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We propose a single-photon time-of-flight (ToF) measurement method to benchmark fiber-path delay

estimation in optical two-way time and frequency transfer (OTWTFT) protocols. The single-photon ToF
measurement yields uncertainties better than 2 ps (0.5 mm fiber-path length uncertainty) at 1 s integration
times for a deployed 120 km (loopback) fiber. Differences between the ToF and the roundtrip time

measurements from a White Rabbit Precision Time Protocol appear to correlate with the clock phase error

between two White Rabbit switches. The results suggest that augmenting single-photon ToF measurements

with existing OTWTEFT protocols could enhance the precision to sub-10 ps levels at metropolitan distances.

Such level of precision will be critical for synchronization in quantum networks.

http://dx.doi.org/10.1364/a0. XX. XXXXXX

1. INTRODUCTION

Integration of standards-based optical two-way time-frequency
transfer (OTWTFT) methods can serve as a readily deployable
solution for quantum networks. Co-propagation of quantum
and classical time synchronization signals [1, 2] along with en-
tanglement swapping capabilities will be essential to scaling the
number of nodes, range, and rates of quantum-network pro-
tocols. Entanglement swapping will require photons to arrive
at a detection plane within a bounded coherence time. High-
precision time synchronization on the order of < 10 ps will be
beneficial in advancing the rates and ranges for many protocols
requiring entanglement distribution and swapping that rely on
high-precision time stamping.

The White Rabbit Precision Time Protocol (WR-PTP) [3] has
been demonstrated to provide < 10 ps time stability in a labora-
tory [4], and < 200 ps maximum time-interval error over aerial
fiber at metropolitan-scale distances [5]. WR-PTP is capable of
supporting the co-propagation of quantum and classical signals,
with Bell-certified polarization entanglement distribution [2].
The protocol is part of the High-Accuracy Precision Time Pro-
tocol Profile [6] and is based on the Ethernet and Synchronous
Ethernet [7, 8] standards to support low-cost scalability and
enabling the time-transfer signal to be multiplexed with other
classical and quantum channels.

OTWTEFT methods rely on accurate measurements of the one-
way path delay between the transmitted timestamp and the
received timestamp at the remote clock. To achieve the sub-
nanosecond clock-synchronization, calibrated roundtrip times
(CRTT), are measured by the remote WR-PTP node at each syn-
chronization interval using the digital dual mixer time difference
(DDMTD) measurement method [9-11]. DDMTD allows sub-
picosecond phase detection [12]. The fiber asymmetry can be
caused by differences in the transmitter-to-receiver and receiver-
to-transmitter paths used or by different group delays when two
separate wavelengths are used for transmitting and receiving the
timing signal over a single strand of fiber. The fiber asymmetry
coefficient, «, is given by [3, 13]

_ Atrior — AfReor (1)
AtrtoT ’

where AtTyR is the one-way path delay from the transmitter to
the receiver, and Aty is the delay from receiver to transmitter.

WR-PTP estimates the one-way delay between the transmitter
and the receiver from the roundtrip time measurement [3], Atwr,
and the sum of fixed delays at the transmitter and receiver, ) A.
The one-way fiber path delay, Attior, can be derived from the
roundtrip time measurement by [3]:
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Fig. 1. The experimental setup included a 1550 nm pulsed laser with a co-located SNSPD in the same laboratory for the

120 km

loopback time-of- ight measurements at single photon levels. The WRS GM and a WRS BC were also co-located at a separate NIST
laboratory to obtain the phase error between both clocks and ber-roundtrip-time measurements. The WRS GM supported three
ITU-T DWDM channels 45, 47, and 48. The WRS BC at JQI received channel 47 from the GM and transmitted channel 48 to the WRS
BC at NIST. Channel 45 was used to synchronize the WRS-BC at the UMD Hub.

Timestamps at the reference,t,, and remote, t,, clocks, are
used to correct the remote clock's servo. The time error between
the clocks, #jock: IS

Hoock =t2 t 1 Dt TeoR- (3

Therefore, an accurate, in-situ calibration of one-way path
delay is one capability to enable higher precision time synchro-
nization. We propose to apply single-photon time-of- ight (ToF)
measurements to benchmark the one-way ber path delay mea-
surement of classical OTWTT methods for quantum networking
applications. The single-photon ToF measurements can pro-
vide high temporal, and therefore longitudinal spatial resolution
while also minimizing noise in co-propagating quantum chan-
nels. In contrast, telecommunication transceivers utilize bright
classical signals for path delay estimation, which can degrade
guantum channels due to cross-talk and Raman scattering. The
time resolution that can be achieved for the single-photon ToF
is limited by the laser pulse width, the single-photon detector
timing jitter, and, combined with the laser bandwidth, the chro-
matic dispersion of the ber. Superconducting nanowire single
photon detectors (SNSPDs) have demonstrated high ef ciency
and low timing jitter to provide the signal-to-noise ratio (SNR)
needed for long-range measurements.

Here, we present an implementation of a single-photon ToF
ber length characterization at 1550 nm and compare the result-
ing ToF roundtrip time measurements, Dtyor with WR roundtrip
time measurements, Dtyr. Our measurement was carried out
on adeployed, 120 km loopback between NIST and the Joint
Quantum Institute (JQI) at the University of Maryland (UMD).
The WR system was run with low-phase-drift calibration. We
demonstrate higher stability of the single-photon ToF as com-
pared to the WR measurement. These higher stability measure-
ments could be integrated into a WR clock servo correction
algorithm potentially improving the synchronization precision.

2. EXPERIMENT

A. Topology

Figure 1 shows a schematic of our topology for the WR and ToF
roundtrip time measurement comparison. Two laboratories are
utilized at NIST for the pulsed laser and SNSPDs experimental
setup (NIST 1), and NIST 2 for the experimental setup with
White Rabbit Switches (WRS). Using dense wavelength division
multiplexing (DWDM), we combined four wavelengths for the
WR-PTP (ch47, ch48, ch45) and classical communication traf ¢
(1310 nm). The single-photon pulses reside at 1550.12 nm (ch34)
in the same 60 km ber strand to a hub at UMD. At the UMD
hub, we demultiplex the data traf c and one WR signal (ch45).
The ch45 signals are not relevant for this study, but were present
during our measurements. At the UMD hub, two WR signals
and the single-photon pulses are further muxed/demuxed to
our WRS boundary clock (BC) at JQI. This topology allows us to
compare the roundtrip time between NIST and JQI based on the
WR and the single-photon ToF measurements.

Furthermore, having a second BC at NIST allows measuring
the phase error between the grandmaster (GM) at NIST and the
BC at NIST [4]. The phase error, #,cx, between the GM and BC
at NIST is the time-varying offset between the two clocks and
can be measured by time-stamping and evaluating the difference
between both 10 MHz clock signals (see Eqg. 3). At JQI, the single-
photon pulse is looped back through a ber cross-connect at the
DWDM. The ber lengths of the ToF single-photon pulse are
carefully matched in each location to the ber lengths utilized
by the WR system to get a more accurate measurement of the
deployed ber distance. Therefore, we use a ber splitter to add
alocal berloop at NIST in lab NIST2 to produce the start peak,
which represents the start of the JQI ber loop and therefore
the start of the ToF measurement. This will result in two time
peaks to appear on the single-photon detection apparatus (from
the short loop and the long JQI loop). The difference between
the peaks is the measured roundtrip time between NIST 2 and
JQI, which we call Dt . We note that Dt  is not the actual
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Fig. 2. A more detailed schematic of only the ToF measure-
ment setup. NIST 1 and NIST 2 are located about 250 m apart
on the NIST Gaithersburg campus. A function generator is
used both as a trigger for the pulsed laser and for the Time
Tagger.

Fig. 3. stor comparisons between 1/14/2024, 1/19/2024, and
1/23/2024 ToF measurements as well as ToF measurement on
only the NIST internal loopback, and the WR roundtrip data.
Note that the WR roundtrip data starts at an averaging time of
1 second.

roundtrip time, which is on the order of 600 s, but the relative
location between both observed peaks. The actual roundtrip
time, Dtgp, is

Dtyor = Dt '(lJ'oF + Nt probe lasers (4)

where N is an integer, tpope laser IS the repetition time of the
probe laser and we assume there is no jitter in t pope jaser- Since
we run the experiment at 500 kHz, tope jaser = 2 M8 and N
300.

B. Time-of- ight measurement

Shown in Figure 2, the setup consists of a 40 ps full-width at half
maximum (FWHM) pulsed 1550 nm laser, triggered at 500 kHz
by an external function generator, that sends photons through
a variable attenuator into a DWDM, which multiplexes the ToF
and WR signals. Due to the short ber length between NIST
1 and NIST 2, a variable attenuator is inserted after the rst
and before the second beam splitter to maintain an adequate
signal strength such that the SNSPD does not saturate and that
the short path has comparable attenuation as the long loopback

Fig. 4. The spectrum of light as measured in NIST 1 after the
DWDM and the beam splitter, but before the channel 34 lter.
The peaks at 1538.98 nm, 1539.77 nm, and 1541.35 nm corre-
spond to the three WR signals, and the peak at 1550.12 nm
corresponds to the ToF signal.

ber of around 40 dB. The SNSPD had a FWHM jitter of less
than 20 ps and has an impendance-matched differential design
similar to that reported in [ 14]. One beam splitter output is
directed through a short loopback from NIST 2 to NIST 1, while
the other output is coupled into the DWDM and loops back
from the lab at the JQI. Since the laser and detector system in
NIST 1 are in a different lab from the WRS in NIST 2, the short
loopback cancels the effects of drift caused by the approximately
250 m of ber between NIST 1 and NIST 2. The signals from the
short loopback and the JQI loopback are then coupled into the
same ber by the second beam splitter. This signal is then sent
through a single DWDM channel-34 lIter to remove the classical
signal noise in the same ber, and nally it is detected by the
SNSPD and logged by the time tagger with 2 ps internal timing
resolution. Finally, the time tagger accumulates a histogram of
photon arrival times. We identify the two peaks in the histogram
to obtain the photons' mean arrival times for the short and JQI
loopbacks. We subtract two arrival times to obtain the time
difference between the direct loopback and the JQI loopback,
which is logged as the roundtrip time, Dtgo,: (related to the actual
roundtrip time by Eq. 4).

An important parameter for the experiment is the integra-
tion or averaging time, that is the length of time for which the
histogram accumulates photon counts before resetting. We rst
chose a minimum integration time, tg = 100 ms. Over a pe-
riod of time, typically half a day, a histogram is accumulated
every 100 ms, and the peak differences corresponding to the pho-
tons' roundtrip time is calculated for the 100 ms measurement,
producing data set Dt%r i(to). For integration time t = Mt o,
we average every M measurements to produce the data set
ero,:,i(t) (for instance, by averaging over every two 100-ms
measurements fort = 200 ms). We then evaluated the standard
deviation s 1or(t) where

Be0= hOWorin () Dle®) 2 ()

The expectation value is calculated over the data set indexed by
parameter i. Figure 3 shows stor VS. averaging times for three
separate loopback experiments, the WR roundtrip time estimate,
and the NIST internal loopback. We note that the WR data was
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Fig. 5. Relative WR and roundtrip ToF times for (a) 1/14/2024, (b) 1/19/2024, and (c) 1/23/2024 plotted with outdoor weather
data [15]. The plots are shifted such that both the ToF roundtrip time and the WR roundtrip time start at 0 ns, hence tracking only
the relative roundtrip time. The plotted temperature is the aerial temperature at NIST.

taken on 1/ 23/ 2024.s1qE is similar but not exactly equal to the
time deviation, TDEV [16].

Due to short-term random uctuations (mainly caused by
detector jitter and non-zero laser pulse width) stor at short in-
tegration times is higher, but decreases according to averaging
white noise down to a minimum, after which  stgg increases. The
reason for this increase is that at longer integration times, the
roundtrip time will drift due to environmental effects on the
ber loopback, such as outdoor changes in temperature causing
ber length uctuations. We note that the total roundtrip ber
loop from NIST to JQI is approximately 120 km, with 75 % of
the ber being aerial. Therefore, an optimal integration time
that minimizes the uncertainty in the roundtrip estimate can
be found at the minimum of stor plot. For these experiments
we found an optimal integration time for the ToF measurement
of 500 ms, which resulted in an uncertainty of approximately
2 ps (or 500mMm ber length estimate) for the 120 km roundtrip
time measurement. Also shown in Figure 3 are the st values
we derived from the internal NIST1-NIST2 loopback measure-
ments. The internal measurements clearly exhibit higher stabil-
ity compared to the NIST-JQI, supporting the idea that higher
S1or Values for our 120 km roundtrip measurements are due to
environmental changes of the long aerial ber.

Figure 4 shows a measurement of the spectrum of light mea-
sured before the single channel-34 Iter at NIST 1. Notice that
despite the use of the DWDM to isolate the individual wave-
lengths in the returning multiplexed signal, there are still 3 peaks
at 1538.98 nm, 1539.77 nm, and 1541.35 nm, which are the wave-
lengths of the three WR signals as shown in gure 1. These
peaks are due to cross-talk in the DWDM leading the WR signals
to interfere with the ToF signal, resulting in signi cant noise.
Hence, the single DWDM channel-34 lter is necessary to isolate
the ToF signal.

3. RESULTS

Figure 3 shows a plot of stog for the three JQI loopback data
sets, along with a stog plot of the NIST internal loopback. For
longer integration times, the syor plots for the JQI loopback
data sets are similar, indicating that the noise sources on longer
time scales are similar. However, the stoe values differ more
signi cantly at shorter integration times, which we speculate to
be from noise on shorter time scales, such as temperature and
wind environmental uctuations.

The relative ToF roundtrip and WR roundstrip times for data
collected on January 14, 2024, January 19, 2024 and January

Fig. 6. Corrected version of the Dyoyngrip @and WR phase error

plot. Inset shows the original data. The correction consists

of assuming a xed, step offset in the WR error occurring at
4.45 hours and subtracting this offset for data at times after

the occurrence of the step offset.

23, 2024 are shown in gure 5. Since we are only interested in
the relative WR and ToF times, we set the relative times equal
to zero at the start of each measurement data set. Each plot
also shows the outdoor ambient temperature at NIST during
each measurement. As the temperature increases, the refractive
index of the ber and the ber length increases, leading to a
longer roundtrip time. Hence, both the ToF roundtrip and the
WR roundtrip time curves qualitatively follow the temperature.
Since the temperature data is only measured at one location
(the aerial temperature at NIST), it does not account for varying
temperature along the whole ber length, which we expect to be
varying over the 60 km ber length. Also, around 25 % of the
ber is underground and is probably not subject to the changes
in aerial temperature and sun exposure.

In order to see the difference between the ToF and the WR
roundtrip times, we de ne  Dygyndrip = Dt1or Dt wr as the
difference between the two roundtrip times. Figure 6 plots the
Droundtrip @nd the phase error between the two WRS clocks at
NIST 2, #,0ck, for the entire experimental run on January 23rd,
2024. We noticed that at approximately 4.45 hours, there was
a sharp increase in the roundtrip time estimated by the WR.
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