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Demonstration of quantum network
protocols over a 14-km urban fiber link
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We report on the implementation of quantum entanglement distribution and quantum state
teleportation over a 14.4 km urban dark-fiber link, which is partially underground, partially overhead,
andpatched in several stations.Wecharacterize the link for its useas aquantumchannel and realize its
active polarization stabilization. Using a type-II cavity-enhanced SPDC photon pair source, a 40Ca+

single-ion quantum memory, and quantum frequency conversion to the telecom C-band, we
demonstrate photon-photon entanglement, ion-photon entanglement, and teleportation of a qubit
state from the ion onto a remote telecom photon, all realized over the urban fiber link.

Quantum networks require distributed entanglement as a resource1,2, in
order to enable elementary communication routines like the quantum
repeater3 or quantum state teleportation4, or more advanced protocols such
as entanglement-assisted clock synchronization5,6, phase-coherent fre-
quency comparison of optical clocks7, or distributed quantum sensing8,9.
This renders the specifications for quantum communication much stricter
than for classical communication, especially when dealing with single
photons and polarization-encoded qubits, that require low background and
high polarization stability. It also defines the requirements for integrating
quantum communication into existing communication networks using
telecom fibers.

Several proof-of-principle demonstrations have extended quantum
network functionality from laboratory scale to real-world distances, pro-
minently for quantumkey distribution (QKD) over deployedfibers, e.g.10–18.
These demonstrations have addressed some of the challenges of integrating
quantumcommunication into existing communication infrastructure, such
as wavelength-division multiplexing (WDM) and co-propagation of clas-
sical data traffic and quantum signals on the same channel19–25. More
advanced protocols for quantum communication networks employ quan-
tum memories, for example for quantum repeater operations26. Demon-
strations on laboratory scales have used memories based on single ions27,
single atoms28,29, solid-state qubits30–32, or atomic ensembles33,34. Some of
them link different buildings on a campus, or include fiber-spools to
simulate large distances. The implementations in refs. 35–39 demonstrate
basic functionality on a deployed fiber network using atomic ensembles,
multimode solid-state quantum memories, or silicon-vacancy centers in
nanophotonic diamond cavities.

The deployment of existing telecom fiber infrastructure for quantum
communication protocols is a key step towards efficient development of

quantum networks. It also entails multiple technical challenges, since
existing fiber infrastructure in an urban region is often underground, or
paired with the electrical overhead power line. In the latter situation, the
fibers are installed in the earth wire, which is usually grounded. This wire
serves to minimize the likelihood of direct lightning strikes to the other
installed conductors40 but is not used for power transmission, therefore no
Joule heating is expected. Nevertheless, environmental influences such as
wind-induced mechanical stress41, rain, ice, snow, and birds cause fluctua-
tions in polarization mode dispersion, photon travel times42, and
polarization-dependent loss43.

The figures of merit of optical fibers for classical communication are
mainly their transmission and polarization mode dispersion (PMD). To
characterize a channel for the transmission of polarization-encoded quan-
tum bits, PMD must be investigated in more detail. It involves properties
such as polarization, phase and travel duration in a time dependent or
fluctuatingmanner. Such a characterization was carried out for the Boston-
area quantum network testbed44. Here, we present the exploration of a 14.4
km longdeployedfiber link in theurban areaof Saarbrücken,Germany.The
link connects the campus of SaarlandUniversity (UdS, Campus E2 6, 66123
Saarbrücken, Germany) with the campus of the University of Applied
Sciences (htw saar, Goebenstraße 40, 66117 Saarbrücken, Germany). It
comprises 1278m of overhead cable and several patch stations. An efficient
polarization stabilization scheme is implemented following themethodof 45,
to ensure high-fidelity transmission of photonic polarization quantum bits
over the link. On the hardware side, we utilize a single trapped 40Ca+ ion as
quantum memory, an ion-resonant, high-brightness, high-fidelity sponta-
neous parametric down-conversion (SPDC) source of entangled photon
pairs, and polarization-preserving quantum frequency conversion (QFC)
from the ionic wavelength to the telecom C-band46,47. This toolbox makes
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polarization qubits the natural choice for our protocols; with other quantum
memories and protocols, time-bin qubits may offer advantages48, but they
also pose other technical challenges. As examples of quantum commu-
nication protocols, photon-photon and ion-photon entanglement dis-
tribution with photon pairs, as well as quantum state teleportation from the
single ion to a remote telecom photon are demonstrated over the fiber link.

Results and Discussion
Fiber link as quantum channel
The fiber is supplied by a local provider (VSE NET), its course across
Saarbrücken is shown in Fig. 1. It runs from the htw through the city center
via underground cables (red lines) to a voltage transformer station in the
outer Saarbrücken region. From this station, it follows the overhead power
line (blue line) for 1278 m and then continues underground through a
forested area to a server room at the UdS. The university IT department
(HIZ) provides the local fiber links at the htw and the UdS between access
points and laboratories. Two dark fibers from a deployed fiber bundle are
availablewhichwill be denoted as Link-QandLink-C, due to their use in the
experiments as quantum and classical link, respectively.

The optical loss of the fibers is measured using optical time-
domain reflectometry (OTDR) at 1550 nm, shown in Fig. 2. It reveals a
total loss of 10.4 dB (8.9 dB) for the fiber Link-Q (Link-C). The fiber
with higher loss is used as the quantum channel in the presented
experiments. This has historical reasons and has meanwhile been
changed. The OTDR shows several patches as points of additional
attenuation and a faulty splice at 6.6 km of 4.1 dB (2.8 dB) loss in the
fiber Link-Q (Link-C). The bare fiber attenuation is in the expected
range between 0.19 dB/km and 0.23 dB/km.

Light pollution background, for example originating from sunlight or
evanescently coupled light from neighboring optical fibers, is a major
concern for experimentswith single photons. Figure 3a shows a background
measurement carried out with superconducting nanowire single-photon

detectors (SNSPDs, detection efficiency > 80% at 1550 nm). The large
observed fluctuations are not correlated with day- or nighttime. We attri-
bute these to background originating from activity at the patch stations or
data traffic in the nearby located fibers. By design, the optimum detection
efficiency for the detectors is at 1550 nm, but still a broad spectrumof light is
detected. To counteract the background, a broadband-suppression optical
filter46 with a 250MHz transmission window is installed at the htw in front
of the detectors, see Section 2.2. Themean background levelmeasuredwith
this filter, shown in Fig. 3b, is 19.7 s−1 including detector dark counts. This
filter is originally designed to suppress the optical noise induced by the
quantum frequency conversion (see Section 2.1) but additionally also sup-
presses the environmental light.

Furthermore, polarization-dependent loss (PDL) is of major impor-
tance for the transmission of polarization-encoded qubits. It is generally
quantified by

L ¼ 10 log10
Tmax

Tmin

� �
; ð1Þ

where Tmax and Tmin are the measured maximum and minimum trans-
mission values of a random set of polarizations49. We measured Ltot, the
PDL of the full fiber loop from the UdS to the htw and back, by connecting
the Link-Q and Link-C fibers at the htw. We use two polarization
scramblers, the first one consisting of a linear input polarizer and a set of
motorized λ/2 and λ/4 waveplates to generate the initial polarizations, the
second one using a piezo polarization controller (General Photonics
PolaRITETM III) before the detection setup to decrease the influence of its
own PDL on the measurement. In order to subtract the remaining PDL
contribution of the detection setup alone, Ldet, we measured the
transmission also without the fiber loop between the scramblers. The
PDL of a single fiber is then inferred by L ¼ ðLtot � LdetÞ=2, assuming
uniform PDL for the two fibers.

5.5 km

1.3 km

3.1 km

10.0 km
Map from OpenStreetMap 2013-01-27
www.openstreetmap.org/copyright

Fig. 1 | Map of the fiber link. The approximate course of the 14350 m long fiber link extending from the labs at the UdS to the htw is displayed; underground sections are in
red, and overhead sections in blue. Map data from OpenStreetMap (see www.openstreetmap.org/copyright).
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A long-term measurement of Ltot is shown in Fig. 4a. The orange
baseline showsLdet. Polarization scrambling is performedby setting thefirst
scrambler to 100fixed polarizations across thePoincaré sphere and using 10
randompolarizations at the second scrambler for each input.WecalculateL
according to Eq. (1) by taking the maximum and minimum transmitted
power of each input set. Each point of the time trace takes about 91 s to
scramble the polarizations. In the time trace we see variation over the whole
measurement time, but no correlation toweather or timeof day. Toquantify
the PDL, we take the histograms of measured values shown in Fig. 4b, and
infer the single-fiber mean PDL ofL ¼ 0:08ð9Þ dB. In methods 3.1 a lower
bound to the process fidelity of polarization qubit transmission, set by the
PDL, is derived as F P ≥

1
4 ð1þ 10�L=20ÞÞ2. For the measured mean PDL,

F P ≥ 0:991 is estimated. This fidelity is sufficiently high to neglect the
influence of PDL on the polarization stabilization or on the quantum
communication experiments.

To measure the capability of the fiber to transmit polarization qubits,
we describe the quantumchannel by a time-dependent realmatrixM(t) and
an offset vector c!ðtÞ, that act on the input Bloch vector λ

!
in to produce the

output

λ
!

out ¼ MðtÞ λ
!

in þ c!ðtÞ: ð2Þ

This contains the full information of the quantum process on a single
qubit50. The amount of identity of the process, or process fidelity, is given by

F PðtÞ ¼
1
4
ð1þ trðMðtÞÞÞ: ð3Þ

In our case, the low measured PDL value of L ¼ 0:08ð9Þ dB justifies that
polarizing or depolarizing effects may be neglected, such that the offset
vector c! becomes zero and the matrixM simplifies to a rotation matrix.

The description of the unitary polarization rotation M for a single-

photon polarization qubit, described by a Bloch vector λ
!

, is equivalent to

that of classical polarization described by a Stokes vector S
!

. Experimen-
tally, the rotationmatrix is determinedby injecting twoalternating reference
laserswithfixed polarizations at the input andmeasuring the corresponding

polarizations at the output. By using horizontal ( S
!

H ¼ ð1; 0; 0Þ) and

diagonal input polarizations ( S
!

D ¼ ð0; 1; 0Þ), and measuring their output

polarizations S
!

1 and S
!

2, the trace of the rotation matrix simplifies to

trðMÞ ¼ trð½~S1;~S2;~S1 ×~S2�Þ
¼ S1;1 þ S2;2 þ S1;1S2;2 � S1;2S2;1:

ð4Þ

A seven day-long measurement of the polarization drift is shown in
Fig. 5a, b. The gray-shaded areas highlight the daytime between 7:30–18:00,
duringwhich the fluctuations are visibly stronger than during nighttime. To
quantify the time dependence, we determine the rotationmatrixM(t, τ) that
connects the output vectors with time separation τ according to
S
!

iðt þ τÞ ¼ Mðt; τÞ S
!

iðtÞ. FromM(t, τ) we calculate the process fidelity
using Eqs. (3) and (4). The plots in Fig. 5c–e display the dependence of the
process fidelity on the time difference τ for day and night (c), daytime only
(d), and nighttime only (e). The gray-scale marks the relative incidence of
measured process fidelities. The lines are the 99.9% (solid), 99% (dashed),
and 90% (dotted) quantiles. One sees that, depending on the requirements
on the channel process fidelity, the channel can be used free-drifting for a
certain period τ until a required threshold is reached and re-calibration or
re-stabilization becomes necessary.

The time spreadof transmittedphotons is a further characteristic of the
fiber link as a quantum channel. The implemented experiments, described
in Section 2.3, require the detection times of the photons with a precision of
≈ 1 ns, corresponding to a fraction of the atomic Larmor period (62.5 ns).
Fiber-induced time spread or jitter would diminish the fidelity of net-
working protocols. Therefore, two measurements were carried out to
measure such effects. The first measurement uses the photon pair source of
ref. 46, the same that is later used for the quantum communication proto-
cols, and evaluates the arrival time correlation (“wave packet”) between
photons of the same pair, with and without transmission through the fiber
link. Figure 6 displays the recorded correlation, when both photons are
detectedat theUdS (left), andwhenonephoton is converted to 1550nmand
transmitted to the htw via the Link-Q fiber (right). (The digital signal of the
SNSPD at the htw is time-stamped at the UdS after it is sent back via the
Link-C fiber; see Section 2.2 for details.) By comparing the two time con-
stants of the wave packets shown in Fig. 6, we can bound the fiber-induced
jitter to less than 600 ps over the 80 s integration time.

Fig. 2 | OTDR measurement of the two fiber links from the UdS labs to the htw.
See text for more details.

(a)

(b)

Fig. 3 | Light pollution measurement with and without spectral filtering. a fiber
connected directly to the detector; bwith 250MHz bandpass filter installed. Note the
change in the vertical scale between a and b.
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The second approach, implemented byMenlo Systems, uses light from a
1500nmauxiliary laser (NKTKoheras BASIKX15), situated at theUdS, which
is sent through the Link-C fiber. At the htw, an acousto-optical modulator
(AOM)shifts the laser frequencyby apredeterminedvalue, anda retroreflector
sends the light back to the UdS. There, the beat signal, resulting from the
interference between the local reference laser light and the returned light, is
detected and analyzed using a frequency counter (FXE, K+KMesstechnik). A
change in the optical path length within the fiber induces a phase shift and, if
time-dependent, a Doppler shift in the frequency of the light as it travels
through thefiber51.Theoffset frequencydue to theAOMisnecessary to resolve
theDoppler shift from the beat signal and also to distinguish the light reflected
at the htw from reflected light at splices and fiber connections. The Doppler
shift is given byΔνD ¼ 2

c
dnL
dt ν0, where c is the speed of light in vacuum,nL the

optical path length of the fiber, ν0 the unshifted frequency of the light, and the
factor of 2 is due to the lightpassing thefiber twice. For eachmeasuredDoppler
shift we derive the time delay ΔT ¼ ΔνD

2ν0
tgate, where tgate = 10ms denotes the

sampling rate of the frequency counter. The fluctuating time delay measured

overaperiodof12days is showninFig.7 (ΔTrepresentedby the solidblack line
and averaged over 100 data points). The primary cause of this drift are the
temperature fluctuations in the 2 × 1278 m of overhead fiber; this is corro-
borated by the close correlation between the observed ΔT values and the
anticipated values (dashed black line) derived from the known temperature
sensitivity of SMF-28 fibers (37.4 ps km−1 K−1, as referenced in ref. 52) and the
temperature data for the measurement period, taken from53 (purple line).

The implemented methodology allows us to resolve and also stabilize
the optical path length for future investigations of quantum network pro-
tocols using optical interference of single photons, especiallywhendeployed
fiber infrastructure in overhead cables is used.

Experimental setup and polarization stabilization
The overall experimental setup for realizing quantum communication
protocols is shown in Fig. 8. The main components are the photon pair
source (SOURCE)with quantum frequency conversion (QFC), the ion-trap
setup (ION), the fiber link itself, the polarization stabilization setup
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dashed lines). This results in L ¼ 0:08ð9Þ dB for the one-way fiber link.
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consisting of sender and receiver units, and polarization detection setups at
the UdS and the htw. The Link-LAN Ethernet connection serves for com-
munication between the laboratories and for remote control of the htw
setup. In the following, the components are described in more detail.

The polarizationdetection setup at the htw consists of a bandpassfilter,
a set of motorized quarter- and half-waveplate, and aWollaston prismwith
one SNSPD at each output (Quantum Opus one). The filter (BPF), con-
sisting of a variable Bragg grating and a Fabry-Pérot interferometer, is
centered around the frequency of the converted photons and serves to
suppress the conversion-induced noise of the QFC device and the light
pollution background (Section 2.1) outside its 250 MHz transmission

bandwidth46. The projection basis is set by the waveplates, remotely con-
trolled via the Link-LAN connection. The output pulses of the detectors are
re-converted to optical pulses and transmitted via the Link-C fiber to the
UdS, where they are again converted to electrical pulses and recorded by
time-tagging electronics. The conversion processes are effected by RF-
transmitters and receivers (ViaLite HRT-U1-6R-05-C/HRR-U1-6r-05) and
coarse wavelength divisionmultiplexing (CWDM), using separate CWDM
channels for each detector.

The polarization stabilization setup consists of a sender and a receiver
unit. The sender unit features two beams from a reference laser, one with
horizontal, the otherwith diagonal linear polarization. The two light sources
are injected via a combination of a 50:50 and a 99:1 fiber beam splitter into
the Link-Q fiber at the UdS and are alternately switched via ethernet with a
MEMS switch. The receiver unit consists of a computer-operated piezo
polarization controller (sameas used in thePDLmeasurement) and another
MEMS switch that directs the light either to a polarimeter (Thorlabs
PAX1000IR2) for stabilization, or to the detection setup (Section 2.2), for
communication. A full polarization correction run takes 1.1(5) s and con-
sists of 8 necessary feedback iterations, laser switching and calculation (see
3.2). The time to perform one feedback iteration is about 90 ms which
includesmeasuring the received polarization via polarimeter andmodifying
it via feedback to the polarization controller. Employing theMEMS switch,
stabilization runs and quantum communication experiments are then
performed in alternation.

Setting a targeted threshold fidelityF P;th ¼ 99%, and starting from an
arbitrary polarization rotation, the mean stabilization duration is measured
as ts = 6.4(17) s. The time the algorithmneeds starting froman initial process
fidelity ofF P ¼ 96% is measured as tr = 3.3(0.6) s. This corresponds to the
situation that after a preceding stabilization run and some free drift, a small
detected rotation needs to be compensated. In the measurements described
in Section 2.3, we stabilize as soon as we detect a drift below F P ¼ 99%,
which on average takes only one iteration.
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Fig. 7 | Interferometric transmission-time mea-
surement. Themeasured drift in the fiber link (solid
black line) over 12 days closelymatches the expected
value (dashed black line) derived from the known
temperature sensitivity of the SMF-28 fiber and the
temperature data (purple line).
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Similar to Section2.1,we characterized the free polarizationdrift after a
stabilization run. For that, the process fidelity after stabilization to F P;th ¼
99% is recorded over a time τ of up to 240 s. Figure 9 shows the relative
incidence (gray-scale) of measured process fidelities in dependence of τ,
evaluated from 450 drifts. The lines are the 99% (dashed), and 90% (dotted)
quantiles. Thedependence is similar to the free polarizationdrift of Fig. 5.As
an example, one reads fromFig. 9 thatwith 90%certainty the processfidelity
is above F P>98% for up to 176 s, now including all the components of the
fiber link and the stabilization.

The photon pair source is based on cavity-enhanced spontaneous
parametric down-conversion (SPDC) in an interferometric configuration;
its technical details, figures of merit, and limitations are described in ref. 46.
It produces the polarization-entangled two-photon state

∣Ψi ¼ 1ffiffiffi
2

p ∣HiA∣ViB � e�iϕ∣ViA∣HiB
� �

; ð5Þ

with adjustable phase ϕ. The photon in output arm A is resonant with the
D5/2-P3/2 transition of 40Ca+ at 854 nm and has 12.29 MHz bandwidth,
matching the 22 MHz atomic transition linewidth. The photon in arm B is
detuned to its partner by 480MHz. The latter is converted to 1550 nm by a
quantum frequency converter (QFC) based on difference frequency gen-
eration in periodically poled lithium niobate (PPLN) waveguides.
Employing a Sagnac scheme, polarization independence of the conversion
process is ensured. With a narrowband filter stage (250 MHz FWHM) the
conversion-induced noise count rate is reduced to 24 s−1. Including the
filters, the external device efficiency is 57.2%. Details on the converter are
also presented in ref. 46.

For the quantum communication experiments that are described in
Section 2.3, the phase ϕ was set to 0∘ to produce the maximally entangled
∣Ψþ� Bell state. The pump power was set to 15mW, generating fiber-
coupled entangled photon pairs at 854 nmwith a detected coincidence rate
of 3352.0 s−1 (144.4 s−1) when the partner photon is detected at the UdS
(htw),measured by integrating over the respectivewave packet of Fig. 6. The
corresponding background rates are 2.32 s−1 (0.12 s−1). The effective
reduction of the coincidence rate between UdS and htw amounts to
13.66 dB. This value results from the difference between 9.07 dB attenuation
when a local projection and detection setup is inserted into arm B47, and
22.73 dB total attenuation when the arm B photons are detected at the htw.
The independently measured loss contributions to the latter are: QFC and
transmission between the UdS labs (6.78 dB), Link-Q fiber (10.4 dB),
transmission through the polarization stabilization sender (0.46 dB) and
receiver (1.3 dB), filtering and projection setup (0.65 dB) and detector effi-
ciency (0.97 dB) at the htw. The remaining loss of 2.17 dB is attributed to
fiber connections andopticalmisalignment at the remotehtw site during the
time between setup and measurement.

Thephotons in armAof thepair source are sent either to a polarization
projection and detection setup, or to the ion trap setup. The polarization
projection consists of a 134MHz bandpass filter, a set ofmotorized quarter-
and half-wave plate, and a Wollaston prism with one APD at each output.
The ion trap setup features a linear Paul trap with a single trapped 40Ca+ ion
and high-numerical-aperture objectives (NA = 0.4) to address the ion with
the 854 nm photons and to collect emitted 393 nm photons. Laser and RF
pulses enable coherent control of the initial state of the ion, as well as state
readout after applying a quantum communication protocol, by projective
measurement in a selected spin basis. The detectors of both setups are
connected to time-tagging electronics. Further details on the ion trap setup
and control are presented in ref. 47.

Quantum communication protocols
The demonstrated quantum communication protocols comprise (i) the
distribution of entanglement provided by the photon pair source via the
fiber link, (ii) the generation of distant ion-photon entanglement via
quantum state-preserving heralded absorption of one photon of an entan-
gled pair and transmission of the partner photon to the htw, and (iii)
quantum state teleportation fromamemory qubit, encoded in the ion’s spin
state, onto a 1550-nm photonic qubit at the htw. The teleportation protocol
is described in detail in ref. 47; here we focus on the results and the ver-
ification of the protocols as an application using the urban fiber link.

To demonstrate the generation of distant photon-photon entanglement
between the UdS and the htw, the pair source is operated continuously; the
photons in armA are sent to the projection setupwhile the photons in armB
are transmitted to the htw via the Link-Q fiber after quantum frequency
conversion to 1550 nm. Quantum state tomography54 is then used to
reconstruct the photon-photon density matrix. For the tomography, 16 basis
combinations aremeasured.Theprocessfidelity threshold of the polarization
stabilization is set to F P;th ¼ 99%. The polarization basis at the htw is
additionally calibrated everyhalf hour, inorder to correct for slowdrifts in the
unstabilizedfibers from the SPDCsource to theQFCdevice (90m), and from
the QFC to the injection into the Link-Q fiber (100 m). This calibration is
applied in an automated way with single photons from the pair source: By
changing its internal settings, it produces only horizontally polarized photons
in arm B, which are alternately rotated to right-hand circular polarization
with a motorized waveplate. These two input polarizations and the polar-
ization projection setup at the htw are used tomeasure the rotationmatrix of
the whole path, and the detection basis is adjusted accordingly. The same
method is used every two hours to correct for drifts in the fibers that connect
the unconverted photons of pathA to the local 854 nmprojection setup. The
correction schemes are applied in all three protocols described here.

The result of the photon-photon entanglement experiment is summar-
ized in Fig. 10, showing the relevant process fidelities when the time between
polarization stabilization runs is varied from 5 s to 160 s. The red dots are the
mean process fidelity of the polarization correction, F P, at the end of each
stabilization run. The blue squares are the corresponding fidelities of the two-
photon state to the maximally entangled Bell state ∣Ψþ�, computed from the
reconstructed two-photon density matrix. The fidelities depicted by orange
triangles include correction for background that is intrinsic to the SPDC
process; details are explained in ref. 46.With this correction, one can infer the
quality of the fiber link alone, or the maximum pair fidelity one could reach
with a photon source of larger purity. To acquire comparable statistics, the
integration time for each basis is chosen to≈ 100 s and coincideswith the time
between the stabilization periods for the last three data points. We find qua-
litative agreement of the observed background-corrected fidelity (F>98%)
with the result of Section 2.2, where a slow decrease in fidelity is visible for
larger waiting times between two stabilization runs. At times > 60 s, the
influence of the fiber on the generated two-photon state becomes visible. For
waiting timesbelow60s the implemented scheme iswell suited to transmit the
produced two-photon statewithout significantfidelity loss.Compared to the>
99%background-correctedfidelity reported in ref. 46, only aminor reduction
due to the use of the deployed fiber was measured, which can be mostly
attributed to polarization-dependent loss, discussed in Section 2.1.
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Fig. 9 | Polarization drift after stabilization. The drift is measured after initial
stabilization to a threshold process fidelity of F P;th ¼ 99%.
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We distribute the entanglement of the photon pair source by sending
one frequency-converted photon in the telecom C-band to the htw and its
partner photon to the trapped 40Ca+ ion, which serves as a quantum
memory. Two different protocols are applied, both based on state-
preserving heralded absorption of a photon by the ion55. Using the quantum
state transfer protocol of refs. 55,56, the photonic qubit from arm A is
mapped onto the internal memory qubit of the ion, such that distant
entanglement between the ion and the partner photon at the htw is created.
Using the quantum teleportation protocol of ref. 47, we start with the
preparation of a qubit state in the memory, formed by two Zeeman sub-
levels of the ion, while the pair source provides entangled photons. The Bell-
state measurement (BSM) necessary for the teleportation protocol4 is rea-
lized by the heralded absorption of one photon of a pair and consecutive
projective measurement of the heralding photon and the final atomic state;
details and characteristics of the protocol are described in ref. 47. The result
of the BSM facilitates teleportation of the prepared memory qubit onto the
partner photon at the htw.

The pair source is pumpedwith 15mWfor bothprotocols, leading to a
continuous stream of entangled photon pairs with an initial background-
corrected fidelity of Ψþ�

∣ρ∣Ψþ� ¼ 98:0ð1Þ% between one 854 nm photon
detected at the UdS and its 1550 nm partner photon detected at the htw.
Withoutbackgroundcorrection, afidelity of 83.6(3)% ismeasured, averaged
over ≈ 14 days of measurement time. The deviation to the measurement of
Fig. 10 is mainly attributed to a phase drift of the photon pair state and a
minor contribution of accumulated polarization drifts in the unstabilized

fiber parts where the polarization calibration is applied every 30min and 2 h
respectively (seeprevious section).Theprotocols use an exposure timeof the
ion of 400 μs, during which the photon stream is sent to the atom for
absorption. The spin-echo technique described in ref. 47 is implemented to
extend the atomic coherence time.

The result for the ion-photon entanglement protocol is shown in
Fig. 11. It displays the tomographically reconstructed 2-qubit densitymatrix
of the photon at the htw and thememory qubit, after the statemapping. The
basis for thememory qubit are the Zeeman states ∣± 1

2i∣S1=2;m ¼ ± 1
2i, for

the photonic qubit the circular polarization basis ∣R=L
�
is used. The fidelity

with the ideal state

∣Φiat;ph ¼
1ffiffiffi
2

p ∣� 1
2

	
� ∣Ri � ∣þ 1

2

	
� ∣Li

� �
ð6Þ

is 79(2)% (83(2)% with background correction), the state purity is 71(3)%
(79(4)% with background correction). Comparing this result to the direct
generation of ion-photon entanglement obtained by our group57 with
98.2(2) % fidelity, one clearly observes a reduction. This reduction must be
attributed to the aggregated complexity due to the combination of the SPDC
source as additional component and external resource of entanglementwith
the atomic setup which is operated in heralded-receiver mode. The
increased complexity requires longer integration times and hence higher
requirements on longterm stability of the individual setups. Additionally a
tradeoff between success probability and atomic decoherencemust bemade
by the selection of the exposure window. In conclusion, if only ion-photon
entanglement is required, then the protocol of 57 is advantageous. On the
other hand, heralded absorption allows us to implement quantum state
teleportation, as described in the following:

Figure 12a, b show the reconstructed process matrices of the quantum
teleportation protocol. The process matrix describes how the protocol
maps the prepared memory qubit onto the photonic qubit at the htw in
terms of the Pauli operators {σ0, σx, σy, σz}

58. It thereby indicates which local
operation to the photon would be required to restore the initial memory
state. As initial states we use the atomic energy eigenstates and symmetric
superpositions; the phase of the latter is determined by the Larmor preces-
sion and the detection time of the absorption herald. Two of the four Bell
states are distinguished by the BSM, and quantum process tomography is
performed separately for each outcome47. One can see that no rotation is
necessarywhen the projection results in the ∣Φ�iBell state (Fig. 12a), while a
σz rotation is required when the result is ∣Φþ� (Fig. 12b). This corroborates
the success of the teleportation protocol.We identify the process fidelities to
be 80(6)% and 87(5)% with background correction (78(6)% and 86(5)%
without background correction), corresponding to the diagonal elements of
the process matrices for the expected rotations, σ0 or σz. The process fidelity
compares well to the measured 86(7) % published in47, and shows that the
additional complexity due to frequency conversion and the use of the
deployed fiber is not affecting the application.

Fig. 11 | Reconstructed ion-photon density
matrix. The reconstruction reveals a fidelity of
83(2)% with a maximally entangled state including
background correction.

Fig. 10 | Photon-photon entanglement distribution using frequency-converted
photons. Photon-photon entanglement fidelity in dependence of time between two
polarization stabilization runs with background correction (orange triangles) and
without (blue squares). The error bars are calculatedwithMonteCarlo simulations60.
The mean process fidelity at the end of each stabilization run (red dots) is always
above the chosen threshold of 99 % (gray shaded area). The error bars are calculated
by evaluating the standard deviation of all cycles at each point.
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Discussion
We investigated a 14.4 km deployed fiber link that connects two nodes
across the urban area of Saarbrücken, with respect to its application for
quantum network protocols. We characterized general properties such as
loss, photonic background noise, phase stability and polarization-
dependent loss. We showed that this fiber faithfully transmits
polarization-encoded qubits at a process fidelity level of 99% for ~100 s
without correction. To use the link repeatedly for longer times at the same
level of fidelity, we implemented polarization stabilization in a fully auto-
mated way with a reasonable duty cycle between transmission and stabili-
zation of≈ 100 s/1.1 s≈ 91.We then used a type-II SPDC entangled photon
pair source, a 40Ca+ single-ion quantum memory, and quantum frequency
conversion to realize elementary quantum communication protocols over
the link, such as entanglement distribution, ion-photon entanglement, and
quantum state teleportation.

Entanglement distribution over the link exhibits fidelitiesF > 98% for
up to 60 s, underlining the suitability of the implemented methods for
establishing a quantumcommunication channel. Ion-photon entanglement
between the memory qubit and a converted and transmitted photon in the
telecom C-band was demonstrated with F ¼ 79ð2Þ% fidelity, employing
heralded absorption of one photon of a SPDCpair. By utilizing the heralded
absorption as a Bell state measurement, we also realized quantum state
teleportation with fidelities of 86(5)% and 78(6)%. These proof-of-concept
experiments highlight the potential of the single-ion platform, in combi-
nation with QFC, for implementation of quantum networks over deployed
fiber testbeds; they pave the way to future experiments, such as the imple-
mentation of QKD protocols and remote memory entanglement for
quantum repeaters. The fiber link also lends itself to the application of
calibration-independent certification, following the example of 59.

In the described experiments, the communication distance is set to
14.4 km by the deployed fiber that includes a faulty splice. Using an
optimized fiber connection with realistic attenuation of 0.2 dB/km would
permit 52 km of distance with the same rate of coincidences, and we would
reach 150 km until the coincidences are at background level.

Open questions, to be addressed in future research on the fiber link, are
the origin and time dependence of the polarization-dependent loss, as well
as the origin, and possible compensation, of phase fluctuations in the fiber
transmission, which are particularly relevant for interference-based quan-
tum communication protocols.

Methods
Quantifying polarization-dependent loss
We treat the polarization qubit, according to ref. 50, as a dual-rail qubit in
two orthogonal polarization modes,

∣φ
� ¼ α ayP þ β ayP?


 �
∣vaci; ð7Þ

with ∣α∣2+ ∣β∣2 =1.Polarization-dependent loss (PDL) is then treatedasapartial
beam splitter effecting the unitary transformation 1P � exp
½ϑðayP?bP? þ aP?b

y
P?
Þ�, coupling one polarization mode to the environment.

HereayP,a
y
P?
,aP? are the creationandannihilationoperators of the transmitted

modes, and byP? , bP? are the creation and annihilation operators of the
environmentmode.The transmissionamplitude is givenbyT ¼ cosðϑÞ. In this
sense, every loss process in the transmission channel couples the state to a new
spatial mode from the environment. The post-selective nature of our
experiments projects onto the transmitted fraction. It follows that
polarization-dependent loss is described by a non-trace-preserving process.

We now change the representation from the general dual-rail qubit to
the polarization basis f∣0i; ∣1ig and write the state that is unaffected by the
polarization-dependent loss as

∣Pi ¼ e�iΦ=2 cosΘ=2∣0i þ eiΦ=2 sinΘ=2∣1i; ð8Þ

using the angles Φ and Θ of the Bloch sphere representation. The loss
operator describing PDL is then

B̂ ¼ ∣Pi Ph ∣þ T∣P?
�
P?
�

∣ ¼ T1þ ð1� TÞ∣Pi Ph ∣ ð9Þ

with the orthogonal state ∣P?
�
(〈P∣P⊥〉= 0) and the transmission amplitude

T. The actionof thePDLonanarbitrary input state, describedby the density
matrix ρ̂in, is then represented by a quantum process ε ρ̂in

� �
; including

normalization, this results in an output density matrix

ρ̂out ¼
ε ρ̂in
� �

tr ε ρ̂in
� �� � ¼ B̂ ρ̂inB̂

y

tr B̂ ρ̂inB̂
y
 � ð10Þ

¼ T1þð1�TÞ∣Pi Ph ∣ð Þ ρ̂in T1þð1�TÞ∣Pi Ph ∣ð Þ
T2 P?h ∣ρ̂in ∣P?iþ Ph ∣ρ̂in ∣Pi

¼
1þT
2 1þð1�TÞ Γ

!
2 γ σ̂

!� �
ρ̂in

1þT
2 1þ ð1�TÞ Γ

!
2 γ σ̂

!� �
T2 P?h ∣ρ̂in∣P?iþ Ph ∣ρ̂in ∣Pi

ð11Þ

¼
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� γ2

p
~λin þ

1�
ffiffiffiffiffiffiffiffi
1�γ2

p
γ2

~λin~Γþ 1

� �
~Γ

1þ~λin~Γ

zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{~λout

~̂σ

2

ð12Þ

using the Pauli vector σ̂
!¼ ½σ̂1; σ̂2; σ̂3� and the transformation to the Bloch

vectors by

ρ̂in ¼
1þ λ

!
in σ̂
!

2
ð13Þ

Fig. 12 | Ion-to-photon quantum state teleporta-
tion over the fiber link. a and b: reconstructed
process matrices of the teleportation conditioned on
the Bell-state measurement results ∣Φ�i and ∣Φþ�
(background and binning correction is applied).
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∣Pi Ph ∣ ¼
1þ Γ

!
γ σ̂
!

2
with γ ¼ j Γ!j ¼ 1� T2

1þ T2
ð14Þ

Ph ∣ ρ̂in∣Pi ¼
1þ λ

!
in

Γ
!
γ

2
ð15Þ

P?
�

∣ ρ̂in∣P?
� ¼ 1� λ

!
in

Γ
!
γ

2
ð16Þ

The PDL vector Γ
!

is parallel to the Bloch vector of the unaffected state
(∣Pi Ph ∣) with the norm containing the transmission according to Eq. (14).
Using this notation, the output Bloch vector λ

!
out of Eq. (12) is equal to the

description of ref. 43, now derived starting from the quantum mechanical
description of a beam splitter43. It shows that concatenation of two PDL
vectors can again be expressed by a PDL vector, which allows one to describe
the whole transmission link as a single PDL vector, independent of the loss
composition along the link. But it is not obvious to us that the description of
PDL as a simple beam-splitter operation is correct in general. If, for example,
theoriginof thepolarization-statedependent loss is scattering, thenalsoastate
dependent phase shift must be included in the description. This complicates
the description of a concatenated transmission link. Nevertheless, by
decomposing the numerator of Eq. (11) into the Pauli basis {σ0, σ1, σ2, σ3}
we find a lower bound to the process fidelity. The processmatrix χ defined by

ε ρ̂in
� � ¼X4

i;j¼0

χi;jσ iρ̂inσ
y
j : ð17Þ

can directly be identified to

χ ¼
ð1þ TÞ=2

ð1� TÞ Γ
!

=ð2γÞ

 !
ð1þ TÞ=2 ð1� TÞ ð Γ!Þ

>
=ð2γÞ


 �
ð18Þ

This numerator, and the maximum of 1 of the denominator, i.e. the max-
imum norm, bound the process fidelity to

F P ≥
ð1þ TÞ2

4
ð19Þ

Figure 13 shows the time trace and the mean minimum process fidelity
calculated from the measured PDL of Fig. 4a. The PDL of each fiber is
inferred as half of the totalmeasured PDLas described in themain text. One
can see that, despite a few spikes, the minimum stays well above 98%. The
spikes are attributed to occasionally occurring stress that is applied onto the
fiber. We can only guess for their origins such as maintenance on the patch
stations, gusting wind at the overhead cable, heavy vehicles stressing the
underground cable or a more careful description of PDL must be
investigated.

Polarization stabilization algorithm
In the following, the polarization stabilization scheme is explained in more
detail. A gradient descent algorithm is used tominimize a real, differentiable

error function, f ðU!Þ, that measures the deviation from the target polar-
ization state. The parameter space is given by the voltages applied to the four

piezo elements of the polarization controller, U
!¼ ðU1;U2;U3;U4Þ. The

scheme only corrects for polarization rotations, therefore two input polar-
izations are sufficient to fully define the process. Here, horizontal and

diagonal linear polarizations with Stokes-vectors S
!

H resp. S
!

D are injected

at the sender, and polarizations S
!

1ðU
!Þ resp. S!2ðU

!Þ are measured at the

receiver, as functions of the applied piezo voltages U
!

. The error function is
then computed by

f ðU!Þ ¼k S
!

1ðU
!Þ� S

!
Hk22þ k S

!
2ðU
!Þ� S

!
Dk22: ð20Þ

One feedback iteration is performed by calculating for a piezo element the
corresponding i-th component of the gradient via varying the voltage by the
search voltage step size ΔU in two directions:

ðΔf ðU!ÞÞi ¼
f ðU!� e!i ΔUÞ � f ðU!þ e!i ΔUÞ

2jΔUj ; ð21Þ

where e!i are the unit vectors of the four-dimensional parameter space.The
new piezo voltage U

!
new;i is then obtained by updating the last set U

!
old;i to

U
!

new;i ¼ U
!

old;i � DΔf ðU!old;iÞ; ð22Þ

using step sizeD. Thenewvoltage is determinedconsecutively for eachpiezo
element and input polarization, resulting in 8 feedback iterations per
algorithm run.After each run, the processfidelityF P ismeasured according
to Eqs. (3) and (4). The algorithm terminates once F P reaches a pre-
determined threshold value, F P;th. The step size D, as well as the search
voltage ΔU are kept constant at initial values D0 and ΔU0 until a process
fidelity of F P;0 ¼ 95% is reached. Upon reaching this, the two parameters
are adjusted according to

D ¼ 1� F P

1� F P;0
D0 þ D1; ð23Þ

ΔU ¼ 1� F P

1� F P;0
ΔU0 þ ΔU1 ð24Þ

with the minimum step sizes D1 and ΔU1. This ensures that the dis-
cretization does not affect the search for the optimal point of process fide-
lities. The parameters D0, D1, ΔU0, ΔU1 are determined empirically.
Minimizing the error function f ðU!Þ is equivalent to maximizing the pro-
cess fidelity F P under the assumption that polarization rotations are the
only error source. The error function could also be defined with the process
fidelity directly, but the numerical effort to calculate the gradient, Eq. (21),
would become larger.

Fig. 13 | Time trace of the minimum process
fidelity (purple) and the mean value (red). See text
for more details.
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