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ABSTRACT

The Quantum Internet — i.e. an heterogeneous network enabling
quantum communications among remote quantum nodes by lever-
aging on quantum transmission channels in synergy with classical
transmission channels - is attracting worldwide academic and in-
dustrial interest [1, 2, 3, 4, 5, 6, 7], given its potential of enabling
applications with no counterpart in the classical Internet [8]. Indeed,
the Quantum Internet, by transmitting qubits and by distributing
entangled quantum states, comes with a whole new dazzling func-
tionalities [9, 10].

In this context, while the information carriers and the transmis-
sion channels are treated quantum mechanically [9], the paths, i.e.
the placement of the channels through which the carriers propa-
gate through, are still treated classically [1, 11], obeying the laws
of classical causality. However, this assumption can be generalized
so that also the placement of quantum channels can be quantized
[10, 12, 13, 14, 15, 16] in order to beat fundamental transmission
bounds, which constituted up to now critical limitations in classical
networks.

Such an unconventional placement of channels, referred to as
quantum path, has been theoretically and experimentally verified.
And it has been proven to be able to describe powerful setups not
only for the transmission of both classical and quantum information
[14, 15, 16], but also to distribute multipartite entangled states
among remote nodes of a quantum network [13].
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This paper aims at shedding light on the aforementioned genuine
quantum phenomenon represented by the quantum paths and on
the challenges and the open problems arising in harnessing its
unconventional features within the Quantum Internet design.

CCS CONCEPTS

» Networks — Network design principles; Network protocol
design.

KEYWORDS

Quantum Internet, Quantum Networks, Quantum Communications,
Entanglement, Quantum Teleportation, Capacity, Quantum Capac-
ity, Holevo Information, Coherent Information, Quantum Switch,
Superadditivity, Superactivation, Causal Activation.

ACM Reference Format:

Angela Sara Cacciapuoti, Jessica Illiano, Michele Viscardi, and Marcello Cal-
effi. 2022. Quantum Internet: the Dawn of the Quantum Paths: Invited Paper.
In The Ninth Annual ACM International Conference on Nanoscale Computing
and Communication (NANOCOM °22), October 5-7, 2022, Barcelona, Spain.
ACM, New York, NY, USA, 2 pages. https://doi.org/10.1145/3558583.3558860

REFERENCES

[1] Jessica Illiano, Marcello Caleffi, Antonio Manzalini, and An-
gela Sara Cacciapuoti. 2022. Quantum internet protocol stack:
a comprehensive survey. Computer Networks, 109092. 1SsN:
1389-1286. por: https://doi.org/10.1016/j.comnet.2022.
109092.

[2] HJeff Kimble. 2008. The quantum internet. Nature, 453, 7198,
1023-1030.

[3] Stefano Pirandola and Samuel L Braunstein. 2016. Physics:
unite to build a quantum internet. Nature, 532, 7598, 169-171.

[4] Wolfgang Diir, Raphael Lamprecht, and Stefan Heusler. 2017.
Towards a quantum internet. European Journal of Physics,
38, 4, 043001.

[5] Stephanie Wehner, David Elkouss, and Ronald Hanson. 2018.
Quantum Internet: a Vision for the Road Ahead. Science, 362,
6412.


https://doi.org/10.1145/3558583.3558860
https://doi.org/10.1145/3558583.3558860
https://doi.org/https://doi.org/10.1016/j.comnet.2022.109092
https://doi.org/https://doi.org/10.1016/j.comnet.2022.109092

NANOCOM °22, October 5-7, 2022, Barcelona, Spain

(6]

(9]

(10]

Angela Sara Cacciapuoti, Marcello Caleffi, Rodney Van Meter,
and Lajos Hanzo. 2020. When entanglement meets classical
communications: quantum teleportation for the quantum
internet. IEEE Transactions on Communications, 68, 6, 3808—
3833. invited paper.

Angela Sara Cacciapuoti, Marcello Caleffi, Francesco Tafuri,
Francesco Saverio Cataliotti, Stefano Gherardini, and Giuseppe
Bianchi. 2020. Quantum internet: networking challenges in
distributed quantum computing. IEEE Network, 34, 1, 137—
143. por: 10.1109/MNET.001.1900092.

Chonggang Wang, Akbar Rahman, Ruidong Li, Melchior Ael-
mans, and Kaushik Chakraborty. 2022. Application Scenar-
ios for the Quantum Internet. Internet-Draft draft-irtf-qirg-
quantum-internet-use-cases-12. Work in Progress. Internet
Engineering Task Force.

Wojciech Kozlowski, Stephanie Wehner, Rodney Van Me-
ter, Bruno Rijsman, Angela Sara Cacciapuoti, Marcello Cal-
effi, and S. Nagayama. 2022. Architectural Principles for a
Quantum Internet. Internet-Draft draft-irtf-qirg-principles-
10. Work in Progress. Internet Engineering Task Force.
Angela Sara Cacciapuoti, Jessica Illiano, Seid Koudia, Kyrylo
Simonov, and Marcello Caleffi. Sept. 2022. The quantum

(14]

(15]

A.S. Cacciapuoti et al.

internet: enhancing classical internet services one qubit at a
time. IEEE Network. In Press.

Jessica Illiano, Angela Sara Cacciapuoti, Antonio Manza-
lini, and Marcello Caleffi. 2021. The impact of the quantum
data plane overhead on the throughput. In Proc. of ACM
NANOCOM °21, 1-6. poI1: 10.1145/3477206.3477443.

J. Miguel-Ramiro, A. Pirker, and W. Diir. 2021. Genuine quan-
tum networks with superposed tasks and addressing. npj
Quantum Information, 7, (September 2021), 135.

Seid Koudia, Angela Sara Cacciapuoti, and Marcello Caleffi.
2021. (causal)-activation of complex entanglement structures
in quantum networks. (2021). arXiv: 2112.00543 [quant-ph].
Sina Salek, Daniel Ebler, and Giulio Chiribella. 2018. Quan-
tum communication in a superposition of causal orders.
arXiv preprint arXiv:1809.06655.

Giulio Chiribella and Hlér Kristjansson. 2019. Quantum shan-
non theory with superpositions of trajectories. Proc. of the
Royal Society A, 475, 2225, 20180903.

Daniel Ebler, Sina Salek, and Giulio Chiribella. 2018. En-
hanced communication with the assistance of indefinite
causal order. Phys. Rev. Lett., 120, 12, 120502.


https://doi.org/10.1109/MNET.001.1900092
https://doi.org/10.1145/3477206.3477448
https://arxiv.org/abs/2112.00543

	Abstract

