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Abstract

Over the last decades, performance requirements on mobile computer networks have constantly
increased. Users need to use high-throughput, low-latency, and secure applications anytime
while moving indoors and outdoors. Quantum communications have the potential to establish
more secure and performing channels and are a promising technology to meet modern use-
case requirements. Moreover, classical networks could be efficiently optimized with the help of
quantum algorithms. However, current research focuses on mobile networking and quantum
networking as separate disciplines, lacking joint works at their interface to improve understand-
ing and make Quantum Mobile Networks (QMNs) practical. In this Seminar, we identify a list of
aspects and perspectives on mobile and quantum networks that are fairly researched in isolation
but whose mutual relation is still to be fully explored. Seminar participants will learn about
various topics in Computer Science and Physics that will help them understand and imagine
possible ways to model, design, and enhance Quantum Mobile Networks, including capacity
models, mobility effects on performance, routing, Age of Information, Gossip protocols, physical
channel features, and simulation tools.

Goals

This seminar aims to encourage students to discuss cutting-edge research in mobile and quantum
networking under the supervision of field experts, with the objective of identifying research
questions that span across both fields to foster interdisciplinary knowledge exchange between
the seminar’s participating students and researchers. During the seminar, the students will select
a pair of articles from those listed in the literature related to their preferred topic (one related
to classical networks, and one on quantum communications), find the link between them, and
present it to an audience made of peers and experts. In particular, the Seminar’s goals can be
summarized as follows:

• Foster collaboration and experience exchange between students at the University of Bern
and the partner universities abroad.
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• Introduce Quantum Communication to Computer Science students and, on the other hand,
allow Physics students to learn about Advanced Networking concepts.

• Explore future joint research avenues.

• Improve the students’ scientific presentation skills, critical thinking, question answering,
and independence in formulating research questions.

• Help students to identify an open research question in Quantum Mobile Networks to be
tackled during their BSc or MSc joint thesis between the partner universities.

Prerequisites

Students who participate in the seminar should have basic knowledge of wireless and mobile
networking OR basic knowledge of quantum communications and networking. Students are not
required to have basic knowledge on both fields, as acquiring it is one of the seminar’s goals.

Organization and Schedule

Weekly online meetings in which one group (each group made of one student, BSc or MSc, from
each partner university) gives a 30-minute talk, followed by a Q&A session in which all other
students can ask questions. Active participation is rewarded. The topic of each talk is to be agreed
upon with the organizers (e.g., picked from the topic list hereafter). Each topic comprises articles
from both fields (quantum communications and mobile networking). Each group prepares three
questions on the presented topic for the other students to answer by uploading the answers on
the University’s digital learning platform.

Evaluation and Grading

Weekly Schedule

Week Date Topic Group

1 Mar 3 Welcome and Seminar Presentation -
2 Mar 10 Group Formation -
3 Mar 17 No meeting: Preparation of Talks -
4 Mar 24 No meeting: Preparation of Talks -
5 Mar 31 Performance in QMNs: Capacity, Delay, Buffering 1
6 Apr 7 Media Access Control in QMNs 2
7 Apr 14 No meeting: Easter Break -
8 Apr 21 Effects of Mobility Patterns on QMN Performance 3
9 Apr 28 Physical Implementations of Quantum Channels in QMNs 4
10 May 5 Simulation Tools for QMNs 5
11 May 12 Age of Information in QMNs 6
12 May 19 Gossip Protocols in QMNs 7
13 May 23 Routing in QMNs 8
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Agenda: Welcome and Seminar Presentation

• Introduction of the seminars

• Round table of presentations: advisors

• Round table of presentations: students

• Introduction to Quantum Mechanics (Prof. Stefanov)

Agenda: Group Formation

• Discussion of preferences and group formation

Topics List

In this section, we have defined a set of topics that can be selected by the students and presented
in a seminar talk. Each topic is associated with a set of articles according to the topics they are
related to. The topics can be further redefined, according to the student’s interests.

1 Gossip Protocols in QMNs 5

2 Routing in QMNs 6

3 Performance in QMNs: Capacity, Delay, Buffering 8

4 Media Access Control in QMNs 10

5 Effects of Mobility Patterns on QMN Performance 12

6 Age of Information in QMNs 14

7 Physical Implementations of Quantum Channels in QMNs 16

8 Simulation Tools for QMNs 17
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1 Gossip Protocols in QMNs

Abstract

Gossip Networks are a type of network in which nodes execute a distributed task (e.g., aggre-
gation, dissemination) by exchanging information over direct opportunistic links. Fundamental
works have extensively studied the properties of gossip networks in terms of dynamics, diam-
eter, and information propagation when nodes are mobile [1]. However, the literature lacks
works that propose, study, evaluate, or adapt classical gossip protocols for mobile networks to
disseminate information in quantum mobile networks. Some recent works show the potential
and limitations of Gossip Protocols in QMNs by studying how consensus is reached in Quantum
Gossip Networks [2], how the information distribution in Quantum Networks could be sped-up
by gossiping [3], and investigating how quantum communications could accelerate traditional
gossip algorithms in network cliques that spontaneously occur in mobile networks [4]. More
theoretical works allow us to model Quantum Gossip Networks as random graphs and study
their performance statistically [5]. In this Seminar Topic, we discuss recent advances in Gossip
Protocols on QMNs and works that study their performance.

Group Members

TBD TBD
TBD TBD
TBD TBD

References

[1] A. Chaintreau, A. Mtibaa, L. Massoulie, and C. Diot, “The diameter of opportunistic mobile
networks,” en, in Proceedings of the 2007 ACM CoNEXT conference on - CoNEXT ’07, New
York, New York: ACM Press, 2007, p. 1.

[2] L. Mazzarella, A. Sarlette, and F. Ticozzi, “Consensus for Quantum Networks: Symmetry
From Gossip Interactions,” en, IEEE Transactions on Automatic Control, vol. 60, no. 1, pp. 158–
172, Jan. 2015.

[3] M. Siomau, “Gossip algorithms in quantum networks,” en, Physics Letters A, vol. 381, no. 3,
pp. 136–139, Jan. 2017.

[4] B. Li, “Quantum Clique Gossiping,” en, SCiEntifiC REPOrts, 2018.

[5] S. Perseguers, M. Lewenstein, A. Acín, and J. I. Cirac, “Quantum random networks,” en,
Nature Physics, vol. 6, no. 7, pp. 539–543, Jul. 2010, Number: 7 Publisher: Nature Publishing
Group.
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2 Routing in QMNs

Abstract

Users in an infrastructure-less mobile network may need to exchange data without being in di-
rect communication range of each other, which requires the cooperation of other peers to relay
the information. Extensive literature has studied the performance of routing protocols in tradi-
tional mobile networks (ad hoc [6], gossip [7], vehicular [8], delay-tolerant [9] [10], epidemic [11]),
characterizing their capacity and limitations. Other works have shown that applying quantum
communications principles for entanglement generation and distribution in opportunistic [12],
static [13], and large-scale [14] networks can increase performance compared to classic networks,
even though with scalability challenges. In this Seminar Topic, we explore how quantum applica-
tions can improve routing performance in mobile networks and, vice versa, how mobile networks
can support quantum applications. One early work [15] showed that applying Quantum Genetic
Algorithms (QGAs) to compute MANET routes can bring route utility closer to the global op-
timum for proactive routing protocols (e.g., OLSR). Another exploratory work [16] augments
AODV, a popular reactive MANET routing protocol, to improve the efficiency for establishing
quantum channels between consecutive hops, and proposes considering quantum end-to-end fi-
delity to select the optimal path. Finally, [17] balances the load for relaying multiple flows over
network devices by applying quantum game theory, which increases performance over classical
load balancing mechanisms.

Group Members

TBD TBD
TBD TBD
TBD TBD

References

[6] N. Bansal and Z. Liu, “Capacity, delay and mobility in wireless ad-hoc networks,” in IEEE
INFOCOM 2003. Twenty-second Annual Joint Conference of the IEEE Computer and Communi-
cations Societies (IEEE Cat. No.03CH37428), ISSN: 0743-166X, vol. 2, Mar. 2003, 1553–1563
vol.2.

[7] Z. Haas, J. Halpern, and L. Li, “Gossip-based ad hoc routing,” IEEE/ACM Transactions on
Networking, vol. 14, no. 3, pp. 479–491, Jun. 2006, Conference Name: IEEE/ACM Transac-
tions on Networking.

[8] A. Di Maio, M. R. Palattella, and T. Engel, “Performance Analysis of MANET Routing Pro-
tocols in Urban VANETs,” English, in Ad-Hoc, Mobile, and Wireless Networks, M. R. Palattella,
S. Scanzio, and S. Coleri Ergen, Eds., ser. Lecture Notes in Computer Science, vol. 11803,
Luxembourg City, Luxembourg: Springer International Publishing, Oct. 2019, pp. 432–451.

[9] T. Spyropoulos, K. Psounis, and C. S. Raghavendra, “Spray and wait: An efficient rout-
ing scheme for intermittently connected mobile networks,” in Proceedings of the 2005 ACM
SIGCOMM workshop on Delay-tolerant networking, ser. WDTN ’05, New York, NY, USA: As-
sociation for Computing Machinery, Aug. 2005, pp. 252–259.
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[10] A. Balasubramanian, B. Levine, and A. Venkataramani, “DTN routing as a resource alloca-
tion problem,” in Proceedings of the 2007 conference on Applications, technologies, architectures,
and protocols for computer communications, ser. SIGCOMM ’07, New York, NY, USA: Associ-
ation for Computing Machinery, Aug. 2007, pp. 373–384.

[11] X. Zhang, G. Neglia, J. Kurose, and D. Towsley, “Performance modeling of epidemic rout-
ing,” en, Computer Networks, vol. 51, no. 10, pp. 2867–2891, Jul. 2007.

[12] A. Farahbakhsh and C. Feng, Opportunistic Routing in Quantum Networks, arXiv:2205.08479
[cs], Jun. 2022.

[13] M. Caleffi, “Optimal Routing for Quantum Networks,” IEEE Access, vol. 5, pp. 22 299–
22 312, 2017, Conference Name: IEEE Access.

[14] P. Mihir, K. Hari, D. Towsley, et al., “Routing entanglement in the quantum internet,”
English, NPJ Quantum Information, vol. 5, no. 1, Dec. 2019, Place: London, United States
Publisher: Nature Publishing Group.

[15] D.-g. Zhang, Y.-y. Cui, and T. Zhang, “New quantum-genetic based OLSR protocol (QG-
OLSR) for Mobile Ad hoc Network,” en, 2019.

[16] L. Zhang and Q. Liu, “Optimisation of the routing protocol for quantum wireless Ad Hoc
network,” en, IET Quantum Communication, vol. 3, no. 1, pp. 5–12, Mar. 2022.

[17] M. Hasanpour, S. Shariat, P. Barnaghi, S. A. Hoseinitabatabaei, S. Vahid, and R. Tafazolli,
“Quantum load balancing in ad hoc networks,” en, Quantum Information Processing, vol. 16,
no. 6, p. 148, Apr. 2017.
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3 Performance in QMNs: Capacity, Delay, Buffering

Abstract

The capacity [18] of any wireless network is influenced by several factors [19], including the
physical characteristics of the communication channel between nodes, packet arrival process,
node density and transmission radius, queuing policy, and nodes’ buffer size [20] [21]. Mem-
ory buffers at forwarding wireless devices are needed to temporarily store information on its
way to the intended recipient, and their policy determines which information to store and for
how long. Recent works have studied the impact of buffering and packet lifetime on mobile
networks’ throughput and delay [22]. Quantum networks need to store quantum states in quan-
tum memories, which requires adaptation of memory technology, size, and queuing disciplines.
Recent works studied the capacity [23] [24] and stability [25] of quantum networks. Other works
studied delay in quantum networks with buffered nodes [26], and showed that increasing buffer
size benefits performance, especially for highly-heterogeneous, nearly saturated networks [27],
as it counters the negative effect of decoherence. However, a significant challenge for applying
quantum communications to mobile networks is that mobile nodes can be modeled as quantum
repeaters that communicate over non-optical channels (e.g., microwaves), which makes entangle-
ment generation more difficult than it is for optical channels [28]. Recent works have studied the
capacity of quantum switches, which distribute entanglement over a set of nodes connected via
optical links [29] [30]. Such capacity models and, more generally, entanglement distribution anal-
yses, could be extended to characterize the communication capacity among a set of neighboring
mobile nodes that are “connected” by non-optical links. In this Seminar Topic, we investigate re-
cent advances in models to predict capacity and delay in mobile networks when communication
links between nodes are quantum channels.

Group Members

TBD TBD
TBD TBD
TBD TBD

References

[18] M. Amjad, L. Musavian, and M. H. Rehmani, “Effective Capacity in Wireless Networks: A
Comprehensive Survey,” IEEE Communications Surveys & Tutorials, vol. 21, no. 4, pp. 3007–
3038, 2019, Conference Name: IEEE Communications Surveys & Tutorials.

[19] J. Jun and M. Sichitiu, “The nominal capacity of wireless mesh networks,” IEEE Wireless
Communications, vol. 10, no. 5, pp. 8–14, Oct. 2003, Conference Name: IEEE Wireless Com-
munications.

[20] N. Bisnik and A. Abouzeid, “Delay and Throughput in Random Access Wireless Mesh
Networks,” in 2006 IEEE International Conference on Communications, ISSN: 1938-1883, vol. 1,
Jun. 2006, pp. 403–408.

[21] N. Bisnik and A. A. Abouzeid, “Queuing network models for delay analysis of multihop
wireless ad hoc networks,” en, Ad Hoc Networks, vol. 7, no. 1, pp. 79–97, Jan. 2009.
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[22] Y. Fang, Y. Zhou, X. Jiang, and Y. Zhang, “Practical Performance of MANETs Under Limited
Buffer and Packet Lifetime,” IEEE Systems Journal, vol. 11, no. 2, pp. 995–1005, Jun. 2017,
Conference Name: IEEE Systems Journal.

[23] S. Pirandola, “End-to-end capacities of a quantum communication network,” en, Commu-
nications Physics, vol. 2, no. 1, pp. 1–10, May 2019, Number: 1 Publisher: Nature Publishing
Group.

[24] C. Harney, A. I. Fletcher, and S. Pirandola, “End-To-End Capacities of Hybrid Quantum
Networks,” Physical Review Applied, vol. 18, no. 1, p. 014 012, Jul. 2022, Publisher: American
Physical Society.

[25] T. Vasantam and D. Towsley, Stability Analysis of a Quantum Network with Max-Weight
Scheduling, arXiv:2106.00831 [quant-ph], Jun. 2021.

[26] W. Dai, T. Peng, and M. Z. Win, “Quantum Queuing Delay,” IEEE Journal on Selected Areas
in Communications, vol. 38, no. 3, pp. 605–618, Mar. 2020, Conference Name: IEEE Journal
on Selected Areas in Communications.

[27] G. Vardoyan, S. Guha, P. Nain, and D. Towsley, “On the Stochastic Analysis of a Quantum
Entanglement Distribution Switch,” IEEE Transactions on Quantum Engineering, vol. 2, pp. 1–
16, 2021, Conference Name: IEEE Transactions on Quantum Engineering.

[28] M. Casariego, E. Z. Cruzeiro, S. Gherardini, et al., Propagating Quantum Microwaves: Towards
Applications in Communication and Sensing, arXiv:2205.11424 [quant-ph], May 2022.

[29] N. K. Panigrahy, T. Vasantam, D. Towsley, and L. Tassiulas, On the Capacity Region of a
Quantum Switch with Entanglement Purification, arXiv:2212.01463 [quant-ph], Dec. 2022.

[30] T. Vasantam and D. Towsley, “A Throughput Optimal Scheduling Policy for a Quantum
Switch,” in Quantum Computing, Communication, and Simulation II, arXiv:2206.03205 [quant-
ph], Mar. 2022, p. 22.
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4 Media Access Control in QMNs

Abstract

When a wireless station receives simultaneous data packet transmissions, it may be unable to
decode the information contained in the transmitted packets and therefore the senders need
to retransmit the information later, causing a reduction of the network’s overall performance
in capacity, end-to-end throughput, and delay. Media Access Control (MAC) protocols aim at
reducing packet interference by preventing simultaneous transmissions from interfering at re-
ceivers. Recent works have modeled the capacity of networks based on the CSMA/CA MAC
protocol when the traffic is non-saturated and the topology is fully-connected [31] or partially-
connected [32]. However, in quantum networks, communication links between nodes lay over
quantum channels, which follow different physical laws than classical channels and require mo-
bile nodes to use specialized MAC protocols to regulate simultaneous channel access by multiple
users. Several works proposed MAC protocols in Quantum Networks to schedule channel access
and reduce packet retransmission by exploiting the properties of the quantum channels [33]–
[36]. Other works propose scheduling optimization to improve network utility directly [37], [38].
In this Seminar Topic, we explore the impact of specialized Quantum MAC protocols on network
performance.

Group Members

TBD TBD
TBD TBD
TBD TBD

References

[31] D. Malone, K. Duffy, and D. Leith, “Modeling the 802.11 Distributed Coordination Function
in Nonsaturated Heterogeneous Conditions,” IEEE/ACM Transactions on Networking, vol. 15,
no. 1, pp. 159–172, Feb. 2007, ZSCC: 0000710.

[32] R. Laufer and L. Kleinrock, “The Capacity of Wireless CSMA/CA Networks,” IEEE/ACM
Transactions on Networking, vol. 24, no. 3, pp. 1518–1532, Jun. 2016.

[33] M. Berces and S. Imre, “Modeling Medium Access Control (MAC) by Quantum Methods,”
in 2006 International Conference on Intelligent Engineering Systems, ISSN: 1543-9259, Jun. 2006,
pp. 303–307.

[34] M. Bérces and S. Imre, “A Quantum Theory Based Medium Access Control for Wire-
less Networks,” en, in Intelligent Engineering Systems and Computational Cybernetics, J. A. T.
Machado, B. Pátkai, and I. J. Rudas, Eds., Dordrecht: Springer Netherlands, 2009, pp. 439–
447.

[35] C. M. Arizmendi, J. P. Barrangú, and O. G. Zabaleta, “A 802.11 MAC Protocol Adapta-
tion for Quantum Communications,” in 2012 IEEE/ACM 16th International Symposium on
Distributed Simulation and Real Time Applications, ISSN: 1550-6525, Oct. 2012, pp. 147–150.
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[36] T. A. Atif, A. Padakandla, and S. S. Pradhan, “Computing Sum of Sources over a Classical-
Quantum MAC,” in 2021 IEEE International Symposium on Information Theory (ISIT), Jul.
2021, pp. 414–419.
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ph], Oct. 2022.
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entific Reports, vol. 8, no. 1, p. 12 690, Aug. 2018, Number: 1 Publisher: Nature Publishing
Group.
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5 Effects of Mobility Patterns on QMN Performance

Abstract

Research has studied several node mobility models and their impact on capacity [39] and de-
lay performance of mobile networks (e.g., i.i.d./non-i.i.d. [40], generalized i.i.d. [41], random
walk [42], correlated [43], and general [44] mobilities). Depending on the node mobility mod-
els [45], and the presence or absence of fixed infrastructure [46], different types of mobile net-
works arise, each with specific characteristics. For example, MANETs (slow mobility), vehicular
networks (high mobility, constrained degrees of freedom, possible presence of infrastructure),
FANETs (high mobility, high degrees of freedom), and satellite networks (high mobility, pre-
dictable trajectories, infrastructure). Researchers have recently modeled the capacity of quantum
networks composed of fixed nodes [23], [24]. However, the impact of quantum nodes’ mobility
on the network performance (e.g., link instability, topology changes, rerouting) is still unknown.
In this Seminar Topic, we aim to find analogies between performance models of classical mobile
networks and quantum fixed networks, to speculate how a joint capacity model for mobile quan-
tum networks can benefit from the advances in both fields to reach a unified capacity model for
quantum mobile networks.

Group Members

TBD TBD
TBD TBD
TBD TBD
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166X, Apr. 2013, pp. 1321–1329.

[42] Y. Cai, X. Wang, Z. Li, and Y. Fang, “Delay and capacity in MANETs under random walk
mobility model,” en, Wireless Networks, vol. 20, no. 3, pp. 525–536, Apr. 2014.
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[43] R. Jia, F. Yang, S. Yao, et al., “Optimal Capacity–Delay Tradeoff in MANETs With Correlation
of Node Mobility,” IEEE Transactions on Vehicular Technology, vol. 66, no. 2, pp. 1772–1785,
Feb. 2017, Conference Name: IEEE Transactions on Vehicular Technology.
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no. 6, pp. 51–58, Dec. 2013, Conference Name: IEEE Wireless Communications.
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ture,” in Proceedings of the 8th ACM international symposium on Mobile ad hoc networking and
computing, ser. MobiHoc ’07, New York, NY, USA: Association for Computing Machinery,
Sep. 2007, pp. 239–246.
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6 Age of Information in QMNs

Abstract

The computer networking community has long been working on the complex issue of maximiz-
ing the freshness of the information delivered to devices in a mobile network. Researchers have
proposed a large number of models to quantify the tradeoff between the age of information and
data throughput in single-hop broadcast network [47], [48], and methods to optimize the net-
work’s offered load to minimize age of information for isolated queues [49] and ad hoc networks
(vehicular [50] and multi-hop [51]). Researchers have also studied models to describe the Age
of Information (AoI) in networks where communication links are unstable and the information
is propagated opportunistically (gossip networks) [52], [53]. Distributed quantum applications,
as computing, require to share entanglement, where the entanglement is subject to a progres-
sive degradation over time (decoherence) which imposes stringent conditions on the quantum
networks’ capacity. Future quantum applications that will operate on mobile networks with
potentially unstable links between nodes will require new models to characterize and optimize
how the age of information is distributed over mobile devices in Quantum Mobile Networks.
For instance, [54] proposes a scheme to reduce the communication delay in Quantum wireless
multi-hop communication. This Seminar Topic explores how current age-of-information models
for classical networks can be extended to characterize the AoI in networks that contain quantum
communication channels.

Group Members

TBD TBD
TBD TBD
TBD TBD
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7 Physical Implementations of Quantum Channels in QMNs

Abstract

The physical implementations of mobile quantum are limited by the fundamental differences
between classical and quantum information. In particular, the necessity to generate and detect
a single photon as an information carrier imposes that quantum communication can only be
established in the optical range with our current technology. Therefore, the realistic implemen-
tation of future mobile quantum networks will be led by satellite-ground or satellite-satellite
links, or by flying platforms such as drones [55]–[60]. Recent works [28] show the potential of
using microwave channels for quantum communication, but highlight that this field is still in its
infancy. This Seminar Topic introduces the students to the physical limits and constraints that
characterize quantum communications.
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8 Simulation Tools for QMNs

Abstract

Several tools have been developed for the simulation of quantum network [61]–[66]. One promis-
ing tool is QuISP [64] a module built for OMNeT++, a component-based, C++ discrete-event
network simulator, used primarily for executing classical-network simulations. In this Seminar
Topic, we discuss the features and potential of quantum network simulation tools, focusing on
QuISP.

• SeQUeNCe [61]: https://github.com/sequence-toolbox/SeQUeNCe

• QuNetSim [62]: https://tqsd.github.io/QuNetSim/

• NetSquid [63]: https://netsquid.org/

• QuISP [64]: https://aqua.sfc.wide.ad.jp/quisp_website/

• SimulaQron [65]: http://www.simulaqron.org/

• Squanch [66]: https://att-innovate.github.io/squanch/overview.html
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