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& The classical world: losses in the channel

e The modern telecommunications industry solves this 1ssue through
Optical amplifiers and optical repeaters

o OA’s are optoelectronic circuits that amplifies the distorted light signal
(including noise) it receives back to its original amplitude before
transmitted it further down the channel. Each time this amplification
process is performed the signal to noise ratio gets worse until we reach a
point at which the signal cannot be distinguished from the noise. This
fundamentally limits the distance a signal can be transmitted over.

o Optical repeaters are optoelectronic circuits that regenerate the original
signal through pulse reshaping, amplification and potentially
resynchronisation leaving the signal being transmitted without the
unwanted noise it has accumulated. Using optical repeaters allows

communication over arbitrary distances.

39



The quantum world
Loss In the channel is an even bigger problem

» The modern telecommunications industry solves this issue through Quantum amplifiers

and Quantum repeaters
o Quantum amplifiers (QA) are well known and like their optical
counterparts typically add excess noise to the signal, thus limiting the

communication distance

o However noiseless linear amplifiers do exist (but unfortunately this are
probabilistic (but heralded) in nature

» Quantum repeaters seem very different from their classical
counterparts

» They tend to focus on the generation of entanglement between
Alice and Bob

» However not only do they need to fix channel loss, they also
need to be able to remove excess noise!!!!

o Quantum repeaters require a classical network as well
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&/ The Concept!!!

» We need to divide the channel 1n parts:
» so take the long channel and ...

L

.—LL.O_.._OO_.
——

n segments

» Encodings:
» Single-rail: using the presence or absence of a single photon in a single mode
o Dual-rail: the presence of a photon in one or another mode as the qubit



The simplest case first

the entire channel PS — ¢ Ulo

—
L/L
Number of attempts to succeed NS ~ e

n segments p, = e Lk

**

 How many attempts to succeed
e without memories ng = (el/"loy"

e with memories n, ~ 100e’/"0??

L is the attenuation length of the fiber



How???

p, = e—L/nLO

**

« Per segment we need on average 1/p, attempts for it to be successful

« With say 100/p, attempts exceptionally high probability of
establishing the link.

* When successful we store in a quantum memory.

 Perform attempts among all segments at the same time
o likely all segments have a link within 100/p, attempt
* join together to get the long link




Quantum Relay

Fidelity F

_ —L/nL

pS = @ 0 Entanglement Swapping

e This allows us to establish long range entanglement efficiently



* Introduce quantum entanglement
distribution

e Introduce entanglement swapping

e Introduce entanglement purification

e Scaling of quantum relays and
repeaters
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Entanglement Distribution
* A mechanism to establish an entangled Bell state between
adjacent quantum repeater nodes
* Let us look at this 1n a little more detail

PBS

* Consider we have a matter qubit memory that can emit a
polarization photon of the @) | H) + | e)| V)

V2 y




Entanglement Distribution

« Both matter qubit emit there
polarization qubit &) [H) + ()| V)

e So we have V2

{Ig)H)+1e)I V)1 @ {Ig)|H)+|e)|V)} =
(&) &) [H)Y[H) +1g)[e)|[H)|V)+1e)|g) [ V)IH) +]e)le)| V) V)

W PBS

1g) gy | HY|HY + | g)|e) |[HV)|0) + |e) | g) |0Y |HV) + |e)|e) | V)| V)

12) | g) |HY | H)Y + |e)]e)| VY| V) *Measurei:‘ pDhs:(;nbz:tsiach detector
[8)18) + | e)|e) tor oo, m

What happens for DA, AD?? ‘




Entanglement Distribution: Success Probability
for generating
[g)Y18) £e)|e)

 This 1s effected by two factors:
o Channel loss 1 = et/

* Detection postselection

Overall success probability

LHS photon transmission / \
RHS photon transmission / Postselection



Can we do better

* Both matter qubit emit a fock state
qubit |0), [1) 18)10)+le)| 1)
* So we have NG

12)1)10)10) + [ g)1e)[0)[ 1) + |e) )| 1)]0) + |e)[e) [ 1) ] 1)
*50/50 BS

+|g>|g>|o>|05"¥@e>{|2>|0>— 0y12))

Measure 1 photon

[g)le) £ le)|g) P=yiz 4



' Entanglement distribution

Three conceptual schemes

* All are probabillistic - but heralded Emitters
so we know when they work | ]_: / / 4_[: @ |
* That heralding requires classical ‘\—
communication between the nodes

Receivers
* Emitter - Node emits a photon entangled f ’\y
with memory qubit. ‘ @ : Q@ ':l@ \
* Reciever - receives an incoming photon F y Emitter - Rece.ver ,\‘
and entails it with the matter qubit [ @ ]-'—> ]

\&
(6



& Entanglement Distribution

» Encodings:
» Single-rail: using the presence or absence of a single photon in a single mode

» Dual-rail: the presence of a photon in one or another mode as the qubit
e Do notinclude the vacuum

o Three basic types Scaling?

~ ~ KS ])\ Which is better?
e Single-Rail Encoding:

\/ﬁ }/] e Pros: Simpler

Cons: Loss-sensitive

e Dual-Rail Encoding:
\/ﬁ ;7 e Pros: More robust
e Cons: shorter distances

« Common in photonic experiments

()
Lot/ L e Can be extended to qudits!!! !




Entanglement Distribution
» Metrics and Performance

« Fidelity

Entanglement Rate / Throughput
Success Probability / Yield
Entanglement Length

Entanglement Cost
Quantum Bit Error Rate (QBER)

« Why Metrics Matter:
« They define the reliability and usefulness of quantum links.
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e The basic concept 1s to perform a Bell state measurement (CNOT plus
measurement on the qubits within one repeater node

Entanglement Swapping

(

: Entanglement Swapping Bob
Alice p NO
NOT__ ! | |
| Entangled Link 24 @ | air2

J pair 1 — 3 l_,,_
1 9 Local Repeater Node 4

+’_ 0.. . . 4 EmEn

| Bell Measurement )

N
e Consider

tlgalgvtlersle)nt @ {1g)nlg)s+1e)nle)s)

.



I [ ] Alice Entanglement Swapping Bob
Entangled Link [Z—CNOTﬁ_' air —
Entanglement Swapping - ol O
* Local Repeatercll\fod.e Ve i4
__»_ assical Messages _.*
CNOT |

galanledvies = laalevlenle)s

eyalenlgnlgls = le)alednle)ylg)s
eyaledvledvleys = leysle)ylg)nle)s

* Measure qubit 3 in g, € basis
Salenlgptle)sle)yle)p forg
galgnvle)gt+lersle)nlg)p fore

e Measure qubit 2 in +,- basis

g)A g)B+ |e)A|e)B for qubit2 =+, qubit3 =g
g)A g)B— |€>A|e>B for qubit2=-, qubit3 =g
@ale)g+lerslg)s for qubit 2 =+, qubit3=e
g)A e>B_ |e>A|g>B for qubit 2 =-, qubit3=e

So swapping gives us a Bell pairs between Alice and Bob




Swapping down the chain

Node 1 Node 2 Node ...

*
Alice Bob

Entanglement Swapping
at every node

Alice Bob




Quantum Relay

Fidelity F

*

Entanglement Swapping

e This allows us to establish long range entanglement efficiently

* So what 1s the problem?
* The quality (fidelity) of the long range Bell pairs scales as

FS - Fn—l

it decreases with the number of nodes due to noise

We need to fix this!!! A



Quantum Relay Performance
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Imperfections
* What happens 1f we don’t have the perfect Bell state generated?

Fidelity F

Ps=¢

+ Consider p = F|®,)(®, | + (1 - F)|'¥,)(¥,|

 Our initial state for swapping can be written p,ny @ pavg =

DD,
DD,
ESUIe o

F? -
+F(1-F):
+F(1 - F):
+(1 = F)?:

---------

X
X
X

NP,
ESIE N
NP,

: |‘P+><‘P+| ® |lP+><\P+| — |(I)+><(D+|
e Our resultmg state between A and B has the form

,0 —= [F2+(1_ )2]|(I)+><(I)+|+2F(1—F)|T+><T+|

.................
\ F2 for F close to one

—

—

>

|®,) = [00) % | 11)
" 1w, =101) %10}

NP,
Py
Py

.



ps_e

Imperfections e——X

e Our resulting state between A and B has the form

llllllllllllllllll
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Final Fidelity F'

©
»

©
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& Entanglement Purification

* The basic concept 1s to take two impertect Bell states and purity/distill
them to one of higher quality.
\

a

Recurrence/Pumping Method

Alice Bob

] Entangled Link |

pair 1




&/ An illustrative example { j_—F ]

» Consider we have two copes of the state p, @ pynr —
where p=F|® ) D, |+ 1 -F)|¥Y)(¥,]|

* We apply a CNOT between (1 ,1°) and (2,27)

 [ets look at this piece by piece

|P,)R|D,) =|ggtee)R|gg+ee)— |ggt+ee)R|gg+ee)=|D,)Q®|gg+ee)
P )RQ|D,) — |D,) R |gg + ee)
PHNR|Y,) — |D,) ®|ge+eg)
lP+>® (I)+>_> \P+>® ge +eg)
lP+>® lP+>_> lIJ+>® gg + ee)

* So
P12 ®/01’2’ — {F2|(I)+><CI)+| + (1 — F)2|\I’+><\P+| } X |(I)+><(I)+|
+F(1 = F){ | @ (P, |+ [P (WL} @ [P (Y]
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7

i Alice  Recurrence/Pumping Method 5 A
| . 1 EntangledLink
An illustrative example -
ol D
e After the two CNOT we have the state e ———

P12 ®:01/2’ — {F2|®+><(D+| + (1 — F)Zl‘P+><‘P+| } ® |(D+><(I)+|
+F(L = F){ [P (D |+ [P (Y| [P (T,

 Now measurement qubit 1’ and 2’ in the g, e basis remembering
|®,) = [00) £ [11)  ['¥,)=]01) £]10)

e For gg or ee we have state  pj, — F*|® (@ |+ (1 - F)*| ¥ ¥V, |
e For ge or eg we have state  p1, — F(I = F){| @ (P, [+ [Y (¥, [)

* Classical communication of measurements and keep only gg or ee
Piz — F2|(I)+><(I)+| + (1 — F)2|T+><T+|

62



7 An illustrative example

» The probability of measuring gg or ee is F? + (1 — F)?
* Need to normalize the state pi, = F'[ P ){(P, [+ (1 — F)[¥ (Y]

L 2
F [ . Recurrence/Pumping Method 1 / F
A]%el'ﬁfr'l EntanglciL%nk _i% Where F= F2 + (1 _ F)2
1.0 T 2
| |G Be M.
e P vt T A. mEmmmmE=
0.9t ® So with many rounds
: & of purification, we can
. . e . 0
0.8F & CLLLLIETY get a high fidelity Bell
: > pair.
0.7l ® |t consumes time
| because of the
: Success Probability classical
0.6} communication

Initial Fidelity 63



& Purification Scheduling . =—

U N,
. . . o} 200 b % T - Banded
» What happens if you available Bell pairs are not all the same ¢ 7o \ .. %L
. . . . o 50 F E \.\‘x . N -
» There 1s generally a trade of between link generation rate and fidelity g o5 e
0.638 0.638 0.638 5 10 ¢ Greedy -, Bottom-up ™
0.71 0.71 0.71 @ 5 Top-down * g
0.638 I_ 0.638 0.75 g 25 L.
0.7¢ 0.638 : T 1t x )f_
0.638 0.638 0.638 0.77 ® 0022 I
0.71 0.71 0.638 0.79 hops: 1 2 4 8 16 32 64 128 256 5121024
0.638 0.638 0.638 km:" 20 40 80 160 320 64012802560 5K 10K 20K
T ) Number of Hops (Total Distance)
purification purific......

succoeds succeeds Greedy Top Down:
: Pumping o9
Symmetric . : :») °.-0

0.638 071
0.71
0.757 0.638 Greedy Bottom Up:
0.698 0 638 ' A 5 | 0797 P
oo 0.638 . o .W..
0.638 0 638 ol o8 " B
0.71 0. ,
0.638 A 0.638 Banded:
. 0.638 o7 -0,
0.638 @ @ 'ighFidelity

Greedy Banded : : Low Fidelity
IEEE/ACM Transactions on Networking 17, 1002-1013 (2009).



7

One Step Quantum Purification

o The problem with most purification protocols is that there are potentially many
rounds of purification required.

o We can think about using quantum error detection codes (still probabilistic but
reduces the number of purification rounds)

( . One-way Entanglement Purification )
Alice Bob
\ pair 1 I
' [ Entangled Link )

|
| | |
|
I

l |
:' _
. |

S

|

. '
pair 3 |
T 0
|

|

|

|

[

. *
L4 .
“snmmmmmmmnnsm EE NI NN NS NN NN NN NS EEEEEEEEEEEEEEEEEEEEEEE®

\ Classical Message with Meaurement Results




Entanglement Purification and Swapping

Recurrence/Pumping Method

~

-

Recurrence/Pumping Method

Alice Bob Alice Bob
I Entangled Link I I Entangled Link I
@ | pairl e ® | pairl e
1 2 1 2
CNOT
D) -
o 37 o 4 5
k ...... g, e e .>.Class 1cal Messag é.s<. ..................... las S 1ca] Messag é.s<.. . g ’e ........
~ ~
Alice « DBob
: '
Entangled Link : —
 J pair 1 l—r-—
1 Repeater Node i

\




& Entanglement Purification and Swapping together

Fm 7 = FI0,)(0, [+ (1 - F)|®_)P_ [ a) )

O
©

O
oo

* purification

o
~

O .
o

" purification then]
. swapping
" swapping then 1
, purification |
. swapping

e e N '
0.5 0.6 0.7 0.8 0.9 1.0

k input Fidelity F J

e The maximum fidelity after purification is 1 — 2¢

output Fidelity F'

gate



# Entanglement Purification and Swapping together

( Werner state )
| 0 LR+ FIBUI® N+ W)+ W)
0.9 [ 3 round BT VAT e

® The form of the [ 2 round purification s,

imperfect Bell state has a | g !round purification wr;
*~ 1 3 rounds purification
profound effect on the

. then swapping
number of rounds of 0.7l swapping ., 0.08l
purification required | . 006t
: 0.94} .
0.6k (ool 2 rounds purification] =
: “a then swapping j
: 09960 062 064 096 098  1.00 1
P _ANNEY AN A input Fidelty F -~~~ ]
0.50L4 . *

0.5 0.6 0.7 0.8 0.9 1.0
g input Fidelity F )




So what do we need to make a quantum repeater

* Single or entangled photon source
* Single photon detector

* Quantum Memory

e Quantum Buffer

* Frequency convertor

* Linear optical elements



& Single Photon Sources and Detectors

4 )

N. Somaschi et.al,
quantph-1510.06499




Quantum Memories

Developing well, but efficiencies still limited !!

f Interfacing GHz-bandwidth h
single photons with a warm v
Raman memory

K New J. Phys. 17 (2015) 043006

e%d

apour

»
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Quantum Buffers

Seen

Pulse width:

Preservation of quantum coherence

H. Takesue, et al Nature Communications 4, 2725 (2013).

A pulsed (20 ps) single photon delayed by 150 ps
(ng=59) without major pulse distortion

100

80 | YH (} | %T
ool % ;};
40 L (} ‘}' + +

S TR

%4.8 2I5 25I.2 25;.4 25I.6 25I.8 2I6 26.2 26.4
A photon from a time-bin
entangled state was stored and
retrieved by CROW.
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Frequency Converters

Photon frequency conversion using cross-phase modulation

e

o

/

Photonic crystal fiber J

Idler wavelength (um)

Joint spectral distribution of correlated

photons
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B
=

1.52 = 152
&
Q

1.51 7 1.51
2

1.50 3 150
o

1.49 1.49 K

149 150 151 152 153 149 150 151 152 153

Signal wavelength (mm)

After the signal photons blue shifted

— Signatwavefength(mm)

Lossless and coherent manipulation of single-photon spectra

N. Matsuda, Sci. Adv. 2, e1501223
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Simple quantum circuits

Universally-reconfigurable
linear-optics circuit

Based on commercial silica-waveguide technology
Comprised of 15 Mach-Zehnder interferometers and 30 thermo-optic phase shifters
Arbitrary unitary transformation of path-encoded quantum states can be realized in a second

Operation at 800 nm

J. Carolan et al., Science 349, 711 (2015).
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* .."'Entanglement Swapping

/ Entanglement Generation between adjacent nodes \
T -~ | — 1 2 ( ) (
N = - = = B = - & XX —
S P S N B _ - =
qh) * * vEntanglement Purification
— — T [ E— f ) | z
= © JEE T N N B R B
c g * *Entanglement Swapping
T RIS s S E S g N
S 2 |G {lF [T il (e
- \/ \
q:) o B way pa B ]
= o — = XX
> E Entanglement Entanglement
cC = Purification Purification =
o 1 . 0 T £
8 c . [ -5 | I E
(O
8

—_— —
L] Longer Range Entanglement | ¢oe
. °
[ ] . ég
—_ > 2R
\_I Long-range Entanglement | :j




Matter and Photons

Matter-Based Quantum Networks
 Trapped ions, NV centers, Ensembles memories, ...
« Strengths: storage, local computation

 Weaknesses: interface complexity with photons

Photonic Quantum Networks
« Flying qubits: photons in fiber/free space

« Strengths: long-distance, low decoherence

e Challenges: photon loss, synchronization

Hybrid Quantum Networks

« Combine the two to leverage both strengths!!!




Quantum Relays vs Repeaters

~

Quantum Relay C) ; First Generation Quantum Repeater d)

L ot Bob . : . K’ﬂ\’ ® o K’ﬂ\”

1 \ /
: Entanglement Distribution ‘
——@ . | '@ @9 O
Entanglement Distribution ! Lot/ 4 J& Z_°/ “:&
15
'Q) .:‘ ."_- :"":""‘ :..-.“-
@9 Q: @ — o0 —)
P % ol B Probabilistic gfi_\iEntanglement Purfication %2t
o @ | @ Q0 @
s : Entanglement Swapping .:
I : IIIIIIII :
S\ -
1 T T 5
- - i ‘ \._'J : Entanglement Swapping ‘
T i maaaras N
I

¢

Entanglement Link .

o ]st generation quantum repeaters and relay’s look quite similar.

» Both can use the same entanglement distribution and swapping operations.
» Quantum repeater also include a purification mechanism ‘



= A warning: An unstable quantum network

anglement Geng

(==TE=T% I j w[]
» What happens as our networks get larger? S T i |
* Entanglement Swapping
/ . '/ E:.- :::l:: ‘ :a ..-D
. . . . . . . Ei_l’unﬁcal!on _LL:‘%‘—Pu:mcallo: -Q .. D %
‘ ‘. .‘ ‘. t ‘. .‘ 4. '7 ‘. t ’ D— Longer Range Entanglement E’ e D i
’ [ o anssr ——ng
Alice \ / 1.0
& @ Bob U
S 08 (e)
» Probabilistic operations become a real problem!!! 2
&)
" T 0.6
e
<
= 0.4
Yy
. . . o
(b) classical percolations (c) preiiglit}g; Srlll( a quantum ()
ng; > 2 N 0.2
) supercritical
regime
0.0
0.0 0.2 0.4 0.6 0.8 1.0

Prob link remains
B.C. Coutinho et. al, Communications Physics 5, 105 (2022).



Summary: Quantum Repeater act differently
* First we can not use amplifers to correct for single loss

 So instead we take our channel and divide it into smaller links

Alice

L/2

H)|[H) + [V)|V)
/2 Repeater 1

L/2

[H)[H) +[V)IV) Bob
V2

We create the Bell state between all the adjacent nodes

(distance should be short enough that we can do this with low error when it works)

Alice

Repeater 1

Bob

Entanglement swapping

0
|
~§
~\
7

- 1 -.gla‘§sical bits

A ]
| Xy
’ /']

l.

'l

(AKAl + (HI(H]

A Bell state at twice the distance

y.
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