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The	Basics:	Quantum	Bits
- qubit:	quantum	analogue	of	a	bit
- represented	by	a	two-level	QM	system
- e.g.,	photon	polarization,	electron	spin

- a	qubit	can	be	in	superposition

|0i ⌘

1
0

�

<latexit sha1_base64="e+0bvlJdkWlGN0QNICbYv90vhXQ="></latexit>

|1i ⌘

0
1

�

<latexit sha1_base64="Gw7mIKMbKyyLcOT6tiD4Pg1IaLc="></latexit>

| i = ↵ |0i+ � |1i =

↵
�

�

<latexit sha1_base64="0ZfDhnjh/YTdYonp0xcsuuULlp8="></latexit>

↵,� 2 C,
|↵|2 + |�|2 = 1

<latexit sha1_base64="39qG4AlJuMPjplQ4uXm9mNICHDM="></latexit>

 !

<latexit sha1_base64="2+mU2nvBl65frgLP8Q/epLd2JFo=">AAACJnicbVDLSgMxFM3UV62vapduBovgqsyIoO6KblxWsA9oS8mkd9rQTDIkd5Qy9Fvc1p9xJ+LOD3Fhpu3Cth4IHM65l3Nzglhwg5735eQ2Nre2d/K7hb39g8Oj4vFJw6hEM6gzJZRuBdSA4BLqyFFAK9ZAo0BAMxjdZ37zGbThSj7hOIZuRAeSh5xRtFKvWOoIJQcCQtR8MESqtXrpFctexZvBXSf+gpTJArVe8afTVyyJQCIT1Ji278XYTalGzgRMCp3EQEzZiA6gbamkEZhuOjt+4p5bpe+GStsn0Z2pfzdSGhkzjgI7GVEcmlUvE//z2gmGN92UyzhBkGweFCbCReVmTbh9roGhGFtCmeb2VpcNqaYMbV9LKYGmI8Clf6RZHiolzMTW5a+Ws04alxX/qnL7eFWu3i2Ky5NTckYuiE+uSZU8kBqpE0bG5JVMyZszdd6dD+dzPppzFjslsgTn+xeJz6ep</latexit>

 !

<latexit sha1_base64="2+mU2nvBl65frgLP8Q/epLd2JFo=">AAACJnicbVDLSgMxFM3UV62vapduBovgqsyIoO6KblxWsA9oS8mkd9rQTDIkd5Qy9Fvc1p9xJ+LOD3Fhpu3Cth4IHM65l3Nzglhwg5735eQ2Nre2d/K7hb39g8Oj4vFJw6hEM6gzJZRuBdSA4BLqyFFAK9ZAo0BAMxjdZ37zGbThSj7hOIZuRAeSh5xRtFKvWOoIJQcCQtR8MESqtXrpFctexZvBXSf+gpTJArVe8afTVyyJQCIT1Ji278XYTalGzgRMCp3EQEzZiA6gbamkEZhuOjt+4p5bpe+GStsn0Z2pfzdSGhkzjgI7GVEcmlUvE//z2gmGN92UyzhBkGweFCbCReVmTbh9roGhGFtCmeb2VpcNqaYMbV9LKYGmI8Clf6RZHiolzMTW5a+Ws04alxX/qnL7eFWu3i2Ky5NTckYuiE+uSZU8kBqpE0bG5JVMyZszdd6dD+dzPppzFjslsgTn+xeJz6ep</latexit>
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The	Basics:	Entanglement
Two	or	more	qubits	are	said	to	be	entangled	when	
the	state	of	one	cannot	be	described	independently	

from	the	state	of	the	other(s).

|00i+ |11ip
2

=
|0iA ⌦ |0iB + |1iA ⌦ |1iBp

2
<latexit sha1_base64="BNcai60uweeKodUKeRbrg/v24KQ="></latexit>

Example: a	Bell	state,	single most important resource for 
quantum communication

|0iA ! |0iB

<latexit sha1_base64="7Jv2CRm7WDIsrfykVc7YUZgz3s4=">AAACM3icbVDLSgMxFM3UV62vUZdugkVwVWakoO5q3bisYB/QKSWTZtrQzGRI7ihl6NavcVv/RdyJW//AhWk7iG09EDiccy8n9/ix4Boc583Kra1vbG7ltws7u3v7B/bhUUPLRFFWp1JI1fKJZoJHrA4cBGvFipHQF6zpD2+nfvORKc1l9ACjmHVC0o94wCkBI3Vt7A0ZpM64e4M9xfsDIErJp1+1WujaRafkzIBXiZuRIspQ69rfXk/SJGQRUEG0brtODJ2UKOBUsHHBSzSLCR2SPmsbGpGQ6U46u2SMz4zSw4FU5kWAZ+rfjZSEWo9C30yGBAZ62ZuK/3ntBIKrTsqjOAEW0XlQkAgMEk9rwT2uGAUxMoRQxc1fMR0QRSiY8hZSfEVMOQt3pNM8kFLosanLXS5nlTQuSm65dH1fLlaqWXF5dIJO0Tly0SWqoDtUQ3VE0TN6QRP0ak2sd+vD+pyP5qxs5xgtwPr6ATG9q+s=</latexit>

|1iA ! |1iB

<latexit sha1_base64="RFRLm/COxY0v4uF7+n/fjvlQcn0=">AAACM3icbVDLSgMxFM3UV62vUZdugkVwVWakoO5q3bisYB/QKSWTZtrQzGRI7ihl6NavcVv/RdyJW//AhWk7iG09EDiccy8n9/ix4Boc583Kra1vbG7ltws7u3v7B/bhUUPLRFFWp1JI1fKJZoJHrA4cBGvFipHQF6zpD2+nfvORKc1l9ACjmHVC0o94wCkBI3Vt7A0ZpO64e4M9xfsDIErJp1+1WujaRafkzIBXiZuRIspQ69rfXk/SJGQRUEG0brtODJ2UKOBUsHHBSzSLCR2SPmsbGpGQ6U46u2SMz4zSw4FU5kWAZ+rfjZSEWo9C30yGBAZ62ZuK/3ntBIKrTsqjOAEW0XlQkAgMEk9rwT2uGAUxMoRQxc1fMR0QRSiY8hZSfEVMOQt3pNM8kFLosanLXS5nlTQuSm65dH1fLlaqWXF5dIJO0Tly0SWqoDtUQ3VE0TN6QRP0ak2sd+vD+pyP5qxs5xgtwPr6ATU3q+0=</latexit>
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Quantum	Key	Distribution:	the	E91	protocol

|0iA |0iB + |1iA |1iBp
2

<latexit sha1_base64="IldvRUzhttXYzkj2Us6R7L/QQyQ="></latexit>

Bell pair 

Alice Bob Prob.
0 0 1/2

1 1 1/2

Eve

Ex:

all-powerful	adversary

can	detect	eavesdropping	
using	statistical	methods	
(Bell-type	inequalities)

Goal:	create	One-Time	Pad	– only	provably																		
secure	means	of	encryption	
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P (photon makes it to receiver) ⇠ e�↵L

<latexit sha1_base64="xDqwFeWSooCzosH5aUb/M4YKKuE="></latexit>

time

fiber loss coefficient

fiber length

9

Transporting	a	Quantum	State

longer channel à higher probability of loss
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In	a	classical network…

weak/distorted/noisy	
signal clean,	strong	

signal

On	a	quantum channel…

| i
<latexit sha1_base64="kXia0tph8bkhu4tHcJaq2kwLGxI=">AAACG3icbVA9SwNBEN2LXzF+RS1tFoNgFe6ioGXQxjKC+cDcEfY2m2TJ3u6xOyeEI//CNv4ZO7G18L9YuJdcYRIHBh7vzfBmXhgLbsB1v53CxubW9k5xt7S3f3B4VD4+aRmVaMqaVAmlOyExTHDJmsBBsE6sGYlCwdrh+D7T2y9MG67kE0xiFkRkKPmAUwKWevbHDFI/NnzaK1fcqjsvvA68HFRQXo1e+cfvK5pETAIVxJiu58YQpEQDp4JNS35iWEzomAxZ10JJImaCdH7xFF9Ypo8HStuWgOfs342URMZMotBORgRGZlXLyP+0bgKD2yDlMk6ASbowGiQCg8LZ+7jPNaMgJhYQqrm9FdMR0YSCDWnJJdTEhrP0R5r5gVLCZHF5q+Gsg1at6l1Va4/XlfpdHlwRnaFzdIk8dIPq6AE1UBNRJNErmqE3Z+a8Ox/O52K04OQ7p2ipnK9fOlWjVg==</latexit> | i

<latexit sha1_base64="kXia0tph8bkhu4tHcJaq2kwLGxI=">AAACG3icbVA9SwNBEN2LXzF+RS1tFoNgFe6ioGXQxjKC+cDcEfY2m2TJ3u6xOyeEI//CNv4ZO7G18L9YuJdcYRIHBh7vzfBmXhgLbsB1v53CxubW9k5xt7S3f3B4VD4+aRmVaMqaVAmlOyExTHDJmsBBsE6sGYlCwdrh+D7T2y9MG67kE0xiFkRkKPmAUwKWevbHDFI/NnzaK1fcqjsvvA68HFRQXo1e+cfvK5pETAIVxJiu58YQpEQDp4JNS35iWEzomAxZ10JJImaCdH7xFF9Ypo8HStuWgOfs342URMZMotBORgRGZlXLyP+0bgKD2yDlMk6ASbowGiQCg8LZ+7jPNaMgJhYQqrm9FdMR0YSCDWnJJdTEhrP0R5r5gVLCZHF5q+Gsg1at6l1Va4/XlfpdHlwRnaFzdIk8dIPq6AE1UBNRJNErmqE3Z+a8Ox/O52K04OQ7p2ipnK9fOlWjVg==</latexit>

| i
<latexit sha1_base64="kXia0tph8bkhu4tHcJaq2kwLGxI=">AAACG3icbVA9SwNBEN2LXzF+RS1tFoNgFe6ioGXQxjKC+cDcEfY2m2TJ3u6xOyeEI//CNv4ZO7G18L9YuJdcYRIHBh7vzfBmXhgLbsB1v53CxubW9k5xt7S3f3B4VD4+aRmVaMqaVAmlOyExTHDJmsBBsE6sGYlCwdrh+D7T2y9MG67kE0xiFkRkKPmAUwKWevbHDFI/NnzaK1fcqjsvvA68HFRQXo1e+cfvK5pETAIVxJiu58YQpEQDp4JNS35iWEzomAxZ10JJImaCdH7xFF9Ypo8HStuWgOfs342URMZMotBORgRGZlXLyP+0bgKD2yDlMk6ASbowGiQCg8LZ+7jPNaMgJhYQqrm9FdMR0YSCDWnJJdTEhrP0R5r5gVLCZHF5q+Gsg1at6l1Va4/XlfpdHlwRnaFzdIk8dIPq6AE1UBNRJNErmqE3Z+a8Ox/O52K04OQ7p2ipnK9fOlWjVg==</latexit>

à No-Cloning	Theorem
10
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Bell pairs,
link-level entanglement
longer-distance Bell pair,

A	simple	quantum	network

11

- Teleportation	(consumes	one	Bell	pair)
- Use	directly,	e.g.,	in	E91	or	similar	protocols

U

swap

|0iA |0iB + |1iA |1iBp
2

<latexit sha1_base64="IldvRUzhttXYzkj2Us6R7L/QQyQ="></latexit>
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A	simple	quantum	network

12

Bell pair generation 
requires sending photons

U

P (successful link-level entanglement) ⇠ e�↵L/2

<latexit sha1_base64="8C4iXnBqpN/Gm1BQ/BsSfDu9IXE="></latexit>

may failswap
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A	Quantum	Network

…

…

…

…
tim

e
quantum	switch	–

a	device	
fundamental	to	

quantum	networks

Bell	state	
measurements

- What	is	the	capacity	
of	a	quantum	
switch?

- How	many	qubits	
are	needed?
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Quantum	
memory

Current	
state

unoccupied
occupied

Switch	is	equipped	
with	infinite	number	
of	noiseless	quantum	
memories	(buffer)

16

Switch	Description

Switch	can	perform	
projective	

Switch	capable	of	
classical	communication

Bell	pairs	are	stored

Users	do	not	limit	
performance
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1
2

3
…

k

Switch	serves	entangled	
states	to	k users

1. Bell	pairs	over	
individual	links

2. switch	performs	a	
swapping	operation,	
resulting	in	end-to-
end	Bell	state	for	a	
pair	of	users

Switch	Operation
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1. link-level	entanglement	
generation
- assume	links	are	
identical	(equal	length)
- every						seconds,	all	
links	attempt	
entanglement	
generation

p

<latexit sha1_base64="PZcEMx+9C+ScqzyN9oEwLe99XX8=">AAACEnicbVBNS8NAEN3Ur1q/qh69BIvgqSRSUG9FLx5bsB/QhrLZTtqlm2zYnQgl9Bd4rX/Gm3j1D/hfPLhpc7CtAwOP92Z4M8+PBdfoON9WYWt7Z3evuF86ODw6PimfnrW1TBSDFpNCqq5PNQgeQQs5CujGCmjoC+j4k8dM77yA0lxGzziNwQvpKOIBZxQN1YwH5YpTdRZlbwI3BxWSV2NQ/ukPJUtCiJAJqnXPdWL0UqqQMwGzUj/REFM2oSPoGRjRELSXLg6d2VeGGdqBVKYjtBfs342UhlpPQ99MhhTHel3LyP+0XoLBnZfyKE4QIrY0ChJho7Szr+0hV8BQTA2gTHFzq83GVFGGJpsVF1/RCeDKH2nmh1IKPTNxuevhbIL2TdWtVe+btUr9IQ+uSC7IJbkmLrkldfJEGqRFGAHySubkzZpb79aH9bkcLVj5zjlZKevrF3TEnzQ=</latexit>

p

<latexit sha1_base64="PZcEMx+9C+ScqzyN9oEwLe99XX8=">AAACEnicbVBNS8NAEN3Ur1q/qh69BIvgqSRSUG9FLx5bsB/QhrLZTtqlm2zYnQgl9Bd4rX/Gm3j1D/hfPLhpc7CtAwOP92Z4M8+PBdfoON9WYWt7Z3evuF86ODw6PimfnrW1TBSDFpNCqq5PNQgeQQs5CujGCmjoC+j4k8dM77yA0lxGzziNwQvpKOIBZxQN1YwH5YpTdRZlbwI3BxWSV2NQ/ukPJUtCiJAJqnXPdWL0UqqQMwGzUj/REFM2oSPoGRjRELSXLg6d2VeGGdqBVKYjtBfs342UhlpPQ99MhhTHel3LyP+0XoLBnZfyKE4QIrY0ChJho7Szr+0hV8BQTA2gTHFzq83GVFGGJpsVF1/RCeDKH2nmh1IKPTNxuevhbIL2TdWtVe+btUr9IQ+uSC7IJbkmLrkldfJEGqRFGAHySubkzZpb79aH9bkcLVj5zjlZKevrF3TEnzQ=</latexit>

p

<latexit sha1_base64="PZcEMx+9C+ScqzyN9oEwLe99XX8=">AAACEnicbVBNS8NAEN3Ur1q/qh69BIvgqSRSUG9FLx5bsB/QhrLZTtqlm2zYnQgl9Bd4rX/Gm3j1D/hfPLhpc7CtAwOP92Z4M8+PBdfoON9WYWt7Z3evuF86ODw6PimfnrW1TBSDFpNCqq5PNQgeQQs5CujGCmjoC+j4k8dM77yA0lxGzziNwQvpKOIBZxQN1YwH5YpTdRZlbwI3BxWSV2NQ/ukPJUtCiJAJqnXPdWL0UqqQMwGzUj/REFM2oSPoGRjRELSXLg6d2VeGGdqBVKYjtBfs342UhlpPQ99MhhTHel3LyP+0XoLBnZfyKE4QIrY0ChJho7Szr+0hV8BQTA2gTHFzq83GVFGGJpsVF1/RCeDKH2nmh1IKPTNxuevhbIL2TdWtVe+btUr9IQ+uSC7IJbkmLrkldfJEGqRFGAHySubkzZpb79aH9bkcLVj5zjlZKevrF3TEnzQ=</latexit>

:	successful	entanglement	generation	ratep

<latexit sha1_base64="PZcEMx+9C+ScqzyN9oEwLe99XX8=">AAACEnicbVBNS8NAEN3Ur1q/qh69BIvgqSRSUG9FLx5bsB/QhrLZTtqlm2zYnQgl9Bd4rX/Gm3j1D/hfPLhpc7CtAwOP92Z4M8+PBdfoON9WYWt7Z3evuF86ODw6PimfnrW1TBSDFpNCqq5PNQgeQQs5CujGCmjoC+j4k8dM77yA0lxGzziNwQvpKOIBZxQN1YwH5YpTdRZlbwI3BxWSV2NQ/ukPJUtCiJAJqnXPdWL0UqqQMwGzUj/REFM2oSPoGRjRELSXLg6d2VeGGdqBVKYjtBfs342UhlpPQ99MhhTHel3LyP+0XoLBnZfyKE4QIrY0ChJho7Szr+0hV8BQTA2gTHFzq83GVFGGJpsVF1/RCeDKH2nmh1IKPTNxuevhbIL2TdWtVe+btUr9IQ+uSC7IJbkmLrkldfJEGqRFGAHySubkzZpb79aH9bkcLVj5zjlZKevrF3TEnzQ=</latexit>

Modeling	Link-Level	Entanglement	Generation

⌧

<latexit sha1_base64="1l+6ajMzYXTdr3QGzNpfjUhXsRI=">AAACFXicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EULugjWUE8wHJEfY2m2TJ3u2xOyeEI3/BNv4ZO7G19r9YuJdcYRIHBh7vzfBmXhBLYdB1v53CxubW9k5xt7S3f3B4VD4+aRqVaMYbTEml2wE1XIqIN1Cg5O1YcxoGkreC8UOmt164NkJFzziJuR/SYSQGglHMqC7SpFeuuFV3XmQdeDmoQF71Xvmn21csCXmETFJjOp4bo59SjYJJPi11E8NjysZ0yDsWRjTkxk/nt07JhWX6ZKC07QjJnP27kdLQmEkY2MmQ4sisahn5n9ZJcHDrpyKKE+QRWxgNEklQkexx0heaM5QTCyjTwt5K2IhqytDGs+QSaDrmuPRHmvmhUtJMbVzeajjroHlV9a6rd0/Xldp9HlwRzuAcLsGDG6jBI9ShAQxG8AozeHNmzrvz4XwuRgtOvnMKS+V8/QLvI6CI</latexit>

p ⇠ e�↵L

<latexit sha1_base64="/kaqaIwhXe25gyw7Z0LzVjUP8qY=">AAACJnicbVBNS8NAFNz4Wb+rHr0sFsGLJZGCeit68eBBwarQ1PKyfW2XbrJh90Uoob/Fa/0z3kS8+UM8mNQcbHVgYZh5j3k7QaykJdf9cObmFxaXlksrq2vrG5tb5e2dO6sTI7AhtNLmIQCLSkbYIEkKH2KDEAYK74PBRe7fP6GxUke3NIyxFUIvkl0pgDKpXd6NfStDjo/pkQ8q7gO/GrXLFbfqTsD/Eq8gFVbgul3+8jtaJCFGJBRY2/TcmFopGJJC4WjVTyzGIAbQw2ZGIwjRttLJ8SN+kCkd3tUmexHxifp7I4XQ2mEYZJMhUN/Oern4n9dMqHvaSmUUJ4SR+AnqJoqT5nkTvCMNClLDjIAwMruViz4YEJT1NZUSGBggTf0jzfNIa2XzurzZcv6Su+OqV6ue3dQq9fOiuBLbY/vskHnshNXZJbtmDSbYkD2zMXtxxs6r8+a8/4zOOcXOLpuC8/kNsUWmlA==</latexit>
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1. link-level	entanglement	
generation

2. swapping,	according	to	
user	demands	and	
switching	policy

Switch	Operation
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- perform	a	
- store	in	memory
- wait

Switch	Operation:	beginning	of	time	slot	1
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- perform	a	
- store	in	memory
- wait

Switch	Operation:	time	slot	1,	cntd.
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- perform	a	
- store	in	memory
- wait

Switch	Operation:	time	slot	1,	cntd.
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- perform	a	
- store	in	memory
- wait

Switch	Operation:	beginning	of	time	slot	2
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Switch	Operation:	beginning	of	time	slot	3

- perform	a	
- store	in	memory
- wait
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Switch	Operation:	beginning	of	time	slot	3

*All	quantum	states	
assumed	to	have	unit	

fidelity	to	corresponding	
ideal	pure	states

- perform	a	
- store	in	memory
- wait
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Prior	Work
- Continuous-time	Markov	chain	for	bipartite	switching	
(Vardoyan	et	al.,	ACM	PER	2019)
- Model	link-level	entanglement	generation	as	a	Poisson	process
- Easily	extendable	to	finite	quantum	memories,	heterogeneous	
links,	quantum	state	decoherence

- Continuous-time	Markov	chain	for	multipartite	switching	
(Nain	et	al.,	SIGMETRICS	2020/POMACS)
- Focuses	on	idealized	scenario	(infinite	memory,	no	decoherence,	
identical	links)

- Reduces	to	ACM	PER	2019	for	bipartite	case

27
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Preliminaries

Interested	in	capacity	of	switch	– max	rate	of	switching
à any	pair	of	users	wish	to	share	an	entangled	state
àBell	pairs	used	as	soon	as	there	are	enough	to	generate	an			
end-to-end	Bell	pair

àOldest	Link	Entanglement	First	(OLEF)
29

Definitions:	when	in	steady	state	(if	it	exists)
- Capacity	C - #	end-to-end	entangled	states	

served	per	time	slot
- Expected	number	of	stored	qubits	at	switch	E[Q]	



Link-level	entanglement	generation:	Bernoulli process
Successful link-level	entanglement	probability
Coherence	time:	infinite
Swap	success	probability

Can	model	using	a	discrete-time	Markov	chain	with	
state	space

The	Model

30

q
<latexit sha1_base64="oi8eXwM0/cbRA215mRq+w1bgb1M=">AAACEnicdVDLTgJBEJzFF75Rj14mEhNPZBcN4I3oxSMkgiRAzOzQwITZnXWm14Rs+AKv+DPejFd/wH/x4CxgIkY76aRS1Z3qLj+SwqDrfjiZldW19Y3s5tb2zu7efu7gsGlUrDk0uJJKt3xmQIoQGihQQivSwAJfwp0/uk71u0fQRqjwFscRdAM2CEVfcIaWqj/c5/JuoXTplUtl6hbcWaXAK1UqFeotmDxZVO0+99npKR4HECKXzJi250bYTZhGwSVMtjqxgYjxERtA28KQBWC6yezQCT21TI/2lbYdIp2xPzcSFhgzDnw7GTAcmt9aSv6ltWPsV7qJCKMYIeRzo34sKSqafk17QgNHObaAcS3srZQPmWYcbTZLLr5mI8ClP5LUD5WSZmLj+s6E/g+axYJ3XijWL/LVq0VwWXJMTsgZ8UiZVMkNqZEG4QTIE5mSZ2fqvDivztt8NOMsdo7IUjnvX9/in3A=</latexit>

p

<latexit sha1_base64="jeRaNbYA7d1dxmPOsEf9cw7wE8c=">AAACEnicdVDLSgNBEJz1Gd9Rj14Gg+Ap7CbxkVvQi8cEzANiCLOTTjJkdmeZ6RXCki/wGn/Gm3j1B/wXD84mEYxoQ0NR1U11lx9JYdB1P5yV1bX1jc3M1vbO7t7+QfbwqGFUrDnUuZJKt3xmQIoQ6ihQQivSwAJfQtMf3aZ68xG0ESq8x3EEnYANQtEXnKGlalE3m3PzlwW3WC5QN+/OKgVF78LzqLdgcmRR1W7286GneBxAiFwyY9qeG2EnYRoFlzDZfogNRIyP2ADaFoYsANNJZodO6JllerSvtO0Q6Yz9uZGwwJhx4NvJgOHQ/NZS8i+tHWP/upOIMIoRQj436seSoqLp17QnNHCUYwsY18LeSvmQacbRZrPk4ms2Alz6I0n9UClpJjau70zo/6BRyHulfLlWylVuFsFlyAk5JefEI1ekQu5IldQJJ0CeyJQ8O1PnxXl13uajK85i55gslfP+BapQn1U=</latexit>

⌦ := {0, 1, 2, . . . }

<latexit sha1_base64="5Tx8WGQ1hPwcjk7FGlAqnrgXdl8=">AAACM3icbVBNSwMxEM36bf2qevQSLIKHUnZFUG9FL95UsFXolpJNpzU0m6zJrFCWXv01Xut/EW/i1X/gwWzbg7UOBB7vzczLvCiRwqLvv3lz8wuLS8srq4W19Y3NreL2Tt3q1HCocS21uY+YBSkU1FCghPvEAIsjCXdR7yLX757AWKHVLfYTaMasq0RHcIaOahVpeBVDl9EwX6Xg8ZGGmV8OykflsK3RhoNWseRX/FHRWRBMQIlM6rpV/HaTPI1BIZfM2kbgJ9jMmEHBJQwKYWohYbzHutBwULEYbDMbXTKgB45p04427imkI/b3RMZia/tx5Dpjhg/2r5aT/2mNFDunzUyoJEVQfGzUSSVFTfNYaFsY4Cj7DjBuhPsr5Q/MMI4uvCmXyLAe4NQdWe6HWkubxxX8DWcW1I8qwXHl7Oa4VD2fBLdC9sg+OSQBOSFVckmuSY1w8kxeyJC8ekPv3fvwPsetc95kZpdMlff1AxcDq0s=</latexit>

# of stored qubits for link with Bell pairs

at most one link will store qubits at any given time
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Transitions	from	state	i

i+1 i-1 i-2 i-k+1 i 

probability of staying

all links, except the one that 
already has stored Bell pairs, have 

failed to generate Bell pairs

one of the stored Bell pairs was 
used in a measurement

(k-1) of the stored Bell pairs 
were used in measurements



Talk	Outline

Entanglement	switching
- Problem	statement
- Switch	description
- Prior	work
- Analysis
- Results

Introduction

Summary	&	Future	Directions
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The	system	is	stable	if	and	only	if

33

k > 2

<latexit sha1_base64="CbVRYJ3chyHdwaC+otlC/b6D4fk=">AAACFHicbVBNS8NAEN3Ur1q/qh69BIvgqSSloF6k6MVjRfsBbSib7aZdstkNuxOhhP4Er/XPeBOv3v0vHty0OdjWgYHHezO8mefHnGlwnG+rsLG5tb1T3C3t7R8cHpWPT9paJorQFpFcqq6PNeVM0BYw4LQbK4ojn9OOH95neueFKs2keIZJTL0IjwQLGMFgqKfwtjYoV5yqMy97Hbg5qKC8moPyT38oSRJRAYRjrXuuE4OXYgWMcDot9RNNY0xCPKI9AwWOqPbS+alT+8IwQzuQyrQAe87+3UhxpPUk8s1khGGsV7WM/E/rJRBceykTcQJUkIVRkHAbpJ39bQ+ZogT4xABMFDO32mSMFSZg0lly8RUOKSz9kWZ+ICXXUxOXuxrOOmjXqm69evNYrzTu8uCK6Aydo0vkoivUQA+oiVqIoBF6RTP0Zs2sd+vD+lyMFqx85xQtlfX1C3O/n7M=</latexit>

Analytical	Results

C =
qkp

2

<latexit sha1_base64="M6HmDsVm8eXvWToppKNFiZ/aTuo=">AAACInicbVDLSsNAFJ3UV62PRl26CRbBVUlKQV0IxW5cVrAPaEOZTCftkEkmztwIJfRL3NafcSeuBD/FhZM2C9t6YOBwzr2cO8eLOVNg219GYWt7Z3evuF86ODw6Lpsnpx0lEklomwguZM/DinIW0TYw4LQXS4pDj9OuFzQzv/tCpWIieoJpTN0QjyPmM4JBS0Oz3Lwb+BKT9DmIZ2ltNjQrdtVewNokTk4qKEdraP4MRoIkIY2AcKxU37FjcFMsgRFOZ6VBomiMSYDHtK9phEOq3HRx+My61MrI8oXULwJrof7dSHGo1DT09GSIYaLWvUz8z+sn4N+4KYviBGhElkF+wi0QVtaCNWKSEuBTTTCRTN9qkQnWPYDuaiXFkzigsPKPNMsDIbjK6nLWy9kknVrVqVdvH+uVxn1eXBGdowt0hRx0jRroAbVQGxGUoFc0R2/G3Hg3PozP5WjByHfO0AqM719M1KVn</latexit>

number of users probability of 
successfully 
generating 

entanglement at 
link level

swapping 
success 

probability

When	the	system	is	stable,	the	capacity	is

need two Bell pairs to generate 
one end-to-end Bell pair

exact match with 
CTMC analysis results



Expected	number	of	stored	qubits	in	steady	state
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When	the	system	is	stable,

E[Q]CTMC =
k

2(k � 2)

<latexit sha1_base64="fQuXvKcij5Npwd935jfJA/ssxMo="></latexit>

E[Q]DTMC =
1 + �

2(1� �)

<latexit sha1_base64="5wUTnSVJaCJgUusE2iuWHc/c3aw="></latexit>

(�p+ p)k�1(p+ �p)� � = 0, � 2 (0, 1)

<latexit sha1_base64="rmzL1zobYkXoBUzXFXgDretjF/0="></latexit>

p ⌘ 1� p

<latexit sha1_base64="0x6og2Y8l4v7VbIsrLWJHi+/TKA=">AAACKXicbVBNS8NAFNz4Wb+jghcvi0XwYklEUG9FLx4r2Cq0pWy2r3XpJht3X4QS82e81j/jTb36Nzy4aXOw1YGFYeY95u0EsRQGPe/DmZtfWFxaLq2srq1vbG652zsNoxLNoc6VVPo+YAakiKCOAiXcxxpYGEi4CwZXuX/3BNoIFd3iMIZ2yPqR6AnO0Eodd6+lrJ1vp3HWgsdEPFH/OO64Za/ijUH/Er8gZVKg1nG/W13FkxAi5JIZ0/S9GNsp0yi4hGy1lRiIGR+wPjQtjVgIpp2O78/ooVW6tKe0fRHSsfp7I2WhMcMwsJMhwwcz6+Xif14zwd55OxVRnCBEfBLUSyRFRfMyaFdo4CiHljCuhb2V8gemGUdb2VRKoNkAcOofaZ6HSkmT2br82XL+ksZJxT+tXNyclquXRXElsk8OyBHxyRmpkmtSI3XCyTN5ISPy6oycN+fd+ZyMzjnFzi6ZgvP1AxldqGM=</latexit>



E[Q]	Numerical	Comparison
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<latexit sha1_base64="j8mF1ODqQ0v1tAQLhFcX1HRwMc8="></latexit>

< 1 qubit 
difference
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Summary

- Bipartite	entanglement	switching	problem	modeled	as	
a	discrete-time	Markov	chain

- For	a	highly	idealized	switch,	not	much	difference	
between	CTMC	and	DTMC	models

- Nevertheless,	problem	interesting	from	queueing-
theoretic	perspective
- Kitting	process/stochastic	assembly-like	queue
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- Extensions
- non-identical	links
- non-unit	state	fidelities
- finite	quantum	memories
- noisy	storage/state	decoherence

- DTMC	becomes	infeasible	for	modeling	more	complex	systems

Future	Directions

⋯ ⋯ ⋯vs
DTMC CTMC
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