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Abstract—The Quantum Internet would likely be composed of
diverse qubit technologies that interact through a heterogeneous
quantum network. Thus, quantum transduction has been identi-
fied as a key enabler of the Quantum Internet. To better study
heterogeneous quantum networks, the integration of a quantum
transducer component into quantum network simulators has
become crucial. In this paper, we extend SeQUeNCe, an open-
source, discrete-event simulator of quantum networks, with a
quantum transduction component along with auxiliary hardware
device models and protocols. Moreover, we explore two strategies
for transmitting quantum information between superconducting
nodes via optical channels, with a focus on the impact of quantum
transduction on the transmission process. The performance of
these strategies is analyzed and compared through simulations
conducted using SeQUeNCe. Our results align with theoretical
predictions, offering simulation-based validation of the strategies
and providing a path to accurate, larger-scale simulations of
heterogeneous quantum networks.

Index Terms—Quantum Internet, Quantum Transduction, En-
tanglement, Teleportation.

I. INTRODUCTION

The numerous challenges in the realization of the Quantum
Internet have led the scientific community to converge toward
the realization of a heterogeneous network that leverages dif-
ferent technologies with complementary features [1]–[4]. In-
deed, qubits can be implemented using different hardware plat-
forms, each of them exhibiting advantages and disadvantages.
Superconducting technology is regarded as a very promising
quantum computing platform, because superconducting qubits
can be easily fabricated and their gate implementation operates
at a fast speed. However, communication between supercon-
ducting qubits is enabled by microwave photons at cryogenic
temperatures, which impedes the realization of large-scale
quantum networks of this technology [5]. Conversely, photonic
technology is recognized as the most suitable technology to
realize quantum communications at room temperature. Indeed,
optical photons weakly interact with the environment which
results in low decoherence and the possibility of preserving the
quantum state in long-distance transmission without relying
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Fig. 1: Quantum Transducer as an interface between super-
conducting nodes across an optical network.

on cryogenic temperatures [1]. Therefore, a realization of the
Quantum Internet may consist of superconducting quantum
nodes and optical quantum channels. However, superconduct-
ing qubits that communicate via microwave photons, cannot
directly interact with optical photons due to the enormous
gap among the frequency domains. Thus, it is mandatory to
use a quantum transducer, which is a quantum interface that
converts microwave photons into optical photons and vice-
versa, effectively enabling the interaction between supercon-
ducting qubit platforms via optical technologies [6], [7], as
schematically represented in Fig. 1.

Despite the great promise of superconducting qubit plat-
forms to realize the Quantum Internet, quantum transducer
hardware development is still at an early stage and their
current efficiencies are very low. Meanwhile, quantum network
simulators [8], [9] have played a crucial role in studying
quantum network hardware [10], [11], protocols [12], [13],
and applications [14], [15]. Thus, it is meaningful to leverage
quantum network simulators to study the expected perfor-
mance of quantum transducers in large-scale, heterogeneous
quantum networks. Motivated by the above, this paper makes
the following contributions:

• We design and implement a new quantum transducer
module in a discrete-event quantum network simulator
named SeQUeNCe [8], making SeQUeNCe the first quan-
tum network simulator to have a quantum transducer
hardware module.

• We implement two communication strategies for quan-
tum transducers in SeQUeNCe that enable point-to-point
quantum information transfer between superconducting
nodes via an optical quantum channel.



• Given the quantum transducer module and two strategies
in SeQUeNCe, we evaluate and compare their perfor-
mance via extensive simulation studies. The studies focus
on the impact of quantum transduction on quantum infor-
mation transmission. We open source our implementation
in GitHub [16].

The paper is organized as follows. In Sec. II we introduce
our quantum transduction strategies that enable the quantum
information transmission between remote nodes in a quantum
network. In Sec. III we present the design and implementation
of the quantum transducer module in SeQUeNCe and then
use it to implement our proposed strategies for quantum
information transmission. In Sec. IV we show the results of
our simulations, while in Se. V we discuss the communication
performances of the proposed strategies based on the theoret-
ical analysis and simulation results. Finally, in Sec. VI we
conclude the paper offering a glimpse into the future direction
of this research topic.

II. DIRECT VS. ENTANGLEMENT-BASED QUANTUM
TRANSDUCTION

In a heterogeneous quantum network of superconducting
nodes and optical channels, the transmission of quantum
information via quantum transduction can be implemented
by the following strategies: Direct Quantum Transduction
(DQT) and Entanglement-based Quantum Transduction (EQT)
[17], [18]. In DQT, as suggested by the name, a direct
transmission of quantum information is performed and the
qubits are converted from one frequency to another. Con-
versely, the EQT strategy exploits quantum transduction for
hybrid Einstein–Podolsky–Rosen (EPR) pair generation (i.e.,
generation of entanglement between microwave and optical
photons). Once the entanglement is successfully generated and
distributed, the quantum teleportation protocol is performed.
In a nutshell, a quantum transducer requires an input laser
pump to enable the frequency conversion in DQT or the en-
tanglement generation in EQT [17], [18]. Different approaches
can be exploited for the physical implementation of a quantum
transducer. Typically, to enable the interaction of microwave
and optical modes a quantum transducer consists of an optical
and a microwave cavity (such as in electro-optical trans-
ducers). However, other transducer hardware platforms can
exploit mediator modes –besides the microwave and optical
ones– such as mechanical or acoustic modes. Although the
choice of transducer hardware platform depends on the specific
application and requirements [7], the strategies for transmitting
quantum information that we present here are independent
of the particular hardware implementation of the transducer.
Indeed, the most important transducer features are embedded
in a single parameter, namely its conversion efficiency, which
allows us to characterize the transducer’s performances, as we
discuss in the next section.

A. DQT: Strategy Description

For a quantum information transfer in the DQT strategy, two
frequency conversions are required: (1) up-conversion at the
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Fig. 2: Different functionalities of a quantum transducer: (a)
up-conversion from microwave to optical, (b) down-conversion
from optical to microwave, and (c) hybrid EPR pair generation.
Subscripts of the quantum state indicate the frequency of the
photon.

source node that converts a qubit from microwave to optical
frequencies, and (2) down-conversion at the destination node
that converts the optical qubit back to microwave, as schemat-
ically represented in Fig. 2a and Fig. 2b. However, none
of these processes are deterministic (i.e., there exists a non-
zero probability that either or both conversion processes will
fail) [19], [20]. The quantum transducer exhibits successful
conversion probability, also defined as conversion efficiency η
that strictly depends on the characteristic of the transducer
hardware. Specifically, we denote by η↑ the up-conversion
efficiency and by η↓ the down-conversion efficiency. Despite
big efforts in the realization of quantum transducers, the
conversion efficiency of current hardware platforms remains
well below 100%. Recently, bulk optomechanical transducers
reached the highest photon conversion efficiency reported so
far (about 50%) [21], [22]. Conversely, electro-optical trans-
ducers present lower added noise in the conversion due to the
absence of mediator modes, however currently they can reach
conversion efficiency values of only 10% [23]. As a result,
obtaining high-efficiency values remains an open and crucial
challenge [18]. In the DQT protocol, the limitations given
by the nondeterministic conversions are compounded by the
losses of the quantum channel through which the information
is transmitted. Indeed, if quantum information successfully up-
converted at source is lost or damaged by channel noise, it
cannot be recovered with a copy made earlier due to the no-
cloning theorem [24]. For these reasons, implementing DQT
is still a hard challenge for quantum information transmission.

B. EQT: Strategy Description

As mentioned above, the EQT strategy exploits quantum
transduction for hybrid EPR generation, instead of convert-
ing the information qubit from one frequency to another as
done in DQT. In other words, while in DQT a quantum
transducer is responsible for a frequency conversion of the



quantum information to be transmitted, in EQT the transducer
generates entanglement for quantum teleportation. While the
state-of-the-art technology does not enable the achievement
of high values of conversion efficiency, it is instead possible
to generate hybrid entanglement, i.e., entanglement between
two different (optical and microwave) domains [19], [20]. In
the proposed EQT strategy, hybrid entanglement is generated
at both source and destination, therefore the entanglement
generation occurs “at both ends” [24], [25]. Specifically, two
different interactions can lead to the generation of entan-
glement within a quantum transducer. On the one hand, a
spontaneous parametric down-conversion (SPDC) of an input
pump field (blue detuned pump) can generate entanglement be-
tween optical and microwave fields within the transducer [19],
[26]. SPDC is a non-linear optical process where a photon
spontaneously splits into two photons of lower energies [27].
On the other hand, with a specific initialization of a microwave
field inside the transducer, a beam splitter interaction enabled
by a different frequency input pump (red detuning) can lead
to the conversion of the initialized microwave photon into an
optical photon [26], [28], as schematically depicted in Fig. 2c.
In this second scenario, the generated entangled state can be
expressed as the following Fock state:

|Ψs
MO⟩ =

1√
2
(|0sM1sO⟩+ |1sM0sO⟩). (1)

with the subscripts (·M ) and (·O) denoting the photon domain
(i.e., microwave and optical), and the superscript (·s) denoting
the “location” of each ebit at the source. Specifically, in (1) the
term |0sM1sO⟩ denotes the event when the microwave photon is
successfully converted into an optical photon, while the term
|1sM0sO⟩ denotes the event when the microwave photon is not
converted into an optical photon.

Remark. The assumption of an EPR state – i.e., a maximally
entangled state in (1) – depends on a careful setting of the
transduction hardware parameters [26]. For instance, in the
case of beam splitter interaction, having η↑ = 0.5 is a
necessary condition for maximizing the entanglement [2].

Remark. In the case of SPDC, the generated hybrid en-
tanglement is in the form

∣∣Φs
M,O

〉
≈

√
1− |λ|2(|0sM0sO⟩ +

λ |1sM1sO⟩), where λ is the effective squeezing factor and
|λ|2 represents the probability of a couple of photon gen-
eration [29]. However, in the network simulator, we model
the transducer as a component able to perform beam splitter
interaction, as described in Sec.III. With this strategy, a single-
component model can simulate both direct conversion and
hybrid entanglement generation.

Once the entanglement generation process is performed
within the source and destination transducers, the optical
photons of each generated EPR are transmitted through optical
quantum channels to a beam splitter in the middle of the link
followed by two detectors. This setup is unable to distinguish
the which-path information [26], [30]. When one of the two
detectors clicks, it indicates that at least one optical photon
has been generated. However, due to path erasure, we cannot

determine whether this photon was generated by conversion
from the microwave-initialized state at the source or at the
destination. As a result, we are unable to determine if there is
a microwave photon present at either location. This generates
a path-entanglement [31] between the microwave photon at
the source and the one at the destination [26], thus the overall
effect of the beam splitter and detectors performs entanglement
swapping [32]. Specifically, the detectors project the received
optical photons into a Bell state and the heralded signal (i.e.,
the detector-click) indicates the distribution of entanglement
between the remote superconducting processors [33]:∣∣∣Ψs,d

MM

〉
=

1√
2
(
∣∣0sM1dM

〉
+
∣∣1sM0dM

〉
). (2)

Once entanglement between source s and the destination
d nodes is heralded, the teleportation of the information
qubit can now be performed. One of the advantages of EQT
over DQT is the fact that the quantum information to be
transferred is never directly converted from one frequency
to another. On the contrary, the frequency conversion acts
on the entanglement only, which, being a communication
resource rather than information, it is not constrained by the
no-cloning theorem [34]. Thus, even if the photon encoding
the quantum correlation is lost during transmission through
optical channels, it can be re-transmitted multiple times, as
many as needed so entanglement is generated.

Remark. The proposed scheme assumes that microwave pho-
ton conversion into optical is successful in only one end (either
source or destination). On the contrary, it may happen that
both conversion processes succeed, resulting in two emitted
optical photons arriving at the beam-splitter and detectors
setup. As a result, the state shared between source and
destination is |0sM ⟩

∣∣0dM〉
and it is not the entangled state in

Eq. (2). However, due to path erasure, if the detectors used are
not photon-number resolving, one detector click is triggered
despite two photons reaching the beam-splitter and detectors
setup, resulting in the erroneous heralding of entanglement
between the remote nodes.

III. SEQUENCE MODULE DESIGN

In this section, we show our design and implementation
of the direct quantum transduction (DQT) and entanglement-
based quantum transduction (EQT) strategies in SeQUeNCe,
a customizable discrete event simulator of quantum net-
works [8]. The software framework of SeQUeNCe abstracts a
quantum network architecture composed of several modules.
Among them, the hardware module is used to model elemen-
tary hardware building blocks of quantum networks including
quantum gates, quantum memories, quantum channels, and
classical channels. Our contribution extends the hardware
module of SeQUeNCe with the first quantum transducer
component that models the conversion of a microwave photon
into an optical photon and vice-versa via a beam splitter inter-
action. As mentioned in Sec. II-A, the conversion probability
is determined by the system’s conversion efficiency. Therefore
we set the conversion efficiency as an adjustable parameter in



Fig. 3: DQT system setup.

our transducer component. Specifically, the transducer compo-
nent has one input that can be microwave or optical depending
on the “direction” of the desired conversion, and two outputs,
one optical and one microwave, indicating whether the direct
conversion is successful or not. While a quantum transducer
can have different physical implementations [7] (e.g., opto-
electro-mechanical and electro-optical as anticipated in Sec.II),
the proposed model is independent from the physical real-
ization of the transducer, allowing the proposed study to be
abstracted from specific hardware. Moreover, as anticipated in
the remark of Sec. II-B, the same component is exploited to
model both the direct conversions of the quantum information
to be transferred in the DQT strategy and the intrinsic path-
entanglement generation to be distributed in the EQT strategy.

Remark. Obviously, the quantum transduction problem does
not reduce to a probabilistic frequency conversion. Interfacing
between several different hardware platforms presents sev-
eral challenges, such as mode-mismatching, which includes
conditions of impedance, spatial overlap, and the temporal
properties of microwave and optical signals [35]. However,
we can embed these requirements in the conversion efficiency
parameter, allowing us to obtain in SeQUeNCe a software
component that is easy to configure for the required analyses
and easy to scale for large simulations.

Besides the implementation of the transducer, other custom
components have been created within the hardware module
of SeQUeNCe to implement the proposed strategies, as we
further discuss in the next sections.

A. DQT Module Design

1) Set-up: DQT strategy simulations aim to evaluate the
probability of successful distribution of quantum information.
Specifically, at the source node, a transmon – an example of
superconducting qubit implementation – stores the quantum
information to be transmitted, and it emits microwave photons
to the transducer within the source node. Upon receiving a
microwave photon, the transducer may or may not convert
it into an optical photon. If the conversion fails, the un-
converted microwave photon is detected by the click of a

Fig. 4: DQT design. Attributes can be manually set while
methods are called within the strategies.

microwave detector within the source node. If the conversion
is successful, microwave photons successfully converted to the
optical domain are sent via optical fiber to the destination node
where a second transducer can perform a down-conversion. At
the destination node, if the down-conversion fails, an optical
detector within the receiver node is triggered. If the down-
conversion is successful, the microwave photon is sent to the
destination transmon that can successfully update its quantum
state. Fig. 3 shows the system setup.

2) Design: For the proposed point-to-point DQT commu-
nication scheme in SeQUeNCe, both Source and Destination
nodes are inherited from the Node class, while the quantum
channel is inherited from the OpticalChannel class. As
depicted in Fig. 3, each node has three main hardware compo-
nents: transmon, transducer, and Fock detector. The hardware
components have the following attributes and methods:

• Transmon

– generation method: generate a microwave photon,
– wavelength attribute: is the frequency of the output

microwave photon,
– get method: keeps track of received microwave pho-

tons.
• Transducer:

– efficiency attribute: set the bi-directional transducer
conversion efficiency,

– receivers attribute: list of transducer outputs,
– receive photon method: keeps track of received pho-

tons from a transmon and starts an up-conversion,
– get method: keeps track of received photons from a

quantum channel and starts a down-conversion.
• Fock_Detector:

– efficiency attribute: set the detector efficiency,
– get method: keeps track of the number of received

photons.
The class structure of our implementation enables a modular
approach that allows individual, functional components to
be easily reused for other case studies. Attributes of each
component have to be manually set within the software. After
the custom components are initialized, the custom strategies



Fig. 5: EQT system setup. Shaded blue transmons represent the
ancilla qubits used for hybrid entanglement generation, while
the non-shaded transmon represents the qubit that stores the
quantum information to be teleported. Classical channels are
omitted to maintain clarity.

are created to control and monitor hardware: Emitting protocol,
Up-Conversion protocol, and Down-conversion protocol.

Specifically:
• Emitting protocol: calls for the generation method of a

transmon component and sends the microwave-generated
photon to the transmon receiver,

• Up-conversion protocol: convert the generated microwave
photon at the transducer into an optical photon. Then the
optical photon is sent to the optical channel that has to
transmit the photon to the receiver node,

• Down-conversion protocol: convert the optical photon
that reaches the transducer into a microwave photon and
send it to the transducer receiver.

A high-level block diagram in Fig. 4 summarizes our custom
components, highlighting some of their key attributes and
methods and the implemented protocols.

B. EQT Module Design

1) Setup: For the EQT strategy, entanglement generation
and distribution is the most complex process that requires a
detailed discussion. Therefore, in SeQUeNCe we study the
entanglement distribution process and evaluate the percentage
of successfully entangled pairs distributed, assuming that the
subsequent teleportation protocol is noiseless. In other words,
we can assume that if the entanglement is successfully gener-
ated and distributed the quantum information itself has been
successfully transmitted from source to destination because
of zero-noise local operation and classical communication
(LOCC). Specifically, in the EQT strategy microwave photons
are sent from two transmons – one at the Source Node and
one at the Destination Node – to their respective transducers.
It is important to highlight that, differently from DQT, in
EQT neither of the microwave photons sent by the transmons
constitute the quantum information to be transmitted, but
they are “ancilla” qubits that generate hybrid entanglement
through transduction (depicted in shaded blue in Fig. 5). After
receiving the microwave photons, both transducers implement

Fig. 6: EQT high-level design. Attributes can be manually set
while methods are called within the protocols.

an up-conversion process sending the eventually converted
optical photons to a Bell state measurement (BSM) node that
performs the entanglement swapping as explained in detail
in Sec. II-B. Fig. 5 shows the system setup, while Fig. 6
shows the high-level design of the components in SeQUeNCe.
Differently from DQT, in EQT if the up-conversion fails,
the non-converted microwave photons are sent to another
transmon on each node rather than to microwave detectors.
This is done for two key reasons: (1) a detection of the
microwave photon measures the quantum state of the qubit,
effectively destroying the entanglement itself; and (2) after
the entanglement distribution process succeeds, the transmon
at the source that receives or not the microwave photon
has to interact with the transmon (the non-shaded transmon
in Fig. 5) that stores the quantum information to perform
quantum teleportation.

2) Design: In EQT, each node of the setup is customized
with different hardware components. Besides the components
presented in Sec. III-A, Fock_Beam_splitter is addition-
ally introduced:
Fock_Beam_splitter:

- receivers attributes are the output ports of the component,
- get method sends optical photons into one of the two

receivers. If two indistinguishable optical photons reach
the beam splitter, they will both exit through the same
output port, according to the Hong-Ou-Mandel interface
[36].

The custom “protocols” created to perform EQT are Emit-
ting protocol and Up-Conversion protocol, as in DQT. Besides,
the Measurement protocol is created:

• Measurement protocol: keeps track of the received optical
photons by the Fock detectors and updates the counts
according to the type of detectors used.

IV. SIMULATION RESULTS

To compare the proposed strategies, we evaluate some
communication metrics through numerical simulations in Se-
QUeNCe. We consider different scenarios where the transduc-
ers involved in the setup have different values of conversion
efficiency.



(a) ηs
↑ = ηd
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(b) ηs
↑ = ηd

↓ = 0.5

(c) ηs
↑ = ηd

↓ = 0.1

Fig. 7: SeQUeNCe simulations results of DQT strategy with
ls,d << L0.

A. DQT Simulation Results

We first consider DQT strategy. The probability of a suc-
cessful quantum information transfer p in a point-to-point link
can be expressed as a function of the transducer conversion
efficiency as follows [2]:

p = ηs↑η
d
↓e

−
ls,d
L0 (3)

where the superscripts (·s) and (·d) denote the “location” of
the transducer at the source and destination nodes, respectively.

The term e−
ls,d
L0 takes into account the decay effects of the

TABLE I: DQT probabilities of successful quantum informa-
tion transmission for different values of conversion efficien-
cies.

ηs↑ = ηd↓ p ps

0.8 0.72 0.69
0.5 0.25 0.21
0.1 0.01 0

channel, where ls,d is the length of the fiber link between
source and destination and L0 is the attenuation length of
the fiber. As an instance, optical photons with a wavelength
equal to 1550nm – experience an attenuation of 0.2 dB/km in
commercial optical fibers, i.e. L0 = 22 km [37].

Let us now evaluate p with SeQUeNCe, where the emission
of a microwave photon from the transmon at the source is
periodically simulated. The simulation period is approximately
1µs, which constitutes the reset time of the microwave cavity
in the quantum transducer [26], [38]. We consider only the
microwave cavity reset time, since it is orders of magnitude
longer than the detection times at both source and destination
nodes (typically around few ps [39]). We can model both
conversions as Bernullian variables, where the probability of
successful conversion is given by the conversion efficiency
of the transducer. The number of trials N we perform in
SeQUeNCe is fixed for all the simulations at N = 100.

In our simulation results the probability of a successful
qubit transmission is given by the simulated (ns) vs. the
ideal (ni) number of photons successfully transmitted, where
ni implies lossless transducers (ηs↑ = ηd↓ = 1), i.e., one
successfully transmitted photon for each period (ni = N ).
We call the probability of successful transmission obtained
with SeQUeNCe the simulated probability, denoted by ps.
Fig. 7 shows our simulation results presenting the number
of converted photons over the simulation time and tracking
when the up- and down-conversions have failed in each period.
Let us consider a first scenario where ηs↑ = ηd↓ = 0.80 and
ls,d << L0. From (3) it results p = 0.72. Fig. 7a shows the
simulation results in these hypotheses, with ps = 0.69. Of
course it is possible to obtain a closer approximation to the
expected value p = 0.72 from (3) by increasing the number
of microwave samples or, equivalently, extending the duration
of the simulation.

A conversion efficiency of 80% is well above values that
can be achieved with the current state-of-the-art technology.
Therefore, let us now consider a second scenario, where the
transducers’ conversion efficiencies are set to 50% (values
reached experimentally for optomechanical devices in [21],
[22]) and again, ls,d << L0. In this case, (3) predicts
p = 0.25, while from our SeQUeNCe simulation (showed in
Fig. 7b) we obtain ps = 0.21. It is evident that the number of
successfully transmitted microwave photons is lower than the
previous case and the number of failed conversions dramat-
ically increases. Indeed, a reduction of conversion efficiency
value leads to a significant worsening of the communication



performances of the DQT strategy.
A conversion efficiency of 50% is still a high value com-

pared to the ones currently achievable with electro-optical
transducer [23], which presents attractive features from a
communication perspective, such as low added noise in the
conversion [2], [7]. Thus, we consider a third and last scenario,
in which the conversion efficiency of both transducers in our
simulation is set to 10% (that constitutes an experimentally
achieved value for electro-optical transducers [23]). In this
case, from (3) it results that p just reaches 0.01. Fig. 7c shows
the simulation results in this hypothesis: none of the photons
generated at the source reaches the destination, i.e. at least one
conversion fails for each attempt (ps = 0).

Tab. I summarizes the DQT simulation results for different
values of conversion efficiency, with ls,d << L0.

Remark. Let us notice that in our simulation results, the
obtained ps are smaller than p from (3). However, in general,
the approximation obtained for a fixed value of N may
either overestimate or underestimate the value expected from
(3). These results demonstrate that our quantum transducer
implementation in SeQUeNCe closely follows the theoretical
models, thus it can be used on larger scale simulations of
DQT.

B. EQT Simulation Results

In the case of EQT, the main parameter to characterize the
performance of this communication strategy is the probability
of EPR pair distribution between the remote nodes pe. Indeed,
as described in Sec. II-B, once an EPR pair is distributed,
a quantum teleportation protocol can be performed for the
transmission of quantum information. Moreover, as anticipated
in Sec. III-B, for the sake of clarity, we assume that quantum
teleportation is noiseless, i.e., zero noise LOCC. Indeed, in
this hypothesis and assuming the entangled pair distributed
between the remote nodes is an EPR pair (i.e., it is a max-
imally entangled state), it has been proved that the quantum
teleportation is deterministic [40]. For instance, the impact
of noisy LOCC on quantum teleportation has been analyzed
in [24], showing that noisy LOCC affects the fidelity of the
teleported state. Under these assumptions, the probability of
EPR pair distribution pe coincides with the probability of
transferring quantum information (defined as p for DQT in
Sec. IV-A) [2]. Moreover, with the proposed EQT strategy
with entanglement swapping, the distributed entanglement is
heralded at the BSM node. As a result, the probability of EPR
pair distribution can coincide with the probability of a single
detector click, which we call pc. However, as anticipated in
the remark of Sec. II-B it could happen that the BSM node
is reached by two optical photons. This means that the up-
conversion processes at both transducers have been successful
and there is no entanglement between source and destination
nodes. We can identify this specific case and rule it out
as a heralded entanglement if at the BSM node we exploit
Photon Number Resolving Detectors (PNRDs) [41]. Indeed,
PNRDs are able to distinguish if the detector trigger is given

(a) ηs
↑ = ηd

↓ = 0.8

(b) ηs
↑ = ηd

↓ = 0.5

(c) ηs
↑ = ηd

↓ = 0.1

Fig. 8: SeQUeNCe simulations results of EQT strategy with
ls,d << 2L0.

by one or more optical photons. Therefore, the case of two
successful conversions is not identified as an entangled state
shared between source and destination. In this scenario, the
probability of a single click can be expressed as a function of
the transducer conversion efficiency:

pPNRD
c = 2(η↑ − η2↑)e

−
ls,d
2L0 (4)

Assuming that both transducers at source and destination have
similar features, in (4) it is unnecessary to distinguish between
ηs↑ and ηd↑ [2]. For the aforementioned considerations, in this



scenario, it results that pPNRD
c = pe. And moreover, because

of the hypothesis of deterministic quantum teleportation, it
results that pPNRD

c = p. We can also take into account
detectors with non-ideal detection efficiency ηd, given by the
probability of registering a count if a photon arrives at the
detector [41]. Equation (4) is given by the hypothesis of ideal
photon detectors (ηd = 1). Instead, if we consider optical
detectors with ηd < 1, in (4) every transducer conversion
efficiency term has to be weighted with ηd. As a result, in
the case of non-ideal optical detectors, pPNRD

c can be lower
or higher than pe. Indeed, lower efficiency can cause some
entangled states to be lost or introduce erroneously herald
entanglement and, therefore, dark counts.

Differently from PNRDs, Single Photon Detectors (SPDs)
are not able to distinguish if a detector click is triggered by
one or two photons [42]. In this scenario, the probability of a
single detector click is expressed as follows:

pSPD
c = (2η↑ − η2↑)e

−
ls,d
2L0 (5)

In this case, only a fraction
2η↑−2η2

↑
2η↑−η2

↑
of clicks correspond to

entanglement generation, with the remaining click fraction
corresponding to a failed attempt [2]. Furthermore, in the
case of non-ideal SPDs (i.e., ηd < 1), in 5 every transducer
conversion efficiency term has to be weighted with ηd. This
makes the detector count always lower than the case with ideal
optical detectors.

Let us now evaluate pc for different detector types with
SeQUeNCe. Again, we consider three different scenarios,
varying the conversion efficiencies of the transducers involved
in the setup and, similarly to DQT, we assume ls,d << 2L0.
In EQT simulation, both transmons at source and destination
nodes emit a microwave photon in each period and SeQUeNCe
keeps track of the detectors’ clicks to identify successful
EPR pair distribution. As in DQT, the period is given by the
reset time of the microwave cavity of the transducers (about
1µs). Fig 8 shows our simulation results where transducer
conversion efficiency is set to three different values (0.8, 0.5,
and 0.1). Similar to DQT, the number of trials N for EQT
simulations is fixed to 100. The simulated values for different
conversion efficiencies and the different proposed detectors are
summarized in Tab. II.

Remark. The implicit assumption of the proposed theoret-
ical analysis is that photons reaching the BSM node are
distinguishable [43], [44]. This assumption is taken into
account in SeQUeNCe simulations with a simultaneous en-
tanglement generation at both the source and the destination,
the same length of the quantum channels (source-BSM and
BSM-destination), and negligible attenuation of the optical
channels. In an experimental setting, the synchronization
that ensures the indistinguishability of photons is extremely
challenging due to timing jitter and clock misalignment of
different nodes [45]. It will be crucial to analyze also the
synchronization issue in future research.

TABLE II: EQT probabilities of detector clicks for different
conversion efficiency values and detector types.

η↑ = 0.8

pPNRD
c

ηd = 1 0.5 0.5
ηd = 0.25 0.22 0.24

pSPD
c

ηd = 1 0.75 0.75
ηd = 0.25 0.23 0.28

η↑ = 0.5

pPNRD
c

ηd = 1 0.32 0.34
ηd = 0.25 0.32 0.32

pSPD
c

ηd = 1 0.96 0.98
ηd = 0.25 0.36 0.37

η↑ = 0.1

pPNRD
c

ηd = 1 0.18 0.16
ηd = 0.25 0.05 0.05

pSPD
c

ηd = 1 0.19 0.17
ηd = 0.25 0.05 0.06

V. DISCUSSION

Despite the numerous technological advances, obtaining
high conversion efficiency transducers is still a crucial chal-
lenge. In DQT strategy, a high value of conversion efficiency is
strictly required in order to obtain a high value of probability
of qubit transmission. Furthermore, it is evident that low
conversion efficiency values inevitably degrade the communi-
cation performances of this strategy as our simulation results
confirm. On the contrary, in the EQT strategy, the requirement
on the conversion efficiency values is not so restrictive. Indeed
it is sufficient to have η↑ > 0 for generating entangled pair
at both source and destination. Our simulation results show
that transducers with an η↑ = 0.1 using the EQT strategy and
real PNRD can distribute entanglement with 0.05 probability,
while DQT under similar conditions is unable to transmit any
photon.

It is worth to notice that in order to generate EPR pairs
within the transducer with a beam splitter interaction, η↑ = 0.5
is required (as mentioned in a remark of Sec.II-B). Moreover,
η↑ = 0.5 is also the condition for achieving the maximum
probability of EPR distribution. In contrast to what happens
with DQT, a further incrementation of the conversion effi-
ciency degraded the EQT performances. For instance, when
η↑ = 0.8 and using ideal PNRD, the probability of entan-
glement distribution decreases. Therefore, taking into account
that obtaining high conversion efficiency is one of the main
limitation factors for achieving quantum transduction, EQT
relaxes this stringent limitation and constitutes a more viable
strategy for quantum information transmission. Moreover, our
simulations results may suggest that it would be more pro-
ductive to improve the efficiency of PNRD than improving
the efficiency of quantum transducers above 0.5.

VI. CONCLUSION

In this paper, we presented two different communica-
tion models for quantum information transmission via quan-
tum transduction: Direct Quantum Transduction (DQT) and



Entanglement-based Quantum Transduction (EQT), and we
evaluated the communication performances of the proposed
strategies using the network simulator SeQUeNCe. Under the
same conditions (η↑ = 0.5) and assuming noiseless LOCC,
the EQT strategy allows to have a probability of heralded
distributed entanglement pe higher than the probability of
successfully transferring the information qubit p using DQT.
Indeed, the values obtained are consistent with the expected
ones, giving us confidence in the accuracy of our model.

We implemented and open-sourced a quantum transducer
module in SeQUeNCe along with additional hardware devices
and protocols. The software structure is modular and can be
exploited for other strategies and larger network topologies.
The transducer model can be easily extended by introducing
additional noise within the transducer itself or in the proposed
network, allowing higher accuracy of the model. For these
reasons, the implemented strategies in SeQUeNCe could be
of significant interest to the scientific community.
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