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• Creation and Early Implementation of Advanced Networking 
Technologies - The Next Generation Internet All Optical Networks, 
Terascale Networks, Networks for Petascale Science

• Advanced Applications, Middleware, Large-Scale Infrastructure, NG 
Optical Networks and Testbeds, Public Policy Studies and Forums 
Related to NG Networks

• Three Major Areas of Activity: a) Basic Research b) Design and 
Implementation of Prototypes and Large Scale Research Testbeds 
(Currently ~ 25) c) Operations of Specialized Communication 
Facilities (e.g., StarLight International/National Communications 
Exchange Facility)

Accelerating Leading Edge Innovation 

and Enhanced Global Communications 

through Advanced Internet Technologies, 

in Partnership with the Global Community

Introduction to iCAIR:





Next Generation Distributed Enviroment 

For Global Science



Quantum Science Research Initiatives

Priority For Many Nations

• Multiple Interdisciplinary Research Domains

– Physics

– Quantum Science

– Information Theory

– Information Science

– Optimization Theory

– Materials Science

– Quantum Components

– Quantum Computing 

– Quantum Communications

– Quantum Networking

– Many, Many Other Topics

• Undertaken By Many Organizational Cooperative Consortia

• World Quantum Day: April 14th — or “4.14” — Rounded 1st 3 Digits of Planck’s 

Constant, Value That Sets The Quantum Scale



Selected NSF Quantum Research Topics

• Quantum Fundamentals
– Understanding, Controlling, Minimizing Quantum Decoherence

– Generating, Characterizing, Manipulating Quantum Entangled States

– Characterizing, Verifying, Exploiting Quantum Algorithms 

– Discovering, Analyzing, Understanding Fundamental Properties Of Quantum Many-Body States of 

Matter With Exploitable Properties, e.g., Control of Many Degrees of Freedom Using High 

Resolution Light-Matter Interactions

• Quantum Metrology and Control (Enhancing Measure, Modeling, Control, And 

Exploiting Quantum Phenomena In Single and Multi-Particle Systems)
– Utilizing Quantum Superposition of States, Entanglement and Quantum Squeezing in Metrology;

– Characterizing, Minimizing Noise, Developing, Testing, Implementing Quantum Error Corrections 

– Developing Efficient High-Resolution Methods to Generate, Control, Manipulate, Read, and Write 

Qubits.

• Designing Quantum Systems - Stable, Controllable, Scalable, Error-Free, 

Low-Dissipation Platforms Many Types of States. 
– Interfacing Quantum & Classical Circuit & Computing Devices For Monolithic or Hybrid Systems 

– Developing Quantum Circuits, System Designs and Programming Paradigms for Quantum 

Sensing, Computing and Communication; Developing, Validating Platforms for Quantum testbeds 

for Rapid Prototyping, System Characterization, Optimization; System Integration Techniques for 

Combining Quantum and Classical Platforms;

– Generating, Scalable Systems of Quantum Objects in Superposition States, Tailored for Specific 

Use, while Enabling Information Exchange Among Different Types of Such Objects and Across  

Quantum-Classical Boundaries



Quantum Communications And Networks:

Motivation

• Quantum Enables Many New Applications
– Security – e.g., Quantum Key Distribution (QKD), Highly Secure 

Information Transmission, Quantum Encryption

– Quantum Sensors

– Quantum – e.g., Precise Clocks

– New Applications Derived From Unique Properties (e.g., Superposition) 

And Novel Quantum Devices

– Communications Among Quantum Computers, e.g., To Address 

Complex Computational Science Problems Through Distributed 

Quantum Environments (iCAIR’s Quantum Research Focus)



High Levels Of Challenges Requires 

Consortia

• Northwestern University Established INQUIRE (Initiative at Northwestern 

for Quantum Information Research and Engineering), For Quantum 

Science Research

• This Initiative Participates in the Chicago Quantum Exchange and The 

Illinois Express Quantum Network, which includes the U.S. Department of 

Energy’s Argonne National Laboratory, Fermi National Accelerator 

Laboratory, Multiple Research Universities, and Several Corporations. 

• These National Laboratories, Northwestern University, Including the 

International Center for Advanced Internet Research (iCAIR), the StarLight

International/National Communications Exchange Facility Consortium, the 

Metropolitan Research and Education Network (MREN), the Illinois 

Quantum Information Science and Technology Center (IQUIST) at the 

University of Illinois at Urbana-Champaign, And Other Research Partners, 

Including Internationally, Are Collaborating On This initiative.



A Few Terms

• Quantum Computers Utilize Several Attributes of 

Quantum States, Including:

• Superposition: A State Consisting Of a Sum Of Two Or 

More States

• Interference: Influencing Qubit Measurement To Result 

In One Ot More Specified States

• Quantum/Photonic Entanglement (Einstein’s “Spooky 

Action At a Distance”): Fundamental Quantum 

Mechanic Effect – Physical Properties Of Interlinked 

Particles Can Have Perfect Correlations, Even When 

Separated By Large Distances 



A Few More Terms

• Qubit, Quantum Bit: Analog of Digital Bit, A Unit Of Information 

Represented By The State Of An Atom, Photon, Ion, Electron, 

Superconducting Circuits, Etc (e.g., Spin, Polarization, Position et 

al) That Can Represent Multiple Values Simultaneously, Often 

Described As A Two-State System (e.g., Can Be Both 1 and ) vs 

Only the 1 or 0 Of Binary Digits)

• Transduction: - High Fidelity Transfer Of A Quantum State Among 

Domains, e.g.,  Converting Quantum Signals Among Different 

Modalities, Media Frequencies, Functional Devices

• Quantum Teleportation: Transferring Quantum Information From 

One Place To Another (Paths For “Flying Qubits”)

• Coherence/Decoherence: Quantum States Are Extremely Fragile, 

Challenging To Communicate While Maintaining High Fidelity State 



Quantum Transduction

Image Source: Prem Kumar, Northwestern 

Center for Photonic Communication And Computing 



Quantum Network Layers

• • Quantum Service Layer 

- Quantum Entanglement Discovery And Distribution Service: e.g., Entangled 

Photonic Generation, Management, Distribution

• • Quantum Networking Layer 

• - SDN Control Functions, e.g., Wavelength Routing, Wavelength Assignment, 

Path Topology Creation Among Quantum Nodes, Related Devices

• Quantum Link Layer 

– Protocol Layer Manages Quantum signals and Messages Transmitted Through 

Quantum Channels Among Q-nodes, Monitors Quantum Link Status

• • Quantum Physical Layer 

– Physical Connectivity (e.g., Optical Fiber )/Communication Among Quantum 

Nodes, Determines Quantum Channel Frequencies, Signal Rates, Photon Pulses 

Used For Quantum Signals et al



Example Issues In Quantum 

Communications & Networking
• Designing Specialized Architecture, e.g., Customized For Applications

• Delineating Quantum “Services” 

• Quantum Information Distribution, Specialized Carriers (e.g., Qubits, 

Entangled Photons) 

• Determining What Functions Should Be Placed At What Level With What 

Components

• Topologies, Algorithms, Interfaces and Protocols? (No “Quantum TCP or 

“Quantum IP” Exist)

• Quantum Memory, Switching/Routing

• Because No Repeaters Exist Yet, Distances Are Limited (Rate Declines 

Exponentially With Photon Transmission Probability – 150-200 Km Max)

• Quantum Network Management, Control, And Data Planes

• Space vs Time Domains 

• Integration With Classical Networks

• Quantum Measurements, Quantum Error Correction

• Fiber Types e.g., SMF-28 vs Hollow Core, Impedances, Wavelengths 

(Lightpaths) vs Dedicated Fiber, db Loss, etc.



Qubit Transmission

• Photons Require Exceptionally High Fidelity Transmission – From 

Source To Destination

• When They Arrive At Their Target, The Quality Of Their  Entangled 

State Should Be Perfect

• One Challenge: Implementing A High Quality Spectrally Un-

Entangled Source

• Goal: Qubits Entangled With A Single Degree of Freedom

• Multiple Degrees of Freedom Diminish Hong-Ou-Mandel 

Interference (H-O-M Effect)



H-O-M Effect

• H-O-M Effect: Two-Photon Interference Demonstrated (1987) By Chung Ki 

Hong, Zheyu Ou, and Leonard Mandel, University of Rochester Physicists.

• Two identical Single-Photon Waves Can Be Sent Through A 1:1 beam 

Splitter, Each In One Input Port Resulting In A Temporal Overlap

• Under Ideal Conditions, The Photon Temporal Overlap Will Be Perfect.

• Two Photons Exit The Beam Splitter With An Identical Output Mode

• (50% Probability)



Transitioning Qnets From Concepts And 

Lab Experiments To Field Trials

• Research in Quantum Communications and Networking Requires 

Real World Testbeds Supporting Empirical Experiments

• Currently, A Distance Limitation Exists On Communicating High 

Fidelity Qubits Over Fiber (No Quantum Repeaters)

• Consequently, Various Metro Scale Quantum Networking Testbeds 

Have Been Created 

• Previously, iCAIR developed a Dedicated Fiber Quantum Testbed 

That Supported Experimentation In Photonic Entanglement and 

Quantum Key Distribution. 

• With Consortium Partners, iCAIR Is Participating  Design And 

Development Metro Scale Quantum Networking Testbeds, 

Particularly To Interconnect Quantum Computers, Eventually 

Quantum Clouds

• A Potential Exists For Extending These Testbeds To International 

Sites Via Satellite (Line-of-Sight Optics), Eventually “Quantum 

Repeaters”



Quantum Networking Testbed 

Building Blocks

• Advanced Networking And Exchange Facilities

• Architecture (Defining QNode Capabilities, QNet Topology 

Discovery, Path And Wavelength Assignment, Clock Distribution, 

Entanglement Distribution Protocols)

• Heterogeneous Components

• High Quality Dedicated Fiber

• Management And Control Planes Based On Classical Networking 

(Software Defined Networking Techniques)

• Interfaces, Protocols, Algorithms

• Low db Loss Optical Switches

• Quantum Memories As Proxies For Quantum Computers

• MeasurementManagement Integrations



(80+

Transitioning To 400 Gbps, 800 Gbps, Tbps
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Emerging Chicago Quantum Exchange Testbed



Argonne National Laboratory QILab Testbed Architecture
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Energing IEQnet Testbed Topology

Illinois Express Quantum Network





Polatis All-Optical Switch

Polatis:

• SDN Enabled

• Minimum Insertion dB Loss

• Single Mode



Polatis Optical Switch Specifications



Entanglement Distribution in Installed Fiber with

Coexisting Classical Light for Quantum Network

Applications

Jordan M. Thomas, Gregory S. Kanter, Ely M. Eastman1, Kim F. Lee, Prem Kumar

Center for Photonic Communication and Computing, Department of Electrical and Computer Engineering,

Northwestern University, Evanston, IL 60208, USA

Abstract: We show polarization entangled photons coexisting with milliwatt power classical light 

over 45.6 km of installed optical fiber. The entanglement source has a built-in alignment signal for 

quantum transmitter-receiver polarization basis alignment. © 2022 The Author(s)

OFC 2022 Paper



OFC 2022 Paper

• Demonstration Of O-band/C-band Quantum/Classical Wavelength 

Allocation With Temporal and Spectral Filtering in Coincidence 

Detection As Useful Noise Mitigation Methods For Coexistence 

scenarios in fiber-optic Quantum Networking. 

• High visibility two photon interference fringes Demonstrated over 45.6 

km of installed underground SMF-28 fiber with Copropagating ~7 dBm 

classical launch power. 

• An O-band classical alignment signal is built into the entanglement 

source to align each node in a polarization entanglement network to the 

same polarization reference frame. 

• The combination of these two methods allows for robust WDM based 

polarization entanglement networks to be integrated into real world 

installed fiber networks.
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IQUIST Quantum Network Testbed: QUIUC-NET
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Source: Paul Kwiat, Director,

IQUIST



Source: 

Prem Kumar 

Northwestern University



Potential Quantum Repeater

• Multiplexed Quantum Repeaters Based On Dual-Species Trapped-ion Systems

• Prajit Dhara, Norbert M. Linke, Edo Waks, Saikat Guha, and Kaushik P. 

Seshadreesan

• Phys. Rev. A 105, 022623 – Published 25 February 2022

• “Trapped ions form an advanced technology platform for quantum information processing with 

long qubit coherence times, high-fidelity quantum logic gates, optically active qubits, and a 

potential to scale up in size while preserving a high level of connectivity between qubits. 

• These traits make them attractive not only for quantum computing, but also for quantum 

networking. 

• Dedicated, special-purpose trapped-ion processors in conjunction with suitable interconnecting 

hardware can be used to form quantum repeaters that enable high-rate quantum 

communications between distant trapped-ion quantum computers in a network. 

• In this regard, hybrid traps with two distinct species of ions, where one ion species can generate 

ion-photon entanglement that is useful for optically interfacing with the network and the other 

has long memory lifetimes, useful for qubit storage, have been proposed for entanglement 

distribution. 

• We consider an architecture for a repeater based on such dual-species trapped-ion systems.

• …

• Our results bolster the case for near-term trapped-ion systems as quantum repeaters for long 

distance quantum communications.”



Future Directions

• Additional Testbeds, Experiments, and Prototypes Are Being 

Planned To Support Multiple Quantum Scenarios

• These Projects Are Developing And Validating Viable Platforms for 

Quantum Network Testbeds For Rapid Prototyping, System 

Characterization And Optimization 

• New Comprehensive System Designs Are Being Created For 

Quantum Communications And Networking, Including Advanced 

Programming Paradigms For Service Creation And Implementation

• Specific Customized Properties Will Enable Information To Be 

Exchange Among And Across Quantum-Classical Boundaries



National Policy Report 

On Quantum Networks



ESnet Quantum Internet Initiative

Report of the DOE Quantum Internet 

Blueprint Workshop: From Long-Distance

Entanglement To Building a Quantum Internet
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