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Multiplexed entangled photon-pair sources for all-fiber quantum networks
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The ultimate goal of quantum information science is to build a global quantum network, which enables
quantum resources to be distributed and shared between remote parties. Such a quantum network can be realized
using only fiber elements, thus deriving the advantages of low transmission loss, low cost, scalability, and
integrability through mature fiber communication techniques such as dense wavelength division multiplexing.
Hence high-quality entangled-photon sources based on fibers are in high demand. Here we report multiplexed
polarization- and time-bin-entangled photon-pair sources based on the dispersion-shifted fiber operating at room
temperature. The associated high quality of entanglement is characterized using interference, Bell’s inequality,
and quantum state tomography. The simultaneous presence of both types of entanglement in multichannel pairs
of a 100-GHz dense wavelength division multiplexing device indicates a great capacity in distributing entangled
photons over multiple users. Our design provides a versatile platform and takes a big step toward constructing
an all-fiber quantum network.

DOI: 10.1103/PhysRevA.94.043810

I. INTRODUCTION

Entanglement is one of the key resources in quantum in-
formation processing, which enables a variety of applications
such as quantum teleportation [1–3], dense coding [4], and
enhanced sensitivity in image and metrology [5–7]. Usually,
entanglement can be created in various physical systems
based on second- or third-order nonlinear processes. Some
instances of entanglement generation include spontaneous
parametric down-conversion (SPDC) based on bulk and
waveguide nonlinear crystals [8–10], spontaneous Raman
scattering and spontaneous four-wave mixing (SFWM) in
atomic ensembles [11,12], dispersion-shifted fibers (DSFs)
[13–16], silicon waveguides [17–19], and photonic crystal
fibers [20]. Through conservation of energy, linear momen-
tum, and angular momentum in these nonlinear interaction
processes, entanglement can be created in different degrees
of freedom of the photon. The commonly generated forms of
photonic entanglement are polarization, time bin, path, and
orbital angular momentum [21].

Although various systems can be used for preparing dif-
ferent states of entanglement, for the purpose of constructing
a global quantum network and distributing entanglement over
remote parties, the generation of photon entanglement within
the low-loss transmission window of a fiber is indispensable
[22]. Building sources using commercially available DSFs
offers evident advantages over other devices for their direct
connectivity with fibers, absence of free-space alignment,
abundance of cheap readily available fiber elements, and
ease of integration for scaling. Also, several mature fiber
communication techniques such as dense wavelength division
multiplexing (DWDM) and time division multiplexing can be
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used to enhance information transmission capacity. By using
the DWDM technique, the full bandwidth of the fiber can
be used, greatly enhancing the transmission capacity of a
single fiber channel. For polarization entanglement based on
quasi-phase-matching second-order nonlinear waveguides or
bulk crystals, active switching and entanglement distribution
in DWDM have been realized [23–28]. A recent work
also reported multiuser quantum key distributions based on
DWDM technique by using polarization-entangled photon
pairs generated from a AlGaAs phonics chip [29].

In past decades, advances have been made in preparing
polarization- and time-bin-entangled photon sources using
DSFs [13–16] and photonic crystal fibers [20]. Also, progress
has been achieved in suppressing the intense noise from
Raman scattering of photon pairs generated in a DSF using
pulse pumping, polarization filtering, time filtering with high-
performance superconducting-nanowire single-photon detec-
tors, and cooling with liquid gases [30,31]. The coincidence
to accidental coincidence ratio increases to a very high
level, enabling quantum information processing tasks to
be performed. Very recently, quantum storage of telecom
band photonic polarization qubits, time-bin-entangled states,
and frequency multiplexed modes in erbium-doped optical
fiber have been demonstrated [32–34], showing the potential
for implementing long-distance all-fiber quantum networks.
All-fiber entangled photon sources are good candidates for
achieving this goal. While there are many reports on preparing
entangled photon sources based on DSFs, none report on a
wavelength multiplexed entangled source based on a DSF,
having a similar figure of merits as reported in Ref. [19].
These merits include the realization of entanglement over
multifrequency modes, which enable the engineering of com-
plex quantum states, and the compatibility with contemporary
telecom fibers and quantum memories as well as chip-scale
semiconductor technologies featuring compactness, low cost,
and scalability.
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In this work we demonstrate multiplexed entanglement
photon sources over three pairs of 100-GHz DWDM channels
for both polarization and time-bin based on DSF. Operating
at room temperature, our sources have good entanglement
quality with a coincidence to accidental coincidence ratio
(CAR) of 30 without cooling the DSF with liquid gases. The
visibilities are nearly 90% without subtracting background
coincidences and reach nearly unity after subtraction. The
Clauser-Horne-Shimony-Holt (CHSH) inequality measured
for the polarization-entangled source has an S value of 2.38 ±
0.12 with a violation of more than three standard deviations. By
quantum state tomography for the time-bin-entangled source,
we obtain a fidelity of 0.9120 ± 0.0120 (0.9723 ± 0.0070)
without (with) background subtraction. All three channel pairs
have high two-photon interference visibilities, indicating that
entanglement over multiple users can be achieved. The present
multiplexed entangled photon sources are important in realiz-
ing an all-fiber quantum network and enhance the transmission
capacity using the state-of-the-art DWDM technique.

II. MULTIPLEXED POLARIZATION-ENTANGLED
SOURCE

We first characterize the multiplexed polarization-
entangled source. The experimental setup [Fig. 1(a)] for
generating the polarization-entangled photon source includes
a homemade mode-locked fiber laser centered at 1550.1 nm,

FIG. 1. Experimental setup for multiplexed polarization and
time-bin-entangled photon pairs. (a) Setup for polarization-
entanglement source. (b) Frequency distribution of pump beam,
signals, and idler photon. (c) Setup for time-bin-entanglement source:
TA, tunable attenuator; PC, polarization controller; PBS, polarized
beam splitter; DSF, dispersion shifted fiber; APD, avalanche photon
detector; BS, 2 × 2 beam splitter; FRM, Faraday rotation mirror; and
DWDM, 100-GHz dense wave division multiplexing system.

with a repetition rate of 27.9 MHz and pulse width of 25 ps,
for use as a pump beam. The beam is first passed through
a variable attenuator to adjust the pump power and then the
broadband background fluorescence signal is filtered out using
a cascade of 100-GHz DWDM filters. The cleaned pump
beam is used to pump a fiber loop incorporating a 300-m
DSF for generating polarization-entangled photon pairs by
SFWM. The strong pump beam is removed by a cascade
of 200-GHz DWDM filters and then a 32-channel 100-GHz
DWDM is used for distributing the polarization entanglement
of correlated channel pairs (actually, six channels are used
in the experiments). The output ports of each channel pair
are connected to avalanche photon detectors (APDs) (APD1
and APD2, ID220, ID Quantique, Carouge, Switzerland, free
running detection, 20% detection efficiency, 10-μs dead time).
The output signals from ADP1 and ADP2 are sent to our
coincidence count device (TimeHarp 260, PicoQuanta, Berlin,
Germany) (0.4-ns coincidence window). The principle for this
fiber loop [Fig. 1(a)] is similar to a Sagnac interferometer loop
for generating a polarization-entangled photon source based
on second-order nonlinear crystals in the SPDC processes [9].

In the present case, the pump beam is split by a polarized
beam splitter (PBS) into clockwise and counterclockwise
circularly polarized photon pairs with polarization states
|H 〉s |H 〉i and |V 〉s |V 〉i . After the photon pairs from the two
counterpropagation directions recombined at the PBS, the
photonic state at the output port of the fiber loop can be
expressed as [14]

|�〉 = |HH 〉 + ηeiδ|V V 〉, (1)

where η is determined by the ratio of the pump power and
δ= 2(ϕp+�kpL) depends on the initial phase ϕp of the pump
beam at the input port and the birefringence �kp = kpH − kpV

experienced by the pump beam in the H and V polarizations. By
changing the pump power and initial phase, we can generate
maximally entangled states |�〉± = 1/

√
2(|HH 〉 ± |V V 〉).

To characterize the quality of our entangled source, different
methods are used in our experiment. We first measure the
two-photon polarization interference fringes under different
settings. From the experimental results [Fig. 2(a)], the raw
(net) visibilities in the 0° (dashed red line) and 45° (solid
black line) bases for channels C31–C37 are 89.33 ± 1.91%
(96.61 ± 1.06%) and 87.92 ± 1.95% (94.39 ± 1.33%),
respectively. Visibilities above 71% imply the presence of
quantum entanglement.

To further characterize the performance of the entangled
source, we measure the S parameter of the CHSH inequal-
ity [35], which for the two sets of polarization direction
settings (θs = −22.5◦, 67.5◦, 22.5◦, and 112.5° and θi =
−45◦, 45◦, 0◦, and 90°) is 2.38 ± 0.12 without the background
subtracted, violating the inequality at more than three standard
deviations. After subtracting the background, the S parameter
is 2.50 ± 0.12.

To demonstrate the capability of the entanglement distri-
bution over multiple users using wavelength multiplexing,
we measure the CARs over three correlated channel pairs by
varying the pump power. Because of energy conservation in
SFWM, the equal separation of the signal and idler photon
frequencies from the pump frequency is correlated; Fig. 1(b)
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FIG. 2. Two-photon interference fringes and CARs for multi-
plexed polarization entangled source. (a) Coincidences in 60 s for
channel pair C31-C37 as a function of the signal polarizer angle,
when the idler angle is fixed at 0° (dashed red line) and 45° (solid
black line). (b) CARs for different correlated channel pairs C30-C38
(solid black line), C31-C37 (dotted green line), and C32-C36 (dashed
red line) as a function of average pump power.

is a diagram to show this correlation. At the average pump
power of 20 μW, the result [Fig. 2(b)] gives a maximum
CAR of 30. Channel pairs C31-C37 (dotted green line) and
C32-C36 (dashed red line) show similar trends, but channel
pair C30-C38 (solid black line) has a relatively lower CAR
because the photon spectra in channels C30 and C38 are
near the boundary of the emitted photon pairs. The high CAR
at room temperature demonstrates that polarization-entangled

distribution over multiple users using the DWDM technique
is possible. The number of the total correlated channel pairs
is limited by the bandwidth of the emitted photon pairs, the
measured bandwidth of our present source is around 3.2 nm,
and the total correlated channel pairs is at most four pairs.

To know the actual performance of our multichannel
polarization-entangled photon pairs, we also measure the
visibilities in the 0° and 45° bases for the three channel pairs
at an average pump power of 100 μW. The results, listed in
Table I, show that all the raw visibilities are greater than 80%
and the net visibilities are greater than 96%. The simultaneous
presence of high visibilities implies the high quality of our
multichannel polarized-entangled photon source. The average
losses excluding the detector efficiency for signal and idler
photons is around 8 dB. Therefore, the photon-pair generation
rate in the 100-GHz bandwidth of the channel pair C3-C37 is
1 MHz, which is equal to 0.11 Hz per pulse.

III. MULTIPLEXED TIME-BIN-ENTANGLED SOURCE

Next we characterize the multiplexed time-bin-entangled
source. The time-bin-entangled photon-pair source is another
important quantum resource suitable for performing the
quantum key distribution over telecom fibers. As in previous
experiments, the scheme for time-bin-entanglement generation
[Fig. 1(c)] involves using the pump laser and forward and
backward filters. The pump beam is split into two time bins
by using a 1.6-ns unbalanced Michelson fiber interferometer
(UMI) [36,37] consisting of a fiber coupler and two Faraday
rotator mirrors. Each pump time bin generates a pair of
photons. After removing the pump beam, the generated photon
pairs are separated by a 32-channel 100-GHz DWDM. The
correlated channel pairs are connected to two UMIs with the
same parameters as the first UMI. Each UMI is individually
sealed in a copper box and thermally insulated from the air. The
temperature of each copper box is controlled with a homemade
semiconductor Peltier temperature controller with temperature
fluctuations of ±2 mK. The output of one of the interferometers
is connected to APD3 (Princeton Lightwave Inc., Cranbury,
NJ, USA, 100-MHz trigger rate, 1-ns detection window, 15%
detection efficiency), which is gated by the synchronized
signal from the mode-locked laser. The output from the other
interferometer is connected to APD1. The electrical detection
output signals from APD1 and APD3 are sent for coincidence
measurements.

Now we give a brief theoretical description of our time-
bin-entanglement source. After the pump beam is divided
into two time slots by the forward UMI, the pump photon

TABLE I. Visibilities for different channel pairs for a 100-μW pump and 30-s coincidences.

Channel pairs Raw V0 (%) Net V0 (%) Raw V45 (%) Net V45 (%)

C32-C36 89.85 ± 1.50 98.91 ± 0.47 87.05 ± 1.73 95.96 ± 0.96
1551.72–1546.92 nm

C31-C37 90.86 ± 1.76 98.34 ± 0.72 90.50 ± 1.70 97.07 ± 0.93
1552.25–1547.72 nm

C30-C38 80.87 ± 3.11 98.25 ± 0.93 82.79 ± 2.71 97.48 ± 1.03
1553.33–1546.92 nm
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FIG. 3. Two-photon interference fringes and reconstructed den-
sity matrix for multiplexed time-bin-entangled photon pairs.
(a) Coincidences in 30 s as a function of the signal UMI phase, when
the pump UMI phase is fixed at 0 and the idler UMI phase is fixed at
0 (solid blue line) and π/4 (dashed black line). (b) Coincidences in
30 s when pump and idler UMI phases are fixed at 0 (solid blue line)
and the signal and idler UMI phases are fixed at 0 (dashed black line).
(c) and (d) Real and imaginary parts of our experimental reconstructed
density matrix.

is prepared in state |	〉p = 1/
√

2(|S〉 − eiφp |L〉), where S and
L signify the photon passing through the short and long arms
of the interferometer, respectively, and φp is the relative phase
between the two arms. After transmitting the pump beam from
the DSF, time-bin entanglement is created from the two time
slots with the states expressed as [15]

|�〉= 1√
2

(|SS〉 − ei2φp |LL〉). (2)

When this entanglement state is further transformed by
two UMIs in the signal and idler ports and we postselect
the central slot, two-photon interference fringes are ob-
tained. The coincidence for two photons is proportional to
1−V cos(2φp−φs−φi), where φs and φi are the relative phases
of the UMIs in the signal and idler ports, respectively.

To characterize the quality of our time-bin-entangled source
in detail, we measure the dependence of the two-photon
interference with respected to the pump, signal, and idler UMI
phases (φp, φs , and φi) by tuning the temperatures of the three
UMIs. From the results shown in Figs. 3(a) and 3(b), the pump
phase [Fig. 3(a)] is kept at 0 and the idler phase is kept at 0 and

π/4 for the solid blue and dashed black curves, respectively.
The raw (net) visibilities are 90.45 ± 2.30% (98.58 ± 0.85%)
and 87.65 ± 2.59% (95.14 ± 1.62%). The two curves in
Fig. 3(b) show the results for φp = φi = 0(solid blue line) and
φs = φi = 0 (dashed black line) verifying that the two-photon
interference fringe has a period of oscillation of π for the pump
phase and 2π for the signal (idler) phase.

To fully characterize a quantum state, quantum state
tomography is required. We use the method introduced in
Ref. [38] to project measurements onto the different bases.
The real and imaginary parts for our reconstructed density
matrix are shown in Figs. 3(c) and 3(d), respectively. The raw
(net) fidelity of our experimental density matrix from the ideal
density matrix is 0.9120 ± 0.0120 (0.9723 ± 0.0070). A high
fidelity for the reconstructed density matrix confirms the good
quality of our time-bin-entangled source.

To demonstrate the feasibility of distributing our time-
bin-entangled source over multiple channels, we measure the
visibilities of the three correlated channel pairs. The results
(Table II) show that the raw visibilities are above 84% and
the net visibility is above 95%, implying that all channel pairs
have high entanglement quality and are suitable for the all-fiber
distribution of time-bin entanglement to multiple users using
the DWDM technique.

To further characterize the properties of the sources,
we perform the g(2)

ss autocorrelation and a heralded g(2)(0)
measurement to show the purity and single-photon nature of
the source. In the measurement, the pump power is 100 μW.
We obtain an autocorrelation value of 1.761, which means that
the purity of the source is 0.761 as g(2)

ss = 1 + P , where P is the
purity of the source [39]. The heralded g(2)(0) measurement
yields a value of 0.0725, which means that the photon source
has a good single-photon nature.

IV. DISCUSSION AND CONCLUSION

Polarization-entangled and time-bin-entangled photon
sources are two of the more important quantum resources for
quantum computation and quantum communications. In this
study we prepared both kinds of entangled source based on
SFWM in DSF at room temperature. The highest CAR was
reached for the DSF-based photon-pair source operating at
room temperature. We also verified the simultaneous presence
of high entanglement over three channel pairs and the capabil-
ity to use our source to distribute both kinds of entanglement
to multiple users using the DWDM technique, performed with
a DSF-based photon-pair source. Time-bin entanglement is
much more suitable for long-distance transmission in optical
fiber than polarization entanglement as it is not sensitive to po-

TABLE II. Visibilities for different channel pairs for a 100-μW pump and 30-s coincidences.

Channel pairs Count (APD1, k/s) Count (APD2, k/s) Raw V (%) Net V (%)
C32-C36 6.4 20.0 87.35 ± 2.41 97.74 ± 0.99
1551.72–1546.92 nm

C31-C37 5.8 18.0 89.42 ± 2.35 96.85 ± 1.26
1552.25–1547.72 nm

C30-C38 5.0 19.0 83.98 ± 3.65 95.24 ± 1.99
1553.33–1546.92 nm
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larization distortion. For long-distance transmission of polar-
ization in optical fiber one needs to actively stabilize the polar-
ization fluctuation caused by temperature and stress variances.

Although relatively high performances are obtained for
our source, further improvements of our DWDM entangled
sources are feasible. In Ref. [27] the authors achieved
entangled photon pairs over 40 channels, and entanglement
in the whole C band is realized in Ref. [26]. In the present
demonstration, the number of channel pairs was limited to
three. By engineering the dispersion properties of the DSF
or using high nonlinear fiber with shorter fiber length, the
number of channel pairs can be greatly extended. The intense
Raman scattering noise present in the DSF photon source
under room-temperature operation limits any further increase
in the CAR. By cooling the fiber to liquid-nitrogen (77 K) or
helium (4 K) temperatures, noise from the photon signal can
be greatly reduced. The APDs used in our experiments have a
relative low efficiency, large time jitters, and long dead time.
By using high-performance superconductor single-photon
detectors, the coincidence count rate can be greatly enhanced
and the CAR can be further improved by applying a narrower
coincidence window.

Quantum information processing based on integrated opti-
cal elements such as optical fibers and silicon on insulator
waveguide looks very promising for quantum networks.

With advances in chip-scale quantum state engineering and
telecom band fiber-based quantum memory, our all-fiber-based
photon-pair entangled source is directly compatible with these
systems in realizing the more complex tasks associated with
computation and communication.

In conclusion, we prepared both polarization- and time-bin-
entangled photon pairs based on a DSF operating at room tem-
perature. By taking advantage of the state-of-art DWDM tech-
nique, our entanglement source looks promising in being able
to perform an entanglement distribution over multiple users.
The present work contributes to constructing an all-fiber-based
long-distance quantum network that would provide a scalable,
practical, and compact platform for quantum technology.
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FIG. 4. (a) Coincidence count, (b) accidental coincidence count, and (c) single count for correlated channel pairs C30-C38 (bottom solid
red line), C31-C37 (top solid light blue line), and C32-C36 (dotted black line). (d) CAR for four correlated channel pairs.
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FIG. 5. (a) Histograms for 25-ps bin in time-bin-entanglement
measurement. (b) Raw (bottom green line) and net (top red line)
visiblities at different pump power.

APPENDIX

1. More data about the photon source

In the single-pass configuration, we measure the coinci-
dence count, accidental coincidence count, and single count for

three correlated channel pairs C30-C38 (bottom solid red line),
C31-C37 (top solid light blue line), and C32-C36 (dotted black
line). Results are showed in Figs. 4(a)–4(c). All the channel
pairs have similar characteristics when the pump power is
increasing. Channel pairs C31-C37 and C32-C36 are nearly
the same because they are at the center of the emission spectra
of the photon pairs; channel pair C30-C38 has a relatively
lower count because it is near the boundary of the emission
spectra. Figure 4(d) shows the CAR for four correlated channel
pairs when the pump power is fixed at 41.4 uW. The CAR
is decreasing with the frequency detuning from the central
pump frequency. Because of the limited emission bandwidth
of the photon source, the number of correlated channel pairs is
small.

2. More data about the time-bin source

The histogram for a typical measurement is showed in
Fig. 5(a): The bin width is 25 ps for each bin and the time
difference of the peak is 1.6 ns. The performance of the time-
bin source for channel pair C31-C37 at various pump powers
is shown in Fig. 5(b). In the low-pump-power regime, the raw
(bottom green line) and net (top red line) visibilities increase
with increasing pump power, while in the high-pump-power
regime, the visibility decreases with increasing pump power
because of the multiphoton effect.

3. How the UMI phase is tuned in the time-bin source

The thermal coefficient of fiber at 1550 nm is dn
dT

= 0.811 ×
10−5 ◦C, the fiber length difference of the UMI is 163.48 mm,
and Ld = c�t/2n for a 1.6-ns delay. The temperature for one
tuning period �T = λ/2Ld

dn
dT

is 0.585 K. In the experiments,
the temperature tuning periods and the phase of the UMIs
are measured and calibrated using a stable narrow bandwidth
laser source. The phase of the UMIs can remain unchanged for
hours because of serious thermal and acoustic isolation from
the environment.
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