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The distribution of high-fidelity high-rate entanglement over telecommunication infrastructure is one of
the main paths toward large-scale quantum networks, enabling applications such as quantum encryption
and network protection, blind quantum computing, distributed quantum computing, and distributed quan-
tum sensing. However, the fragile nature of entangled photons operating in real-world fiber infrastructure
has historically limited continuous operation of such networks. Here, we present a fully automated system
capable of distributing polarization-entangled photons over a 34-km deployed fiber in New York City,
achieving high rates of nearly 5 x 10° pairs/s. Separately, we demonstrate a high fidelity of approximately
99% for rates up to 2 x 10* pairs/s. Lastly, we achieve 15 days of continuous distribution, with a network
up-time of 99.84%. Our work paves the way for practical deployment of always-on entanglement-based
networks with rates and fidelity adequate for many current and future use cases.
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I. INTRODUCTION

Entangled photons not only enhance the current capabil-
ities of quantum links for applications in secure commu-
nication [1,2] but they are also fundamental for building
large-scale quantum repeaters [3], distributed quantum
computing [4—7], and distributed quantum sensing net-
works [8—10]. All such use cases rely on access to high-rate
high-fidelity entanglement across the network. Therefore,
the high-performance distribution of entanglement over
quantum channels is essential for any future quantum
network.

Given their weak environmental interactions and speed
of propagation, photons are a natural choice as commu-
nication qubits. Among different types of photonic qubits,
polarization states provide many advantages, such as ease
of creation, manipulation, and measurement. Such states
are also prime candidates for interfacing with atomic and
ionic systems [11—13], paving the way toward larger scale
distributed quantum networks.

Owing to the large amount of unused fiber available and
the manageable optical losses over short ranges, telecom
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fibers are a good choice for photonic quantum channels
in metropolitan areas. However, environmental factors can
affect fibers and cause changes to the polarization, typically
represented as rotations in the Poincaré sphere [14]. These
can be both wavelength and time dependent, and can in
turn degrade fiber performance as a quantum channel for
entanglement distribution. As a result, compared to other
type of entanglement networks [15,16], the demonstra-
tions of high-fidelity polarization-qubit distribution over
extended periods of time are difficult [17]. However, due to
the advantageous properties of these qubits, much research
has been performed on their distribution. In the past two
decades, the field has improved from the early-stage exper-
iments over approximately 1-km fibers [18] to intercountry
[17,19] and high-rate [20] links.

Up to now, much of the literature has focused on
proof-of-principle experiments. However, practical entan-
glement networks will require stable long-term usable
polarization-entanglement distribution with a high rate,
high fidelity, and a high network up-time. Here, we
report a series of measurements performed through
buried fiber optics in New York City, using Qunnect’s
GothamQ test bed, shown in Fig. 1. We characterize
the polarization-dispersion properties of the fibers in the
GothamQ test bed. Then, using a narrow-band bichro-
matic polarization-entanglement source and an active
polarization-compensating device, we demonstrate entan-
glement distribution with throughputs of nearly 5 x 10°
pairs/s over a 34-km-long fiber with a total loss of 17.4 dB,
while at lower distribution rates, near 2 x 10* pairs/s,
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1 km

The experimental setup for entanglement-distribution experiments. The background shows the path of the GothamQ fibers.

The upper left (lower right) diagram shows the experimental apparatus prior to photons entering (exiting) the GothamQ fiber. PBS,
polarizing beam splitter; DM, dichroic mirror; BPF, band-pass filter; LCR, liquid-crystal retarder; HWP, half-wave plate; L, lens;
LP, linear polarizer; AOM, acousto-optic modulator; FPC, fiber polarization compensator; OS, optical switch; SPAD, single-photon
avalanche detector; SNSPD, superconducting-nanowire single-photon detector.

we attain a fidelity of approximately 99%. We show that
the entanglement-distribution system is capable of oper-
ating with high performance for over 15 days without
any user input, maintaining a network up-time of 99.84%.
In our scheme, the distributed 1324-nm telecom photon
is entangled with a 795-nm near-infrared photon, which
is detected locally. The 795-nm photon is natively band-
width and wavelength compatible with rubidium atomic
systems, such as quantum memories, quantum processors,
and quantum sensors. Therefore, these experiments show-
case practical and fully automated distribution of entangled
photons at high rates and fidelity that is a step toward
quantum repeating, distributed quantum computing, and
distributed quantum sensing.

I1. FIBER POLARIZATION DISPERSION

First, we characterize the polarization dispersion of the
fibers in the GothamQ network. For this work, we use a
narrow-line-width laser (Thorlabs TLX3) with a tunable
range, which covers nearly the entire telecom O band. For
a given wavelength, we generate three polarization states,
{|1H),|D),|R)}. We pass these through some fiber config-
uration and measure the resulting polarization states using
a polarimeter (Thorlabs PAX1000IR2).

First, we assess the “instantancous” polarization-
dispersion behavior. For each of the three input polar-
izations, we sweep the wavelength of the tunable laser

from 1260 nm to 1350 nm with a 1-nm step, record-
ing the polarization state at each wavelength. We perform
this measurement for zero [21], one, two, and three fibers
within GothamQ in series (or distances of approximately 0,
34, 68, and 102 km, respectively). We note that although
the measurement is not truly instantaneous, we have veri-
fied that in each case the fiber was stable enough that this
approximates an instantaneous measurement. Knowing the
output and input states, we calculate the Poincaré-sphere
rotation that the fiber configuration performs (see the Sup-
plemental Material [22]). As seen in Figs. 2(a) and 2(b), in
all cases we observe some level of dispersive polarization
behavior. To better quantify the dispersion, we calculate
the Poincaré-sphere rotation per unit nanometer, shown
in Fig. 2(c). From this, we can see clearly that all the
configurations that pass through GothamQ fibers exhibit
a much higher level of polarization dispersion than the
configuration that does not.

Given the above fiber behavior, we are able to make
some inferences about the suitability of the fibers as quan-
tum channels for distributing quantum entanglement. In
Fig. 2(d), we calculate the fidelity for retaining a Bell
state when one qubit is transmitted across a given fiber
configuration, assuming that we have performed the appro-
priate correction on the receiving end to account for the
Poincaré-sphere rotation at 1300 nm. By weighting curves
such as those in Fig. 2(d) by a Gaussian with a given full
width at half maximum (FWHM), we are able to make
inferences about the fidelity of photon pairs where one
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FIG. 2. “Instantaneous” fiber polarization-dispersion measurements. For each plot, the legend indicates the number of GothamQ

fibers used for the measurement. (a) The Poincaré-sphere rotation as a function of the wavelength relative to the input. (b) The Poincaré-
sphere rotation relative to the average rotation value as a function of the wavelength. (c) The Poincaré-sphere rotation between two
wavelengths a nanometer apart. (d) The expected fidelity for a narrow-band Bell state where one qubit is passed through the fiber,
assuming that at the exit of the fiber configuration, we have performed an operation to undo the Poincaré-sphere rotation for photons
at 1300 nm. (e) The expected fidelity for a Bell state where one photon, with a center wavelength of 1300 nm, is passed through the
fiber configuration as a function of the spectral width of the biphoton pair. (f) The expected fidelity for a Bell state for a biphoton pair
with a spectral FWHM of 10 nm, as a function of the center wavelength of the photon that has passed through the fiber. In (a)+(d), the
line is provided to guide the eye. The legend shown in (f) is shared by all plots.

photon is propagated along the GothamQ fibers. In
Fig. 2(e), we show the expected fidelity as a function of
the spectral FWHM of the biphoton pair, where the prop-
agating photon has a center wavelength of 1300, and in
Fig. 2(f), we display the expected fidelity as a function
of the central wavelength of the propagated photon for a
biphoton pair with a 10-nm FWHM. We see that in all con-
figurations, increasing the pulse bandwidth decreases the
expected fidelity of the entangled state.

In addition to the “instantaneous” measurements, we
measure the long-term fiber polarization-dispersion behav-
ior, shown in Fig. 3. For the figure, we calculate the change
in fidelity of a hypothetical narrow-band Bell state, where
one photon is passed through the GothamQ fiber, as a func-
tion of the wavelength. As seen in the figure, polarization
drift is experienced across the entire spectrum measured.
Furthermore, the relative drift is wavelength dependent,
implying that the behavior observed in Fig. 2 is time
dependent. Such dependence on both wavelength and time
demonstrates the need for active compensation at the same
wavelength. Additionally, from the data it is clear that
high-fidelity distribution of polarization qubits necessitates
that the photons used be narrow band.

III. ENTANGLEMENT DISTRIBUTION

A. Experimental setup

Next, we demonstrate entanglement distribution for
pairs of photons where one is distributed in a buried fiber
within New York City. The experimental setup for this is
shown in Fig. 1.

We use a spontaneous four-wave mixing (SFWM)
source based on warm atomic vapors to generate entan-
gled bichromatic photon pairs. In the source, a 780-nm
pump and 1367-nm coupling beam excite atoms within an
enriched ¥"Rb vapor cell to the [6S)2) state via the [5P3,2)
intermediate state. From the doubly excited state, emission
of a 1324-nm photon may occur, projecting a collective
[SP1,) excitation onto the vapor [23]. Subsequent decay
of this collective excitation, which is highly directional,
results in a photon at 795 nm. Due to the Zeeman structure
of rubidium and the collinear pump and coupling polar-
ization, the 1324 — 795 pairs are emitted in a polarization-
entangled |®4) = \% (|HH) 4+ |VV)) Bell state [24]. For
these experiments, we use a source setup similar to the one
described in Ref. [25]. Additionally, we frequency lock
the pump and coupling light to their optimal detunings,
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FIG. 3. The expected fidelity of a narrow-band Bell state over

time as a function of the wavelength of the photon that has passed
through one of the GothamQ fibers and time. In each case, the
fidelity is calculated relative to the initial Poincaré state of the
fiber for each wavelength.

as well as the vapor-cell temperature determined in Ref.
[25]. Throughout the following, the pump and coupling
powers are set to be equal and are adjusted to achieve the
different pair rates shown. An advantage of this source is
that it natively produces narrow-band (line width less than
1 GHz) polarization-entangled biphotons. From Fig. 2, this
should mean that the fidelity of the entangled state after
propagation should not be bounded by the photon line
width.

To preserve the fidelity of the entangled state as pho-
tons are passed through the metropolitan fiber, we use
our automated-polarization-compensation (APC) devices.
This allows us to perform active polarization compensa-
tion, in contrast to previous work [17,19,20]. The APC
operates as a pair, with an injector and a compensator
at either end of the fiber. The APC injector produces a
sequence of classical states with well-defined polarization,
created using a polarizer followed by an electro-elasto-
optic modulator (EEOM). We pass the classical pulses
down the fiber to be stabilized to the APC compensator.
The compensator contains an EEOM (with a modula-
tion bandwidth of approximately 120 kHz) and a fast
polarimeter (10* measurements per second). The com-
pensator EEOM contains four independently adjustable
crystals with optical axes orientated at —45°, 0°, 90°, and
45°, allowing the device to perform any possible Poincaré-
sphere rotation. We initialize the pair by taking a reference
measurement with the polarimeter, after which, the com-
pensator adjusts its EEOM to ensure subsequent pulse
sets from the injector match the reference. We use time-
division multiplexing to mix the classical pulse sequence

with light passed to the input port of the injector, via a
set of optical switches. For all the measurements shown,
we trigger the APC compensation cycle approximately
every 20 s. In each compensation cycle, the fidelity is first
measured by comparing the current state of the fiber to
the reference. If it is found to exceed a trigger thresh-
old (set here to be 99%), then the compensation cycle
finishes. If it is below the threshold, we utilize a gradient-
descent algorithm to adjust the compensator EEOM until
it exceeds an optimization threshold (also set here to
be 99%). The compensation cycle takes between 30 and
1000 ms, depending on the polarization rotation that has
occurred on the fiber. For the data shown, adjustment of
the compensator EEOM has been required approximately
every 45 min. Further details, and diagrams of the APC
devices, can be found in the Supplemental Material [22].

As discussed earlier, close matching of the wavelength
of the classical and quantum light is required to ensure
good polarization compensation of the fiber for the quan-
tum light. Therefore, we use a 1324-nm laser source as
our classical light for the APC injector, verified with
a wave meter to be within a nanometer of the signal
photons produced by the source. The laser is left free
running throughout the experiment. After coupling the
classical light into fiber, we pass the light through a
fiber-based acousto-optic modulator (AOM). The AOM
is on-off controlled by the APC injector to shutter the
classical light when active compensation is not occurring.
Along with the built-in optical switches, this minimizes the
noise present at the telecom measurement station due to
the APC. After the AOM, we use an in-fiber polarizer to
ensure a well-defined input polarization for the classical
field passed to the APC injector.

For this experiment, we couple the 1324-nm telecom
photons produced by the source into a fiber attached to
the input port of the APC injector, which is in turn con-
nected to the buried 34-km-long metropolitan fiber, shown
in Fig. 1. After traveling through the metropolitan fiber,
we pass the telecom photons to a fiber switch. From the
switch, we either pass the photons to the APC compen-
sator or to a fiber path that bypasses the compensator
completely. A further switch recombines the paths and
sends the photons for polarization analysis. With both
switches, we are able to toggle between compensating and
not compensating for drifts in the metropolitan fiber.

For analysis of the entangled state after fiber tran-
sit, we use a measurement station for each of the
two source-photon wavelengths. In both cases, the
measurement station consists of a half-wave plate and a
polarizing beam splitter. We perform polarization mea-
surements for the 795-nm photons prior to fiber coupling
at the source setup. For the 1324-nm photons, we use
an independent measurement-station setup that includes
a band-pass filter (50-nm FWHM). This helps to mini-
mize noise that may have accumulated in the metropolitan
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fiber. While full two-photon tomography requires both a
quarter- and half-wave plate for both photons for polariza-
tion analysis [26], we use a method (see the Supplemental
Material [22]) that allows us to bound the entangled-
state fidelity using only measurements of the coincidences
inthe {|HH) ,|HV),|VH) ,|VV),|DD),|DA),|AD) ,|AA)}
modes.

For the 1324-nm photons, we use a pair of polariza-
tion controllers: one prior to the APC injector input and
one on the uncompensated path between the two fiber
switches. The initial polarization rotation performed by the
metropolitan fiber, as well as other shorter fibers within
the setup, is unknown. We use the fiber polarization con-
trollers, along with a liquid-crystal retarder (LCR) on the
source setup to undo this initial rotation for the compen-
sated and uncompensated paths. For the two experiments
presented later, the LCR and controllers have been cali-
brated prior to any data being taken and then the values
fixed for the duration of the experiment.

We detect the 795-nm photons using a set of single-
photon avalanche photodiodes and the 1324-nm photons
using a superconducting-nanowire single-photon detec-
tor (SNSPD) (approximately 350-ps and approximately
90-ps timing jitters, and 68% and 90% detection efficien-
cies, respectively). We find that the metropolitan fiber has
a loss of 14.45 dB. Along with the other losses due to
other elements (see the Supplemental Material [22]), the
total loss from the source to the input of the telecom
measurement station is 17.46 dB.

B. Rate versus fidelity

Here, we explore the dependence of the entanglement
fidelity on the fiber pair throughput. For this experiment,
we adjust the pump and coupling powers to change the
source entangled-pair-generation rate. Given the proba-
bilistic nature of the entangled-pair source used, we expect
the pair cross-correlation, and therefore the entangled-
state fidelity, to decrease as the pair generation rate is
increased (see the Supplemental Material [22]). At each
generation rate, we take the fidelity-bounding measure-
ments (described above) approximately every 4 min for
a total of 4 h. For each fidelity-bounding measurement,
we calculate the highest lower bound and the lowest upper
bound (see the Supplemental Material [22]) on the fidelity
to the |p) = |HH) + |VV)/v/2 Bell state.

The average and standard deviation on the lower bounds
over the 4-h measurement duration are shown in Fig. 4
for various entangled-pair rates. We note that we can only
bound the fidelity due to the measurement method chosen
and that the bounds do not arise purely from experimen-
tal uncertainties (see the Supplemental Material [22]). At
the maximum pump and control power available for this
experiment, we can achieve an end-to-end pair distribu-
tion rate of approximately 5 x 10°. At this throughput, we
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FIG. 4. The fidelity to the |¢) = |HH) + IVV)/ﬁ Bell state
as a function of the throughput pair rate (after 1324-nm pho-
tons are passed through a single GothamQ fiber). For each pair
rate, an hour-long data set has been taken. The inset shows an
enlargement of the low-rate behavior. The fidelity bounds (see
the Supplemental Material [22]) are the mean over the data set
and the error bars are from statistical uncertainties. The theoret-
ical fidelity is calculated as 1 — 3/2(1 4 gs1) (for derivation, see
the Supplemental Material [22]).

have experimentally bounded the entangled-state fidelity
to be >0.84. However, we believe that the state fidelity
should be source limited to approximately 0.88. For Fig. 4,
the pair rate has been calculated by summing the number
of coincidences observed in the {|HH) , |VV) , |HV) , |VH)}
modes and dividing out peak detection efficiencies.

The ability to reach such high rates at a high fidelity over
real-life metropolitan networks opens up the path for prac-
tical deployment of entanglement-based quantum-secured
communication links. The high-fidelity distribution of
entangled photons is a key step toward networked quantum
computing and distributed quantum sensing over deployed
fibers. While for high pair generation rates the limit on
the fidelity is from the source itself, at lower throughput
rates, around 2 x 10* pairs/s, we can reach a fidelity of
approximately 0.99, which is consistent with the thresh-
olds set for the APC process. The achievement of such
high fidelity for polarization-entanglement distribution not
only surpasses all previous polarization-based deploy-
ments but, to the best of our knowledge, it is on par with the
state-of-the-art for time-bin- and time-energy-based entan-
glement networks [15,16].

C. Long-term usability measurement

Another important aspect of a practical quantum net-
work is the long-term uninterrupted distribution of photon
pairs without the need for manual intervention. Previous
works [17] have shown great progress toward this goal
but have still required relatively time-consuming manual
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or automatic optimizations, which in turn have affected the
overall network up-time. Here, we demonstrate the long
term usability of the entangled pairs when the 1324-nm
photons from the source are transmitted over the 34-km
metropolitan fiber. For this experiment. the pump and cou-
pling powers are fixed to produce approximately 2 x 10°
pairs/s after passing through fiber. Our experimental loop
consists of taking fidelity-bounding measurements both
for a path compensated by the APC and for an uncom-
pensated path for comparison. The experimental cycle is
repeated approximately every 4 min for over 15 days. Sim-
ilar to the previous experiment, we calculate the highest
lower and lowest upper bound on the fidelity of the state,
in both the compensated and uncompensated case, to the
|p4) = |HH) + |VV)/+/2 Bell state.
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FIG. 5. The results of long-term usability measurement. (a)
The pair rate observed through the compensated path. (b) The
fidelity bounds (see the Supplemental Material [22]) for the com-
pensated and uncompensated paths. (c) The up-time (the time
for which entangled pairs are being actively distributed). In all
plots, we have performed a 3-h trailing average for ease of view-
ing. The uncertainties quoted come from the statistical deviation
within the 3-h averaging windows.

In Fig. 5(a), we show the entangled-pair rate (calculated
similarly to Fig. 4) that has passed through the metropoli-
tan fiber. The observed downward trend in the pair rate
over the measurement period has been recovered upon
completion by adjusting the polarization being sent to the
SNSPD. Therefore, we believe that the actual pair rate was
stable over the course of the measurement.

As seen in Fig. 5(b), the state fidelity for the path
compensated by the APC is approximately constant over
the 15-day measurement, with average lower and upper
bounds of 0.937(7) and 0.967(4), respectively. Similar to
before, we believe at these rates the fidelity should be lim-
ited by the source to approximately 95%. In contrast, the
path that is uncompensated experiences significant fluctua-
tions over the course of the measurement, with slow drifts
observed in addition to discrete jumps.

In Fig. 5(c), we show the up-time for the data run.
We see that the above results are achieved with a net-
work up-time consistently above 99%, with a total up-time
of 99.84% over the 15-day run. These results demon-
strate highly stable distribution of high-rate high-fidelity
polarization-entangled photons under real-world condi-
tions, opening up the path for round-the-clock use of
quantum entanglement within telecommunication infras-
tructure.

IV. CONCLUSIONS

The robust distribution of entanglement with high-rate
and fidelity across deployed fibers will be critical for the
development of the quantum Internet. Here, we have pre-
sented data from a quantum test bed in New York City,
GothamQ, demonstrating progress toward a fully auto-
mated practical entanglement network. Using 34 km of
deployed fiber in the city, we have showcased the possi-
bility of distributing polarization-entangled photons with
a fidelity up to 99% and rates as high as 5 x 10° pairs/s.
Additionally, we have presented the long-term usability of
the network, achieving high network up-time (>99.5%) for
an extended period of operation (15 days). This demon-
stration shows that robust, high-up-time, round-the-clock
operation of entanglement-distribution networks is attain-
able for practical use cases. Furthermore, the native com-
patibility of the 795-nm photons used with atomic systems
[25] opens the door to practically all warm-atom-based
quantum repeating, sensing, and distributed computing
over telecom fibers.
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