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Abstract—Multipartite entanglement distribution is a key func-
tionality of the Quantum Internet. In this paper, the multi-
partite entanglement distribution is analyzed from a quantum
transduction perspective. Specifically, communication models for
quantum transduction of multipartite entangled states are pro-
vided, and they rely on a different paradigms, resulting from the
capabilities of different hardware platforms underlying quantum
transduction. By using terminology and concepts tailored for
the communications engineering community, the objective of the
paper is to depart from the large heterogeneity of hardware
solutions available in literature, in order to abstract from the
particulars of the specific solution.

Index Terms—Quantum Internet, Quantum Transduction, En-
tanglement distribution, Multipartite entanglement, Teleporting.

I. INTRODUCTION

The Quantum Internet is envisioned to rely on hybridisation
of network architectures and technologies to face with the
compulsory challenges connected to its design [1]. Indeed,
several technologies are available to store, process, transmit
quantum bit (qubits). And each qubit physical implementation
has its own set of pros and cons [1].

Superconducting technology is recognized as a very promis-
ing quantum computing platform due to its capabilities to
realize fast gates and due to its high scalability. However,
the superconducting technology requires cryogenic tempera-
tures, which in turn challenge the development of large-scale
quantum networks. On the other hand, photonic technology
is worldwide recognized as the most suitable technology
for realizing the so-called flying qubits, i.e., optical photons
acting as quantum carriers, which travel along communication
channels for fulfilling quantum communication needs. And,
indeed, optical photons weakly interact with the environment
(thus, less subjected to decoherence), can be easily controlled
with standard optical components as well as are characterized
by high-rate low-loss transmissions [1], [2].

Due to their complementary features, superconducting and
photonic technologies are envisioned to play a key role in
the deployment of the Quantum Internet, where the aim of
the flying qubits is to enable communications among the
network nodes, by “transporting” qubits out of the physical
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quantum devices through the network for conveying quantum
information and/or entanglement from the sender to the re-
ceiver. Hence, a quantum transducer is needed to convert a
superconducting qubit within a quantum network node into a
flying qubit [3]-[7].

However, flying qubits at optical frequencies (typically
about hundred of THz) cannot directly interact with super-
conducting qubits that, differently, work at microwave fre-
quencies (GHz). Hence, the challenges arising in designing
a microwave-optical transducer are not trivial. And indeed,
nowadays, it is still an open-problem to mediate the huge
frequency gap — about five orders of magnitude — between
microwave and optical photons.

In this paper, we provide communication models for quan-
tum transduction based on different paradigms, resulting from
the capabilities of different hardware platforms underlying
quantum transduction. By using terminology and concepts
tailored for the communications engineering community, the
objective of the paper is to depart from the large hardware
solutions available in literature, in order to abstract from the
particulars of the specific solutions.

We provide such models for a key functionality of quan-
tum communication networks, i.e., entanglement distribution.
Specifically, the transduction process is investigated for map-
ping the entanglement between superconducting qubits into
the entanglement of optical photons and vice-versa, in order
to make the entanglement distribution possible.

In this context, the main contribution of the paper is model-
ing trasducers for the distribution of multipartite entanglement,
which recently has been recognized as a crucial resource for
enabling astonishing functionalities in the Quantum Internet
[8]-[10].

In fact, although multipartite entanglement distribution has
been analyzed from a protocol point of view [9], [11], what
is missing is a consolidated literature that treats multipartite
entanglement distribution with an outlook on quantum trans-
duction.

Although the analysis we present does not have the ambition
of being exhaustive, it has the merit of providing some
guidelines from a communication engineering perspective.

It is worthwhile to note that one of the reason for which
our modelling is far from being exhaustive is that the hard-
ware choices influence hugely the theoretical framework. And
indeed there is not a single hardware solution individuated in
literature, nor a clear understanding (and analysis) of the role
played by different hardware setups.
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Fig. 1: DMD: Direct Multipartite entanglement Distribution
for a 3-qubit GHZ state. This state, generated at the orches-
trator, must be distributed among the three superconducting
clients via optical quantum channels. Ebits at microwave and
optical frequencies are depicted in blue and red, respectively.
The Quantum Transducers (QTSs) at the orchestrator realize an
up-conversion of the ebits of the GHZ state, by converting
them from microwave to optical frequencies. After being
distributed through optical channels, the ebits are converted
again into microwave frequencies with a down-conversion
process implemented by the QTs at the clients.

We do hope that this paper will strike up a dialogue among
the different research communities involved to converge on
a standard reference model, which would be of paramount
importance for quantum network development.

The remaining part of the paper is organised as follows.
In Section II we describe the problem statement by pre-
senting two main techniques for multipartite entanglement
distribution. In Section III, we provide two different commu-
nication models for quantum transduction based on different
paradigms, relying on different hardware capabilities. In Sec-
tion IV, we analyze the impact of the noise on the developed
models and, finally, in Section V we conclude the paper.

II. PROBLEM STATEMENT: DIRECT VS TELEPORTED
MULTIPARTITE ENTANGLEMENT DISTRIBUTION

Generating and distributing entanglement constitutes a de-
manding task due to the delicate nature of quantum states and
their susceptibility to environmental disturbances. The com-
plexity of entanglement generation and distribution becomes
even more evident when it comes to multipartite entangled

2

states, such as GHZ states'.

Indeed, the generation of multipartite entanglement requires
sophisticated and resource-intensive setups, often involving
complex experimental apparatuses and precise control mech-
anisms. This makes pragmatic to assume a specialized super-
node, in the following referred to as orchestrator, responsible
for the entanglement generation and distribution. The orches-
trator is connected via quantum channels to network nodes
with lower capabilities of satisfying entanglement technologi-
cal and hardware requirements, referred to as clients. Accord-
ingly, to eventually distribute a multipartite entangled state
among the clients, the orchestrator first locally generates the
multipartite entanglement state. Then, the entangled qubits —
ebits in the following — of the multipartite state are distributed
to the clients according to a chosen distribution strategy [10].

It is a matter of fact that distributing multipartite entangled
states among remote superconducting quantum nodes forces
the adopted distribution strategy to account for the huge
frequency gap between intra- and inter-nodes frequencies,
namely, between microwave and optical frequencies, by ex-
ploiting quantum transduction.

In this context, we can distinguish two main classes of
multipartite entanglement distribution techniques:

i) DMD: Direct Multipartite entanglement Distribution;

ii) TMD: Teleported Multipartite entanglement Distribution.

In DMD, as suggested by the name, the ebits are directly
converted from microwave to optical frequencies and vice-
versa, in order to be distributed from the orchestrator to the
clients. Conversely, in TMD, the ebits are teleported to the
clients, once additional EPR pairs have been generated and
shared between orchestrator and the clients.

A. DMD: Direct Multipartite entanglement Distribution

Each ebit of the multipartite state can, in principle, be
directly distributed to a client. This task requires to perform
two different frequency conversions for each ebit of the
multipartite entangled state:

- up-conversion: this process converts an ebit from mi-
crowave to optical frequencies, i.e., it converts a mi-
crowave ebit-carrier into a optical ebit-carrier,

- down-conversion: this process enables the inverse conver-
sion, i.e., it converts an ebit from optical to microwave
frequencies.

Once this twofold up- and down conversion process is
completed for each client, the multipartite entangled state has
been distributed among all the nodes, as schematized in Fig. 1.

It is important to highlight that both up- and down-
conversion processes are not deterministic. Indeed, there exists

'A Greenberger-Horne—Zeilinger (GHZ) state — formally,
[0)®74[1)®m
2

GHZ) =
for n-qubit state [13] — is a maximally entangled state, charac-
terised by maximally connectivity. Indeed, a state is maximally connected if,
for any two qubits, there exists a sequence of single-qubit measurements on
the remaining qubits that, when performed, guarantee that the two qubits end
up in a maximally entangled state [14]. On the other hand, GHZ states exhibit
minimum persistency, i.e., equal to 1. Indeed the persistency of a multipartite
entangled state is the minimum number of qubits that need to be measured
to guarantee that the resulting state is unentangled [9], [14].
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(a) Network state before the teleportation process: the multipartite
state is stored at the orchestrator, and EPR pairs have been generated
and distributed (ideally) so that one microwave ebit is at the
orchestrator and the other microwave ebit is at each client.
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(b) Network state after the teleportation process: by consuming the
EPR pairs during the teleportation processes, each microwave ebit
of the multipartite state — a 3-qubit GHZ state in this case — is
teleported at the corresponding client.

Fig. 2: TMD: Teleported Multipartite entanglement Distribution for the same multipartite state considered in Fig 1. First, the
orchestrator generates and share three EPR pairs with the clients, which represents the communication resource — namely, the
artificial quantum link [9] — utilized for teleporting the multipartite state to the clients. Then, by performing local operations —
i.e., Bell State Measurements (BSMs) — between the ebits of the EPR pairs at the orchestrator and the ebits of the GHZ state,
followed by classical communications [12], the 3-qubit GHZ is shared between 3 clients.

a non-zero probability that either or both the conversions fail
[15]-[17], with failure-probability values strictly depending
on the characteristics of hardware used for implementing the
microwave-optical transduction. Quantum transducer exhibits
successful bi-directional (i.e., microwave to optical or vice-
versa) conversion probability (also defined as total efficiency)
in the order of 10~2 [5], [18]. Indeed, despite big efforts in the
realization of quantum transducers, obtaining high efficiency
is still an open and crucial challenge [19]. Furthermore, a
successful DMD requires to preserve the multipartite state,
originally generated at the orchestrator, during the distribution
process. This implies that each ebit must be preserved during
both up- and down-conversion processes (as well as during the
carrier propagation process through the optical link) for each
client. Clearly, if all the aforementioned processes succeed, the
original multipartite state is preserved. Conversely, whether
at least one of the processes for any client fails, then the
preservation of the entire multipartite state is compromised.
And if the entanglement among the remaining (un-failed
processes) ebits can be preserved, it is not assured, since it
depends on the specific class of multipartite entangled state
to be distributed. Indeed, the DMD approach is not viable
for all the classes of multipartite entanglement, which are
characterized by different persistence properties [14]. As an
example, the direct distribution of GHZ-like states, which
are characterized by the lowest persistence, requires all the
photons encoding the GHZ state to be successfully distributed
to the clients in a single distribution attempt [11], [20], [21].
Hence, even the loss of a single ebit of the original GHZ state —
during the conversions or the transmission through the optical
channel — results in the disruption of the whole multipartite
state.

3

B. TMD: Teleported Multipartite entanglement Distribution

Differently from DMD, TMD exploits the preliminary dis-
tribution of EPR pairs to the clients to eventually distribute the
multipartite entangled state via quantum teleporting protocol.
Specifically, once multiple? (one for each client) EPR pairs
have been generated, the orchestrator retains one ebit of each
EPR pair while distributing the others to the clients. Once the
EPR distribution process is completed, the original multipartite
entangled state is teleported at the clients by performing local
operations and classical communications [1], as depicted in
Fig. 2.

According to the above description, TMD shifts the impact
of noisy quantum transduction (and noisy optical ebit carrier
propagation) from multipartite entanglement state to EPR
pairs. In other words — and differently from DMD — in TMD
quantum transduction acts on EPR pairs only and no up- or
down-conversion of the multipartite ebits is required. Indeed
EPR pairs generation and distribution is less demanding than
multipartite entanglement generation and distribution. Notably,
this shift makes TMD strategy viable for all the classes of
multipartite entanglement, regardless of their persistence prop-
erties. Moreover, TMD strategy guarantees more resilience to
noise and better protection against memory decoherence [20],
[22].

For all these reasons, in the remaining part of the paper we
focus on TMD only, by providing different communication
models for quantum transduction in TMD and by discussing
the different impact of noise on them.
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Fig. 3: TMD with plain clients: Teleported Multipartite en-
tanglement Distribution with plain clients for the same mul-
tipartite state considered in Fig 1. First, QTs generates three
hybrid EPR pairs at the orchestrator. Ebits at microwave and
optical frequencies are depicted in blue and red respectively.
After being distributed through optical channels, optical ebits
of the generated EPRs are converted at microwave frequencies
with a down-conversion process implemented by the QTs at
the plain clients. Once the microwave EPRs are distributed
between orchestrator and clients, the multipartite entangled
state can be teleported to the three plain clients according to
Fig 2.
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Fig. 4: TMD with complex clients: Teleported Multipartite
entanglement Distribution with complex clients for the same
multipartite state considered in Fig 1. First, QTs generates
three hybrid EPR pairs at the orchestrator and one hybrid
EPR pair at each client. Ebits at microwave and optical
frequencies are depicted in blue and red respectively. Optical
repeaters implement entanglement swapping on optical ebits
of the generated EPRs (one ebit from the orchestrator and one
ebit from a complex client). After the swap, the microwave
EPRs are distributed between orchestrator and clients, the
multipartite entangled state can be teleported to the three
complex clients according to Fig 2.

III. QUANTUM TRANSDUCTION MODELS FOR TMD

As introduced in Sec. II, TMD strategy limits microwave-
optical transduction to EPR pairs, and no quantum transduction
of the multipartite ebits is performed.

Clearly, the ebit of the EPR pair to be shared can be
transduced with a cascade of up- and down-conversion, as it
happens in DMD strategy in Fig. 1. This choice solves one
of the main two issues exhibited by DMD, namely, its unsuit-
ability for the different classes of multipartite entanglement,
characterized by different persistence properties. Furthermore,
any loss or noise affect the EPR pair that, differently from the
multipartite entanglement state, can be more easily regener-
ated. However, utilising a cascade of up- and down-conversion
does not remedy to the severe inefficiency of direct quantum
transduction, which requires a parameter regime for achieving
not-null quantum capacity transduction still hard to reach with
the state-of-the-art technology [16], [19].

Accordingly, in the following we provide two different com-
munication models for TMD quantum transduction based on a
different paradigm. This paradigm exploits the capabilities of
the quantum transduction hardware to generate entanglement
[23], rather than the ability of the hardware to up- or down-
convert quantum states.

2It is worthwhile to note that the generation of the EPR pairs can happen
either sequentially or in parallel, depending on the characteristics of the
underlying quantum technology.

4

A. QT Modelling for TMD in presence of intrinsic entangle-
ment and “plain” clients

As mentioned above, the parameter regime for achieving
not-null quantum capacity transduction between microwave
and optical domains is still beyond state-of-the-art technology.

Conversely, the parameter regime achievable with state-of-
the-art technology, when coupled with cryogenic temperatures
so that thermal microwave noise can be neglected [24], en-
ables the generation of intrinsic entanglement, i.e., entangle-
ment between two different (optical and microwave) domains
[16], [24]. Specifically, through spontaneous parametric down-
conversion 3 (SPDC) of an input pump field, entanglement
between optical and microwave fields is generated within the
transducer [16], [26]-[28]. It is worthwhile to highlight that,
similarly to up- and down-conversion, entanglement gener-
ation via SPDC within the transducer is not deterministic.
Indeed, there exists the possibility that this process fails
and no entanglement between microwave and optical field is
generated.

In the following, we suppose that the generated bipartite
entanglement is an EPR pair formed by two photons, and thus
it can be expressed with Fock state notation as:

1
V2

3Spontaneous parametric down-conversion is a non-linear optical process
where a photon spontaneously splits into two photons of lower energies [25]

[®%r0) = —7=(103,05) + [13,15))- (D
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with the subscripts M and O denoting the photon domain —
i.e., microwave and optical — whereas the superscript denoting
the “location” of each ebit, which is o as orchestrator at
the generation of the EPR. [27]. Accordingly, in (1) the
term |19,12) denotes the event in which SPDC successfully
generated a couple of photons, one at microwave and the other
at optical frequency. Conversely, the term |0$,0%) denotes the
event in which SPDC failed, and no microwave nor optical
photon have been generated.

Remark. The two assumptions underlying equation (1) must
be better discussed. Regarding the assumption of generating
a two-level state — i.e., the assumption of restricting the
admissible system state to 2-level Fock states for each field
rather than an uncountable levels — is not restrictive, since
it simply requires a specific inizialization (aka red detuning)
of the microwave field inside the cavity [27]. This leads to
an EPR state in the form of %(\01) + [10)) as discussed in
Sec. IV-B, which is equivalent to (1) up to a basis change.
Thus, in the following we will use (1). Furthermore, also the
assumption of an EPR state — i.e., a maximally entangled
state with even superposition of two states as in (1) — depends
on a careful setting of the transduction hardware parameters
[27]. Obviously, any hardware mismatch from the ideal setting
would impact on the purity of the generated entangled pair.

Stemming from the above, we can model the TMD with
intrinsic entanglement generated by the transducer at the
orchestrator as in Fig. 3. Specifically, n intrinsic EPR pairs
are generated at the orchestrator, with the optical ebit of each
EPR pair transmitted to each client and down-converted to
the microwave domain therein, resulting in the following EPR
state:

1 o C o (&
E“OM o) 115 150)s

| oc

MM> =

2

shared between the orchestrator o and the arbitrary client
c € {1,...,n}. Accordingly, once the n EPRs are distributed
through the network, the overall state [¢gr,) is given by:

6a1.) = [Vme) @ |2552)°" 3)

with |¢,.) denoting the multipartite entangled state to be
distributed to the n clients. The teleportation of the multipartite
entangled state can be now be performed.

Remark. This model requires each client to be equipped
with a quantum transducer capable of down-converting from
optical to microwave. This represents the “simplest” form
of hardware transduction at the clients — as denoted by the
subscript s of |pqr, ) in (3) — making so the model appealing in
terms of client requirements. Yet, it suffers from the inefficiency
of direct quantum transduction — although limited to a single
conversion — optical to micro — rather than two conversions
— micro to optical and then back to micro — as for DMD.

5

B. QT Modelling for TMD in presence of intrinsic entangle-
ment and “complex” clients

An alternative model for TMD is obtained by relaxing
the assumption of concentrating hardware complexity at the
orchestrator. Specifically, it is obtained by assuming that
clients are characterised by higher hardware capabilities — and
thus they are able to generate intrinsic EPR pairs between
microwave and optical domains — and additional hardware is
dislocating along the optical links.

Accordingly, the generation of the EPR pairs occurs “at
both points” rather than at “source only” [12], [29], as shown
in Fig. 4. Specifically, n intrinsic EPR pairs are generated
at the orchestrator and n intrinsic EPR pairs are generated
at the clients. As for the first scheme, each EPR pair is
hybrid, by involving both the microwave and optical domains.
EPR pairs are eventually distributed between orchestrator and
clients through a procedure resembling entanglement swapping
[30]. This procedure accounts for the nature of the Fock states
in (1) [31], and it is described in details in the following.

The Fock state at each client can be written as follows:

c 1
|<I)MO> = 5

ﬁ(lo‘?w%) + [15,16))-

and n Fock states as in (1) are available at the orchestrator.

The optical ebits of each EPR are thus transmitted through
optical quantum channels and reach n beam splitters, one
for each client, and each beam splitter is followed by two
detectors, so that the overall setup is unable to distinguishing
the which-path information [27], [31]. A click of one of the
two detectors of each setup denotes the presence of an optical
photon. However, due to the path-erasure, the impossibility
of knowing whether the optical photon responsible for the
detector-click has been generated at the orchestrator or at the
client makes it impossible to distinguish where the SPDC has
taken place, and thus whether a microwave photon is present
at orchestrator or at client. This results into the generation of
a path-entanglement [32] between the microwave photon at
the orchestrator and at the client [27]. Thus, the overall effect
of beam splitter and detectors is reminiscent of entanglement
swapping, since they project the received optical photons into
a Bell state and the heralded signal — i.e., the detector-click
— indicates the distribution of entangled pairs in the remote
superconducting processors [33]:

1
ﬁ(l% )+ 118,050))-

“

(&)

‘ 7»?M> =

Accordingly, the overall state |¢¢r,), after the swapping-
like distribution procedure, can be ideally expressed as:

oc ®n
|¢QTC> = |Yme) @ [Yq7ar) - (6)
and the teleportation of the multipartite entangled state [}, )
do be distributed can be performed.
IV. NoISY TRANSDUCTION MODELS FOR TMD

From the discussions within the previous sections, it is clear
that the challenges in TMD strategies shift from preserving the
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Fig. 5: Different intrinsic entanglement generation schemes
(a) withouth, and (b) with inizializaton of the microwave field
inside the cavity. Blue (red) “up”-solid arrows represent the
presence of a microwave (optical) photon, while blue (red)
“down”-empty arrows denote the absence of a microwave
(optical) photon.

multipartite state during frequency up- and down conversions
(and during the optical propagation) to preserving the EPR
pairs that will be utilized for teleporting the multipartite state.

Hence, in this section we carried out a comparison analysis
between the two models presented in Sec. III. However, this
analysis is very far from being exhaustive. The reason is that
the hardware influences hugely this comparison. And there
is not a single hardware solution individuated in literature.
Accordingly, we will provide guidelines for this comparison
from a communication network perspective. And we do hope
that this paper will push the hardware community to converge
on a standard reference model, which would be of paramount
importance for quantum network development.

Since the interest is on the QT model performance, we
will neglect the noise effects on the generation process of
the multipartite entangled state, by reasonably assuming that
proper noise-cancellation or state-purification techniques can
be adopted during the generation process within the orches-
trator.

A. Noisy QT model for TMD in presence of plain clients

For the model introduced in Section III-A, the purity of
the EPR pairs in equation (2) is affected by the efficiency
and features of the transducers available at the orchestrator as
well as by the efficiency and features of the down-convertion
transducer available at the clients. For abstracting from the
particulars of the underlying technolgies, we capture the trans-
ducer features at the orchestrator and at the clients through the
parameters 7n; and 7., respectively.

As a consequence, in practical scenarios, due to noise
effects, the shared pair between the orchestrator and the
arbitrary client deviated from the ideal pure state in eq. (2).

6

And it can be modelled as a Werner state, whose density
matrix is expressed as follows [34]:

Ly

1 )

p =023 (2370 + (1 —p)

A . .
= ppigr, + (1= D)o,

with I, denoting the identity matrix of dimension 4. The
parameter p, which is the probability that the state is not
affected by noise — i.e., the probability of obtaining the ideal
state p’d 2 |G 0r) (PG as] — is a function, f(-), of the
transducer parameters n; and 75., as well as of the features
7qc Of the considered quantum channel:

®)

It is worthwhile to note that modeling the shared state as a
Werner state corresponds to the worst-case scenario [35].

Stemming from this, the state of the overall system cannot
be anymore expressed as in equation (3), since the noise
induced on the overall state a non-unitary evolution. To
express the state of the overall system through a closed-form
expression, we need to consider all the error configurations
affecting the different distribution processes.

To this aim, it is convenient to describe the error con-
figurations on the n links between the orchestrator and the
clients through binary sequences of length n, where ”0” in
the position j denotes that on the j-th link no-error occurred,
whereas 71”7 in the position j denotes that on the j-th link
the error occurred. The set S of the aforementioned binary
sequences has a cardinality |S| given by:

s1=3 () =2

k=0

P~ f(07, MG Nae)-

(€))

n

where ( k) denotes the binomial coefficient representing the
number of binary sequences in S characterized by k links
among n in error. The subset S(*) C S of S constituted by
sequences with & ones has thus cardinality [S(*)| = (}). In
the following, we denote with .S; the i-th binary sequence in
S and with S;; the j-th elemnt of S;. Stemming from this, and
by accounting for (7), it results that:

S {ﬂgn» if 55 =0,

(10)

Pors = ,ogT“ otherwise.

By using (10), the state of the overall system can be expressed
as:

S|
i
PQT, = Pme ® | > ®)_1ps,, P, | =

i=1

— e ® (pwpgn)@“ (1= ) ()P

n—1
+Y > pRa—p) (®?:1p3%5)). (11)

k=1i:5,€50)
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If entanglement purification is performed, a recurrence of
local operations [36], [37] have to be applied for each Werner
state (7). The number of iterations depends on the targeted
fidelity, as well as on the transducer parameters, which, in
turn, affect also the initial fidelity of the generated state.

B. Noisy QT model for TMD in more complex clients

For the model introduced in Section III-B, the purity of the
EPR pairs in equation (5) is affected by the efficiency and
features of the transducers available at the orchestrator and
at the clients — which can be reasonable assumed as of the
same type — as well as by the efficiency and features of the
beamsplitters and detectors.

Here, we capture the features of the transducer at the
orchestrator and at the clients through the parameters 7,
and 7;,. And, we embrace the features of beamsplitters and
detectors, by introducing the parameter 7).

As described in Sec. III-B, this model requires the detection
of a single optical photon. However, it may happen that two
optical photons travel along the quantum channel connecting
orchestrator with client and reach the beam-splitter, since the
entanglement generation can be successfull at both sides. Due
to path erasure, only one detector click is triggered. In such
a case, a detector click corresponds to the presence of two
microwave photons, one at the orchestrator and one at the
client [33]. Thus the state shared between the orchestrator and
the client is not the ideal entangled state in (5), and it can be
expressed as:

A ia N
=g, =PgT,

——— ——N—
p=q¥iar) (Yigarl +(1 —a) [13,15,) (13,15
The parameter g, which is the probability that the state is
not affected by noise — i.e. the ideal state |U$5,,) (U35, is
obtained — is a function, g(-), of the transducer parameters

n5, and 75, as well as of the features 7, of beamsplitters and
detectors and of the considered quantum channel:

12)

q ~ g(Mhs s Ms» Nge)- (13)

Stemming from this, the state of the overall system cannot
be anymore expressed as in equation (6). By adopting a similar
reasoning as for the previous model, and by accounting for
(12), it results:

id ;
Sij 5 if SZ = O7
PQt, = {p i ’ (14)

poT,, otherwise.

Thus, the state of the overall system is given as follows:
par. = pme © (a" ()" + (1 - 0" )"+

n—1
> q”*%l—q)"’(@?ﬂpé‘a)). (1)

k=14:5;€S()

For this QT model, differently from the first model, if
entanglement purification is performed, one can apply di-
rectly bilateral local CNOT operations [36], followed by

7

measurements in the computational basis on the target qubits
involved in the CNOT operations. And we stress that the
CNOT operations are local since they involve the qubits of
the mixed states at the orchestrator and at the client. Indeed,
if the measurement returns the state |11), the state collapses
in |W45,,) with fidelity 1.

C. Discussion

As described in Sec. III-B, the complex-client model re-
quires the detection of a single optical photon. However, it
may happen that the SPDC processes at the orchestrator and
at the client are successful. So two optical photons travel along
the quantum channel connecting the orchestrator and the client
and reach the beam-splitter. But due to path erasure, only one
detector click is triggered. In such a case, a detector click
corresponds to the presence of two microwave photons, one
at the orchestrator and one at the client. Thus the state shared
between the orchestrator and the client is |19,) [15,) and it is
not the entangled state* in (5).

In the Q7. model, the sources of noise are not limited to
the above case. Indeed, it is possible that multiple photons are
generated at both the orchestrator and at the client. This event
happens with no-null probabilities [27], [38] depending on the
hardware features through the parameters 77 and 7;. In other
words, Fock states [ngmg,) with n?, optical photons at the
orchestrator and m¢, optical photons at the client have to be
considered.

While the first noise source — i.e. SPDC processes at the
orchestrator and at the client both successful — is unavoidable,
the second one — i.e. Fock states [nm¢,) — can be removed
either by utilizing single-photon counter detectors or with a
proper inizialization (aka red detuning) of the microwave field
inside the cavity as discussed in the Remark after equation (1)
and shown in Fig. 5. Indeed, with the setup shown in Fig. 5b,
it is not possible to generate more the one optical photon for
each involved node. Therefore, the entanglement purity is only
affected by the possibility that both microwave photon (at the
orchestrator and client) are up-converted.

V. CONCLUSION

In this paper we presented two different communication
models for multipartite entanglement distribution based on
recent advances in quantum transduction devices to go beyond
direct conversion. And we move a step forward towards a
comparison analysis between the two models. However, this
analysis is very far from being exhaustive. The reason is that
the hardware influences hugely this comparison. And there
is not a single hardware solution individuated in literature.
Accordingly, we provided guidelines for this comparison from
a communication network perspective. And we do hope that
this paper will push the hardware community to converge on
a standard reference model, which would be of paramount
importance for quantum network development.

4We observe that when the SPDC processes at the orchestrator and at
the client both fail, i.e., no optical photon is generated, there is no click
of the detectors. Thus, this event does not affect the purity of the generated
entanglement.
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