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1. ABSTRACT

Optical time-domain reflectometry (OTDR) is one of the most used techniques for characterization of optical-fiber
link loss. Although conventional OTDR exhibits good performance in classical network applications, photon-counting
OTDR (v-OTDR) offers a promising way for in-situ optical channel characterization of quantum-network fibers where
single-photon detectors are present. v-OTDR has been demonstrated at the telecommunication wavelengths of 1310
and 1550 nm. Here, we present our hyperspectral v-OTDR measurement covering a wavelength range from 1150 nm
to 1800 nm. The results show a low attenuation in SMF-28 fiber between 1150 nm and 1700 nm of less than 0.5
dB/km. However, we show that connector loss can worsen significantly for wavelengths greater than 1550 nm.

1. INTRODUCTION

A future quantum network will distribute entanglement using telecom-band photons due to their low-loss transmission
in optical fibers and the high performance of standard telecom components to enable relatively long-distance quantum
links between nodes [1,2]. To date, the lowest loss of standard commercial single-mode fiber - the most widely used
in long-distance communications - is 0.18 dB/km at near 1550 nm. A recent record-low attenuation of 0.146 dB/km
was achieved in a silica-core fiber with an ultra-large effective area [3]. Further, additional loss is typically due to
imperfect connectors as well as splicing or manufacturing defects in the fiber. For fiber connectors, the standard
polishing methods of ferrule end faces are physical contact (PC), ultra-physical contact (UPC) and angled physical
contact (APC) which typically have insertion losses of less than 0.5 dB for 1550 nm and 1310 nm [4,5].

A stationary qubit in a future quantum network can be based on a variety of technology platforms, ranging from ion
or atom-based systems to engineered defects in solid-state devices, any of which may emit photons or have photons
converted to a network operating wavelength of around 1550 nm in telecom band. Thus, the fibers and fiber connectors
will require efficient characterization of losses over the telecom band to validate the link’s performance, preferably as
a function of wavelength.

Conventional optical time-domain reflectometry OTDR is one of the most common and widely used techniques for
nondestructive characterization of optical fiber links [6]. Photon-counting optical OTDR (v-OTDR) using single-
photon detectors has been demonstrated at the telecommunication wavelengths of 1310 and 1550 nm [7,8]. The basic
components to establish such v-OTDR measurements will already be present in a quantum-network setting, and
particularly the single-photon detectors. The v-OTDR offers a promising way for in-situ optical channel
characterization of quantum-network fibers that is compatible with quantum networking systems and components.

Here we employ a pulsed supercontinuum tunable laser and a superconducting nanowire single-photon detector
(SNSPD) to characterize the loss of two spools of telecom fiber with one fiber connector between them over the
wavelength range of 1150 to 1700 nm. The results show the attenuation of SMF-28 fiber between 1150 nm and 1700
nm to be less than 0.5 dB/km. However, the connector loss can worsen significantly for wavelengths greater than 1550
nm and this may impact the quantum network implementation of quantum devices that operate at these wavelengths,
such as the sources used for the generation of lon-Photon Entanglement in 171Yb+ ion [9].
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2. EXPERIMENTAL SETUP

The v-OTDR technique operates by sending a series of optical pulses into the fiber-under-test and by measuring the
time-of-flight of the single-photon signals. The time-of-flight is the total round trip time between the fiber launch point
and the point where Rayleigh or other backscattering occurs. This measurement allows the spatial reconstruction of
the losses along the fiber-under-test. By analyzing the measured signal characteristics, losses due to the reflection,
cracks, bad connections, or fiber bending can be detected and characterized.

In this work, we used our quantum network testbed tools to build a basic v-OTDR setup [10,11]. We then performed
a spectral v-OTDR measurement of two standard telecom fibers of lengths 25.2 km and 12.6 km, respectively, that
are connected using a UPC connector, as shown in figure 1. A supercontinuum laser is used to emit pulses with a
repetition rate of 1 kHz, allowing measurement ranges of up to 100 km. A tunable band-pass filter is used to select the
wavelength covering the range from 1150 nm to 1800 nm. We used a variable attenuator to adjust the input laser pulse
energy such that the backscattered photon rate was below the saturation level of the detector. The weak laser pulses
are then launched into the fiber-under-test via a circulator. The backscattered light from the fiber exits port 3 of the
circulator and is detected by the SNSPD. The arrival time of the SNSPD’s electrical output signal is detected by time
tagging electronics. The trigger signal from the laser is used as a reference.
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Figure 1: v-OTDR optical setup: A supercontinuum laser is used to emit pulses with a repetition rate of 1 kHz. A tunable band pass
filter is used to select the wavelength. A variable attenuator is used to ensure that we do not saturate the detector with the backscatter
from the beginning of the fiber. A fiber optical circulator is used to divert backscattered light to port3, which is connected to the
SNSPD. The trigger signal from the laser is used as a reference.

The SNSPD used here has a detection efficiency (DE) of around 95 % at 1550 nm and a maximum count rate of
around 500k counts per second, with a dark count rate of less than 500 counts per second.

3. EXPERIMENTAL RESULTS

Because the SNSPD has a recovery time, which is the sum of the dead time when no photons can be detected and the
reset time when the detector is returning to its steady-state value [12], the v-OTDR trace will have to be corrected to
show the true loss values. The v-OTDR trace is corrected by estimating the count rate in the fraction of time when the
detector is unable to detect photons, which can be expressed by R,,cqsThota: Where R4 is the measured count rate
and 7,4 is the user-selected hold-off time set by our time tagging electronics. Thus, the fraction of time when the
detector is active can be expressed by 1 — R,;,.qasThoa- 1herefore, the photon rate measured by the SNSPD s related
to the inferred photon arrival rate, R, at the detector and the detection efficiency, 7, by [13]:

Rpeas = Rinfn(l = RineasThotd) 1)



The round-trip loss in the fiber is given by 10 log (::"”—fég))), where R, ((L) are the inferred count rates of the
inf

backscattered photons as a function of the length of optical fiber to the backscattering feature which corresponds to

the time-of-flight. R;,+(0) is the count at the launch point of the fiber. Thus, the single-pass loss through the fiber, as

it is common in OTDR experiments, is expressed by:

loss(L) =5 log (::—;Eg))) 2)

Figure 2 shows an example of a v-OTDR trace of raw data and corrected data applying equation (2) measured on a
sample consisting of two connected fibers spools of length 25.2 km and 2.5 km, respectively
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Figure 2: v-OTDR traces calculated from Eq (2) using raw data and corrected data.

Figure 3 shows the v-OTDR traces for two standard telecom fibers of lengths 25.2 km and 12.6 km, respectively, that
are connected using a UPC connector. The scan covers the wavelength range from 1150 nm to 1800 nm. The dynamic
range (dynR) of the v-OTDR system from the initial point of the trace to the noise floor is approximately 20 dB. The
dynR was limited by the maximum count rate of the SNSPD used here. However, using a SNPSD with a high
maximum count rate and low dark count rate may increase the dynR to be higher than 60 dB. The time-bin width used
for this measurement was set to 20 ns, resulting in a spatial resolution of AL = At * v, = 4 m. From figure 3, we can
clearly see the loss associated with the connector at 25.2 km. It should be noted that we observed a loss at
approximately 35 km indicating a manufacturing defect in the fiber at that location. Importantly, the spectral v-OTDR
traces show that the losses at the connector and the defect are more dependent on the wavelengths than the loss in the
fiber generally. For instance, the fiber loss for both 1450 nm and 1650 nm are similar, but the connector loss varies
by more than 3 dB between both wavelengths.
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Figure 3: Spectral v-OTDR traces for two standard telecom fibers (of lengths 25.2 km and 12.6 km) connected by UPC-
connectors at 25.2 km and a fiber defect located at ~35 km. The scan covers the wavelength range from 1150 nm to 1700 nm.

The measured connector and fiber losses for different wavelengths ranging from 1150 nm to 1700 nm are plotted in
figure 4. The data show a nearly flat fiber transmission curve for the SMF-28 fiber between 1150 m and 1700 nm of
less than 0.5 dB/km. However, the connector loss increases significantly for wavelengths greater than 1550 nm. For
example, at 1650 nm, the connector loss is greater by 3.5 dB.
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Figure 4: Connector loss and fiber loss per kilometer as a function of wavelength.



4. CONCLUSION

We have implemented a hyperspectral photon-counting OTDR measurement of two standard telecom fibers of lengths
25.2 km and 12.6 km, respectively connected with a single UPC connector, using an SNSPD and a pulsed
supercontinuum tunable laser. The spectral v-OTDR traces for a wavelength range between 1150 nm to 1700 nm show
a low attenuation in SMF-28 fiber of less than 0.5 dB/km . Importantly, the UPC connector presented a high loss for
wavelengths greater than 1550 nm, which may affect how quantum network devices operate at these wavelengths. We
speculate that for longer wavelengths the mode extends further into the fiber cladding and therefore would have a
greater sensitivity to the optical fiber connector alignment. The v-OTDR offers a promising way for in-situ optical
channel characterization of quantum-network fibers that is compatible with quantum networking systems and
components. In the future, we will evaluate multiple other fiber connector types and combinations and we will use
simulation tools to verify our assumptions.

5. DISCLAIMER

Certain commercial equipment, instruments, or materials are identified in this paper to foster understanding. Such
identification does not imply recommendation or endorsement by the National Institute of Standards and Technology,
nor does it imply that the materials or equipment identified are necessarily the best available for the purpose.
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