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Perfect entanglement swapping, which can be realized without the postselection by using the nonlinear
optical technology, provides an important way toward generating the large-scale quantum network. We
explore an entanglement-swapping-based dense wavelength division multiplexed network in the experi-
ment. Four users receive single quantum states at different wavelengths, and we perform a time-energy
entanglement swapping operation based on the sum-frequency generation to make users fully connected in
the network. The results show that the fidelity of the entangled state is larger than 90% and is independent
of the number of users. Our Letter demonstrates the feasibility of a proposed multiuser network, and hence
paves a route toward a variety of quantum applications, including entanglement-swapping-based quantum

direct communication.
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Introduction.—A quantum network [1] is an important
platform for applying quantum information and testing
quantum theory. Each user in the quantum network not only
shares the key by entanglement distribution to implement
unconditional secure communication, but also performs the
Bell-state measurement to realize the quantum information
processing tasks, such as quantum teleportation [2] and
entanglement swapping [3]. Entanglement swapping can
establish the quantum entanglement between two indepen-
dent photons without any interaction before [4], which is
the basis for constructing a large-scale quantum network.

The Bell-state measurement is a core technology used to
realize entanglement swapping [5]. However, due to the
limitation in the linear optical Bell-state measurement,
one can only identify two Bell states, while the other
two Bell states cannot be resolved [6]. This makes this
entanglement-swapping protocol useless in practice with-
out postselection. Fortunately, it has been shown that the
perfect entanglement swapping can be realized if the Bell-
state measurement uses the sum-frequency generation
(SFG) [7]. Furthermore, SFG between single photons at
telecom wavelengths has been experimentally demon-
strated [8—10], and one heralded entangled-photon pair
in the visible wavelength regime with fidelity greater than
90% may be obtained in theory. However, the generated
entangled-photon pair of the visible wavelength regime
based on the SFG process cannot be used for the optical
fiber network, and at the same time, the number of users of
communication is also limited to only two users. Quantum
networks extend the advantages of entanglement-swapping
protocols without postselection by using the SFG for more
than two remote users. The quantum entanglement of the
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telecommunications band can be established between
any two users in the network, and different quantum
information processing tasks, such as quantum direct
communication, can be performed through the generated
entanglement.

Here we present an entanglement-swapping-based dense
wavelength division multiplexing (DWDM) network in
which a single-photon source distributes N quantum states
in the telecommunications band to N distant users. All
distant users are in a fully connected graph by performing
the Bell-state measurements based on SFG. In this Letter,
we demonstrate the feasibility of our approach by using a
single-photon source. The spectrum of the generated
single-photon source is divided into four international
telecommunication union (ITU) channels, where the fre-
quency correlation of photons is built up via the DWDM, so
two sets of time-energy entangled states are distributed to
four users. Based on SFG between any two nonentangled
photons, we can establish the entanglement between the
other two independent photons. This makes four users a
fully connected graph while allowing all pairs of users to
generate the entanglement and the secure key using only a
single-photon source. Our experiment requires no post-
selection and shows that the fidelity of the entangled state is
only dependent on the transmission distance, which makes
our proposal suitable for potentially building the large-scale
quantum network.

Experiment.—Our design for the fully entanglement-
swapping-based DWDM network is presented in Fig. 1. In
our network, the quantum processor is used to generate a
single-photon source and then distributes N single-photon
states to NV distant users by using one 100-GHz DWDM.

© 2019 American Physical Society
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FIG. 1. The concept of the entanglement-swapping-based
DWDM network.

Each user holds a photon at the specific wavelength and has
one time-energy analysis and detection module. All users
are in a fully connected network after performing the
entanglement-swapping operations based on SFG. In order
to implement a fully connected graph with N users, N x
(N—1)/2 links and N/2 entangled states are needed.
Therefore, the desired single quantum state and single-
photon detection system increases with a linear dependence
as the number of users increases.

Next, we experimentally demonstrate the feasibility of
our approach by using a single-photon source, which is
multiplexed into four channels of different wavelengths.
These four single quantum states are then distributed to
four users (Alice, Bob, Chloe, and Dave). The experimental
setup is shown in Fig. 2. Two frequency-correlated photon
pairs from the spontaneous parametric down-conversion
(SPDC) source are separated into four wavelength chan-
nels. Each user now receives one wavelength channel and
can share a different entangled state with another user.
To implement our network architecture, a 1551.72-nm
(CH32) cw laser amplified by an erbium-doped fiber
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amplifier is used to generate a second harmonic generation
(SHG) laser in the first temperature-stabilized periodically
poled lithium niobate (PPLN) waveguide. A 780-1550-nm
wavelength division multiplexing (WDM) is used to sup-
press the CH32 laser with an extinction ratio of about
180 dB. The generated SHG laser is used as a pump to create
photon pairs through SPDC in the second PPLN waveguide.
The generated photon pairs are separated from the SHG
laser using another WDM with an extinction ratio of
about 180 dB.

In this SPDC process, any set of correlated photon pairs
are generated simultaneously, and the resulting processes
are independent and equally probabilistic, while the result-
ing processes determined by the quasiphase matching
conditions are independent and equally probabilistic
[11,12]. In our experiment, the photon counts of the four
channels (CH26, CH38, CH28, and CH36) are about the
same. For the maximum output of the pump laser, the
photon count of each channel is at the order of 10® per
second. As shown in Fig. 2, the correlated photon pair
(CH26, CH38) are sent to two unbalanced interferometers
at Alice’s and Dave’s sites (Franson configuration) [13].
The correlated photons (CH26, CH38) can either travel
along a short or a long path (s, , or /4 p). We consider the
case when both photons exit the interferometer through
the same path output, which gives the entangled state
|®T) ,p = (1/\/5)(|ss> +|11)) ,p, where |s) and |I) are the
quantum states of the correlated photon pair (CH26, CH38).
In our experiment, Alice and Dave share one entangled state,
and Bob and Chloe share the other entangled state. Fidelities
of these two sets of entangled states are (97.1 + 1.2)% and
(97.5 £ 1.5)%, respectively [14].
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FIG. 2. Experimental setup. (Left) Entanglement-swapping-based DWDM quantum network. (Right) SFG between two nonentangled
photons. Franson interferometry (FI). Single-photon detector (SPD) (quantum efficiency, 74, = 10.0 &= 0.2%; repetition frequency of
gate, f = 100 MHz; width of gate, 1 ns; dark count probability per second, D = 1 x 107%).
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FIG. 3. (a) Measured g!*(0) as a linear function of the pump
power. (b) CAR for two sets of photon pairs generated by SPDC.

To achieve the entanglement between users, two non-
entangled photons are coupled simultaneously into the
third PPLN waveguide (SH-50-PM-SM-2-2, SIQST) by a
DWDM to create one SFG photon (Fig. 2, right). The peak
SFG efficiency of the waveguide is about 15%. A stable
temperature controller is used to keep the waveguide’s
temperature to maintain the quasi-phase-matching condi-
tion of the SFG process. The created SFG photon, after a
high-isolation WDM (about 180 dB), is sent into a silicon
avalanche photodiode (SAPD) (COUNT-100T-FC, ETSC
Technologies Co.). The SAPD’s detection efficiency is up
to 60% at 775 nm and the dark count rate is about 23 Hz.
The SFG photon is generated only when two photons are
simultaneously coupled into the waveguide. The Bell-state
measurement based on SFG needs to erase the which-path
information by an unbalanced interferometer (Fig. 2, right).
Two continuously generated SFG photons E and F can be
used to distinguish all four Bell states. When the photons E
and F pass through the interferometer, they are projected
into the following four states: |$)g, |z, |$)F, and |,
which correspond to four Bell states, i.e., |s)y — |®T),
g = |®@7), [s)p — |¥1), and |l); — |¥7). Therefore,
the entanglement-swapping process is completed once the
SFG photons are detected. In our experiment, three temper-
ature-stabilized 5-cm-long type-O0 PPLN waveguides with a
poling period of 19 ym are used.

Results and discussions.—To verify the single-photon
nature of our SPDC source, we measured the second-order
correlation function ¢®(0) and the coincidence-to-acci-
dental ratio (CAR), as shown in Fig. 3. First, we measured
g (0) of the two sets of signal photons CH36 and CH38,
where idler photons of CH28 and CH26 as trigger signals
are used, respectively. Then, the CAR for two sets of
photon pairs was measured, as shown in Fig. 3(b).

In theory, ¢ (0) and CAR can be expressed as [12]

g(z)(O) ~ Atn,P,, (1)

CAR = :
(C+nD;)(C +n;Dy)

where At is the duration of the detector gate, 7, is the
photon pair creation efficiency of SPDC, P, is the pump
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FIG. 4. (a) Measured SFG efficiency hat the two not-entangled
photons are up-converted inside the PPLN waveguide. Each point
is measured using the two ITU channels that link the correspond-
ing users [Alice (A), Bob (B), Chloe (C), Dave (D)]. The
integration time for each dot is 2 h. The x axis is the difference
in wavelength between the channels of these two not-entangled
photons. Dark counts of 3.2 Hz have been subtracted, and the
total losses of about 4.9 dB have been taken into account. (b) The
fidelity of the entangled state after entanglement swapping was
obtained by the corresponding SFG efficiency.

power, and C is the coincidence count per detection gate. 7,
and #; are the transmission efficiencies of signal and idler
channels. D, and D; are the dark count rates per gate. In our
Letter, At=1ns,n, =4 x 107, and D, = D; = 1 x 107%.
n, and n; were independently measured [14]. Figure 3(a)
shows that two sets of ¢(2)(0) are proportional to the pump
power generated by SHG, and Fig. 3(b) gives the relation-
ship between the pump power and CAR. From the
experimental results, all wavelength channels exhibit the
same single-photon nature. Furthermore, our experimental
measurements are in agreement with the theoretical results.

To complete the entanglement swapping, we need to
perform a Bell-state measurement on two nonentangled
photons using SFG. In our experiment, four sets of wave-
length channels are not entangled, i.e., CH36 and CH38,
CH26 and CH28, CH28 and CH38, and CH26 and CH36.
As shown in Fig. 4(a), the four sets of SFG efficiencies
were independently measured before the multiplexing of
four channels to each user, where the pump power is kept at
12 mW. In this case, we can obtain g*(0) = 0.08 and
CAR = 10, and hence, the characteristics of the single
photon and the good signal-to-noise ratio are guaranteed in
our experiment (Fig. 3).

It is shown that the theoretical SFG efficiency is given by
Nsrg = (EE*hu/Av)/TBP, where ¢ denotes the measured
PPLN waveguide peak efficiency, L is the PPLN wave-
guide length, Av denotes the pump photon bandwidth,
and TBP represents the time-bandwidth product. Here we
consider that &= 15%/(Wcm?), Av = 100 GHz, and
TBP = 0.66. Thus, the theoretical SFG efficiency is
Nspg = 2 x 1078, One notices that the experimental SFG
efficiencies are in agreement with the theoretical result.

According to the proposed theory [7], we can
obtain the equation for the fidelity, which is given by
P = &n2n’nseg(1 — F)*(2 — F), where P is the success
probability for the fourfold coincidence, 7, is the overall
coupling efficiency, and 7 represents the single-photon
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detection efficiency. When P=3 x 10712 and Ne=n= \/(%
we can obtain the fidelity of the generated entangled state
based on our experimental SFG efficiency, as shown in
Fig. 4(b).

In our experiment, there are two kinds of methods for
observing the fidelity of an entangled state generated by the
entanglement swapping. The first method is to detect single
photons in the other two channels via two ultralow temper-
ature superconducting nanowire single-photon detectors,
and then use SFG photons as a trigger signal to measure the
fidelity of the generated entangled state. The other method
is to measure directly the fidelity by using two-photon
interference fringe [6]. Here we chose the latter method. We
show that the fidelity of the shared entangled state has not
been changed by the entanglement-swapping operation
[17]. Therefore, we can obtain the fidelity of the generated
entangled state by measuring the fidelity of the previously
entangled state before performing the entanglement swap-
ping [14].

Here we assume that Alice and Bob establish the
entanglement, and the corresponding SFG efficiency of
(1.72 £0.11) x 107 was measured (Fig. 4). Obviously,
the Bell-state measurement of the two not-entangled
photons (CH36 and CH38) based on the SFG process
leads to an increase in the total loss of one of the entangled
photons to about 77.64 dB. Therefore, we attenuate the
CH26 and CH38 channels by 38.82 dB per channel using
two variable optical attenuators and then measure the
fidelity of the time-energy entangled state. It is been
demonstrated that the measured fidelity FEXF is equal to
the fidelity of the generated entangled state FEXF [14].

To measure the fidelity, we use the planar light-
wave circuit interferometer with I-ns relative delay in
our experiment (Fig. 2). The two-photon interference
fringes for time-energy entangled channels (CH26 and
CH38) can be measured. The theoretical expression for the
visibility is [18]

na,q;

V= ,
naa; + 2(nay + 2D,) (na; + 2D;)

(3)

where aj,; are the losses from signal and idler channels
(CH26 and CH38), respectively, D,,; are dark count prob-
ability per second with D, = D; = 1 x 107, and n is a
mean photon pair number per detection gate. In our experi-
ment, the pump power is set to generate the mean photon
pair number n = 0.04 per detection gate. We obtain average
visibility of VEXP = (87.2 + 4.8)% for time-energy entan-
glement (Fig. 5). This result agrees closely with the
theoretical predication, Vi = 84.8% from above Eq. (3).

According to the equation F 45 = 0.75V 45 + 0.25 given
by [19], we can obtain the fidelity of FEXF=(90.4+3.6)%.
Based on the corresponding SFG efficiency [Fig. 4(a)], we
obtained the fidelity of the other three sets of entangled
states, i.e., FEXP = (91.2 + 2.8)%, FEXY = (90.8 + 3.2)%,
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FIG. 5. Two-photon interference fringe is obtained by the

corresponding SFG efficiency. Coincidence count is shown for
the channel pair CH26-CH38. The x axis is the temperature of the
interferometer in the CH26, and CH38’s interferometer temper-
ature stays unchanged. The measuring time for each dot is 3000 s.

and FEXP = (91.3 £ 3.7)% (Fig. 5), which is in agreement
with the results [Fig. 4(b)]. Our results show that we have
successfully completed the entanglement swapping with a
fidelity greater than 90% using SFG.

In our network, the single-photon source can cover more
than 40 ITU channels (from CH12 to CHS52), and all
channels have virtually identical efficiencies. Our results
show that, when the difference in wavelength between
two nonentangled photons simultaneously coupled into the
third waveguide is no more than 21 nm, the resulting SFG
efficiency is almost the same. In order to ensure that the
fidelity of the generated entangled state after entanglement
swapping is larger than 90%, only 26 channels (from CH18
to CH45, except CH32) can be used in our network, which
gives the maximum number of users allowed in our
network.

Compared with other proposed full connected quantum
networks [20,21], our proposed network has the following
five characteristics. First, the time-energy entanglement in
our Letter does not require one to control the polarizations
of photons, which is more suitable for fiber-based quantum
key distribution (QKD) systems. Second, the process for
establishing entanglements is deterministic when the SFG
photons are detected, which leads to a quantum direct
communication process. Third, the number of entangled
states distributed increases linearly with the increase of the
number of users, and the quantum bit error rate in the
distribution process is only related to the transmission
distance. Fourth, the fidelity of the quantum entanglement
shared by each user is only related to the transmission
distance and is independent of the number of users in the
network. Finally, our network does not require single-
photon wavelength conversion [22] and frequency shift
between all users, making our network more suitable for
constructing a large fiber-based quantum network, and has
also potential applications in multidimensional QKD [23].
Our experiment connects any two users after the entangle-
ment-swapping operation with the destructive measure-
ment of all other nodes in the network.

Summary.—We have successfully demonstrated the
feasibility of our entanglement-swapping-based DWDM
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network. Each user in the network only receives the photon
at a specific wavelength. In our experiment, we can
establish the entanglement between any two nonentangled
states based on SFG. Furthermore, our network architecture
does not require any trusted nodes, and all users can
transfer the quantum information and share secure keys
by establishing the entanglement. In addition, we notice
that our network can achieve a 200-km entanglement
distribution in which the coincidence count is more
than 72 bits/h. Moreover, if a high-performance SPD in
Ref. [24] is used, it is possible to increase the coincidence
count up to ~6 kbits/h. Because of the scalability of our
quantum network, it can be used for real quantum systems,
such as point-to-point quantum direct communication.
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