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Abstract We demonstrate the multiplexing of a weak
coherent and a quantum state of light in a single telecom-
munication fiber. For this purpose, we make use of spon-
taneous parametric down conversion and quantum fre-
quency conversion to generate photon pairs at 854 nm and
the telecom O-band. The herald photon at 854 nm triggers
a telecom C-band laser pulse. The telecom single photon
(O-band) and the laser pulse (C-band) are combined and
coupled to a standard telecom fiber. Low-background time
correlation between the weak coherent and quantum signal
behind the fiber shows successful multiplexing.

1 Introduction

Today’s Internet traffic that is distributed over optical fiber
channels mainly concentrates on the telecom C- (1530-
1565 nm) and L-band (1565-1625 nm) because in-line
active amplifiers based on erbium-doped fibers offer a fea-
sible way to build repeaters for the signals. Hence, there
exist a number of telecom frequency bands which are not
used, being available for quantum communication.

In state-of-the-art realizations, quantum key distribu-
tion (QKD) is possible over 336 km [1] and entanglement
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distribution was demonstrated with lengths up to 300 km
[2]. QKD with such high-loss channels became possi-
ble only with the development of low-noise detectors [3].
Based on this progress, QKD over existing fiber networks
in urban areas has been demonstrated [4-6] as well as
entanglement distribution [7] and teleportation [8].

QKD protocols, e.g., BB84 [9], usually involve an
exchange of data via a quantum and a classical channel
simultaneously to establish the final secret key. Realizing
both channels in a single fiber reduces the demand for fiber
infrastructure at the cost of slightly increasing the device
complexity at sending and receiving stations. In first experi-
mental demonstrations, weak coherent pulses at the single-
photon power level in the telecom O-band (1260-1360 nm)
were multiplexed with a common data channel in the
C-band and sent via several kilometers of installed fiber [10]
with an acceptable error rate of the quantum channel. The
dominant noise source in that scheme is anti-Stokes Raman
scattering of the strong classical pulses into the quantum
channel [11]. Furthermore, it is also possible to transmit the
O-band photons through a fiber link equipped with active
erbium amplifiers. The spontaneous emission of the ampli-
fiers at O-band wavelengths is quite low, and the amount
of additional noise photons in the quantum channel can be
neglected after narrow spectral filtering [12]. However, each
amplifier attenuates the O-band photons (e.g., 11 dB loss in
[12]). Nevertheless, in such a configuration, the distribution
of entangled states was demonstrated [12]. In recent work
[13], a scheme was presented where the amplifiers were
bypassed and noise in the O-band was investigated in detail.

The telecom C-band is divided into a grid of equally
spaced channels for dense wavelength multiplexing (12.5-
100 GHz spacing in ITU-grid [14]). Each of these chan-
nels can be used independently for classical communica-
tion, and filters are available to separate and demultiplex
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individual channels. However, the suppression of such
common filters is not high enough (20-40 dB) to protect a
quantum channel from neighboring classical states of light.
If such a fiber link includes an amplifier, a quantum chan-
nel in the C-band will also be classically amplified which
destroys its quantum state (no cloning theorem). From
these considerations, transmitting the quantum channel in
the O-band (taking losses into account) and classical data
in the C-band seems the best solution.

To establish a quantum network, quantum nodes like
single trapped atoms or ions, emitting in the visible or near
infrared spectral region, have to be interconnected via pho-
tons. To this end, bridging the gap between low-loss tel-
ecom wavelengths for long-range communication and the
atomic wavelengths quantum frequency conversion (QFC)
is necessary [15-17]. In the present experiment, we pro-
duce frequency-degenerate photon pairs, generated by
spontaneous parametric down conversion (SPDC), resonant
with an atomic transition of °Ca*t at 854 nm. One of these
photons is frequency converted to the telecom O-band. Its
partner photon triggers a telecom C-band laser pulse which
is overlapped with the converted photon and transmit-
ted through a long single-mode fiber. This means we here
multiplex a quantum state of light at a wavelength in the
telecom O-band with a coherent light field in the telecom
C-band. We measure time correlations between the laser
pulse and the converted photon at the fiber output, which
arise from the original non-classical time correlation of the
SPDC pair, maintained along frequency conversion, mul-
tiplexing and fiber transmission. This technique is also a
proof of principle for all-optical distribution of a signal for
heralding single photons.

2 Fiber characterization

To examine the different properties of fibers in the O- and
C-band in a preliminary experiment, we use correlated pho-
ton pairs in each of these bands. For this purpose, we pump
a lithium niobate waveguide [18] at a wavelength of 708 nm
to generate SPDC photons at 1535 and 1313 nm with
sinc’-shaped spectrum and a bandwidth of approximately
870 GHz (FWHM), respectively (details about SPDC in
this particular device can be found in [18]). Both photons
are sent through long single-mode fibers (SMF-28e) before
separating them with a wavelength division multiplexer
(WDM). Each output of the WDM is connected to a single-
photon detector. In the post-processing of the data, we cor-
relate the arrival times of the photons to measure the coinci-
dences between O-band and C-band photons. The fiber has
a different refractive index in the O- and C-band, and thus,
the delay between the photons will depend on the length of
the fiber. Hence, the position of the coincidence peak will
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Fig. 1 Dispersion effects in the telecom fiber. a Shows correlation
measurements between O-band and C-band photon pairs sent through
different fibers. b Shows the shift of the coincidence peak and ¢ the
broadening of this peak for the different fibers. The red solid lines in
b and c are linear fits to the experimental data

move. The result is shown in Fig. 1. As we used the same
measurement time for all fiber lengths, the total number of
coincidences reduces due to losses. Additionally, due to
the broadening, the coincidences are spread over a larger
number of time bins in the graph. Both effects result in an
increased measurement uncertainty and reduced signal-to-
background ratio, assuming a square root error model for
the number of coincidences. This becomes visible in the
broadening of the curves in the figure. We attribute the side
peaks visible for fiber lengths above 20 km to reflections in
the optical path.

Furthermore, even the individual spectral components of
each photon will experience different phase velocities lead-
ing to pulse broadening. The dispersion minimum of SMF-
28 fibers is in the telecom O-band (1310 < A9 < 1324 nm,
[19]). Hence, we expect negligible pulse broadening there,
but the temporal shape of the C-band photon will signifi-
cantly broaden due to dispersion. The results of the correla-
tion measurement show that the delay between the O-band
and C-band photons increases by 1.861 £ 0.004 ns/km.
This value was measured at the peak positions and thus
holds for every pulse pair with 1535 and 1313 nm central
wavelength. With the help of the effective group refractive



Single telecom photon heralding by wavelength multiplexing in an optical fiber

Page3of6 20

indices of the optical fiber given in the data sheet [19]
(n1310 = 1.4676, n1s550 = 1.4682), we estimate a dispersion
of 2 ns/km, in agreement with our experimental findings.
For the pulse broadening of the C-band photons, we find
a value of 108 £ 0.8 ps/km which depends on the particu-
lar spectral shape. Again we can estimate a value from the
parameters given in the data sheet [19]. The dispersion is
given as <18.0 ps/(nm-km). A FWHM of 870 GHz corre-
sponds to a spectral bandwidth of 7 nm, resulting in a dis-
persion of <126 ps/km. This is compatible with our meas-
urement results.

In practical realizations, such effects can hamper the
applicability. In Internet communication, the link between
two nodes can be reconfigured on demand to reduce data
traffic in certain channels and optimize speed and work-
load. Hence, the optical distance between two nodes might
change. For the idea of multiplexing quantum and classi-
cal channels, this means the delay between these data pack-
ets might also change. There exist techniques to synchro-
nize measurements which were referenced to independent
clocks via the time correlation of photon pairs [20]. A simi-
lar algorithm could be implemented here to track the cor-
relation signal.

3 Quantum and classical signal in a single fiber

To demonstrate the multiplexing of two optical signals in
a single fiber (SMF-28e), we implemented the experiment
described in the following and shown in Fig. 2.

We use spontaneous parametric down conversion
(SPDC) to generate photon pairs at 854 nm. This source
has been described earlier in more detail [21, 22] where it
has been used to herald the absorption of a single photon by
a single trapped ion. It consists of a diode laser system at
854 nm which is actively stabilized to an atomic transition
in calcium (*°Ca*, 3?Ds,» <> 4?P3/,). The second harmonic
(SHG) of this laser field serves as pump field for the SPDC
process. This allows to generate frequency-degenerate pho-
tons resonant with the transition in Ca*. The down conver-
sion is realized via type II phase-matching conditions in a
2-cm-long periodically poled KTP (PPKTP) crystal. The
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photons are thus polarization entangled. However, for the
experiments reported here, this kind of entanglement is
not used and we employ a polarizing beam splitter (PBS)
to effectively separate the signal and idler photons. One
photon serves as a herald, which is detected by a silicon
avalanche photon detector (Si-APD, Perkin Elmer SPCM-
AQR-14, 30 % detection efficiency at 854 nm), while its
partner photon is sent to the frequency converter setup. For
frequency conversion, we make use of difference frequency
generation in a periodically poled lithium niobate ridge
waveguide (similar to the device described in [16]). The
conversion from A; = 854 nm to the telecommunications
O-band around /4; = 1310 nm is stimulated by a strong
coherent pump field at a wavelength of 4, = 2453 nm
(1/4s —1/2, =1/2;). This pump field is generated by a
continuous wave optical parametric oscillator (OPO). From
calibration measurements, we determine the overall conver-
sion efficiency to approximately 8 % (including coupling
of signal photons to the waveguide and telecom photons to
the output fiber). Finally, we use superconducting single-
photon detectors (SSPD, Single Quantum EOS X10) for
counting the telecom photons (detection efficiency of 25 %
at 1310 nm). Although the efficiency of frequency conver-
sion is only 8 % here, the overall transmission efficiency
(including conversion and fiber transmission losses) ben-
efits from the small fiber losses in the O-band (measured
as 0.25 dB/km at 1310 nm, compared to approx. 2 dB/
km at 854 nm) and equals the transmission efficiency of
the unconverted photons at a fiber length of 6.5 km. After
20 km of fiber, the advantage of the conversion scheme
amounts to 24 dB. These numbers illustrate that low-loss
transmission of quantum states through fibers benefits from
QFC.

To multiplex classical and quantum states of light in a
single fiber, we connect the heralding detector (Si-APD)
to a diode laser (Thorlabs LPSC-1550-DC) emitting at
1550 nm in the telecom C-band. In detail, the diode was
biased with a DC current of 11 mA and the TTL pulses
were added via a bias-T and a 50 Ohm load resistor. This
is enough to drive the diode above threshold (36 mA). The
bias current reduces fluctuations of the pulse shape with-
out finally introducing excess noise by continuous photons.

BPF1550
~ o o SSPD
BP,::}_:.QZ(QZBO(D WDM B
WDM @
SSPD
e e a0 .

Fig. 2 Experimental setup for correlation measurements between converted photons and an optical clock signal. For abbreviations see text
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Fig. 3 Converted single photons at telecom O-band and laser herald
pulses in the telecom C-band multiplexed in a single fiber. a Shows
the results for 2 m of delay, as reference, and b shows the long-
range measurement over 20 km. The red solid lines show measure-
ments of the background, and the gray bars show the measurement
results including O-band single photons. The red shaded areas are a

The shape of the generated optical pulse (Fig. 3c) follows
the electrical current. The laser pulse is transmitted through
1550-nm bandpass filters (BPF, 20 nm FWHM) to suppress
noise at other telecom wavelengths, generated by the laser.
Then, the pulses are sent to the laboratory where the con-
verter is hosted. There, the laser pulses are combined with
the converted photons via a WDM as shown in Fig. 2. After
combination, both optical fields travel in the same delay
fiber which can be set to various lengths between 2 m and
20 km. After this fiber link, both fields are again separated
by a single WDM. These WDMs (Thorlabs WD202B-FC)
have a minimal isolation of 16 dB between the two bands.
We first performed the correlation measurement with
non-attenuated laser pulses and additional filters before
the single-photon detector at the O-band. In this case, we
were able to detect the C-band laser pulses with a standard
photodiode (Thorlabs DET10C), thus proving that single-
photon sensitivity is not necessary in the clock channel.
Unfortunately, the background in the single-photon O-band
channel drastically increased due to channel cross talk.
With this configuration, we were not able to clearly prove
the preservation of the temporal correlation between the
single photons and the laser pulses. The experimental setup
could be optimized by including narrowband filters (e.g.,
fiber bragg gratings) and WDMs with higher isolation. A
similar result was observed in a recent paper where Raman
scattering of the strong pulses was identified as main noise
source [13].

One way to reduce this noise is to reduce the power
of the laser pulses and use detectors with higher sensitiv-
ity. Superconducting single-photon detectors are a cur-
rent state-of-the art technology to register single photons.
Their advantage is a low timing jitter in the order of 50 ps
and high detection efficiency at telecom wavelengths. As
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guide for the eye and indicate the cross-talk coincidences of the laser
pulses. Detections in the O-band channel were used as start and in
the C-band channel as stop triggers for the correlation measurements.
¢ Shows a measurement of the laser pulse intensity with a standard
photodiode and an oscilloscope (2 m fiber delay)

we already use such a device for the O-band channel, the
system complexity only marginally increases by adding a
second device for the C-band channel. To observe the tem-
poral correlations between O-band and C-band signals,
we thus reduce the power of the C-band pulses by adding
neutral density filters and connect both output channels to
the SSPDs, as shown in Fig. 2. The C-band channel has an
additional delay of 50 m of fiber to reduce cross-talk effects
in detection. In a preparatory measurement, the rate of her-
ald events was measured directly at the Si-APD. Then, the
laser pulses were attenuated by six orders of magnitude
which, for the heralding channel, resulted in a compara-
ble count rate on the SSPD as on the Si-APD before. We
collect the detection events on both SSPD in a list of time
stamps using a fast counting electronics (Roithner Laser
TTMS8000) and correlate both later. For comparison, a
background measurement was performed by blocking the
input of 854 nm photons in the converter and repeating the
measurements with the same settings (red curves in Fig. 3).
When the laser pulses arrive at the WDM, the major part is
directed to the C-band output port. However, a small frac-
tion of the pulse (given by the WDM isolation) will also
be directed to the O-band port. As the coherent pulse con-
sists of many photons, this leakage results in a coincidence
detection on both detectors. The shape of this coincidence
peak is given by the autocorrelation of the laser pulse, and
the position of the peak is given by the difference in opti-
cal delay between the WDM and the individual detectors.
The background measurement makes this effect visible as
the true single-photon signal is blocked. Furthermore, we
expect a very low constant noise floor by accidental coin-
cidences between telecom O-band noise photons generated
in the converter and C-band spontaneous emission of the
laser, as well as detector dark counts in both channels. The
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laser pulses have a rectangular shape of 30 ns width (see
Fig. 3¢). Hence, we expect a triangular autocorrelation with
a width of 60 ns at the base. This corresponds well with the
experimental width of 62 ns. The results for simultaneous
transmission of classical and quantum signals are shown as
gray bars in Fig. 3(a, b) for the shortest and longest avail-
able fiber lengths, respectively.

In both examples, we can identify two coincidence
peaks. We inserted an additional 50 m delay fiber between
the two SSPD channels (measured to introduce 244 ns
delay). Hence, we can identify the peak around 240 ns
to stem from the fraction of the C-band laser pulse leak-
ing into the O-band detection channel. This is proved by
the background coincidence rate (red lines in Fig. 3) which
shows that this peak is completely independent of the
frequency converted photons. In contrast, the neighbor-
ing peak (gray shaded area) stems from the correlation
between the laser pulses and the converted single photons.
The center of mass of this peak shifts by 43 ns which is
comparable to the shift expected from the earlier results
(37.2 ns for 20 km, see Fig. 1). For the correlation signal of
interest, we expect a convolution between the short photon
pulse (coherence time 5 ps) and the laser pulse (30 ns). The
measured width at the base of the 20 km delayed pulse is
34 ns, corresponding well with the estimated value (30 ns
+ 20 km-108 ps/km = 32 ns). We can attribute the modula-
tion of the pulse height to saturation and dead-time effects
in the detectors. The coherent laser pulse consists of more
than one photon on average which means that possibly
more than one detection event can be triggered by a single
pulse on the SSPD. In particular, the dead time of the SSPD
is around 10 ns which is shorter than the pulse width, giv-
ing rise to the threefold peak structure of the 30 ns long
coincidence peak.

An effective separation of the signal of interest and the
background is possible by gated detection, where the posi-
tion and width of the gate window are adapted to position
and shape of the signal coincidence peak.

4 Conclusion

To summarize the results, we have shown a basic experi-
ment demonstrating a way to multiplex classical and
quantum channels in a single fiber. We demonstrated the
correlation of the SPDC photons by transmitting the tim-
ing information by an optical clock pulse in the telecom
C-band. Moreover, we used quantum frequency conver-
sion to the telecom O-band to tackle the high transmission
losses of quantum-memory compatible photons. Both QFC
and mapping of the detection event to a laser pulse preserve
the time correlation of the original 854 nm partner photons.
This is an important proof-of-principle demonstration for

distribution of quantum information using existing fiber
network infrastructure.

Regarding a practical application, we should use gated
detection and choose the gate width and position to cut
out the coincidence peak with the true signal only, thereby
discarding the detection channel cross-talk effects we
observed. For fibers with several kilometers of length,
the delay is large enough to make this feasible. The laser
pulses used in this proof-of-principle demonstration were
generated by direct electrical connection of the APD to
the laser. A further improvement is to use much shorter
laser pulses that decrease timing jitter as well as reduce
dead-time effects in detection. Together with the gating,
this would decrease noise background. As pointed out in
a recent publication temporal gating combined with spec-
tral filtering makes multiplexing of a quantum channel and
a standard communication channel in a single fiber feasi-
ble [13]. Those improvements can also be applied to our
scheme.
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