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Two-way quantum time transfer: a method for daytime space-Earth links
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High-precision remote clock synchronization is crucial for many classical and quantum network appli-
cations. Evaluating options for space-Earth links, we find that traditional solutions may not produce the
desired synchronization for low Earth orbits and unnecessarily complicate quantum networking archi-
tectures. Demonstrating an alternative, we use commercial off-the-shelf quantum photon sources and
detection equipment to synchronize two remote clocks across our free-space testbed utilizing a method
called two-way quantum time transfer (QTT). We reach picosecond-scale timing precision under very
lossy and noisy channel conditions representative of daytime space-Earth links and software-emulated
satellite motion. This work demonstrates how QTT is potentially relevant for daytime space-Earth
quantum networking and/or providing high-precision timing in GPS-denied environments.
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I. INTRODUCTION

Precise synchronization of remote clocks is important
for position, navigation, and timing, high-speed transac-
tions, distributed computing, quantum networking, and
many other applications. One can synchronize remote
clocks with global positioning system (GPS) public signals
and achieve nanosecond-scale synchronization [1]. If more
precision is desired, or one is operating in a GPS-denied
environment, other techniques must be used. Perhaps the
most straightforward optical-time-transfer technique uses
pulsed lasers, photodetectors, and software-based corre-
lation methods. For example, time transfer by laser link
demonstrations have achieved picosecond-scale precision
between remote ground stations operating in common view
with the Jason-2 satellite after a 1000-s acquisition [2].
Optical two-way time and frequency transfer (O-TWTFT)
utilizes frequency combs to synchronize two remote clocks
to femtosecond precision [3,4]. To date, demonstrations
of O-TWTFT have been performed between station-
ary sites [3—5] and slow-moving drones with velocities
below 25m/s, but there are anticipated problems with
the large Doppler shifts associated with low Earth orbits
(LEOs) that have not been resolved [5]. Furthermore,
femtosecond-scale synchronization based on O-TWTFT
may be excessive for some applications and thus not
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justify the additional cost and complexity. Alternatively,
the White Rabbit protocol can achieve picosecond-level
precision and has been investigated for quantum network-
ing synchronization [6-8]. It was designed for wireline
fiber-optic applications but has been implemented wire-
lessly [9] and considered for space applications [10]. How-
ever, these techniques all introduce systems and hardware
that may unnecessarily complicate quantum networking
architectures.

A more direct and economical solution would utilize the
femtosecond-scale temporal correlations of photon pairs
that are already being exchanged for quantum communi-
cation tasks. In this case, the relative time offset between
two remote clocks is measured with the following pro-
cedure: first, a series of photon pairs are separated and
transmitted to two remote sites; second, the photons are
detected and their arrival times are time-tagged based on
the respective local clock; and third, after sufficient detec-
tion events are collected, the series of arrival times from
each site are combined and correlation methods are used to
find the clock offset. This technique was first proposed in
Ref. [11] and we refer to it as quantum time transfer (QTT).
One-way QTT enables relative clock synchronization [12],
and two-way QTT enables absolute clock synchronization
[13]. Subsequently, we investigated the suitability of this
method for lossy and noisy channel conditions commensu-
rate with long-fiber links and daytime space-Earth down-
links [14]. Others have investigated security [ 15], emulated
free-space links in a lab setting [16], considered QTT for
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global-scale architectures [17,18], and implemented it in
deployed fiber [19].

In this paper, we report remote clock synchronization
and ranging with two-way QTT during atmospheric con-
ditions representative of bidirectional Earth-satellite links
and software-emulated satellite motion to O(1/c), that
is, first-order Doppler effect [20]. Our system achieves
picosecond-scale timing precision during these challeng-
ing conditions with commercial off-the-shelf hardware. We
discuss the measured clock offset, the overlapping Allan
deviation, the time deviation, the emulated satellite range,
and the coincidence-to-accidental ratio (CAR) of the QTT
correlation signals relative to the sky noise.

II. EXPERIMENTAL SETUP

A. Free-space channel

Our free-space quantum communication testbed is
located at the Starfire Optical Range , Kirtland AFB, New
Mexico, in the southwestern United States. The transceiver
sites are the same sites utilized in Ref. [21], but are
enhanced for two-way propagation using the arrangement
in Fig. 1. The transceivers Alice and Bob represent satellite
and ground station, respectively. We tune the Alice-to-Bob
direction to be representative of a LEO downlink; we set
the beam defocus to impose the correct geometric loss,
we use a white light source to scatter noise photons into
the channel, we use a heat source to add scintillation, and
we utilize a closed-loop adaptive optics (AQO) system to
monitor and compensate for atmospheric turbulence [21].

Atmospheric turbulence causes spatial decoherence at
the entrance pupil of the optical receiver. In the focal
plane, the reduced constructive interference results in a
broadened and chaotic signal; see the intensity distribu-
tion in Fig. 2(a). Higher-order AO corrects for spatial
decoherence in the pupil plane and restores constructive
interference in the focal plane; see the nearly diffraction
limited Airy pattern in Fig. 2(b). The quantum signal is
focused through a 40-wm circular field stop (FS), which
serves as a spatial filter to reject sky-noise photons; see the
red circles in Figs. 2(a) and 2(b). The 40-wm FS restricts
the quantum channel field-of-view to the roughly 5.6-prad
diffraction-limited field of view and permits the use of a
broad 10-nm spectral filter. Thus, Fig. 2(b) illustrates how
the AO system permits spatial filtering at the diffraction
limit while maintaining quantum signal throughput. It is
this technique that enables daytime operation [21].

In the “downlink” direction we introduce defocus to
create 11 dB of geometric loss commensurate with a
700-km link using a 20-cm transmitter and a 1-m receiver.
Other constant loss comes from the receive-telescope
optics e & 0.5, the spectral filter ng,e. ~ 0.9, the detec-
tors nget & 0.6, and the spatial filter ngs ~ 0.84 [21].
Altogether, the loss associated with the experimental
arrangement is about 17 dB. The remainder of the loss
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FIG. 1. Schematic of two-way quantum time transfer (QTT)
field experiment. Each site is equipped with a spontaneous para-
metric down-conversion (SPDC) biphoton source, local L and
receive R detectors, and a local clock consisting of a time tagger,
a rubidium frequency standard, and a PC. The sites are separated
by a 1.6-km free-space channel with propagation time T},,. The
“downlink” direction « and “uplink” direction B represent the
directions for the emulated satellite pass. The classical channel
is utilized for sharing time tags. PBS, polarizing beam splitter;
HWP, half wave plate.

observed comes from the fluctuating atmospheric scatter-
ing and absorption and the loss at the spatial filter due to
imperfect AO correction. Figure 2(c) gives the histograms
of the channel attenuation for the downlink (red line) and
uplink (blue line) directions with the higher-order AO in
the open- (dashed line) and closed-loop (solid line) config-
urations. It shows that the average channel attenuation with
and without higher-order AO in the downlink direction is
approximately 26 dB and 41 dB, respectively.

In the Bob-to-Alice “uplink™ direction, the quantum sig-
nal was precompensated by the AO system, and photons
arrived at Alice with slightly better efficiency than the
downlink direction due to less divergence; see the solid
blue line in Fig. 2(c). We apply an additional 2 dB of atten-
uation to the true coincidences in the receive channel at the
Alice site in order to make our “uplink” direction attenu-
ation the same as the “downlink™ direction. This level of
attenuation corresponds to AO compensation with a bea-
con in the point-ahead direction [22]. See Appendix E for
more details of the performance of QTT with more channel
attenuation and quantum signal fades.

B. Two-way QTT

Figure 1 gives a schematic of the two-way QTT
components. The sites labeled Alice and Bob each have
a Thor Labs SPDC810 biphoton source and a pair of
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FIG. 2. Example scoring camera frames (a) without and (b)
with higher-order adaptive optics (AQO). The scoring camera
takes focal-plane images of the AO laser beacon and is optically
conjugate to the quantum path. Thus, the distributions in (a,b)
correspond to the probability distribution of the quantum signal
photon and the red circle represents the size of the 40-pum field
stop (FS) used for spatial filtering sky-noise photons. In (c), the
channel attenuation histograms are plotted for the o “downlink”
(red line) and B “uplink™ (blue line) directions when the higher-
order AO is in the closed-loop (solid line) and open-loop (dashed
line) configurations.

Excelitas SPCM-AQRH detectors labeled L and R for local
and receive, respectively, paired with 10-nm spectral fil-
ters. The clock system is comprised of a PC, a Picoquant
Hydraharp 400 time tagger, and a Stanford Research Sys-
tems FS725 rubidium frequency standard , which uses
the PRS10 rubidium oscillator. Alice and Bob each ran-
domly create a pair of photons, detect one of the pair with
their local detector L, and send the other photon across
the 1.6-km free-space channel to the other site where it
is detected with a receive detector R. Later we will emu-
late satellite motion in the field experiment data, so we
write the detection times ¢ in the “downlink” direction «
and “uplink” direction § as

IR =14 + Tl(jfgp(fA,L) + 38,

(1)

tyr =tpL + T}(,fgp (tgr) — 4,

where the subscripts A4 and B correspond to the local clocks
at Alice and Bob, respectively, T{,  are the directionally
dependent propagation times, and § is the absolute clock
offset where we make the approximation § = §©@ = §®.

Rearranging Eq. (1), one can define the relative clock

offsets 7, and 75:

Ty =tpp — tar = Thop(tar) + 9,

2

T8 =tyr — gL = 7;‘fgp(l‘ze,L) - 4.
Combining Eqgs. (2), we find the absolute clock offset [13]

1 o
8= (ta — 15— TS0 (tar) + Tf,’fgp(tB,L)> )

C. Measured channel conditions

In our field experiment we performed two-way QTT
over a range of atmospheric conditions. In Fig. 3(a) we
show the measured turbulence parameters [r, 012], where
each data point represents a 1-second average. The projec-
tions onto the Hufnagel Valley 1x,2x, and 3 x HV’5/; the-
oretical turbulence profiles [21] show that the atmospheric
conditions were similar to or worse than an Earth-satellite
downlink. For further analysis, we select two continuous
1-hr data sets from the total data (gray) that are repre-
sentative of daytime (blue) and nighttime (black) atmo-
spheric conditions. The average true coincidence rate for
the two conditions and two directions is roughly 1000 cps.
Figure 3(b) shows the CAR of the QTT correlation sig-
nal in the o direction as a function of the background
sky radiance Hj, measured during the daytime scenario;
this indicates that the QTT algorithm reliably finds the
true correlation signal with a bright sky background even
as the CAR approaches 1. To account for Earth albedo
and scattering [23] in the uplink channel, we add noise
to the receive detector data stream [14] corresponding to
23 W/(m? sr um) using the expression for the number of
noise photons with a diffraction-limited field of view Nppr
in Ref. [21].

III. QTT ANALYSIS

A. Stationary analysis

For our initial analysis, we consider the timing perfor-
mance of our two-way QTT clock system in the stationary
field experiment. We do this by utilizing the following two
logical or “software” clocks. One is drifting, that is, the fre-
quency standards drift apart and the absolute clock offset §
is simply tracked. For the synchronized clock we perform
the following recursive algorithm where the acquisition
time 7, = 1 s [14]: for the ith acquisition we estimate the
fractional-frequency drift AUJ(-” = (l']-(i) — tj(o))/ T, in each
direction j, we shift the new received time tags accord-
ing to zf](.iH) + A UJ@ T,, perform the QTT correlations, then
use Eq. (3) to find the absolute offset §¢+1).

The results are shown in Fig. 3(c) for the daytime and
nighttime scenarios with the synchronized (solid curves
and left axis) and drifting (dashed curves and right axis)
clocks. The standard deviations are 27.1 and 39.7 ps
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FIG. 3. (a) The measured turbulence parameters [y, 012] and their projections onto the 1x, 2x, and 3 x HV5,; turbulence profiles
[21]. The representative 1-hr acquisitions under daytime and nighttime conditions are in blue and black, respectively. All other data is
shown in gray. (b) The coincidence-to-accidental ratio as a function of the background sky radiance H, for the daytime scenario. (c)
The absolute offset of the synchronized clock (solid curves and left axis) and the drifting clock (dashed curves and right axis). In (d)
we take the drifting clock offset measurements and remove the linear trend to reveal the fluctuations in picoseconds. In (e,f) we plot
the overlapping Allan deviation and time deviation measured by the synchronized (solid) and drifting (dashed) clocks, respectively.
The gray line is the Allan deviation quoted in the Stanford Research Systems PRS10 manual. In (g)—(i) we present analogous plots for

an emulated satellite pass.

for the nighttime and daytime scenarios, respectively. As
expected, the timing jitter is smaller at night. Meanwhile,
the drifting clock shows that the local clocks drift from
each other at a rate of about 450 ps per second on average.
Figure 3(d) shows the absolute clock offset § according to
the drifting clock after the mean clock drift is removed;
this reveals the jitter of the QTT system, which is a con-
sequence of the hardware components and atmospheric
effects. Altogether, we see that the two-way QTT algorithm
can run continuously without losing synchronization for

an extended period of time under challenging channel
conditions.

The Allan deviation is a standard method to character-
ize the stability and noise profile of a clock system [24].
In Fig. 3(e) we show the overlapping Allan deviation,
where the solid and dashed curves are the synchronized
and drifting clocks, and the daytime and nighttime sce-
narios are blue and black, respectively. The gray curve
is the Allan deviation reported in the user manual of
the Stanford Research Systems PRS10. The slopes for
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the drifting and synchronized clocks are approximately
—0.6 and —1, respectively. In Fig. 3(f) we show the time
deviations (TDEV) [24], which have slopes approximately
+1/2 and —1/2 for the drifting and synchronized clocks,
respectively. Combined, these results indicate that the pre-
dominate noise is white FM and white PM for the drifting
and synchronized clocks, respectively. Visually, one can
see these different noise profiles by comparing Figs. 3(c)
and 3(d).

B. Analysis with motion

Since the Alice and Bob sites are stationary, we emu-
late relative motion by shifting the received time tags
commensurate with a 700-km circular sun-synchronous
orbit passing overhead from —30° to 30° elevation.
This induces a large apparent frequency drift that broad-
ens the QTT correlation signal [14]. If the coincidence
rate is large enough, one can simply reduce the acqui-
sition time to narrow the correlation signal and run
the conventional QTT algorithm [14,17,18]. However,
for our proof-of-principle demonstration, the coincidence
rates are not sufficiently high. Consequently, we cre-
ate an orbit tracking algorithm by parameterizing the
orbit equation into a fitting function and use an itera-
tive process to find the orbit altitude a, inclination 6,
fractional frequency drift AU, and clock offset & (see
Appendixes C and D for more details). Figures 3(g)-3(i)
show the analogous plots for the emulated satellite pass.
Removing the effect of relative motion recovers the
QTT coincidence signal and constitutes the drifting log-
ical clock [see dashed line in Fig. 3(g)]. Removing
the clock drift AU as well constitutes the synchronized
logical clock [see Fig. 3(g) solid line]. The standard
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FIG. 4. Satellite range d versus run time for the emulated satel-
lite pass in the downlink direction. The left axis and gray points
show the emulated range and the intersecting lines are the mea-
sured range for the daytime and nighttime conditions. The right
axis is the difference between the measured range dg; and the
emulated range doir Showing centimeter-scale fluctuations.

deviations of the synchronized clock are 43.2 and 46.9
ps for the nighttime and daytime scenarios, respectively.
Figure 3(i) shows the noise profile as a consequence of
the orbit tracking algorithm. In Fig. 4 we plot the slant
range for the entire pass in the downlink direction. The
gray points are the range of the emulated satellite orbit
and the black (blue) lines are the measured range for the
nighttime (daytime) conditions. The left axis gives the
range in kilometers and the right axis gives the differ-
ence between the measured range dy; and the emulated
range doypi, which shows that the tracking algorithm has
centimeter-scale precision and accuracy.

IV. CONCLUSION

In this paper we report a remote clock synchronization
and ranging field experiment over daytime space-Earth
channel conditions utilizing a protocol we call two-way
quantum time transfer. Our algorithm synchronizes to tens
of picoseconds after only 1s of integration with mod-
est photon sources and detection equipment. We analyze
the performance of the protocol using the Allan and time
deviations with synchronized and drifting software clocks.
We establish the relevance to space-Earth links using a
software-emulated low Earth orbit satellite pass to O(1/c).
This work demonstrates a practical way to establish syn-
chronization over a quantum link without unnecessarily
complicating the system with extraneous time transfer
methods. Follow-on research should include smaller rela-
tivistic effects to O(1/c?), further optimization of the orbit-
tracking algorithm, and modeling of more complicated
tasks such as entanglement swapping.
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APPENDIX A: RELATIVE MOTION

Relative motion is a challenge for any time transfer
system. Keeping time between a ground station and a
satellite in LEO is complicated by a large first-order
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Doppler shift O(1/c) and smaller relativistic effects [20].
We studied how the QTT algorithm performs when the
clock drift is small with respect to the QTT correlation
signal [14]. In this case, clock drifts AU ~ 1071° do not
significantly affect the QTT correlation signal [see Eq.
(A7) in Ref. [14]]. Relativistic effects fall into this cat-
egory and can be readily tracked by the standard QTT
algorithm to picosecond-level precision. In the current
analysis, it is important to show how the QTT algorithm
performs with large first-order Doppler shifts that induce
much larger clock drifts AU ~ 1073,

In the 1.6-km testbed, traceability to daytime slant-path
channels was achieved by rigorously characterizing and
tuning the atmospheric turbulence and radiance conditions
in the channel to match those of daytime slant-path propa-
gation from space [21]. We also introduced beam defocus
to create 11 dB of aperture coupling loss representative of
diffraction effects over a propagation distance of 700 km.
Thus, for this experiment, we emulate a 700-km circular
sun-synchronous orbit with an inclination 6; of 98.2°.

APPENDIX B: SYSTEM JITTER

In Fig. 5 we plot the range of the terrestrial testbed field
experiment for the nighttime and daytime one-hour acqui-
sitions. We use d = ¢ X Tprop, Where Throp = (T + 75)/2
is calculated using the relative offsets ¢ from the drift-
ing clock. We find that the mean of both distributions
is u = 1.6445km with standard deviation of approxi-
mately 0.9 cm for the daytime and nighttime scenarios. The
observed jitter is mainly due to the atmosphere and the
detection equipment since the noise from the frequency
standards tends to cancel due to the symmetry of the
two-way protocol. On the other hand, when T, is cal-
culated with respect to the synchronized clock, the noise is
mostly white noise, which suggests that the system jitter is
partially corrected for when AU is measured and applied in
the predict-ahead algorithm. Therefore, the latter method

0 20 40 60
Run Time (minutes)

FIG. 5.

could be used to enhance the measurement of 7}, and
thus the range d. Nevertheless, we simply take the data and
subtract the mean propagation time observed in the testbed
before emulating motion. Therefore, all the jitter of the ter-
restrial field experiment, including the frequency standard
jitter, is present in the emulated satellite pass.

APPENDIX C: EMULATING SATELLITE MOTION

We introduce the first-order Doppler effect by shift-
ing Alice’s and Bob’s receiver time tags according to the
propagation time

Tprop = d/C, (Cl)

where c is the speed of light and the slant range d is [25]

d =/ + R% — 2rRg cos B, (C2)

R is the Earth’s radius, a is the altitude, » = Rz + a, and
is the geocentric angle between the quantum ground station
(QGS) and the satellite. From spherical trigonometry

cos 8 = cosa cos y + sinw siny cos B, (C3)

where the central angles are related to the latitudes A,

a =1/2 — Assp,

(C4)
y =m/2 — AQGs>
the outer angle B is related to the longitudes ¢,
B = ¢qGs — Pssp, (C5)

and SSP stands for subsatellite point [see Fig. 6(a)].
To find the slant range d as a function of time we need
the latitude and longitude of the satellite as functions of

—Day
—Night

-2 0 2
d-p (cm)

Difference between the measured terrestrial testbed range d and the mean range p = 1.6445km for the daytime (blue)

and nighttime (black) scenarios. In (a) we give the range as a function of time and in (b) we give a histogram of the one-hour data
acquisitions. The standard deviation is approximately 0.9 cm for both scenarios.
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FIG. 6. (a) Graphic relating the geocentric angle 8 to the elevation angle ¢ and the slant range d. On the surface of the Earth there is
a spherical geometry relating 8 to the central angles « and y, which are functions of the latitudes A, and the outer angle B, which is a
function of the longitudes ¢ [see Egs. (C4) and (C5)]. The two geometries are defined in terms of the north pole N, the location of the
quantum ground station QGS, the satellite location, and the subsatellite point SSP. (b) Graphic of a spherical right triangle relating the

latitude Agy, longitude ¢y, and geocentric angle wyt for a circular orbit of inclination 6.

time. Using Napier’s rules for spherical right triangles [see
Fig. 6(b)], we have

Sin Agy (#) = sin wyt sin 6;,

(Co)
tan ¢y (f) = tan wyt cos 6.
Thus, for the latitude we find
Asat(f) = arcsin [sin(wpt + Ag) sinb;],
A = arcsin [sin Asato/ SIn 9;] , (ChH

wy =+ GM/r3,

where A, is the initial latitude, 6; is the inclination angle,
Ay is a phase shift setting the initial satellite latitude when
t = 0, G is the gravitational constant, and M is the mass of
the Earth. The longitude is

@sat(t) = arctan [tan(wot + Ag) cos 0;] + Psnite + @p,

¢shift = ¢sat,0 — arctan [tan AO cos 91’] 5

dp = (wp — wp)t,
(CB)

where ¢ is the initial longitude, ¢gnire sets the initial
longitude (¢ = 0) by correcting for the longitudinal shift
induced by the phase shift Ay, wg is the angular velocity
of the Earth’s rotation, w, is the sun-synchronous preces-
sion, and ¢p is a shift due to the Earth’s rotation and the
satellite orbit precession. For our simulation, we set the
initial satellite latitude and longitude to the ground station
location so that the satellite is overhead at # = 0.

The uplink quantum signal must be pointed ahead of
the downlink signal in order to intercept the satellite as it

moves. We use the point-ahead approximation

2(GM)W,
Opa = — sine.
c

7

(C9)

This expression can be written as a function of time by
solving d'sine = rcos § — Rg for ¢ and substituting cos 8
from Eq. (C3). Consequently, the propagation time is
asymmetric; Tprop 1 different in the uplink and downlink
directions.

APPENDIX D: REMOVING SATELLITE MOTION

1. Coarse orbit estimation

For a LEO satellite, the rate of relative motion dur-
ing our 1-second acquisition time prohibitively broadens
the roughly 1000 cps coincidence signal and makes it
impossible to perform standard QTT [14] without precom-
pensation. Thus, the first step of our algorithm is to take
the uplink and downlink directions and perform a coarse
scan over altitude a and inclination 6; with a sufficiently
large parameter space. For each a and 6;, the corresponding
Torop(t, a, 6;) is calculated and subtracted from the received
time tags, QTT is performed, and the correlation signal
peak height is recorded. The result is an island of accept-
able parameters where the correlation peak is large and
the compensation is accurate enough to isolate the coin-
cidences. For example, Fig. 7 shows the parameter scan
for the nighttime downlink scenario. Each red cell corre-
sponds to an orbit-parameter pair [a, 6;] that permits QTT
to find the coincidences and move to the next step, despite
the ambiguity with respect to the orbit.

2. Precise orbit estimation

Next, we take the coincidences found in the previ-
ous step and shift the received time tags back to their
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FIG. 7. Coarse search over the orbit inclination and altitude
parameters. The color legend gives the QTT correlation peak
height. The step sizes are 0.1° and 133 m, respectively.

uncompensated locations. We know that the time differ-
ence between coincident detection events is dominated
by the Earth-satellite propagation time, but there is also
the small linear clock drift inherent to the two Stanford
Research Systems FS725 frequency standards. Thus, we
take the time difference between coincident time tags T and
fit them with

Tt = Tprop(t,a,0;) +mt+ b, (D1)
where the fit parameter m accounts for the fractional fre-
quency drift AU and b accounts for the small vertical shift.
This fit results in a more precise measurement of the orbit
parameters a and 6; as well as the frequency drift AU; thus
the coarse orbit determination only needs to be performed
once at the beginning of the pass. We perform the fit for
the uplink and downlink directions, where the uplink 7
also includes the point-ahead term in Eq. (C9).

3. Software clocks

The following recursive algorithm constitutes the syn-
chronized clock: for each successive acquisition, the
uplink and downlink g are used to remove the spreading
of the time tags and the clock offset, and QTT is per-
formed to measure the residual clock offset, isolate the
new coincidences, add them to the prior coincidences, and
update the fit. The drifting clock follows from the same
fit, except that only the orbit components are removed;
thus the clocks drift apart according to the fractional fre-
quency drift AU. In the next subsection we show how the
algorithm converges to the input altitude, inclination, and
the drift between the frequency standards.

4. Algorithm performance

Figures 8(a)-8(c) show how the fit algorithm con-
verges to the orbit altitude a, inclination 6;, and frac-
tional frequency drift AU, where the uplink and downlink

fit parameters are dashed and solid, respectively. Fig-
ures 8(a) and 8(b) show that the fit parameters ag; and
Og: slowly converge to the input parameters aopie and
Oorbit- Figure 8(c) shows the uplink and downlink AUg
converging to the clock drift of the Rubidium frequency
standards in about the same time. The uplink and down-
link orbit-fit parameters are mirror images of each other
due to the interplay with the residual fractional frequency
drift after removing tg. For the downlink direction, the
residual fractional frequency drift is positive and partially
counteracting the effect of relative motion; this causes
the fit to overestimate the altitude. The opposite is true
for the uplink direction. Considering the nighttime case
in Figs. 8(a)-8(c), one can see that after the satellite
passes overhead and enough coincidences are collected,
near =200 s, the fitting algorithm can distinguish the two
independent phenomenon and converges to the correct val-
ues. The daytime case converges slower due to a noisier
coincidence signal.

Figures 8(d)-8(e) give the Allen deviation, modified
Allen deviation, and time deviation, respectively. Compar-
ing these results to the corresponding figures in the main
text, one can see that the synchronized clocks perform sim-
ilarly to the drifting clocks in the stationary scenario. The
slope of the modified Allan deviation [Fig. 8(e)] is approx-
imately —1, which indicates flicker PM noise, whereas
the stationary synchronized clocks have white PM noise
[24]. We suspect that the noise profiles are different due to
the time it takes for the fit parameters to converge to the
emulated orbit parameters. In other words, if the tracking
algorithm was further optimized or if the satellite pass were
longer, we suspect the slope of the modified Allen devia-
tion would change to —1.5 and indicate white PM noise.
This also explains why the drifting clocks are worse than
the stationary scenario.

APPENDIX E: QTT UPLINK PERFORMANCE
WITH MORE ATTENUATION

In Earth-satellite uplinks, the quantum signal is trans-
mitted at a point-ahead angle so that it intercepts the LEO
satellite. As a consequence, the uplink quantum signal
travels a different path than the downlink quantum sig-
nal. Depending on the path of the AO beacon, this can
result in additional loss due to reduced compensation of
atmospheric-turbulence effects caused by anisoplanatism
[26,27]. Performing the uplink with the AO loop closed on
a downlink beacon would result in about 10 dB more atten-
uation [22], but when applying this level of attenuation we
observe occasional loss of signal due to the relatively low-
performance sources in this field experiment. However, the
satellite tracking algorithm can maintain synchronization
despite the occasional signal fade.

To demonstrate the resilience to signal fades, we present
the performance of QTT for a nighttime uplink in which
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Plots summarizing the performance of the orbit-tracking algorithm and QTT. (a)~(c) show how the fit algorithm converges to

the altitude «a, inclination 6;, and fractional frequency drift AU, respectively. (d)—(e) give the Allen deviation, modified Allen deviation,

and the time deviation, respectively.

the AO system is driven by a beacon in the downlink
direction instead of the point-ahead direction. To emu-
late this, we remove coincidences in the uplink direction
equivalent to an additional 12 dB loss, that is, an uplink-
channel loss of ~36 dB. When the CAR is very low, the
QTT algorithm can find an erroneous noise peak instead
of the true correlation peak. Therefore, we set a threshold
correlation-signal-peak height of 1.8 to veto these mea-
surements and then predict the next clock offset based
on the fit of the prior data. Figure 9(a) shows the syn-
chronized clock offset, where the red markers indicate
loss of the coincidence signal. As expected, the observed
standard deviation of 53 ps is slightly worse than the sce-
nario with 10 dB more signal and no fades [see Fig. 8(c)].
Figure 9(b) shows that the tracking algorithm continues to

work despite the signal losses. With only three fades over
283 seconds, it is evident that the QTT algorithm succeeds
with approximately 99% probability in this configuration.
To corroborate this result, we plot the probability of suc-
cess given by Eq. (A13) of Ref. [14]. In Fig. 9(c) one
can see that given the 2-MHz pair rate and 40% herald-
ing efficiency of the field-experiment biphoton source (see
black star), the QTT algorithm is expected to succeed with
approximately 99% probability.

In the daytime uplink scenario the extra loss limits the
probability of success. However, in a practical quantum
network, one would use a source with higher pair rate and
higher heralding efficiency to increase the number of coin-
cidences [see Eq. (A4) in Ref. [14]]. In conjunction with
adequate spectral filtering, this can increase the attenuation
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the nighttime scenario with 36 dB loss in the uplink channel.

The red markers indicate where the signal was temporarily lost. (c),(d) The probability of success as a function of heralding efficiency
and pair rate, with black stars giving the approximate performance parameters of the biphoton source used in the field experiment. In
(c) we plot the nighttime [1 W/(m? sr um)] uplink condition with 36 dB of channel attenuation. One can see that the QTT algorithm is
expected to succeed with about 99% probability. In (d) we plot the daytime [23 W/(m? sr wm)] uplink condition with 36 dB of channel
attenuation using a 1 nm spectral filter. One can see that a source with heralding efficiency greater than 60% would enable success

probability greater than 99%.

tolerance and relax the requirement for the beacon in the
point-ahead direction. In Fig. 9(d) we show the probabil-

ity of success with a 1-nm spectral filter instead of the (4]
10-nm filter used in the field experiment. One can see

that narrower spectral filtering in conjunction with mod-

est improvements to the pair rate and heralding efficiency

would permit the QTT algorithm to operate reliably in the [5]
high-loss and high-noise regime.
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