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Quantum Network Applications
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Quantum Entanglement

Phenomenon in which two or more 
particles are connected in such a way 
that they cannot be described 
independently. Moreover, they will 
remain connected despite distance.

Foundation for near-term quantum networks
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John Clauser, Anton Zeilinger and Alain Aspect, 
winners of the Nobel prize in Physics for their work 
in quantum entanglement



Source: B360
Detectors: B242

Total pair distance: 6.1 km
Total pair  loss: 7.1 dB
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Remote Entanglement distribution at Argonne



Entanglement Distribution Over a 26 Mile Loop
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Awschalom, Dibos, Heremans et. al



Remote Entanglement between Argonne and Fermi
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Quantum Network Demonstrators
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Scalability has emerged as a key challenge

Most quantum networking demonstrators focus on point-
to-point or linear topologies 
Great need to develop scalable architectures 
Campus-scale to metropolitan and regional scales
Go beyond linear topologies
Demonstrate multi-user, multi-node 
Hardware heterogeneity, number of devices, applications 
and concurrent users
Fully dynamic and automated quantum networks 
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Argonne Quantum 
Network (ArQNet)
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InterQnet
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Integrating heterogeneous qubit platforms developed at Argonne



Connected Superconducting Quantum Processor Units
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Thrust 2: 
Demonstrate 
remote qubit 
gates

Thrust 3: 
Develop quantum 
network services 
for DQC

Thrust 1: Develop transmon qubit-
based quantum processor units 
(QPUs) and electro-optic (EO) 
quantum transducers



Evolution of classical network
Simulators played a major role
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L. Kleinrock, Analytic and simulation methods in computer network design, Proceedings of the 
spring joint computer conference, May 1970 Pages 569–579 https://doi.org/10.1145/1476936.1477022



Many alternatives for various functionalities

Different qubit representations, entanglement 
generation and purification protocols

Different memory and repeater types

Technologies for Quantum Networks
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New protocol and control plane design – 
evaluate performance, scalability etc.

Network architecture design – topology and architecture 
that allows scalability and long-distance communication
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Experiment planning and validation – facilitate system 
integration with hundreds of optical components, allow easy 
parameter tuning, predict and validate results

Evaluate alternatives and motivate experimental advances – 
Detectors, memories, repeaters, light sources  

Quantum Network Simulations



SeQUeNCe Simulator Overview
Modularized discrete event 
simulator with a clear 
separation of functionality
Simulates quantum 
communication at photon-level 
with picosecond accuracy
Allows simulations with 
different parameters, 
protocols, topologies, and 
network architectures
Hardware models of single-
atom memories, entanglement 
generation, swapping, and 
purification protocols



Evaluate Alternatives for Devices and Design
Chicago Metropolitan Quantum Network [QST’21]

Memory 
usage:

Average 
throughput:
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Architectural Choices for Quantum NetworksReliable and Scalable Entanglement Distribution in Quantum Networks
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Figure 1: The Time Bin Encoding Frame (TBEF) consists of three parts: synchronization pulses, a single entangled
photon transmission, and transmission of time-bin encoded data.

a classical control frame, a photon-encoded control frame, and a quantum data frame. The classical control
frame is encoded in high-energy pulses, ensuring that the control information can be reliably received and
processed prior to the arrival of the corresponding quantum data frame. The photon-encoded control frame
consists of control information that cannot be encoded in the classical frame, such as synchronization pulses
or optional control information encoded in quantum states. The quantum data frame is transmitted; and
depending on the destination address contained in the classical control frame, it is either processed by this
network node or forwarded on an outbound interface.

Our use of time-division multiplexing with fixed-length frames will ensure that single photon and high-
energy pulses do not interfere. We will study the optimal ordering, composition, and length of the frames to
ensure high throughput, flexibility to encode a sufficient number of parameters, and avoidance of clock drift
during the quantum data frame transmission.
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Figure 2: The Quantum Internet Protocol packet consists of alternating frames that contain classical and quantum
control information and encoded data. Only high-energy or only single-photon pulses are used in each frame.

The Quantum Internet Protocol prototype will be demonstrated in a laboratory testbed with two nodes
and subsequently in the Argonne Quantum Link Network using three or more nodes (see §3.4). The classical
control frame will encode a packet sequence number, destination address of the packet, and information
about the type of qubit encoding. The quantum data frame will encode CV or DV quantum information. The
simplified experimental setup is depicted in Fig. 3. A commercially available MEMS-based optical switch
is used to direct the incoming signal to one of four destinations: (i) to the SFP+ transciever connected to an
FPGA board for processing of the classical control frame, (ii) to an outgoing fiber to forward packets with
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Reliable and Scalable Entanglement Distribution in Quantum Networks
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Argonne Quantum 
Network (ArQNet)
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Summary

• Quantum networks hold a lot of promise
• Quantum network devices and protocols are under active 

development
• Several campus-scale and metropolitan-scale demonstrations
• Scalability has emerged as a key challenge
• Argonne Quantum Network (ArQNet) is being built to help 

address some of the scalability challenges
• Node heterogeneity, applications 
• Validate simulation results



THANK YOU!

Contribute to the open-source project at 
https://github.com/sequence-toolbox/SeQUeNCe.

Student and postdoc positions in quantum networks are 
available. Contact Raj Kettimuthu at kettimuthu@anl.gov
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https://github.com/sequence-toolbox/SeQUeNCe

