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Abstract
The ability to reliably distribute entanglement among the nodes of a network is an essential
requirement for the development of effective quantum communication protocols and the
realization of useful quantum networks. It has been demonstrated, in different contexts, that two
remote systems can be entangled via local interactions with a carrier system that always remains in
a separable state with respect to such distant particles. We develop a strategy for entanglement
distribution via separable carriers that can be applied to any number of network nodes to achieve
various entanglement distribution patterns. We show that our protocol results in multipartite
entanglement, while the carrier mediating the process is always in a separable state with respect to
the network. We provide examples showcasing the flexibility of our approach and propose a
scheme of principle for the experimental demonstration of the protocol.

1. Introduction

The crucial role played by entanglement in quantum networking and communication has long been
established through a plethora of groundbreaking protocols and experimental demonstrations [1–8]. It is
therefore imperative that efficient methods of entanglement generation among the nodes of a quantum
network are developed. In particular, we need protocols which take the fragility of entanglement into
account, for instance, by creating this vital resource just before it is needed to be used.

Say we have two parties, Alice and Bob, who aim to share entanglement. To distribute entanglement
directly, Alice would create an entangled state of two particles in her laboratory before sending one particle to
Bob through a quantum channel. Alternatively, Alice and Bob could distribute entanglement indirectly
through the use of an ancilla. This carrier system would first interact with Alice’s particle in her laboratory,
then be sent to Bob. This process will often require the carrier to become entangled with the two systems.

However, it is possible to entangle Alice and Bob’s systems in this way without ever entangling either
system with the ancilla. Theoretical proposals were put forward for entanglement distribution via separable
states (EDSS) in the discrete-variable case [9, 10] and continuous-variable case [11–13] before it was
demonstrated experimentally [14–16]. Recently, a continuous-variable approach also delivered a scheme for
distribution of Gaussian entanglement and steering via separable states [17], followed by an experimental
demonstration [18]. It is important to note that quantum discord is necessary for EDSS to be possible [19].
As discord is much more robust to noise and environmental effects than entanglement [20–24], EDSS
provides an advantage over protocols which rely on the presence of entanglement. Interestingly, the fact that
EDSS depends on non-classical correlations also means it can be used to detect non-classicality in
inaccessible objects [25–27].

In what follows, we will build on Kay’s EDSS protocol for qubits [10]. The procedure is as follows: Firstly,
Alice and Bob initially share a separable state of their systems A and B. Secondly, Alice introduces an ancilla
system K which is uncorrelated from AB. Thirdly, Alice performs the encoding operation, that is, a unitary
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operation UAK on her system and the carrier. Finally, Alice sends K to Bob. Kay [10] shows that when AB is
initially in a Bell-diagonal state and UAK is a controlled-phase gate, it is possible to choose a suitable initial
state for K so that the state of the total system at the end of the protocol is entangled in the bipartition A|BK
and K remains separable from A and B throughout the process. In what follows, we add an extra step to the
protocol; Bob performs a decoding operation on his particle and the carrier after he receives K from Alice.
This results in entanglement in both the A|BK and B|AK bipartitions while the ancilla remains separable with
no entanglement in the partition K|AB.

In this work, we generalize the protocol in [10] to the distribution of multipartite entanglement through
EDSS, specifically focusing on the conditions of its experimental demonstration in [14]. Multipartite EDSS
has previously been addressed in [28], where a systematic method was proposed based on the EDSS protocol
by Cubitt et al [9]. In this case, AB and K are initially correlated (yet unentangled). The risk of entangling the
bipartition K|AB is therefore higher in their proposal and extra effort must be made to ensure its prevention.
As the initial state of K in [10, 14] shares no classical or non-classical correlations with A or B, we avoid this
problem and show that favoring this type of protocol offers a promising avenue for successful EDSS with
fewer restrictions.

The remainder of this paper is structured as follows: In section 2, we introduce the protocol and show
that the strategy relies on a particular initial state setting, that allows us to infuse the system with the initial
quantum correlations necessary to obtain, at the end of the protocol, multipartite entanglement. In section 3
we show that this protocol can be applied to different entanglement distribution patterns and that, in
general, it represents a very flexible approach to the problem of EDSS. In addition, in section 4, we propose
two possible experimental platforms for the implementation of such a protocol in a photonic scenario.
Finally in section 5 we present our conclusions.

2. Illustration of the protocol

2.1. Two-qubit protocol
We will refer explicitly to the version of the protocol for EDSS that has been reported in [14] as illustrated in
figure 1. In such a scheme, the initial state of the two nodes A and B is separable, yet features non-classical
correlations (as quantified by quantum discord [19]). Explicitly, we take,

αAB =
1

4
(|00⟩⟨00|+ |11⟩⟨11|)+ 1

8
(|DD⟩⟨DD|+ |AA⟩⟨AA|+ |RL⟩⟨RL|+ |LR⟩⟨LR|)AB , (1)

where |D⟩= 1√
2
(|0⟩+ |1⟩), |A⟩= 1√

2
(|0⟩− |1⟩), |R⟩= 1√

2
(|0⟩+ i |1⟩) and |L⟩= 1√

2
(|0⟩− i |1⟩). While αAB

is invariant under partial transposition, it is endowed with non-zero quantum discord, as quantified by the
relative entropy of discord [29, 30]:

D(αAB) =min
ΠB

[S(ΠB(αAB))]− S(αAB), (2)

where S(ρ) is the von Neumann entropy of state ρ and ΠB(ρ) =
∑1

j=0πjρπj is a rank-one projective
measurement of ρ with π0,1 two orthogonal projectors on qubit B. We haveD(αAB) = 0.0612781.

The state of the nodes is then subjected to encoding and decoding operations, each consisting of a
controlled-phase (CPHASE) gate acting on the joint state of one node Q (either A or B) and the carrier K as

CPHASE := |0⟩⟨0|Q ⊗1K + |1⟩⟨1|Q ⊗σz,K (3)

where 1 is the two-dimensional identity matrix and σz the z Pauli matrix. This gate sets a relative phase
between the two states of the computational basis of the target qubit K, depending on the state of control
one Q.

The initial state of the latter must be a mixture of orthogonal vectors that are maximally distant from the
eigenstates of the Pauli matrix σz, in order to amplify the effect of the encoding and decoding operations.

We thus choose,

αK =
1

4
(|D⟩⟨D|+ 3 |A⟩⟨A|)K , (4)

although a mixture of |R⟩ and |L⟩ would also be suitable. These mixing probabilities are chosen so as to
guarantee that the carrier is not entangled throughout the process, while achieving the largest possible
entanglement between the two nodes at the end of the protocol. In this sense, a mixture with balanced
probabilities would be suitable too, although less effective.
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Figure 1. Diagram of the two-qubit protocol. (a) Nodes A and B are initially separable and they share quantum discord (dashed
line). (b) Alice introduces the carrier K which is completely uncorrelated from AB. The encoding operation, in this case a
controlled-phase gate, is performed between A and K. (c) Carrier K is sent to Bob and B and K interact via the decoding
operation. (d) Particles A and B now share quantum entanglement.

The protocol now involves the encoding step, when the CPHASE gate is applied to qubit A and the
carrier. This is then followed by a decoding step, consisting of the application of the CPHASE to node B and
carrier. The first step reads:

βABK = PAK(αAB ⊗αK)P†
AK, (5)

where

PAK = |0⟩⟨0|A ⊗1K + |1⟩⟨1|A ⊗σz,K, (6)

is the CPHASE gate between A and the carrier K. The decoding step then gives:

γABK = PBKβABKP†
BK. (7)

The resulting state γABK features distillable entanglement in the bipartitions A|BK and B|AK with the carrier
K being in a separable state with respect to the state of the nodes (either collectively or individually taken).

2.2. General protocol
We now exploit the same encoding and decoding mechanisms illustrated above to design a generalization of
the two-qubit protocol to a multipartite set of nodes. The resource being exploited is a mixed state that
features initial non-classical correlations between each of the node pairs. The scope of the process is to
entangle the elements of the network.

2.2.1. Initial state of the network, carrier state, and encoding-decoding operations
We consider the case of a network of N nodes {Qi} (i= 1, . . . ,N) and investigate the arrangement of a
protocol capable of establishing a pattern of entangled links between such nodes, according to a given
structure. Thus, we require the definition of a state which features non-classical correlations between the
nodes we wish to get entangled. In order to do that, we use the two-qubit state featuring quantum discord
that was employed in the two-qubit case of equation (1).

Proceeding in analogy with the bipartite case, we generalize this state to N qubits by imposing a mixed
initial state, consisting of a balanced mixture of terms featuring non-classicality between every pair of nodes
targeted by our protocol. Each of such terms features a correlated state of a given pair of nodes, while the
other nodes are set in an eigenstate of the encoding and decoding operation. We define a list of two-element
sets containing theM pairs we wish to entangle, labeling them as {Ck}Mk=1, where each Ck = {Qi,Qj}

3
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represents a different node pair {i, j} among the chosen ones. The initial state of the network αN has thus the
form:

αN =
1

M

M∑
k=1

ρ0Ck

⊗
Qi /∈Ck

α0
Qi

 , (8)

where α0
Qi
= |0⟩⟨0|Qi

and ρ0Ck
is the initial state in equation (1), but for the pair Ck. For instance, we can

choose to distribute entanglement according to a chain-like structure, namely a linear network in which each
node is entangled with its closest neighbors. The initial state can be written in the compact form as:

αlinear
N =

1

N− 1

N−1∑
k=1

ρ0Qk,Qk+1

 ⊗
Qi ̸={Qk,Qk+1}

α0
Qi

 . (9)

Such an initial state is necessary to keep the carrier in a separable state with respect to the network. Basically,
in this way we are able to carry the two-qubit protocol in parallel over any node pair we want to entangle,
without interference between the various terms. As we will see later on, this has some interesting implications
for the features of the final state.

The encoding and decoding operations consist of CPHASE gates PQiK acting on the state of node Qi and
the carrier K, whose initial state is chosen again as in equation (4). Other equivalent gate-carrier initial state
pairings exist, though they do not result in better performance of the protocol.

2.2.2. Single qubit carrier
In this case, we only have one carrier K and the total initial state of the system can be set as:

αT = αN ⊗αK, (10)

so that the preparation of the network system and the carrier can be independently addressed. As the carrier
is the same for each pair of nodes, a single encoding and decoding step for each qubit is enough for weaving
multiple entanglement links. The effect of the local CPHASE gate on the total state is:

PQlKαTP†
QlK

=
1

M

M∑
k=1

χk,Ql

⊗
Qi /∈Ck

α0
Qi

 , (11)

where

χk,Ql
=

{
ρ0Ck

⊗αK for Ql /∈ Ck,
PQlK

(
ρ0Ck

⊗αK

)
P†

QlK
for Ql ∈ Ck.

(12)

The CPHASE gate on qubit Ql acts as an encoding operation on the terms involving Ql as a target or a
decoding one, while acting as the identity on the others.

2.2.3. Multiple qubit carriers
It is possible to tailor the above protocol to work with multiple carriers. We also investigate this case in order
to understand which beneficial effects and costs derive from this choice. We consider compound of n qubits
{Ki}ni=1 and take as initial state for each the state αK in equation (4). This sets the total product state of the
carrier compound as:

αK̄ =
n⊗

i=1

αi
K =

n⊗
i=1

(
1

4
|D⟩⟨D|Ki

+
3

4
|A⟩⟨A|Ki

)
, (13)

so that the total initial state is simply

αT = αN ⊗αK̄. (14)

The main difference with respect to the one qubit carrier protocol is that, in the present case, we proceed to
entangle each qubit pair making them interact with a different carrier. Therefore, node qubit Qi is subject to
encoding via the carrier qubit K i, which also mediates the local decoding at Qi+1. Then, the encoding
between Qi+1 and Qi+2 is mediated by carrier Ki+1. Therefore, different encoding and decoding operations
are needed.

4
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In general, the final state of the nodes will have the form of a mixture of terms stemming from the
various two-qubit processes, which could take place in parallel, and an incoherent term ΩN, thus reading:

ρ
f
N = PΩN +(1− P)

M∑
k=1

∣∣ϕ+〉〈ϕ+∣∣Ck

⊗
Qi /∈Ck

α0
Qi

 , (15)

where |ϕ+⟩= 1√
2
(|00⟩+ |11⟩) is a Bell state and, as stated previously, {Ck}Mk=1 is the list of node pairs we aim

to entangle. The mixing coefficient P is determined by the terms we insert in the initial mixed states, hence
the number of entangled links we wish to establish. For each contribution, an incoherent residual term
appears in the final state, forming the global incoherent term ΩN. Therefore, the final state is a mixture of
terms featuring bipartite entanglement, one for each of the initially non-classically correlated node pairs.
Clearly, that implies a probabilistic generation of entanglement. Nevertheless, as we explicitly show in the
following examples, the final state of the system unambiguously exhibit multipartite entanglement, namely
the network is entangled with respect to any possible bipartition.

3. Analysis of performance

In this section, we analyze the performance of both single- and multiple-carrier protocols by addressing two
explicit examples.

3.1. Four nodes example: ring configuration
3.1.1. Single carrier
We investigate a four-node case where the qubits Q1,...,4 are entangled as a result of the application of the
protocol illustrated before. As we request explicitly that Q1 and Q4 are entangled, we would thus realize a
ring-like structure (cf figure 2(a)). The initial state of the nodes, then, must include non-classical correlations
between every possible pair {Ck}4k=1, where Ck = {Qk,Qk+1} and we set Q5 = Q1, so that:

α4 =
1

4

(
ρ0Q1,Q2

⊗α0
Q3

⊗α0
Q4

+ ρ0Q2,Q3
⊗α0

Q1
⊗α0

Q4
+ ρ0Q3,Q4

⊗α0
Q1

⊗α0
Q2

+ ρ0Q4,Q1
⊗α0

Q2
⊗α0

Q3

)
, (16)

where ρ0Ck
and α0

Qi
are the same as in equation (8). The protocol consists of only four steps, taking the initial

state α4 to the final one as:

η4 =
(
Π4

j=1PQjK

)
(α4 ⊗αK)

(
Π4

j=1P
†
QjK

)
. (17)

In particular, the amount of entanglement in each of the one-vs-four bipartitions of the form Qj|GK with
GK = {Q1,Q2,Q3,Q4,K} \Qj that can be identified in state η4 is the same: the corresponding partially

transposed density matrices ηPTQj all have a single negative eigenvalue equal to−0.0175206, so that the
entanglement EQj|GK

does not depend on j= 1, . . . ,4. On the other hand, the entanglement EK|Q1,...,4
between

the carrier K and the network is identically zero, thus achieving a successful distribution of entanglement
without involving the carrier. It is worth noting that after projecting the carrier system onto state |A⟩ and
tracing the carrier system away we obtain a reduced matrix of the network only which exhibit the same
entanglement values. In order to demonstrate that the system actually features multipartite entanglement, we
check the eigenvalues of the partially transposed state with respect to any possible bipartition of the system.
Such entanglement witness directly stems from the Peres-Horodecki separability criterion [31, 32], from
which we know that a negative eigenvalue of the partially transposed density matrix of a bipartite system
witnesses entanglement between the parties. As reported in table 2, we fulfill this requirement for all possible
bipartitions.

3.1.2. Multi-qubit carrier
We now move to the study of a multi-carrier configuration, and how this might affect the effectiveness of the
protocol. As in the ring pattern we have to weave four entanglement links. We thus consider a compound
carrier system of 4 qubits Kj ( j= 1, . . . ,4). The protocol differs from the single-carrier one in the
exploitation of different carrier subspaces for the encoding and decoding operations affecting different node
pairings. This implies that each operation will only act on a certain link, depending on the nodes that are
involved. Therefore, the protocol needs twice the number of steps required in the single-qubit carrier
scheme. Such steps are explicitly illustrated in table 1.

We report a sketch of the procedure in figure 2(b). We compute again the eigenvalues for any possible
bipartition of the system, reporting them in table 2. The results of our analysis show that also a qudit carrier

5
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Figure 2. Ring topology protocols. (a) Single-carrier protocol: the carrier qubit K interacts once with each node; (b) qudit carrier
case: the carrier travels in one direction, interacting twice with each node, once for encoding and the second time for decoding,
since the encoding and decoding steps involve different subspaces of the carrier.

Table 1. Description of the steps required in a multi-qubit carrier protocol. We provide the label of the state achieved at each step of the
scheme, the corresponding encoding (decoding) operation and the associated encoder (decoder).

State label Description of evolution Encoder/decoder

βT PQ1 K1αTP+
Q1 K1

K1

γT PQ2 K1βTP+
Q2 K1

K1

δT PQ2 K2γTP+
Q2 K2

K2

ηT PQ3 K2δTP+
Q3 K2

K2

ζT PQ3 K3ηTP+
Q3 K3

K3

κT PQ4 K3ζTP+
Q4 K3

K3

χT PQ4 K4κTP+
Q4 K4

K4

ωT PQ1 K4χTP+
Q1 K4

K4

approach produces multipartite entanglement. Indeed, as we show in table 2, the eigenvalues of the partially
transposed density matrix, with respect to any bipartition of the nodes system, are negative. A main
drawback comes from the fact that, although the carrier is in a separable state, tracing it away presents some
complications. Since each of the different entanglement links is mediated by a different subspace, the
projection of the qubit carrier on the state |A⟩ will result in the preservation of that link in the reduced
network state. Unfortunately, that cannot be done simultaneously for all the node pairs: by projecting every
qubit carrier on their respective |A⟩ state, we get a separable reduced state of the network. Therefore, the final
state for the system remains multipartite entangled as far as the carrier state is not further manipulated. The
carrier can be only traced away in case we wish to observe a specific entanglement link between two nodes.

3.1.3. General remarks on ring topology protocols
In order to compare the effectiveness of the two protocols we compute the average negativity of the final state
for both cases. Given a certain partition p of a composite state ρ, we can define negativity as in [33]:

6
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Figure 3. Negativity vs number of network nodes. The average negativityN is reported in function of the number of nodes N
involved in the entanglement distribution protocol together with the corresponding total negativity TotN . The investigation is
carried for the single qubit carrier case, in the ring pattern scenario.

Np(ρ) =
||ρTp || − 1

2
, (18)

which is equal to the sum of all negative eigenvalues of the transposition of ρ with respect to the partition p.
We consider the geometrical average of the negativity values for all the possible partitions of the system,

denominating this valueN =
√∏

{p}Np(ρ). We obtain aN = 0.0184179 (N = 0.0261631) for the single

qubit carrier (multi-qubit carrier) protocol. These results show some advantage coming from the
employment of a high-dimensional carrier in terms of entanglement production, though implying, in the
perspective of an experimental realization, far heavier efforts and drawbacks.

It is worth noting that the amount of entanglement produced on average for a single link is lower than in
the binary case of [14]. This is understandable considering the fact that the 4-nodes initial mixed state
contains many more terms which generate ‘noise’ contributions in the final state, with respect to the 2 nodes
case. Indeed, we expect the average produced negativity to decrease as the number of nodes increases,
together with the number of terms to be included in the initial state. It may even be possible that, after a
certain size of the network, entanglement between the nodes is no longer detectable. Nonetheless, the total
negativity we produce, defined as the sum of all the negative eigenvalues over any bipartition TotN =∑

{p}Np, should not change: indeed, the initial state always features the same amount of initial quantum
correlation, which is the same as the two qubit case, even if split among a larger number of terms in the total
mixture. We investigate the ring pattern case up to N = 10 nodes, in order to understand the trend of
negativity in function of the size of the network, reporting the results in figure 3. Our simulations confirm
the expected decrease of the average negativity, but also highlights that the total negativity remains constant
as we increase the number of entangled nodes; therefore, the addition of more nodes does not seem to
jeopardize the protocol efficiency in converting discord into entanglement.

3.2. Four nodes example: star topology
In order to provide a more thorough analysis of the potentialities of our approach, we tailor the protocol to
generate a star-like entanglement pattern. We design the initial state and the protocol steps with the aim of
producing a final state in which one central node is entangled with all the others. In this case, the final state
results in entanglement with respect to any possible bipartition of the system. We briefly report on this
analysis, because of the many analogies with the ring pattern case. We consider four nodesQ= {Q1,Q2,
Q3,Q4}, with Q1 as the central node. Hence, our initial state has to be the mixture of three terms, each
featuring non-classical correlation between qubit Q1 and the others:

α4 =
1

3

4∑
j=2

ρ0Q1,Qj
⊗

⊗
j∈Q

ρQj

 , (19)

7
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Figure 4. Star topology protocol. Single qubit carrier case: the qubit travels in one direction, interacting once with each node. We
refer to the main body of the manuscript for a description of the qudit carrier case.

withQ=Q\{Q1,Qj}. In this case, the single qubit carrier protocol proceeds identically to the ring case: the
carrier interacts at first with the central node and then once with each other qubit, as depicted in figure 4,
since the first operation acts as encoding for every entanglement link. The only difference consists of the
initial state preparation of the network, a remarkable feature in terms of flexibility of our strategy.

The qudit carrier case is more complex: each encoding and decoding operation have to be addressed
separately, having the nodes interact with different sub-qubits of the carrier. Therefore, the carrier has to
travel back and forth from the central node to the periferic qubits, until each link has been woven.
Considering an eight-dimensional qudit carrier and three qubit subsystems K1, K2 and K3, we can explicitly
write down the protocol:

βT = PQ1 K1αTP+
Q1 K1

encoding mediated by K1

→ γT = PQ2 K1βTP+
Q2 K1

decoding mediated by K1

→ δT = PQ1 K2γTP+
Q1 K2

encoding mediated by K2

→ ηT = PQ3 K2δTP+
Q3 K2

decoding mediated by K2

→ ζT = PQ1 K3ηTP+
Q1 K3

encoding mediated by K3

→ κT = PQ4 K3ζTP+
Q4 K3

decoding mediated by K3. (20)

We report in table 3 the negative eigenvalues relative to every bipartition of the system for both methods. The
average negativity computed from these results readsN = 0.019268 for the qubit carrier protocol and
N = 0.0262659 for the qudit carrier one. In this case, the gap in entanglement production due to the
exploitation of a high-dimensional carrier is slightly lower with respect to the ring pattern case, while the
other issues remain. In general, the comparison between the usage of a qubit or a qudit carrier may provide
different answers according to the application case and, more importantly, the actual experimental situation
we are dealing with.

4. Experimental proposals

We propose some feasible experimental ways of demonstrating the effectiveness of our protocol in an optical
framework.

4.1. Single qubit carrier
The direct experimental implementation of the single qubit carrier may well be a direct generalization of the
apparatus of [14]: N single photons are employed, one as a carrier qubit, while the others act as the network
nodes. The state of the network is encoded in the polarization degree of freedom of photons. All photons
have to be indistinguishable with the carrier (hence reciprocally indistinguishable) in order to implement the
optical quantum CZ gate as described in [14, 34], which acts as the encoding/decoding operation. That may
be very difficult to obtain for a high number of photons: they have to be synchronized and identical in any
degree of freedom. Indeed, it is possible to build sources with a such a control on the photon generation,
which allow many photons interaction [35]. In figure 5, we report a sketch of the possible experimental
implementation of the protocol for the ring pattern for three nodes. After each encoding/decoding operation
the photon acting as carrier is sent to the next node and interacts with the corresponding photon, until it has
interacted with all the network nodes and it can be projected and measured, leaving, in principle, an
entangled state of the network. The most complex part of the protocol resides in the state preparation, but, if

8
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Figure 5. Scheme of principle for the distribution protocol for a 3 nodes ring pattern. Four indistinguishable photons must be
harnessed, with a likely necessary further one for heralding. Three of them act as nodes and interact in turn with the fourth
photon, acting as the carrier qubit. Initial state preparation in the degree of freedom of polarization can be addressed through the
sequence of optical elements: Polarizing Beamsplitter, Half-wave Plate and Quarter-wave plate. The interaction between qubits
can be implemented via the optical CPHASE gate described in [14, 34]. The sequence of physical interactions between the
photons shall yield as a result a ring-like multipartite entanglement structure, or even a star-like structure, according to the initial
state being implemented.

we wish to provide a mere experimental demonstration of the protocol effectiveness, the mixing probabilities
of the various terms in the initial state may be simulated by different sampling times, as already done in [14].
That could not be the case in actual application scenarios.

4.2. Single qubit carrier, relay scheme
The request of producing N indistinguishable photons, even for low N > 3, may actually be difficult to
comply with. There is another suitable way to demonstrate the protocol in an experimental implementation:
in appendix B we report on a variation of the protocol, relying on a ‘relay scheme’, where the single qubit
carrier is measured and replaced after a certain number of protocol steps. This scheme is less efficient than the
standard one, but possesses some interesting features as we face an experimental realization. Indeed, the relay
strategy implies that the carrier needs only to be indistinguishable with the qubit nodes it interacts with. In
particular, we consider the case in which a new qubit carrier is employed after the previous one has interacted
with two nodes. Therefore, again in an optical framework, we only need to generate three indistinguishable
photons, plus a triggering one, which corresponds to what has been already realized in [14] for the binary
protocol. The N nodes protocol may be realized by exploiting N/2 sources in an actual scenario.

In case of a proof-of-principle framework, it would be even possible to use the same photon source, since
the different parts of the systems remain completely isolated throughout the protocol. It would only be
necessary to suitably set the photons’ state as the qubit pair which is simulated to be under observation. A
sketch of the possible experimental implementation of the scheme for the case of the ring pattern in four
nodes is reported in figure 6.

5. Concluding remarks

We have presented a scheme for the achievement of EDSS in a multipartite network. In contrast with the
proposal in [28], where the carrier is made separable by additional operations, our strategy is a generalization
of the one proposed in [14]: the carrier is always separable throughout the protocol and there is no need for
supplemental manipulation of the carrier system, aimed at disentangling it. It is also characterized by a
remarkable flexibility in terms of feasible distribution patterns and possible variations of the standard
scheme. Indeed, our strategy may be extended to a continuous-variable framework, as in the binary case, in
order to make experimental implementations easier to realize. The results of our work provide a very general
alternative approach to direct protocols in the problem of entanglement distribution, although, as
highlighted in the text, it is a probabilistic approach. Nevertheless, the advantages of using a separable state
carrier in some environmental conditions [14], may be finally extended to the N qubits scenario, where noise
can play a very relevant part. Therefore, these results may pave the way to the development of the general and
useful application of EDSS protocols in actual multiparty Quantum Communication and Information tasks.
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Figure 6. Scheme of principle for the Relay Protocol for a 4 nodes ring pattern. Two BBO crystals pumped by a pulsed laser
generate four indistinguishable photons altogether. Three of them are sent into the setup, while the fourth is used to witness as a
herald for generation. Two sources allow to generate two triplets of indistinguishable photons, each of which can be used to
address two nodes and one carrier. The photons are prepared in the suitable initial state after traveling through an optical fiber,
then three of them are used to perform the encoding and decoding of entanglement between A and B via K. After the
measurement of K, a second triplet can be used to weave the entanglement between C and D via K′ and, concurrently, the links
between B and C and D and A.

For instance, an application of this work worth highlighting is quantum conference key agreement
(QCKA) [36], that is, the ability to use properties of quantum states to securely share secret keys between
N > 2 parties. Quantum key distribution is becoming increasingly important as we approach the realization
of quantum computers which would render existing security protocols useless. In particular, QCKA is
growing in relevance as quantum networks of many nodes are being developed for the purpose of secure
communication (for instance, see [37–39]).

Remarkably, the resources for QCKA are precisely states with the entanglement structure achieved
through the protocol illustrated here [40]. Once the entangled state has been shared among the desired N
nodes according to the protocol in section 2, the N-BB84 protocol [36, 41] for QCKA could then be used to
establish a secret key. Therefore, not only can we distribute keys securely between N parties without needing
to send, for instance, fragile GHZ states to several nodes, but we show that it is in fact possible without
sending any entanglement at all.

Data availability statement
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Appendix A. Simultaneously entangled pairs

At the end of section 3, we described the form of the final state of the network as a mixture of terms featuring
entanglement between a single node pair each. Clearly, the initial state can be tailored to obtain different
mixtures. We show this via a ring pattern example, where we consider a network of N nodes {Qi}Ni=1, where
we consider N to be even for sake of simplicity. We want to obtain a final state of the network featuring
multipartite entanglement and the possibility of having simultaneously entangled node pairs in the system.
We set the initial state as the mixture of two terms:

αN =
1

2

N/2⊗
k=1

ρQ2k−1,Q2k +

N/2−1⊗
j=0

ρQ2j,Q2j+1

 , (21)

where we consider Q0 = QN. In this case, simply applying the single qubit carrier protocol, we would obtain

a final state of the network fulfilling our initial requirements, but the carrier would end up being entangled
during the process. Therefore, we mix these two terms with the initial state for a N nodes ring-like
entanglement distribution pattern:

αN =
1

N+ 2

N/2⊗
k=1

ρQ2k−1,Q2k +

N/2−1⊗
j=0

ρQ2j,Q2j+1+

+
N∑

k=1

(
k⊗

i=1

|0⟩⟨0|Qi

)
⊗ ρ0Qk,Qk+1

⊗

 N⊗
j=k+2

|0⟩⟨0|Qj

 , (22)

where we consider QN+1 = Q1. In this way, we are inserting ‘noise’ in the state of the system, which helps
keep the carrier separable, while diminishing the probability of finding the network in a final state featuring
simultaneously entangled node pairs. After the application of the single-qubit carrier protocol, the final state
will be:

ρ
f
N = pΩN + q

(
N∑

k=1

∣∣ϕ+〉〈ϕ+∣∣
Qi,Qi+1

)
⊗

 N−1⊗
j=1,j̸=i,i+1

α0
Qj


+ r

N/2⊗
k=1

∣∣ϕ+〉〈ϕ+∣∣
Q2k−1,Q2k

+

N/2−1⊗
j=0

∣∣ϕ+〉〈ϕ+∣∣
Q2j,Q2j+1

 , (23)

where p,q, r ∈R with p+ q+ r= 1, and ΩN is again a completely diagonal contribution to the state of the
network, hence classical. Therefore, we have a certain probability of actually finding the system in the state
we desire. Alternatively, if we relax the request of multipartite entanglement, we can use the initial state

α=
⊗N/2

k=1 ρQ2k−1,Q2k , relatively increasing the probability of finding the network in a product state of
entangled node pairs, although the system shall remain separable with respect to some bipartitions.

Appendix B. Relay scheme for single qubit carrier

It is possible to define a single qubit carrier scheme in which the carrier is halfway replaced with another
qubit. This alternative protocol may result very useful for possible future experimental implementations, as
highlighted in section 4. We explicitly show the details of this relay scheme in a four nodes ring pattern
example. We have four nodes A,B,C,D and a carrier qubit K. The initial state of the network and carrier is

11
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the same as in the standard ring pattern case αT , as well as the encoding and decoding operations. The only
difference consists of the fact that after two interactions, we project the qubit system on the |A⟩⟨A| state, we
trace it away and we insert a new qubit carrier in the initial state αK :

βT = PAKαTP+
AK

→ γT = PBKβTP+
BK

→ γ ′
T = |A⟩K ⟨A|γT |A⟩K ⟨A|

→ γN = TrK(γ
′
T)

→ γ ′ ′
T = γN ⊗α ′

K

→ δT = PCK ′γ ′ ′
T P+

CK ′

→ ηT = PDK ′δTP+
DK ′

(24)

At the end of the protocols, we get the following negative eigenvalues from the partial transpositions of
ηT : 

EA−BCDK ′ = {−0.00986842,−0.00328947}
EB−ACDK ′ =−0.00986842

EC−ABDK ′ = {−0.00986842,−0.00328947}
ED−ABCK ′ =−0.00986842

EK ′−ABCD = 0

(25)

and by analyzing all the partition the system exhibits multipartite entanglement. It is quite evident that the
average negativity produced is lower than in the standard case, although the requested multipartite
entanglement and carrier separability are achieved. Therefore, the relay scheme provides with a weaker yet
effective protocol for EDSS, which may prove to be useful in practical applications.

Appendix C. Tables of eigenvalues

Table 2. Negative eigenvalues of every possible partition, ring pattern, qubit and qudit carrier protocols.

Bipartition Single-carrier Multiple-carrier

Q1|Q2Q3Q4K −0.0175 206 {−0.011786,−0.00392868,−0.00392868,−0.001309565}
Q2|Q1Q3Q4K −0.0175 206 {−0.011786,−0.00392868,−0.00392868,−0.001309565}
Q3|Q1Q2Q4K −0.0175 206 {−0.011786,−0.00392868,−0.00392868,−0.001309565}
Q4|Q1Q2Q3K −0.0175 206 {−0.011786,−0.00392868,−0.00392868,−0.001309565}
Q1Q2|Q3Q4K {−0.0078125,−0.0078125} {−0.00769043,−0.00769043,−0.00286949,−0.00256348,

−0.00256348,−0.00256348,−0.00256348,−0.000956497,
−0.000956497,−0.000854492,−0.000854492,−0.000318832}

Q1Q3|Q2Q4K −0.03125 {−0.0117871,−0.0117871,−0.00395737,−0.00395737,
−0.00395737,−0.00395737,−0.00195313}

Q1Q4|Q2Q3K {−0.0078125,−0.0078125} {−0.00769043,−0.00769043,−0.00286949,−0.00256348,
−0.00256348,−0.00256348,−0.00256348,−0.000956497,
0.000956497,−0.000854492,−0.000854492,−0.000318832}

Table 3. Negative eigenvalues of every possible partition, star pattern, qubit and qudit carrier protocols.

Bipartition Single-carrier Multiple-carrier

Q1|Q2Q3Q4K −0.0342865 {−0.0291511,−0.00642872,−0.00642872,−0.00642872}
Q2|Q1Q3Q4K −0.0121071 {−0.00681022,−0.00227007,−0.00227007,−0.000756691}
Q3|Q1Q2Q4K −0.0121071 {−0.00681022,−0.00227007,−0.00227007,−0.000756691}
Q4|Q1Q2Q3K −0.0121071 {−0.00681022,−0.00227007,−0.00227007,−0.000756691}
Q1Q2|Q3Q4K −0.0245719 {−0.0235657,−0.00681022,−0.00460722,−0.00460722,−0.00460722,−0.00227007}
Q1Q3|Q2Q4K −0.0245719 {−0.0235657,−0.00681022,−0.00460722,−0.00460722,−0.00227007}
Q1Q4|Q2Q3K −0.0245719 {−0.0235657,−0.00681022,−0.00460722,−0.00460722,−0.00460722,−0.00227007}
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Appendix D. Separability of the carrier qubit

It can be shown that the state of the total system can be written as a separable decomposition with respect to
the carrier qubit K at every stage of the protocol.

We begin with the two-qubit protocol in section 2, acting on the initial state αAB ⊗αK with the encoding
operation produces state βABK , which can be written as [14]

βABK =
3

16
|00⟩⟨00| ⊗ |A⟩⟨A|+ 3

16
|11⟩⟨11| ⊗ |D⟩⟨D|

+
1

8

∣∣ϕ+〉〈ϕ+∣∣⊗ |0⟩⟨0|+ 1

8

∣∣ϕ−〉〈ϕ−∣∣⊗ |1⟩⟨1|

+
1

16
|01⟩⟨01| ⊗ |A⟩⟨A|+ 1

16
|10⟩⟨10| ⊗ |D⟩⟨D|

+
1

16

∣∣ϕ+i
〉〈
ϕ+i
∣∣⊗ |L⟩⟨L|+ 1

16

∣∣ϕ−i
〉〈
ϕ−i
∣∣⊗ |R⟩⟨R|

+
1

32
|01⟩⟨01| ⊗ |L⟩⟨L|+ 1

32
|10⟩⟨10| ⊗ |L⟩⟨L|

+
1

32

∣∣ψ+
〉〈
ψ+
∣∣⊗ |R⟩⟨R|+ 1

32

∣∣ψ−〉〈ψ−∣∣⊗ |R⟩⟨R| ,

(26)

where {|ϕ±⟩ , |ψ±⟩} is the Bell basis and
∣∣ϕ±i

〉
= 1√

2
(|00⟩± i |11⟩). Therefore, the state βABK is separable

with respect to the carrier at this point.
After performing the decoding operation, we achieve the state γABK where

γABK =
1

4

∣∣ϕ+〉〈ϕ+∣∣⊗ 1

2
+

3

16
|00⟩⟨00| ⊗ |A⟩⟨A|

+
3

16
|11⟩⟨11| ⊗ |A⟩⟨A|+ 1

16
|01⟩⟨01| ⊗ |D⟩⟨D|

+
1

16
|10⟩ |10⟩⊗ |D⟩⟨D|+ 1

16

∣∣ϕ+〉〈ϕ+∣∣⊗ |A⟩⟨A|

+
1

16

∣∣ϕ−〉〈ϕ−∣∣⊗ |D⟩⟨D|+ 1

16
|01⟩⟨01| ⊗ 1

2

+
1

16
|10⟩⟨10| ⊗ 1

2
,

(27)

which demonstrates that this state too is separable with respect to K.
Moving to the four-qubit case in section 3, the ring structure has initial state in equation (16). Each

element of the sum takes the form:

1

4
ρQiQj ⊗ |0⟩⟨0|Ql

⊗ |0⟩⟨0|Qm
⊗αK. (28)

A CPHASE gate with Ql or Qm as the control qubit will have no effect on this term. However, with Qi as the
control qubit, βQiQjK ⊗ |0⟩⟨0|Ql

⊗ |0⟩⟨0|Qm
is generated. Alternatively, acting on QjK will give

β ′
QiQjK ⊗ |0⟩⟨0|Ql

⊗ |0⟩⟨0|Qm
where,

β ′ =β− 1

16
|01⟩⟨01| ⊗ |A⟩⟨A| − 1

16
|10⟩⟨10| ⊗ |D⟩⟨D|

+
1

16
|01⟩⟨01| ⊗ |D⟩⟨D|+ 1

16
|10⟩⟨10| ⊗ |A⟩⟨A| ,

(29)

and therefore is still a separable decomposition with respect to the carrier. When the CPHASE gate on QiK
acts on the state β ′

QiQjK, we retrieve γQiQjK.
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Consequently, after the four CPHASE gates have been applied, the final state of the total system is:

ρfinal = γQ1Q2 K ⊗ |0⟩⟨0|Q3
⊗ |0⟩⟨0|Q4

+ γQ2Q3 K ⊗ |0⟩⟨0|Q4
⊗ |0⟩⟨0|Q1

+ γQ3Q4 K ⊗ |0⟩⟨0|Q1
⊗ |0⟩⟨0|Q2

+ γQ4Q1 K ⊗ |0⟩⟨0|Q2
⊗ |0⟩⟨0|Q3

.

(30)

For the star structure we have a similar effect; starting from the initial state in equation (19), we achieve
the final state:

ρfinal =
1

3

4∑
j=2

γQ1QjK

⊗
j̄∈Q̄

|0⟩⟨0|Q j̄

 , (31)

where Q̄=Q\{Q1,Qj}. Therefore, the carrier is separable from all other systems at each step of the protocol.
Extension to multi-qubit cases can be carried out following similar lines, but the proof is more involved

and we omit it for the sake of simplicity.
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