calibration and their
variations are suppressed by Af,/(2f)=1/200,000 in Eq. (1).

The real-time optical communication is implemented
across the free-space link using the same hardware as the
coarse two-way time transfer, i.e., the phase modulation of
the DFB laser light. The data communication is interposed
between the two-way transmission of the PRBS signals so
that they both occur within a single 1/Af. interval. The
controller at Site B combines its local measurements with
data from Site A to calculate an in-loop time offset AT 5
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from Eq. (1), updated at 1/Af =0.5 ms intervals. For real-
time synchronization, AT, is fed back via a proportional-
integral loop filter to adjust the rf offset between the Site B
clock comb and its cavity stabilized laser. Effectively, this
feedback speeds up or slows down clock B to force AT,z to
zero, thereby synchronizing the clocks. For loop stability
considerations, the bandwidth of this feedback should be
below ~Af,/4=500 Hz. Here, however, based on the free-
running noise of the cavity-stabilized laser and measurement
noise level on ATz, a 10 Hz feedback bandwidth minimizes
the residual timing jitter.

The system was calibrated, which amounted to cross-
calibrating the coarse two-way transfer with the comb-based
measurement and selecting the phase delays of the remote
clock so its reference plane coincided with the master clock.
With this common reference plane, we can verify that pulses
with the same time label do indeed arrive simultaneously. In
an application, the sites would not be co-located and a
common reference plane would be neither possible nor
sensible. In that case, the remote transceiver would first need
calibration against the master transceiver and then to be
moved, or alternatively a third portable system could be used
to cross-calibrate the remote and master transceivers,
depending on the requirements of the application.

As shown in FIG. 3, we verify the time synchronization
by direct “out-of-loop” measurements of the time offset, AT,
that are completely independent of the calculated “in-loop™
value, AT ;.

The most sensitive measurement of AT is achieved by
heterodyne detection between the two optical timescale
outputs—i.e. the 200 MHz pulse trains from the combs—at
the common reference plane. To do this, the carrier-envelope
offset frequency of the frequency comb at Site B is purpose-
fully offset relative to the comb at Site A by 1 MHz. In this
case, the heterodyne signal of comb pulses overlapping in
time at the reference plane appears at 1 MHz with an
amplitude that depends on their time offset, as illustrated in
FIG. 5a. In the calibration of the remote transceiver, the
common reference plane is set such that the response falls in
the linear region, i.e. the blue dot in FIG. 5a, and the
amplitude gives a direct measure of the variation in the time
offset. FIG. 5b shows an example of the measured out-of-
loop time offset over the 4-km link. Over the one hour
interval, the full standard deviation is 2.4 femtoseconds. The
next section provides similar data over a longer time period
and for varying path lengths.

With regard to synchronization over multiple days, FIG.
6 summarizes an experiment where Sites A and B were
synchronized for over 50 hours across a 4-km free-space
link. The system ran without user intervention despite 4° C.
rooftop laboratory temperature changes and ended with the
arrival of a large snowstorm. The system is able to operate
through light snow and rain but not under heavy precipita-
tion.

The top panel plots the out-of-loop time offset as mea-
sured using the technique outlined in FIG. 5. These data are
smoothed to 60 seconds. An expanded view of the
unsmoothed performance over short time periods is given in
FIG. 5b. The time-dependent offset is best analyzed by the
timing deviation of these data, plotted in FIG. 35, which is
the statistical uncertainty in the time offset as a function of
averaging time. From FIG. 35, this uncertainty is below 1 fs
out to 6500 s (1.8 hours), reaching a minimum of 225
attoseconds for a 10-s average. Therefore, we infer that the
single spatial-mode link reciprocity over the 4-km air path is
verified to below 70 nm at 10 s averaging and below 300 nm
out to 6500 s. FIG. 6 shows that over the full 50-hour
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measurement, the time offset exhibits a larger 40-fs peak-
to-peak wander. This time wander does not reflect a break-
down in reciprocity over the free-space link since a shorted
link exhibits the same behavior. Instead, it reflects a weak
temperature dependence of the system to the 4° C. labora-
tory temperature variations. Specifically, we attribute most
of this wander to temperature-driven path length variations
in the ~2 m of fiber that connect the two sites to the common
reference plane and within the transceivers.

The second panel of FIG. 6 plots the change in T,,,, over
the measurement period. Its average value was ~13 ps,
corresponding to the 3,942-m path distance. This time-of-
flight variation corresponds to an 8.7-cm variation in optical
path. The variation is driven by turbulence and building
motion on short periods and by atmospheric temperature
changes on longer periods.

The third panel of FIG. 6 plots the frequency correction
that is applied to the 195.3-THz optical signal underlying the
Site B timescale. The effective time correction is given by
the integral of this curve normalized by the optical oscillator
frequency of 195.3 THz and reaches 0.98 ms over the 50
hours, reflecting the time wander between the two free-
running cavity-stabilized lasers. One of the implicit byprod-
ucts of full synchronization is full syntonization, or “fre-
quency lock”. The residual frequency uncertainty between
the sites is given by the modified Allan deviation, which is
simply the timing deviation of FIG. 35 multiplied by v e
where t,,, is the averaging time. As shown in FIG. 7, this
Allan deviation is included in the earlier 2 km measurements
despite the additional complexity of full time synchroniza-
tion and longer distance. Moreover, it extends to longer
averaging times reaching as low as 2x107'° beyond 10,000
s.

Atmospheric turbulence causes fluctuations in the
received power. When it falls below the detection threshold,
the link is unavailable and there is a “dropout”. The bottom
panel of FIG. 6 shows the percent of time per minute that the
link is available. FIG. 8a shows the distribution of received
comb power given the 2.5-mW launched power (well below
the eye safe limit.) It varies from 0 nW to ~200 nW, with a
median value of 33 nW, compared to the detection threshold
of' 2 nW, or ~78 photons per pulse. When dropouts do occur,
the synchronization is inactive and therefore these periods
are excluded from the time offset data. However, these
dropouts are typically below 10 ms in duration, as shown in
FIG. 8b, and the cavity-stabilized lasers are well behaved so
that the time offset at re-acquisition is typically below 6 fs.
For systems that require a continuous output, a Kalman filter
could be implemented. This is especially critical for less
well-behaved oscillators and long dropout durations.

With regard to synchronization maintained despite kilo-
meter-scale length changes, the synchronization is robust
against large changes in link distance. In FIG. 9, the out-
of-loop time offset, AT, is measured while the link distance
is alternated between 1 m, 2 km and 4 km by manually
adjusting the folding mirrors, as indicated in FIG. 9a. Each
adjustment requires about 30 s. The system ran continuously
during the link realignment, successfully re-synchronizing
within tens of milliseconds of reacquisition of the light
across the link. The overall time offset shows less than 2-fs
systematic shift with distance, which is attributed to higher-
order effects of atmospheric dispersion and link-dependent
spectral filtering of the chirped comb pulses. Separate tests
found negligible (<1 fs) systematic shifts with received
power.

With regard to optical pulse-per-second (PPS), we dem-
onstrate femtosecond-level, unambiguous synchronization
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by generating analogous optical PPS signals. These optical
PPS signals are easily generated by gating out a single pulse
from the 200 MHz optical pulse train. At each site, the
optical pulse train is fiber coupled to a Mach-Zehnder
amplitude modulator (MZM) that is driven from a gate pulse
generated by the local FPGA. Since this FPGA tracks the
time associated with each optical pulse, it can gate every 200
millionth pulse (where we define our timescales such that
the comb repetition rates are exactly 200 MHz). These
pulses still carry the precision and accuracy of the synchro-
nized timescales as they still include 150 fs long optical
pulses. To verify unambiguous timing, each gated pulse is
photo detected and then their arrival is compared on a high
bandwidth oscilloscope. To verify synchronicity, the com-
mon reference plane was shifted by adjusting t_,; from that
of FIG. 6 to compensate for relative delays between photo-
detection and the oscilloscopes. FIG. 10a shows an example
of synchronization of 1 PPS signals to below ~100 ps,
limited by the detector bandwidth. As with FIG. 9, synchro-
nization is preserved across large path-length variations.

These data illustrate that the timing is unambiguous, but
the uncertainty is limited by the rf bandwidths. As a more
sensitive demonstration, we can spatially interfere the opti-
cal PPS from the two timescales. To do this, we construct a
spatial interference fringe pattern by coupling the two opti-
cal outputs into free space and combining them at a slight
angle onto an InGaAs focal plane array. A single PPS pair
provides insufficient photons across the focal plane array so
we increase the gate time to the MZM for a burst of pulses.
Spatial interference fringes will be visible only when those
bursts occur at the same time and only when the pulses
within the burst overlap in time to well within their ~150 fs
duration. The presence of the high-contrast spatial interfer-
ence pattern indicates unambiguous, femtosecond-level syn-
chronization between sites. FIG. 105 shows such an inter-
ference pattern.

The reciprocity of single-spatial mode optical links is
sufficient to support femtosecond synchronization of distant
optical timescales. Moreover, it is possible to achieve this
synchronization in a complex, but robust implementation
that can operate for days, over turbulent paths, and over
paths of very different lengths.

In the system here, the two timescales are synchronized
relative to each other to below 1 femtosecond for up to 1.8
hours. They are not stabilized to an absolute established
timescale, although the master Site A could be in principle.
This low residual timing is nevertheless useful for a distrib-
uted passive or active sensing system or for navigation. In
particular, synchronization of distant optical timescales
could enable future high-precision navigation/timing net-
works, e.g. an optically-based GNSS, by synchronizing
compact optical oscillators to a few, more complex and
larger master optical atomic clocks. The increased accuracy
and precision can then yield improved location information,
although any rf-based space-to-ground timing distribution
would still be limited by atmospheric effects. Some other
applications can include an atomic clock at the master site A.
For clock-based geodesy or relativity experiments, full
atomic clocks are needed at each site for time comparisons.
In that case, the residual timing noise associated with any
comparison (or synchronization) between sites will be well
below the absolute noise of the timescales.

Systematic time offsets with distance were below a few fs
at 4 km, and no systematics were observed with variations
in received optical power. There are however two important
systematics. First, there will be temperature-induced path
length changes in non-reciprocal optical paths within either
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the transceivers or in the verification. These effects can be
suppressed by appropriate experimental design and by tem-
perature control, down to tens of femtoseconds as shown
here. Second, the width of the optical pulses is 100 fs to 1
ps long; the exact definition of the time associated with these
pulses depends on how the end user “reads out” the arrival
time of the pulse center at the reference plane, which will
necessarily depend on the application. Again, this systematic
will be on the order of tens of femtoseconds.

Here, our 4-km path is horizontal and includes turbulence
to a longer vertical ground-to-satellite path, but longer
distance operation will have higher transmission loss and
path delay, T,,,.. The higher transmission loss will need to be
offset by a reduced detection threshold, higher transmit
powers, and improved free-space terminals, possibly includ-
ing adaptive optics. The longer path delay can potentially
cause a breakdown in the reciprocity condition, which
assumes a “fixed” turbulence over the two-way measure-
ment time of 1/Af,. For T,,,>>1/Af,, the short-term turbu-
lence-induced piston noise may not be negligible, but long-
term piston noise should be cancelled via the two-way
approach.

Moving platforms present at least two additional prob-
lems: point ahead issues and Doppler shifts. For transverse
motion between platforms, the “point ahead” effect causes
the two signals to traverse slightly different optical paths and
therefore will cause a breakdown in reciprocity. As with the
impact of a longer path delay, this effect will be strongest in
a ground-to-space scenario. The two-way method is valid
even with the effects of Doppler shifts. However, the exact
implementation here is not Doppler insensitive because of
dispersion within the transceivers.

Accordingly, real-time time transfer and synchronization
between remote optical timescales includes two-way
exchange of optical pulses over a reciprocal free-space link.
Sub-femtosecond time synchronization out to 1.8 hours was
discussed. The long-term wander over two days is 40-fs
peak-to-peak, dominated by measurement uncertainty in the
out-of-loop verification. The system was operated over a
turbulent 4-km free-space without limitations associated
with distance. The single-mode free-space path is fully
reciprocal to within our measurement uncertainty which
reaches 70 nm at 10 second averaging. This approach can be
scalable to much longer paths. The performance is a thou-
sand times superior to rf based methods and should enable
future networks of optical clocks/oscillators that are syn-
chronized in real-time with sub-femtosecond stability.

Spatial intensity of the overlapping PPS pulses from Sites
A and B, recorded with an InGaAs focal plane array is
shown in FIG. 10 during operation over a 4-km link. Spatial
fringes appear and disappear as the synchronization is
activated, de-activated, and re-activated.

With regard to derivation of the master synchronization
equation, a derivation of the master synchronization equa-
tion includes the time output of a clock versus time. We use
the “x” variable for the clock time to write x(t) or view the
clock output as a phase. The phase description is a useful one
for this system as well. The time marker from the nth comb
pulse is T(n)=nf ' +t(t) in terms of its repetition rate f. and
slowly varying time offset r, as a function of some “abso-
Iute” time, t (which will not appear in the final synchroni-
zation equation). Second, there are multiple ambiguities that
appear as “modulo” operations versus the comb pulse
period, 1/f,, and the interferogram repetition period, 1/Af..
These ambiguities must be appropriately handled for any
absolute time comparisons between clocks.
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The comb at site A produces a pulse train that is coherent
with its cavity-stabilized cw laser,

E (t)=¢"3, &0 (t-nof, ' -T0),

@

where ¢, is an arbitrary phase, 0, is the carrier-envelope
offset phase, n, is a comb pulse index, f, , is the repetition
rate, T, is the time offset. In this form, it is clear the comb
outputs pulses whose arrival time provides the time markers
T (n)=nf, ,~+t,(1). Alternatively, the comb can be written
as

E (=43, /Ik e A A0,

3

where k, is the index of the comb tooth with complex
amplitude A4, 4 at frequency kI +f, ,, where the carrier-
envelope offset frequency f, AE(Zn)"leofr ¢ This second,
equivalent form is useful in deriving the interferogram
produced by the product of two combs below.

The other two combs have the same form with variable
subscripts “B” and “X” instead of “A”. We will assume that
the repetition rates are perfect, i.e. we attribute all of the
time-varying clock error to T, which becomes a slowly
varying function of time, T(t). (In this case, slowly varying
means slow on the time scale of 1/Af)). We then denote the
repetition rates as f, ,=f_z=f, and the difference in repetition
rate between the site A comb and transfer combs as Af =f,
x4

Linear optical sampling provides femtosecond-level pre-
cision by recording the heterodyne signal between the pulse
train from a remote comb and local oscillator comb, i.e.,
their cross-correlation appears as an interferogram. Inter-
ferograms are detected in three locations (given by the
balanced detectors in FIG. 4). These interferograms repeat
with a period 1/Af, as the comb pulses walk through each
other. The interferogram voltages are digitized by the local
analog-to-digital converter (ADC), which is clocked at the
local (Site A or B) comb repetition rate. The interferograms
digitized at Site A have ADC sample times of t ,=n_f ~"+t, ,,
where t, 4, includes the time delay in detecting the comb
pulse and any delays within the ADC itself. The interfero-
gram digitized at the Site B has sample time of t,=n,f '+
to,z- From the product of the comb electric fields (Eq. (3))
and including a low-pass filter, the digitized interferograms
are the series

)

Vasx(ta) <

1
S taor(ta 4 AL+ (e + 670 = (4 Ay + 6]
. %

Srwp +67p + Trie) — D

1
Vi o Ip AfT + —
Box(ta) Z : X(’”” RS VA FTRNACIS

q

Vx-p(ig)

1
ZIXaB[[B —sAft - i

s

frlTp +37p) — D
(fi # Af)(Tx +67% + Trim)

after dropping any phase terms, where p, q, and s are integers
that essentially label consecutive interferograms of length
1/Af, 1, .+ is the cross-correlation of the subscripted pulse
envelopes again with an analogous definition for the two
other series. For the first two interferograms, the transfer
comb (comb X) serves as the local oscillator, while for the
third term, comb B does, which causes the sign difference in
the envelope terms. The dt values represent the extra time
delay in the transceivers associated with the comb reaching
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the relevant balanced detector. T;,,, is the time delay over
the reciprocal single-mode path.

We extract the peak location of each interferogram after
matched-filter processing to improve the signal to noise
ratio. We then scale these peak locations by Af/f, to find:

v Af 5
Atax(p) = —pf —(ra +0r) ¢ %(u +ory) ©
L LAf,
At x(g) = —gf " — (5 + 675 + Trp) + M(TX +67y)

Arxop(s) =

Af,
7 Atapc,

S+ (rp +6T) - (Tx + 07 + Trim) —

(fr+Af)
Ir

where the Aty .5 includes the time offset between the two
sites’ ADCs as At =t ,~tz;=Anf '+t, a—toz Where
An=n ,-nz. Based on the coarse two-way time transfer, we
align the p, q, and s integers to compare the IGMs that are
closest in time (to within 1/Af,). The linear combination

1 (6)
3 [Atp,x(p) = ATx5p(p) = 2AT4,x(p)] =
&% T, Al i
(Ta _TB)+(2fr ]( link +Alapc) + 6T

yields the slowly varying time offset between the sites (the
first term) with additional contributions from the imperfect
cancellation of the slowly varying link delay and ADC time
offsets. The last term is the appropriate linear combination of
the various 9t terms in Eq. (5), which are assumed constant.
We are interested in the time offset at the reference plane,
which is defined as AT ,z=(T,+37,.. )~ (T5+3T,..5), Where
%, is the fixed delay of the site A pulses to the site A
reference plane and dt,, . is similarly defined. (Here the two
have the same reference plane so that we can verify syn-
chronization.) We therefore rearrange (6) to find

1 o
ATap(p) = 5 (ATpx(p) —ATxop(p)) =
R VAV An
Tasx(P) + Teal _(Z_fr]( link + Alapc) + 7,
or Eq. (1) in the main text wheret_,~07, . ,~07,,, 507 T,

was measured via a calibration step. Variations in t can lead
to systematic time wander, as observed over the two-day
measurement. In this equation, we also explicitly add a term
proportional to An=n_ —nj associated with the index of the
pulses.

With regard to frequency combs, self-referenced fre-
quency combs included the 972,920” mode of Comb A that
was phase locked to the Site A optical cavity, while the
972,909” mode of the transfer comb, Comb X, was phase
locked to the same cavity. This led to a value of £,=200.733,
423 MHz and Af,=2.27 kHz. The 972,919” mode of Comb
B is phase locked to the Site B optical cavity so that its
repetition frequency is close to f, before the synchronization
loop is closed. The combs, as well as the other fiber optics
associated with the linear optical sampling and communi-
cation/PRBS system, are enclosed in small temperature
controlled aluminum boxes within a larger transceiver box,
which is loosely temperature controlled.
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With regard to coarse two-way time transfer, the coarse
two-way time transfer is accomplished via a phase modu-
lated cw DFB laser at 1536.2 nm. At each site, the local
FPGA applies a phase modulation to a local DFB laser via
an external phase modulator. To enable coherent detection,
the two DFBs lasers are frequency locked to an offset of 150
MHz by measurement of the incoming light from Site A at
the Site B. At each site, the DFB laser light is combined with
the comb light through a wavelength division multiplexer
(WDM). To implement the coarse two-way time transfer,
Site A first transmits an 80 us long (~800 chips) Manchester-
coded pseudo-random binary sequence (PRBS) phase-
modulated laser signal at 100 ns chip length (~10 Mb/s
signaling rate). When this is completed, Site B transmits its
own PRBS phase-modulated light signal across the link.
Both sites use coherent detection to demodulate both the
incoming and outgoing PRBS signal and timestamp the
departure and arrival of the PRBS signals according to the
local ADC time base. (Note that we timestamp the trans-
mission of the PRBS signal with the same ADC used to
timestamp the arrival of the PRBS from the opposite termi-
nal to avoid any additional time offsets inherent in the PRBS
generation.) From the appropriate linear combination of the
four timestamps, we obtain At',,- and T',,,, where the
prime indicates these values are associated with coarse
two-way transfer link delay and its ADC. Because of this
exchange of unique timestamps (64-bits), this measurement
has for all practical matters infinite ambiguity range (5
nsx2%%).

With regard to communication link, for real-time com-
munication between the sites, the same hardware is used as
the coarse two-way time transfer. The coherent phase-
modulated light operates in half-duplex mode using Man-
chester encoded binary phase shift keying (BPSK) at 10
Mbps and a protocol tolerant to link dropouts with low (10
us) latency. Data integrity is ensured by a simple 10-bit
cyclic redundancy error-detection code in each packet. The
full bi-directional data and coarse two-way time transfer
requires 350 ps.

With regard to calibration, the clock output is the master
or remote comb and not the local cavity-stabilized laser.
Therefore, the calibration included a continuous phase-
coherent connection between the clock comb and local
cavity-stabilized laser. As with rf-based two-way time trans-
fer, calibration corrects for time delays within the trans-
ceiver, specifically here the differential delays between the
comb pulse arrival time at the reference plane and at the
linear optical sampling plane. In addition, a calibration step
was involved needed to connect the coarse two-way time
transfer measurements with the quantities needed for the
master synchronization equation.

The master and remote sites can be located remotely from
one another (i.e., not co-located) and either the remote
transceiver can be pre-calibrated against the master or a third
“transfer” transceiver can be included. Here, since they are
co-located, we directly calibrate the remote to the master
transceiver, but the basic prescription would be the same if
the remote transceiver were to be subsequently moved. A
“master” clock reference plane is included, and the remote
clock is calibrated such that its reference plane coincides (so
that we can verify synchronization during the actual mea-
surements). The addition of At in equation (5) calibrates
out any differential time offset in the remote ADC with
respect to the master ADC. Second, the addition of T, n Eq.
(7) calibrates out any differential path delay to the reference
plane for the remote clock with respect to the master clock.
Any time varying behavior of these calibration parameters is
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not tracked by the time transfer and directly shows up in our
out-of-loop measurements, reflecting a fair assessment of
achieved performance.

Physically, we implement this calibration step using the
same hardware as for the heterodyne synchronization veri-
fication measurement. Post-calibration, the two sites could
be physically separated and the synchronization remains.
Again, more generally, any given application might have a
different calibration procedure to find T, for example,
including initial calibration between a portable remote trans-
ceiver with the master transceiver and then subsequent
on-site calibration of the remote transceiver with a local
optical clock.

The calibration step proceeds as follows. We first cross-
calibrate the coarse two-way time transfer against the comb-
based two-way transfer. This step is independent of the
reference plane. It is required for two reasons. First, the
coarse two-way time transfer measures the time offset,
At' e, between the analog-to-digital converter labelled
ADC' in FIG. 12 and its counterpart at the master site. But,
we need the time offset, At,,,., between the analog digital
converter labelled ADC in FIG. 12 and its counterpart; the
two are not equal due to clock distribution within the ADC
board. We measure Atype ¢, ~Al ype—Atype by recording
the value At',,,~ when AT crosses zero for an unsynchro-
nized system. Once calibrated, At,,~Atl' nc—Alyne cu
must remain constant to within ~200 ps for sub-femtosecond
uncertainty in the master synchronization equation (because
of the factor of Af/f, in Eq (1)). FIG. 1256 shows values for
At~ with a standard deviation of 57 ps. Second, the coarse
two-way time transfer measures its path delay T',,,,, but we
need the path delay for the comb pulses, T,,,,; the two are
not equal due to differing lengths of fiber before the wave-
length multiplexing in FIG. 12. (The free-space portion of
the path is identical.) The fiber path lengths differ by at most
a few meters and their variation is well within a ps given the
<1° C. temperature stability of the transceiver. We could
remove the path delay offset similarly to At,,. but for
simplicity, it is lumped into T_,;, which is discussed next.

Once the offset between the ADC clocks is calibrated, the
remote clock is synchronized and the value of T_,, adjusted
until AT=0. In actuality, there are multiple delays in the
system (see Appendix A), but these are treated as one single
effective delay. At this point, the two sites are fully syn-
chronized, i.e. not only do the two clocks “tick™ at the same
rate, they read the same time at the reference plane. Once
calibrated, the link can be interrupted by a long dropout, by
manual un-locking, by breaking the phase-lock of the trans-
fer comb or remote comb, by breaking the phase-lock of the
DFB lasers etc. and the full synchronization is always
regained using the same calibration values. It is important to
note that T, is a “number” within the FPGA that can be
adjusted at will by the user to shift the reference plane using
stored calibration values, for example between that needed
for FIG. 6 and FIG. 10. (This occurs by changing the
setpoint of the loop filter of FIG. 10a.)

With regard to the free-space link, the combined comb
and communication/PRBS light is launched across the 4-km
path from single-mode fiber at the input of a free-space
terminal. The free-space optical terminals use tip/tilt control
to compensate for beam wander due to turbulence and
building sway. A 5-mW beacon laser at either 1532.7 nm or
1542.9 nm, well separated from the other wavelengths, is
polarization multiplexed with the comb and communication/
PRBS light. The combined beams are then expanded in an
off-axis, reflective parabolic telescope and launched over
free space. At the receiver, the beam is collected by an
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identical terminal, and a dichroic then directs the beacon
laser light to a quadrant detector, while the comb and
communication/PRBS light are coupled into single-mode,
polarization maintaining fiber which is then connected to the
comb-based transceiver. The signals from the quadrant
detector on each side are fed into an analog feedback system
that controls the tip/tilt through an x-y galvanometric mirror
pair, thereby centering the beacon laser and maximizing the
comb and communication/PRBS light coupled into the
single mode fiber.

Example 2

Tight real-time synchronization of a microwave
clock to an optical clock across a turbulent air
path.

In this example, numbering of equations begins again
with Equation 1.

The ability to distribute the precise time and frequency
from an optical clock to remote platforms could enable
future precise navigation and sensing systems. Here we
demonstrate tight, real-time synchronization of a remote
microwave clock to a master optical clock over a turbulent
4-km open air path via O-TWTFT. Once synchronized, the
10-GHz frequency signals generated at each site agree to
107'* at one second and below 107'7 at 1000 seconds. In
addition, the two clock times are synchronized to +13 fs over
an 8-hour period. The ability to phase-synchronize 10-GHz
signals across platforms supports future distributed coherent
sensing, while the ability to time-synchronize multiple
microwave-based clocks to a high-performance master opti-
cal clock supports future precision navigation/timing sys-
tems.

It is contemplated that distribution of time and frequency
across a network enables applications such as navigation,
coherent multi-static radar, communications and very-long-
baseline interferometry. In the past, these applications have
relied on microwave-based time-frequency transfer between
microwave-based clocks. However, optically-based time-
frequency transfer over fiber and free-space has the potential
for over a thousand times higher performance. Recently, we
demonstrated optically-based two-way time-frequency
transfer (O-TWTFT) for comparison between the times of
two distant optical clocks over turbulent free-space paths.
Moreover, because of the very high bandwidth and precision
of O-TWTFT, it was possible to tightly synchronize the two
optical clocks to identical times to better than a femtosecond
over hours and better than 20 femtoseconds over days.

Here, synchronization is described between an optical
clock and a remote microwave clock that includes
O-TWTFT to support optical-to-microwave synchroniza-
tion. Microwave oscillators (e.g. quartz and dielectric reso-
nator oscillators) have lower precision than optical oscilla-
tors (e.g. cavity-stabilized lasers) and are less expensive,
smaller, more robust, and have lower power requirements by
orders of magnitude. Further, time-sensitive applications use
microwave signal, for example in the X-band at 10 GHz. A
microwave clock at the remote sites can supply this required
signal directly, efficiently, and at high signal power. In future
time networks, optical-to-microwave synchronization would
enable fieldable master optical atomic clocks to distribute
time across a network of much simpler microwave-based
clocks while maintaining the absolute accuracy of the mas-
ter. As shown in FIG. 13a, applications to other distributed
coherent systems include multi-static synthetic aperture
radar, precise time-resolved synchrotron measurements,
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very-long-baseline interferometry and radio-astronomy,
pulse-position-modulation communication, or distribution
of time to mobile platforms in a GPS-denied situation. Tight
synchronization of a microwave clock includes greater tim-
ing noise than an optical clock. In GPS-disciplined oscilla-
tors, this timing noise is suppressed to the nanosecond level.
Here, we suppress this noise to the femtosecond level.

As shown in FIG. 135, we synchronize our microwave
clock to the optical clock over a folded 4 km long turbulent
air path. Each clock outputs both a time signal via labelled
optical pulses from a local frequency comb and a separate rf
frequency signal at 10 GHz. Here, “clock” refers to genera-
tion of a local time base rather than an absolute international
timescale. It refers to the combination of frequency comb,
oscillator, and controller (FIG. 135) that produces a phase-
coherent output of labelled pulses, i.e. “ticks”, to define this
local time base; we are concerned with the difference
between two such relative timescales. With modifications of
the system, the master site could also be disciplined to an
absolute timescale.

An “out-of-loop” comparison of the time signals shows a
time deviation (tdev) below 10 femtoseconds for integration
times ranging from 0.01 seconds to 1000 seconds, reaching
values as low as 200 attoseconds. This time deviation
increases in the presence of turbulence-induced dropouts
because of the random walk of the microwave clock. How-
ever, it remains below 10 fs at ~85% link availability. A
comparison of the 10-GHz frequency signals shows a simi-
larly high level of coherence; the frequency difference, as
measured by the modified Allan deviation, is 107** at 1 s and
drops to below 1077 at 1000 s. Within the 100-Hz synchro-
nization bandwidth, the differential phase noise between the
10-GHz signals is reduced resulting in a 110-dB suppression
at a 1-mHz Fourier frequency. The integrated differential
phase noise is 375 prad from 100 Hz to 100 uHz. This
integrated phase noise corresponds to 6 fs of timing jitter,
which is 3x10° times lower than the 2-ns jitter of the
free-running microwave clock integrated over the same
bandwidth. This phase coherence at 10 GHz is maintained
despite a free-space link that suffers from turbulence-in-
duced dropouts. To summarize, the demonstrated optical-
to-microwave clock synchronization performance is com-
parable to optical-to-optical clock synchronization, in the
limit of no turbulence-induced dropouts. Moreover, it pro-
vides highly phase-coherent 10-GHz signals.

Synchronization can include a frequency comb to coher-
ently convert phase between the microwave and optical
domains. Here, the system exploits the frequency comb for
optical-microwave coherence over a distributed system.
Timing information is carried by high-bandwidth optical
signals, which provides high precision and rapid feedback
required to phase-stabilize a remote microwave clock. The
remote microwave clock includes a co-located optical fre-
quency comb. Frequency combs are more compact and
robust than optical oscillators such as cavity-stabilized
lasers.

FIG. 14 shows a system in which, at the master site, a
compact, self-referenced fiber frequency comb is phase-
locked to a cavity-stabilized laser with a residual pulse
timing jitter of a few femtoseconds. The frequency comb
produces a near-infrared optical pulse train with 200-MHz
repetition frequency whose pulses are “labeled” by a local
field-programmable gate array (FPGA) controller with
respect to their arrival at a calibrated reference plane to
define a local time. In addition, the 50th harmonic of the
comb repetition frequency is detected to generate a 10-GHz
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frequency signal. The exact choice of microwave frequency
will depend on the application.

At the microwave-clock site, a self-referenced frequency
comb is phase-locked to a 10-GHz microwave oscillator via
the 50th harmonic of its repetition frequency. (Details on the
microwave clock architecture are presented in the supple-
mental material.) This labelled 200-MHz optical pulse train
then provides an optical time output, just as is done at the
master site. This clock remains a microwave clock since its
timing rests on the underlying compact and inexpensive
microwave oscillator rather than a much larger cavity-
stabilized laser.

To synchronize the clocks, their time offset must be
measured. Although we synchronize a microwave clock, the
measurement of the time offset to femtosecond precision is
done optically through O-TWTFT. O-TWTFT relies on the
reciprocity of a single-transverse-mode spatial link to cancel
out turbulence and platform-induced variations in the path
length and extracts the underlying clock time offsets. There
are three basic subsystems: a comb-based two-way time-
frequency transfer, a “coarser” two-way time-frequency
transfer via a pseudo-random binary sequence (PRBS)
imposed on an optical cw carrier, and a two-way optical
communication channel for exchange of timing information.
The coarser two-way transfer is necessary to resolve the 5-ns
ambiguity of the 200-MHz comb pulses and to provide a
coarse path delay measurement. The comb-based time trans-
fer uses a linear optical sampling approach to detect the
pulse arrival times with femtosecond-level resolution. This
linear optical sampling requires a third “transfer” comb
located at the master clock site with a repetition frequency
offset by Af, relative to the master comb.

Optical-to-microwave clock synchronization was per-
formed. First, the microwave clock is constructed to main-
tain tight phase coherence between the microwave oscillator
and local frequency comb used in the time transfer. The
timing corrections returned from the O-TWTFT are applied
directly to the 10-GHz oscillator so that its output follows
the master site at low Fourier frequencies but retains the low
phase noise of the dielectric resonator oscillator (DRO) at
high Fourier frequencies, which is useful in applications
such as synthetic aperture radar and phased-array systems
where timing jitter at high offset frequencies degrades
performance. Second, the effective overall feedback band-
width has been increased tenfold to suppress the much
higher random walk of the microwave oscillator compared
to an optical oscillator. Third, the feedback is applied by a
Kalman-filter-based loop filter for optimal hold-over perfor-
mance during a turbulence-induced dropout.

For the comb-based two-way transfer, the combs are
operated at a repetition frequency of f,~200 MHz with the
transfer comb’s repetition rate offset by Af,~2 kHz. The
comb pulses are filtered to a 1.5 THz spectral bandwidth
centered at 1560 nm. An average power of 5 mW (2x10®
photons per pulse) is launched across the 4-km folded
open-air path from both sites. The folded 4-km path is
achieved through use of two 53-cm diameter flat mirrors
separated by 1 km. Optical path length variations from
mirror motion, just as those from turbulence, are removed by
the two-way measurement. 2.5-cm aperture custom low-
insertion-loss free-space optical terminals with tip/tilt cor-
rection are used to maximize the link availability, i.e. the
amount of time the received power is above the detection
threshold. The received power varied between 0 nW and 3.8
uW and was below 370 nW for 99% of the time. The
detection threshold, the minimum received power for which
the in-loop time offset can be computed, was set to 2.5 nW,
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corresponding to 96 photons per comb pulse. To operate
over even longer air paths with similar link availability, a
higher launch power will be required to overcome the
increased diffraction and integrated turbulence. Also, the
increased time-of-flight associated with longer air paths will
degrade the two-way reciprocity but it has been shown this
effect will have negligible impact on the two-way time-
frequency transfer.

The coarser two-way time-frequency transfer and com-
munication link are both implemented by phase modulation
of'a 5-mW 1536-nm cw laser. This light is then wavelength
multiplexed with the comb and co-propagated to the other
site where it is heterodyned against the local cw laser and
demodulated. For coarse two-way time-frequency transfer, a
PRBS modulation is used, while for communication, binary
phase-shift keying (BPSK) is used, both operating at 10
Mbps. Communication packets are interposed between adja-
cent coarse two-way time measurements within a single time
interval of length 1/Afr.

The communication link transfers the timing data from
the master optical-clock site to the remote microwave-clock
site. An FPGA-based controller at the microwave-clock site
then computes the time offset between the two clocks, AT,
from the O-TWTFT master synchronization equation every
1/Af,~0.5 ms, as long as there is no turbulence-induced
dropout. This time offset is input to a Kalman-filter-based
loop filter whose output controls the microwave-oscillator
frequency via a direct digital synthesizer (DDS). The overall
synchronization bandwidth was set at 100 Hz by empirically
minimizing the residual timing jitter.

As the overall system is essentially a spatially distributed
phase-locked loop, it necessarily drives the measured in-
loop time offset, AT, to zero. It is therefore critical to verify
synchronization through separate out-of-loop measure-
ments, which is possible here through the use of a folded air
path (See FIG. 13b). Moreover, the synchronized time
outputs and frequency outputs must be separately measured.
As shown in FIG. 14, the 10.037-GHz frequency outputs are
down-mixed by a common 10-GHz stable oscillator to
match the input bandwidth of the phase measurement test
system.

The time offsets of the 200-MHz pulse trains are mea-
sured through the amplitude variation of their demodulated
optical interference. A 1-MHz heterodyne signal from the
two pulse trains is obtained by shifting the carrier-envelope-
offset frequency of the remote comb. This demodulated
signal is shown as the “Time Offset” inset in FIG. 14, where
the blue dot indicates “zero” calibrated time offset. Any
deviations in amplitude from this zero point reflect time
offsets between the clocks. This approach allows for time
offset measurements within a range of +5 ps, based on the
choice of optical filters, and femtosecond uncertainty. Direct
photodetection of each signal is also possible but will
introduce additional time uncertainty. These signals would
form the time output of the clock to be used in a real-world
application. It is also possible to pulse pick these time
signals for a lower rate time signal than 200 MHz, depend-
ing on the application.

With regard to synchronization across turbulence-induced
dropouts, atmospheric turbulence causes distortions of the
beam across the link and thus fluctuations in the received
power. Because O-TWTFT includes a single spatial-mode
optical link to ensure reciprocity, the fluctuations are rela-
tively strong compared with a multi-mode link. Depending
on transmitted power, turbulence strength, and distance,
these turbulence-induced fluctuations can sometimes cause
the received power to fall below the detection threshold,
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causing a dropout. The statistics of the dropout frequency
and duration will depend on the exact conditions (i.e.
turbulence strength, launched power, detection threshold,
aperture diameter) and have been analyzed extensively in
the context of free-space laser communications. When a
dropout occurs, the measured time offset is not updated.
Microwave-to-optical synchronization puts greater demands
on the system than optical-to-optical synchronization due to
the larger excursions of microwave oscillators during these
dropouts. The naive approach of a sample-and-hold leads to
runaway behavior. A Kalman-filter-based approach provides
close to optimal hold-over behavior.

FIG. 15a shows the implemented loop filter based on a
Kalman filter whose state vector contains two variables. The
filter performs an estimation of the phase and frequency
error between the clocks using intermittent time offset
measurements provided by the O-TWTFT system. When a
measurement is available, the internal estimate of the timing
error is updated using feedback gain factors that depend on
the dropout length and an a priori noise model. White (%)
measurement noise and frequency random walk (f*) oscil-
lator phase-noise are assumed here. To ease the implemen-
tation of the loop filter on the FPGA, the feedback gain as
a function of measurement interval was pre-computed and
stored in a look-up table. In FIG. 14, a remote synchronized
microwave-based clock includes a frequency comb phase-
locked to a 10 GHz oscillator. Each site produces a 10.037
GHz frequency output. At the master optical clock site, this
10 GHz signal corresponds to the 50th harmonic of the 200
MHz repetition rate frequency comb and is generated by
optical frequency division. At the microwave clock site, it is
the direct output of a quartz/DRO microwave oscillator. At
both sites, the time output is defined by the arrival of the
labeled optical pulses from the respective frequency combs
at a common reference plane. (This step requires a separate
calibration with a shorted link.) The two clocks are synchro-
nized by a Kalman-filter-based loop filter that uses the input
time offset, as measured through O-TWTFT, to steer the
frequency of the DRO. Symbols in the figure include: DDS,
direct digital synthesizer; fr, repetition frequency of the
frequency comb.

FIG. 156 and FIG. 15¢ show the performance across
relatively long dropouts of 50 ms. (Dropouts due to atmo-
spheric turbulence usually last less than 10 ms under our
operating conditions). For most dropouts, the timing error
due to the random walk of the microwave clock is below the
high-frequency timing-jitter, yet for longer dropouts there
can sometimes be a significant excess deviation. The rapid
recoveries from the excess deviations will appear in the
phase-noise power spectral density (PSD) as an increased
white noise floor below the synchronization feedback band-
width (see FIG. 18). Since the remote controller has knowl-
edge of the dropouts, a distributed system could operate in
either “gated operation”, only during periods of fully estab-
lished synchronization, or in continuous mode that includes
periods of dropouts. Here, in gated operation, data is masked
during the period of a dropout until the in-loop time offset
becomes available again and falls below a threshold. The
threshold is chosen to be 20 of the instantaneous in-loop
time offset.

To test the synchronization, the system was operated
continuously over an 8-hour period across the 4-km folded
link. During this period, the synchronization was verified for
both the time and frequency outputs of the clocks. In
addition, the link availability, clock correction signals, and
turbulence strength were also monitored. The measurement
was stopped when shifts in the mirrors used to fold the
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optical path caused a very long dropout. (The free-space
terminals include tip/tilt corrections to correct for tempera-
ture and turbulence-induced variations in pointing, but the
folding mirrors have no active correction.) FIG. 16 shows a
partial data set including the out-of-loop time offset, link
availability, and turbulence strength averaged over a 1-sec-
ond window. The average link availability was 85% but
varied significantly over the run depending on turbulence
strength and the alignment of the folding mirrors. The time
offset is discussed in more detail below.

With regard to time outputs in femtosecond time synchro-
nization, the time between the two clocks is verified via the
arrival of their optical pulses at a common reference plane
(FIG. 14). FIG. 164 shows the time offset for gated opera-
tion. FIG. 17 shows the time deviation derived from these
data for gated operation and also for continuous operation.
The time deviation for continuous operation is below 10 fs
for time periods ranging from 1000 s down to 0.01 s. The
time deviation for gated operation is also below 10 fs
reaching a minimum of 200 attoseconds at a 10 second
averaging time. Finally, the overall variation in the time
offset across 8 hours, shown in FIG. 17, is below +13 fs. This
variation is dominated by laboratory temperature variations
that cause path length changes in the ~1 m fiber-optic paths
used in the out-of-loop measurements as well as elsewhere
in the transceivers. This temperature dependence can be seen
in the slow 20-minute oscillations of FIG. 164, which match
the cycling of the room air conditioning.

Both the time offset of FIG. 164 and the time deviation for
gated operation of FIG. 17 provide no degradation in the
time synchronization associated with the conversion of the
remote clock from optical to a microwave oscillator beyond
the unavoidable excess time wander that occurs during
dropouts.

With regard to frequency outputs with synchronized 10
GHz signals, the 10-GHz microwave frequency signals are
also compared during the 8-hour run by measuring their
phase difference, as shown in FIG. 14. In this case, the phase
measurement test system provides continuous comparison
of 10-GHz signals rather than gated operation. These phase-
difference data yield a phase-noise PSD that quantifies the
relative phase coherence or an Allan deviation that quantifies
the relative frequency difference. We discuss both here. In
addition, we can compare the coherence of the microwave
signal to that of the optical pulse train.

FIG. 18 shows the single-side-band PSD between the two
sites for the case of a free-running microwave clock (purple
line) and synchronized microwave clock across the turbulent
4 km link (red line). At low offset frequencies, the suppres-
sion of the free-running oscillator noise is significant, reach-
ing 110 dB at a 1-mHz offset frequency. Below a 1-Hz offset
frequency, the synchronized 10-GHz phase-noise is also
below that of a free-running optical cavity. Suppression of
phase noise at low offset frequencies leads to a correspond-
ing reduction in the integrated timing jitter. The timing jitter
for the synchronized system is 6 fs integrated from the 100
Hz synchronization bandwidth to 100 pHz, compared to
greater than 2 ns for the free running case.

FIG. 18 also shows the differential phase noise for a
synchronized system over a shorted link (grey line), rather
than over 4 km. There is an increase in phase noise for the
4-km synchronization at offset frequencies from 10 Hz to 10
mHz, which is attributed to dropouts and not to a lack of
reciprocity across the link. Dropouts occur only briefly and
appear as wideband noise on the PSD, extending up to the
synchronization bandwidth.
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FIG. 18 additionally shows the scaled phase noise from
the optically measured time offset signals (blue line). The
direct 10-GHz measurement exhibits a slightly higher phase
noise than the optical measurement at low Fourier frequen-
cies due to ! noise associated with the microwave test
setup.

FIG. 19 shows relative fractional frequency difference
between the microwave and optical clocks in terms of the
modified Allan deviation. The 10-GHz microwave signals
agree to below 1x107'* at a 1-s averaging time and below
1x107'7 at a 1000-s averaging time. Note that the master
10-GHz signal is not tied to an atomic reference but rather
drifts slowly with the underlying optical cavity. For better
long-term frequency stability, an atomic clock could be used
at the master site. At long averaging times there is a slight
degradation compared to the values based on the optical
time output (blue line). This degradation again reflects the
additional excess f~' noise as in the PSD of FIG. 18.

The residual time deviation is below 10 fs with a long-
time variation that remains below +13 fs over 8 hours. We
find similar phase coherence between the synchronized
10-GHz frequency outputs with a residual frequency differ-
ence of 107'7 at 1000-s averaging. For greater phase-coher-
ence at Fourier frequencies beyond the effective synchroni-
zation bandwidth of 100 Hz, the quartz-DRO pair could be
replaced by an optical-frequency-division-generated signal
or a cryogenic sapphire oscillator. The high coherence and
full-time synchronization demonstrated here can be included
in time distribution in long-baseline radio astronomy. In
moving platforms with compensation for Doppler shifts, the
method provides precise synchronization of time and fre-
quency for phased satellite-arrays.

Tight phase coherence occurred between the microwave
oscillator and the local frequency comb in the microwave
clock. The setup is shown in FIG. 20. The microwave
oscillator is a combination of a quartz oscillator and a
dielectric resonator oscillator (DRO). A quiet 100-MHz
quartz oscillator is frequency multiplied by a factor of 100.
The DRO is phase-locked to this 10-GHz signal with about
100-kHz bandwidth to reduce the phase noise level at high
Fourier frequencies and for greater frequency flexibility. A
self-referenced frequency comb is then phase-locked to this
signal by mixing the 10.037-GHz output of the Quartz/DRO
pair with the detected 50th harmonic of the comb’s repeti-
tion frequency in a low-noise mixer to create a baseband
phase error signal. The digital loop filter (implemented on a
field-programmable gate array (FPGA)) that controls these
actuators uses a 16-bit ADC to measure the phase error
signal and its gains are adjusted to reach a 10-kHz lock
bandwidth. Piezoelectric actuators close the feedback loop
by changing the repetition frequency of the comb by adjust-
ing the cavity length of the comb. With the feedback loop
closed, there are three coherent outputs, one optical and two
rf: the optical 200-MHz pulse train, the 10.037-GHz signal
generated from direct photodetection of the frequency comb
pulses, and the 10.037-GHz signal from the DRO.

With the system described above, the frequency comb is
tightly locked to the microwave oscillator. To achieve syn-
chronization, the system then adjusts the phase of the
microwave oscillator as described next. First, the time offset
is computed from the O-TWTFT master synchronization
equation by an FPGA-based controller co-located with the
microwave clock. This time offset acts as an in-loop error
signal that is filtered and then used to adjust the frequency
of the microwave oscillator. The frequency adjustment is
implemented through an offset lock of the DRO to the
10-GHz quartz signal, as shown in FIG. 20. The offset is
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provided by an adjustable low-noise direct digital synthe-
sizer (DDS) module. A 37 MHz nominal DDS frequency
was used, leading to a 10.037-GHz DRO output.

Example 3

Comparing Optical Oscillators Across the Air to
Milliradians in Phase and 107'7 in Frequency.

In this example, numbering of equations begins again
with Equation 1.

Applications of future optical clock networks include time
dissemination, chronometric geodesy, coherent sensing,
tests of relativity, and searches for dark matter among others.
This promise has motivated continued advances in optical
clocks and oscillators and in the optical transfer techniques
to network them. In particular, time-frequency transfer over
fiber-optic networks has seen tremendous progress. How-
ever, many applications require clock networks connected
via free-space links. Direct adoption of fiber-based
approaches to free-space is possible but hampered by atmo-
spheric turbulence. Satellite-laser-ranging approaches such
as T2L.2 are being actively explored. Here, we consider
optical two-way time-frequency transfer (O-TWTFT) based
on the two-way exchange of frequency comb pulses. This
approach exploits the reciprocity (equality) in the time-of-
flight for light to travel each direction across a single-mode
link, just as in rf-based two-way satellite time-frequency
transfer and analogous fiber-optic demonstrations. In previ-
ous work, this O-TWTFT approach used the arrival time of
the frequency comb pulses to support frequency compari-
sons at residual instabilities of ~4x107'® at 1-second aver-
aging times, and ultimately to enable sub-femtosecond time
synchronization of distant optical and microwave-based
clocks.

Here, we demonstrate O-TWTFT can exploit the carrier
phase of the frequency comb pulses for much higher per-
formance. While carrier-phase measurements are relatively
straightforward across optical fiber because of the uninter-
rupted stable signal, the same is not true of a free-space link
where atmospheric turbulence leads to strong phase noise
and signal intermittency, in turn presenting a severe chal-
lenge to “unwrapping” the measured phase without cata-
strophic xmphase errors. We show such phase unwrapping is
possible over hour durations, despite atmospheric turbu-
lence, and despite strong phase drift between the distant
sites. We achieve frequency comparison with a residual
instability (modified Allan deviation) of 1.2x107'7 at 1
second: 10-20 times lower than achieved with the pulse
timing alone. This instability drops to 6x1072° at 850 s. We
show the short-term residual instability is near the limit
given by atmospheric-turbulence-driven reciprocity break-
down. Most importantly, it is well below the absolute
instability of even the best optical clocks and oscillators.

Carrier-phase O-TWTFT essentially tracks the evolution
of the relative optical phase between the two distant optical
oscillators. Specifically, here we track the ~300 million-
radian residual phase evolution between our two 1535-nm
cavity-stabilized lasers without ambiguity to within a 0.2-
rad standard deviation at 400-ms time resolution. The cor-
responding time deviation reaches 7 attoseconds (9 mrad) at
1-s averaging time. The relative phase noise power spectral
density drops below 107* rad*/Hz (~60 as*/Hz) at 1 Hz
offset, or >25 dB below that achievable with pulse timing
alone. In this sense, we establish tight mutual optical phase
coherence between sites that could be exploited in future
applications requiring spatially distributed phase coherence.
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In particular, several groups have compared optical atomic
clocks to ultra-high precision by cancelling out common-
mode optical phase noise of the clocks’ local oscillators.
Carrier-phase OTWTFT provides distant optically coherent
measurements with portable cavity-stabilized lasers over
turbulent links.

To successfully track the optical phase, the interval
between phase measurements must be shorter than the
mutual phase coherence time between the distant optical
oscillators. (For the same reason, an optical clock’s Ramsey
interrogation time is limited by the local oscillator coherence
time.) Otherwise, the resulting =7 phase ambiguities lead to
complete loss of frequency/phase information. This presents
two problems for carrier-phase O-TWTFT over a turbulent
atmosphere. First, atmospheric turbulence scrambles the
received light’s optical phase, degrading the mutual optical
coherence time. This problem is circumvented by exploiting
the time-of-flight reciprocity. Second, atmospheric turbu-
lence causes fades (signal loss) at random times, with
random durations and random separations, so the measure-
ment interval often exceeds the mutual coherence time (of
50 ms here). This problem is circumvented by combining the
timing information from both the pulse’s carrier-phase and
envelope to extend the coherence across the fades.

We use a folded 4-km link (FIG. 21) to compare optical
oscillators at site A and B. At each site, a cavity-stabilized
laser serves as the optical oscillator. We let the oscillator at
site A define the timescale with known frequency V, and
phase ¢ ()=27V t. The optical phase of site B’s oscillator
18 @z()=21V 5t+dp(t), where the first term is the phase
evolution from the a priori estimated frequency Vz=V , and
the second captures the unknown phase wander or equiva-
lently timing wander 8t=(27V ) '8¢. The unknown fre-
quency variation is 3V (t)=(2m)"'ddq(t)/dt. Our objective is
to measure d¢(t) or equivalently dV(t). We drop any con-
stant phase offset by setting d¢(0)=0 (and so dt(0)=0) since
its knowledge requires full time synchronization. The folded
link permits truth data acquisition via a direct optical het-
erodyne measurement, which also necessitates both oscilla-
tors operate at nearly the same frequency, here at
V ,=194.584000 THz and Vz=194.584197 THz. In general,
however, the optical oscillators would be at widely different
frequencies and locations.

At each site, the optical oscillator signal is transferred via
a Doppler-cancelled fiber link to a self-referenced frequency
comb where its phase is mapped onto the comb. Specifically,
at site B the relative phase noise d¢(t) maps to noise in both
the optical phase and the timing of comb B’s pulse train.
This noise is not white but includes strong random fre-
quency walk. We compare the phase and timing of comb B
with comb A via linear optical sampling in a two-way
configuration. To do this, combs A and B are phase locked
using our a priori information of V, and Vg such that their
repetition frequencies f, , and f_, differ by Af,=f .-, ,.
Here, f, ,=200 MHz with Af~2.46 kHz. At each site, we
filter the comb to a ~1-THz bandwidth around 1560 nm and
transmit it to the opposite site where it is heterodyned
against the local comb to generate a series of cross-corre-
lations, which are analyzed to extract d¢(t). Note the trans-
mitted comb optical spectrum need not—and does not—
encompass the optical oscillator frequencies.

The extraction of d¢(t) proceeds as follows. For conve-
nience, we lock the self-referenced combs such that f, =V /
n, and f, z7=Vz/nz where n, and ng are the indices of the
comb tooth nearest to the local oscillator at sites A and B. We
then identify the pair of comb tooth frequencies, ¥V, and ¥,
nearest to the center of the transmitted optical spectrum

10

15

20

25

30

35

40

45

50

55

60

65

40
having a frequency separation AV=V,—V ,<zAf/2. This
pair, rather than V , and V directly, will serve as the carrier
frequencies for the carrier-phase O-TWTFT, as shown
below. At site A, we write the transmitted and received comb
electric fields with respect to this pair as

EA (l):eiznf/AtEmEAymeiznmf,At
Ex(f)= 127V B(~Tlink) i VBO®! VBzm EB,m o2y, B(e+ 8T Think)

®
where B , is the electric field, m is the comb index from the
tooth at Vy, T,,,. is the slowly varying time-of-flight, and
dt=(2nV 5) ' d¢ is the timing jitter of comb B. The equations
for site B are analogous, except that T,,, appears in E(t)
Note the unknown phase wander of oscillator B appears both
in the timing noise, dt, and in the carrier optical phase of
comb B. At each site, the combs are heterodyned to give a
series of cross-correlations with complex envelopes I(t),
labelled by the integer p

Vi(Doee XL, I (i1, 5), %)

assuming T, and &t vary slowly on the timescales of 1/Af,.
(See Supplemental material for derivation.) The cross-cor-
relation envelope peaks at times

tu =AfT {04 B Tiutr 50T}

N s (10)

with phase,
0, 2nAVE, 27V p Tyt ViV 00

0, p2AVE, g+ 27V Tyt ViV 5~ 0.

1)

As expected for a two-way measurement, the time-of-
flight enters with an opposite sign at the two sites in (10) and
(11) can thus be eliminated. Note the cross-correlations do
not occur simultaneously at the two sites, rather asynchro-
nously with offset It, ,~t, 5I<2/Af,. For each site, we evalu-
atet, -and ©, ,-at 1/Af ~400 ms intervals via matched filter
processing against the p=0 cross-correlation thereby drop-
ping any overall constant time/phase offsets.

We effectively solved (10) for dt(t,) evaluated at
t,=(t, 4+, 5)/2, from which we extracted the fractional fre-
quency uncertainty dV/V z=ddt/dt. However, the precision
of d1(t,) is typically SNR-limited to 3 to 8 s (4 to 10 radians
equivalent optical-phase uncertainty).

In carrier-phase O-TWTFT, we exploit the cross-correla-
tion phase for higher precision by solving (11) to find

5 vB . . (12)
(ty) = E{GP'A + 0, p — 4nATL, + 20T iy, — 27k},

dropping the next term 7tV (t, ,~t, 5)dT,,,/dt. After deter-
mining T, , from (10), all the terms are known except for k ,,
which is a time-dependent integer accounting for the s-am-
biguity (~2.5 fs equivalent timing uncertainty) in this phase
measurement. The precision is now limited by the ~0.1
radian noise typical of the comb phase locks and Doppler-
cancelled links for a total uncertainty of ~0.2 radians,
corresponding to 160 attoseconds in timing precision at the
400-ms update rate.

Higher precision is lost in n-ambiguities unless k, is
known. If 3¢ varies slowly with successive measurements,
standard unwrapping algorithms can track k,. However, 3¢
varies significantly from mutual phase noise between the
oscillators, characterized by the measured power spectral
density (PSD) of S =22 {~ * rad*/Hz, where fis the Fourier
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frequency. More importantly, random fades from turbu-
lence-induced scintillation, physical obstructions, or loss of
terminal pointing cause measurement gaps well beyond
1/Af,~400 ms. Therefore, a layered Kalman-filter-based
unwrapping algorithm is used. The inputs are the first four
terms of (12), Sg, dt(t,) from (10), the received power, and
the power-dependent uncertainty int,, y-and 8, . The output
is a prediction of the phase, which is compared with the
observed phase to find k. The Kalman filter also predicts the
uncertainty oy, in the predlcted phase which grows with
time over long fades eventually leading to ambiguity in k,,
and requiring use of the envelope timing to re-acquire kp.
Indeed, a functional, rigorous definition of mutual coherence
time is exactly the time interval until the predicted phase’s
uncertainty exceeds a value o, denoted t,,,*. (This coher-
ence time differs from frequency-domain definitions based
on linewidth or PSDs which are poorly defined for Sgq,ocf™ 4
and is in fact closely related to the relevant coherence for
Ramsey interrogation). For our system, t,' "“?~50 ms.
However, the algorithm uses a stricter limit of t__,%'? -7
ms before reverting to the envelope timing to “re-acquire”k,,
Real-time processing can be performed.

FIG. 22a shows the resulting unwrapped phase dp(t) over
a ~1.4-hour measurement across the 4-km turbulent link. It
is dominated by a roughly linear frequency drift, leading to
over 300 million radians of total phase drift (beyond the
expected phase drift of 2n(VzA-V )t) with random phase
wander reflecting the f~* PSD, as shown in the inset.
Therefore, phase continuity of the measured d¢(t) can only
be evaluated by comparison with truth data, d¢,,,,(t),
acquired from the direct shorted heterodyne beat between
oscillators. As shown in FIG. 225, d¢(t)-09,,,,(t) shows no
phase slips. The standard deviation is 0.2 rad (or 160
attoseconds in time units) at the full 400-ms sample rate and
30 mrad (24 attoseconds) at a 1-s time resolution. Finally, a
linear fit to d¢(t)-9,,,,.,(t) yields the overall accuracy in the
determination of oscillator B’s frequency offset 8V across
the measurement, which is 2+20 mHz. In the FIG. 22, panel
(a) shows oscillator B’s residual phase from carrier-phase
OTWTFT, d¢(t), (red line) and from direct oscillator-to-
oscillator truth data, d¢,,,,,(1), (dashed blue line) in radians
(left axis) and scaled to time units by 27tV ;)™* (right axis).
For both, we set the value at t=0 to zero; consequently, we
use “timing” on the right axis, emphasizing that the overall
time offset between sites is unknown. The dominant qua-
dratic behaviour arises from the ~4 Hz/s frequency drift
between the optical oscillators. Inset: phase wander after
removing a quadratic fit illustrating the phase fluctuations at
all time scales expected from the 1/f* relative phase noise.
(b) Difference between the carrier-phase OTWTFT and truth
data, d¢(t)-0¢,,,,.,(1), at 400 msec sampling (black) with 0.2
rad (160 as) standard deviation and at 1-second averaging
(gray) with 30 mrad (24 as) standard deviation. There are no
phase discontinuities over the entire period. The average
slope yields an overall frequency difference between truth
data and the O-TWTFT data of 2+20 mHz, despite the
accumulated 18 kHz offset between the oscillators. (c) A
10-second segment showing the phase before unwrapping
(top panel, purple) and after (red line), which follows the
truth data. The predicted phase (dashed blue line) resolves
the integer, k,, to accomplish the unwrapping. Also shown
is the envelope timing (gray line), used to unwrap the phase
across fades. (d) Similar to (c) but illustrating phase conti-
nuity over a complicated fade sequence. (An overall slope of
40 rad/sec was removed for display purposes.)

Fades occur during 1% of the total 1.4 hours. Because of
turbulence, for ~3 mW transmitted power, the received
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power varied from 0 to 5 mW with a detection threshold of
10 nW, below which a fade (signal loss) occurs. Fades with
durations beyond t_,,*? "“~7 ms involve re-acquisition of
the phase via the envelope. FIG. 22¢-d show examples of
phase-continuous measurement across a single fade and
across multiple juxtaposed fades. For the data of FIG. 225,
there are ~1400 fades randomly distributed in time with
durations beyond t__,,”' "*“~7 ms, while a later run had 26%
fades with ~28,500 fades beyond t__,”** . (See FIG. 25.)

FIG. 23 shows the phase noise PSD for d¢(t)-3¢,,,,.,(t) of
FIG. 22b, and compares this PSD to previous O-TWTFT
using the envelope only (i.e. finding dt from (10) only).
Above 1 Hz, the carrier-phase data is >25 dB lower, with a
floor of ~3x107% rad*/Hz (~20 as*/Hz). Below 40 mHz, the
two PSDs converge as the noise is limited by flicker (1/f)
noise from variations in the delays within the transceivers.

FIG. 24 shows the modified Allan deviation, o,,,, from
dp(t)-3¢,,,..,(t) at both 1% fades (e.g. FIG. 22b) and 26%
fades. At 1% fades, the carrier-phase O-TWTFT instability
is 1.2x* /tav;/2 from 0.01 s to a few seconds. It then
flattens from a few seconds to 10 s likely due to fluctuations
in the transceiver delays from air-conditioning cycling,
before dropping to 6x1072° at 850 s. At short times, the
carrier-phase O-TWTFT is 10 times lower than for the
envelope-only approach of previous O-TWTFT. At the
higher fade rate of 26%, the carrier-phase O-TWTFT rises to
5.6x107'7 at 1 s and the envelope-only O-TWTFT is 20
times higher still.

The measured instability of ~107'7 at 1 second translates
to a time deviation of 7 attoseconds, or equivalently 9 mrad,
at one second, indicating reciprocity for a single-mode link
holds to a remarkable degree even across a turbulent atmo-
sphere. Nevertheless, there is a slight discrepancy between
the open-path instability of 1.2x107'7 and shorted (no open-
path) instability of 0.95x1077. (See FIG. 24.) We attribute
this discrepancy to a slight breakdown in reciprocity from
asynchronous sampling and time-dependent turbulence, i.e.
exactly the additional term «0.5(t,, ,~t, 5)dT,,,,/dt discussed
after Eq. (12). (Other effects that limit reciprocity are
unobserved in this configuration.) The time-dependent
atmospheric piston phase noise, i.e. T,,,.(1), is characterized
by a spectral noise density of af"”> where f is the Fourier
frequency and a a~1072® s? Hz*. Approximating this PSD
as ~f2 gives a contribution to o, of

O mllag) V3721 =t gl g 13)

The asynchronous sampling, It Lty t, s, ranges from 0 to
(2Af.y'~200 ps; the shaded region in FIG. 24 shows o

atm
(t,g) Tor a 10-90% range (20 ms<It |<180 ms). The

y p,B

quadrature sum of the shorted o- and o,,(t,,) at
It, ~t, 51=100 ps agrees with the measured open-path

results of 1.2x107*7 at 1 second.

The 4-km link distance demonstrated here is not the
maximum range limit. Indeed, carrier-phase O-TWTFT
poses no additional constraints on range, excepting that the
power-aperture product must be increased along with the
link distance to maintain sufficient received comb power,
comparable to the power requirements for coherent com-
munications. At link distances >60 km, the time-of-flight
reaches (2Af)"' and the timestamps must be properly
aligned to avoid an increase in the asynchronous sampling
noise floor given by Eqn. (13).

We have demonstrated phase comparisons between opti-
cal oscillators or clocks using the carrier phase of frequency
comb pulses over turbulent free-space paths. Carrier-phase
O-TWTFT reaches 1.2x107'7 fractional stability at 1 second
averaging time, corresponding to a time deviation of 7
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attoseconds, despite the presence of turbulence-induced
fades. In so doing, it connects the optical phases as distant
sites and should enable correlated spectroscopy of distant
optical clocks.

FIG. 21 shows an experimental setup in which the phase
of the local optical oscillator (cavity-stabilized laser) is
transferred via a Doppler-cancelled fiber link to a frequency
comb, a portion of whose output is transmitted to the
opposite site, where it is heterodyned against the local comb.
The link is folded, i.e. A and B are physical adjacent, to
permit acquisition of truth data. (b) The resulting cross-
correlation between pulse trains is analysed to extract the
envelope peak time, t, 5, and the phase, ©, ,, which are
input to a Kalman-filter based algorithm to calculate the
relative phase/timing evolution between the two optical
oscillators despite atmospheric phase noise and fading.

FIG. 22 shows results for ~1.4-hours across the turbulent
4-km link. (a) Oscillator B’s residual phase from carrier-
phase OTWTEFT, dq(t), (red line) and from direct oscillator-
to-oscillator truth data, d¢,,,,;,(t), (dashed blue line) in
radians (left axis) and scaled to time units by (2xVy) (right
axis). For both, we set the value at t=0 to zero; consequently,
we use “timing” on the right axis, emphasizing that the
overall time offset between sites is unknown. The dominant
quadratic behaviour arises from the ~4 Hz/s frequency drift
between the optical oscillators. Inset: phase wander after
removing a quadratic fit illustrating the phase fluctuations at
all time scales expected from the 1/f* relative phase noise.
(b) Difference between the carrier-phase OTWTFT and truth
data, d¢(t)-0¢,,,,.,(1), at 400 msec sampling (black) with 0.2
rad (160 as) standard deviation and at 1-second averaging
(gray) with 30 mrad (24 as) standard deviation. There are no
phase discontinuities over the entire period. The average
slope yields an overall frequency difference between truth
data and the OTWTFT data of 2+20 mHz, despite the
accumulated 18 kHz offset between the oscillators. (c) A
10-second segment showing the phase before unwrapping
(top panel, purple) and after (red line), which follows the
truth data. The predicted phase (dashed blue line) resolves
the integer, k,, to accomplish the unwrapping. Also shown
is the envelope timing (gray line), used to unwrap the phase
across fades. (d) Similar to (c) but illustrating phase conti-
nuity over a complicated fade sequence. (An overall slope of
40 rad/sec was removed for display purposes.)

FIG. 23 shows phase noise power spectral density of
dp(H)-8¢,,,.,(t) (dark blue) in rad*/Hz (left axis) and con-
verted to f5*/Hz (right axis). For comparison, the corre-
sponding power spectral density extracted from the envelope
pulse timing alone is also shown (light blue).

FIG. 24 shows residual fractional frequency instability,
0,4, Tor carrier-phase O-TWTFT over a 4-km link with 1%
fades (blue circles) and 26% fades (open red circles) com-
pared to the corresponding envelope-only O-TWTFT for 1%
fades (blue triangles) and 26% fades (open red triangle). The
carrier-phase O-TWTFT instability over a shorted (0 km)
link is also shown (green squares). Finally, the fundamental
limit set by the time-dependence of the atmospheric turbu-
lence is indicated shaded orange box (at 10-90% likelihood).

With regard to derivation of Egs. (2)-(5) that follows,
equations are numbered from Equation 1. Frequency combs
can include carrier-envelope offset frequency, £, and rep-
etition rate, f,, so that the comb tooth frequencies are given
by V,=f_ +nf,, where n is an integer. We can alternatively
write the comb tooth frequencies as V,=V+mf,, where
V=f_,_+iif, is a specific comb tooth frequency at n=fi and m
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represents an integer offset from this tooth. Thus, combs A
and B at their respective sites located at z=z, and z=z;
become

E (t2,)=e"T4E E et (14)

2 VRe+iVROQ/ VE 270 HOT
Ep(tzg)=e VVBS By € BED

(15)

where dt=(2nV ;) '8¢, dropping any overall phase or time
offsets and without yet selecting i, or fiz. Here, as in the
main text, we assign all the phase noise to Site B which then
appears with appropriate scaling on Comb B in Eq. (15). At
the opposite site, each comb will have travelled across
distance |z -7l with phase velocity V. and group veloc-
ity V.., Ignoring higher order dispersion, the comb fields
at the opposite site are then

EA(ZZB):eiznf/A(z—Tzink)E E, e2momf ATt )
, it

(16)

EB(Z ZA):eizn VB(+—Tiink)+iVBO® VBZ

EB,m ei2n:mfy,B(t+5"L*Tlinkg7 oupy 17)

where Ty,,,=17,~75/V ., 15 the time-of-flight associated
with the phase and T, 5=z ~7,|/V,,,,, is the slightly
different time-of-flight associated with pulse envelope. As
the extracted timings will be subtracted off between the two
directions before further processing (and conversely for the
carrier phase), any change in either T,,,, or T,,,2"*¥ that is
reciprocal will cancel. Any non-reciprocal path through
dispersive media (fiber in the transceivers for example) will,
however, change these group and phase delays differently
and thus there exists a potential offset. To deal with this
offset, the phase tracking algorithm applies an offset when
re-acquiring 3¢ by use of the scaled dt from the pulse
envelope timing, thereby absorbing any additional fixed or
slowly-varying offset, even from non-reciprocal propaga-
tion. We will thus assume T,,,2"*?~T,,,, for the rest of the
derivation.

With T,,,2"*=T,,. we recognize Egs. (14) and (17) as
exactly Eq. (1) in the main text, and Egs. (15) and (16) as the
analogous equations at the other site. At site A, the comb
fields are overlapped on a detector to yield

Eg(t, 2)ES (1, 24) = i 2TV ,—I2MATR T iy +i9B60)vp (18)

Z EpnE, s o2 fy at ji2nmfy pG+6r—Tpig )

mm’

where AV=V,-V , and with a similar overlap at site B. This
heterodyne field will be detected and sampled at f, ,. We
now impose the following three conditions, which are sat-
isfied in the experiment. First, the optical bandwidth (i.e.
non-zero amplitude comb teeth) spans less than f, ,f 5/
(2Af,). Second, the heterodyne spectrum does not cross zero
(e.g. for all non-zero amplitude comb teeth the frequency of
comb A is above comb B, or vice versa). Third, we low-pass
filter the detected signal to below f/2. Then, if we define the
carrier frequencies (i.e. values of i, or fiz) such that
IAVI<Af/2 it must be that m=m' in the double sum and the
detected signal at Site A and B is

V(fy=e™@ADF, T, omm A G B A ThikerGr B (19)
‘mt A m

Vp(y=g @ OF, I, oRmm A A Tk B1AF (19)

where the phases are © ,()=2nAVt-2rV T, +V,;V,; 10¢
and  ©,(0)=20AVt+20Y T, +V 5V, '8¢, the complex
amplitudes are I, ,=E; E*, R, and Iz, =E, E*;
Rp,.» and Ry, accounts for the low-pass detector response
at X=A or B. The voltage at site A is sampled at discrete
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tlmes =k, ~! and at site B at discrete times t,=] k{, 5
Myt where k is an integer. (The system digitizes the real
part of the cross-correlation, but a Hilbert transform is used
to generate the analytical cross-correlation written here.)

The sums are over rf tones at frequencies mAf,. The sum
of these tones is just a series of repeated cross-correlations
or interferograms as the comb pulse trains walk across each
other in time. The envelope of the successive cross-corre-
lations is a maximum whenever the exponent in the sums of
Eq. (19) or (20) is an integer, p. This integer then acts as a
label for successive cross-correlations. For example, in Eq.
(19), the p” cross-correlation is centered at the time t 4 that
satlsﬁes AL, L 5T+, s0t=p or t, ,=Af~ 1{p+f,BTka

f, 5ot} The envelope of each Cross- correlatlon is identical,
glven by the Fourier Transform of the 1, ,, and written here
as I, (t), with a similar notation at Site B (assuming fixed
dispersion across the link) Following this, we rewrite (19)
and its counterpart (20) in a more useful form as the series
of cross-correlations,

V,(H)=e®4O% I (-1, 4 21
Va()=€"3O% L1, 5) 22
where L A p-f, [T, T, z0th. If we re-define
L,(—¢ AV A(t) then the measured voltages are
VA(Z)—eiPAEPIA(Z—Q»A) (21)
Va(D)=€"9PP3, In(i~t, » 22
with ®, ,()=2mAVt, ,-27V szk"'V V;'0¢ and @, 4=

2mAVt ,B+2nV szk+V Vi dg.
The matched filter processing at the two sites extracts

[©,_darr=9©, 4+27k, 4 (25)
[0, 2270, £+2nk (26)
whose sum is
[®p,4]MF+ [ p,B]MFizﬂ:AV(Z a1, 3)“‘\73\/37 [0
(8 H (L, )12V 4 Tt )~V B a8 a) 1+
ik, 27)
where k,=k, ,+k, » is an integer and we now explicitly

include the time-dependence of the phase noise as d¢(t) and
of the time-of-flight as szk(t) Assuming both vary slowly
with respect to At,=(t, 5~t, ,)/2, a Taylor series expansion
about t,=(t, ,+t, ,B)/Z yields

[, darst[ p,B]MF_4ﬂ:AVZ +2VBVB 6(P(l )-
20AN T y1,)+ 230K, +4nVBAz szk( )—

2mA VAL T,mk( )+VBVB Az 26(p(l) (28)

The first line contains the dominant term. It is inverted to
solve for dp(t,) as

5 Vg - - 29
ol1,) ~ E{G"'A +0, 5 — dTATL, + XAV — 27k}

after dropping the MF subscripts, which is exactly Eq. (5) of
the main text. The second line of Eq. (28) lists the lowest-
order errors due to the varying time-of-flight (first two
terms) or strong phase drift between cavities. This last term
will be insignificant for optical clocks and is even negligible
here for the cavity-stabilized lasers. As noted in the text, the
first term, 4n\N/BAtPTka dominates the uncertainty for a
turbulent link. It contributes a phase error to d¢ of
2nV zAt szk(t ). If we scale this to units of time, this is an
error in the relatlve timing between the sites of At szk(t )
To convert to a statistical description, the Vanatlons in
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T,a(t) are characterized by the power spectral density
(PSD) STH”k(f):an)zSTﬁnk(f), where S, (f) is the PSD for
the atmospheric piston noise in units of time, i.e. of T},(t).
As noted in the main text, we approximate this PSD as
Sump(D~af>. Combining these terms and following the
conventional definitions related to Allan deviations, we find
an extra phase/timing noise in our clock comparison with a
PSD of S,=At,*(2xf)* af? or a correspondlng additional
fractional frequency fluctuation of S, =@2nf)* S, =At, *(2nh)*

af2=(t o5~ A) 4r* af® The correspondlng modlﬁed Allan
variance is
> 3n%a (30)
T yallavg) = T(pr pr) avg

as a function of averaging time t,,, or Eq. (6) of the main
text. We note that with careful time synchronization and
simultaneous measurements of T,,,.(t) through the pulse
envelope timing, it might be possible, in principle, to include
this effect in the analysis and operate at even lower insta-
bilities. However, any experimental demonstration that this
is possible can wait until optical clocks have reached even
lower levels of instability than their current values.

FIG. 25 shows fade statistics for 1% fading of FIG. 2
(blue) and a second run with 26% fading (gray) compared to
the mutual coherence times t__,*'? "*“~7 ms (red line) and
ton "““~50 ms (orange line). The number of fades of
duration greater than t_,% > " are 1,357 and 28,508 for 1%
and 26%-fade runs, respectively.

With regard to Kalman-filter phase extraction, we will
describe the Kalman-filter-based extraction of the carrier
phase. The notation here follows the main text except we
replace t,—p since the digital processing essentially relies
on sample number. This extraction takes advantage of all of
the measured data, ie. the time series of the observed
unscaled wrapped phase,

VB
8¢5 = —00(p) + 7k,
VB

the time series of the envelope arrival times, dt(p), the time
series of the received power, 1. .(p), the dependence of the
measured quantities on the received power, 0, .(l..) and
Oy ons0c)» and the expected random-walk frequency noise
between the lasers from S (f). The complicated Kalman-
filter-based phase extraction is necessary due to the random
distribution and random duration of fades as well as the
varying level of measurement noise on the data.

The process of extracting the phase has two modes,
“normal operation” and “look-ahead operation”, depending
on the uncertainty of the phase estimate from the Kalman
filter. Normal operation is a sequential unwrap of the phase
using the main Kalman filter’s prediction and is shown in
FIG. 27. (The basic Kalman equations are given below.)
FIG. 27 shows that measurement inputs include the wrapped
phase data

VB
80,p5(P) = géw(p) + 7k,
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and the envelope timing data scaled appropriately,

(v—B]ZﬂvBé‘r(p).
Vg

The a priori estimate of the phase, BcAp"(P) is used to generate
an initial estimate of the integer offset, k,™. If the uncertainty
in the estimate, o, , is below the threshold, the Kalman filter
generates a final estimate of the phase, d¢(p), which is then
used to generate a final estimate of k, and thus the
unwrapped phase,

v
Lag(p).
7]

(Note that the phase is evaluated at V, hence the scaling.)
Kalman filter inputs not shown: 0y ,5(Le0)s O ops(les)s
L..(p) and S.(f). thres: threshold value for o,

We first generate a prediction for the unwrapped phase.
We compare this predicted value to the observed wrapped
phase dq,,(p) to resolve the integer, k. In addition to the
prediction, the Kalman filter generates the uncertainty asso-
ciated with the prediction, g,,. Only if this uncertainty is
below a threshold do we consider this k,, to be valid. We use
a conservative threshold of 0.12 radians, in order to avoid
any integer errors (i.e. phase slips) in k,, since there are ~8
million measurements per hour, and to allow for modelling
uncertainties. Based on this threshold, we update the main
Kalman filter using one of three possibilities: (1) the pre-
dicted uncertainty is below threshold, so k,, is valid, and we
can proceed to calculate dqp(p), (2) 0¢,,(p) was unavailable
due to a fade, (3) the predicted uncertainty is above thresh-
old, k, is not necessarily valid, and we switch to the
“look-ahead mode”.

The second mode, “look-ahead operation”, is illustrated in
FIG. 28. It is a more complex operation, as we must find k,,
based on the phase data and the envelope timing. It cannot
rely on a single measurement as the uncertainty in a single
envelope-timing measurement is at best +/-3 fs. However,
simple averaging of the envelope timing is not robust
because of the very real possibility of additional fades over
the averaging window and because the actual clock noise
prevents satisfactory averaging. Instead, two Kalman filters
are used. One performs a sequential unwrap of the phase as
in normal operation starting at the initial data point p after
the fade and letting k,=0 The difference between this
unwrapped phase with k,=0 and the scaled envelope timing
data should be exactly rk,, except for noise and any offset
between the envelope timing data and the phase data. This
offset is transceiver dependent, calibrated in an initial mea-
surement, and applied to the envelope timing data after
scaling. The difference between the unwrapped phase and
the envelope data is then input to a second Kalman filter
along with the measurement uncertainties. After ~250-ms
(600 data points) if the uncertainty is sufficiently small, then
the estimated k, is considered valid. It is applied to the
already partially unwrapped phase data and the algorithm
returns to “normal operation”. If there is a fade within the
250-ms but the uncertainty is already sufficiently low, then
again k,, is applied to the partially unwrapped phase data and
the algorithm returns to “normal operation”. If the uncer-
tainty is too high, this measurement is recorded as a fade and
the look-ahead operation jumps ahead to unwrap the next set
of data again using the look-ahead operation.
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Data were processed post data acquisition. However, the
method outlined here could be implemented in real time
with a short processing delay for the look ahead operation to
provide a real-time measure of the clock difference (250 ms
delayed) or even to synchronize the phase of the two
oscillators by feeding back at low bandwidth.

FIG. 26 shows two modes of extracting the phase, “nor-
mal operation” and “look ahead operation”. Under normal
operation, the phase is sequentially unwrapped using the
main Kalman filter. When the prediction confidence interval
exceeds a threshold, the system transitions to look-ahead
operation to use up to ~250 ms of data (established empiri-
cally) to determine the correct integer offset to unwrap by
before returning to normal operation for the next measure-
ment.

FIG. 27 shows normal operation of Kalman-filter-based
phase extraction. The measurement inputs include the
wrapped phase data

7]
Spobs(p) = géw(p) +mkp

and the envelope timing data scaled appropriately,

(v—B]ZﬂvBé‘r(p).
Vg

The a priori estimate of the phase, 6(})"(1)) is used to generate
an initial estimate of the integer offset, k. If the uncertainty
in the estimate, 0, , is below the threshold, the Kalman filter
generates a final estimate of the phase, d¢(p), which is then
used to generate a final estimate of 1A<p and thus the
unwrapped phase,

VB
—d¢(p).
Vg

(Note that the phase is evaluated at ¥V, hence the scaling,)
Kalman filter inputs not shown: 0y ,5(Le0), O ons(er),
L..(p) and S.(f). thres: threshold value for o,

FIG. 28 shows steps for look-ahead operation. Look-
ahead operation iterates over index j to determine the correct
integer offset to unwrap the p™ measurement. thres: thresh-
old value for o,

With regard to: Kalman filter implementation, our state
model for the pth measurement is ®,=A®,_,+Q,, where

o os
p = 5, >

3¢, is the phase,

(1 ZnA]
A= X
0 1
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1/A=Af, is the sampling rate of the system, and the process
noise

0 0
Q"_(o qOZHZA]

captures the f~* relative oscillator phase noise with q,=22
Hz?/Hz to match the measured PSD. Here, we assume that
the process noise is constant over the entire measurement
duration, ie. Q,=Q,. For each measurement point, we
generate an a priori estimate of the state and of the associ-
ated co-variance matrix, P,, via

&, =4, |
P, =4P, 47+Q, (31)

where the " symbol represents an estimate of the state and
the — symbol indicates an a priori value. We can generate an
initial estimate of k, from Ci)p". The filter gains, K, are then
computed using the amplitude dependent measurement
noise co-variance matrix,

0% opsUrec) 0
0 02 i) )

b =

as is the posterior estimate of the state, Ci)p, and the posterior
associated co-variance matrix, P,

—p - —pgT —1
K,=P, H(HF, H™+R,)

&,~b, +K,(2,-HD,") (32)
P,~(I-KH)P,”
where I is the identity matrix, Z,, is a set of measurements,
and H is the matrix which relates the underlying state to the
measurements, i.e., H®,=7 . The posterior estimate of the
state, @, is then used to generate the final estimate of k.
Note that in the presence of a fade, the posterior equations
of (0.8) reduce to Ci)pzci)p‘ and P,=P,~. From this, we can
immediately see how the co-variance matrix for the uncer-
tainty of the state estimate evolves as the fade duration
increases. We can write the recursive expression for fades of
increasing length to find

n
Pp+n - An+1Pp71ATn+l +Z (AnQOATn)
0

where n is the number of samples for the fade. This yields

O pin =0, ,12+2nA(n+1)(0?¢P,12+0WP,12)+[275A
n+D)?o; 2+ antq Ao n(n+ 1) (1420 33
p-1 4
where the co-variance matrix Pp_ , 1s defined as
2
p [ Top-1 U'in ]
L=, -
Top.p-1 U'é,pfl
o . . o /2 . —
For o, 1=0.05 rad, Oy, 1=04q,1=0-2 Hz"%, og, =2

Hz, A~0.4 ms and q,=22 Hz*/Hz, this results in coherence
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times of t_,,°*? "*“~6 ms and t__,' "*“~50 ms which agree
with the values extracted from the measurements.

Example 4

Sub-femtosecond synchronization of optical clocks
in the presence of significant motion

In this Example, equations are numbered starting from
equation 1.

The extreme stability of optical clocks has motivated the
development of new time and frequency transfer techniques.
Those include frequency transfer over thousands of kilome-
ters of fiber reaching 10-18 fractional stability and femto-
second-level clock synchronization cross several kilometers
of turbulent air. In many cases, clock networks involve
moving platforms such as aircraft and satellites. Motion
poses many challenges to time and frequency transfer, due
in part to the finite speed of light. We present a method of
frequency comb-based two-way time transfer based on
earlier quasi-static work which allows sub-femtosecond
synchronization despite 24 m/s motion. No stability degra-
dation was observed and indeed the new Doppler-tolerant
system supports a higher level of performance than earlier
quasi-static efforts.

The physical system has been modified from that pre-
sented earlier to include a moving retroreflector to induce
Doppler effects. FIGS. 29 and 30 show the two sites that are
part of the experiment: the master site (A) and the remote
site (B). The setup includes master and remote optical clocks
based on self-referenced frequency combs locked to C-band
cavity-stabilized lasers. The frequency combs have a rep-
etition rate of 200 MHz. A transfer comb with a 2-kHz
repetition rate offset is added on site A to perform linear
optical sampling (LOS) at both sites. Pulses are transmitted
over a 4-km folded free-space link. The folded path enables
an out-of-loop comparison of the two clocks. To remove the
5-ns time ambiguity of the LOS signals, a two-way coarse
timing system based on modulated CW carriers is multi-
plexed into the same free-space link. The clock offset, as
computed on the remote site, is used to apply feedback to the
remote clock. The servo loop has a 10-Hz bandwidth and
features a Kalman filter that allows the system to operate
when the free-space link fades.

The setup was modified to simulate clock motion. Since
the clocks used in this work are not yet fully portable, a
“Doppler simulator” was built on one end of the free-space
link. Additionally, a retroreflector was mounted on an
unmanned aerial system (UAS). These two configurations
are shown in FIG. 29. The simulator is based on a retrore-
flector mounted on a cart. (See FIG. 35.) The cart is moved
along a 2-meter rail using a computer-controlled motor.
Mirrors and other free-space optics were used to create
effective displacements of 24 meters and velocities of up to
25 m/s.

The synchronization equations were rewritten to account
for motion. Interpolation of the timing signals was used to
account for the necessarily non-simultaneous LOS measure-
ments. A velocity-dependent term was also added to address
the fundamental non-reciprocity arising from to the finite
speed of light. The final equation, ignoring calibration terms,
is

ATAB=(T T =T+ T ) 2H(Ve/ANT 4Ty o
Tp=Tpa) ey

where ATAB is the retrieved clock time offset. T, is the
departure time of a comb pulse from site Awhile T ,__ 5 is the
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arrival time at site B of that same pulse. Tz and T;_, , have
the same meaning but refer to a remote comb pulse departing
from site B. These pulse departure and arrival times are
derived from a combination of LOS and coarse timing
signals. The first term in equation (1) is the classic two-way
time transfer equation for static platforms. The velocity (V)
relative to the speed of light (c) can be calculated from the
Doppler-shifted repetition rates of the combs at the outputs
of the free-space link.

Using the setup and equation described above, we dem-
onstrated successful synchronization across the 4-km link
even during retroreflector motion. FIG. 31 shows a typical
subset of the data under operation of the Doppler simulator
for the time-of-flight, the velocity and out-of-loop time
difference between the clocks during motion. FIG. 33 shows
a similar time series for operation with a retroreflector
mounted to a UAS. The systematic time offset due to
velocity is well below the loop residuals and is not visible on
this scale. It is worth noting that using a non-Doppler-
tolerant equation would lead picosecond-level clock time
offsets. Long free-space dropouts were masked to make any
underlying structure in the out-of-loop data more evident.

FIG. 32 shows the time deviation and fractional instability
computed for operation of the Doppler simulator a +/-24
m/s velocity for air paths of 0, 2 and 4 km. A measurement
of'a shorted (0 m) free-space path with no motion shows that
there was no significant degradation of the synchronization
due to the presence of motion.

A small residual velocity dependence is found when
performing a statistical analysis. For this analysis, the clock
time offsets during constant-velocity segments were aver-
aged and plotted against velocity. The results are shown in
FIG. 37. The residual bias remains below 500 as for veloci-
ties up to +24 m/s with a slight statistically significant bias
present at the highest velocities. For velocities beyond +24
m/s, additional technical challenges will arise; however,
equation (1) will remain valid to the first order.

We demonstrate real-time synchronization of two optical
clocks at the femtosecond level across a free-space link with
a varying path length. We show that the velocity-dependent
residuals are below 500 as for motion up to +24 m/s. No
stability degradation is observed for 24 m/s compared to a
static link. The master synchronization equation presented
here is valid for all velocities to first order although the
implementation would need modifications to support even
larger Doppler shifts. We believe that Doppler-tolerant opti-
cal two-way time and frequency transfer will be a crucial
part of future clock networks.

FIG. 29 shows (a) a Doppler simulator mode of operation
and a (b) cartoon of UAS mode of operation. In UAS mode,
the light is polarization multiplexed between site A and site
B due to the use of single tracking terminal and retro
reflector. In both cases, the system is folded to allow for
out-of-loop verification.

FIG. 30 shows (a) an optical clock design for site A
including of two frequency combs, A (master) and X (trans-
fer), a modulated cw laser for the communications link and
coarse timing, and a hybrid FPGA-DSP-based controller.
Both comb A and comb X are phase-locked to the same
optical oscillator (not shown). Comb A serves as the clock
output while comb X serves as the local oscillator to read the
pulse arrival times from site B. (b) The architecture at site B
is similar except there is only one comb, B (remote), which
both serves as the clock output and the local oscillator to
read the pulse arrival times.

FIG. 31 shows results from Doppler simulator operated at
velocities ranging from 0 m/s to 25 m/s. The time-of-flight
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(top panel, left axis) and effective velocity (middle panel)
were retrieved from the in-loop measurements of the comb
pulses and coarse-timing. The clock offset (bottom panel) is
the out-of-loop verification of the clock offset during periods
of active synchronization. All data are plotted at the full ~2
kHz detection rate. (b) Inset showing same results in addi-
tion to continuous recording of the clock offset (cyan line)
plotted underneath the clock offset for periods of active
synchronization (black dots).

FIG. 32 shows (a) Sub-femtosecond time deviation for
motion at +/-24 m/s using the Doppler simulator and a
free-space path with a path length of 0 m (red circles), 2 km
(blue circles), and 4 km (cyan circles). Additionally, the time
deviation for 0 m/s of motion and a 0 m free-space path is
shown (gray circles) indicating that there is no significant
degradation of the synchronization due to the presence of
motion. The synchronization bandwidth was 10 Hz for all
data. (b) Modified Allan deviation for the same data.

FIG. 33 shows results from UAS mode of operation. The
time-of-flight (top panel, left axis) and effective velocity
(middle panel) were retrieved from the in-loop measure-
ments of the comb pulses and coarse-timing. The clock
offset (bottom panel) is the out-of-loop verification of the
clock offset during periods of active synchronization. All
data are plotted at the full ~2 kHz detection rate.

FIG. 34 shows a schematic of the system at the level of
detail necessary to compute the calibration terms.

FIG. 35 shows a design of Doppler simulator showing
12-pass geometry which has a maximum effective velocity
of 24 nv/s for 2 m/s rail motion. The light is polarization
multiplexed in order to allow for bi-directional operation of
the simulator, preserving the necessary reciprocity of the full
optical link.

FIG. 36 shows an example of the cross-ambiguity func-
tion used to compute the true pulse arrival times.

FIG. 37 shows a lack of residual bias due to motion for
free-space paths of 0, 2, and 4 km lengths.

While one or more embodiments have been shown and
described, modifications and substitutions may be made
thereto without departing from the spirit and scope of the
invention. Accordingly, it is to be understood that the present
invention has been described by way of illustrations and not
limitation. Embodiments herein can be used independently
or can be combined.

Reference throughout this specification to “one embodi-
ment,” “particular embodiment,” “certain embodiment,” “an
embodiment,” or the like means that a particular feature,
structure, or characteristic described in connection with the
embodiment is included in at least one embodiment. Thus,
appearances of these phrases (e.g., “in one embodiment” or
“in an embodiment”) throughout this specification are not
necessarily all referring to the same embodiment, but may.
Furthermore, particular features, structures, or characteris-
tics may be combined in any suitable manner, as would be
apparent to one of ordinary skill in the art from this
disclosure, in one or more embodiments.

All ranges disclosed herein are inclusive of the endpoints,
and the endpoints are independently combinable with each
other. The ranges are continuous and thus contain every
value and subset thereof in the range. Unless otherwise
stated or contextually inapplicable, all percentages, when
expressing a quantity, are weight percentages. The suffix
“(s)” as used herein is intended to include both the singular
and the plural of the term that it modifies, thereby including
at least one of that term (e.g., the colorant(s) includes at least
one colorants). “Optional” or “optionally” means that the
subsequently described event or circumstance can or cannot

29 <
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occur, and that the description includes instances where the
event occurs and instances where it does not. As used herein,
“combination” is inclusive of blends, mixtures, alloys, reac-
tion products, and the like.

As used herein, “a combination thereof” refers to a
combination comprising at least one of the named constitu-
ents, components, compounds, or elements, optionally
together with one or more of the same class of constituents,
components, compounds, or elements.

All references are incorporated herein by reference.

The use of the terms “a” and “an” and “the” and similar
referents in the context of describing the invention (espe-
cially in the context of the following claims) are to be
construed to cover both the singular and the plural, unless
otherwise indicated herein or clearly contradicted by con-
text. “Or” means “and/or.” Further, the conjunction “or” is
used to link objects of a list or alternatives and is not
disjunctive; rather the elements can be used separately or
can be combined together under appropriate circumstances.
It should further be noted that the terms “first,” “second,”
“primary,” “secondary,” and the like herein do not denote
any order, quantity, or importance, but rather are used to
distinguish one It is contemplated that from another. The
modifier “about” used in connection with a quantity is
inclusive of the stated value and has the meaning dictated by
the context (e.g., it includes the degree of error associated
with measurement of the particular quantity).

What is claimed is:
1. An optical time distributor for optical two-way time-
frequency transfer, the optical time distributor comprising:
a master clock comprising:
a master comb that produces a master clock coherent
optical pulse train output;
a transfer comb that produces a transfer coherent opti-
cal pulse train; and
a free-space optical terminal in optical communication
with the transfer comb and a free space link and that:
receives the transfer coherent optical pulse train from
the transfer comb;
produces a master optical signal in response to
receipt of the transfer coherent optical pulse train;
communicates the master optical signal from the
master clock to a remote clock via a free space
link; and
receives a remote optical signal from the remote
clock, the master clock producing a pulse label;
and
the remote clock in optical communication with the
master clock via the free space link and comprising:
a remote comb that produces:
a remote clock coherent optical pulse train output;
a remote coherent optical pulse train;
a free-space optical terminal in optical communication:
with the remote comb; and
with the free-space optical terminal of the master
clock via the free space link, and that:
receives the remote coherent optical pulse train
from the remote comb;
receives the master optical signal from the free-
space optical terminal of the master clock;
produces a modulated cw laser signal in response
to receipt of the remote coherent optical pulse
train; and
communicates the modulated cw laser signal to
the free-space optical terminal of the master
clock, the remote clock producing a pulse label;
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wherein the master clock further comprises:

a digital signal controller in electrical communication
with the master comb, a master-transfer optical
transceiver, a remote-transfer optical transceiver, and
a coarse timing and communications module.

2. The optical time distributor of claim 1,

wherein the master clock further comprises:

a master-transfer optical transceiver in optical commu-
nication

with the master comb and the transfer comb.

3. The optical time distributor of claim 1,

wherein the master clock further comprises:

a remote-transfer optical transceiver in optical communi-
cation with the free-space optical terminal and the
transfer comb.

4. The optical time distributor of claim 1,

wherein the master clock further comprises:

a coarse timing and communications module in electrical
communication with a digital signal controller and in
communication with the free-space optical terminal.

5. The optical time distributor of claim 1,

wherein the remote clock further comprises:

a transfer-remote optical transceiver in communication
with the remote comb.

6. The optical time distributor of claim 1,

wherein the remote clock further comprises:

a coarse timing and communications module in electrical
communication with a digital signal controller and
optical communication with the free-space optical ter-
minal.

7. The optical time distributor of claim 1,

wherein the remote clock further comprises:

a digital signal controller in electrical communication
with the remote comb, a transfer-remote optical trans-
ceiver, and a coarse timing and communications mod-
ule.

8. The optical time distributor of claim 1,

wherein the remote clock further comprises:

a transfer-remote optical transceiver in electrical commu-
nication with a digital signal controller.

9. The optical time distributor of claim 1, further com-

prising:

an optical synchronization verification in optical commu-
nication with the master clock and the remote clock and
that:
receives the master clock coherent optical pulse train

output from the master clock;

receives the remote clock coherent optical pulse train
output from the remote clock; and

produces an out-of-loop verification in response to
receipt of the master clock coherent optical pulse
train output and the remote clock coherent optical
pulse train output.

10. The optical time distributor of claim 1, further com-

prising:

a pulse-per-second verification in optical communication
with the master clock and the remote clock and that:
receives a master pulse-per-second output from the

master clock;

receives a remote pulse-per-second output from the
remote clock; and

produces an optical interference in response to receipt
of the master pulse-per-second output and the remote
pulse-per-second output.

11. The optical time distributor of claim 1, further com-

prising:

a frequency verification in electrical communication with
the master clock and the remote clock and that:
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receives a master frequency output from the master
clock;

receives a remote frequency output from the remote
clock; and

produces a relative phase difference in response to
receipt of the master frequency output and the
remote frequency output.

12. The optical time distributor of claim 1, further com-
prising:

a first oscillator.

13. The optical time distributor of claim 1, further com-
prising:

a second oscillator.

14. An optical time distributor for optical two-way time-
frequency transfer, the optical time distributor comprising:

a master clock comprising:

a master comb that receives a reference oscillator signal

from a first oscillator and produces:

a local master clock signal;

a master clock coherent optical pulse train output;

a master frequency output;

a master pulse-per-second output; and

a master coherent optical pulse train in response to
receipt of the reference oscillator signal;
a transfer comb that receives a reference oscillator
signal from the first oscillator and produces, in
response to receipt of the reference oscillator signal,
a transfer coherent optical pulse train;
a master-transfer optical transceiver that:
receives the master coherent optical pulse train from
the master comb;

receives the transfer coherent optical pulse train from
the transfer comb; and

produces a RF master-transfer interferogram in
response to receipt of the master coherent optical
pulse train and the transfer coherent optical pulse
train;
a remote-transfer optical transceiver that:
receives the transfer coherent optical pulse train from
the transfer comb;

receives a remote coherent optical pulse train from a
remote comb; and

produces a RF remote-transfer interferogram in
response to receipt of a remote optical signal and
the transfer coherent optical pulse train;
a digital signal controller in electrical communication
with the master comb, the master-transfer optical
transceiver, the remote-transfer optical transceiver,
and a coarse timing and communications module and
that:
receives the local master clock signal the RF master-
transfer interferogram, and the RF remote-transfer
interferogram;

receives a cw laser heterodyne signal;

produces a cw laser modulation and a pulse label in
response to receipt of the local master clock signal
the RF master-transfer interferogram, the RF
remote-transfer interferogram, and the cw laser
heterodyne signal;

produces the master pulse-per-second output via a
pulse selector; and

produces the pulse label;

the coarse timing and communications module in elec-
trical communication with the digital signal control-
ler and that:
generates the cw laser heterodyne signal in response

to receipt of a modulated cw laser signal; and
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receives the cw laser modulation from the digital
signal controller; and

produces an outgoing modulated cw laser signal in
response to receipt of the cw laser modulation;
a free-space optical terminal in optical communication
with the coarse timing and communications module,
the transfer comb, and a free space link and that:
transfers the modulated cw laser signal and the
transfer coherent optical pulse train from the mas-
ter clock to the free space link;

transfers the remote optical signal from the free
space link to the master clock; and

produces a master optical signal in response to
receipt of the modulated cw laser signal and the
transfer coherent optical pulse train, the master
optical signal comprising:
a transfer coherent optical pulse train; and
a modulated cw laser signal;

a remote clock in optical communication with the master
clock via the free space link and comprising:

the remote comb that receives a reference oscillator
signal from a second oscillator and produces:

a local remote clock signal;

a remote clock coherent optical pulse train output;

a remote frequency output;

a remote pulse-per-second output; and

the remote coherent optical pulse train in response to
receipt of the reference oscillator signal;
a free-space optical terminal in optical communication:
with the remote comb; and
with the master clock via the free space link, and that
receives:

the remote coherent optical pulse train from the
remote comb; and

the master optical signal from the free-space optical
terminal of the master clock, and that communi-
cates:

the remote optical signal to the free-space optical
terminal of the master clock, the modulated cw
laser signal comprising:
the remote coherent optical pulse train; and
a modulated cw laser signal;

a transfer-remote optical transceiver that:

receives the remote coherent optical pulse train from
the remote comb;

receives the transfer coherent optical pulse train; and

produces a RF transfer-remote interferogram in
response to receipt of the remote coherent optical
pulse train and the transfer coherent optical pulse
train;
a coarse timing and communications module in elec-
trical communication with a digital signal controller
and in optical communication with the free-space
optical terminal;
the digital signal controller in electrical communication
with the remote comb, the transfer-remote optical
transceiver, and the coarse timing and communica-
tions module and that:
receives the local remote clock signal, and the RF
transfer-remote interferogram from the transfer-
remote optical transceiver;

receives a cw laser heterodyne signal;

produces a cw laser modulation and a pulse label;

produces the remote pulse-per-second output via a
pulse selector;



US 10,389,514 B2

57

produces the pulse label; and
produces a clock feedback signal in response to
receipt of the RF transfer-remote interferogram;
the coarse timing and communications module in elec-
trical communication with the digital signal control-
ler and that:
generates the cw laser heterodyne signal in response
to receipt of an incoming modulated cw laser
signal;
receives the cw laser modulation from the digital
signal controller; and
produces an outgoing modulated cw laser signal in
response to receipt of the cw laser modulation.
15. The optical time distributor of claim 14, further
comprising:
an optical synchronization verification in optical commu-
nication with the master clock and the remote clock and
that:
receives the master clock coherent optical pulse train
output from the master clock;
receives the remote clock coherent optical pulse train
output from the remote clock; and
produces an out-of-loop verification in response to
receipt of the master clock coherent optical pulse
train output and the remote clock coherent optical
pulse train output.
16. The optical time distributor of claim 14, further
comprising:
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a pulse-per-second verification in optical communication
with the master clock and the remote clock and that:
receives the master pulse-per-second output from the
master clock;

receives the remote pulse-per-second output from the
remote clock; and

produces an optical interference in response to receipt
of the master pulse-per-second output and the remote
pulse-per-second output.

17. The optical time distributor of claim 14, further

comprising:
a frequency verification in electrical communication with
the master clock and the remote clock and that:
receives the master frequency output from the master
clock;

receives the remote frequency output from the remote
clock; and

produces a relative phase difference in response to
receipt of the master frequency output and the
remote frequency output.

18. The optical time distributor of claim 14, further

comprising:

the first oscillator.

19. The optical time distributor of claim 14, further

comprising:

the second oscillator.

#* #* #* #* #*



