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Quantum teleportation is a fundamental building block of quantum communications and quantum
computations, transferring quantum states between distant physical entities. In the context of quantum
secret sharing, the teleportation of quantum information shared by multiple parties without concentrating
the information at any place is essential, and this cannot be realized by any previous scheme. We propose
and experimentally demonstrate a novel teleportation protocol that enables one to perform this task. It is
jointly performed by distributed participants, while none of them can fully access the information. Our
scheme can be extended to arbitrary numbers of senders and receivers and to fault-tolerant quantum

networks by incorporating error-correction codes.
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Quantum teleportation allows us to transfer unknown
quantum states between distant parties [1-3]. It is not only a
primitive of quantum communications but also an essential
task in the realization of quantum networks for promising
applications such as quantum cryptography [4,5] and
distributed quantum computation [6]. While the original
teleportation protocol transfers quantum information from
one place to another [1], incorporation of multiple partic-
ipants further merits consideration towards the realization
of versatile quantum networks. Protocols to split quantum
information from one sender to multiple receivers have
been proposed [7-9] and demonstrated [10]. With this
protocol, no single receiver can fully access the information
unless collaborated by all the other receivers, constituting
the basis of further extended quantum secret sharings
[11-17] or controlled teleportations [18-23]. Teleportations
of multiparty states have also been studied [24-26],
however, a quantum teleportation between multiple senders
and receivers has been missing so far. None of the previous
protocols, to our knowledge, allow us to transfer a shared or
split quantum information among multiple parties directly
to others without concentrating the information in the
location of single or subparties. The absence of such a
protocol has thus led to the requirement of fully trusted
central or intermediate nodes in the design of quantum
communication networks [27,28].

Here we propose and experimentally demonstrate a
secure quantum teleportation between multiple senders
and receivers. Our novel teleportation protocol allows
quantum information shared by an arbitrary number of
senders to be transferred to another arbitrary number of
receivers. Unlike all the previous methods, neither any
single- nor subparties of senders and receivers can fully
access the secret quantum information. We report its
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proof-of-principle experiment between two senders and
two receivers using a four-photon entanglement network
and Bell-state analyzers. The results clearly show the lack
of full information owned by individual parties and,
moreover, an elevated success probability of teleportation
compared to the previous schemes thanks to our entangle-
ment encoding [29].

Our protocol allows us to relay quantum information
over a network in an efficient and distributed manner
without requiring fully trusted central or intermediate
nodes. It can be further extended to include error correc-
tions against photon losses, bit or phase-flip errors, and
dishonest parties. This work thus opens a route to the
realization of secure distributed quantum communications
and computations in quantum networks.

Protocol.—Suppose that a quantum secret in |S) =
al0.) + p|1,) with logical basis, |0;) and |1 ), is shared
by separated n parties in quantum network, through a
splitting protocol [7-9]. We employ the GHZ-entanglement
of photons to encode both the network and logical
qubits (its extension to more general states are discussed
later). The shared secret can then be written as |S), =
alH) ---|H); +p|V),, -~ |V) , with horizontal |H) and
vertical |V) polarizations of photons. The senders, i.e., a
group of n parties, attempts to transfer the secret to the
receivers, i.e., another group of m parties, connected in the
network. None of the participants is fully trusted here so
that no single or subparties of senders or receivers is
allowed to access the secret during the whole process.

We introduce a distributed Bell-state measurement that
can be jointly performed by separated parties. In general,
Bell states of logical qubits with n photons can be
decomposed into combinations of n two-photon Bell states
[30], and discriminated by performing n times of standard
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FIG. 1.
senders (n = 3) and receivers (m = 5) in a quantum network by
distributed Bell-state measurements. After performing the Bell-

Teleportation of a quantum secret |S) between multiple

state measurement B, each sender s; announces the result.
Receivers can reconstruct and share the secret by the appropriate
joint work of local operations. No participants can access the
secret during the procedures.

Bell-state measurements (B). As its logical outcome is
irrespective of the order of performed B measurements, it is
possible to separate all Bs spatially or temporally with help
of classical communications to share their results among
the nodes where a B is respectively performed [30].

The teleportation protocol between multiple parties in a
quantum network is illustrated in Fig. 1: each separate
sender performs B on two photons, one from |S), and the
other from the network channel, and announces the result.
Conditioned on the results of all performed B, the reduced
state of the channel at the receivers’ locations is in |S), =
alH), ---|H), +p|V), ---|V), plus logical Pauli oper-
ations [29]. The receivers jointly carry out appropriate local
Pauli operations according to the results announced by the
senders to retrieve |S),.

For example, when n = 2, teleportation of a shared
secret |S), = a|H)|H), + B|V),|V), via network channel
(IH) v [H)y)J[H)E" + (V)1 |V)2) | V)P™ is explained by
the joint state

(67)5, 10705, +1¢7)5,107),) (@l H)®™ + V) &™),
+(167)5,197)s, +107),,107)5,) (@l H)B™ = pIV)&™),
+ ()5, ), + w7 o), ) (@ V)®r + BIH)®™),
+ ()5, s, + w7 lw ), ) (@ V)®r — plH)®™)

r
where |¢(y)*), are the Bell state of the two photons in
modes (i, i") that sender s; holds. If the results of Bs (which
detect |¢~) and |y~) out of the four Bell states with the
other two states not being discriminated from each other) of
the two senders are |¢~) and failure, respectively, the case
corresponds to the second term, therefore the receivers
can reconstruct |S), by a phase flip (6,: |H) — |H),
|[V) — —|V)) at any one receiver’s location. Likewise for
other results, the secret can be recovered by the receivers. It
is straightforward to extend the protocol for arbitrary n
number of senders [30].

Accessible information.—Any subparties cannot fully
access the quantum secret during the teleportation proce-
dures. For example, assume that one sender s; attempts to

reconstruct the secret at his or her location based on the
announced results by the other senders. After all the
other senders except s; perform a B, the remaining state
is either |¢7); (a|H>+ﬁ|V>) +[97) (alH) = pIV)), or
|w‘>s,(a|V>+ﬁ|H>)r+|w )y, (alV) = BIH)), (here m =
1 for simplicity). By tracing out the receiver’s party,
the reduced state at his or her party is either
lal?|H. H)(H. H| + |B*|V.V)(V. V| or |a*|H. V)(H. V| +
|B1?|V, H)(V, H| unless the whole channel is possessed by
him or her. Therefore, only the amplitude information is
accessible to s;. The same holds for any subparties of
senders and receivers (see [30] for information security
comparison with [26]).

Experimental demonstration.—We demonstrate quan-
tum teleportation between two senders (n = 2) and two
receivers (m = 2) via a four-photon quantum network
channel (GHZ state) using total six photons. Figure 2(a)
shows the schematic of our experimental setup. Photons are
generated by spontaneous parametric down-conversion
(SPDC) in BBO crystals [30,35]. Two polarization-
entangled photon-pairs (|[H)|H) + €<|V)|V), k=1, 2)
generated by BBO,; and BBO, are projected to a four-
photon GHZ state, |GHZ,) = |H)®* + |V)®*, by postse-
lection at modes s and s, [36]. The resulting phase
between the |H)®* and |V)®* components after the post-
selection are set to zero by a phase shifter @, in Fig. 2(a),
which is a combination of two quarter-wave plates (QWPs)
whose slow axes are along 45° and one rotatable half-wave
plate (HWP) in between. Input states of the form
alH)|H) + p|V)|V), where « and f§ are complex constants,
are generated through modes s; and s, by BBO; (green
box). The magnitudes and the relative phases of a and f are
controlled by tilting the BBO crystals to change the
coupling efficiency of the photons to the collecting sin-
gle-mode fibers (SMFs) and by rotating the HWP in
another phase shifter @, at s, respectively.

Figure 2(b) shows the structure of an optical-fiber-based
Bell-state analyzer (BSA) that executes B. Optical fiber
components such as fiber nonpolarizing beam splitters
(FBSs) and fiber polarizing beam splitters (FPBSs) replace
the bulk optics components in the original design [37] to
reduce the space and facilitate alignment. We note that
two single-photon detectors (SPDs) are concatenated by
an additional FBS at each output port of an FPBS.
Coincidence counts (CCs) of the two SPDs identify the
failure events of a B. The conventional schemes using one
SPD at each output port cannot discriminate these failure
events from the errors caused by photon losses. The success
probability of the failure detection is 50% with the current
scheme, and can reach near-unity by using 1-by-N(>1)
optical router plus N SPDs or a highly efficient photon-
number resolving detector. The length of fibers of interfer-
ing paths are equalized within 1 cm to suppress the effect of
dispersion, and the birefringence caused by fiber curvature
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FIG. 2. Experimental setups. (a) Overall schematic for teleportation between two senders and two receivers (inset: conceptual
diagram). A four-photon GHZ state and a two-photon entangled input state are generated. (b) Structure of the optical-fiber-based local
Bell state analyzer. (c) Polarization analyzer for single photons. M: mirror, PBS: polarizing beam splitter, BBO: beta barium borate
crystal pair (two mutually orthogonal 1-mm plates), TC: temporal walk-off compensator (16-mm-thick quartz plate), WC: spatial walk-
off compensator (180°-rotated BBO), QWP: quarter-wave plate, HWP: half-wave plate, H,: HWP for pump, IF;: interference filter (half-
maximum bandwidth of 3 nm and 20 nm for i = 1 and 2, respectively), MB: measurement basis controller, PC: polarization controller
based on a combination of quarter-, half-, and quarter-wave plates (QHQ), FPC: fiber paddle polarization controller, ®;, ®;: relative
phase shifter between the H and V polarizations using a QHQ, FBS: fiber beam splitter, FPBS: fiber polarizing beam splitter, SPD:
single-photon detector. & (v): the signal heralding the detection of horizontally (vertically) polarized photons.

is compensated by fiber paddle polarization controllers
(FPCs) and combinations of quarter-, half-, and quarter-
wave plates (QHQ). We describe a new (more convenient
than previous works [38,39]) procedure to set the FPCs and
the QHQs (denoted as PC and ©,) in [30]. Interference
filters (IFs, half-maximum bandwidth of 3 nm at s, and
s/ and 20 nm at ry ,) at the end of each path in Fig. 2(a)
maintain the indistinguishability between photons from
independent pairs.

The teleported two photons proceed to the receiver modes
r1 and r,. Their polarization states are measured by fiber-
based polarization analyzers shown in Fig. 2(c). AQWP and
a HWP (noted “MB”) at each entrance of photons (on the
left) in Figs. 2(b) and 2(c) set the polarization basis measured
by the SPDs when characterizing the initial state, the four-
photon GHZ state, and the final state. During the telepor-
tation experiments, the measurement bases of BSAs are set
as X to fix the detectable Bell sates as (|y~), [¢™)). Two-,
four-, and sixfold coincidences of total 20 SPDs in Fig. 2(a)
are analyzed by an FPGA-based logic unit.

We first generate three input states for teleportation,
(@ |H)[H) +|V)[V), (b) |H)[H) +ilV)|V), (c) |H)|H),
and a four-photon GHZ state (see [30] for the measurement
results of the generated states). Then we measure the

teleported output states. Sixfold CCs are recorded while
varying the measurement bases in modes r; and r, for
quantum state tomography (QST) [40]. The unit counting
period was 20 h for each basis and the average CC was
1.5 cph. To complete the teleportation protocol, unitary Pauli
operations are applied to the received photons by rearrang-
ing the count records among the QST measurement bases
(XX, XY, ...,ZZ), depending on the results of the Bs. For
example, when the Bs result in one |¢p~) and one failure
event, the measured logical Bell state is |®; ), therefore, to
compensate for the local phase-flip operation, the count
records measured on the X and Y bases in mode r; (or mode
r,) are exchanged between +1 and -1 data. The recon-
structed three output states are shown in Figs. 3(a)-3(c). The
fidelities between the teleported states in Figs. 3(a)-3(c) and
the input states are (a) 0.84(4), (b) 0.78(6), and (c) 0.75(5),
and exceed the classical bound (2/3) for single logical qubit
transfer [41,42] by 1.7-4.3 standard deviations. The indi-
vidual states either in r| or in r, lack phase information. The
infidelities can be attributed to imperfections of the initial
input and GHZ states and other experimental errors [30].
Discussion.—Our protocol differs from the previous
designs [27,28] in which a trusted node plays a major role
to connect the participants and transfers the information.
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FIG. 3. Reconstructed density matrices of teleported output
states of (a) |H)|H)+|V)|V), (b) |[H)H)+i|V)|V), and
(©) |H)|H).

It may be useful to establish a long-distance quantum
communication via distributed nodes, none of which neces-
sarily relays the full quantum information. This is also
applicable to the storage and retrieval of quantum secret
with spatially separate quantum memories [43]. Verification
strategies of multipartite entanglement [44,45] are useful to
prepare the entangled network in the presence of dishonest
parties.

We note that our work is not limited to the GHZ state
encoding. It can be extended further to be fault-tolerant by
error correction encoding against photon losses, operation
errors, and dishonest participants. For example, a parity
state encoding [46] can be employed to correct the effects
of photon losses, errors, and dishonest parties to some
extent [30]. It allows, in principle, to transfer quantum
information with arbitrarily high success probabilities
even under losses and errors [47,48]. Encoding with other
type of entangled states such as cluster states are worth
considering further. For example, it is possible to increase
the success probability of Bell-state measurement by
cluster-state encoding [49]. Combination of such encoding
schemes and secret sharing protocols based on cluster
states [13—15] may be valuable.

While our protocol is developed based on photonic
qubits, further studies with continuous variables [50-52]
or optical hybrid approaches [53,54] are also anticipated.
Long-distance teleportation [52] and quantum secret shar-
ing [16,17] using continuous-variable quantum states may
open the possibility of deterministic teleportation of shared
information in a quantum network.

Our experiment fulfills the requirements to overcome
the two-qubit teleportation experiment [26] in which
subparties can obtain the full quantum information [30].
The success probability of our teleportation experiments
(50%) furthermore beats the limit (25%) of the conven-
tional protocol considering the maximum success proba-
bility 1/2 of standard Bell-state measurement [55,56],
thanks to both the theoretical encoding scheme and
the experimental measurement technique. This is, to
our knowledge, a first experimental result showing the

advantage of the Bell-state analyzer with entanglement
encoding [29]. The presented experimental techniques
would be also applicable to other recently advanced
quantum communication protocols [47—49].

In summary, we have proposed and experimentally
demonstrated a novel quantum teleportation protocol to
transfer shared quantum secret between multiple parties in
network. Our work brings about a conceptual extension of
multipartite quantum communication to open a route to the
realization of distributed quantum communications and
computations in versatile quantum networks.
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