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Vision: Quantum network enabling full 

quantum connectivity between multiple 

user groups.
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Key ingredient

Quantum entanglement, aka Bell state,  between 
pair of remote quantum processors

https://pubs.acs.org/doi/10.1021/cen-10036-scicon3

Nobel prize, Physics, 2022: A. Aspect, F. Clauser, A. Zeilinger

Einstein: "spooky action at a 
distance."

Alice Bob
Bell state:  ⟩| ⟩#!#" $|%!%"

&



Why Quantum Internet?

Cryptography, security – quantum key 
distribution (QKD)

Distributed quantum computing – breaking web 
security, solving hard problems

High resolution sensing – exploring the universe
Source: IQOQI, H. Ritsch

Source: Physics World

Source: MIT Technology 6



Bell state

• Bell state
⟩| ⟩0'0( + |1'1(

2
• Measuring Alice’s qubit yields 0,1 
• if 0, measuring Bob’s qubit yields 0
• if 1, measuring Bob’s qubit yields 1
• can generate shared randomness across distances
• Key ingredient of quantum teleportation, QKD, and many other 

applications
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Quantum Teleportation

end-to-end entanglement ⟩| ⟩#!#" $|%!%"
&
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Multipartite extension of Bell state

Greenberger–Horne–Zeilinger (GHZ) state

• !-partite GHZ state         | ⟩$%& ! | ⟩##⋯# %| ⟩&&⋯&
'

• used in multiparty QKD, secret sharing, quantum sensing, …



Why is quantum communications so hard?

Can we amplify signal?

Rate decays exponentially 
with distance

! = #!"#/%



Why is it so hard?

Can we amplify signal?No cloning theorem!

Quantum signals 

cannot be copied 

Rate decays exponentially 
with distance



Quantum repeaters

Quantum memories to store 
entanglement

Phase I: generate link level entanglement 
(Bell states)

Phase II: measurement propagates 
entanglements to ends ' = )!"#/%

+Alice Bob

. . .
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repeater

lossy
link

quantum 
memory

end-to-end 
entanglement

Quantum entanglement network
• Quantum switches with memories 

connected via lossy links

• Links generate entanglement

• Switches concatenate (measure) to realize 
end-to-end entanglement between end 
nodes



Quantum networking challenges

• Service to provide

• entanglement distribution
• direct quantum information 

transfer

• Noise!

• Who to serve

• performance & resource 
allocation

• Network management 

• measurement & 
tomography

• Data, control plane 

design



Classical vs. Quantum Networks



Outline

• Internet overview

• Network services, routing

• Switch/router design



What’s the Internet: “nuts and bolts” view

• Internet: “network of networks”
• loosely hierarchical

• public Internet versus private intranet

• Protocols: control sending, receiving of 
messages
• e.g., TCP, IP, HTTP, Skype,  Ethernet, WiFi

• Internet standards
• RFC: Request for comments

• IETF: Internet Engineering Task Force

• IRTF: Internet Research Task Force

Home network

Institutional network

Mobile network

Global ISP

Regional ISP



A closer look at network structure

• Network edge: applications 
and hosts

• Network core: 
• routers
• network of networks

• Access networks
• wired
• wireless



The network core

• Mesh of interconnected 

routers

• Fundamental question: how 

is data transferred through 

net?

• circuit switching: dedicated 
circuit per call: telephone net

• packet-switching: data sent 
thru net in discrete “chunks”



Network core: Circuit switching

End-end resources reserved for 
“call”

• Link bandwidth,  switch 
capacity

• Dedicated resources: no 
sharing

• Circuit-like (guaranteed) 
performance

• Call setup required



Network core: Packet switching

Each end-end data stream 
divided into packets

• User A, B packets share
network resources

• Each packet uses full link 
bandwidth 

• Resources used as needed

• Resource contention
• Aggregate resource demand 

can exceed amount available
• Congestion: packets queue, 

wait to use link 
• Store and forward: packets 

move one hop at a time
• transmit over link
• wait turn at next link



Packet switching versus circuit switching

• 100 Mb/s link
• each user: 

• 10 Mb/s when “active”
• active 10% of time

• Circuit-switching: 
• 10 users

• Packet switching: 
• with 35 users, probability > 10 

active less than .0004

N users

100 Mbps link

Packet switching allows more 
users to use network!



Internet structure: network of networks

• Roughly hierarchical

• At center: “tier-1” ISPs (e.g., Verizon, Sprint, AT&T, Level 3), 

national/international coverage

• treat each other as equals

Tier 1 ISP

Tier 1 ISP

Tier 1 ISP

Tier-1 providers 

interconnect 

(peer) privately



Internet structure: network of networks

• “Tier-2” ISPs: smaller (often regional) ISPs

• connect to one or more tier-1 ISPs, possibly other tier-2 ISPs

Tier 1 ISP

Tier 1 ISP

Tier 1 ISP

Tier-2 ISPTier-2 ISP

Tier-2 ISP Tier-2 ISP

Tier-2 ISP

q tier-2 ISP pays 
tier-1 ISP for 
connectivity to 
rest of Internet
q tier-2 ISP is 
customer of
tier-1 provider



Internet structure: network of networks

• “Tier-3” ISPs and local ISPs 

• last hop (“access”) network (closest to end systems)

Tier 1 ISP

Tier 1 ISP

Tier 1 ISP

Tier-2 ISPTier-2 ISP

Tier-2 ISP Tier-2 ISP

Tier-2 ISP

local

ISP
local

ISP

local

ISP

local

ISP

local

ISP Tier 3

ISP

local

ISP

local

ISP

local

ISP

Local and tier- 3 
ISPs are customers
of
higher tier ISPs
connecting them to 
rest of Internet



Internet structure: network of networks

• a packet passes through many networks!

Tier 1 ISP

Tier 1 ISP

Tier 1 ISP

Tier-2 ISPTier-2 ISP

Tier-2 ISP Tier-2 ISP

Tier-2 ISP

local

ISP
local

ISP

local

ISP

local

ISP

local

ISP Tier 3

ISP

local

ISP

local

ISP

local

ISP



Internet protocol stack

• Application: supporting network 
applications
• scp, smtp, https

• Transport: host-host data transfer
• tcp, udp

• Network: routing of packets from 
source to destination
• ip, routing protocols

• Link: data transfer between 
neighboring  network elements
• ppp, ethernet

• Physical: bits “on the wire”

1-32

application

transport

network

link

physical



Quantum Networks

33



Why is quantum communications so hard?

No cloning theorem 
precludes copy and 
amplification

Rate decays exponentially 
with distance

! = #!"#/%



Quantum repeaters

Quantum memories to store qubits

Phase I: generate link Bell states (entanglement)

Phase II: propagate entanglements 
entanglement swap (Bell state measurement)

' = )!"#/%

+Alice Bob

. . .
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Repeater chain

• Infinite memory ⇒ distance independent entanglement rate

' ∝ )!"#/&
• Finite (one) memory ⇒ exponential decay in entanglement rate as 

function of .
' ∝ )!"#
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Quantum Internet

• Application: supporting network 
applications

• Transport: host-host quantum 
data transfer
• qtcp, qudp

• Network: entanglement generation 
between end nodes
• qip, path selection protocols

• Link: link-level entanglement 
generation

• Physical: photons “on the wire”
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Application

Transport

Network

Link

Physical Quantum Device Layer

Quantum Application Protocols

End-to-end Qubit Delivery

Long-distance Entanglement Generation

Entanglement Generation on a Link

Quantum Network Stack

Stephanie Wehner et al.



Reliable communications (classical)

• Error models:
• bit flips, erasures
• dropped packets

• Recovery schemes
• error detection/correction codes
• packet retransmission

• relies on cloning!
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rcv ack0

send pkt0

send pkt1

rcv ack1
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ack0
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X
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pkt1
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Quantum challenge

• Qubits not self protected against 
smallest perturbation

• Qubits have limited 
coherence times

0

1

Restoring force 
stabilizes state

Restoring force 
towards 0 or 1 
not allowed

P. Krantz, etal, Appl. Phys. Rev. 6, 021318 (2019)

| ⟩0

| ⟩1



Entanglement purification



Entanglement purification
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• •

1/0 1/0

Classical Communication

Source Pair

Target Pair

Alice Bob

Probabilistically convert multiple noisy entangled pairs into single strongly 
entangled pair!

Phys. Rev. Lett. 76, 722 (1996)



QoS metric

Fidelity: measure of closeness of 

entanglement to perfection

Purification step succeeds with 

probability ,!

0 1

complete 

fidelitydecreasing fidelity
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Back to linear repeater network

• Links consists of modes
• spatial (frequencies, polarizations)
• temporal

• Increases link success probability /
• Provides opportunity for purification 
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Purification
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Purification

• Determine when and how much to purify
• Whether to purify across single or multiple links
• Possibly with minimum e2e fidelity constraint
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Network layer functions

• Transport packet from sending to receiving 
hosts 

• Network layer protocols in every host, router

Three important functions:
• Path selection: route taken by packets from 

source to destination (routing algorithms)
• Switching: move packets from router’s input 

to appropriate router output
• Call setup: some network architectures 

require router call setup along path before 
data flows

network
data link
physical

network
data link
physical

network
data link
physical

network
data link
physical

network
data link
physical

network
data link
physical

network
data link
physical

network
data link
physical

application
transport
network
data link
physical

application
transport
network
data link
physical



Network service model

Q: What service model for 
“channel” transporting packets 
from sender to receiver?

• guaranteed bandwidth?
• preservation of inter-packet timing 

(no jitter)?
• loss-free delivery?
• in-order delivery?
• congestion feedback to sender?
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Virtual circuits

• Call setup, teardown for each call before data can flow

• Each packet carries VC identifier (not destination host ID)

• Every router on source-dest path maintains “state” for each passing connection

• transport-layer connection only involved two end systems

• Link, router resources (bandwidth, buffers) may be allocated to VC

• to get circuit-like performance

“source-to-dest path behaves like telephone circuit”

• performance-wise

• network actions along source-to-dest path



application

transport

network

data link

physical

application

transport

network

data link

physical

1. Initiate call 2. incoming call

3. Accept call4. Call connected

5. Data flow begins
6. Receive data



Datagram network: The Internet model

• No call setup at network layer
• Routers: no state about end-to-end connections

• no network-level concept of “connection”
• Packets typically routed using destination host ID

• packets between same source-dest pair may take different paths

application

transport

network

data link

physical

application

transport

network

data link

physical

1. Send data
2. Receive data



Quantum network service model

Q: What service model for 
“quantum channel” between 
end nodes?

• guaranteed rate?
• latency guarantee?
• minimum fidelity guarantee?
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Entanglement distribution
(Two-way network architecture)

• Creation/distribution of Bell pairs 
(entanglement) 

• Use teleportation to transfer quantum 
information

• Relies heavily on purification to handle 
noise

• Requires exchange of classical 
information for correction

create Bell pairs

⟩| ⟩00 + |11
2

⟩| ⟩00 + |11
2

"
# ( ⟩| ⟩00 + |11 )

| ⟩#" | ⟩#"



Quantum information transfer
(One-way network architecture)

• Transfer quantum information 
directly

• Note resemblance to classical 
network

• Relies heavily on Quantum Error 
Correction (QEC)

• Does not require exchange of 
classical info

transfer quantum 
information

| ⟩#" | ⟩#"

Note: services are interchangeable



Quantum Internet
• Quantum information can pass through many networks!
• e2e entanglement over many networks

Tier 1 ISP

Tier 1 ISP

Tier 1 ISP

Tier-2 ISPTier-2 ISP

Tier-2 ISP Tier-2 ISP

Tier-2 ISP

local

ISP
local

ISP

local

ISP

local

ISP

local

ISP Tier 3

ISP

local

ISP

local

ISP

local

ISP

Challenge: 

some ISPs distributes 

entanglement distribution, 

others transmits QI

Trapped ions

Color center 
ions



One way vs. Two way
Two way

Pros:
• Purification simpler than QEC
• Bell pairs fungible ⇒

• high rates

• pre-shared entanglement

• Tolerates noisy gates
Cons:
• Increased latency due to classical 

comms
• High memory requirement

One way
Pros:
• No classical comms ⇒ low latency
• Low memory requirement

Cons:
• QEC very challenging, requires 

high quality gates
• 100 physical qubits per logical qubit?

• Requires high quality gates



Classical routing

Graph abstraction for routing 

algorithms:

• graph nodes are routers

• graph edges are physical links

• link cost: delay, $ cost, or congestion level
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Goal: determine “good” path

(sequence of routers) thru 

network from source to dest.

Routing protocol

A

ED

CB

F

2

2

1
3

1

1

2

5
3

5

“good” path:

• typically means minimum cost path

• other def’s possible

• Dijkstra algorithm



Routing algorithm classification

Q: global or decentralized information?

global:
• central controller has complete 

topology, link cost info
Decentralized: 
• router knows physically-connected 

neighbors, link costs to neighbors
• iterative process of computation, 

exchange of info with neighbors
• “distance vector” algorithms

Q: static or dynamic?
static:
• routes change slowly over time
Dynamic: 
• routes change more quickly

• periodic update
• in response to link cost changes



Current approach

• (Logical) central controller with complete topology, link cost info

• Includes policy constraints
• e.g., party A cannot use link set ℒ

• Calculation of backup paths

• Diversity for load balancing



Quantum routing

Static algorithms:
• shortest paths with link costs:

• link entanglement rate, 1/20
• link fidelity, 30
• and others

Dynamic algorithms:
• each node chooses neighbors to connect based on local state 

information



Classical routers & quantum switches



Classical router architecture overview

two key router functions:
• run routing algorithms/protocol 

• forwarding packets from incoming to outgoing link

1-64

high-seed 
switching

fabric

routing 
processor

router input ports router output ports

forwarding data 
plane  (hardware)

routing, management
control plane (software)

forwarding tables computed,
pushed to input ports



Challenges

• capacity of router?

• scheduling policies that achieve capacity? that reduce switching 
fabric complexity?
• matching algorithms
• max weight policies
• lightweight randomized algorithms



• Quantum memories: loading and readout 
• Multi-qubit quantum measurements
• Quantum logic across qubits held in QMs
• Multi-photon entanglement sources
• Classical computing and communications

Quantum switch

U
1

2
3
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Quantum switch

• User pairs generate requests for Bell 
pairs

• Phase 1: links randomly generate 
Bell pairs

• Phase 2: given outstanding 
requests, switch selects Bell pairs to 
measure 

• equivalent to selecting eligible matching 
in a graph among memories

• Outcomes of BSM matchings form 
set of end-to-end entanglements 
between pairs of end nodes

BSMBSM

user 1

user 2

user 3



Challenges

• switch design, switching fabric
• teleportation fabric?

• network capacity, network resource allocation
• global vs local vs no state information
• timescale of state information

• memory decoherence, gate errors? 
• quality of information – fidelity

• fidelity degrades over time ⇒ last in first out (LIFO), deadline 
scheduling?

(virtual) circuit 
switching?⇒



Summary 

• entanglement distribution service very different from quantum 
information transfer service

• quantum networking introduces new problems
… and old problems with new wrinkles

• resource allocation, path selection, switch & entanglement scheduling
• delivery of QoS in very noisy environment

• research on Q-networks in its infancy with many exciting problems!



Questions?



Capacity and Resource Allocation

2



Outline

Network capacity

Resource allocation for 
achieving capacity
Scheduling to mitigate against 
memory noise
Path selection

Flow & swap optimization

Stability analysis

Markov processes

Percolation theory

Linear programming, 
optimization theory



Quantum Switch

4

• Quantum switch: center node of a star-
shaped network
• end nodes
• quantum channels

• How do we achieve the best performance
with multiple source-sink pairs?

• How to quantify the performance?

Quantum Switch

End Node

Quantum Switch



Capacity Region
• Entanglement requests randomly arrive at

switch with infinite memory
• Requests have rates: !!", !!#, !"#, …
• Stability: quantum switch is stable if request 

delays are finite
• Capacity region: set of request rate vectors

such that switch can be stabilized

5

Node 1

Node 2

Node 3
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�23
<latexit sha1_base64="29WDv4wgZE06p1yVta5T76SujqU=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRV0GXBjcsK9gFNKDeTaTt0MgkzE6GE/oYbF4q49Wfc+TdO2yy09cDA4ZxzuXdOmAqujet+O6WNza3tnfJuZW//4PCoenzS0UmmKGvTRCSqF6JmgkvWNtwI1ksVwzgUrBtO7uZ+94kpzRP5aKYpC2IcST7kFI2VfF/YaISDvHE1G1Rrbt1dgKwTryA1KNAaVL/8KKFZzKShArXue25qghyV4VSwWcXPNEuRTnDE+pZKjJkO8sXNM3JhlYgME2WfNGSh/p7IMdZ6Goc2GaMZ61VvLv7n9TMzvA1yLtPMMEmXi4aZICYh8wJIxBWjRkwtQaq4vZXQMSqkxtZUsSV4q19eJ51G3bP84brWdIs6ynAG53AJHtxAE+6hBW2gkMIzvMKbkzkvzrvzsYyWnGLmFP7A+fwBonORWQ==</latexit><latexit sha1_base64="29WDv4wgZE06p1yVta5T76SujqU=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRV0GXBjcsK9gFNKDeTaTt0MgkzE6GE/oYbF4q49Wfc+TdO2yy09cDA4ZxzuXdOmAqujet+O6WNza3tnfJuZW//4PCoenzS0UmmKGvTRCSqF6JmgkvWNtwI1ksVwzgUrBtO7uZ+94kpzRP5aKYpC2IcST7kFI2VfF/YaISDvHE1G1Rrbt1dgKwTryA1KNAaVL/8KKFZzKShArXue25qghyV4VSwWcXPNEuRTnDE+pZKjJkO8sXNM3JhlYgME2WfNGSh/p7IMdZ6Goc2GaMZ61VvLv7n9TMzvA1yLtPMMEmXi4aZICYh8wJIxBWjRkwtQaq4vZXQMSqkxtZUsSV4q19eJ51G3bP84brWdIs6ynAG53AJHtxAE+6hBW2gkMIzvMKbkzkvzrvzsYyWnGLmFP7A+fwBonORWQ==</latexit><latexit sha1_base64="29WDv4wgZE06p1yVta5T76SujqU=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRV0GXBjcsK9gFNKDeTaTt0MgkzE6GE/oYbF4q49Wfc+TdO2yy09cDA4ZxzuXdOmAqujet+O6WNza3tnfJuZW//4PCoenzS0UmmKGvTRCSqF6JmgkvWNtwI1ksVwzgUrBtO7uZ+94kpzRP5aKYpC2IcST7kFI2VfF/YaISDvHE1G1Rrbt1dgKwTryA1KNAaVL/8KKFZzKShArXue25qghyV4VSwWcXPNEuRTnDE+pZKjJkO8sXNM3JhlYgME2WfNGSh/p7IMdZ6Goc2GaMZ61VvLv7n9TMzvA1yLtPMMEmXi4aZICYh8wJIxBWjRkwtQaq4vZXQMSqkxtZUsSV4q19eJ51G3bP84brWdIs6ynAG53AJHtxAE+6hBW2gkMIzvMKbkzkvzrvzsYyWnGLmFP7A+fwBonORWQ==</latexit><latexit sha1_base64="29WDv4wgZE06p1yVta5T76SujqU=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRV0GXBjcsK9gFNKDeTaTt0MgkzE6GE/oYbF4q49Wfc+TdO2yy09cDA4ZxzuXdOmAqujet+O6WNza3tnfJuZW//4PCoenzS0UmmKGvTRCSqF6JmgkvWNtwI1ksVwzgUrBtO7uZ+94kpzRP5aKYpC2IcST7kFI2VfF/YaISDvHE1G1Rrbt1dgKwTryA1KNAaVL/8KKFZzKShArXue25qghyV4VSwWcXPNEuRTnDE+pZKjJkO8sXNM3JhlYgME2WfNGSh/p7IMdZ6Goc2GaMZ61VvLv7n9TMzvA1yLtPMMEmXi4aZICYh8wJIxBWjRkwtQaq4vZXQMSqkxtZUsSV4q19eJ51G3bP84brWdIs6ynAG53AJHtxAE+6hBW2gkMIzvMKbkzkvzrvzsYyWnGLmFP7A+fwBonORWQ==</latexit>



Capacity Region
Two sides of story:

• unstable outside region
• design scheduling algorithms that stabilize

switch inside region (who to swap)
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Node 1

Node 2

Node 3

�12
<latexit sha1_base64="PVfwnfT0Bv7Qv8eu0FR5ur7e+9w=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFclaQIuiy4cVnBPqAJ5WYyaYdOJmFmIpTQ33DjQhG3/ow7/8Zpm4W2Hhg4nHMu984JM8G1cd1vZ2Nza3tnt7JX3T84PDqunZx2dZoryjo0Fanqh6iZ4JJ1DDeC9TPFMAkF64WTu7nfe2JK81Q+mmnGggRHksecorGS7wsbjXBYeM3ZsFZ3G+4CZJ14JalDifaw9uVHKc0TJg0VqPXAczMTFKgMp4LNqn6uWYZ0giM2sFRiwnRQLG6ekUurRCROlX3SkIX6e6LAROtpEtpkgmasV725+J83yE18GxRcZrlhki4XxbkgJiXzAkjEFaNGTC1Bqri9ldAxKqTG1lS1JXirX14n3WbDs/zhut5yyzoqcA4XcAUe3EAL7qENHaCQwTO8wpuTOy/Ou/OxjG445cwZ/IHz+QOfaJFX</latexit><latexit sha1_base64="PVfwnfT0Bv7Qv8eu0FR5ur7e+9w=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFclaQIuiy4cVnBPqAJ5WYyaYdOJmFmIpTQ33DjQhG3/ow7/8Zpm4W2Hhg4nHMu984JM8G1cd1vZ2Nza3tnt7JX3T84PDqunZx2dZoryjo0Fanqh6iZ4JJ1DDeC9TPFMAkF64WTu7nfe2JK81Q+mmnGggRHksecorGS7wsbjXBYeM3ZsFZ3G+4CZJ14JalDifaw9uVHKc0TJg0VqPXAczMTFKgMp4LNqn6uWYZ0giM2sFRiwnRQLG6ekUurRCROlX3SkIX6e6LAROtpEtpkgmasV725+J83yE18GxRcZrlhki4XxbkgJiXzAkjEFaNGTC1Bqri9ldAxKqTG1lS1JXirX14n3WbDs/zhut5yyzoqcA4XcAUe3EAL7qENHaCQwTO8wpuTOy/Ou/OxjG445cwZ/IHz+QOfaJFX</latexit><latexit sha1_base64="PVfwnfT0Bv7Qv8eu0FR5ur7e+9w=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFclaQIuiy4cVnBPqAJ5WYyaYdOJmFmIpTQ33DjQhG3/ow7/8Zpm4W2Hhg4nHMu984JM8G1cd1vZ2Nza3tnt7JX3T84PDqunZx2dZoryjo0Fanqh6iZ4JJ1DDeC9TPFMAkF64WTu7nfe2JK81Q+mmnGggRHksecorGS7wsbjXBYeM3ZsFZ3G+4CZJ14JalDifaw9uVHKc0TJg0VqPXAczMTFKgMp4LNqn6uWYZ0giM2sFRiwnRQLG6ekUurRCROlX3SkIX6e6LAROtpEtpkgmasV725+J83yE18GxRcZrlhki4XxbkgJiXzAkjEFaNGTC1Bqri9ldAxKqTG1lS1JXirX14n3WbDs/zhut5yyzoqcA4XcAUe3EAL7qENHaCQwTO8wpuTOy/Ou/OxjG445cwZ/IHz+QOfaJFX</latexit><latexit sha1_base64="PVfwnfT0Bv7Qv8eu0FR5ur7e+9w=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFclaQIuiy4cVnBPqAJ5WYyaYdOJmFmIpTQ33DjQhG3/ow7/8Zpm4W2Hhg4nHMu984JM8G1cd1vZ2Nza3tnt7JX3T84PDqunZx2dZoryjo0Fanqh6iZ4JJ1DDeC9TPFMAkF64WTu7nfe2JK81Q+mmnGggRHksecorGS7wsbjXBYeM3ZsFZ3G+4CZJ14JalDifaw9uVHKc0TJg0VqPXAczMTFKgMp4LNqn6uWYZ0giM2sFRiwnRQLG6ekUurRCROlX3SkIX6e6LAROtpEtpkgmasV725+J83yE18GxRcZrlhki4XxbkgJiXzAkjEFaNGTC1Bqri9ldAxKqTG1lS1JXirX14n3WbDs/zhut5yyzoqcA4XcAUe3EAL7qENHaCQwTO8wpuTOy/Ou/OxjG445cwZ/IHz+QOfaJFX</latexit>

�13
<latexit sha1_base64="cEc6QjbgaIfXy7iYSFq7AJcEpq4=">AAAB83icbVBNS8NAFHypX7V+VT16WSyCp5KooMeCF48VbC00oWw2L+3SzSbsboQS+je8eFDEq3/Gm//GbZuDtg4sDDPzeG8nzATXxnW/ncra+sbmVnW7trO7t39QPzzq6jRXDDssFanqhVSj4BI7hhuBvUwhTUKBj+H4duY/PqHSPJUPZpJhkNCh5DFn1FjJ94WNRnRQeJfTQb3hNt05yCrxStKAEu1B/cuPUpYnKA0TVOu+52YmKKgynAmc1vxcY0bZmA6xb6mkCeqgmN88JWdWiUicKvukIXP190RBE60nSWiTCTUjvezNxP+8fm7im6DgMssNSrZYFOeCmJTMCiARV8iMmFhCmeL2VsJGVFFmbE01W4K3/OVV0r1oepbfXzVabllHFU7gFM7Bg2towR20oQMMMniGV3hzcufFeXc+FtGKU84cwx84nz+g7ZFY</latexit><latexit sha1_base64="cEc6QjbgaIfXy7iYSFq7AJcEpq4=">AAAB83icbVBNS8NAFHypX7V+VT16WSyCp5KooMeCF48VbC00oWw2L+3SzSbsboQS+je8eFDEq3/Gm//GbZuDtg4sDDPzeG8nzATXxnW/ncra+sbmVnW7trO7t39QPzzq6jRXDDssFanqhVSj4BI7hhuBvUwhTUKBj+H4duY/PqHSPJUPZpJhkNCh5DFn1FjJ94WNRnRQeJfTQb3hNt05yCrxStKAEu1B/cuPUpYnKA0TVOu+52YmKKgynAmc1vxcY0bZmA6xb6mkCeqgmN88JWdWiUicKvukIXP190RBE60nSWiTCTUjvezNxP+8fm7im6DgMssNSrZYFOeCmJTMCiARV8iMmFhCmeL2VsJGVFFmbE01W4K3/OVV0r1oepbfXzVabllHFU7gFM7Bg2towR20oQMMMniGV3hzcufFeXc+FtGKU84cwx84nz+g7ZFY</latexit><latexit sha1_base64="cEc6QjbgaIfXy7iYSFq7AJcEpq4=">AAAB83icbVBNS8NAFHypX7V+VT16WSyCp5KooMeCF48VbC00oWw2L+3SzSbsboQS+je8eFDEq3/Gm//GbZuDtg4sDDPzeG8nzATXxnW/ncra+sbmVnW7trO7t39QPzzq6jRXDDssFanqhVSj4BI7hhuBvUwhTUKBj+H4duY/PqHSPJUPZpJhkNCh5DFn1FjJ94WNRnRQeJfTQb3hNt05yCrxStKAEu1B/cuPUpYnKA0TVOu+52YmKKgynAmc1vxcY0bZmA6xb6mkCeqgmN88JWdWiUicKvukIXP190RBE60nSWiTCTUjvezNxP+8fm7im6DgMssNSrZYFOeCmJTMCiARV8iMmFhCmeL2VsJGVFFmbE01W4K3/OVV0r1oepbfXzVabllHFU7gFM7Bg2towR20oQMMMniGV3hzcufFeXc+FtGKU84cwx84nz+g7ZFY</latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="Mx4vP28eaJCZugeNai5+iPcGd/c=">AAAB6HicbZBLSwMxFIXv1FetVatbN8EiuCozutCl4MZlBfuAzlDuZDJtaCYz5CGUoX/DjQtF/EXu/Demj4W2Hgh8nHNDbk5cCK6N7397la3tnd296n7toH54dNw4qXd1bhVlHZqLXPVj1ExwyTqGG8H6hWKYxYL14sn9PO89M6V5Lp/MtGBRhiPJU07ROCsMhRtNcFgG17Nho+m3/IXIJgQraMJK7WHjK0xyajMmDRWo9SDwCxOVqAyngs1qodWsQDrBERs4lJgxHZWLnWfkwjkJSXPljjRk4f6+UWKm9TSL3WSGZqzXs7n5XzawJr2NSi4La5iky4dSK4jJybwAknDFqBFTB0gVd7sSOkaF1Liaaq6EYP3Lm9C9agWOH32owhmcwyUEcAN38ABt6ACFAl7gDd496716H8u6Kt6qt1P4I+/zB2LxkAw=</latexit><latexit sha1_base64="Mx4vP28eaJCZugeNai5+iPcGd/c=">AAAB6HicbZBLSwMxFIXv1FetVatbN8EiuCozutCl4MZlBfuAzlDuZDJtaCYz5CGUoX/DjQtF/EXu/Demj4W2Hgh8nHNDbk5cCK6N7397la3tnd296n7toH54dNw4qXd1bhVlHZqLXPVj1ExwyTqGG8H6hWKYxYL14sn9PO89M6V5Lp/MtGBRhiPJU07ROCsMhRtNcFgG17Nho+m3/IXIJgQraMJK7WHjK0xyajMmDRWo9SDwCxOVqAyngs1qodWsQDrBERs4lJgxHZWLnWfkwjkJSXPljjRk4f6+UWKm9TSL3WSGZqzXs7n5XzawJr2NSi4La5iky4dSK4jJybwAknDFqBFTB0gVd7sSOkaF1Liaaq6EYP3Lm9C9agWOH32owhmcwyUEcAN38ABt6ACFAl7gDd496716H8u6Kt6qt1P4I+/zB2LxkAw=</latexit><latexit sha1_base64="SrpTgN4qkqY5v95GmK5ocAm4XpE=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiS60GXBjcsK9gFNKJPJTTt0MgkzE6GE/oYbF4q49Wfc+TdO2yy09cDA4ZxzuXdOmAmujet+O5WNza3tnepubW//4PCofnzS1WmuGHZYKlLVD6lGwSV2DDcC+5lCmoQCe+Hkbu73nlBpnspHM80wSOhI8pgzaqzk+8JGIzosvOvZsN5wm+4CZJ14JWlAifaw/uVHKcsTlIYJqvXAczMTFFQZzgTOan6uMaNsQkc4sFTSBHVQLG6ekQurRCROlX3SkIX6e6KgidbTJLTJhJqxXvXm4n/eIDfxbVBwmeUGJVsuinNBTErmBZCIK2RGTC2hTHF7K2FjqigztqaaLcFb/fI66V41Pcsf3EbLLeuowhmcwyV4cAMtuIc2dIBBBs/wCm9O7rw4787HMlpxyplT+APn8wefrZFU</latexit><latexit sha1_base64="cEc6QjbgaIfXy7iYSFq7AJcEpq4=">AAAB83icbVBNS8NAFHypX7V+VT16WSyCp5KooMeCF48VbC00oWw2L+3SzSbsboQS+je8eFDEq3/Gm//GbZuDtg4sDDPzeG8nzATXxnW/ncra+sbmVnW7trO7t39QPzzq6jRXDDssFanqhVSj4BI7hhuBvUwhTUKBj+H4duY/PqHSPJUPZpJhkNCh5DFn1FjJ94WNRnRQeJfTQb3hNt05yCrxStKAEu1B/cuPUpYnKA0TVOu+52YmKKgynAmc1vxcY0bZmA6xb6mkCeqgmN88JWdWiUicKvukIXP190RBE60nSWiTCTUjvezNxP+8fm7im6DgMssNSrZYFOeCmJTMCiARV8iMmFhCmeL2VsJGVFFmbE01W4K3/OVV0r1oepbfXzVabllHFU7gFM7Bg2towR20oQMMMniGV3hzcufFeXc+FtGKU84cwx84nz+g7ZFY</latexit><latexit sha1_base64="cEc6QjbgaIfXy7iYSFq7AJcEpq4=">AAAB83icbVBNS8NAFHypX7V+VT16WSyCp5KooMeCF48VbC00oWw2L+3SzSbsboQS+je8eFDEq3/Gm//GbZuDtg4sDDPzeG8nzATXxnW/ncra+sbmVnW7trO7t39QPzzq6jRXDDssFanqhVSj4BI7hhuBvUwhTUKBj+H4duY/PqHSPJUPZpJhkNCh5DFn1FjJ94WNRnRQeJfTQb3hNt05yCrxStKAEu1B/cuPUpYnKA0TVOu+52YmKKgynAmc1vxcY0bZmA6xb6mkCeqgmN88JWdWiUicKvukIXP190RBE60nSWiTCTUjvezNxP+8fm7im6DgMssNSrZYFOeCmJTMCiARV8iMmFhCmeL2VsJGVFFmbE01W4K3/OVV0r1oepbfXzVabllHFU7gFM7Bg2towR20oQMMMniGV3hzcufFeXc+FtGKU84cwx84nz+g7ZFY</latexit><latexit sha1_base64="cEc6QjbgaIfXy7iYSFq7AJcEpq4=">AAAB83icbVBNS8NAFHypX7V+VT16WSyCp5KooMeCF48VbC00oWw2L+3SzSbsboQS+je8eFDEq3/Gm//GbZuDtg4sDDPzeG8nzATXxnW/ncra+sbmVnW7trO7t39QPzzq6jRXDDssFanqhVSj4BI7hhuBvUwhTUKBj+H4duY/PqHSPJUPZpJhkNCh5DFn1FjJ94WNRnRQeJfTQb3hNt05yCrxStKAEu1B/cuPUpYnKA0TVOu+52YmKKgynAmc1vxcY0bZmA6xb6mkCeqgmN88JWdWiUicKvukIXP190RBE60nSWiTCTUjvezNxP+8fm7im6DgMssNSrZYFOeCmJTMCiARV8iMmFhCmeL2VsJGVFFmbE01W4K3/OVV0r1oepbfXzVabllHFU7gFM7Bg2towR20oQMMMniGV3hzcufFeXc+FtGKU84cwx84nz+g7ZFY</latexit><latexit sha1_base64="cEc6QjbgaIfXy7iYSFq7AJcEpq4=">AAAB83icbVBNS8NAFHypX7V+VT16WSyCp5KooMeCF48VbC00oWw2L+3SzSbsboQS+je8eFDEq3/Gm//GbZuDtg4sDDPzeG8nzATXxnW/ncra+sbmVnW7trO7t39QPzzq6jRXDDssFanqhVSj4BI7hhuBvUwhTUKBj+H4duY/PqHSPJUPZpJhkNCh5DFn1FjJ94WNRnRQeJfTQb3hNt05yCrxStKAEu1B/cuPUpYnKA0TVOu+52YmKKgynAmc1vxcY0bZmA6xb6mkCeqgmN88JWdWiUicKvukIXP190RBE60nSWiTCTUjvezNxP+8fm7im6DgMssNSrZYFOeCmJTMCiARV8iMmFhCmeL2VsJGVFFmbE01W4K3/OVV0r1oepbfXzVabllHFU7gFM7Bg2towR20oQMMMniGV3hzcufFeXc+FtGKU84cwx84nz+g7ZFY</latexit><latexit sha1_base64="cEc6QjbgaIfXy7iYSFq7AJcEpq4=">AAAB83icbVBNS8NAFHypX7V+VT16WSyCp5KooMeCF48VbC00oWw2L+3SzSbsboQS+je8eFDEq3/Gm//GbZuDtg4sDDPzeG8nzATXxnW/ncra+sbmVnW7trO7t39QPzzq6jRXDDssFanqhVSj4BI7hhuBvUwhTUKBj+H4duY/PqHSPJUPZpJhkNCh5DFn1FjJ94WNRnRQeJfTQb3hNt05yCrxStKAEu1B/cuPUpYnKA0TVOu+52YmKKgynAmc1vxcY0bZmA6xb6mkCeqgmN88JWdWiUicKvukIXP190RBE60nSWiTCTUjvezNxP+8fm7im6DgMssNSrZYFOeCmJTMCiARV8iMmFhCmeL2VsJGVFFmbE01W4K3/OVV0r1oepbfXzVabllHFU7gFM7Bg2towR20oQMMMniGV3hzcufFeXc+FtGKU84cwx84nz+g7ZFY</latexit><latexit sha1_base64="cEc6QjbgaIfXy7iYSFq7AJcEpq4=">AAAB83icbVBNS8NAFHypX7V+VT16WSyCp5KooMeCF48VbC00oWw2L+3SzSbsboQS+je8eFDEq3/Gm//GbZuDtg4sDDPzeG8nzATXxnW/ncra+sbmVnW7trO7t39QPzzq6jRXDDssFanqhVSj4BI7hhuBvUwhTUKBj+H4duY/PqHSPJUPZpJhkNCh5DFn1FjJ94WNRnRQeJfTQb3hNt05yCrxStKAEu1B/cuPUpYnKA0TVOu+52YmKKgynAmc1vxcY0bZmA6xb6mkCeqgmN88JWdWiUicKvukIXP190RBE60nSWiTCTUjvezNxP+8fm7im6DgMssNSrZYFOeCmJTMCiARV8iMmFhCmeL2VsJGVFFmbE01W4K3/OVV0r1oepbfXzVabllHFU7gFM7Bg2towR20oQMMMniGV3hzcufFeXc+FtGKU84cwx84nz+g7ZFY</latexit>

�23
<latexit sha1_base64="29WDv4wgZE06p1yVta5T76SujqU=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRV0GXBjcsK9gFNKDeTaTt0MgkzE6GE/oYbF4q49Wfc+TdO2yy09cDA4ZxzuXdOmAqujet+O6WNza3tnfJuZW//4PCoenzS0UmmKGvTRCSqF6JmgkvWNtwI1ksVwzgUrBtO7uZ+94kpzRP5aKYpC2IcST7kFI2VfF/YaISDvHE1G1Rrbt1dgKwTryA1KNAaVL/8KKFZzKShArXue25qghyV4VSwWcXPNEuRTnDE+pZKjJkO8sXNM3JhlYgME2WfNGSh/p7IMdZ6Goc2GaMZ61VvLv7n9TMzvA1yLtPMMEmXi4aZICYh8wJIxBWjRkwtQaq4vZXQMSqkxtZUsSV4q19eJ51G3bP84brWdIs6ynAG53AJHtxAE+6hBW2gkMIzvMKbkzkvzrvzsYyWnGLmFP7A+fwBonORWQ==</latexit><latexit sha1_base64="29WDv4wgZE06p1yVta5T76SujqU=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRV0GXBjcsK9gFNKDeTaTt0MgkzE6GE/oYbF4q49Wfc+TdO2yy09cDA4ZxzuXdOmAqujet+O6WNza3tnfJuZW//4PCoenzS0UmmKGvTRCSqF6JmgkvWNtwI1ksVwzgUrBtO7uZ+94kpzRP5aKYpC2IcST7kFI2VfF/YaISDvHE1G1Rrbt1dgKwTryA1KNAaVL/8KKFZzKShArXue25qghyV4VSwWcXPNEuRTnDE+pZKjJkO8sXNM3JhlYgME2WfNGSh/p7IMdZ6Goc2GaMZ61VvLv7n9TMzvA1yLtPMMEmXi4aZICYh8wJIxBWjRkwtQaq4vZXQMSqkxtZUsSV4q19eJ51G3bP84brWdIs6ynAG53AJHtxAE+6hBW2gkMIzvMKbkzkvzrvzsYyWnGLmFP7A+fwBonORWQ==</latexit><latexit sha1_base64="29WDv4wgZE06p1yVta5T76SujqU=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRV0GXBjcsK9gFNKDeTaTt0MgkzE6GE/oYbF4q49Wfc+TdO2yy09cDA4ZxzuXdOmAqujet+O6WNza3tnfJuZW//4PCoenzS0UmmKGvTRCSqF6JmgkvWNtwI1ksVwzgUrBtO7uZ+94kpzRP5aKYpC2IcST7kFI2VfF/YaISDvHE1G1Rrbt1dgKwTryA1KNAaVL/8KKFZzKShArXue25qghyV4VSwWcXPNEuRTnDE+pZKjJkO8sXNM3JhlYgME2WfNGSh/p7IMdZ6Goc2GaMZ61VvLv7n9TMzvA1yLtPMMEmXi4aZICYh8wJIxBWjRkwtQaq4vZXQMSqkxtZUsSV4q19eJ51G3bP84brWdIs6ynAG53AJHtxAE+6hBW2gkMIzvMKbkzkvzrvzsYyWnGLmFP7A+fwBonORWQ==</latexit><latexit sha1_base64="29WDv4wgZE06p1yVta5T76SujqU=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRV0GXBjcsK9gFNKDeTaTt0MgkzE6GE/oYbF4q49Wfc+TdO2yy09cDA4ZxzuXdOmAqujet+O6WNza3tnfJuZW//4PCoenzS0UmmKGvTRCSqF6JmgkvWNtwI1ksVwzgUrBtO7uZ+94kpzRP5aKYpC2IcST7kFI2VfF/YaISDvHE1G1Rrbt1dgKwTryA1KNAaVL/8KKFZzKShArXue25qghyV4VSwWcXPNEuRTnDE+pZKjJkO8sXNM3JhlYgME2WfNGSh/p7IMdZ6Goc2GaMZ61VvLv7n9TMzvA1yLtPMMEmXi4aZICYh8wJIxBWjRkwtQaq4vZXQMSqkxtZUsSV4q19eJ51G3bP84brWdIs6ynAG53AJHtxAE+6hBW2gkMIzvMKbkzkvzrvzsYyWnGLmFP7A+fwBonORWQ==</latexit>



System Model
Slotted time:

Entanglement generation: entanglement | ⟩Ψ!"
successfully generated with probability $"
Entanglement swapping: entanglement | %Ψ#$ created
with probability & by consuming | ⟩Ψ!# and | %Ψ!$
Entanglement requests: '#$ ( : ( ≥ 0 randomly
arrive at switch, arrival rates {-#$}

Perfect memory, error-free perfect gates, and
infinite memory at switch and end-nodes

7

Node 1

Node 2

Node 3

node 0

p1
<latexit sha1_base64="bcrD1nSRx8PDsD71O/DHBWP0Qj4=">AAAB/nicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4IuC25cVrQXaIeSSTNtaCYTkowwDAVfwK2+gTtx66v4Aj6HmXYWtvWHwMd/zuGc/IHkTBvX/XZKa+sbm1vl7crO7t7+QfXwqK3jRBHaIjGPVTfAmnImaMsww2lXKoqjgNNOMLnN650nqjSLxaNJJfUjPBIsZAQbaz3IgTeo1ty6OxNaBa+AGhRqDqo//WFMkogKQzjWuue50vgZVoYRTqeVfqKpxGSCR7RnUeCIaj+bnTpFZ9YZojBW9gmDZu7fiQxHWqdRYDsjbMZ6uZab/9V6iQlv/IwJmRgqyHxRmHBkYpT/Gw2ZosTw1AImitlbERljhYmx6SxskeNUM6KnNhhvOYZVaF/WPcv3V7XGRRFRGU7gFM7Bg2towB00oQUERvACr/DmPDvvzofzOW8tOcXMMSzI+foFWpeWag==</latexit><latexit sha1_base64="bcrD1nSRx8PDsD71O/DHBWP0Qj4=">AAAB/nicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4IuC25cVrQXaIeSSTNtaCYTkowwDAVfwK2+gTtx66v4Aj6HmXYWtvWHwMd/zuGc/IHkTBvX/XZKa+sbm1vl7crO7t7+QfXwqK3jRBHaIjGPVTfAmnImaMsww2lXKoqjgNNOMLnN650nqjSLxaNJJfUjPBIsZAQbaz3IgTeo1ty6OxNaBa+AGhRqDqo//WFMkogKQzjWuue50vgZVoYRTqeVfqKpxGSCR7RnUeCIaj+bnTpFZ9YZojBW9gmDZu7fiQxHWqdRYDsjbMZ6uZab/9V6iQlv/IwJmRgqyHxRmHBkYpT/Gw2ZosTw1AImitlbERljhYmx6SxskeNUM6KnNhhvOYZVaF/WPcv3V7XGRRFRGU7gFM7Bg2towB00oQUERvACr/DmPDvvzofzOW8tOcXMMSzI+foFWpeWag==</latexit><latexit sha1_base64="bcrD1nSRx8PDsD71O/DHBWP0Qj4=">AAAB/nicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4IuC25cVrQXaIeSSTNtaCYTkowwDAVfwK2+gTtx66v4Aj6HmXYWtvWHwMd/zuGc/IHkTBvX/XZKa+sbm1vl7crO7t7+QfXwqK3jRBHaIjGPVTfAmnImaMsww2lXKoqjgNNOMLnN650nqjSLxaNJJfUjPBIsZAQbaz3IgTeo1ty6OxNaBa+AGhRqDqo//WFMkogKQzjWuue50vgZVoYRTqeVfqKpxGSCR7RnUeCIaj+bnTpFZ9YZojBW9gmDZu7fiQxHWqdRYDsjbMZ6uZab/9V6iQlv/IwJmRgqyHxRmHBkYpT/Gw2ZosTw1AImitlbERljhYmx6SxskeNUM6KnNhhvOYZVaF/WPcv3V7XGRRFRGU7gFM7Bg2towB00oQUERvACr/DmPDvvzofzOW8tOcXMMSzI+foFWpeWag==</latexit><latexit sha1_base64="bcrD1nSRx8PDsD71O/DHBWP0Qj4=">AAAB/nicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4IuC25cVrQXaIeSSTNtaCYTkowwDAVfwK2+gTtx66v4Aj6HmXYWtvWHwMd/zuGc/IHkTBvX/XZKa+sbm1vl7crO7t7+QfXwqK3jRBHaIjGPVTfAmnImaMsww2lXKoqjgNNOMLnN650nqjSLxaNJJfUjPBIsZAQbaz3IgTeo1ty6OxNaBa+AGhRqDqo//WFMkogKQzjWuue50vgZVoYRTqeVfqKpxGSCR7RnUeCIaj+bnTpFZ9YZojBW9gmDZu7fiQxHWqdRYDsjbMZ6uZab/9V6iQlv/IwJmRgqyHxRmHBkYpT/Gw2ZosTw1AImitlbERljhYmx6SxskeNUM6KnNhhvOYZVaF/WPcv3V7XGRRFRGU7gFM7Bg2towB00oQUERvACr/DmPDvvzofzOW8tOcXMMSzI+foFWpeWag==</latexit>

p2
<latexit sha1_base64="3w6ZsAMQCvgTME1Yi4mxccZjWBI=">AAAB/nicbZDLSgMxFIbP1Futt6pLN8EiuJAyUwq6LLhxWdFeoB1KJs20oZlMSDLCMBR8Abf6Bu7Era/iC/gcpu0sbOsPgY//nMM5+QPJmTau++0UNja3tneKu6W9/YPDo/LxSVvHiSK0RWIeq26ANeVM0JZhhtOuVBRHAaedYHI7q3eeqNIsFo8mldSP8EiwkBFsrPUgB7VBueJW3bnQOng5VCBXc1D+6Q9jkkRUGMKx1j3PlcbPsDKMcDot9RNNJSYTPKI9iwJHVPvZ/NQpurDOEIWxsk8YNHf/TmQ40jqNAtsZYTPWq7WZ+V+tl5jwxs+YkImhgiwWhQlHJkazf6MhU5QYnlrARDF7KyJjrDAxNp2lLXKcakb01AbjrcawDu1a1bN8X680rvKIinAG53AJHlxDA+6gCS0gMIIXeIU359l5dz6cz0VrwclnTmFJztcvXC+Waw==</latexit><latexit sha1_base64="3w6ZsAMQCvgTME1Yi4mxccZjWBI=">AAAB/nicbZDLSgMxFIbP1Futt6pLN8EiuJAyUwq6LLhxWdFeoB1KJs20oZlMSDLCMBR8Abf6Bu7Era/iC/gcpu0sbOsPgY//nMM5+QPJmTau++0UNja3tneKu6W9/YPDo/LxSVvHiSK0RWIeq26ANeVM0JZhhtOuVBRHAaedYHI7q3eeqNIsFo8mldSP8EiwkBFsrPUgB7VBueJW3bnQOng5VCBXc1D+6Q9jkkRUGMKx1j3PlcbPsDKMcDot9RNNJSYTPKI9iwJHVPvZ/NQpurDOEIWxsk8YNHf/TmQ40jqNAtsZYTPWq7WZ+V+tl5jwxs+YkImhgiwWhQlHJkazf6MhU5QYnlrARDF7KyJjrDAxNp2lLXKcakb01AbjrcawDu1a1bN8X680rvKIinAG53AJHlxDA+6gCS0gMIIXeIU359l5dz6cz0VrwclnTmFJztcvXC+Waw==</latexit><latexit sha1_base64="3w6ZsAMQCvgTME1Yi4mxccZjWBI=">AAAB/nicbZDLSgMxFIbP1Futt6pLN8EiuJAyUwq6LLhxWdFeoB1KJs20oZlMSDLCMBR8Abf6Bu7Era/iC/gcpu0sbOsPgY//nMM5+QPJmTau++0UNja3tneKu6W9/YPDo/LxSVvHiSK0RWIeq26ANeVM0JZhhtOuVBRHAaedYHI7q3eeqNIsFo8mldSP8EiwkBFsrPUgB7VBueJW3bnQOng5VCBXc1D+6Q9jkkRUGMKx1j3PlcbPsDKMcDot9RNNJSYTPKI9iwJHVPvZ/NQpurDOEIWxsk8YNHf/TmQ40jqNAtsZYTPWq7WZ+V+tl5jwxs+YkImhgiwWhQlHJkazf6MhU5QYnlrARDF7KyJjrDAxNp2lLXKcakb01AbjrcawDu1a1bN8X680rvKIinAG53AJHlxDA+6gCS0gMIIXeIU359l5dz6cz0VrwclnTmFJztcvXC+Waw==</latexit><latexit sha1_base64="3w6ZsAMQCvgTME1Yi4mxccZjWBI=">AAAB/nicbZDLSgMxFIbP1Futt6pLN8EiuJAyUwq6LLhxWdFeoB1KJs20oZlMSDLCMBR8Abf6Bu7Era/iC/gcpu0sbOsPgY//nMM5+QPJmTau++0UNja3tneKu6W9/YPDo/LxSVvHiSK0RWIeq26ANeVM0JZhhtOuVBRHAaedYHI7q3eeqNIsFo8mldSP8EiwkBFsrPUgB7VBueJW3bnQOng5VCBXc1D+6Q9jkkRUGMKx1j3PlcbPsDKMcDot9RNNJSYTPKI9iwJHVPvZ/NQpurDOEIWxsk8YNHf/TmQ40jqNAtsZYTPWq7WZ+V+tl5jwxs+YkImhgiwWhQlHJkazf6MhU5QYnlrARDF7KyJjrDAxNp2lLXKcakb01AbjrcawDu1a1bN8X680rvKIinAG53AJHlxDA+6gCS0gMIIXeIU359l5dz6cz0VrwclnTmFJztcvXC+Waw==</latexit>

p3
<latexit sha1_base64="GNMG0ZAEPgdm3MjGaDo0H5zqbqw=">AAAB/nicbZDLSgMxFIbP1Futt6pLN8EiuJAyYwVdFty4rGgv0A4lk2ba0EwmJBlhGAq+gFt9A3fi1lfxBXwO03YWtvWHwMd/zuGc/IHkTBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjRBHaJDGPVSfAmnImaNMww2lHKoqjgNN2ML6d1ttPVGkWi0eTSupHeChYyAg21nqQ/Vq/XHGr7kxoFbwcKpCr0S//9AYxSSIqDOFY667nSuNnWBlGOJ2UeommEpMxHtKuRYEjqv1sduoEnVlngMJY2ScMmrl/JzIcaZ1Gge2MsBnp5drU/K/WTUx442dMyMRQQeaLwoQjE6Ppv9GAKUoMTy1gopi9FZERVpgYm87CFjlKNSN6YoPxlmNYhdZl1bN8f1WpX+QRFeEETuEcPLiGOtxBA5pAYAgv8ApvzrPz7nw4n/PWgpPPHMOCnK9fXceWbA==</latexit><latexit sha1_base64="GNMG0ZAEPgdm3MjGaDo0H5zqbqw=">AAAB/nicbZDLSgMxFIbP1Futt6pLN8EiuJAyYwVdFty4rGgv0A4lk2ba0EwmJBlhGAq+gFt9A3fi1lfxBXwO03YWtvWHwMd/zuGc/IHkTBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjRBHaJDGPVSfAmnImaNMww2lHKoqjgNN2ML6d1ttPVGkWi0eTSupHeChYyAg21nqQ/Vq/XHGr7kxoFbwcKpCr0S//9AYxSSIqDOFY667nSuNnWBlGOJ2UeommEpMxHtKuRYEjqv1sduoEnVlngMJY2ScMmrl/JzIcaZ1Gge2MsBnp5drU/K/WTUx442dMyMRQQeaLwoQjE6Ppv9GAKUoMTy1gopi9FZERVpgYm87CFjlKNSN6YoPxlmNYhdZl1bN8f1WpX+QRFeEETuEcPLiGOtxBA5pAYAgv8ApvzrPz7nw4n/PWgpPPHMOCnK9fXceWbA==</latexit><latexit sha1_base64="GNMG0ZAEPgdm3MjGaDo0H5zqbqw=">AAAB/nicbZDLSgMxFIbP1Futt6pLN8EiuJAyYwVdFty4rGgv0A4lk2ba0EwmJBlhGAq+gFt9A3fi1lfxBXwO03YWtvWHwMd/zuGc/IHkTBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjRBHaJDGPVSfAmnImaNMww2lHKoqjgNN2ML6d1ttPVGkWi0eTSupHeChYyAg21nqQ/Vq/XHGr7kxoFbwcKpCr0S//9AYxSSIqDOFY667nSuNnWBlGOJ2UeommEpMxHtKuRYEjqv1sduoEnVlngMJY2ScMmrl/JzIcaZ1Gge2MsBnp5drU/K/WTUx442dMyMRQQeaLwoQjE6Ppv9GAKUoMTy1gopi9FZERVpgYm87CFjlKNSN6YoPxlmNYhdZl1bN8f1WpX+QRFeEETuEcPLiGOtxBA5pAYAgv8ApvzrPz7nw4n/PWgpPPHMOCnK9fXceWbA==</latexit><latexit sha1_base64="GNMG0ZAEPgdm3MjGaDo0H5zqbqw=">AAAB/nicbZDLSgMxFIbP1Futt6pLN8EiuJAyYwVdFty4rGgv0A4lk2ba0EwmJBlhGAq+gFt9A3fi1lfxBXwO03YWtvWHwMd/zuGc/IHkTBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjRBHaJDGPVSfAmnImaNMww2lHKoqjgNN2ML6d1ttPVGkWi0eTSupHeChYyAg21nqQ/Vq/XHGr7kxoFbwcKpCr0S//9AYxSSIqDOFY667nSuNnWBlGOJ2UeommEpMxHtKuRYEjqv1sduoEnVlngMJY2ScMmrl/JzIcaZ1Gge2MsBnp5drU/K/WTUx442dMyMRQQeaLwoQjE6Ppv9GAKUoMTy1gopi9FZERVpgYm87CFjlKNSN6YoPxlmNYhdZl1bN8f1WpX+QRFeEETuEcPLiGOtxBA5pAYAgv8ApvzrPz7nw4n/PWgpPPHMOCnK9fXceWbA==</latexit>

q
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!!" < 1, interpret as probability 
Bell pair requested in slot



Stability

Theorem: Capacity region is set of all vectors {!$,&} for which

$
$
!$&/& ≤ (& , ∀+

Intuition:
• expected number of swap attempts per successful swap for each 
,, + request – 1/&

• after a long time ., roughly speaking ⁄!$,&. & swap operations each 
consuming one of each | ⟩Ψ'$ and | 3Ψ'&

• requires ∑$ !$&./& ≤ (&. pairs of | 3Ψ'& , ∀+



Resource allocation
Stationary resource allocation

• label each generated | ⟩Ψ!# as (i, j) with probability /#$ =
%!"

∑" %!"
≥ -#$

(2, 4) is equivalent to (4, 2)
• swap | ⟩Ψ!# and | %Ψ!$ if both labelled (2, 4)

Why it works:
• after long time 6, roughly speaking $#6 pairs of | ⟩Ψ!# generated
• ⁄$#6/#$ $# ≥ -#$6 pairs of | ⟩Ψ!# labelled as (2, 4)
• similar number of | %Ψ!$ labelled as (2, 4)
• swapping yields

&/#$6 ≥ -#$6



Resource allocation
Stationary resource allocation

• label each generated | ⟩Ψ!# as (i, j) with probability /#$ =
%!"

∑" %!"
≥ -#$

(2, 4) is equivalent to (4, 2)
• swap | ⟩Ψ!# and | %Ψ!$ if both labelled (i, j)

Proof that this algorithm is stable for any {-#$} relies on Lyapunov stability 
theory

[details in arxiv.org/abs/2110.04116]



Resource Allocation: Remarks

Suppose {!$&} “strictly” in capacity region;
then  .5$& > !$&. pairs of | ⟩Ψ'$ labelled as (,, +)

Can store excess at end nodes to serve future requests 
(preshared entanglement)

Provides zero latency service



Simulation Setting

• Discrete event simulator: NetSquid
• Practical scenarios

• decoherence in memories
• finite number of memories

• Metrics:
• average fidelity - $
• average latency

• Prioritization
• EPR pairs: Oldest-Qubit-First (OQF) and Youngest-Qubit-First (YQF)
• entanglement requests: First-In-First-Out (FIFO)

• Discard qubits when fidelity is lower than a preset threshold

https://netsquid.org/


Entanglement Swapping Probability
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• Fidelity, latency vs. entanglement swapping probability
• Fidelity, latency initially decreases with &, then remains constant
• Change in fidelity, latency occurs at & = 0.33 (= = 8) &.        
& = 0.67 (= = 4)



Extensions
Other extreme: qubit decoheres after one slot
Theorem: (T. Vasantam, DT, SPIE 2022)

Capacity region characterization (more 
complicated than infinite memory)

Max-Weight policy stabilizes switch

matching % that maximizes

&!" - number requests for ', ) entanglement 
where link ', ) entanglements exist 

15

*
!"
+%!" &!"
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#"

one memory
per link

∞ memory
per link



Challenges

• Need to deal with noisy gates, memories
▹ some initial results [Panigrahy, etal arxiv.2212.01463]

• Extend to network setting
▹ characterization of capacity region probably straightforward
▹ development of efficient scheduling algorithms – challenging

• Applications with different requirements



Modeling and reducing effect of memory 
noise



Quantum data transmission
• data qubits, Bell pairs placed into memory
• served when paired

Scheduling teleportation

Data queue

Entanglement 
memory

Alice
Bob

teleportation 
requests
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Scheduling teleportation

Data queue

Entanglement 
memory

Bob
Alice

teleportation 
requests



Resource management

How should Bell pairs and data 
qubits be scheduled?
• oldest qubit first (OQF)? 
• youngest qubit first (YQF)?

How should buffer be 
managed?

m discard arrival?

m discard oldest entry (push out, 
PO)?



Modeling decoherence
• Fidelity most widely used measure of degradation due to noise
• Easy to compute for many (memory) noise models

• B – time quantum state spends in memory (single qubit, Bell pair)
• ."- memory decoherence time
• C(B) – fidelity of qubit spending time B in memory

C B = D + FG()/+!

where D, F, ." depend on noise model, quantum state, and technology,     
D + F = 1



Modeling decoherence
• . – time qubit spends in memory, . ≥ 0

• 5+(B) – probability density function for memory time ., B ≥ 0.
• C+∗(I) – Laplace transform for .

C+
∗ s = E G(-+ , I ≥ 0

• C – fidelity
• Average fidelity: 

L C = D + FM
'

.
5+ B G()/+!NB

= D + F C+
∗(1/.")



Modelling resource management
● EPR pairs generated according to Poisson process, !, cached in memory
● Teleportation requests generated according to Poisson process, O, 

cached in memory
● Behavior described by continuous time Markov chain (CTMC)
● Memory size P

, , , , , , , ,

! ! ! ! ! ! ! !



Putting it all together

CTMC  very easy to solve to obtain 
● distribution for number of occupied memories
● distribution and Laplace transform for time qubit resides in 

memory (Q) prior to teleportation, 5/ R , C/
∗(I)



Results
• Poisson data generation - !
• Poisson entanglement generation - ,
• load = !/,
• initial entanglement fidelity – 0.9;         

initial data fidelity 1

• fidelity decays exponentially in time

• memory size: 10

• policies YQF, OQF with pushout

YQF-PO provably optimal

! < # ! > #



Results

• Youngest qubit first with pushout maximizes entanglement rate, 
average fidelity

• Timeout schemes provide minimum fidelity guarantees



Challenges

• Does optimality of YQF extend to other settings?
• linear repeater network
• more general networks

• Can techniques be used to model network scenarios?
• Can models account for Bell pair generation, classical 

communications?



Routing & multipath diversity



M. Pant, etal, Nature NPJ Quantum Information (2019)

Multi-path entanglement routing

0

1 0 – link Bell state success 
probability

1 – Bell swap success 
probability

• Optimal local connection rules for the repeater nodes? 
• Single flow, multi-path: local vs. global link state information



• Optimal local connection rules for the repeater nodes? 
• Single flow, multi-path: local vs. global link state information

global link state knowledge

local link state 
knowledge

linear repeater 
chain along SP

Even with only local information, Multi-path 
routing over 2D repeater network 
outperforms linear repeater chain.
Still exponential decay 

M. Pant, etal, Nature NPJ Quantum Information (2019)

Multi-path entanglement routing

0

1



Local Rule 
based on Flow 2

Local Rule 
based on Flow 1
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Can we achieve distance independent rates?

• used in multiparty QKD, secret sharing, quantum sensing, …

Greenberger–Horne–Zeilinger
(GHZ) measurement

!-partite GHZ state         | ⟩#$% 8 | ⟩##⋯# %| ⟩&&⋯&
'

Bell pairs



When GHZ measurement helps

Bob

Alice

Bob

Alice

3-GHZ 
measurement



Rate vs. distance

• 3-GHZ protocol
• measures up to 3 entangled links
• randomly selects 3 entangled links in presence of 4 

entangled links
• 4-GHZ protocol

• measures up to 4 entangled links
• Maps to a site/bond percolation problem

• distance independence occurs when system 
percolates

Both achieve distance independent 
rates (with one memory)

3-GHZ 
protocol
4-GHZ protocol

4-GHZ distance 
independence

3-GHZ distance 
independence



Challenges

• Accounting for noise
• Designing efficient protocol to transmit classical bits to end-nodes
• Nodes have four interfaces – how can these be taken advantage of to 

increase rate?
• Sharing a network among multiple users



Flow and swap optimization



Scheduling entanglement swaps

• repeaters not perfect; Bell state measurement success probability: 
& < 1

• sample schedule: link Bell pair generation rate !

• operations can be executed in any order
• capacity decays exponentially in number of repeaters
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• repeaters not perfect; Bell state measurement success probability: 
& < 1

Path of length T
• nested entanglement swapping: !&345 6 → polynomial scaling

Entanglement swap scheduling

43
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Entanglement scheduling affects performance!
W. Dai, etal., IEEE TQE, 2020
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Notice behavior when " = 1



Problem Formulation

More generally, consider a network
consisting of switches and channels (V, ℰ)

• known link Bell pair generation rates 
!$:& , ,, + ∈ ℰ

• known success swap probabilities
&$ , , ∈ V

• two switches chosen as end nodes 
desiring entanglement
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Time is slotted; each slot divided into two
phases:
• Phase I: entanglement generation
• Phase II: entanglement swapping

Performance metric: entanglement
distribution rate

qi
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Problem Formulation

t
<latexit sha1_base64="0GD5L8XrCPVXZdWuA2U0XUEgthc="></latexit><latexit sha1_base64="0GD5L8XrCPVXZdWuA2U0XUEgthc="></latexit><latexit sha1_base64="0GD5L8XrCPVXZdWuA2U0XUEgthc="></latexit><latexit sha1_base64="0GD5L8XrCPVXZdWuA2U0XUEgthc="></latexit>

s
<latexit sha1_base64="pLj1q6o4bD8JoeGnY2Jp8vieOvM="></latexit><latexit sha1_base64="pLj1q6o4bD8JoeGnY2Jp8vieOvM="></latexit><latexit sha1_base64="pLj1q6o4bD8JoeGnY2Jp8vieOvM="></latexit><latexit sha1_base64="pLj1q6o4bD8JoeGnY2Jp8vieOvM="></latexit>
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E-nodes and E-flows

Idea: quantum network + protocol → new graph
• E-nodes represent qubit pairs
• E-flows represent rate of entanglement exchanged among E-nodes

(determined by channels and protocols)

q
<latexit sha1_base64="tbbMKbI6aZ2lQjkkzsrDUnHfRAk="></latexit><latexit sha1_base64="tbbMKbI6aZ2lQjkkzsrDUnHfRAk="></latexit><latexit sha1_base64="tbbMKbI6aZ2lQjkkzsrDUnHfRAk="></latexit><latexit sha1_base64="tbbMKbI6aZ2lQjkkzsrDUnHfRAk="></latexit>

i
<latexit sha1_base64="1GQ4nNjkt6ElcmKrWntpg39+iFI="></latexit><latexit sha1_base64="1GQ4nNjkt6ElcmKrWntpg39+iFI="></latexit><latexit sha1_base64="1GQ4nNjkt6ElcmKrWntpg39+iFI="></latexit><latexit sha1_base64="1GQ4nNjkt6ElcmKrWntpg39+iFI="></latexit>

j
<latexit sha1_base64="/CuAZ32GpvjVMf/RDTxvTW4jFdE="></latexit><latexit sha1_base64="/CuAZ32GpvjVMf/RDTxvTW4jFdE="></latexit><latexit sha1_base64="/CuAZ32GpvjVMf/RDTxvTW4jFdE="></latexit><latexit sha1_base64="myoeLKbIvgPZVBmlIDIILXchbw0="></latexit><latexit sha1_base64="5bW++pMVQ08O3sBVmD7RevylgxE="></latexit><latexit sha1_base64="5bW++pMVQ08O3sBVmD7RevylgxE="></latexit><latexit sha1_base64="CoFVsA3P9uUIlL+8QYAymOU8Knk="></latexit><latexit sha1_base64="/CuAZ32GpvjVMf/RDTxvTW4jFdE="></latexit><latexit sha1_base64="/CuAZ32GpvjVMf/RDTxvTW4jFdE="></latexit><latexit sha1_base64="/CuAZ32GpvjVMf/RDTxvTW4jFdE="></latexit><latexit sha1_base64="/CuAZ32GpvjVMf/RDTxvTW4jFdE="></latexit><latexit sha1_base64="/CuAZ32GpvjVMf/RDTxvTW4jFdE="></latexit><latexit sha1_base64="/CuAZ32GpvjVMf/RDTxvTW4jFdE="></latexit>

k
<latexit sha1_base64="1uXl5wSdoOQcx/7RInNSlsgFhuM="></latexit><latexit sha1_base64="1uXl5wSdoOQcx/7RInNSlsgFhuM="></latexit><latexit sha1_base64="1uXl5wSdoOQcx/7RInNSlsgFhuM="></latexit><latexit sha1_base64="1uXl5wSdoOQcx/7RInNSlsgFhuM="></latexit>

i
<latexit sha1_base64="1GQ4nNjkt6ElcmKrWntpg39+iFI="></latexit><latexit sha1_base64="1GQ4nNjkt6ElcmKrWntpg39+iFI="></latexit><latexit sha1_base64="1GQ4nNjkt6ElcmKrWntpg39+iFI="></latexit><latexit sha1_base64="1GQ4nNjkt6ElcmKrWntpg39+iFI="></latexit>

j
<latexit sha1_base64="/CuAZ32GpvjVMf/RDTxvTW4jFdE="></latexit><latexit sha1_base64="/CuAZ32GpvjVMf/RDTxvTW4jFdE="></latexit><latexit sha1_base64="/CuAZ32GpvjVMf/RDTxvTW4jFdE="></latexit><latexit sha1_base64="myoeLKbIvgPZVBmlIDIILXchbw0="></latexit><latexit sha1_base64="5bW++pMVQ08O3sBVmD7RevylgxE="></latexit><latexit sha1_base64="5bW++pMVQ08O3sBVmD7RevylgxE="></latexit><latexit sha1_base64="CoFVsA3P9uUIlL+8QYAymOU8Knk="></latexit><latexit sha1_base64="/CuAZ32GpvjVMf/RDTxvTW4jFdE="></latexit><latexit sha1_base64="/CuAZ32GpvjVMf/RDTxvTW4jFdE="></latexit><latexit sha1_base64="/CuAZ32GpvjVMf/RDTxvTW4jFdE="></latexit><latexit sha1_base64="/CuAZ32GpvjVMf/RDTxvTW4jFdE="></latexit><latexit sha1_base64="/CuAZ32GpvjVMf/RDTxvTW4jFdE="></latexit><latexit sha1_base64="/CuAZ32GpvjVMf/RDTxvTW4jFdE="></latexit>

k
<latexit sha1_base64="1uXl5wSdoOQcx/7RInNSlsgFhuM="></latexit><latexit sha1_base64="1uXl5wSdoOQcx/7RInNSlsgFhuM="></latexit><latexit sha1_base64="1uXl5wSdoOQcx/7RInNSlsgFhuM="></latexit><latexit sha1_base64="1uXl5wSdoOQcx/7RInNSlsgFhuM="></latexit># #

Ei:k
<latexit sha1_base64="OreFzBXb+HLIVRMEv4RphX0WnDw="></latexit><latexit sha1_base64="OreFzBXb+HLIVRMEv4RphX0WnDw="></latexit><latexit sha1_base64="OreFzBXb+HLIVRMEv4RphX0WnDw="></latexit><latexit sha1_base64="OreFzBXb+HLIVRMEv4RphX0WnDw="></latexit>

Ei:j
<latexit sha1_base64="LazEmuK83PPE8IG/C7IDnHKNcTw="></latexit><latexit sha1_base64="LazEmuK83PPE8IG/C7IDnHKNcTw="></latexit><latexit sha1_base64="LazEmuK83PPE8IG/C7IDnHKNcTw="></latexit><latexit sha1_base64="LazEmuK83PPE8IG/C7IDnHKNcTw="></latexit>

Ek:j
<latexit sha1_base64="gSZqzQrN4WYa8LEzrkM14zCwWPY="></latexit><latexit sha1_base64="gSZqzQrN4WYa8LEzrkM14zCwWPY="></latexit><latexit sha1_base64="gSZqzQrN4WYa8LEzrkM14zCwWPY="></latexit><latexit sha1_base64="gSZqzQrN4WYa8LEzrkM14zCwWPY="></latexit>

:#:%#:& = 2 :#:%&:% = 2



E-nodes and E-flows

Idea: quantum network + protocol → new graph
• E-nodes represent the qubit pairs
• E-flows represent the rate of entanglement exchange among E-nodes

(determined by entanglement swapping protocol)

3
<latexit sha1_base64="oYrWHA3WT7HWfArHla5CSc/NL6U="></latexit><latexit sha1_base64="oYrWHA3WT7HWfArHla5CSc/NL6U="></latexit><latexit sha1_base64="oYrWHA3WT7HWfArHla5CSc/NL6U="></latexit><latexit sha1_base64="oYrWHA3WT7HWfArHla5CSc/NL6U="></latexit>

1
<latexit sha1_base64="pLKcUBPwW7718Odf3O5VMcIyBkc="></latexit><latexit sha1_base64="pLKcUBPwW7718Odf3O5VMcIyBkc="></latexit><latexit sha1_base64="pLKcUBPwW7718Odf3O5VMcIyBkc="></latexit><latexit sha1_base64="pLKcUBPwW7718Odf3O5VMcIyBkc="></latexit>

0
<latexit sha1_base64="vkAuSiJO1opUmUn2eABoMRmIVII="></latexit><latexit sha1_base64="vkAuSiJO1opUmUn2eABoMRmIVII="></latexit><latexit sha1_base64="vkAuSiJO1opUmUn2eABoMRmIVII="></latexit><latexit sha1_base64="myoeLKbIvgPZVBmlIDIILXchbw0="></latexit><latexit sha1_base64="bSpPudQVxn18nh8jYCoJB7cIOxg="></latexit><latexit sha1_base64="bSpPudQVxn18nh8jYCoJB7cIOxg="></latexit><latexit sha1_base64="NZcm2CDuJEMw1veXXvmR1d69NgU="></latexit><latexit sha1_base64="vkAuSiJO1opUmUn2eABoMRmIVII="></latexit><latexit sha1_base64="vkAuSiJO1opUmUn2eABoMRmIVII="></latexit><latexit sha1_base64="vkAuSiJO1opUmUn2eABoMRmIVII="></latexit><latexit sha1_base64="vkAuSiJO1opUmUn2eABoMRmIVII="></latexit><latexit sha1_base64="vkAuSiJO1opUmUn2eABoMRmIVII="></latexit><latexit sha1_base64="myoeLKbIvgPZVBmlIDIILXchbw0="></latexit><latexit sha1_base64="bSpPudQVxn18nh8jYCoJB7cIOxg="></latexit><latexit sha1_base64="bSpPudQVxn18nh8jYCoJB7cIOxg="></latexit><latexit sha1_base64="NZcm2CDuJEMw1veXXvmR1d69NgU="></latexit><latexit sha1_base64="vkAuSiJO1opUmUn2eABoMRmIVII="></latexit><latexit sha1_base64="vkAuSiJO1opUmUn2eABoMRmIVII="></latexit><latexit sha1_base64="vkAuSiJO1opUmUn2eABoMRmIVII="></latexit><latexit sha1_base64="vkAuSiJO1opUmUn2eABoMRmIVII="></latexit><latexit sha1_base64="vkAuSiJO1opUmUn2eABoMRmIVII="></latexit><latexit sha1_base64="vkAuSiJO1opUmUn2eABoMRmIVII="></latexit>

2
<latexit sha1_base64="yVSh0MVcCMHjesBY7Y7ScIwrGX8="></latexit><latexit sha1_base64="yVSh0MVcCMHjesBY7Y7ScIwrGX8="></latexit><latexit sha1_base64="yVSh0MVcCMHjesBY7Y7ScIwrGX8="></latexit><latexit sha1_base64="yVSh0MVcCMHjesBY7Y7ScIwrGX8="></latexit>

4
<latexit sha1_base64="9zMPHUCwBDmze2ocGQtYWjqFpiw="></latexit><latexit sha1_base64="vF03SHemvNpBrrWDr6dMe95QMv8="></latexit><latexit sha1_base64="vF03SHemvNpBrrWDr6dMe95QMv8="></latexit><latexit sha1_base64="vF03SHemvNpBrrWDr6dMe95QMv8="></latexit>

E0:1
<latexit sha1_base64="uxOh6qWkMWCCkkwa/GfoUdVVCYI="></latexit><latexit sha1_base64="uxOh6qWkMWCCkkwa/GfoUdVVCYI="></latexit><latexit sha1_base64="uxOh6qWkMWCCkkwa/GfoUdVVCYI="></latexit><latexit sha1_base64="uxOh6qWkMWCCkkwa/GfoUdVVCYI="></latexit>

E1:2
<latexit sha1_base64="sDGNsJhi8KLrw/snnQiTK0Akz2w="></latexit><latexit sha1_base64="sDGNsJhi8KLrw/snnQiTK0Akz2w="></latexit><latexit sha1_base64="sDGNsJhi8KLrw/snnQiTK0Akz2w="></latexit><latexit sha1_base64="xCa0pAMZ2nNE+M81+gQ8IMFpBzQ="></latexit><latexit sha1_base64="HtwtEMMc9uGx6StE3AOLJR4HYgI="></latexit><latexit sha1_base64="HtwtEMMc9uGx6StE3AOLJR4HYgI="></latexit><latexit sha1_base64="NHrFsLnJ5vrJ4Ic5nA31kXmSnKQ="></latexit><latexit sha1_base64="sDGNsJhi8KLrw/snnQiTK0Akz2w="></latexit><latexit sha1_base64="sDGNsJhi8KLrw/snnQiTK0Akz2w="></latexit><latexit sha1_base64="sDGNsJhi8KLrw/snnQiTK0Akz2w="></latexit><latexit sha1_base64="sDGNsJhi8KLrw/snnQiTK0Akz2w="></latexit><latexit sha1_base64="sDGNsJhi8KLrw/snnQiTK0Akz2w="></latexit><latexit sha1_base64="sDGNsJhi8KLrw/snnQiTK0Akz2w="></latexit>

E0:2
<latexit sha1_base64="/i/bwgggJwOV5ImmJ/09s41sB6A="></latexit><latexit sha1_base64="/i/bwgggJwOV5ImmJ/09s41sB6A="></latexit><latexit sha1_base64="/i/bwgggJwOV5ImmJ/09s41sB6A="></latexit><latexit sha1_base64="/i/bwgggJwOV5ImmJ/09s41sB6A="></latexit>

E2:3
<latexit sha1_base64="ejwAK4NQw3cv4eyb9F3pZrbRvvQ="></latexit><latexit sha1_base64="ejwAK4NQw3cv4eyb9F3pZrbRvvQ="></latexit><latexit sha1_base64="ejwAK4NQw3cv4eyb9F3pZrbRvvQ="></latexit><latexit sha1_base64="ejwAK4NQw3cv4eyb9F3pZrbRvvQ="></latexit>

E3:4
<latexit sha1_base64="Imdpsk/yBMAO71JlD06OQ0wYJhc="></latexit><latexit sha1_base64="Imdpsk/yBMAO71JlD06OQ0wYJhc="></latexit><latexit sha1_base64="Imdpsk/yBMAO71JlD06OQ0wYJhc="></latexit><latexit sha1_base64="Imdpsk/yBMAO71JlD06OQ0wYJhc="></latexit>

E0:4
<latexit sha1_base64="JVkjVMmSLpwzja7DF85InkfnAxc="></latexit><latexit sha1_base64="JVkjVMmSLpwzja7DF85InkfnAxc="></latexit><latexit sha1_base64="JVkjVMmSLpwzja7DF85InkfnAxc="></latexit><latexit sha1_base64="xCa0pAMZ2nNE+M81+gQ8IMFpBzQ="></latexit><latexit sha1_base64="HEadqslLaj0RgXcw3TVNOuY6y+s="></latexit><latexit sha1_base64="HEadqslLaj0RgXcw3TVNOuY6y+s="></latexit><latexit sha1_base64="yF6zAOlGgl6rMfcCl4IJYP08BaM="></latexit><latexit sha1_base64="JVkjVMmSLpwzja7DF85InkfnAxc="></latexit><latexit sha1_base64="JVkjVMmSLpwzja7DF85InkfnAxc="></latexit><latexit sha1_base64="JVkjVMmSLpwzja7DF85InkfnAxc="></latexit><latexit sha1_base64="JVkjVMmSLpwzja7DF85InkfnAxc="></latexit><latexit sha1_base64="JVkjVMmSLpwzja7DF85InkfnAxc="></latexit><latexit sha1_base64="JVkjVMmSLpwzja7DF85InkfnAxc="></latexit>

E0:3
<latexit sha1_base64="BtVPqlGRaQdBlcNOeJQAaqagx0A="></latexit><latexit sha1_base64="BtVPqlGRaQdBlcNOeJQAaqagx0A="></latexit><latexit sha1_base64="BtVPqlGRaQdBlcNOeJQAaqagx0A="></latexit><latexit sha1_base64="BtVPqlGRaQdBlcNOeJQAaqagx0A="></latexit>
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maximize
{fi:k

i:j :i,j,k2N}
{ui:j}(i,j)2E

ps:t1E(s, t) +
X

k2N\{s,t}

qk
fs:k
s:t + fk:t

s:t

2

subject to ui:jpi:j1E(i, j) +
X

k2N\{i,j}

qk
f i:k
i:j + fk:j

i:j

2
=

X

k2N\{i,j}

(f i:j
i:k + f i:j

k:j), i, j 2 N , {i, j} 6= {s, t}

f i:k
i:j = fk:j

i:j � 0, i, j, k 2 N
fs:t
s:k = fs:t

k:t = 0, k 2 N
0  ui:j  1, (i, j) 2 E .

<latexit sha1_base64="J5JsdnnH8RHHGZNiEFHDq6mi1bs="></latexit><latexit sha1_base64="J5JsdnnH8RHHGZNiEFHDq6mi1bs="></latexit><latexit sha1_base64="J5JsdnnH8RHHGZNiEFHDq6mi1bs="></latexit><latexit sha1_base64="PluPZYm9Ap6oEoirYcvr01JBeuk="></latexit><latexit sha1_base64="cysB3AiERx9e8y+6mjkRCB+/nZs="></latexit><latexit sha1_base64="cysB3AiERx9e8y+6mjkRCB+/nZs="></latexit><latexit sha1_base64="vgZrhE7IL15qHgyDTMmGqeV58zI="></latexit><latexit sha1_base64="J5JsdnnH8RHHGZNiEFHDq6mi1bs="></latexit><latexit sha1_base64="J5JsdnnH8RHHGZNiEFHDq6mi1bs="></latexit><latexit sha1_base64="J5JsdnnH8RHHGZNiEFHDq6mi1bs="></latexit><latexit sha1_base64="J5JsdnnH8RHHGZNiEFHDq6mi1bs="></latexit><latexit sha1_base64="J5JsdnnH8RHHGZNiEFHDq6mi1bs="></latexit><latexit sha1_base64="J5JsdnnH8RHHGZNiEFHDq6mi1bs="></latexit>

Optimization Problem

Theorem: (DaiPengWin) For a given network !<:= <,= ∈ℰ , &@ @∈A , the
optimal entanglement distribution rate is the solution to
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Optimization Problem

Theorem: (DaiPengWin) for a given network !<:= <,= ∈ℰ , &@ @∈A , the
optimal entanglement distribution rate is the solution to:

Remark:
• linear programming problem with complexity (YZ[( V )

• protocol that achieves the optimal rate

dynamic equilibrium for each
E-node

constraints on each E-flow
quantity

entanglement distributed
between source and sink nodes

maximize
<latexit sha1_base64="JUXZ5T5mhsFQbqKBBT0pRiZHRXM="></latexit><latexit sha1_base64="JUXZ5T5mhsFQbqKBBT0pRiZHRXM="></latexit><latexit sha1_base64="JUXZ5T5mhsFQbqKBBT0pRiZHRXM="></latexit><latexit sha1_base64="PluPZYm9Ap6oEoirYcvr01JBeuk="></latexit><latexit sha1_base64="gA9CePXeEF7IuFCjvWiAK44MbY0="></latexit><latexit sha1_base64="gA9CePXeEF7IuFCjvWiAK44MbY0="></latexit><latexit sha1_base64="LFZkfG3zO7JOrdoxH0U5QREK3gQ="></latexit><latexit sha1_base64="JUXZ5T5mhsFQbqKBBT0pRiZHRXM="></latexit><latexit sha1_base64="JUXZ5T5mhsFQbqKBBT0pRiZHRXM="></latexit><latexit sha1_base64="JUXZ5T5mhsFQbqKBBT0pRiZHRXM="></latexit><latexit sha1_base64="JUXZ5T5mhsFQbqKBBT0pRiZHRXM="></latexit><latexit sha1_base64="JUXZ5T5mhsFQbqKBBT0pRiZHRXM="></latexit><latexit sha1_base64="JUXZ5T5mhsFQbqKBBT0pRiZHRXM="></latexit>

subject to
<latexit sha1_base64="/9ZxQrnfxu3EbQFotSIprCn5ZjE="></latexit><latexit sha1_base64="/9ZxQrnfxu3EbQFotSIprCn5ZjE="></latexit><latexit sha1_base64="/9ZxQrnfxu3EbQFotSIprCn5ZjE="></latexit><latexit sha1_base64="/9ZxQrnfxu3EbQFotSIprCn5ZjE="></latexit>

E-flow related
quantities



Example of An Optimal Solution

Homogeneous repeater chains

E-nodes and E-flows

3
<latexit sha1_base64="oYrWHA3WT7HWfArHla5CSc/NL6U="></latexit><latexit sha1_base64="oYrWHA3WT7HWfArHla5CSc/NL6U="></latexit><latexit sha1_base64="oYrWHA3WT7HWfArHla5CSc/NL6U="></latexit><latexit sha1_base64="oYrWHA3WT7HWfArHla5CSc/NL6U="></latexit>

1
<latexit sha1_base64="pLKcUBPwW7718Odf3O5VMcIyBkc="></latexit><latexit sha1_base64="pLKcUBPwW7718Odf3O5VMcIyBkc="></latexit><latexit sha1_base64="pLKcUBPwW7718Odf3O5VMcIyBkc="></latexit><latexit sha1_base64="pLKcUBPwW7718Odf3O5VMcIyBkc="></latexit>

0
<latexit sha1_base64="vkAuSiJO1opUmUn2eABoMRmIVII="></latexit><latexit sha1_base64="vkAuSiJO1opUmUn2eABoMRmIVII="></latexit><latexit sha1_base64="vkAuSiJO1opUmUn2eABoMRmIVII="></latexit><latexit sha1_base64="myoeLKbIvgPZVBmlIDIILXchbw0="></latexit><latexit sha1_base64="bSpPudQVxn18nh8jYCoJB7cIOxg="></latexit><latexit sha1_base64="bSpPudQVxn18nh8jYCoJB7cIOxg="></latexit><latexit sha1_base64="NZcm2CDuJEMw1veXXvmR1d69NgU="></latexit><latexit sha1_base64="vkAuSiJO1opUmUn2eABoMRmIVII="></latexit><latexit sha1_base64="vkAuSiJO1opUmUn2eABoMRmIVII="></latexit><latexit sha1_base64="vkAuSiJO1opUmUn2eABoMRmIVII="></latexit><latexit sha1_base64="vkAuSiJO1opUmUn2eABoMRmIVII="></latexit><latexit sha1_base64="vkAuSiJO1opUmUn2eABoMRmIVII="></latexit><latexit sha1_base64="myoeLKbIvgPZVBmlIDIILXchbw0="></latexit><latexit sha1_base64="bSpPudQVxn18nh8jYCoJB7cIOxg="></latexit><latexit sha1_base64="bSpPudQVxn18nh8jYCoJB7cIOxg="></latexit><latexit sha1_base64="NZcm2CDuJEMw1veXXvmR1d69NgU="></latexit><latexit sha1_base64="vkAuSiJO1opUmUn2eABoMRmIVII="></latexit><latexit sha1_base64="vkAuSiJO1opUmUn2eABoMRmIVII="></latexit><latexit sha1_base64="vkAuSiJO1opUmUn2eABoMRmIVII="></latexit><latexit sha1_base64="vkAuSiJO1opUmUn2eABoMRmIVII="></latexit><latexit sha1_base64="vkAuSiJO1opUmUn2eABoMRmIVII="></latexit><latexit sha1_base64="vkAuSiJO1opUmUn2eABoMRmIVII="></latexit>

2
<latexit sha1_base64="yVSh0MVcCMHjesBY7Y7ScIwrGX8="></latexit><latexit sha1_base64="yVSh0MVcCMHjesBY7Y7ScIwrGX8="></latexit><latexit sha1_base64="yVSh0MVcCMHjesBY7Y7ScIwrGX8="></latexit><latexit sha1_base64="yVSh0MVcCMHjesBY7Y7ScIwrGX8="></latexit>
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Theorem: (DaiPengWin) For homogeneous repeater chains with an even 
number, T, of segments, maximal entanglement distribution rate is

where \ = log"T − 1. Similar result for T odd
Remarks
• polynomial decay with respect to T and distance a

Q(T)~c(a345 B)

• contrast to subexponential decay

Closed-form Solution
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Homogeneous Repeater Chain

• Total distance a = d ⋅ T = 200
km (fixed)

• Request rate !$:& = 10(CD/!';
g = 0.2 dB/km

53
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Fig. 10: The EDR in a repeater chain with γ = 0.2 dB/km.
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Fig. 11: The EDR in a repeater chain with N quantum
channels. The total distance L = 200 km is fixed.

respectively. This corresponds to an increase of 626 times
from N = 1 to N = 21, and a decrease of 54.1% from
N = 21 to N = 100. The EDR first increases with N because
the two neighboring quantum repeaters are far apart for a
small N , and increasing N can significantly decrease D; the
EDR then decreases with N because for a large N , increasing
N does not significantly reduce D, and the imperfectness of
quantum repeaters becomes the bottleneck of EDR. Therefore,
more repeaters may not necessarily increase the EDR. The
results in Fig. 11 provide guidance to the choice of repeater
density in a chain and can offer insights into the design and
implementation of general quantum networks.

VI. CONCLUSION

In this paper, we established a framework of designing RED
protocols. We developed the RED protocols that achieve the
maximum EDR for general quantum networks based on the

solutions of the linear programming problem. Moreover, we
determine the maximum EDR in a closed form for homo-
geneous repeater chains. The new vision developed in this
paper is the introduction of enodes and eflows. RED can be
seen as procedures that determine the eflows of EQPs among
different enodes. We transform the RED problem into linear
programming and employ concepts and methods from the
graph theory and classical flow networks. The performance of
the proposed protocols is evaluated by numerical examples.
The results for homogeneous repeater chains demonstrate that
the issue of significant decay of communication capacity can
be essentially solved by properly deploying quantum repeaters,
even if the quantum repeaters are imperfect. Our results enable
the distribution of entanglement over long distances with
NISQ technologies and provide insights into the design and
implementation of quantum networks.

We hope that our results may incite some future work.
For example, one may be interested in designing a protocol
that converges to the maximum EDR faster than the protocol
proposed in this paper. It may also be worth investigating
quantum networks in addition to the homogeneous repeater
chains and trying to determine a closed-form maximum EDR.
It is also interesting to see how to extend the results in this
paper to other models. For example, the parameters pi:j and
qk may vary over time; moreover, the entanglement generated
or distributed may not be perfect. One may wonder how to
determine the maximum EDR and how to obtain optimal
protocol in these scenarios.

APPENDIX I
PROOF OF THEOREM 1

Consider the RED protocol π∗ that achieves the optimal
entanglement rate. Let Fi:k

i:j (τ) and F
k:j
i:j (τ) denote the number

of EQPs Ξi:k and Ξk:j used for distributing Ξi:j after τ
time slots, respectively; let hki:j(τ) denote the number of EQPs
Ξi:j distributed by entanglement swapping that consumes Ξi:k

and Ξk:j after τ time slots. If (i, j) ∈ E , let Pi:j(τ) denote
the number of EQPs Ξi:j generated in Phase I after τ time
slots. At the time slot T , since the number of EQPs Ξi:j is
nonnegative, we have

pi:j(T )1E(i, j) +
∑

k∈N\{i,j}

hki:j(T ) !
∑

k∈N\{i,j}

(Fi:j
i:k(T ) + F

i:j
k:j(T )).

Taking the expectation on both sides and dividing them by T ,
we have

pi:j1E(i, j)+
1

T

∑

k∈N\{i,j}

E
{
hki:j(T )

}

!
1

T

∑

k∈N\{i,j}

[
E
{
Fi:j
i:k(T )

}
+ E

{
Fi:j
k:j(T )

}]
.

Note that the success probability for distributing Ξi:j by using

Ξi:k and Ξk:j is qk, and Fi:k
i:j (T ) = F

k:j
i:j (T ). Hence,

E
{
hki:j(T )

}
= qk

E
{
Fi:k
i:j (T )

}
+ E

{
F
k:j
i:j (T )

}
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Challenges

• Extension to multiple users
• Handling noise

• maximizing entanglement subject to minimum fidelity constraint
• introducing purification as part of optimization

• Introducing memory constraints



Network Management:
Quantum Network Tomography

2



Outline

NETWORK MANAGEMENT 
AND TOMOGRAPHY 

OVERVIEW

CLASSICAL NETWORK 
TOMOGRAPHY

QUANTUM NETWORK 
TOMOGRAPHY (QNT)

STATE DISTRIBUTION FOR 
QNT

CHARACTERIZING STAR 
NETWORKS



Network management

• Network component data 

collection

• Information to aid decision making 

• Fault-detection for hardware / 

software

• Determine traffic patterns

4



Network tomography

Goal
Infer internal behavior in network 

from external nodes

5

In practice
Estimate error parameters for internal 

components from end-to-end 

measures

Identifiability
Obtain one value for parameters given 

a set of observations



Why end-to-end?

• No participation by network needed

▹Measurement probes regular packets

• No administrative access needed

• Inference across multiple domains

▹No cooperation required

▹Monitor service level agreements

• Reconfigurable applications

▹Video, audio, reliable multicast

6



Definitions

Multicast communication

! "

#

$
One-to-many

Unicast communication

! "

#

$

One-to-one

E.g: delay, loss, bit-flip rate

! #

Link-level metrics

Estimation

! "

#

$

Data sent to fusion center

%



Bidirectional Unicast Tomography

A

C

S

B

Assumptions
• Links are asymmetric

• Additive metrics

!&' = !( + !)
!'& = !* + !+
!&, = !( + !-
!,& = !. + !+
!', = !* + !-
!,' = !. + !)

/!

/"
/#

/$
/%

/&

Results
• 6 equations, 6 unknowns
• Not linearly independent
▹Not identifiable



Round-trip Unicast Tomography

Results
• Linear independence!    

(identifiable)
• True for general trees
• Can infer some link delays within 

general graph
• Measurements over cycles

A

B C

/!

/"/$

Assumptions
• Links are symmetric

• Additive metrics

!&' = !( + !)

!&, = !( + +!-
!', = !)+!-



Bottom Line

• Similar approach for losses
• Yields round trip and one way metrics for subset of links
• Approximations for other links
• choose delays to 

• minimize MSE
• maximize entropy



Unicast Tomography Poll

• What is a sufficient condition for link identifiability through unicast 

tomography?

• Link asymmetry

• Link symmetry

• Invertibility of routing matrix

• Star network topology



Answer

• What is sufficient for link identifiability through unicast tomography?

• Link asymmetry

• Link symmetry

• Invertibility of routing matrix
• Star network topology



MINC (Multicast Inference of Network 
Characteristics)

• multicast probes

▹copies made as needed within 

network

• receivers observe correlated 

performance

• exploit correlation to get link 

behavior

▹ loss rates

▹delays

receivers

source
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MINC (Multicast Inference of Network 
Characteristics)

• multicast probes

▹copies made as needed within 

network

• receivers observe correlated 

performance

• exploit correlation to get link 

behavior

▹ loss rates

▹delays

J
L
J

J
J
L

estimates of 
!!, !", !#
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Bottom Line

• Binary tree identifiable

• Correlation allows identification 

of loss in links

• Different network utilization 

than unicast

J
L
J

J
J
L

estimates of 
!!, !", !#

$)

$- $+



Quantum Network Tomography



Motivation

• Inhomogeneous quantum hardware

• Hybrid communication media

• Network management

• Faulty network hardware identification

• Improved decision-making in resource 

utilization

• Noise-informed quantum error correction

• Quality assurance

• Reconfigurable applications

24



From Classical to Quantum

Classical Quantum

Multicast Multipartite state distribution

Unicast Bipartite state distribution

Link-level metrics Quantum channel parameters

Probes State Distribution

End-to-end measurements Measurements in end-nodes



Background: Mixed states 

• Pure states
• Describe closed quantum systems
• Efficiently represented by unit-norm vectors in complex (Hilbert) space
• Mixed states: statistical ensemble of quantum states
• E.g Qubit preparation device 60% 0 , 40%|+⟩
• Efficiently represented by density matrices

Source

0 +



Background: Density Matrices
• Suppose one qubit

• If pure state: ! ∈ ℋ#
, ! ⟨!| ∈ ℋ# → ℋ#

projector

• If mixed state: ' ∈ ℋ# → ℋ#

• ' = ∑*$ !$ !$ where p% probabilities and !$ pure states

• Hermitian, Positive semi-definite and unit trace

E.g Qubit preparation device 60% 0 , 40%|+⟩

0 ⟨0| 1
0

0
0

+ ⟨+|
1
1

1
1

1
2 '

0.8
0.2

0.2
0.2



Single Qubit Pauli Channels

! #

Links represent quantum channels

ℰ$% '

ℰ0(() =*
1
+01,1(,1

For all links ! ∈ #

,1 ∈ {/, 1, 2, 3}

(, ,1:ℋ- → ℋ-

+01 ∈ ℝ,*
1
+01 = 1

Examples

ℰ0 ( = +0(( + +0)1(1 + +0-3(3Bit and phase-
flip

Bit-flip

ℰ0 ( = +0( + 1 − +0 1(1

0 → 1 , 1 → |0⟩

Phase-flip

ℰ0 ( = +0( + 1 − +0 3(3

+ → − , − → |+⟩



Operational Assumptions

29

Intermediate nodes 7(
• Receive requests for circuits

• Ancilla qubits

• No measurements for estimation

End-nodes 7)
• Perform quantum circuits

• Request network state distribution

• Specify circuits for intermediate nodes



Quantum Network Model

30

• Network is graph 8 = (7, :)
• = : quantum processors
• > : fiber optics, free space channels

• End and intermediate nodes

• Links: single-qubit quantum channels

• Parametric description for channels

• One-way quantum transmission

ℰ0(() =*
1
+01,01(,01

A

F

L

KJ

B

E

DC

=2 = {?, @, A, B, >}
=3 = {C, D, E, F}



Problem Definition

Input Output

Network: G = =, >

Estimator H+0 for I ∈ >

Constraint

Node partition: = = =2 ∪ =3 Measurements in =2

$ℰ!(') =*
"
$+!","',"



Quantum Network Tomography as Estimation

• Parametrization

• State distributed among end-nodes

• Mixed state depending on parameters '(<)
• Measurements

• End-nodes measure each distributed state

• Outcomes depend on <
• Parameter estimation

• Data sent to fusion center

• Inverse problem yields =<

4 5

6!

6$
%



Parametrization as State Distribution

33

Use network for estimation
• State preparation for rooted trees of 8
• Transmission from root to leaves

• Parameter-dependent mixed state

• Characterize links in tree

• Graphs covered by trees

Remarks

• Trees generalize paths

• Compatible with one-way, two-way 

architectures

6&

4 6!

6"6&



Understanding Parametrization

34

7 8

State distribution is
Preparation of quantum states in end-nodes through network

(( = 0 ⟨0|

() = +( 0 0 + 1 − +0 1 1

(- = [+(+) + 1 − +( 1 − +) ] 0 0 + +( 1 − +) + +) 1 − +( 1 1

ℰ0 ( = +0( + 1 − +0 1(1



Ancilla
Received

Node Operations for Distribution

35

N sends outputs to neighbors

54

6$

6!

• Generic procedure based on O9
• Mapping qubits to neighbors is flexible
• Single qubit transmitted for distribution
• No qubits remain in intermediate nodes

54

6$

6!

N receives qubit from node P

54

6$

6!

N applies circuit O9 on received qubit +
ancillas

*&



Multi-party State Distribution Process

36

Procedure
1. Prepare qubits at >
2. Transmit qubits to downstream 

neighbors

3. Apply node operation

4. Repeat 2-3 until there are no more 

downstream neighbors 

4 5! 6!

5$

6& 6"

Output: Final state ' <

*&!

*&"



Quantum Switch Tomography

37

Definitions
• Trees with hop distance 2
• Single-Pauli channels
• Bit-flips for exposition
• 4-node star for exposition

5! 5'

5$

5'($

ℰ!

ℰ$

ℰ'($

Protocols
• Separable vs entangled state distribution
• Similar distribution algorithms

ℰ0 ( = +0( + 1 − +0 1(1

Φ;< = ( 0s + −1 < 1S )/ 2

Φ;< = |Φ;<⟩⟨Φ;<|

ℋ- qubit Hilbert space, (:ℋ- → ℋ-

S = S)…S= ∈ 0, 1 =>), W ∈ {0, 1}

e.g. Φ)) = ( 01 − 10 )/ 2



State Distribution and Measurements

38

Procedure

1. Root prepares state |Φ+
+⟩ = |++⟩.|//⟩

#
2. Root transmits qubit to switch (center)

3. Switch applies tomography circuit

4. Switch sends qubits to leaves

5. Leaves measure in GHZ basis

#
|0⟩

? @ ?

@

Tomography circuit

5! 5'

5$

5'($

ℰ!

ℰ$

ℰ"



State Evolution Throughout Distribution

39

(( = Φ((
Preparation

() = +(Φ(( + 1 − +( Φ)(
Transmission through XA

(- = +(Φ((( + 1 − +( Φ(()
Switch circuit output

(+ = *
;!,<∈{(,)}

Y2(W, S), S-)Φ;";#
<

Transmission to leaves

Y2 W, S), S- : GHZ measurement prob.

5! 5&

5$

5"

*'



Density Matrix

40

Diagonal on GHZ basis

(+ = *
;!,<∈{(,)}

Y2(W, S), S-)Φ;";#
<
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Estimators

5! 5&

5$

5"

ℰ!

ℰ$

ℰ"

Entangled state with GHZ measurements

ZF: r.v. for measuring SF in GHZ, [ > 0
@: r.v. for measuring W in GHZ

@ = C(ZF = CF +F = YF +( = Y(

CF: r.v. for flip at channel [

Φ;< = ( 0s)s- + −1 < 1S)S- )/ 2

ℰF ( = +F( + 1 − +F 1(1

Definitions

YF: prob of outcome 1 in qubit [

Remarks
• Global measurements improve efficiency
• Entanglement not required for ident.
• Twice as many samples needed
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Numerical Results



Conclusion

Remarks
• Quantum network tomography

• Channel parameter estimation in quantum network

• Captures network characterization from end-to-end perspective

• Estimators for the star can indicate entanglement advantage

48



Open problems

• What are the optimal estimation strategies for stars?

• How to generalize estimators for arbitrary trees?

• How to partition network in trees for estimation?

• How do bipartite and multipartite compare?

• Under which conditions entanglement provides advantage?

• Under which conditions are trees identifiable?

• How to generalize efficient estimators for Pauli channels?



Summary and Challenges

2



What Quantum Brings to the Table

• Rate decays exponential with 
distance in fiber

• The non-cloning theorem

• Quantum repeaters

▹Two-way vs one way

• Quantum information is fragile

▹QEC and Distillation

• NISQ era: noisy hardware

! = #!"#/%

! = #!"#/%

!Alice Bob

Stored qubit Stored qubit



Classical Networks

• Packet vs circuit switching

• Layered design – protocol stack

• Store and forward

• Routing and resource allocation

• Network of networks

N users

100 Mbps link

application

transport

network

link

physical

Tier 1 ISP

Tier 1 ISP

Tier 1 ISP

Tier-2 ISPTier-2 ISP

Tier-2 ISP Tier-2 ISP
Tier-2 ISP

local
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Quantum Networks

• One- vs two-way quantum 
communication

• Quantum repeaters and switches 
as building blocks

• Mitigating noise

▹ In memory

▹ In transmission

Application

Transport

Network

Link

Physical Quantum Device Layer

Quantum Application Protocols

End-to-end Qubit Delivery

Long-distance Entanglement Generation

Entanglement Generation on a Link

Quantum Network Stack
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Data

Guedes de Andrade, etal. IEEE QCE (2021)

Humble, etal. SPIE (2018)

Protocol stack?



Quantum Networks: Challenges

• Designing efficient, scalable quantum repeaters

• Quantum interconnects

• Layer structure for protocol stack

• Efficient QEC protocols



Capacity and resource allocation

• Network capacity and stability
• Scheduling and noise
• Routing improves rate
▹Distance independent rate with 

GHZ measurements
• Scheduling improve rates
▹Polynomial decrease with distance 

for chain topologies
▹Optimization formulation for 

general topologies
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Allocation and Capacity: Challenges

• Adding noise and purification to capacity definition

• Routing in noisy environments

• Scheduling policies for generic topologies and multipartite states

• Optimal purification scheduling

• Optimal buffer management policies for general topologies



Management and Tomography

• Link parameter estimation from 
end-to-end measurements

• End-nodes communicate through 
trees

• Identifiability for stars with single 
Pauli channels

▹Entanglement improves 
efficiency

▹Not required for identifiability
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Entangled state with GHZ measurements



Management and Tomography: Challenges

• Identifying parameters in stars with arbitrary Pauli channels

• Identifiability results for general trees

• Optimal covering of networks with trees

• Loss-resilient tomography protocols



Thank you!
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Course Evaluation Survey

We value your feedback on all aspects of 
this short course. Please go to the link 
provided in the Zoom Chat or in the email 
you will soon receive to give your opinions 
of what worked and what could be 
improved. 

CQN Winter School on Quantum Networks


