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Abstract—The complementary features of different qubit plat-
forms for computing and storage impose an intrinsic hardware
heterogeneity in any quantum network, where nodes, while pro-
cessing and storing quantum information, must also communicate
through quantum links. Indeed, one of the most promising
hardware platforms at quantum nodes for scalable and fast
quantum computing is the superconducting technology, which
operates at microwave frequencies. Whereas, for communicating
at distances of practical interest beyond few meters, quantum
links operate at optical frequencies. Therefore, to allow the
interaction between superconducting and photonic technologies,
a quantum interface, known as quantum transducer, able to
convert one type of qubit to another is required. In this paper,
we analyse the quantum transduction from a communication
perspective, by shedding the light on its fundamental role within
quantum network design and deployment. This analysis reveals
that there exist different types of transduction, including the one
allowing a transducer to act as entanglement source. From this
standpoint, it is possible to conceive different source-destination
link archetypes, where transduction plays a crucial role in the
communication performances. The analysis also translates the
quantum transduction process into a proper functional block
within a new communication system model for a quantum
network.

Index Terms—Quantum Transduction, Quantum Internet,
Qubit, Entanglement, Quantum Communications, Quantum Net-
work, electro-optic transduction

I. INTRODUCTION

The scientific and industrial communities recognize the
imperative to use different technologies to achieve the ultimate
vision of the Quantum Internet, as there is no single hardware
platform that can address all the challenges connected to store,
process and communicate quantum states [[1]—[5]. Indeed, there
exist several hardware platforms for realizing a quantum bit
(qubit), and each of them exhibits different advantages and
limitations.

On one hand, superconducting technology stands out as
one of the most promising platforms for universal quantum
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Fig. 1: Schematic representation of a quantum transducer as an
interface between superconducting quantum nodes and optical
quantum links. As highlighted within the figure, the frequency
gap between microwave and optical frequencies spans five
orders of magnitude, making the transduction between the two
hardware platforms one of the most challenging nowadays [6].

computing. Indeed, superconducting quantum circuits are char-
acterized by high-scalability and fast gates [[7]-[9]. Yet, super-
conducting qubits require cryogenic temperatures (millikelvin)
through dilution refrigerators.

On the other hand, photonic technology is worldwide recog-
nized as the “technology” for communication purpose. Indeed,
weak interaction with the environment (thus, reduced deco-
herence), low-loss transmissions, easy control with standard
optical components, and high-speed operation make optical
photons the best candidates to interconnect remote quantum
processors [1]], [10]. Therefore, there exists a consensus within
the research community about optical photons being the most
promising platform for implementing flying qubits. However,
optical photons do not naturally interact with each other,
making it challenging to develop high-fidelity and fast two-
qubit gates [[11]].

The complementary features of the aforementioned qubit
hardware-platforms make them ideal candidates to fulfil the
DiVincenzo criteria for quantum computing and communi-
cation [12f, for fully unleashing the ultimate vision of the
quantum revolution represented by the Quantum Internet.
But, at the same time, these complementary features call for
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an inherent heterogeneity within a quantum network, where
quantum states are processed by superconducting nodes and
transmitted via flying qubits through optical quantum channels,
as schematically depicted in Figure [I]

In order to embrace and sustain such a heterogeneity within
a quantum network, quantum transduction is needed [2]],
[4]. More into details, quantum transduction is the process
of converting one type of qubit to another, thus making
possible the interaction between superconducting and pho-
tonic hardware technologies, which unfortunately operate at
extremely different energy scales [6]]. Accordingly, a Quantum
Transducer (QT) — i. e. a network component performing
quantum transduction — plays a crucial role in any quantum
network, by constituting a matter-flying interface capable of
integrating different qubits platforms [6]], [13]-[16].

Numerous challenges encompass both the hardware re-
alization of a quantum transducer as well as the network
architectures required to integrate it, making these topics very
active areas of research.

A. Outline and contribution

In the last decade, the field of quantum transduction has
advanced significantly from a hardware standpoint [6]], [[17]],
[18]. The physics and hardware-engineering communities have
been active in investigating schemes and technologies enabling
such an interface, with multiple solutions.

In this context, the aim of this paper is to model quantum
transduction from a complementary yet fundamental perspec-
tive, namely, from the communication engineering perspective.
To this aim, we introduce and analyse different transducer
strategies, by translating the quantum transduction process into
a proper functional block within the quantum communication
model. This analysis reveals that the transducer plays the
functionality of adapting the quantum source output to the
transmission channel at the source side, while at the receiver
side it implements the opposite functionality. Thus, by resort-
ing to a classical communication terminology, the transducer
functionality is reminiscent of the modulator (transmission
side) and de-modulator (receiver side) functional blocks within
the classical communication system model [[19].

Counter-intuitively, while in the classical world there exists
only one scheme for implementing modulation/demodulation
— namely, direct modulation — in a quantum network, direct
modulation is one possibility, indeed, not even the most
promising one due to the state-of-the-art limitations of trans-
ducer hardware.

Stemming from the above considerations, the aim of this pa-
per is to drive the reader, with a tutorial approach, to grasp the
fundamental research challenges underlying quantum trans-
duction within the communication engineering domain. To the
best of authors’ knowledge, a tutorial of this type is the first
of its own.

The paper is structured as depicted in Figure 2]

Specifically, in Section [lI, we introduce and detail the core
challenge for enabling the interaction between the different
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considered hardware-platforms, namely, the significant fre-
quency gap between microwave and optical quantum carriers.
In this same section, we describe how quantum transduction
can operate either on quantum-information carrier or on entan-
glement carrier for entanglement generation and distributio
Finally, we show that the same hardware device used for
transduction of quantum-information or entanglement carriers
— namely, for the so-called direct transduction — can be
remarkably used as an entanglement source. This allows us
to distinguis between Direct Quantum Transduction (DQT)
and Entanglement Generation Transduction (EGT).

In Section we unpacks the specifics of DQT, by
discussing individually the two cases: the conversion of a

'We suggest an unfamiliar reader to read the Boxes named ENTAN-
GLEMENT and QUANTUM TELEPORTATION to grasp the importance of
entanglement as a communication resource, before delving into the field of
transduction acting on entanglement carrier.

It is worthwhile to note that the jargon direct quantum transduction
is mainly limited by the literature to the process of transducing quantum
information carrier [17], [20], whereas in the following we extend its use to
the transduction of entanglement carrier, being entanglement the fundamental
resource of quantum networks [21]. Furthermore, in the same works, EGT
coupled with quantum teleportation is also referred to as Entanglement-Based
Quantum Transduction (EQT).



quantum-information carrier (i.e., of a qubit) in Section [[II-A
and the conversion of an entanglement carrier (i.e., of an ebit)
in Section respectively. This section is enriched with an
in-depth analysis of the performance of DQT in terms of the
key performance indicator from a communication engineering
perspective, the quantum channel capacity, by taking into
account the current state-of-the-art of transducer hardware.
Through this analysis, we are able to highlight the reasons
for which DQT acting on ebits is preferable with respect to
DQT acting on informational qubits.

In Section we delve into the details of EGT, by introduc-
ing and discussing the ability of the transducer hardware to en-
able entanglement generation between the microwave and the
optical domains. Specifically, we present two different physical
interactions that can be exploited for entanglement generation:
the two-mode squeezing interaction in Section and the
beam splitter interaction in Section [IV-B| respectively.

Then, stemming on the material presented so far, in Sec-
tion we provide some guidelines for elucidating and
analysing how transduction is exploited for quantum infor-
mation transmission. Specifically, we deepen different source-
destination link archetypes, by exploiting different QT tech-
niques. Our objective is to configure QT into network archi-
tecture considerations for a more comprehensive overview.

In Section [VIL we introduce the transducer within a
communication system model, designing it as a modula-
tor/demodulator block.

Specifically, in Section [VII| we give a brief outlook of the

noise source that can affect the transduction process, while in
Section we focus on the transduction between photons
in the same frequency domain, namely, the so-called intra-
band transduction.

II. QUANTUM TRANSDUCTION: BRIDGING THE
FREQUENCY GAP

The main challenge underlining the interaction between
superconducting and photonic quantum technologies lies in the
huge gap between their operating frequencies. Indeed, flying
qubits working at optical frequencies (typically about hundreds
of terahertz) cannot directly interact with superconducting
qubits that, conversely, work at microwave frequencies (typ-
ically few GHz). Therefore, a quantum transducer is needed
to convert the state of a superconducting qubit into the state
of a flying qubit and vice-versa, by bridging the five-order
frequency gap between microwave and optical frequencies
and, at the same time, by preserving the quantum state from
one form to another.

It must be noted that there exist different physical channels
for transmitting flying qubits, ranging from free-space optical
channels to optical fibers. As a result, the transducer should
be designed by taking into account the peculiarities of the
physical channel the flying qubits propagate through [1]].

It must be noted, though, that quantum transduction is not
just a merely frequency conversion process, but many factors
concur to it, as deeply discussed in Section [VII|

ENTANGLEMENT

The most distinguish feature of quantum mechanics is en-
tanglement, namely, a correlation with no counterpart in the
classical world. Indeed, entanglement is considered the key
communication resource for designing the Quantum Internet
protocol stack [21], [22]], since it can be exploited to overcome
the constraints induced by the no-cloning theorem and the
quantum measurement postulate in the quantum communica-
tions domain. Whenever two qubits are entangled, the mea-
surement of one of them instantaneously changes the state
of the other, regardless of the distance separating the two
qubits [[1]. Formally, given a state |¢)) of a composite quantum
system, associated with the Hilbert space V/, and a tensor
decomposition of V,ie., V =13V ®...®V,_1, the state
|1} is said to be separable or untangled with respect to that
decomposition, if it can be written as |¢) = |¢g) ® [11) ®
oo @ |thp_1), with |¢p;) € V;. Otherwise |¢) is entangled

with respect to that particular decomposition (but may be
unentangled with other decompositions into subsystems) [22]—
[24]. Among the entangled states of two qubits, the Bell states,
called also EPR pairs, represents four maximally entangled 2-
qubit states [24]:

|2%) = %(|00> +[11)) (1)
vt = L (jo1) = J10)) )

V2
Maximally entangled states, as suggested by the name, provide
the maximum amount of entanglement [22]. Despite the ex-
istence of various metrics for quantifying entanglement [25],
there is widespread agreement in considering a pair of states

as maximally entangled with respect to von Neumann entropy
[26]].

Here, we introduce one first key aspect that characterizes
quantum transduction: the “nature” of the carrier undergoing
transduction. Similarly to classical transduction, a quantum

transducer can in fact operate on a quantum information
carrier, such as a qubit, as shown in Table E} But, differently
from classical transduction, a quantum transducer can operate
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TABLE I: Schematic summary of the two different operational-modes of a quantum transducer: Direct Quantum Transduction
(DQT) vs Entanglement Generation Transduction (EGT). DQT is further specialized in the two transduction-modes: quantum

information carrier (qubit) vs entanglement carrier (ebit).

on an entanglement carrier, namely, a carrier of entanglement
encoding quantum correlation rather than quantum information
such as an entanglement bit (ebitﬂ as shown in Table [I} In
other words, a quantum transducer can operate either as fre-
quency converter for an information carrier or as entanglement
distributor for an entanglement resource [24], i.e., an interface
to transfer entanglement resources from one hardware platform
to another.

But there exists a second key aspect characterizing quantum
transduction and summarized again in Table [T whether the
hardware is used to transduce a carrier (as discussed above)
or to directly generate hybrid entanglement, i.e. entangle-
ment between the microwave and the optical domain. The
two different operation-modes are thus referred to as Direct
Quantum Transduction (DQT) and Entanglement Generation
Transduction (EGT), respectively.

It is worthwhile to note that the difference between the two
transduction-modes of DQT — quantum information carrier
vs entanglement carrier — as well as the overall difference

3In the following, EPR pair and EPR are used equivalently to denote a pair
of maximally entangled qubits, and each qubit of the pair (with a slight abuse
of notation, though, given than ebit is a unit of measure for entanglement) is
referred to as ebit.

between the two operational-modes — DTQ vs EGT — are very
far from being only conceptual. Rather, they have profound
impact from a communication engineering perspective, as
summarized in Table [[] and deeply discussed in Sections
and [V] respectively.

III. DIRECT QUANTUM TRANSDUCTION

As introduced, DQT coherently converts superconducting
qubits/ebits to flying qubits/ebits and vice versa, by allowing
the transmission of quantum information and entanglement
resources among distant quantum nodes [[14].

By looking at a source-destination link, two transduction
steps are required [27], as represented in Fig. [3}

- up-conversion: converting the state of a superconducting
qubit/ebit operating at microwave frequency w,, into a
degree of freedom of an optical photon operating at
frequency w,.

- down-conversion: converting the state of a photonic
qubit/ebit, operating at optical frequency w,, into the state
of a superconducting qubit/ebit, operating at microwave
frequency w,.

However, there exists a non-zero probability that either

or both the conversions fail, with failure-probability values
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Fig. 3: Schematic representation of the interconnection of two superconducting quantum nodes via Direct Quantum Transduction
(DQT) converting either informational qubits or ebits. Microwave (optical) qubit and ebit are depicted in blue (red).

strictly depending on the particulars of the hardware used
for implementing the microwave-optical transduction. Among
them, the conversion efficiency plays a key role as discussed
in Sec. Other factors such as added noise, conversion
bandwidth, and mode-shape mismatch also affect the failure
probability, as discussed in Sec. In literature, on one hand,
the highest achieved conversion efficiency is about 50%, by
using bulk optomechanical transducers [28]], [29]]. On the other
hand, bulk electro-optical transducers have achieved slightly
lower efficiency ~10% [30], but with much lower added noise
(< 1). This allowed the demonstration of microwave-optical
photon entanglement [31]. Integrated transducers [32]-[40]
can offer more compact device footprint and high scalability,
but the efficiency so far is limited to up to a few percent,
mostly due to the lower power handling capabilities. Great
efforts are being actively put on designing and improving the
experimental devices. However, despite a huge progress has
been made in the past decades, preserving the quantum states
during conversions is still hard to reach with the state-of-the-

art technology [41]].

A. Direct Transduction on informational qubit

DQT acting on an informational qubit is not a trivial
process, since it should be able to preserve the encoded
quantum information [42]]. To this aim, it is necessary that
the quantum information is preserved through both the trans-
mission on the quantum channel and during the up- and down-
conversion processes. However, if the qubit is lost during the
transmission due to the channel attenuation or is corrupted by
noise, the associated quantum information cannot be recovered
by a measurement process or by re-transmitting a copy of
the original information, due to the quantum measurement
postulate and the No-Cloning Theorem [24]. Accordingly,
by taking into account both the impairments induced by the
channel transmission and the failure probability of conversion
processes, we conclude that DQT on informational qubits is
not yet a viable strategy for the today technology.

QUANTUM TELEPORTATION

Quantum teleportation is a key communication protocol in the
Quantum Internet, allowing the transmission of a qubit without
the physical transfer of the particle encoding the qubit [24].
The protocol requires an EPR pair shared between the source
and the destination and classical communication, as pictorially
depicted in the figure within this box. Specifically, quantum
teleportation performs a Bell state measurement (BSM) on
both the informational qubit |¢)) — encoding the information
to be transmitted — and on the ebit at the source side of a
previously shared EPR pair. The output of the BSM, that can
be regarded as a pre-processing, is a pair of two classical bits,
encoding the measurement results on the two qubits at the
source side. These two classical bits are sent to the destination
through a classical channel. Once received, the destination
then performs a post-processing, which consists in applying
a unitary operation on the ebit at its side, accordingly to the
measurement outcomes. The result is that the original quantum
state |1)) has been teleported within the entangled qubit at

the destination. It is essential to note that the measurement
process included in the BSM implies the destruction of both
the original qubit and the ebit at the source. Therefore, a
subsequent teleportation requires a new EPR generation and
distribution process.

fecemmee SOURCE -
R S— |
R 1 v i
L B | -

DESTINATION

distributed between the remote nodes.




0.9
*5 8
Q
o 0.7
w0
e}
S o 0.6
g
: 05
o
;% : 0.4
Q
2 o 0.3
1
w3~ 0.2
0.1
0

0 0.5 1 1.5 2 25 3 3.5 4 4.5 5

Cooperativity C

Fig. 4: Conversion efficiency 7 as a function of cooperativity
C and the product of extraction ratios (,(y,.-

B. Direct Transduction on ebits

By considering the limitations of DQT on informational
qubits, an alternative approach is to apply up- and down-
conversions on the entanglement resource itself, i.e. on the
ebits. With this strategy the impact of noisy quantum trans-
duction and noisy optical propagation shifts from quantum
information to entanglement resource. Thus, its main advan-
tage lies in the possibility of entanglement to be regenerated.
Indeed, differently from informational qubits, entanglement,
being a communication resource rather than information, is
not constrained by the no-cloning theorem [22]. Thus, even
if the ebit carrying quantum correlation is lost during the
channel transmission or the transduction conversion failure, it
can be regenerated without restrictions, until the conversions
succeed and the entanglement is correctly distributed between
the remote nodes. Once the entanglement distribution is suc-
cessful, an informational qubit can then be “transmitted” via
quantum teleportation. This allows to overcome the stringent
requirements of DQT on quantum information. The main
differences between DQT on quantum information and on ebits
are summarized in Tab. [

C. Hardware limitations of DQT

To implement both up- and down- conversions, an input
laser pump is required to initiate the conversion of the photon
associated to the qubit/ebit to be converted.

The conversion of the input photon into the output photon
at the desired frequency can be performed through one or
more intermediate steps, such as mechanics [28[], [29], [33],
[34]], [38] or magnonics [43[], [44]], depending on the trans-
ducer hardware. A direct conversion between microwave and
optical frequencies is instead realized through electro-optic
transducers [30], [31], [35[, [36], [45]-[47], which reduce
device complexity and avoid intermediate noise sources. The

Symbol Hardware Parameter

Wi microwave frequency
Wo optical frequency
wp optical pump frequency
n conversion efficiency
C cooperativity
(o extraction ratio of mode x
K total dissipation rate
Kae external coupling rates of mode =
g single-photon electro-coupling rate
np pump photon number

TABLE II: Main transducer hardware parameters.

trade-off though is the weaker nonlinearity compared with
optomechanical schemes.

For the sake of clarity, in this paper we focus on electro-
optic quantum transducers, but developed the theoretical anal-
ysis can be easily extended to different transduction hardware,
by properly accounting for the particulars of the hardware
parameters’} In a nutshell, electro-optic transducers implement
the transduction process by exploiting an input pump laser that
initialize the Pockels effect [45]], [46] to create a beam splitter
interaction between optical and microwave signals. Schemati-
cally, an input laser pump at frequency w, = w, —w,, interacts
with an input photon at microwave frequency frequency w.,
(at optical frequency w,) to produce an optical photon at w,
(a microwave photon at wy,).

The main parameter governing electro-optic transduction
is the conversion efficiency m, which is the probability of
successful conversion. In the resolved-sideband limit where
undesired amplification is negligible, the system is reciprocal
and the efficiency is the same for up- and down- conversions.
Under resonant conditions, the efficiency can be expressed as
[[L7], [46]: o
1+ C)?

In (3), ¢, denotes the so-called extraction ratio of mode af’]
given by the ration between the external coupling rates and
the total dissipation rates: (, = % [17], and C denotes
cooperativity, related to the interaction of microwave and
optical field within the transducer, defined as [[17], [46]:

n= 4Co<m 3)

c=29m @)
KRoKkm

In (3), g denotes the single-photon electro-coupling rate and
ny is the pump photon number. It’s worth pointing out that
the added noise, in general, can be different for different
conversion directions, depending on how the noise sources
couple to the conversion process. Detailed analysis of added
noise can be found in Ref. [I7]. In the following texts,

4See as instance the conversion efficiency (eq. 6) in [17] for electro-
optomechanical transducers.

5We denote optical mode with subscript o whereas microwave mode with
subscript m.



we use 1y and 7, to denote the efficiencies of up- and
down- conversion, respectively. We choose this notation to
enhance clarity of the paper, even though the formulation
of the conversion efficiency, in terms of dependence on the
transducer parameters, remains unchanged for both conversion
directions. The main transducer parameters are summarized in
Tab. [

By accounting for eq. it follows that high conversion
efficiency 7 requires both cooperativity C' and extraction ratios
(. close to 1. This is clearly depicted in Fig. 4 which shows
71 as a function of C, and the product of the extraction ratios
CoCm- However, reaching high values of both these parameters
is still an open and crucial challenge. Indeed, while there
is a wide-scientific consensus in considering unitary values
for (, feasible to achieve in the near-futur experimentally
measured values for C' only recently reached 0.3. Therefore,
the cooperativity parameter constitutes the bottleneck of the
transducer electro-optical efficiency.

Since the conversion efficiency is the probability of having
a successful conversion, low values of 7, in turn, affect also
the achievable quantum channel capacity. In other words, for
having a non-zero quantum capacity, stringent conditions on 7
should hold [20], [48]]. These conditions change whether DQT
occurs on the informational qubit or on the ebit.

More into details, the cascade of up-conversion, quantum
channel and down-conversion, in point-to-point communica-
tion link leveraging DQT on informational qubits, can be
modeled as an overall equivalent quantum erasure channel.
Accordingly and as highlighted in [49], the one-way quan-
tum capacity is the right metric to adopt for capturing the
communication performance. As proved in [2], by neglecting
the length effects of the fiber connecting the source and the
destination, assuring a unitary capacity requires unitary coop-
erativity C' = 1 for both the up- and the down- conversions.
Yet, such a value, as aforementioned, exceeds current state-
of-the-art technologies. By relaxing the hypothesis of unitary
capacity, i.e., by requiring only a non-null one-way quantum
capacity, the up- and down efficiencies should satisfy the
condition 7y, > % By accounting for eq. (3), this, in turn,
implies that the cooperativity should approximately satisfy
C > 0.3 [2]. In Fig. 4] the efficiency values enabling non-
null one-way quantum capacity are highlighted with the dotted
black curve.

Similarly, when in a point-to-point communication link,
DQT acts on ebits, the cascade of up-conversion, fiber channel
and down-conversion can be still modelled as an equivalent
quantum erasure channel [4]. However, in such a case [20],
[42], the two-way quantum capacity [49] should be considered
as performance metric rather than the one-way capacity. In
fact, the ebits of the EPR pairs — distributed for eventually
teleporting the informational qubit to the destination — can
be regenerated and re-distributed in case of losses, without
affecting the informational qubit. Thus, for assuring a no-

6Typical values assumed in theoretical studies are around (; = 0.9 [48],
whereas experimental values in the order of 0.1 — 0.2 have already been
measured [47]].
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Fig. 5: Entanglement Generation Transduction (EGT) through
(a) two-mode squeezing, and (b) beam splitter interaction.
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.

null two-way quantum capacity, the up- and down efficiencies
should satisfy the condition: 747, > 0. In a nutshell, the
key advantage of DQT applied on ebits with respect to DQT
on informational qubits is the less stringent requirement on
the transducer hardware parameters for assuring a no-null
quantum capacity. We will delve deeper on this in Sec.

IV. ENTANGLEMENT GENERATION TRANSDUCTION

As mentioned in Sec. [lI} in EGT, it is possible to generate
hybrid microwave-optical entanglement [31]], [40].

Specifically, transducer can generate entanglement with
two different electro-optic interaction: two-mode squeezing or
beam-splitter interaction as shown in Fig. 5] and explained in
the next sections.

A. EGT through two-mode sequeezing interaction

In the case of EGT via two-mode squeezing interaction,
the input pump, exciting the transducer, drives a spontaneous
parametric down-conversion (SPDC), which generates entan-
glement between optical and microwave fields [27], [48]], [SO],
[51]. Specifically, entanglement is generated whenever the
quantum transducer is initialized with no input microwave
photon, as depicted in Fig.[5al and the input pump frequency is
set to the sum of the frequencies of the optical and microwave
photons, i.e., w, = wy, + w,, (aka “blue detuning”). Ideally,
the output state can be expressed with Fock state notation as
[27]], [S1]I, [52]|:

|Pin0) = ]0m00) + B 11 1,) (5)

with the subscripts (-,,,) and (-,) denoting the photon domain,
i.e., microwave or optical. Accordingly, in Eq. () the term
|1,,1,) denotes the generation of both microwave and optical
photons, and the term |0,,0,) denotes no photon generation
[53]. The coefficients o and S depend on the hardware



parameters as the effective squeezing factor [51] and the
cooperativity parameter C. It is important to note that Eq.(3)
assumes that the generation of higher order photon pairs is
negligible, which is a good approximation in the low power
regime. In general, the SPDC produces a two-mode squeezed
vacuum that gives continuous-variable entanglement [53].

B. EGT through beam splitter interaction

The assumption of neglecting the generation of higher order
photon pairs in EGT with two-mode squeezing interaction is
satisfied without any restriction in case of exploiting beam
splitter interaction for entanglement generation. In this case
the transducer requires a specific initialization of a microwave
photon inside the cavity [27], as schematically depicted in
Fig. [5b] and the input pump field is set to operate on a
frequency that is the difference of the frequencies of the optical
and microwave photons, i.e. w, = w, — wy,. This leads to an
entangled state in the form [?2]:

Wino) = V1t 0mlo) + (1= \/17) [1m00) , (6)

where the term |0p;10) denotes that the microwave photon
of the initizalization was converted into an optical one and
the term |1)/00) denotes that the microwave photon was not
converted. Specifically, if the transducer conversion efficiency
is 50% the state in eq. (6) becomes [2]:

1
|‘Ijm.,0> = ﬁ

that constitutes a Bell State between different frequency do-
mains.

(|0m10> + |1m00>)7 (7)

Remark. The assumption of obtaining an EPR state in the
form of eq. depends on a careful setting of the transduction
hardware parameters [27]. In this paper we only consider
the effect of the conversion efficiency on the purity of the
generated state, as in eq. (6), but other noise source and
hardware parameters must be take into account to obtain the
ideal state of eq. (I). Any hardware mismatch from the ideal
setting would impact on the purity of the generated entangled
pair.

It is important to notice that the beam splitter interaction
exploited in EGT is the same interaction exploited in DQT for
frequency conversions (up- and down-) presented in Sec.
The main differences between the beam splitter interaction
exploited for DQT and EGT lie in two key points. First,
the photon to be converted in the DQT is the informational
qubit, we aim to transmit, or the ebit of the EPR pair, we
aim to distribute. Therefore, these quantum states have to
be preserved in the conversion. In contrast, in the EGT, the
entanglement is generated in the so-called path-entanglement
[54]-[56]. Thus, the preservation of the quantum states is not
of concern.

The second key point is that, while low values of the
efficiency 7 imply higher conversion-failure probability in the
DQT (either for informational qubit or ebit), in EGT low
values of the efficiency 1 do not imply a failure of the process,

as evident from (). Indeed, n determines how much the
generated entangled state deviates from being a maximally
entangled one. According to this last consideration, the great
advantage of the EGT over DQT is therefore related to the
hardware limitations itself. In other words, while the quality of
DQT is strictly related to high values of conversion efficiency,
the EGT process can generate entanglement with values of C'
that are reachable with current state-of-the-art technology. The
main differences between DQT and EGT are summarized in
Tab. [l

Remark. The pump exploited for the beam splitter interaction
or the two mode squeezing are commonly referred in literature
as red-detuned and blue-detuned pump, respectively [45]],
[46]].

It is worthwhile to note that in EGT with beam splitter
interaction the role played by the microwave initialization at
hardware level is reminiscent of a basis change. Indeed, @
and (6) are equivalent quantum states up-to a basis change.
This consideration allows us to use interchangeably the two
EGT interactions, since they produce LOCC-equivalent states,
from a communication perspective.

V. SOURCE-DESTINATION LINK ARCHETYPES

The analysis developed in the previous sections is not
sufficient for grasping all the implications of QT on the
design of a quantum network. Indeed, it is fundamental to
configure QT into network architecture considerations, for a
more comprehensive overview.

For the reasons highlighted in Sec. DQT on informa-
tional qubits is still beyond the state-of-the-art technologies,
due to the stringent requirements in terms of high efficiency
(> 50%) and low added noise (< 1). As a result, in the
following, we focus only on the possibility to share quantum
information among the network nodes via teleporting. Since
quantum teleportation requires a pre-shared EPR pair between
source and destination, we contextualize quantum transduction
for entanglement generation and/or distribution. Thus, in the
next subsections we present different source-destination link
archetypes leveraging both DQT on ebits and EGT.

A. e-DQT

The first archetype we consider is a source-destination
link, where entanglement distribution exploits two DQTs, as
depicted in Fig. [6a] For the sake of clarity, we assume that
the entangled state, to be distributed, is an EPR pair. The state
is locally generated at the source at microwave frequencies,
which can be expressed in the Fock-state notation as [57]:

1
|®frf,m> = ﬁ

with the superscript (-*) denotes the “location” of the photons,
i.e., at the source. The EPR is then distributed with a sequence
of up- and down-conversions. Specifically, one microwave
photon is up-converted at the source, sent over a fiber channel,
and down-converted at the destination. If both the conversions

(|Ofnofn> + |1fnlfn>)7 (8)
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are successful, the resulting EPR state shared between the
source and the destination is:

1
|5 ) = %(\Ofnom + 15,12 ), )

where the superscript (-?) denoting the “location” of the
photons at the destination. Once the EPR is distributed the
teleportation protocol can be performed.

As mentioned in Sec. if one or both conversions fail,
the entanglement generation and distribution process can be re-
executed again until the distribution is successful. Moreover,
it is important to empathize that the informational qubit is
not involved in the transduction process, but only in the local
operations and classical communications (LOCC) [1]] required
by the quantum teleportation protocol. This, in turn, implies
that the noise introduced by DQT impacts on the quantum
state to be transmitted.

In Sec. [V-E] we generalize the described e-DQT archetype,
by removing the hypothesis of entanglement generated at the
source.

B. EGT Coupled with DQT

In this section, we present a second archetype for a source-
destination link, exploiting EGT, as depicted in Fig. [6b] This

archetype allows to reduce the number of direct conversions
for distributing entanglement between source and destination,
with respect to the e-DQT archetype.

Specifically, a transducer located at the source generates
hybrid entanglement, by exploiting one of the two physical
interactions described in Sec. [V-A] and Sec. For the
sake of clairty, by assuming a beam spitter interaction and a
conversion efficiency of n = 50%, a Fock state in the form
of eq. (7) is generated. The optical photon of the generated
entangled pair is then transmitted to the destination through
an optical fiber and down-converted to the microwave domain
therein. The resulting shared between the source and the
destination can be expressed as follows:

1
|wst,) = ﬁ(\Ofnli& +[15,08). (10)

The teleportation protocol can now be applied to transfer the
quantum information.



TO GO DEEPER: HERALDING ENTANGLEMENT

In EGT coupled with Swapping, entanglement heralding is
performed via photon-resolved detectors (PNRDs), namely
via detectors able count the individual photons [58]-[60].
However, when this hardware requirement cannot be satisfied,
single-photon detectors (SPDs) can be used. SPDs are not
able to distinguish whether a click is due to one or two
temporally-coincident photons [61]-[63]. Therefore, in this
case, only a fraction of clicks corresponds to a distributed
entanglement among distant quantum processors [4]], [5]. In
other words, some detectors clicks do not reveal the presence
of entanglement, but constitute dark counts. In addition, the
heralded clicks have to be weighted by the detector efficiency
[58]], since a fraction of optical photons may remain undetected
for the non-unitary detection efficiency [4]], [5]. Therefore,

the choice of the detector hardware impacts on the heralding
capability. Furthermore, the heralding can also be affected
by the type of exploited interaction in the EGT, described
in Sec. and in Sec. respectively. Indeed, the
SPDC of the two-mode squeezing interaction can also generate
more than one photon in the optical domain. This implies
that, beyond the case of 03,)[02,), a detector click may
erroneously herald a multiphoton state in the form |n3,) |2, ),
with n,k € N, as distributed entanglement. Consequently,
if the used detectors are not PNRDs, exploiting two-mode
squeezing interaction further increases the occurrence of dark
counts in entangled states. The issue of having a multi-level
system can be solved by exploiting beam splitter interaction
with microwave initialization [27], [64].

In this archetype, the entanglement distribution process
requires that the destination is equipped with a quantum trans-
ducer capable of down-converting from optical to microwave
one ebit of the generated hybrid entangled state. Thus, the
strategy still suffers from the inefficiency of direct quantum
transduction — although limited to a single conversion (optical
to microwave) rather than both up- and down-conversions.

C. EGT Coupled with Swapping

A third source-destination link archetype exploits EGT
coupled with entanglement swappinﬂ, as depicted in Fig.

Specifically, with two EGT at the source and destination
side, two hybrid EPR states, in the form of eq. , are
generated. Accordingly, the entanglement generation occurs
“at both points” rather than at “source only” [21], [24].

The optical ebits of both the generated entangled states are
then transmitted through optical fibers, by reaching a beam
splitter followed by two detectors. The overall setup is unable
to distinguishing the which-path information [27]], [|66], [67].
A click of one of the two detectors denotes the presence
of an optical photon. However, due to the path-erasure —
i.e., the impossibility of knowing whether the optical photon
responsible for the detector-click has been generated at the
source or at the destination — it is impossible to distinguish
where the entanglement generation process has taken place
(namely, whether at the source or at the destination), and thus
it is impossible to distinguish whether a microwave photon is
present at source or at destination. This results into the gener-
ation of another form of path-entanglement [68] between the
microwave photons at the source and at the destination, in the
form of . Basically, the famous Duan-Lukin—Cirac—Zoller
protocol is performed [[69].Thus, the overall effect of beam
splitter and detectors is reminiscent of entanglement swapping,
projecting the received optical photons into a Bell state.

7 Entanglement swapping [65] is a strategy which extends the entanglement
distribution distance. The reader may refer to the vast literature on the subject.

The distributed microwave-microwave entanglement can
now be exploited to transmit quantum information, through
quantum teleportation.

It is worthwhile to highlight that a detector click does not
always correspond to an EPR shared between source and
destination. Indeed, while the purity of the hybrid generated
EPR depends exclusively on the transducer hardware, as
discussed in Sec. the purity of heralded microwave EPR
expressed in (I0) depends also on the characteristics of the
repeater node, i.e. on the beam splitter and optical detectors
characteristics. Specifically, there exists the possibility that
more than one photon reach the repeater node. In fact, when
both the transducers generate optical photons, only one detec-
tor click is triggered due to path erasure. In such a case, a
detector click corresponds to the presence of two microwave
photons, one at the source and one at the destination. Hence,
the state shared between the remote nodes is |0,) |02, ), which
is definitely not an entangled state as in (I0). However, if we
reasonably assume the availability of photon-number-resolved
detectors (PNRD), then it is possible to distinguish the event
of receiving two optical photons — one for each transducer
in each link — from the event where only one optical photon
is received. And the double-photon event can be discarded in
favour of a new distribution attempt.

It must be acknowledged that the key advantage of the
archetype “EGT coupled with swapping” lies in the possibility
of heralding entanglement via off-the-shelf hardware — i.e.,
via PNRD. Specifically, a detector click for each transduction
attempt constitutes an indicator for identifying the generation
of entanglement between the source and the destination,
without destroying it. In the previous two archetypes, i.e. e-
DQT (Sec. and EGT coupled with e-DQT (Sec. [V-B),
there exists the possibility of heralding entanglement, by
exploiting another degree of freedom, different from the one
for entanglement encoding.

For instance, time-bin entanglement of microwave photons
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have been experimentally demonstrated [70]. Also time bin
of hybrid entanglement generated within a traducer (EGT)
have been measured [40], [53]]. These examples not only
exploit two different degree of freedom (one for entanglement
generation and the other for entanglement heralding), but also
imply the introduction of additional hardware setups for the
heralding. On the contrary, in EGT coupled with swapping,
the entanglement heralding is embedded in the setup itself
and, for this reason, it is not necessary to exploit other
degree of freedom and/or to introduce any additional heralding
equipment.

D. Archetype Comparison

Stemming from the above described archetypes, here we
conduct a performance comparison among them, by analysing
some key communication metrics as functions of the main
transducer-hardware parameters. Specifically, our analysis
bridges the gap between different hardware platforms for quan-
tum transducers, such as electro-optic and opto-mechanical

systems. Indeed, by focusing on common characteristics
shared by all transducer implementations, such as conversion
efficiency, we establish communication metrics that are ag-
nostic to specific hardware configuration. The key metric we
define is the probability p. of successfully distributing an EPR
from the source to the destinatiorﬁ [14].

For the e-DQT archetype, p¢”%?7, as a function of trans-
ducer parameters, can be expressed as follows [4]:

Is,d

d p—
=mninje To,

eDQT

e (11)

where the superscripts (-*) and destination (-¢) denote the
“location” of the transducer process, 1e at source and at

destination side. In Eq. (T1)) the term e Lo takes into account
the fiber losses, with [; 4 denoting the length of the fiber
link between source and destination and Ly denoting the
attenuation length of the ﬁbeﬂ

It is evident that in case of noiseless quantum teleportation,
i.e, under the hypothesis of noise-free LOCC, p. can be seen
as the probability of successful transmission of quantum in-
formation as well. Therefore, the probabilities of successfully
transmitting quantum information and successfully distributing
entanglement become equivalent. In other words, the two-way
quantum capacity coincides with p..

For the “EGT coupled with e-DQT” archetype, the proba-

bility pEST of successfully distributing an EPR pair is:
_lsa
Pt = S(nf)nfe” To (12)
where S <)|E denotes the Von Neuman entropy given by:
S(}) = —niloga(n?) — (1 —n)loga(1 —ng).  (13)

8For the theoretical details about the closed-form expressions of the success
ebit distribution and for the achievable quantum capacity for all the three
archetypes, we refer the reader to the appendices in [4].

9 As for today, commercial fibers feature an attenuation lower than 1db/km.
As instance, optical photons with wavelength equal to 1550nm — i.e., DWDM
ITU 100GHz channel number 35 in the C band — experience an attenuation
of 0.2dB/km, which corresponds to Lo = 22 km. [71]].

10With a small abuse of notation, we have indicated in the argument of the
Von Neuman entropy the eigenvalue determining its value rather than — as
usually done — the density matrix on which the entropy is evaluated.
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Microwave entanglement Optical entanglement Hybrid entanglement
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TABLE III: Source-destination link Archetypes. Blue (red) dots denote the microwave (optical) photons and wv denotes the
EPR that has to be distributed. U and ﬂ represent DQT, up- and down-conversion respectively. ew® represents the EGT.

Finally, for the “EGT coupled with Swapping” archetype,
the probability pESTS of successfully distributing an EPR is
given by [4]]:

_lsa
EOTS = (i) * [n5(1 —nf) + 01 —n)]e 200, (14)

where 7}y denotes the efficiency between nf and 77? that
minimizes S(-).

Fig. [7] shows the probability p. of successful EPR distri-
bution for the three considered archetypes, as function of the
cooperativity C, namely, as discussed in Sec. the main
hardware parameter limiting the transducer performances.
Similarly to what was done with 7, also for C' we indicate with
the subscripts (-4+) and (-} ) the direction of the conversion (up
or down) and with the superscripts (-*) and (-%) the location
of the transduction (source and destination).

We note that for the e-DQT archetype, the presence of two
e-DQT processes requires unitary values for both C‘Tg and C’f in
order to obtain p, = 1 (equivalently unitary two-way quantum
capacity), as shown in Fig. [7a] This restriction can be relaxed
in the case of EGT coupled with e-DQT. In fact, in this type
of archetype, to obtain a unitary p., the value of C strictly
equal to 1 is required only for the transducer at the destination
(C’f=1), responsible for the direct conversion, while C’? has to
satisfy C"TS ~ 3 — 24/2, as shown in Fig.

Finally, in EGT coupled with swapping, no direct conver-
sion is required. Therefore, the maximum amount of p. can
be achieved with C’:F = C’ﬁ ~ 3 — 2v/2, as shown Fig.
Thus, this archetype determines an improvement in terms of
minimum cooperativity that allows a non-zero entanglement
distribution probability. But, this comes at the cost of a
probability p. that never reaches 1. This, in turn, implies that
the two-way quantum capacity does not reach one as well.

To further highlight the comparison between the perfor-
mances of the different proposed archetypes, Fig. [§] presents
the three p. as function of C' within the same plotEl It
is evident that in archetypes exploiting hybrid entanglement
generation transducers, it is possible to relax the constraints
on the required hardware parameters, for reaching selected
probability values (aka, both unitary cooperativity at source
and destination). Therefore, the presence of a DQT acts as a
bottleneck, limiting the overall performances of the system.

E. Additional Source-Destination Link Archetypes

The analysis developed in the previous subsections is not ex-
haustive. Indeed, additional source-destination link archetypes
can be considered, accordingly to i) the entanglement genera-
tion “location” and ii) the entanglement type.

Here, for EGT coupled with e-DQT, C' is min(C,3 — 2v/2).
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Fig. 9: Communication system Model [24].

More in detail, with reference to the “location”, the entan-
glement generator can be at source, at the middle or at both
points [21]], [24]. Instead, regarding the type, it is possible
to distinguish archetypes whether the entanglement resource
is generated within (aka EGT deeply described in Sec. [[V)
or outside the transducer, through an external entanglement
source. In literature, it is common to refer to these two types
of entanglement generation as intrinsic and extrinsic process
[42], respectively.

Tab. summarizes the possible source-destination link
archetypes, accordingly to the “location”, frequencies and type
of entanglement, by including also the archetypes discussed
in the previous subsections. Teleportation process for quantum
information transmission is not explicitly depicted to make the
figures clearer. As done before, blue and red symbols refer to
ebit at microwave and optical frequencies, respectively.

By observing the various possibilities, we can draw some
considerations. First, it is worth to highlight that as the
number of DQT processes increases, the risk of losing the
entanglement increases accordingly. Indeed, any processing
can only worsen entanglement. This directly implies that
extrinsic entanglement generation at middle point requires at
least two DQT processes that can scale up to four in the case
of entanglement generated at microwave frequencies.

Additionally, we observe that it is meaningless to treat the
generation of extrinsic optical entanglement at the “source”,
since we are considering the network scenario where source
and destination are superconducting nodes. Furthermore, the
generation of extrinsic optical entanglement at “both point”
introduces a communication scheme that differs from those
introduced in [21], [24]]. Indeed, the “both point” referred to
are not source and destination nodes, but two external optical
nodes, whose function is just to generate entanglement.

Clearly starting from the described source-destination link
archetypes, it is possible to consider more complex network
architectures, characterized by higher number of direct conver-

sions or swapping nodes, accordingly to the specific network
application and distance among the nodes.

VI. COMMUNICATION SYSTEM MODEL

Stemming from the analysis developed in the previous sec-
tions, we are now ready to map a transducer into a functional
block within a quantum communication system model.

More into details, a transducer plays a role reminiscent of
the role played by a modulator at source side in a classical
communication system model (a de-modulator at destination
side), since it basically adapts the source output to the trans-
mission channel (and vice versa at destination).

However, while in the classical world there exists only one
approach for implementing modulation/demodulation, namely,
direct modulation/demodulation, in a quantum network, direct
modulation/demodulation is only one possibility. Indeed, in
the quantum realm, we can distinguish between:

o Direct Modulation/Demodulation,
Un-direct Modulation/Demodulation.

Direct Modulation/Demodulation refers to the functionality
actually implemented by a DQT. In this sense, there exists
a one-to-one mapping between a transducer and a mod-
ulator (demodulator) functional block within the classical
Shannon communication system model [19]. The modula-
tion/demodulation functionality of DQT can be performed on
the informational qubit, as depicted in Fig. [] or on the ebits,
as in the source-destination link archetypes in Sec. [V] For
the reasons highlighted in Sec. [[lI-C| we focus on the e-DQT
for its communication performance. With this in mind and
by elaborating further, we re-call the communication system
model proposed in [24] and shown in Fig. [9] for quantum
teleportatio

By inspection, it is possible to infer that the model in Fig. [9]
holds also for describing the source-destination archetype

21 Fig. El “Alice” and “Bob” refers to source and destination nodes,
respectively.
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exploiting e-DQT, in case of entanglement generation at
middle-point (see Tab. @ In particular, in this scheme, the
modulator/demodulator functional block is included within the
EPR Transmitter and Receiver blocks. And this functionality
is implemented by the transducer.

On the other hand, Un-direct Modulation/Demodulation
refers to the functionality implemented by EGT, which exploits
the transduction process itself for generating entanglement.
More into details, the EGT generates hybrid entanglement
between microwave and optical modes. Thus, the optical gen-
erated ebit is already adapted to the quantum channel, while
the microwave ebit remains at the source for being succes-
sively exploited for quantum teleportation. In the above sense,
there is no need to adapt the generate ebits to the quantum
transmission channel. And, thus, we refer to the functionality
implemented by EGT as undirect modulation/demodulation.
In a nutshell, with EGT the modulation process is “virtually”
performed within the quantum transduction. For the above
differentiation between e-DQT and EGT, we refer to the latter
as second generation of transducers.

Accordingly, a one-to-one correspondence between quan-
tum transducer functionality and the classical modula-
tion/demodulation functional block is not established.

Stemming from the above considerations, we particularize
in Fig.[T04] the communication system model reported in Fig. ]
to the EGT Coupled DQT archetype, analysed in Sec[V-B}
Specifically, the transducer at the source, that implements an
EGT, performs an Un-direct modulation. While, at destination,
the transducer, by performing a e-DQT, acts as an EPR
demodulator, aka direct-demodulation.

Let us now consider the case of EGT Coupled with Swap-
ping of Fig. The correspondent communication system
model is schematically depicted in Fig. [I0Ob] In this case,
both transducers at source and destination implement EGT
performing Un-Direct Modulation.

It is worth to notice that in this scenario also the demod-
ulation is performed “virtually”. Here, the demodulator block
is not implemented by a transducer but by the BSM node,
which, by generating optical path entanglement, distributes
entanglement between superconducting non-interacting nodes.

This implies that, the process of “receiving” the ebits of
the EPR is fulfilled without the physical reception of the
particle by the source and the destination nodes. Indeed, the
entanglement swapping distribute the EPR without physically
transmitting the microwave ebit to source and destination
nodes. Therefore the EPR Receiver blocks is “virtual”, since



its functionality, i.e., the process of “receiving” the member of
the entangled pair, is fulfilled without the physical reception
of the particle [24].

Of course, all the possible cases in Tab. [lII] can be analyzed
and mapped into the communication model proposed in [24].

VII. DISCUSSION

As mentioned in Sec. [III-C| several factors concur to the
transducer conversion efficiency and, consequently, to the
communication performances of the considered strategies.

To elaborate more, quantum transduction is not just a
merely frequency conversion process, since many param-
eters challenge the interfacing between different hardware
platforms such as photonic and superconducting. Indeed, in
order to achieve a good transduction, the physical modes
of microwave and optical systems must be matched, which
includes considerations of impedance, spatial overlap, and the
temporal properties of the signals. This, as showed in [15],
can be captured by the electro-optic coupling coefficient g in
equation (3). Another key parameter is the power of the laser
pump that enables the interaction. This parameter is captured
by the pump photon number parameter n, in (3). Indeed,
increasing the pump power can easily boost the conversion
efficiency. However, high levels of pump power, in turn,
introduce thermal noise, differently from the utilization of low-
power and pulsed laser pump [30]. Accordingly to the above,
our choice of focusing on the conversion efficiency as the
main characterizing parameter for quantum transduction has
been key. In fact, this choice allowed us to abstract from the
particulars of the specific technology underlying the transducer
hardware. Consequently, the proposed analysis can be easily
extended to different transducer hardware solutions, available
in the state-of-the-art technology. And remarkably, this choice
also allows us to track technological advancements by just
adjusting a single parameter to incorporate the technological
improvements.

A. Intra-band Transduction

In this work, we analysed microwave-optical transduc-
tion with the aim of interconnecting distant superconducting
quantum nodes via optical quantum channels. However, as
mentioned in Secll] there exist several qubit platforms. Among
them, trapped ions [72]], [[73]], quantum dots [74]-[76] and
spin-qubits [[77]] directly interact with optical photons.

These qubit platforms emit entangled photons at visible/NIR
wavelengths. Therefore, for long-distance entanglement dis-
tribution, it is necessary a frequency conversion to teleco
frequencies. Indeed, O-band and C-band are commonly used
for long-distance entanglement distribution [78[], [[79] with
the ultimate goal of entanglement distribution on lit-fiber
networks. [80]-[82]. This frequency conversion from optical
to optical frequencies is referred to as intra-band transduction
[17]. Therefore, also if some qubit platforms exploited for
computation can spontaneously interact with optical photons,
quantum transduction is inevitable for long-distance com-
munications. And moreover, due to the intrinsically weak

interactions between photons, a frequency converter for O-
or C-band requires high power pump and coupling [[17]].

In a nutshell, quantum transduction is mandatory for quan-
tum networks. We choose to focus on the transduction between
microwave and optical domains, since at the time of the
manuscript writing, superconducting technology constitutes
the most promising platform for quantum computing. Indeed,
superconducting quantum gates are fast [[83[] with high-fidelity
levels [84], and their scalability allows to build quantum
processors with hundreds of qubits [85].
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