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SUMMARY

Future quantum networks will enable the realisation of a large family of quantum pro-
tocols, hence allowing for implementation of various tasks ranging from quantum cryp-
tography through quantum computing to quantum metrology.

In this thesis we analyse and develop the building blocks of quantum repeater net-
works. These networks consist of quantum repeater nodes, which are equipped with
quantum memories enabling storage of quantum information. The repeater nodes are
connected using optical fibres that enable for the transmission of photonic quantum
signals between the repeater nodes.

We specifically focus on the two building blocks: remote entanglement generation
and entanglement distillation. We then investigate various proof of principle quantum
repeater schemes used for generating shared secret key between distant parties. The
repeater schemes that we consider utilise one to three memory nodes capable of gen-
erating memory-photon entanglement. Finally, we introduce a novel framework for in-
vestigating a foundational aspect in the use of quantum communication related to the
uncertainty principle.

Efficient remote entanglement generation is an indispensable building block of most
near-term quantum repeater networks. In this thesis we consider various remote en-
tanglement generation schemes that permit multiplexing, which aims at increasing the
throughput of this procedure. We find that for the specific schemes that are suitable for
platforms with a single communication qubit and multiple memory qubits, the perfor-
mance of the multiplexing approach is strongly dependent on the time it takes to per-
form local operations within the memory nodes.

Entanglement distillation enables for filtering out the noise from imperfect entan-
gled states using only local operations and classical communication. Using a general
framework for optimising such schemes, which we have developed, we have proven op-
timality of specific generic and experimentally relevant distillation schemes. We have
developed a general framework for optimising such schemes, which we have used to
prove optimality of various generic and experimentally relevant distillation schemes.

In designing proof of principle quantum repeater schemes we assume an information-
theoretic approach, which enables us to assess their performance in a hardware-agnostic
way. We find that all the schemes that we consider can prove useful in specific parame-
ter regimes for the nitrogen-vacancy centre platform. Moreover, we find that one scheme
which has already been realised experimentally in the context of remote entanglement
generation, is expected to significantly outperform every possible system based on di-
rect communication without repeaters. However, our analysis shows that encapsulating
the nitrogen-vacancy centres in optical cavities for the enhancement of the emission
rates is a necessary requirement for such a successful demonstration of the first proof-
of-principle quantum repeater.



xii SUMMARY

Finally, we investigate the quantum uncertainty principle which is a fundamental
feature of quantum mechanics, allowing for security in many quantum cryptographic
protocols. We find that in a particular scenario, relevant from the perspective of quan-
tum key distribution, a significant part of the observed uncertainty is in fact due to lack
of information rather than intrinsic. If the eavesdropper could access that information,
she would be able to much better, or in some cases even with certainty, guess the value
of the raw bit of the generated key.
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Toekomstige kwantumnetwerken zullen het mogelijk maken om een groot aantal proto-
collen in de kwantumcryptografie, kwantumcomputatie en kwantummetrologie te rea-
liseren.

In deze thesis analyseren en ontwikkelen wij de bouwblokken voor netwerken die
op kwantum repeaters gebaseerd zijn. Zulk soort netwerken bestaan uit kwantum-
knooppunten, die kwantumgeheugens bezitten die kwantuminformatie kunnen bewa-
ren. Verschillende knooppunten kunnen met elkaar verbonden zijn met optische fibers,
die gebruikt kunnen worden om fotonen door te sturen.

Hier zijn we specifiek geinteresseerd in twee van de bouwblokken, namelijk de ge-
neratie van kwantum verstrengeling over lange afstanden en de distillatie van deze ver-
strengeling. We onderzoeken experimenteel toegankelijke kwantum repeater protocol-
len die het mogelijk maken om cryptografische sleutels tussen twee personen te generen.
Deze repeater protocollen gebruiken één tot drie knooppunten, waarvan elk in staat is
om verstrengeling te generen tussen het geheugen en een foton. We concluderen met
een nieuw perspectief op fundamentele aspecten van de kwantumcommunicatie gere-
lateerd aan het onzekerheidsprincipe.

De effectieve generatie van verstrengeling is essentieel voor bijna alle kwantum re-
peater netwerken. In deze thesis onderzoeken wij verschillende protocollen voor de ge-
neratie van verstrengeling, die geparallelliseerd kunnen worden, wat de generatie van
verstrengeling versnelt.

De distillatie van verstrengeling is een protocol om de fouten in verstrengeling te
verminderen, waarbij enkel gebruik wordt gemaakt van lokale operaties en klassieke
communicatie. Wij ontwikkelen een nieuwe procedure voor de optimalisatie van ver-
strengeling distillatie protocollen. We gebruiken deze procedure om de optimaliteit van
bepaalde algemene en experimentele relevante distillatie protocollen aan te tonen.

Wij gebruiken een informatie-theoretisch perspectief om verschillende repeater pro-
tocollen tegen elkaar af te wegen. Dit maakt het mogelijk om de protocollen op een
hardware-onafhankelijke manier te beoordelen. We bevinden dat elk van de overwogen
protocollen gebaseerd op stikstof-gatcentra voor bepaalde parameters nuttig kunnen
zijn voor de generatie van verstrengeling op lange afstand. In het bijzonder bevinden
we dat één bepaald protocol — dat al experimenteel geimplementeerd is — veelbelovend
is, en de capaciteit heeft om effectiever cryptografische sleutels te genereren dan the-
oretisch mogelijk is met directe communicatie. Echter, dit vereist wel dat het stikstof-
gatcentrum wordt ingesloten in een optische trilholte, wat de emissie van fotonen effec-
tiever maakt.

Ten slotte onderzoeken wij kwantum onzekerheidsrelaties — één van de fundamen-
tele kenmerken van de kwantum mechanica. Kwantum onzekerheidsrelaties worden
toegepast in het aantonen van de veiligheid van vele kwantumcryptografie protocollen.
Wij onderzoeken een relevante situatie voor het genereren van cryptografische sleutels,

Xiii
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waar een groot deel van de onzekerheid niet intrinsiek is, maar zijn oorsprong vindt in
het ontbreken van informatie. Mocht een mogelijke afluisteraar die informatie achter-
halen, dan is het mogelijk om de cryptografische sleutel effectiever — en soms zelfs met
complete zekerheid - te raden.
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INTRODUCTION



2 1. INTRODUCTION

Quantum information, or more specifically, quantum communication and quan-
tum cryptography rely on the most fundamental features of quantum physics. In the
twentieth century those features could in general only be observed in individual proof
of principle experiments. Hence, in the early days of quantum information, it was a
scientific field mostly inhabited by theorists who, working in an abstract Hilbert space
where quantum states can be easily generated, stored, manipulated and transmitted, de-
vised lot of fascinating practical applications based on quantum mechanical phenom-
ena. However, due to the recent experimental progress in control of various quantum
systems, multiple of those application protocols or their parts no longer take place ex-
clusively in the Hilbert space, but can also be realised in a lab. Finally, the field of quan-
tum engineering has recently emerged in response to the recent experimental progress
in the development of various quantum technologies.

The subfields of quantum communication and quantum cryptography rely on two
fundamental corner-stones of the quantum theory: the uncertainty principle and quan-
tum correlations. The first one, originally formalised by Heisenberg [1], Kennard [2] and
Robertson [3] in the context of standard deviations, has over the years been subjected to
a new, information-theoretic approach. This has led to the development of the entropic
formulation of the uncertainty principle [4] which has become a fundamental tool in
analysing and proving security of various quantum cryptographic protocols. Quantum
correlations on the other hand have first led to a strong turmoil in the quantum physics
community after the release of the famous EPR paper [5]. The later developed math-
ematical framework of Bell’s inequalities [6], enabling rigorous and practical quantifi-
cation of these correlations, has become another fundamental tool within the field of
quantum cryptography.

The first cryptographic applications of quantum theory can be linked to Wiesner’s
proposal for quantum money [7]. This has been followed by the BB84 prepare-and-
measure quantum key distribution protocol [8] and the protocol based on quantum cor-
relations for which the security is quantified using Bell’s Theorem [9]. Since then, a large
number of quantum cryptographic protocols have been proposed. The common feature
of most of them, together with certain protocols from the fields of quantum computing
and quantum metrology, is the requirement for being able to either generate remote en-
tanglement between distant parties, or be able to reliably transmit between them at least
certain specific quantum states.

Recent experimental developments in the ability to prepare, transmit and measure
individual photons and weak laser pulses have opened the way for the real-life demon-
strations of many of those proposed quantum communication protocols. Nevertheless,
the ability to transfer quantum states over arbitrarily long distances is still a technolog-
ical challenge. In this thesis, guided by the recent experimental milestones in the de-
velopment of quantum communication technologies, we propose, optimise and assess
various practical schemes and protocols for demonstrating different building blocks of
the quantum repeater network.

In Chapter 2] we introduce the mathematical tools that we use throughout the the-
sis. In particular we introduce the quantum channel formalism that we use to model
quantum operations and noise processes. We then introduce various relevant ways for
quantifying entanglement and the framework of semidefinite programming which will
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prove useful in dealing with multiple optimisation problems. In Chapter [3|we provide
a basic introduction to different types of quantum repeaters and their building blocks.
We also discuss different ways of assessing the performance of such quantum repeater
networks. In Chapter[4]we analyse remote entanglement generation between two mem-
ory nodes, each equipped with one communication qubit with an optical interface, and
possibly multiple additional memory qubits, enabling multiplexing. We assess differ-
ent remote entanglement generation schemes for this setup aiming at maximising the
throughput. We then apply our model to the nitrogen-vacancy (NV) centre platform.
In Chapter [5|we develop a framework for assessing optimality of existing, realistic en-
tanglement distillation schemes and for finding new schemes starting from the existing
ones. We then apply this framework to multiple generic and experimentally relevant sce-
narios. In Chapter [6|we assess the performance of a simple proof of principle repeater
scheme utilising one memory node. We again perform a specific numerical analysis for
the NV-centre setup. This time we use a different metric than throughput, which allows
us to make information-theoretic statements about the candidate repeater scheme. In
Chapter [7] we extend this analysis to three additional NV-centre based schemes utilis-
ing two or three memory nodes. In Chapter [8|we revisit the fundamental feature of the
quantum theory - the uncertainty principle. We consider a particular guessing game
scenario, which provides a natural extension to the well-known framework from the lit-
erature used for developing novel entropic uncertainty relations. Moreover, this sce-
nario directly reflects certain attacks of the eavesdropper in quantum key distribution
and therefore our investigation provides new insights into security of specific crypto-
graphic protocols. Finally, in Chapter [9)we summarise the results of this thesis, briefly
discuss the prospects of applying our models to other physical platforms, and provide
an outlook for the future research.
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MATHEMATICAL PRELIMINARIES

In this chapter we introduce certain mathematical concepts and tools that we will fre-
quently use throughout the thesis. Firstly we will introduce the general framework for
quantum channels and quantum operations. We will also provide specific examples of
channels that we will later use to model the noise or loss in our quantum repeater schemes.
Secondly, we will introduce a few ways of quantifying the quality of entanglement which
we will use in assessing the performance of quantum repeater schemes and their individ-
ual building blocks. Finally we will introduce the convex optimisation method of semidef-
inite programming that is widely used in quantum information theory and which we ex-
tensively use in Chapters[5and[§



6 2. MATHEMATICAL PRELIMINARIES

2.1. QUANTUM CHANNELS AND OPERATIONS

Transformations between different quantum states are at a core of quantum informa-
tion theory. In general we can consider two types of transformations. Firstly, we want
to be able to manipulate quantum states in a controlled manner in order to be able to
perform desired quantum operations. Secondly, various noise processes will necessarily
also transform a quantum state and these are the transformations that ideally we would
like to suppress. In fact all such transformations describing valid physical processes can
be treated together within the framework of quantum channels. Quantum channels are
described by Completely Positive Trace Preserving (CPTP) linear maps [1] which we de-
fine below together with the linear operators on which they act.

Definition 2.1.1. A linear operator B acting on a Hilbert space #, is a linear map from
J onto itself, B : A — F. The set of all linear operators acting on a Hilbert space F is
denoted as B (F).

Definition 2.1.2. A Completely Positive Trace Preserving (CPTP) linear map A ,_, ; is a
linear map transforming linear operators 98 (/€4) acting on a Hilbert space #€, into lin-
ear operators % (7€) acting on a Hilbert space 7€

Ay i B(Fn) — B(H5), 2.1
such that:
e Itis trace-preserving, that is:

VopeB(Au): trlA,_ ;(0)] =tx[p] (2.2)

e It is completely positive, that is:

Vp€RB(AHn®HB), suchthatp=0: (A,_ ;015 3)p=0. (2.3)

A useful way of describing the action of a channel is by using its Kraus operators.

Theorem 2.1.3. To every CPTP map A ,_. ; : B (F4) — B (H;) we can associate the set
of Kraus operators {E;}, such that the action of the channel can be represented as:

VpeB(Hn): Ay ;(p) =Y EipEl 2.4)
i

The trace-preserving property of the channel requires the Kraus operators to satisfy the
condition)_; EITE,- =I

In this thesis we will be mostly concerned with the action of quantum channels on
density matrices, hence we will study the action of CPTP maps on the elements of the set
D (H) c B(H) such that: D (A) = {p € B(H) : p =0 Atr[p] = 1}. Moreover, from now
on, we will use p to denote density matrices, i.e. the elements of the set 2 (/).

We will now provide a few examples of well-known qubit channels [I] that we will
often use throughout the thesis to describe various noise and loss processes.
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2.1.1. DEPOLARISING CHANNEL
A depolarising channel with parameter A performs the mapping:

I
A (p) =Ap+(1-1)3. (2.5)
This channel can also be described in terms of its Kraus operators:
V1+31 1-1 vV1i-4 vV1-A4
Ey= ; L E-= > X, EZZTY» E3 = > Z. (2.6)

We see that this channel with probability 1 — A erases all the information about the
state. Hence we can often think of a depolarising channel as a worst case scenario model
of a particular noise process. We will often use this channel to model the noise due to
imperfect gates performed within the quantum nodes and to model certain decoherence
noise processes within NV (Nitrogen-Vacancy) centre memory nodes (the NV platform
is discussed in more detail in Chapters[4}[6|and[7).

2.1.2. DEPHASING CHANNEL
The dephasing channel is defined with respect to a given basis. A dephasing in the basis
P e {X,Y, Z} with parameter A performs the mapping:

A (p)=Ap+(1-N)PpP. 2.7)
This channel can also be described in terms of its Kraus operators:

Eo=VAL, E; =V1-AP. (2.8)

The dephasing channel will be used as a common noise model for the dominant deco-
herence noise processes within NV centre memory nodes as well as for loss of informa-
tion about the optical phase of the photonic qubit.

2.1.3. AMPLITUDE DAMPING CHANNEL
An amplitude damping channel is best described using its Kraus operators. Specifically,
the amplitude damping channel with damping parameter y has Kraus operators:

(1 0 (0 V¥

Fo=o \/l—y)’ m=lo %) @9

This channel will be used to describe the effect of photon loss when the qubit is en-
coded in the presence/absence of a photon.

2.1.4. ERASURE CHANNEL
An erasure channel is a channel which probabilistically erases the qubit. Such a channel
with an erasure probability y can be described by a mapping:

AP)=yp+ A=y LXL]I. (2.10)

Here, | 1) is a flag carrying the information that the qubit p has been erased. This flag
is orthogonal to all the input states. An erasure channel will be used to describe effect
of photon loss when the dual rail encoding of the photonic qubit is used e.g. time-bin
encoding.




8 2. MATHEMATICAL PRELIMINARIES

2.2. QUANTIFYING ENTANGLEMENT

Bipartite quantum states can be divided into two classes of states: entangled states and
separable states [2]. Let us first define these two terms:

Definition 2.2.1. A bipartite quantum state p sg is a separable state if there exists a convex
decomposition:

p=)Y piol el 2.11)
i

for some{p;} such thatVi,p; =0 andy.; p; =1 and for some ensembles of quantum states
{o'} and {t'}. We will label the set of all such separable states as SEP

Definition 2.2.2. A bipartite quantum state p op is an entangled state if it does not admit
a decomposition of the form given in Eq. 2.11). In other words p 4 is entangled if and
onlyifp ¢ SEP.

In general it is an NP-hard problem to determine whether a given p is in SEP or
not [3,[4]. To help us characterise entangled states we will now introduce two ways of
quantifying entanglement that we will use in this thesis. Firstly, let us introduce the
notion of an entanglement monotone and an entanglement measure. We note that
throughout the literature there have been many different definitions of these two no-
tions. In particular, some definitions impose on these notions large number of necessary
properties such as, e.g. additivity or convexity while others do not, see e.g. [2}[5,[6]. Here
we introduce minimalistic definitions that are sufficient for our purposes.

Definition 2.2.3. An entanglement monotone g is a function that maps a quantum state
to a non-negative real number:
g:2(H) — Ry 2.12)

such that:

* the function g does not increase under local operations and classical communica-
tion (LOCC).

Definition 2.2.4. An entanglement measure G is a function that maps a quantum state
to a non-negative real number:
G:9 (#) — Rxp (2.13)

such that:
* the function G is an entanglement monotone,
* YpeSEPG(p)=0

Clearly the second condition implies that if G(p) > 0, then p must be entangled. A
widely used entanglement measure which has a clear operational meaning is the distill-

able entanglement [5 6].
Definition 2.2.5. Let |<DB) = \/LE Z?: _01 |ii) denote an EPR pair of local dimension D and

let @}, = |® @} |. Then the distillable entanglement of a state p is defined as:

Ep(p) =sup { r: lim (AeiLr(l)fCC (NGO

1) =o}. (2.14)
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Here ||.|l; denotes the trace norm. As this rigorous definition might not be very intu-
itive, let us try to paraphrase it in an informal and non-rigorous way.

Let N(p) denote the number of available copies of the state p. Let M) (IN(p)) denote
the number of close to perfect EPR pairs of local dimension D = 2 that can be distilled
from those N copies of the state p with the LOCC distillation protocol A such that for
large N these output states approach perfect EPR pairs [6]. Then the distillable entan-
glement of the state p can be interpreted as:

. Mz (N(p))
Ep(p)= lim sup ———= (2.15)
D= o sctoee . N()

In other words distillable entanglement of the state p is an optimal rate of distilling
perfect Bell pairs in the limit of infinitely many copies of the input state p and after opti-
mising over all LOCC protocols.

Let us now list some useful properties of distillable entanglement. Let p € (4 ®
/) be abipartite state acting on the Hilbert space /4 ® #5, where dim(#4) = dim(#p) =
D. Then:

°* 0<Ep(p) <logD

 Ep(p) =logDif and only if there exists a local unitary U such that Te U)p(IeU") =
@7,. Thatis the value of log D is reached only by maximally entangled states of local
dimension D.

Unfortunately distillable entanglement is in general very hard to compute. Therefore
here we will often use a different way of assessing the amount of entanglement using
fidelity to the closest maximally entangled state referred to also as the singlet fraction.
Let us first define fidelity between two quantum states [I].

Definition 2.2.6. Let p; € 2(H) and p, € D(F) denote two quantum states acting on
the Hilbert space #, such that dim(#°) = D. Then the fidelity of p; to p» is defined as:

f(pl,pz)=(tr[\/\/ﬁp1\/ﬁl)2 (2.16)

Remark 2.2.7. Wenotethatifp, = |l@)(y| is a pure state, then fidelity reduces to f (p,|w)) =
wiply).

Now let us define the singlet fraction, which is just the fidelity to the closest maxi-
mally entangled state [7].

Definition 2.2.8. Let U denote a local unitary of dimension D. The singlet fraction of the
bipartite quantum state p € D (4 ® SEp) acting on the Hilbert space /€4 ® g, where
dim(#4) = dim(A#p) = D, is then given by:

F(p) = max f(p, Lo V)@ (s ) 2.17)
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We note that in most cases it is very obvious what the closest maximally entangled
state is or we want to measure fidelity to a fixed maximally entangled state such as |®},).
Hence in this thesis we will often use just the term fidelity to describe both fidelity to a
specific maximally entangled state and the singlet fraction, as in most cases they will be
the same.

Such a singlet fraction has certain very useful properties which allow us to make var-
ious claims about the entanglement of the state:

Lemma 2.2.9. Let p € 2(F4 ® FB) be a bipartite state acting on the Hilbert space /€4 ®
A, wheredim(A#,) = dim(#) = D. Then:

* F(p) =1 if and only if there exists a local unitary U such that (I® U)p(I® Uh =
®},. That is the value of one is reached only by maximally entangled states of local
dimension D.

* Ype SERF(p) < 3 [8].
* IfF(p) > % then Ep(p) >0 [8].

An important comment to be made here is that while fidelity is easy to compute, it
is not an entanglement measure. Not only does it not vanish for separable states but it
can also increase under LOCC. In particular there exists a class of entangled two-qubit
states with 1/3 < F < 2/3 for which it is possible to increase the singlet fraction using
LOCC. This is quite obvious in the regime F < 0.5 where one can just replace the state
with a product state for which F = 0.5 (possibly destroying all the entanglement), but
it is interesting to note that even for some entangled states for which F > 0.5 it is still
possible to increase the singlet fraction via LOCC. For two-qubit states, for high fidelities
the singlet fraction becomes close to certain entanglement monotones and therefore can
no longer increase via LOCC [9]. Hence, although throughout this thesis we will often
aim at maximising fidelity of remote entangled states it must be noted that it is only the
high fidelity regime, where fidelity can be treated as a reliable indicator of the amount of
entanglement in the state. This is also the regime in which we are interested, as highly
entangled states are needed for most practical applications of quantum networks.

In this section we have already been explicitly referring to specific maximally entan-
gled states. Throughout this thesis we will most often be interested in two-qubit maxi-
mally entangled states. We will then frequently use the four maximally entangled states
defining the so called Bell basis: {|®*),|®7),|¥*), ¥ ™)}, where:

1

®*) = — (|00) £ [11)), 2.18

|D=) \/Z(I )y £111)) (2.18)
1

wEy = — (|01) £10)) . 2.19

[P=) \/§(| )y +110)) (2.19)

Moreover we will often use the notation 1 to denote the density matrix corresponding
to the pure state |y).
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2.3. SEMIDEFINITE PROGRAMMING

The last section of this chapter will discuss the tool of semidefinite programming which
is a widely used tool from convex optimisation that has many applications in quantum
information.

Let us first define the concept of a convex optimisation problem. For that we will
need to define the notions of a convex set and convex function.

Definition 2.3.1. A given set S is a convex set if for every a, b € S and for every p € [0,1], it
holds that pa+ (1-p)beS.

Definition 2.3.2. A given real valued function f defined on a convex set S:
f:S—=R (2.20)

is a convex function if for all a, b € S and for every p € [0,1], it holds that f (pa+(1—p)b) <
pfla)+Q—p)fb).

Analogously we can also define a concave function:
Definition 2.3.3. A given real valued function f defined on a convex set S:
f:S—R (2.21)

is a concave function if forall a, b € S and for every p € [0,1], it holds that f (pa+(1—-p)b) =
pfla)+(1-p)f(b).

Now we define the general form of a convex optimisation problem:

Definition 2.3.4. A convex optimisation problem is an optimisation problem that can be
written in the form:

minimize  f(x)
subjectto xeS .

Optimisation Program 1.

where S is a convex set and f is a convex function on the set S.

Note that every problem that can be written in this form can also be written in the
form of a maximisation problem (e.g. by just redefining the objective function f(x) —
g(x) =—fx):

maximize  g(x)
subjectto x€S .

Optimisation Program 2.

where S is a convex set and g is a concave function on the set S.
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Hence for convex optimisation we require the objective function to be convex for
minimisation problems and concave for maximisation ones. The crucial property of the
convex optimisation problems is that any local optimum of such a problem is guaran-
teed to be a global one. This property makes it possible to solve such problems effi-
ciently.

Semidefinite programs (SDP) form a specific family of convex optimisation prob-
lems. In a semidefinite program the set S is defined via linear and semidefinite con-
straints. Such a set is a convex set and the objective function f is linear. We remark
that an appealing feature of semidefinite programs is the duality [10] of the SDP. For ev-
ery SDP that we will call a primal program and where we perform optimisation over the
variable X so that we can denote the objective function as p(X), there exists a dual pro-
gram which depends on variables Y;, Y, and whose objective function we will denote
as d(Y1, Y»). If we choose the convention that the primal problem is the maximisation
problem, then its dual is then a minimisation problem. It is an appealing feature of SDP
duality - known as weak duality - that

dY1,Y2)-pX)=0. (2.22)

Finding values for Y7, Y, that satisfy the constraints of the dual SDP thus always results
in upper bounds d(Y1,Y2) = p*, where p* denotes the optimal solution of the primal
program. Furthermore, if such variables satisfy d (Y3, Y2) = p(X), then we know that the
optimal solution has been found.

We remark that it is this feature that makes SDPs highly appealing as a numerical
method, since a numerical SDP solver will find primal and dual variables which form
a certificate for optimality, or - if due to finite precision in numerical calculations opti-
mality is reached only approximately - a certificate for approximate optimality in which
the difference between the dual and primal (d — p) is sufficiently small [10]. In addition,
however, SDPs can thus also be used to prove optimality analytically, if one can make an
educated guess for the primal and dual variables.

Let us now be more specific and specify exactly the forms of the two problems. There
are various ways of presenting a general semidefinite program. It is most convenient for
our purposes to use the following form, given in [11], for an SDP and its dual:

e Primal:

maximise  tr[AX]

subjectto  ®;(X)=B; ,
D (X) =By,
X=0.

Optimisation Program 3.

e Dual:
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minimize tr(B; Y]] + tr[B2 Ys]

subjectto  ®! () +@l(v)= A,
n=y,

Y,=0.

Optimisation Program 4.

Here A, B;, By are Hermitian matrices, ®; and ®, are Hermiticity preserving linear maps
and @' is a Hermiticity preserving linear map uniquely defined in terms of ® through the
following relation: tr [®(X)Y] = tr [X@*(Y)] for all Hermitian matrices X and Y. Notice
that the map @' reverses the order of the spaces as compared to the original map ®.
The variables of the primal SDP are the matrix elements of the Hermitian matrix X
and any X that satisfies the constraints is termed a feasible X. Likewise the variables
of the dual SDP are the Hermitian matrices Y; and Y», and such matrices are termed
feasible if they satisfy the constraints of the dual SDP. It is a very straightforward obser-
vation that feasible points of the dual SDP can be used to provide bounds on the primal
optimum and vice versa. To show this consider feasible variables X, Y1, Y»; then we have

dY1,Y2) - p(X) =tr[B1 V1] +tr[By Yo] — tr [AX]
=tr[@ (X) V7] +tr [P (X) V2]

+1r[(By — D2 (X)) Ya] — tr[AX] (2.23)

=tr | X (@] (V1) + D} (¥2) = A)| +tr[(B2 - ©2(X)) Y2] 2 0.

The first equality just comes from implementing the equality constraints of the primal
SDP. The second equality is just an application of the definition of ®', and the final in-
equality arises from the inequality constraints of the SDP and the fact that tr[XY] = 0 if
X z0and Y = 0. This weak duality is the key tool that we will use in Chapters[5|and 8]
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QUANTUM REPEATER BASED
QUANTUM NETWORKS

This chapter introduces the concept of a quantum repeater network and discusses the three
conceptually different techniques of distributing long distance entanglement, the so called
three generations of quantum repeaters. These three generations offer a trade-off between
the efficiency of the network and required experimental resources. For the first generation,
which will be the focus of this thesis, we then in detail introduce the three main building
blocks of such a network: remote entanglement generation, entanglement distillation and
entanglement swapping. Finally we introduce different measures of assessing and quanti-
fying the performance of both the total repeater network as well as its individual building
blocks for different quantum information processing tasks. We also discuss in detail the
advantages and disadvantages of each of these assessment methods.

15
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3.1. QUANTUM REPEATERS

Quantum communication enables the implementation of tasks with qualitative advan-
tages with respect to classical communication, including secret key distribution [1} 2],
various two-party cryptographic tasks [3H7], clock synchronization [8}9], extending base-
line of telescopes [10], anonymous state transfer [11] and secure quantum cloud com-
putation [12}[13]. Unfortunately, the transmission of both classical and quantum infor-
mation over optical fibres decreases exponentially with the distance. While the problem
of losses applies both to classical and quantum communication, classical information
can be amplified at intermediate nodes, preventing the signal from dying out and thus
increasing the rate of transmitted information. At the same time, the existence of a quan-
tum analogue of a classical amplifier is prohibited by the no-cloning theorem [14]. For-
tunately, in principle it is possible to construct a quantum repeater to increase the rate
of transmission without having to amplify the signal [15} [16]. Hence, the construction
of a quantum repeater would represent a fundamental milestone towards long-distance
quantum communications.

The basic idea of a quantum repeater protocol has undergone many changes since
its original proposal [15]. The authors of this scheme showed that by dividing the entire
communication distance into smaller segments, generating entanglement over those
short links and performing an entanglement swapping operation at each of the interme-
diate nodes in a nested way, one can establish long-distance entanglement. It was also
shown that by including the procedure of entanglement distillation, one can further-
more overcome the problem of noise. Effectively, the authors proposed a scheme that
enables one to generate a high-quality long-distance entangled link with an overhead in
resources that scales polynomially with distance. Unfortunately, this model does not go
into detail of how the physical imperfections of realistic devices, such as decoherence of
the quantum memories with time or possibly the probabilistic nature of entanglement
swapping, affect the performance. These observations have led to the development of
significantly more detailed and accurate, but at the same time significantly more com-
plex, repeater schemes [I7H21]. Many quantum repeater proposals require significant
resources and are thus not within experimental reach. However, the recent experimental
progress in the development of quantum memories [22424] has brought the realisation
of a quantum repeater closer than ever.

Before we start discussing specific repeater proposals, it is important to note that
such quantum repeater networks could be used for different tasks. In fact different stages
of a future quantum internet have been proposed [25] where each higher stage intro-
duces new capabilities. It is clear that designing a repeater scheme that only enables
long distance quantum key distribution (QKD) is experimentally easier than designing a
scheme for distribution of long distance entanglement that can later be stored for some
time and possibly operated on in some way. In particular, even entanglement-based
QKD does not require an individual moment in time in which Alice and Bob directly hold
entangled particles. This can significantly reduce the required quantum storage time
with respect to entanglement distribution networks. However, it must be emphasised
that whenever we refer here to QKD networks we still require the intermediate quan-
tum repeaters to be untrusted. This means that in none of the intermediate nodes is it
allowed for the encoded bit value to be decoded into classical information and subse-
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quently encoded again in the new quantum signal. Such trusted repeater networks for
QKD already exist and require one to trust the intermediate decoding/encoding nodes.

3.2. GENERATIONS OF QUANTUM REPEATERS

Over the years a large number of repeater schemes have been proposed. The main
bottle-neck is related to the classical communication within the network. Not only does
a large amount of classical communication make the network slow, but more impor-
tantly, it places high requirement on the storage capabilities of quantum memories. Such
long required storage time might become unachievable for any realistic quantum mem-
ories which provides a strong motivation for developing repeater schemes with reduced
storage demand. As we will see, there is a trade-off between the required capabilities of
the quantum operations that we can perform and the required storage time.

3.2.1. FIRST GENERATION

The first generation of quantum repeaters requires the ability to perform relatively sim-
ple quantum operations but if it is applied over large distances, it requires quantum
memories with very long coherence times. A primary example of a quantum repeater
from within this generation is the original repeater scheme [15]. This scheme consists of
the following building blocks:

* Remote entanglement generation of the elementary links,
* Entanglement distillation,
* Entanglement swapping.

The general idea behind the first generation repeaters is also depicted in Fig.

We will later go into more detail with regard to each of these building blocks. For the
moment let us assume that we have a way of generating entanglement between neigh-
bouring nodes in a network which are sufficiently close to each other such that with
dominant probability an entangled link can be generated within a fixed time. Many
experimental platforms allow for various multiplexing techniques which can help us
achieve this goal, see e.g. [26H31] and Chapter[4]

Entanglement distillation is a technique for overcoming noise. In particular, it en-
ables us to concentrate entanglement from a number of weakly entangled copies into a
smaller number of more strongly entangled ones. Such entanglement distillation tech-
niques are normally probabilistic, yet heralded. Most of the studied practical entan-
glement distillation schemes operate on two copies and aim at distilling a single more
strongly entangled copy. We will go into more detail with regard to entanglement dis-
tillation later. For now let us also assume that we can perform single- and two-qubit
operations and that the noise introduced by those operations is sufficiently small such
that it indeed pays off to perform entanglement distillation.

Finally, the generated and distilled high quality entangled links are then connected
at the intermediate memory nodes using entanglement swapping, which is effectively a
Bell state measurement that enables us to perform the transformation: |®) 45, |®)p,c —
|®) Ac|DP) B, B,- Here A and C are the end-nodes with a single intermediate node storing
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Figure 3.1: The general framework of a first generation quantum repeater scheme. For simplic-
ity distillation is excluded from this figure. In the step "1. Generation", Bell-pairs are generated
between physical qubits located at neighbouring repeater nodes. In the step "2. Connection",
Bell measurements are performed at the repeater stations. Depending on the specific repeater
scheme, the order in which different repeaters perform entanglement swapping can vary, with
possible inclusion of entanglement distillation in between the swaps. Entanglement swapping can
be either probabilistic or deterministic depending on the specific physical platform. In this the-
sis we will focus mostly on deterministic swapping implemented inside NV-centre based memory
nodes. For those systems the Bell measurement can be performed using a single two-qubit gate
followed by two single-qubit measurements as shown in the green-framed window. Such a Bell
measurement gives a two-bit outcome carrying information about which effective Bell state pro-
jector was implemented. Finally, in the step "3. Pauli Frame", this information about the Bell
measurement outcomes from all the repeater stations is forwarded to the end nodes. This deter-
mines the Pauli frame for those end-node qubits, or equivalently, it determines the local correction
that the end nodes need to implement in order to obtain a desired long-distance Bell state. Figure
taken from [18], courtesy of Liang Jiang.
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two qubits By B, on which the Bell state measurement is performed and |®) denotes a
maximally entangled state. As was discussed in [15} 26} [32] thanks to the possibility of
independent entanglement generation of each of the elementary links, even with prob-
abilistic entanglement distillation, the time of generating the effective states increases
only polynomially with the total distance between Alice and Bob. The number of needed
qubits per node increases also either polynomially or logarithmically depending on the
way entanglement distillation is performed [15]. We note that some memories enable
the implementation of deterministic entanglement swapping [33}34] while the so called
read-and-write memories require us to perform this operation optically which is inher-
ently probabilistic, even in the limit of no intrinsic losses [26]. Fortunately, it has been
shown that even if the entanglement swapping is probabilistic, one can still maintain
polynomial scaling of the generation time [26]. Let us now for a moment assume that
we have access to memories allowing for deterministic swapping. We have hence en-
visioned a highly optimistic scenario: memories enabling deterministic swapping with
high quality gates enabling efficient entanglement distillation.

However, although we have already mentioned that we want to include entangle-
ment distillation in order to increase the quality of the generated quantum states, we
have not discussed yet what would be the effective quality of the resulting state. This is-
sue is very strongly linked to the coherence time of the quantum memories that we use.
Within our repeater protocol there are many processes that require us to be able to store
quantum states while other operations are being performed.

First of all, unfortunately being able to connect all entangled links requires us to
firstly generate all of them. While we effectively can start performing entanglement
swapping between the neighbouring nodes before all the elementary links are there, we
will inevitably need to store some of the states while waiting for the generation of certain
other links. The corresponding decoherence can significantly decrease the quality of en-
tangled links, even if they were generated absolutely perfect, if we do not have access to
quantum memories with sufficiently long coherence times.

Secondly, there are certain storage requirements related to entanglement distillation
itself. It has been proposed that one should interleave entanglement swapping with mul-
tiple rounds of entanglement distillation to preserve the effective quality of the state [15].
Unfortunately scaling up such a procedure is a significant challenge, since, as we will
discuss later, entanglement distillation requires two-way communication and hence ef-
fectively the required waiting time would scale with the total distance between Alice and
Bob. While for first short network demonstrations this might not be a problem, for larger
networks such a scheme could possibly be rendered unscalable by the fact that stor-
age time corresponding to multiple rounds of communication over very long distances
might not be achievable.

This naturally brings us to a question whether this entanglement distillation at every
nested level is actually necessary. Unfortunately even small imperfections in the opera-
tions can significantly decrease quality of entanglement during multiple entanglement
swappings. Finally, even perfect entanglement swapping will significantly decrease the
quality of the resulting states if the Bell pairs to be swapped are imperfect. Let us con-




20 3. QUANTUM REPEATER BASED QUANTUM NETWORKS

sider a scenario, where just before swapping the copies are in an isotropic state:

I
P=P|¢><¢I+(1—P)Z- 3.1

Then performing entanglement swapping on such two copies would effectively result in
a state:

2 2 I
p=pIOXOI+(1-p )Z' (3.2)

These considerations make it clear that it is indeed necessary to continuously keep com-
pensating for the loss of fidelity during swapping by performing repeated entanglement
distillation, which as we mentioned, places high demands on the quantum memories.
This procedure would not be necessary only if all the elementary links at the time of
entanglement swapping and the local operations are close to perfect.

Of course systems with probabilistic entanglement swapping make this even more
challenging. They will either require us to be able to store certain links for longer while
we try to restore certain neighbouring links which failed during swapping or it can ex-
ponentially decrease the success rate of the total link in case all the swapping operations
were performed at the same time. The second option could also only be taken into con-
sideration if the noise coming from other sources than memory decoherence was neg-
ligible, as discussed in the previous paragraph. Finally, independently which option we
choose, if the goal of the repeater scheme is to generate end to end entanglement rather
than only generate shared secret key, then probabilistic swapping will in general also re-
quire the end nodes to store quantum information while awaiting failure/success infor-
mation from all the swapping stations, again requiring quantum storage scaling linearly
with the length of the network.

We see that the main challenge of the first generation quantum repeaters relates
to the requirement on quantum storage. However, since for many physical systems
achieving coherence times of the order of at least seconds has already been demon-
strated [22} [(35H39], in principle it should be possible to face this challenge. Another
advantage of such repeater schemes is that they only require the ability to perform a
limited number of simple single- and two-qubit operations hence placing very limited
demands on the processing power of the individual nodes. For these reasons we will
focus in this thesis on developing reliable building blocks of certain repeater schemes
belonging to this category.

Nevertheless, there have been many proposals for repeater architectures that signifi-
cantly reduce the storage requirement of the memories and allow for much faster remote
entanglement generation. However, as we will now see, they require the ability to per-
form much more involved local operations and therefore it is not expected that the first
proof of principle repeaters will be of this kind. These higher generations are introduced
in the next sections.

3.2.2. SECOND GENERATION

To overcome the necessity of communication time scaling linearly with the total distance
between the end nodes, one needs to replace the corresponding problematic compo-
nents which impose these limitations. These are entanglement distillation and proba-
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bilistic entanglement swapping. As we have already discussed, probabilistic entangle-
ment swapping can be overcome just by using specific platforms that allow for perform-
ing deterministic Bell measurements between matter qubits.

The problem of two way communication needed for heralding success of distillation
is more tricky. To overcome this problem it was proposed to replace such heralded dis-
tillation with either distillation based on one-way quantum error correction [32} [40H42]
or with classical error correction combined with entanglement swapping performed on
the encoded level [18]. In the first method we effectively perform a deterministic entan-
glement distillation. In the second method we can also obtain protection against imper-
fect entanglement swapping. Specifically, we convert the physical elementary links into
large encoded Bell pairs where the encoding guarantees protection against operational
errors. Then all the entanglement swapping operations can be reliably performed on this
encoded level such that no distillation is now necessary, see Figure In this way the
required storage time scales linearly only with the distance corresponding to the initial
elementary links. Moreover, it has been also found that for such a scheme the average
time of generating long distance entanglement will grow only poly-logarithmically with
distance.

Hence, we see that the second generation of quantum repeaters significantly reduces
the requirement on the memory storage time and improves the scaling of the rate of
generating these pairs. However in order to be able to realise such a repeater scheme, a
much larger number of possibly more complicated operations needs to be performed,
hence requiring the ability to perform much better gates than for the first generation
repeaters.

3.2.3. THIRD GENERATION

In the second generation repeaters error correction has been used to overcome only the
operational errors and noise. It has also been suggested that loss tolerant codes could as
well be used to overcome the problem of losses. In this way heralded remote entangle-
ment generation will no longer be required, eliminating the need to maintain coherence
during the communication time over the elementary links. These proposals form the
basis of third generation repeaters |20, 43]. In those schemes, logical qubits become en-
coded in large number of photons using such loss tolerant codes. These photons are
then transmitted to the next neighbouring node where the encoded state is transferred
to the memories. The loss errors are then corrected and the logical qubit is again trans-
ferred to photonic qubits and then forwarded to the next node. We depict such a third
generation repeater in Fig.[3.3] Now the only requirement on the memories is to be able
to reliably store the state during the process of error correction, making it completely
independent of the communication time between nodes. Of course, using error correct-
ing codes to overcome both the operational errors and losses requires more advanced
operations than in the second generation repeaters. This in turn requires even higher
gate fidelities. Finally it must be noted that such one-way loss tolerant codes can only
tolerate losses up to 50% [44]. Intuitively this can be explained by noting that for losses
of more than 50%, effectively, Eve could receive more signal from Alice than Bob. This
means that the repeater stations are now required to be placed much more densely.
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Figure 3.2: Schematic overview of the second generation repeater scheme proposed in [18]. In
phase "1. Encoded Generation", encoded Bell states are generated between neighbouring repeater
nodes. This can be achieved by i) encoding local qubits in neighbouring nodes, ii) using additional
physical qubits in those nodes to generate physical Bell pairs, iii) using the physical Bell pairs to
transform the tensor product of the encoded qubits in the two nodes into an encoded Bell pair. In
phase "2. Encoded Connection", a logical noise-tolerant entanglement swapping is performed on
the encoded Bell pairs at the repeater nodes. Each node generates two bits of classical information
carrying information about the outcome of the Bell measurement on the encoded level. In phase
"3. Pauli Frame" these classical bits are sent to the end nodes, carrying information about the
Pauli frame of the logical end-qubits and effectively allowing for establishment of a target logical
long-distance Bell-pair. Figure taken from [18], courtesy of Liang Jiang.
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Figure 3.3: Schematic overview of a third generation repeater scheme. Each repeater node con-
tains a large number of memory qubits and the optical fibre enables simultaneous transmission
of alarge number of single photonic qubits. The quantum state is then encoded in those photonic
qubits using some loss-tolerant code. Photons are then sent to the next repeater station where
the state is transferred to the memory qubits. Error correction on this logical state is performed in
the repeater node followed by again encoding the state in photons and sending them to the next
repeater. Such procedure is subsequently performed at all the repeater nodes until the state be-
comes successfully transmitted from Alice to Bob. Figure taken from [43], courtesy of Liang Jiang.
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3.3. BUILDING BLOCKS OF THE FIRST GENERATION REPEATERS

Having provided a background with regard to different repeater frameworks that have
been considered, we will now zoom into the first generation repeater architectures. Al-
though the slowest, these repeater architectures have very moderate hardware require-
ment compared to the second and third generation repeaters, making them promising
candidates for the first demonstration of a quantum internet. We also note that the ini-
tial networks are expected to cover moderate distances which means that the memory
storage time requirement due to the two-way communication needed for entanglement
distillation does not need to be a significant constraint. Hence, in this thesis we will fo-
cus on specific implementations of such first generation repeaters, or more specifically
of the corresponding building blocks that we have already mentioned. Let us now go
through all these building blocks in detail.

3.3.1. REMOTE ENTANGLEMENT GENERATION OF THE ELEMENTARY LINKS
The first step in the original repeater protocol [15] (also known as the BDCZ protocol)
is the generation of the elementary entangled links between the individual repeater sta-
tions. From the theorist’s perspective a natural way of doing so would be to locally gener-
ate an EPR pair in one of the nodes and then send one-half of it to the neighbouring node.
However, deterministic or even heralded state transfer of a qubit state from a photon to
a memory is still a very significant challenge and is not expected to be realised with high
fidelity on a significant number of physical platforms in the near future. In systems that
utilise cavities this task can be performed, provided that one can realise a low-loss over-
coupled cavity with high cooperativity. While such a scenario has been demonstrated
experimentally in trapped atoms by achieving the strong coupling regime [45], demon-
strating high cooperativity is very challenging in general.

Due to this experimental reason, many physical platforms use the help of a middle
heralding station to facilitate such a remote entanglement generation procedure. This
middle heralding station effectively implements an optical Bell state measurement sim-
ilar to entanglement swapping. Effectively the two nodes generate memory-photon en-
tanglement and transmit the two photonic qubits to a heralding station. This station
then entangles the two memories by performing a Bell state measurement on the two
photonic qubits. The remote entanglement generation and quantum repeater schemes
that make use of such a heralding station are analysed in Chapters[d]and[7] A compar-
ison of specific repeater schemes that make use of either a heralded state transfer from
a photonic qubit to a quantum memory or of the heralding stations are described in
Section[6.9.3]in Chapter[6]

Here we will consider two ways of encoding a qubit into a photonic state. These two
types of photonic encodings are qualitatively different from each other and we describe
them in more detail below.

PHOTON NUMBER ENCODING AND THE SINGLE-PHOTON ENTANGLEMENT GENERATION SCHEME
The first encoding is the photon-number or the so-called single-rail encoding. In this
encoding the two logical states correspond to the presence and absence of the photon
respectively. The main limitation of this encoding is that photon loss maintains the qubit
in the logical subspace thus resulting in noise. This can already be seen intuitively by
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noting that a loss of a photon cannot be distinguished from the logical zero. Let us show
it in a more mathematical way. We start by preparing a qubit:

ly) = al0) + BI1), (3.3)

where [0) (|1)) denote the absence (presence) of the photon. Now the so-called pure
loss channel which we will subsequently use to model the loss processes during photon
transmission can be represented by a simple beam-splitter with the signal entering at
one port and vacuum entering at the other one. As a result only a fraction of the sig-
nal becomes transmitted and the remaining part gets lost to the environment [46, [47].
Hence, a pure-loss channel of transmissivity 7 can be represented in Heisenberg picture
using the following transformation of the optical modes:

din — Gout = \/ﬁain +4/1- Neny (3.4)

One can show that for such a photon number encoding, this channel effectively acts as
an amplitude damping channel with the damping parameter given by one minus the
transmissivity [46]. Hence, under the action of the pure-loss channel, the state |y) will
become transformed into:

p=1al?+|B*n) Ipxgl+ B[ 1 ~mioxol, 3.5)

where

) = (alo)+ByAID)) . (3.6)

1
2
Vil +|B["m
Let us now also denote the two states of the memory qubit as | ) and | |). We will
refer to the first of these states as a bright state since applying a specific optical pulse to
it will result in a photon emission and the second one we will call a dark state as it will
not emit a photon in that case. Hence, preparing the memory in the state:

ly) =sin@| |) +cosf| 1) (3.7
and applying the optical pulse, results in a spin-photon entangled state:
ly™) =sin(6) | 1)10) +cos () | 1)I1) . (3.8)

Let us now consider the scenario where this operation is performed at two distant
nodes to which we will refer here as Alice and Bob. Both Alice and Bob perform locally
such a memory-photon entanglement generation protocol and transmit the photonic
qubits to a heralding station located halfway between them so that the transmissivity of
the channel between Alice or Bob and the heralding station is . Hence, the memory-
photon state after the photon has arrived in the heralding station will be:

p = (sin®(6) +ncos®(@)) [y Xy |+ (1 =) cos®(O)] 1)1 11001, (3.9)

where: 1
lyy) = (sin ()1 110} + y/ncos (@) | DIL)) . (3.10)

\/sin2 (0) +ncos?(0)
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The heralding station is effectively just a beamsplitter with two detectors. Here we con-
sider the scenario with non photon-number resolving detectors. Assuming for the mo-
ment the scenario without dark counts, we have at most two photons in the system.
Therefore we can consider three possible outcomes of our optical measurement: left de-
tector clicked, right detector clicked, none of the detectors clicked. The measurement
operators can be easily derived by noting that in our scenario without dark counts, each
of the detectors can be triggered either by one or two photons and no cross-clicks be-
tween detectors are possible due to the photon-bunching effect. Then we can apply the
reverse of the beam splitter mode transformations to the projectors on the events with
one or two photons in each of the detectors to obtain these projectors in terms of the
input modes. Finally we truncate the resulting projectors to the qubit space since in our
scenario it is not possible for more than one photon to be present in each of the input
modes of the beam splitter. In this way we obtain the following measurement operators:

Ag = [PINWT |+ L|11>(11I )
V2

1
Ay = I‘I"><\P‘|+—2|11><11|, (3.11)

7

Ap =100)00] .

Here |¥*) corresponds to the two Bell states that are orthogonal to the product state |11).
Specifically the first two outcomes correspond to the click in the left/right detector while
the third outcome A, corresponds to the no-click event. Applying this measurement
to the two photonic qubits of the state p®? and post-selecting on the outcomes A; or
Ay, projects the two memories into an entangled state. In particular in the limit of high
losses 7 — 0 the resulting state of the two memories can be brought to the form:

paB =sin® 0¥ W] +cos® O] 1111 (3.12)

with probability of success psucc = 2ncos?d. We indeed see that although we have as-
sumed perfect operations, the resulting state is not a perfect maximally entangled state
since losses affect the quality of the resulting state. Fortunately the experimentally tune-
able parameter 0 allows for a trade-off between the probability of success and the fidelity
of the resulting state. The important feature of this scheme is that the probability of suc-
cess scales linearly with 1) while the total transmissivity between Alice and Bob is n?. As
we will later see this makes the single-photon entanglement generation scheme [48] a
promising candidate for a proof of principle quantum repeater in itself.

The main experimental challenge with this scheme is that high optical stability of
the setup is required. In particular, the photonic qubits acquire optical phase both from
the lasers at the emission time and while being transmitted through the optical fibre. If
the difference in phase between these two photonic qubits is not known, an unknown
local phase will become imprinted on the state in Eq. (3.12), see [49]. If this phase is
completely unknown all entanglement becomes lost. Hence, optical phase stabilisation
is one of the key requirements of this single-photon scheme.

We discuss in more detail the experimental demonstrations of this scheme and the
repeater proposals based on such single-photon interference in Chapter[7}
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DUAL-RAIL ENCODING AND TWO-PHOTON ENTANGLEMENT GENERATION SCHEME

The second photon encoding that we will consider here is the so called dual-rail en-
coding, where the logical qubit is encoded in some additional degree of freedom of the
photon, e.g. polarisation or time-bin. Using the relation in Eq. one can show that
on this encoding the pure loss channel acts as an erasure channel with the erasure prob-
ability given by one minus the corresponding transmissivity 7,

D(p)=np+Q-m| LXL]. (3.13)

Here | 1) is the loss flag, corresponding to the non-detection of a photon. Now it is pos-
sible to post-select the successful transmission events by declaring success only when a
photon detection event occurred.

Let us now consider the remote entanglement generation for this encoding. Here we
will consider specifically the time-bin encoding, but an analogous procedure exists for
polarisation. This remote entanglement generation scheme using time-bin encoding of
photons has been devised by Barrett and Kok [50] and can effectively be seen as run-
ning the single-photon entanglement generation scheme twice with a bit flip applied to
the two memories between the two runs. That is, we start with a locally generated spin
photon state given in Eq. (3.8). After applying the bit flip to the memory followed by the
second optical pulse, we obtain a state:

ly™) =sin@)| 1) +cos@)]])le), (3.14)

where now |e) = |1),|0); and |I) = |0),|1); refer to the early and late photon respectively.
These photonic qubits from Alice and Bob are then sent to the heralding station, each
through a pure loss channel of transmissivity 7. Hence just before the heralding station
the spin-photon state reads:

p=nly )yt 1+ 1 -n) (sin® @) | 1X11+cos? ()] || ) ®100)00],, . (3.15)

Then at the heralding station the two photons from Alice and Bob interfere on the beam-
splitter followed by photon detection over the two time-windows. One can show that
depending on the specific detection event configuration, detecting a photon in each of
the two time windows implements one of the two projectors |¥*)(W*|, where

1

|W*) = — (lel) £ |1e)) . (3.16)
V2

These corresponding outcomes herald success, while all the configurations in which

there is no photon detection in at least one of the two time-windows are treated as fail-

ure. One can then show that successful events projects the memories into one of the

two perfect Bell states \/% (1 11> £111)) where the total probability of success is given by

Psuce = 21 sin? (6) cos? (9) which achieves its maximum value for § = /4 giving p&X =

n?/2. We now see that while the Barrett-Kok scheme enables for the generation of perfect
EPR pairs, it achieves it at a rate that is quadratically worse than for the single-photon
scheme.

An additional advantage of the Barrett-Kok scheme is that it does not require phase
stabilisation, we only require this phase to be stable over the two consecutive time-
windows. This can be easily seen by noting that in equation Eq. (3.14), if we apply a
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phase e? to both the early and late photon states, this phase factorises and becomes an
irrelevant global phase.

OTHER REMOTE ENTANGLEMENT GENERATION SCHEMES

There also exists a third remote entanglement generation scheme utilising the heralding
station, that is able to extract the benefits from both previous schemes: in the ideal case
the rate of generating the EPR pairs should scale linearly with n and achieve a fidelity
of one. This scheme generates two copies of the state in Eq. and distils a perfect
EPR pair from them [51} 52]. Moreover, it also does not require high optical phase sta-
bility. However, entanglement distillation involves more complex operations and longer
quantum storage than needed for the previous two entanglement generation schemes.
We discuss the details of the corresponding distillation procedure in Section[3.3.2]and in
Chapter[5]

Finally we will also consider an entanglement generation scheme that utilises a source
of entangled photons placed in the middle between Alice and Bob. This scheme together
with the Barrett-Kok and the scheme based on entanglement distillation are analysed in
the context of multiplexing in Chapter[4]

3.3.2. ENTANGLEMENT DISTILLATION

The second crucial component of first generation quantum repeaters is entanglement
distillation which is used to compensate for all the operational errors. Entanglement dis-
tillation is a procedure by which large dimensional entanglement can be concentrated
into smaller dimensional systems, thus effectively increasing “the density of entangle-
ment”. While in quantum information theory one often considers optimal distillation
procedures that can be performed on asymptotically many copies and using a large
number of ancilla systems, here we will focus on practical distillation schemes which op-
erate only on few copies. In most cases we will focus on the scenario where two weakly
entangled copies are distilled to a single copy. In this few copy regime, most entangle-
ment distillation protocols are probabilistic yet heralded, which means that the distill-
ing parties know whether the distillation procedure succeeded or not. If it did, they are
guaranteed that the entanglement has been successfully condensed into the, in general,
smaller dimensional output state. We note here that certain subtleties need to be con-
sidered. Specifically, here we will use fidelity to the closest maximally entangled state as
a quantifier of the amount of entanglement in the state and we will aim at establishing
distillation protocols that maximise this fidelity. However, as discussed in Section[2.2]in
Chapter 2| fidelity is not an entanglement measure and loses its meaning as a quantifier
of entanglement for its lower values.

Due to a limited lifetime of local quantum memories, practical distillation schemes
are not expected to employ multi-round operations in the near future. Instead, prac-
tically employed schemes consist of applying a local operation and measurement on
Alice’s and Bob’s side, followed by a single exchange of measurement outcomes using
classical communication in order to decide success or failure. Here, we will refer to this
subset of Local Operations and Classical Communication (LOCC) as measure and ex-
change (MX) operations due to their reduced technical demands. The general frame-
work of distillation using MX operations is depicted in Figure[3.4}
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PAB OAB CC

Figure 3.4: The general framework of realistic entanglement distillation using the measure and
exchange (MX) operations. Alice and Bob share a state p4p. Each of them applies their local
operation denoted by A. Alice and Bob output then a state o 45, which, in general, will be smaller
dimensional than the input state p 45. Additionally, they output classical flags which carry the
information regarding success or failure of the protocol. These flags are then exchanged over the
classical channel to determine whether the distillation succeeded or not.
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Figure 3.5: Distillation circuit of a specific class of 2 — 1 distillation protocols. In this circuit firstly
Alice and Bob apply bilocal CNOT gates followed by a measurement of the target copy in the stan-
dard basis. They then exchange the outcomes of that measurement. Depending on the protocol,
different outcome configurations determine success or failure. Another difference between the
protocols from this class is that before applying this circuit Alice and Bob need to apply specific
local rotations to their individual qubits which also depend on the specific protocol.

From the experimental perspective performing operations on three input copies can
be already very challenging. Hence, here we will mostly consider distillation protocols
that distil from two to one copies. A large family of such protocols involves firstly apply-
ing specific single qubit rotations to each qubit followed by the implementation of the
circuit depicted in Figure[3.5]

We will consider here three distillation protocols from this class. In general, the more
information we have about the states we are distilling, the better we can tailor the distil-
lation protocol to that state. Having little information about the state requires us to apply
a very generic distillation protocol whose efficiency is in general low. We will start here
with the most generic distillation protocol from this class which requires us only to know
the specific maximally entangled state to which the fidelity is the highest. Moreover, we
require this fidelity to satisfy F > 0.5 in order for this protocol to be able to increase it.
In this protocol Alice and Bob firstly twirl the state over the group {U ® U*} to bring the
state to the isotropic form given in Eq. (3.1) without affecting the fidelity. Here, twirling
over the group means applying uniformly at random operations corresponding to the
elements of that group. This so-called BBPSSW [53] protocol is described in Algorithm([]

If we possess more information about the two two-qubit states, in particular if addi-
tionally to the dominant Bell state we also know the ordering in terms of magnitude of
the other three Bell diagonal coefficients, then we can apply a more efficient protocol.
This protocol uses this information by twirling only over the smaller group of correlated
Pauli operators: {I®, X® X,Y ® Y, Z® Z}. Applying these operations at random trans-
forms the state into the Bell diagonal state which contains more information than the
isotropic state used in BBPSSW. Here, we consider a version of DEJMPS protocol [54] in
which the Bell coefficients are first permuted in a way which maximises output fidelity
[55]. Again, this protocol is applicable to states whose fidelity with some maximally en-
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Algorithm 1 BBPSSW protocol

1: Depolarise the two available copies of the state to the isotropic state form:

I
7=pldTNDPT|+(1 - Py

with fidelity F = 3p +1)/4.

2: Apply bi-local CNOT gates between the two copies.

3: Measure the target qubits and communicate the results.

4: if The measured flags are 00 or 11 (this occurs with probability psycc = F? +2F(1 —
F)/3+5[(1-F)/3]%) then

5. The source (first) copy becomes more entangled than before (fidelity to |®*) in-
creases). We obtain a Bell diagonal state with fidelity F’ such that

P F2+[(1—F)/3]2.

pSUCC

6: return

tangled state satisfies F > 0.5. The DEJMPS protocol is described in Algorithm[2]

Finally let us come back to the remote entanglement generation through distillation.
As we have seen, the main source of errors for the single-photon entanglement genera-
tion scheme comes from the photon loss. However, this noise in the state in Eq. is
of a very specific form. Hence, it is reasonable to think that since the form of the state
is known, there could exist a specific distillation scheme that targets these states and
therefore is more efficient than the BBPSSW and DEJMPS protocols for these states. In
fact such a protocol is known and was proposed in [56], see Algorithm ] for its descrip-
tion. Since this distillation protocol is utilized within the Extreme Photon Loss (EPL)
entanglement generation scheme [51}52] (see below), we refer to it here as EPL-D.

When applied to two copies of the state in Eq. (3.12), arising in the remote entan-
glement generation scheme that uses a single photon detection scheme, the EPL-D pro-
tocol extracts a perfect maximally entangled state with probability of success given by
Psuce = sin*#/2. Hence, EPL-D will be a very natural element of such a remote entan-
glement generation scheme. The scheme for remote entanglement generation using a
single photon detection scheme and a distillation operation under the condition of ex-
treme photon loss has been proposed in [51]. Here we will consider an adaptation of
this entanglement generation scheme as proposed in [52], which performs distillation
on a modified version of the state given in Eq. that includes also the noise arising
from the lack of knowledge about the internal phase of the generated entangled state
due to low optical stability of the setup. The intuition why this protocol works is as fol-
lows. Firstly, as established in [56], the success condition of measuring the flags to be
11 can only be satisfied if both of the states were actually in the |¥*) part of the mixture
in Eq. (3.12). Now let us have a look at the case if that term in both states has acquired
a fixed phase e’?. Then the action of the CNOT for this successful case with the phase
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Al

gorithm 2 DEJMPS protocol

1

2:

: Twirl the two available copies of the state to the Bell diagonal state
Perform local rotations on both Alice’s and Bob’s qubits so that the two copies are in
the form

7= p1@ DT+ P2 PN |+ p3l® XD+ pa ¥ XY,

with p; > 0.5, p1 > p2 = ps = ps and p; + p2 + p3 + pa = 1. This ordering of the Bell
coefficients allows to achieve the highest fidelity [55].
: Perform additional rotations: rotate both qubits on Alice’s side by /2 around X -axis
and by —/2 on Bob’s side.
: Apply bi-local CNOT gates between the two copies.
: Measure the target qubits and communicate the results.
: if The measured flags are 00 or 11 (this occurs with probability psucc = (p1 + p4)2 +
(p2 + p3)?) then
The source (first) copy becomes more entangled than before (fidelity to [®*) in-
creases). We obtain a state:

1= pHOTNOT |+ po W+ p3| W XY™ [+ py |0~ XD,

with p'l = (p% + Pi)/psucc’ Pé = (P% + p%)/psucc’ Pé =2p2p3/! Psuces Pl} = 2p1 P4/ Psucc-
: return

Al

gorithm 3 EPL-D protocol

1
2
3:
4
5

: Apply bi-local CNOT gates between the two copies.
: Measure the target qubits and communicate the results.
if The measured flags are 11 then

Output the source (first) copy.

. return




32 3. QUANTUM REPEATER BASED QUANTUM NETWORKS

included is (forgetting the normalisation):

(101) 4, , + €"?110) 4, 8,)(101) 4, 5, + €'?110) 4,5,) — bilocal CNOTs —

2i¢ i (3.17)
(101) 4, B, +€77110) 4,5,)100) a,, + €7 (|01) 4, B, +[10) 4, ,)111) 4,B, -

Hence, indeed we see that the phase becomes the global irrelevant phase for the suc-
cessful scenario where the target qubits are measured in 11. Note however, that while it
is now not required to know what that phase is, it is still necessary for this phase to be
stable over the generation of these two copies so that the acquired phase e'? is the same
for both copies. The scheme presented in [52], which we will refer to here as the Extreme
Photon Loss (EPL) scheme utilizes EPL-D to eliminate both the effect of photon loss and
lack of knowledge about the internal phase of the generated states. Let us first define the
state:

+ _ 1 ip
| (¢))—E(|01)+e |1o>) (3.18)

We then describe the EPL entanglement generation scheme in Algorithm[4}

Algorithm 4 EPL entanglement generation scheme

1: Generate node-photon entanglement at both remote nodes, where the photonic
qubit is encoded in the presence-absence of a photon.

2: Send the photonic qubit towards a beam-splitter station in the middle.

3: Conditioned on the detection of a single photon, store the resulting state in quantum
memories.

4: Repeat the above procedure to generate the second copy.

5: Assuming stability of the experimental apparatus over the time of generating those
two copies, Alice and Bob share then an effective state:

1
paB(p) = gfd(PTAlBl((Py p)®T a282(h, p),

where
7B, p) = YT (GNP ()| + (1 - p)I11)(11].

6: Apply EPL-D distillation scheme.
7: if EPL-D succeeds (this occurs with probability pgucc = p?/2) then
8: We obtain a perfect Bell state:

Nip=1¥" (@ =0X¥" (p=0).

9: return

In Chapter[5|we consider a more realistic noise model for the EPL scheme, where we
also include a dephasing noise.

Finally we will now also introduce the concept of filtering. It is clear that it is not
possible to increase the amount of entanglement using LOCC. However, it is possible to
do that probabilistically in a post-selected fashion. This shows that it is in fact possible
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to perform distillation on a single copy of a two-qubit state using POVM measurements.
A well-known filtering protocol [57] is detailed below.

Algorithm 5 Filtering protocol

1: Perform local measurements given by the POVMs: {MY, M)} and {M$, M}} with
M} = (A})TAL, where Al, = V/€l0X0| + 11| and MY = (AT A =T - M}, and with
M}, = (AL AL, where AL = Ve[1X1] +|0)0] and MY = (A%)TAY = I - M}, for some
parameter € € [0, 1].

: Communicate the results.

: if The measurement outcomes corresponding to M}‘ and M}; are obtained then

Output the post-measurement state.

Qo W

. return

This protocol is designed to perform well for the state p 4p = p|®*XD* |+ (1—p)|01)(01]
[which is the state defined in Eq. (3.12) up to a local bit flip]. For this state, conditioned

2
on success the post-measurement state is: 1 35 = pfuic |ONDT| + (lps% |01)(01| with fi-

delity F = ﬁ and with the probability of success of the filtering procedure given by
Psuce = pe + (1 — p)e. At the end of Appendixin Chapterwe describe the mod-
ification of this filtering scheme that allows us to achieve higher fidelities for the above
defined states p 4p with smaller values of p in the case of larger desired probability of
success.

3.3.3. ENTANGLEMENT SWAPPING

The final building block of a first generation quantum repeater scheme is entanglement
swapping performed within the quantum memories. In this thesis we will consider the
implementation of NV-center based quantum memories which allow for performing de-
terministic entanglement swapping by effectively performing a CNOT gate between the
two memories followed by single-qubit measurements, see Chapters |§| and 7| for more
details. However, there are many other platforms such as atomic ensembles, for which
entanglement swapping needs to be performed optically in an inherently probabilistic
manner. For those systems there in principle exist various strategies that could overcome
this problem. We briefly discuss such methods in Section[9.2.1]in Chapter[9]

3.4. ASSESSING THE PERFORMANCE OF QUANTUM REPEATERS

3.4.1. SECRET-KEY RATE AND E-BIT RATE
We have already established two crucial metrics of performance of remote entanglement
generation and repeater schemes in general. These are the probability of success or more
generally the rate of generating the long distance entanglement and the quality of the
resulting state (which we often measure by the fidelity to the closest maximally entangled
state). It would now be useful to have some way of combining these two metrics into a
single figure of merit.

Fortunately quantum key distribution, which seems experimentally to be the easiest
application of quantum networks, provides us with such a figure of merit. This figure of
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merit is effectively the rate of generating shared secret key. This rate can be seen as a
product of the amount of key that can be extracted from a single copy of a state, called
a secret-key fraction, and the yield of generating those states, with some possible pre-
factors depending on the specific QKD protocol that we implement. The secret-key frac-
tion, which we will denote as r, quantifies the quality of the state. It is a function of the
so-called quantum bit error rate (QBER) which effectively tells us what is the probabil-
ity that if both Alice and Bob use the same basis, they will obtain uncorrelated results.
Clearly if Alice and Bob share a perfect EPR pair and measure in the same basis, for each
of those bases they will always obtain correlated results and so the QBER is in that case
equal to zero for all the bases (we note that depending on the shared maximally en-
tangled state, the perfect correlation might manifest itself as anti-correlated bits; QBER
effectively quantifies the deviation from the measurement outcomes that would occur
for a perfect maximally entangled state).

We also note that for simplicity we will consider here the secret-key fraction in the
asymptotic regime, that is in the limit when Alice and Bob generate infinitely many raw
bits from infinitely many copies of the shared quantum states. Clearly that assumes a
huge amount of classical post-processing, which however, due to its classical nature,
should not be challenging from the technological perspective. Another independent
motivation for assessing the repeater with respect to the task of generating secret keys
is related to the fact that quantum key distribution is, at the moment, the most mature
quantum technology [58]. Finally, we note that estimating QBER can be also useful for
assessing other tasks than secret key generation. In particular, with the QBER at hand,
one can also estimate an optimal rate of sending qubits over the corresponding noisy
quantum channel [59].

One could also consider a similar figure of merit for the rate of generating remote
entanglement. In this case a natural counterpart to the asymptotic secret-key fraction
would be the distillable entanglement of the generated state. However, there are two
problems with this concept. Firstly, distillable entanglement assumes that we are able to
perform an effectively infinite amount of quantum processing, acting on infinitely many
qubits at once and without introducing any noise. Of course this is practically infeasible
to implement. Secondly, distillable entanglement is very difficult to calculate in most
cases and we can only calculate certain upper and lower bounds for it. Hence, we will
not pursue this direction here.

Moreover, it is worth noting that in practical large quantum networks there might be
some links which will need to be used very often and for which the yield would need to
be high. Certain other links reaching to specific end users might not need to be used so
often and hence for them one could sacrifice some of the yield in order to improve the
quality of the generated state. Hence, it many cases it might be useful to keep the yield
and the fidelity (or some other way of quantifying the quality of generated entanglement)
as two separate independent metrics.

3.4.2. CHANNEL USES PICTURE VERSUS THROUGHPUT PICTURE

We have discussed here the rate of generating secret-key or EPR pairs. However, we have
not yet specified in what units we will be evaluating this rate. Here there are two distinct
perspectives that we need to discuss. It is clear that on the practical level we would like to
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quantify how fast we can generate the remote entangled states or the secret key. Hence it
is natural for the yield to be evaluated with respect to time and the corresponding rate of
secret-key bits or e-bits per second we will refer to here as throughput. It is natural then
to aim at designing a repeater scheme that achieves as high a throughput as possible.

This brings us to a very fundamental question, regarding what actually is a quantum
repeater. Let us imagine that we are able to experimentally implement the BDCZ re-
peater scheme as proposed by the authors. That is we implement remote entanglement
generation of the elementary links, entanglement distillation and entanglement swap-
ping. However, because of all the noise in the system and intrinsic losses we find that
the achieved throughput is much lower that in a similar experiment where we just use a
direct transmission channel. Can we then claim that we have implemented a quantum
repeater? Clearly this is highly debatable.

One way of defining a quantum repeater that has been originally proposed is by the
argument based on the scaling of resources [15} 32]. Let us apply this argument to the
task of remote entanglement generation. As we mentioned earlier we can now consider
two quantities, the time (or rate) of generating the remote entanglement and the fidelity
of the generated state. Let us now fix the target fidelity. Now, if we find that using the
specific proposed scheme, both the time needed to generate these long-distance links of
the target fidelity and the number of required quantum systems per each network node
scale polynomially or better with distance, then our scheme is indeed an implementa-
tion of a quantum repeater.

It is unfortunately very unlikely, that this criterion could be applied to the first proof
of principle repeaters. The first experimental realizations of various proposed schemes
will certainly be demonstrated over limited distance with very small number of repeater
stations, possibly not even more than one or two. In such a scenario based on such
a short distance it is indeed very hard to talk about any scaling arguments. This sug-
gests that different methods should be applied for benchmarking such proof of principle
quantum repeaters.

One of the ways to solve this problem is to consider the information-theoretic frame-
work. In quantum channel theory one of the vital questions that one considers is how
to find optimal quantum encoding and decoding procedures for reliably performing dif-
ferent tasks over a specific quantum channel [60]. The communication performance
through such a channel is quantified with respect to the number of times that we make
use of this channel. Effectively making use of the channel corresponds to inputing a
specific state into the channel. This concept of a channel use has practical motivation
as of course every time we input a quantum state into the channel we effectively need to
mark this channel as occupied and at that time cannot make use of it for any other task.
Of course such mathematical channels can have certain dimensional restrictions, e.g. if
a channel is a qubit channel, then in each channel use we cannot input a state that is
higher dimensional than a qubit.

One of the fundamental questions of quantum communication theory then is to find
the optimal rate with respect to the number of such channel uses of performing different
quantum information processing tasks over different quantum channels. This optimal
rate is called a capacity of a channel [60]. For the reason mentioned in the previous
subsection, we will focus here on the rate of generating secret key and therefore we will
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consider the so called private capacity, which is the number of secret bits per channel
use that can be generated over the channel in the limit of infinite number of channel
uses. The specific channel that is of primary importance to us is a pure-loss channel as it
provides a reliable model of the loss processes in the optical fibre. Hence we will then say
that if a given repeater scheme allows us to demonstrate a secret-key rate, defined with
respect to the number of channel uses, that is larger than the private capacity of such a
pure loss channel between the end parties, then we can indeed claim the experiment to
be a demonstration of such a proof of principle quantum repeater [61].

We also note that the secret-key rate is more universal in the sense that it can be
easily converted into the throughput using the repetition rate of the scheme (number of
attempts we can perform in a unit time). The converse, that is converting capacity into
the optimal throughput achievable with direct transmission is also possible. However,
that requires making an assumption about the use of a particular source with a fixed
repetition rate. Therefore comparison of the achieved throughput with such an optimal
throughput of the direct transmission channel cannot be formulated without a reference
to a specific direct transmission setup, hence losing the universal aspect of the channel
uses picture.

Nevertheless, one must be aware of the limitations of the secret-key rate metric. In
particular, it does not take into account the waiting time related to transmission latency
or, in general, the repetition time of the protocol. This means that a hypothetical plat-
form with perfect memories and operations and high efficiencies but with a constraint
that each attempt to generate memory-photon entanglement can be performed only
once per day, could easily overcome the secret-key capacity. These differences between
secret-key rate and the throughput for specific repeater proposals are discussed in more
detail in Chapter([7}
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MULTIPLEXED ENTANGLEMENT
GENERATION OVER QUANTUM
NETWORKS USING MULTI-QUBIT
NODES
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Quantum networks distributed over distances greater than a few kilometers will be limited
by the time required for information to propagate between nodes. We analyze protocols
that are able to circumvent this bottleneck by employing multi-qubit nodes and multi-
plexing. For each protocol, we investigate the key network parameters that determine its
performance. We model achievable entangling rates based on the anticipated near-term
performance of nitrogen-vacancy centres and other promising network platforms. This
analysis allows us to compare the potential of the proposed multiplexed protocols in dif-
ferent regimes. Moreover, by identifying the gains that may be achieved by improving par-
ticular network parameters, our analysis suggests the most promising avenues for research
and development of prototype quantum networks.
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Recent progress in the generation, manipulation, and storage of distant entangled
quantum states has opened up an avenue to the construction of a quantum network
over metropolitan-scale distances in the near future [1, 2]. One of the key challenges
in realizing such quantum networks will be to overcome the communications bottle-
neck induced by the long distances separating nodes. This occurs because probabilistic
protocols require two-way communication and, for such distances, the entanglement
generation rate becomes limited by the time required for quantum and classical signals
to propagate.

It is unlikely that quantum networks will attain sufficient levels of complexity in the
near future to support the transmission of complex multi-photon entangled states nec-
essary to overcome this bottleneck through error correction [3} [4]. This motivates the
development of alternative methods to circumventing this limited communication rate,
of which the most promising near-term approach is through multiplexing entanglement
generation [5H10].

Previous proposals have developed multiplexed entanglement-generation protocols
for networks based on atomic-ensemble quantum memories and linear optics [6} 9} [11]
and for networks in which each node consists of many optically accessible qubits that
can be temporally, spectrally or spatially multiplexed [5,[7,[8,[10]. However, these propos-
als are not effective for promising multi-qubit hybrid network node architectures [12], in
which one (or a few) optically accessible communication qubits in each node provide a
communication bus to interface with multiple local memory qubits. Several platforms
have demonstrated the key elements of such a system, including nitrogen-vacancy (NV)
centres in diamond [13}14], trapped ions [2], and quantum dots[14} [15].

Here we focus on the scenario of efficiently generating heralded remote entangle-
ment between two hybrid multi-qubit nodes separated by tens of kilometers in a quan-
tum network (Fig.[4.1). We propose two strategies for multiplexing entanglement gen-
eration using multi-qubit architectures, identifying the scaling of the entangling rates
with the distance between nodes. We compare these strategies to an alternative proto-
col based on the distribution of entangled photon-pairs [16], modelling all three proto-
cols analytically and with Monte Carlo simulations. This allows us to identify optimal
protocols for different regimes of distance and node performance.

In order to be able to effectively assess the potential of these network protocols, it is
vital to incorporate the known and anticipated limitations of potential platforms from
the start. In this paper we therefore use network parameters representing the expected
near-term performance of NV centre nodes. These centres are promising nodes for such
anetwork, combining a robust and long-lived '3C nuclear-spin quantum register [17,18]
with a photonic interface (Fig.[4.1). Our conclusions are nonetheless broadly appli-
cable to other platforms with comparable system performances, particularly including
trapped ions [2].

4.1. QUANTUM NETWORK PROTOCOLS

We begin by briefly introducing the three candidate protocols that we consider for a
metropolitan-scale quantum network. For each network, we identify the scaling of the
entanglement generation rate with the system transmission efficiency and the distance
between nodes.
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Figure 4.1: Quantum networks have the potential to reach metropolitan scales in the near term,
opening up new challenges due to the time required to signal successful entanglement generation
between nodes separated by many kilometers. Nitrogen-vacancy centres in diamond are promis-
ing candidates for the nodes of such a network, combining an electronic spin communication
qubit interface for entanglement generation and local processing with long lived '3C nuclear-spin
memory qubits.
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4.1.1. MULTIPLEXED BARRETT-KOK PROTOCOL

The first scheme is a multiplexed version of the Barrett-Kok (BK) protocol. In this scheme,
entanglement is generated at both nodes locally between the spin state of the commu-
nication qubit and the modal occupation of a single photon (typically the photonic state
is time-bin encoded for NVs). This procedure constitutes a single attempt to generate
remote entanglement. The two photons are then transmitted to a remote beam splitter,
where a probabilistic joint Bell state measurement (BSM) on the photons projects the
two distant communication qubits into an entangled state upon measurement of the
appropriate outcomes [19].

In this protocol each photon needs to be transmitted over a distance d/2 from the
nodes to the central BSM station. This is followed by the transmission of classical infor-
mation over the same d/2 distance heralding to the nodes the success or failure of the
entangling attempt. Hence in the standard BK protocol, the entanglement attempt rate
rpk is limited by the combined quantum and classical communication time (z; = d/c)
required to establish whether the protocol succeeded: rpx ~ ;. Even for modest dis-
tances, this time delay is sizable; e.g. for d = 50 km the delay is f, = 250 us, limiting the
attempt rate to 4 kHz.

This rate limitation can be mitigated by using a multiplexed version of the BK proto-
col (Fig. , in which the spin state of the communication qubit is swapped to a mem-
ory qubit directly after spin-photon entanglement generation, freeing up the communi-
cation qubit for additional entanglement generation attempts. For the NV system, nat-
urally occuring nearby '3C nuclear spins provide robust memory qubits [I8, [20]. The
state is stored in this memory qubit until information about the success of the attempt
arrives. In the meantime, spin-photon entanglement generation and subsequent state
swapping to other memories can continue until all of the memories are occupied. The
multiplexed protocol allows N qubits per node to be utilised, where N includes both the
communication qubit and the memory qubits.

The maximum number of qubits per node that can be usefully employed in this pro-
tocol is given by Nmax = [t/ fsg] there Isg is the duration of the swap gate (typically
much longer than the duration of entanglement generation attempts Z,¢). The attempt
rate of the multiplexed Barrett-Kok (mBK) protocol is therefore a factor NV larger than
for the standard BK scheme: rypx ~ N/t for N < Npax. This rate is upper bounded by
rmer < 1/ Isg.

The success of each attempt of the BK scheme is conditioned on the detection of both
the photons emitted by the communication qubits in the BSM. As a result, the system
transmission efficiency n appears quadratically in the entanglement success rate Ry,px.

Hence for N < Npyax:
2

n° 1 2
RiyBx ~ 'mBK 5= ENU /tc. 4.1

The factor of half corresponds to the probability of a successful BSM at the beam splitter.

4.1.2. MULTIPLEXED EXTREME-PHOTON-LOSS PROTOCOL
In the case of high levels of photon loss ( « 1), a protocol based on entanglement dis-
tillation can be more effective than the BK protocol. In this protocol, instead of directly

*Ix] denotes ceil(x)
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2) Swap to memories

3) Repeat steps 1 and 2
with available memories

4) Continue conditional
on communicated results

Figure 4.2: Multiplexing concept. The protocol starts with a creation of local entanglement be-
tween the communication qubits and single photons at both nodes (step 1). The state of the com-
munication qubits is then immediately transferred to the memory qubits (step 2), which allows for
a second entanglement attempt before the result of the first one is known (step 3). Once the signal
heralding success or failure of the attempt is received at the nodes, the occupied memories can be
reused for new attempts (step 4).
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trying to generate a maximally entangled state |¥) = (1//2)(101) +110)), two weakly en-
tangled states of the form p = %I‘I’)(‘PI + % |00)¢00] are efficiently generated conditional on
the detection of only a single photon at the beam splitter station [12, [21]. Here |0) (|1))
denotes the state of the communication qubit from which a photon is (is not) emitted.
These weakly entangled states contain a contribution |00)(00| from the case in which
both communication qubits emitted a photon, but only one was detected. After the two
states are successfully generated, an entanglement distillation procedure is performed
using local operations and classical communication. This distillation produces a pure
entangled state with a 1/8 probability. Since two raw states are consumed to generate
a final entangled state, this extreme-photon-loss (EPL) protocol requires at least two
qubits per node, as the first state has to be stored in a memory qubit until the second
entangled state is generated.

The advantage of this scheme over the BK protocol is that it does not require the
detection of coincident photons, instead allowing for multiple attempts to generate the
second state. This results in a success probability that is proportional to 7 rather than
n? and thus an entangling rate Rgpy, ~ 1/(161.), where a factor 1/8 corresponds to the
probability that the distillation operation succeeds, and a factor 1/2 reflects the need to
generate two entangled states.

Analogously to the BK protocol, a multiplexed version of the scheme can be envi-
sioned in which multiple entanglement generation attempts are performed within one
communication cycle. Since, in the second stage of the protocol one memory is contin-
uously occupied by the first entangled state, the maximum number of qubits that can be
effectively utilised is one more than in the BK protocol: Nimax = [#¢/ g1+ 1. The resulting
entanglement success rate Rygpr, for the multiplexed extreme-photon-loss protocol for
N < Npax is proportional to the inverse of the sum of the time spent in the first stage
(t./(mN)) and second stage (z./(n(N —1))) of the protocol:

N(N-1) 7

— 1 4.2)
2N-1 8¢,

Rpgpr, ~

The entangled state fidelity in this protocol is sensitive to decoherence of the memo-
ries during entanglement attempts. In order to ensure a minimum fidelity, stored entan-
gled states can be discarded after a set number of subsequent entanglement attempts,
at the expense of decreasing the entanglement rate. Entanglement generated from a
single photon detection event is expected to succeed within at most a few hundred at-
tempts (~100 attempts at 50 km, ~1000 attempts at 100 km) for the range of parame-
ters considered here. For nitrogen-vacancy centre nodes, recent results indicate that 1*C
nuclear-spin memories may effectively preserve quantum states over this number of at-
tempts [18], and so this effect is not expected to significantly impact our conclusions.

4.1.3. MIDPOINT-SOURCE PROTOCOL

The final configuration that we consider is the midpoint-source (MPS) protocol follow-
ing Ref. [16]. In addition to the two nodes, this protocol requires an entangled-photon
source (which emits pairs of photons with probability pem) positioned midway between
the nodes (Fig. [4.3). In this protocol, pairs of entangled photons generated by the pho-
ton source are split and one is sent to each of the two nodes. At each of the nodes, a
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BSM is performed between this photon and a photon generated by the local commu-
nication qubit. Entanglement swapping succeeds only if both BSMs succeed (requiring
the detection of four photons in total).

1) Midpoint source and local nodes
continuously create entangled
states

2) Swap to memory upon local
success, communicate result

Figure 4.3: Midpoint-source (MPS) protocol. The photon source in the middle continuously gen-
erates pairs of entangled photons with probability pem and transmits them to the two nodes (step
1). At the same time both nodes synchronously generate local entanglement between the com-
munication qubit and emitted photons. Local beam splitter stations at each node perform BSM
measurements between photons emitted from the source and the the photons emitted from the
local node. This gives the local node immediate knowledge of the local success or failure of each
attempt. This information is also communicated to the other node, arriving d/c later.

Since the successes of the BSMs can be reported to their local nodes immediately, in
the case of local failure the nodes can quickly proceed to a new entanglement genera-
tion attempt. In this way the entanglement attempt rate can be significantly increased.
The attempt rate is upper bounded by ryps < te‘gl, where f,g is the duration of the spin-
photon entanglement generation.

This upper bound is saturated if the number of successful local BSMs per commu-
nication time ¢, n = ppsm tc/ leg = (1/2)Pem™ b/ teg, satisfies n < 1. In this limit the
protocol can be effectively run with a single qubit per node, and the rate is therefore
insensitive to the swap gate time f;;. When operating the MPS protocol in this low n
regime, the entanglement success rate is given by

Rups ~ Pemn’ | (4teg), (4.3)

where the factor of 1/4 arises because both BSMs must succeed in the same round, and
7 includes the system losses for both the photon from the entangled photon source and
the locally generated photon.
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This scaling is different to that identified in Ref. [I6]since, for the system parameters
that we consider, Zeg is not small enough to ensure that the expected number of suc-
cesses n per communication time #, approaches unity. As shown in Fig[4.5] for a shorter
leg, the network could leave this low-success-probability regime. If the attempt rate is
high enough to ensure that at least one attempt succeeds locally per ¢, the overall en-
tanglement success rate will only primarily depend on whether there was a simultaneous
success at the other node; the scaling is thus effectively proportional to 1, which is the
scaling described in Ref.[16. However, achieving this limit clearly requires a shorter feg
as the loss (1-7) increases.

For n ~ 1, the inclusion of additional memory qubits becomes beneficial to prevent
idle time. In this case, after a local success, the communication qubit state is swapped to
a memory qubit. This swapping operation therefore prevents the node from performing
further entanglement generation attempts during a time fgg, limiting the overall attempt
rate.

4.2. MODELLING

We model each of the protocols described in the previous section with an approximate
analytical approach as well as with Monte Carlo simulations. We use system parame-
ters that are expected to be achievable for NVs and trapped ions in the near term (Tab.
[4.1). The outcoupling efficiency of the NV centre is assumed to benefit from coupling
to an optical cavity (with outcoupling efficiency poyt = 0.3), and emitted photons are as-
sumed to be frequency-converted to telecom-wavelength photons with efficiency pg. =
0.3. Fiber losses are therefore limited to standard telecom values of @ = 0.2 dB/km.
Hence the overall system transmission efficiency is given by 7 = pou prc 107%4/2% where
the last term corresponds to the fiber losses over a distance of d/2.

It is as yet unclear how much progress will be made in the near term in overcoming
the technical challenges necessary to demonstrate an entangled-photon-source with a
high brightness and with spectral properties that are well-matched to the node emission.
We therefore consider two possible values for pem, (0.1 and 0.01), taking 0.01 to be more
technically feasible [22} 23].

Table 4.1: Anticipated near-term parameters for a quantum network based on NV centers [13} (17,
24}25]. These parameters are also anticipated to be achievable using trapped ions [2].

Variable | Description Value
N Total number of qubits at each node 2
ptc Frequency-conversion efficiency 0.3
Pout NV-outcoupling efficiency 0.3
leg Spin-photon entanglement genera- 1 us
tion time
lsg NV-carbon swap gate time 200 us
Pem Midpoint-source photon-pair emis- | 0.01, 0.1
sion probability
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4.2.1. SCALING WITH DISTANCE

The modelled dependency of the entangling rate on the node separation is shown in
Fig. As expected from Section[7.2} the scaling with distance is most favorable for the
mEPL protocol (Rygpr, ~ 1079420 =1y \whereas the BK protocol scales worst (Rpppk ~
10~%4/10 4=1y Even for an MPS protocol with an extremely efficient source (pes, = 0.1),
the mEPL protocol outperforms it for distances greater than ~ 100 km since Ryps scales
less favourably with distance as Ryps ~ 10~%4/10,

100 , ,
50 Rw. meK
Oy mEPL
sy ——— MPS pen=0.01
10} N :
i~ i [ e MPS pem=0.1
Lz St i U\‘o 1
o NS NN
& i \ ‘rx\\
1 : N haa
0.5 | \\\\ B
0.1 -

Node sep. (km)

Figure 4.4: Modelled entanglement generation rates as a function of distance for the system pa-
rameters listed in Table[&1} Plotted lines give the results of our analytical model while the circles
give equivalent Monte Carlo simulation data. Although two qubits are available to the system, the
MPS protocol is always found to be in the low success probability regime (n < 1), in which only
one qubit is required. For distances to the left of the red vertical dashed line the memory storage
time fsg is larger than the communication time z.. In this regime it is optimal to use only one qubit
for the mBK scheme. As the mEPL-scheme requires one memory qubit to store the first generated
state in the second part of the protocol, for all distances both qubits are actively employed. The
error bars associated with the Monte Carlo simulations are smaller than the plotted circles.

In Fig.[4.5lwe justify our claim that the MPS protocol will not benefit from more than
a single qubit per node. We plot the expected number of successful BSMs n during the
communication time as a function of distance, and observe that for our network param-
eters this stays well below one even for the case of a very efficient source (pe, =0.1).

4.2.2. SCALING WITH NUMBER OF MEMORIES

Notably, for these near-term parameters, scaling up to a large number of qubits per node
does not speed up the entanglement rate. As previously noted, the MPS protocol always
operates in the low success probability regime in which only the communication qubit
is actively used. For the mBK and mEPL protocols, the duration of the swap gate signif-
icantly limits the number of qubits per node that can be used over relevant node sep-
arations. We investigate the rate dependency of the mEPL protocol on the number of
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Figure 4.5: Expected number of successful local BSMs rn at each node per communication time
for the MPS protocol as a function of node separation. We see that for both values of pem and for
all distances n < 1, and hence a single qubit per node is sufficient.

memory qubits in Fig. [4.6|for a fixed node separation of d = 50 km and a varying swap
gate duration Zsg. For fsy << 1, the rate scales linearly with the number of qubits. How-
ever, as explained in Section once Nigg = I is reached, adding more memory qubits
does not boost the entangling rate.

4.3. CONCLUSIONS

Our analysis highlights the potential of multiplexed distillation-based schemes to pro-
vide high rates of remote entanglement generation and the most favourable scaling with
respect to losses. For such schemes, we have identified the swap gate time ;g between
the communication and the memory qubits as the key parameter in constraining the
achievable entanglement generation rate, as this limits the number of quantum mem-
ories that can be used. This highlights the importance of developing methods to in-
crease this storage rate while ensuring that memories remain robust to decoherence.
One promising approach for nitrogen-vacancy centre nodes may be to use pairs of strongly
coupled carbons to encode quantum memories in decoherence protected subspaces
that combine rapid gates (due to their strong coupling) with long memory lifetimes [18].

We find that the midpoint-source protocol has a different dependence on the sys-
tem parameters, with its performance only weakly constrained by the memory storage
time. However, its increased sensitivity to losses hinders its performance over long dis-
tances. In addition, there is considerable uncertainty in the projected performance of
entangled-pair sources in the near-term, particularly with regard to the source bright-
ness. Until brightnesses on the order of 0.1 per attempt can be achieved, our analysis
suggests that these schemes will not perform as effectively as the multiplexed distillation-
based protocols.
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Figure 4.6: Modelled entanglement-generation rate for the mEPL scheme as a function of the num-
ber of qubits per node at d = 50 km. The three curves correspond to different values of the swap-
gate time fsg. An initial linear scaling of the rate with the total number of qubits is observed, as
predicted by Equation (£.2). The rate increases only up to Nmax = £/ tsg] + 1, beyond which there
is no further benefit. This rate saturation occurs over the addition of two qubits. This is because,
while generating the second entangled state in the mEPL protocol, one memory qubit is always
occupied by the first generated state. The addition of a further memory qubit beyond N = [/ sg]
therefore ensures that there are [f¢/ fsg] qubits available for entanglement generation during both
phases. However, this memory qubit is only used for the second state generation and so does not
contribute as much as previous qubits. Error bars associated with the Monte Carlo simulations are
smaller than the plotted circles.
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OPTIMIZING PRACTICAL
ENTANGLEMENT DISTILLATION

Filip Rozpedek[], Thomas Schiet®, Le Phuc Thinh, David
Elkouss, Andrew Doherty and Stephanie Wehner

The goal of entanglement distillation is to turn a large number of weakly entangled states
into a smaller number of highly entangled ones. Practical entanglement distillation schemes
offer a tradeoff between the fidelity to the target state, and the probability of successful
distillation. Exploiting such tradeoffs is of interest in the design of quantum repeater pro-
tocols. Here, we present a number of methods to assess and optimize entanglement dis-
tillation schemes. We start by giving a numerical method to compute upper bounds on
the maximum achievable fidelity for a desired probability of success. We show that this
method performs well for many known examples by comparing it to well-known distilla-
tion protocols. This allows us to show optimality for many well-known distillation proto-
cols for specific states of interest. As an example, we analytically prove optimality of the
distillation protocol utilized within the Extreme Photon Loss (EPL) entanglement gener-
ation scheme, even in the asymptotic limit. We proceed to present a numerical method
that can improve an existing distillation scheme for a given input state, and we present an
example for which this method finds an optimal distillation protocol. An implementation
of our numerical methods is available as a Julia package.

The results of this chapter have been published in Phys. Rev. A 97, 062333 (2018).
*These authors contributed equally.
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5.1. INTRODUCTION

Entanglement distillation forms an important element of many proposals for quantum
repeaters [1H5], as well as networked quantum computers [6}[7]. It has seen widespread
study across several areas ranging from practical entanglement distillation schemes [7-
13] and their experimental implementations [14H18], to a general understanding of some
of its possibilities and limitations in quantum information theory [19]. The general goal
of bipartite entanglement distillation is to convert a state p 43 into a state 7 ;5 that is
close to a maximally entangled state @ ;5 using only local operations and classical com-
munication (LOCC) between the network node holding A (Alice) and the one holding B
(Bob). Here by A and B we denote the input registers and by A and B the output ones.
Closeness is measured in terms of the fidelity

F=(Ppln,3l®Pp)=1-e¢, (5.1)
to the target state
1 bl
|Dp) = 75 Jgo DAl g (5.2)

which is maximally entangled across A and B.

There is a slight difference between the meaning of entanglement distillation in the
quantum information theory literature and in practical schemes. In quantum informa-
tion theory, one typically considers the case where p op ~ (T45)®" consist of n copies of
a state 7,p. If we want to distil states that are arbitrarily close to the perfect maximally
entangled state, then the distillable entanglement Ep(7,;) of 7,4, answers the question
of how large this output state can be. Specifically, it tells us what would be the dimension
|AB| relative to the input dimension |AB|, under distillation using LOCC as n — oo [20].
As such, the dimension of the output state |AB| is generally smaller than the dimen-
sion |AB| of the input state, unless the input is already maximally entangled. While Ep
is difficult to compute in general, several computable bounds have been proposed [21-
24]. Recent years have seen one-shot variants of distillable entanglement in which n can
be finite, or indeed p 4p may have an arbitrary structureless form [25H27]. Bounds on
the one-shot distillable entanglement may be computed numerically [28]. Crucially, the
task of entanglement distillation as it is considered in quantum information theory al-
ways produces an output state 77 3, and considers no failure. The possibility of failure is
allowed implicitly by assuming that if the entanglement distillation procedure fails, then
Alice and Bob output an arbitrary state leading to a reduced fidelity of the output state
to the target state.

In contrast, practical schemes for entanglement distillation explicitly allow for the
possibility of failure [7H13]. The fidelity F to the target state is in that case of interest
only in the event of success. Not surprisingly, there exist interesting tradeoffs between
this fidelity F, and the probability of success pgycc of the distillation procedure. A simple
example of such a tradeoff is the possibility of filtering in which the dimensions |A| and
|B| of the output systems A and B are equal to the input dimensions | A| and |B], that is,
|Al = |Al and |B| = |B|. Yet, it is possible to probabilistically increase the fidelity to the
target state by LOCC, where a higher fidelity F leads to a lower success probability psycc.



5.2. OVERVIEW 57

More generally, trading off the fidelity F against pgycc is relevant to the construction
of quantum networks: here, the initial generation of entanglement is typically already
probabilistic such as when using a heralded scheme to produce the initial (imperfect)
entanglement [29,[30]. Most significantly, however, the local quantum memory used to
store entanglement is itself imperfect. This means that both the initial as well as the re-
sulting entanglement cannot be preserved for an arbitrary amount of time. Clearly, the
success probability pg,cc dictates the rate at which we can hope to produce high-fidelity
entanglement between different nodes in the network. This rate imposes requirements
on the coherence times of the memory if multiple entangled pairs are generated such
that they should undergo further processing, for example, to generate more complex en-
tangled states in a multi-node network. In such a scenario, one may thus wish to obtain
a higher probability of success at the expense of a lower fidelity (or vice versa) in relation
to the local storage capabilities of the nodes.

We have already discussed in Section[3.3.2)in Chapter[3|that due to hardware limita-
tions, practical distillation protocols can be restricted to a class involving only one round
of local operations followed by one round of classical communication. We have referred
to these operations as the measure and exchange (MX) operations (see Section[5.3.1]for a
precise definition). Here we will be specifically interested in this class of protocols.

5.2. OVERVIEW

In this paper, we develop a set of tools for optimising and assessing existing practical dis-
tillation schemes. Specifically, our tools allow for a detailed investigation of the tradeoff
between the possible output fidelity and probability of success of distillation schemes.

* In Section we first formally define the set of measure and exchange (MX)
operations, and illustrate it with an example of an existing filtering protocol.

¢ In Section5.3.3} we state a semidefinite programming (SDP) method to compute
upper bounds on the achievable fidelity (or success probability) of a distillation
scheme for a given success probability (or fidelity). These methods adapt the ideas
of Rains [21] as well as the later methods of Bose symmetric extensions [31} [32]
to the case of MX operations, where immediate measurements are performed to
decide success or failure. We implement these methods in a numerical package
that is freely available on GitHub [33].

e In Section [5.3.4} we present a numerical seesaw method based on semidefinite
programming that takes a specific distillation scheme and entangled state as in-
put, and iteratively searches for a better distillation scheme adapted to the state of
interest. This method is also included in our numerical package.

* In Section[5.4] we illustrate our method with a variety of examples, considering dif-
ferent entangled states of interest. We compare upper bounds attained with exist-
ing distillation schemes (and interpolations between existing distillation schemes)
to determine their performance. We observe optimality for a number of schemes
for specific states of interest, including modifications of such schemes and certain
new schemes obtained from existing ones using our tools. Specifically, we present
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an instance in which the seesaw method will find an optimal distillation scheme
from an existing one that is suboptimal for the given state.

* In the appendix (summary in Section we employ our semidefinite program-
ming methods to analytically prove optimality of the DEJMPS protocol [9] for dis-
tilling Bell diagonal states of rank up to three. Furthermore we show optimality of
the distillation procedure used within the Extreme Photon Loss (EPL) remote en-
tanglement generation scheme as described in [7,[13], even in the limit of asymp-
totically many copies.

5.3. OPTIMISATION METHODS

Let us now first define MX operations, and specify the problem of interest in terms of
such operations. Throughout, we will use the convention ox = try (o xy) to denote the
marginal o x of alarger state o xy. Moreover, for the purpose of the compactness of nota-
tion, we will often omit writing explicitly the identity matrix or the identity channel. That
is, for (ILx ® Mp)p ap we will often use the shorthand Mpp 4 and for (14 ® Ag_ 3)(p4B)
we willuse Ag_ 5(04B)-

5.3.1. MEASURE AND EXCHANGE (MX) OPERATIONS
All MX operations can be modelled as completely positive trace-preserving (CPTP) maps,
e.g for Alice

My 12 ) — D (5, (5.3)

where # and A, = A3 ® #F, denote the input and output spaces respectively and
2 denotes the set of density operators living on the space. The registers F4 and Fp de-
note classical flag registers, which Alice and Bob will compare in order to decide success
or failure. Applying these maps locally yields the state

O ir,Br = DA ir, ® Mp_pr, (PAB) . (5.4)

Since Alice and Bob use classical communication to compare the flags, we may without
loss of generality assume that the state after a measurement on F4 and Fj is of the form

O ABF,Fp = fz}‘ U%ﬁ; ® | faXfalr, ® 1 fBXfBlEg » (5.5)
A JB

where the sum is taken over strings f4 and fg, and 0 < tr(aggf B) < 1. Comparing the
flags to decide success or failure can be understood as subsequently projecting the state
using a projector

Py= Y |faXfalr,® | f8X[fBlrs » (5.6)
(fa.fpes

where . = {(fa, f5) | Alice and Bob declare success}. The success probability can thus
be expressed as

Psuce =t (PO E,Fp) - (5.7)
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The global state conditioned on success can in turn be written as

@Lig®Pr)0 igp, Wi ® Py)
N ABFAFg = Peuce , (5.8

which has a fidelity to the ideal maximally entangled state
F={(Dpln 4531Pp) . (5.9)

Our formalism captures all practical schemes by appropriate definition of P,.
As an example let us consider the filtering protocol [34]. This protocol is adapted to
perform well for an input state with |A| = | B| = 2 of the form

0AB = plP2)X{( @2 + (1 - p)|01)01]. (5.10)

In this procedure, Alice performs a measurement given by the POVM: {MO,M}A} with
M} = (AT AL, where AL = \/€|0)0] + |1X1] and M = (A%)TAY = I - M}, for some pa-
rameter € determining the tradeoff between F and pgycc. In terms of the map this mea-
surement can be expressed as

i
Mpcdp, @)= Y Alp (Af(‘) 8| faXfalr, - (5.11)
fa€{0,1}
Similarly, Bob performs a measurement given by the POVM: {M 0 Mll}} with Mé =( A}B)T AL
where A}, = v/e|1)(1| +0)0] and MY = (A%)T A} =T - M}, giving the map

Noiy®= 3 P p(af) oife)folr, .12
fBeio,1}
Alice and Bob declare successif f4 = fp = 1, corresponding to a choice of P, = [11)X11|F, ;.
When optimising over measure and exchange operations, it is sometimes convenient
to consider a slightly more general class of operations which we call measure and ex-
change operations with shared randomness (MXS operations). As the name suggests,
Alice and Bob have additional access to classical shared randomness, which is easy to
distribute ahead of time. Specifically, if Alice and Bob have a classical symbol r chosen
with probability p;, then they can perform MX operations that depend on r. This means
the output state is of the form

O ABFAFg = > PriA A ip, ® Mg iRy (0a8) - (5.13)
r

Note the set of MXS operations is a convex set unlike the set of MX operations.

5.3.2. OPTIMISING OVER MX OPERATIONS

GENERAL FORM

We are now going to consider various optimisations related to the distillation problem.
As we have seen, we would like to optimize one of the three parameters D, pgycc, €, where
D is the local output dimension, pg,cc is the success probability and the fidelity is 1 —e.
We will typically fix the output dimension D and for now we will consider optimising
the fidelity for fixed success probability psycc = 6. It is straightforward to adapt the
techniques below to optimize pg,cc instead. Ideally, we thus wish to solve the follow-
ing (quadratic) optimisation problem over maps A ,_, 3z, and Ag_ s
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maximise 3 tr (I‘DD)(‘DD |43 ® P UABFAFB)
subjectto  tr(Pyop,p,) =6
O 3raFy = Mamir, ® Mp—srs (PaB) -

Optimisation Program 5.

SIMPLIFYING THE OPTIMISATION PROBLEM

How do we optimize over quantum operations? The key is to employ the Choi isomor-
phism which gives a one-to-one correspondence between quantum channels and quan-
tum states with certain properties. Specifically, for any quantum channel I's_. g from a
system S to system R, there corresponds a unique Choi state

Crs =Ts—r®1lg (Psg), (5.14)
satisfying
Iy
CRS’ EO’CS':Ev (5.15)

where ®gg is the density matrix of the normalised maximally entangled state from Eq.
of dimension D = |S|. The Choi state carries all information of the original channel, in
the sense that

tr [MgT's—r(ps)] = ISItr[Mg ® p}, (Crs)] (5.16)

for all matrices Mg on R.

For the case of MX operations the Choi states take a product form. This is because a
maximally entangled state of a larger system whose dimension D is a composite number
is formed by taking the tensor product of maximally entangled states:

Cirybrgap =DMair, ® Np_pp, (Pan ®Pppr)
:CAFAA/®CEFBB' . (517)
This translates the optimisation to the space of product of two Choi states. Similarly, for

MXS operations we obtain the optimisation over the subset of separable Choi states that
can be decomposed as follows (we denote this set here as SEP-C):

Carairgan = 2 PrCrir,a ®Cripyp - (5.18)
r

Note that SEP-C is a strict subset of the set SEP of separable states, since we require that
the individual components satisfy the Choi condition Eq. (5.15).

Before delving into the various approaches to optimize our function below, let us
first simplify the problem slightly. Our goal will be to remove the registers F4 and Fp

from the expressions above. In particular, let us imagine that CZF o and Cg 5o g A€
A B
optimal solutions to the optimisation problem above. We then claim that
CAFA,A’ = ) |fA><fA|FACZFAA,|fA><fA|FA ) (5.19)
fa€fo,1}
Corg = 2 1f)XfolrsChp pl ) falEs (5.20)

fB€{0,1}
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are also optimal. This is an immediate consequence of the fact that in our optimisa-
tion problem, we always measure the registers F4 and Fg. We can thus without loss of
generality assume that both states are cq-states

Cargw= 2. Cpoaw®IfaXfalry, (5.21)
fa€{0,1}

Corgmr = . Cpypm @) BlEs (5.22)
fB€{0,1}

that is the flags are always classical registers.

Observing that our optimisation problem is only concerned with the case that Alice
and Bob succeed, we can now express the problem in terms of the Choi states. We can
now consider two cases:

1. Some protocols have local success flags, e.g. the protocol succeeds if Alice and
Bob both measure “1”, which is the case in the filtering protocol described in Sec-
tion or the distillation protocol used within the EPL scheme (both are also
described in Section[3.3.2in Chapter[3). The meaning of “local” refers to the fact
that here Alice and Bob can individually already declare failure if they observe a
“0” (success evidently requires a comparison). For this example we arrive at the
optimisation problem

maximise 'Agﬂtr(@DX@Dug ®P g (é Aar CI,BB’))
subject to I{lIIBItr[pZ;LB, (CLaeCip)=0,
Cran20,Cpp 20,
]IB

Ly
Cras-4 TAD ClB'<m .

Optimisation Program 6.

Here the last condition follows from the Choi condition Eq. (5.15) because we have
eliminated the states Co ix and éo ap from explicit consideration.

2. The other case is the one of the non-local success flags, e.g. Alice and Bob succeed
if fa = fp. This is the case for example for the BBPSSW [8] or DEJMPS [9] protocols
(again see also Section in Chapter[3). In this case we obtain

maximise 4! tr(ICDD)@DIAB 8ph (él,AA’ ®C pp+Coin® CO,BB’))
subjectto  |A||B|tr [pg,B, (Cra®Crp+ConeCop)|=6
CI,AA'EO’ CIBB/ O COAA/ O CO,BB/EO y

. N 1,
Cra+Cow =140 Crp+Con =15 .

Optimisation Program 7.
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5.3.3. RELIABLE UPPER BOUNDS USING SDP RELAXATIONS

The Choi isomorphism only transfers the optimisation from channel space to state space,
but it does not deal with the (quadratic) non-convex nature of the program. In this sec-
tion we perform a set of convex relaxations on the domain of optimisation. First, in Sec-
tion [5.3.3.1) we consider optimisation over positive partial transpose (PPT) operations
and in Section[5.3.3.2we add an additional constraint related to the extendibility of sep-
arable states. We will call the resulting bounds reliable, since these numerical methods
are guaranteed to produce an upper bound on our objective function. In contrast, later
in Section[5.3.4|we discuss a heuristic method which does not have this property.

PPT RELAXATIONS

The first method to obtain an upper bound on the objective is a direct extension of
Rains [21]. Here, we relax the set of SEP-C states to the set of PPT Choi states— Choi
states which are positive under partial transpose. We perform an easy adaption of this
method to the case of MX operations including classical flags, resulting in Optimisation
Program [8] This method is implemented in our numerical software package available
at [33].

Enforcing the PPT condition is an SDP constraint, whereas membership of SEP is
more difficult to characterise and optimisation over the set of separable states is in gen-
eral hard. Applying the PPT constraint to our problem means that we construct a single
Choi state variable on all the registers, such that it obeys the PPT condition, i.e.,

ct

AF,A'BFgB’ 20, (5.23)

where I" denotes the transpose on all the registers of Bob.
To introduce some helpful notation, we can split this Choi of the distillation channel
into the success and failure parts

Capynbrss = Cv AryaBrsB T Cx, AR A BFSB' (5.24)

obeying the condition

Cypap+Cxpp = Lig (5.25)
|AllBI
For a protocol with local flags we have
Cy arnrgs = Crin ®Cpp ® 11X11IE, Ry, (5.26)
whereas for a protocol with non-local flags
Cy ir,abrgp = C1in ®Cy pp ® 11X11F,Fp
+Co an ® Co g ®100X00] £, £ . (5.27)

Clearly C v AFy A BFpp ANd CAX' Ar,ABE,p are orthogonal on the flag registers. As a
result imposing the PPT constraint on Cj4p, 4, 5 is €quivalent to imposing it on both

Cy arynprgp A0 Cx ip, app,pr- Finally, Cy ip, 435, p does not appear explicitly in our
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optimisation problem, but because of the relation in Eq. (5.25), it translates directly to
the following condition on the marginal of C /' AFAA'BEgB'"

A ]IA’B’
Cr ! rS T}
/ABTTAllB|

where I' again denotes the partial transpose on all registers of B. Of course Eq. (5.25) also
implies that

(5.28)

Tap
lAlIBI

Since in our program we have already eliminated the flags, our SDP variable is C V/ AABB
We note that both the case with local and non local flags as well as any other flag config-
uration reduce to exactly the same relaxed PPT program. All other constraints in terms of
the reduced state of C v Axpp Temain the same so that now we will obtain the following
program:

Crap < (5.29)

o AllB
maximise A8 tr [(I@D)(QDIAB ®0% ) Canip
subject to |A||B|tr[( 4880 5) Coinin| =6,

C/ ingp 20,

Optimisation Program 8.

We give a side remark regarding terminologies. Such a PPT Choi state Cjr. 435, p
corresponds to an operation that Rains defines as a PPT operation [21}35}(36]. These PPT
operations include all LOCC operations as a strict subset. Hence our relaxed program
provides upper bounds on the achievable fidelity not only over MX and MXS operations
but also over all LOCC operations. See Appendix[5.6.1|for a short discussion of these PPT
channels.

The Optimisation Program(g]is a semidefinite program with very high symmetry. This
allows considerable further simplifications (see Appendix[5.6.3). We finally obtain the
semidefinite program corresponding to the Rains style bound on the fidelity of distilla-
tion with fixed success probability §

. . Al||B
maximise p(Mup,Eap) = % tr[pl o Map]
subjectto  Myig =20, Egyp =0,
Ly
MAIBI +EAIB/ < ;{‘Hgl
r r Lyg
Mg + EA’B’ = TAIB]
|Al|B| tr [ A'B/ (MA’B’ + EA’B’)] =0
T 1
MAIF! + D+11 A/F! - 0
Mg+ 51Eyp =0
Optimisation Program 9.

Recall that p 4 g is the initial input state that Alice and Bob are attempting to distil and in
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most examples considered here, it will consist of two copies of some two-qubit state. In
what follows and on all the plots shown in Section[5.4]we will refer to the bound obtained
using this program as the PPT bound.

We note here that by following an analogous procedure, one can construct a similar
program which aims at maximising probability of success subject to a constraint of fixed
output fidelity. This program can also be relaxed to a PPT program which is also an SDP.
Effectively it results in a similar program to the one above just with the objective function
and constraint on probability of success interchanged:

maximise |A||B|tr[p£,B,(MArB,+EArB,)]
subjectto My 20, EA,B,>O
MAIBI+EAIBI_ AHBl
T r g
Mg+ Eyp = tA78] -
tr(ph p[(1-F)Muyp —FEyp]] =0,
T 1 T
M, wp D+1E F_O
_MA/B/+ A/B/—

Optimisation Program 10.

Now F is a constant fidelity and so the fidelity constraint is just:

trlp?, o Mup]
tr[PArB, (Myp +Enp)]

=F (5.30)

Hereafter, we will drop the subscripts on p, E and M to simplify the notation.

BOSE SYMMETRIC EXTENSIONS
The goodness of the relaxation above depends on how well the set of PPT Choi states
approximates the set SEP-C. A sharper approximation could evidently be obtained by
approximating the set of separable states SEP itself by more stringent conditions. A stan-
dard technique for doing so is by the method of extensions [31} 32] which is closely re-
lated to the sums-of-squares relaxations for polynomial optimisation problems.

In the case at hand, in addition to the PPT constraint in Eq. we will add the
constraint that the state is k-Bose-symmetric-extendible (k-BSE) [37]. By definition, a
(Choi) state C_ ;4,35 is k-BSE iff there exists C‘(AIA’I)---(AIC+1A;€+1)BB’ satisfying

L C(AlA’l)...(AkHA;M)BB' =20,

2 Uih, 4. (A A, ) (Ciavap. (A,MA,M)BB/)=C(AAf)éB~

3. (Psym®Iyp) (C(AIA/) (Ak+1Ak+1)BB') C(AlA )otAgn AL )BB" where Pgyp, is the pro-

jector onto the symmetric subspace of (AIAI) (Ak+1Ak+1)

It is clear that adding this constraint to the PPT constraint constitutes a sharper approx-
imation of SEP-C because any separable state is k-BSE for all k € N. To see this, it is
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sufficient to note that Y°; p;|u;}u;|®**! ® |v;}(v;| is a k Bose symmetric extension of the
separable state Y_; p;lu;}u;| ® |v;)}v;l.

In this way, we obtain a sharper and sharper approximation of SEP-C by choosing
larger values of k — the accuracy scales not worse than O(|AA’|?/(k + 1)?) [38]. The only
drawback is the size of the resulting SDP. Although it increases only polynomially with k,
for practically interesting problems we were only able to introduce k = 1 Bose symmetric
extensions. We refer to Appendix[5.6.5|for the detailed calculations and the exact form
of the resulting SDP. Whenever we refer to the 1-BSE bound, we mean the bound arising
from this optimisation over Choi matrices that are both PPT and 1-BSE.

5.3.4. OPTIMISING EXISTING SCHEMES

While the previous methods are concerned with deriving upper bounds on the fidelity,
we can as well start from an existing distillation protocol and try to find a better protocol.
In the following we discuss one such a scheme that we dub the seesaw method. Look-
ing at the original Optimisation Programs|[6|and [7} we see that there is no need for any
PPT style relaxation if one of the distillation maps for either Alice or Bob is fixed: for a
fixed value of one of the maps, the optimisation problem is already an SDP. If we thus
fix the operation of Alice (or Bob), then we may use an SDP solver to optimize over the
possible distillation schemes in terms of the Choi state of Bob (or Alice). Once solved,
we may iterate the procedure in a seesaw fashion. We now fix the operation of Bob (Al-
ice) with the outcome of the previous step and we optimize over the operation of Alice
(Bob). The optimisation problem is again an SDP. These steps can then be repeated, as
often as desired optimising iteratively over either Alice or Bob. While not guaranteed to
find the optimal solution, the seesaw method often performs rather well in practice and
is implemented in our numerical package [33]. In fact, in the next section we provide an
example where this method finds an optimal filtering scheme, as the numerical results
show that it achieves fidelities corresponding to the PPT bound. We remark that given
the new Choi states, one may find the corresponding isometry (or unitary) that imple-
ments the map using an ancilla (see, e.g., lecture notes [39]) and then compile it into a
quantum circuit for the specific architecture in question.

5.4. STATES AND DISTILLATION SCHEMES

Let us now illustrate our methods with a number of states commonly studied in the en-
tanglement distillation literature, or arising in experiments. We thereby demonstrate the
use of our methods as a numerical tool to compute the trade-offs between the fidelity
F and probability of success psucc, as well as their use as an analytical tool to formally
prove optimality of certain entanglement distillation schemes. We also provide a sim-
ple example illustrating the use of the seesaw method to improve an existing distillation
scheme for a specific state.

Here we will use the term “a copy of a state” to denote a two-qubit state shared be-
tween Alice and Bob. In these examples, we will for simplicity only consider distillation
to a single copy i.e. when the output of the procedure is a two-qubit state. More exam-
ples can easily be explored using the freely available numerical package [33].
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5.4.1. ISOTROPIC STATES

As a warm-up, let us consider distilling isotropic states. These states are often consid-
ered in the quantum information theory literature due to their beautiful symmetries.
Moreover, they are the states that arise when a maximally entangled state undergoes
depolarising noise, which is often used as a simplified pessimistic model for the noise
caused by the imperfect operations in physical implementations of quantum memories.
Specifically, an isotropic state is of the form

T4B = pl®pXPpl+(1-p) (5.31)

ﬁ )
where |®p) is the maximally entangled state defined in Eq. (5.2). The isotropic state is
invariant under U ® U* on A and B for all U.

NUMERICAL EXAMPLES

FIG.5.1]illustrates the upper bounds obtained by PPT and the 1-BSE relaxation, in com-
parison to the BBPSSW and DEJMPS protocols when distilling 2 copies of the isotropic
state pap = r% to a single two-qubit state (see Sectionin Chapterfor the descrip-
tion of these well-known protocols). We remark that when performing a single round of
distillation, the two protocols coincide for the case of the isotropic state. The continu-
ous red line corresponds to an achievable scheme based on the interpolation or extrap-
olation of those existing schemes. The details of how this is performed are included in
Appendix[5.6.2.2]and for simplicity on the plots we always label this curve arising from
both extrapolation and interpolation as “Interpolation”. Similarly in FIG.[5.2|we depict
the corresponding results for distilling 3 copies of the isotropic state p4p =7 22 to a two-
qubit state.

In FIG.[5.1land FIG.[5.2l we see that both the PPT and 1-BSE bounds are non trivial
and the 1-BSE bound is tighter than the PPT bound for smaller values of the probability
of success. In particular we observe that deterministic distillation (with pgycc = 1) when
operating on 2 copies of the isotropic state is not possible. For 3 copies it is possible to
deterministically increase the fidelity, and this can be achieved, e.g., using the protocol
DEJMPS A (see caption of FIG.[5.2|for details of this protocol).

5.4.2. BELL DIAGONAL STATES
More generally, we now consider states 7 4p that are diagonal in the Bell basis given by

D7) = |Dy), (5.32)
|©7) = ® Z)|D2), (5.33)
) = ([ X)|D,), (5.34)
W7) = IeXZ)|Ds). (5.35)

These are interesting states to consider since indeed any two-qubit state p4p can be
brought into this form by twirling it over the group of correlated Pauli operators:
XX, Y®Y,Ze® Z,Iel}. This can be achieved if Alice and Bob have access to some
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2 copies: Isotropic state (p = 0.7)
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Figure 5.1: Distilling the isotropic states 122 with D =2 and p = 0.7 in Eq. to a two-qubit

state. The fidelity of each input copy is Fj, = 0.775 and we observe that deterministic distillation
(with psuce = 1) is not possible for two copies of the isotropic state. We also find that the method
of 1-BSE provides tighter bounds than the PPT method alone.

shared randomness. We can thus consider entangled states

TAB = PO HDY [+ po| P NPT |+ p3| O XD
+(1=p1—p2—-p3) VXY, (5.36)

where p; > 0.5 and p; > p2 = p3 = 1 - p; — p2 — p3. Any Bell diagonal state for which one
of the Bell coefficients is larger than 0.5 can be rotated into this form using only local
Clifford operations performed by Alice and Bob.

The distillation of such states has been studied in the literature, and we will focus
here on the action of the DEJMPS protocol on these states since it is known for achiev-
ing higher fidelities than the BBPSSW protocol. Specifically, Alice and Bob share two
copies of a Bell diagonal state 7 4p, that is, pap = Tii. The decreasing order of the Bell
coefficients in 7 45 is important as this specific ordering allows us to achieve the highest
fidelity over all the orderings [40].

We note that it has been recently shown that the DEJMPS protocol achieves the high-
est possible fidelity over LOCC operations when distilling a two-qubit state from two
copies of a Bell diagonal state of rank two [41]. Moreover, in [40] protocols that permute
Bell states in the mixture were analyzed and it was claimed that for two copies of all Bell
diagonal states, DEJMPS protocol achieves the highest achievable fidelity when distilling
a two-qubit state, but only among all such permuting protocols. Here our results indi-
cate that we can make a much wider range of optimality statements about DEJMPS in
relation to Bell diagonal states than has been known before.
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3 copies: Isotropic state (p = 0.7)
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Figure 5.2: Distilling the isotropic states T‘jz with D =2 and p = 0.7 in Eq. to a two-qubit
state. The fidelity of each input copy is Fj, = 0.775. The protocol DEJMPS A corresponds to ap-
plying DEJMPS to the first two copies and outputting the resulting state in case of success and
outputting the remaining third copy in case of failure. This protocol allows for deterministic in-
crease of fidelity. The protocol DEJMPS B corresponds to applying DEJMPS to the first two copies
and then conditioned on success, applying it to the remaining two copies. Failure at any stage
results in outputting the failure flag. The 1-BSE bound was already computationally too expensive
for this 3-copy scenario.
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NUMERICAL EXAMPLES

We first investigate a number of examples using our numerical procedure. We present
the results in FIG. and in FIG. We again emphasize that for simplicity we only
consider distilling a two-qubit state from two copies of a Bell diagonal state and we note
that all these optimality statements apply when optimising over all LOCC protocols.

First, we observe that for all Bell diagonal states of rank up to three DEJMPS achieves
the highest possible output fidelity and achieves it with the highest possible probabil-
ity of success, as can be seen in a specific example in FIG. This statement we also
prove analytically as described in the next subsection. Moreover, as we also illustrate in
FIG. we numerically observe that for Bell diagonal states of rank up to three, extrap-
olating from DEJMPS allows us to achieve the highest possible output fidelity for each
extrapolation protocol’s probability of success.

Finally, we also numerically observe that for Bell diagonal states of rank four, apart
from a certain set of states including and around the isotropic state, DEJMPS achieves
the highest possible fidelity for this protocol’s probability of success when applied to
these states. In FIG.[5.5|we fix p; and p; and plot the gap between our numerical upper
bound and the output fidelity of DEJMPS, both evaluated at the probability of success
of DEJMPS, versus the parameter p3. We see that in this space of Bell coefficients the
gap vanishes when one moves far enough from the isotropic state. In this space, we
observe a similar gap in any other direction away from the isotropic state. However, only
by moving exactly along the axis of one of those coefficients do we obtain a gap that is
symmetric around the isotropic state as in FIG. The reason for this fact is that on
those axes the two states that are located symmetrically on two sides of the peak at the
isotropic state are the same up to the permutation of the Bell coefficients.

OPTIMAL FIDELITY AND SUCCESS PROBABILITY

Semidefinite programming duality now allows us to prove analytically that DEJMPS is
an optimal protocol for distilling from two copies of all Bell diagonal states of rank up to
three, which was not known before.

Theorem 5.4.1. (Informal) Given two copies of a Bell diagonal state of rank at most three
and distillation towards the target maximally entangled state with D = 2, there is no pro-
tocol that achieves a larger fidelity than DEJMPS and there is no protocol that achieves
this fidelity with a larger success probability than DEJMPS.

In the following we sketch the proof of Theorem We leave the full details in-
cluding a precise definition of optimality to Appendix
The entangled Bell diagonal states of rank up to three can be written as

TaB = P1IOTN O |+ po WINPT+ (1 = p1 = p2)| O™ XD 7], (5.37)

with p; > 0.5 and p; > p2 = 1 — p; — p-. First, we note that the DEJMPS protocol applied
to two copies of the state in Eq. (5.37) conditioned on success results in a state

Pip = PUOTXOT |+ Pyl T NPT+ (1 - pl - PP X, (5.38)
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Figure 5.3: Distilling the Bell diagonal states of rank-three 7% ab 2 with D =2 and p1 = 0.7, po =
0.2,p3 = 0.1 in Eq. (5.36) to a two-qubit state. The fidelity of each input copy is F, = 0.7 and
we observe that deterministic distillation (with psycc = 1) is not possible for two copies of this
state. We see that DEJMPS is optimal for a mixture of three Bell states. Moreover, extrapolating
from DEJMPS to higher probability of success as described in Appendix[5.6.2.2] we see that the
extrapolation curve overlaps with the PPT bound for all values of the probability of success. This
means that this extrapolation also results in optimal schemes achieving the highest possible out-
put fidelity for the specific fixed probability of success. The 1-BSE bound is not included because
it overlaps with the PPT bound.
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Figure 5.4: Distilling the Bell diagonal states of rank-four T% with D =2 and p; = 0.7,p2 =
0.15, p3 = 0.1 in Eq. to a two-qubit state. The fidelity of each input copy is Fj, = 0.7 and we
observe that deterministic distillation (with psucc = 1) is not possible for two copies of this state.
We also find that the 1-BSE bound is tighter than the PPT bound for smaller values of the proba-
bility of success. Finally, we observe that DEJMPS achieves the highest possible output fidelity for
this protocol’s probability of success for a mixture of four Bell states which are far enough from the
isotropic state.
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Optimality gap p1 = 0.7, p» = 0.1
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Figure 5.5: Distilling the Bell diagonal states of rank-four Tsi with D =2 and p; =0.7,p2 = 0.1
in Eq. (5.36) to a two-qubit state. The fidelity of each input copy is Fj, = 0.7. The plot shows the
difference between the PPT bound and the fidelity achievable through DEJMPS as a function of
p3 for the probability of success of DEJMPS. We see that DEJMPS achieves the highest possible
output fidelity for this protocol’s probability of success for a mixture of four Bell states which are
far enough from the isotropic state (the middle of the peak). Clearly the states considered on this
plot for which p3 # 0.1 do not satisfy the condition p; > p2 = p3 = 1— p1 — p2 — p3, therefore when
applying the DEJMPS protocol to such a state we first permute the Bell coefficients to this order.
The 1-BSE bound is not included because it overlaps with the PPT bound.
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where
2
l pl
-0 5.39
p1 N (5.39)
2 4 (1= prv— po)?
A R (5.40)

N

and N = p% + (1 — p1)? is the probability that the protocol succeeds. Note that py>py=
1 - p! = p,. Moreover the fidelity increases, that is, p| > p.

The strategy to show optimal fidelity relies on the dual formulation of the SDP in
Optimisation Program[9] In particular, we prove that there exists a feasible solution of
the dual program with the objective function value corresponding to p} for all § € (0, 1].
Hence p] is an upper bound on the achievable fidelity for all § and there cannot exist an
LOCC protocol that takes two copies of the state in Eq. and outputs a state with
fidelity larger than p).

The proof of N being the optimal success probability for all protocols that output
fidelity equal to p! also follows from SDP duality. That is, we show that there exists a
feasible solution of the dual program for optimising the probability of success with the
objective function taking the value N for the output fidelity F = p].

5.4.3. R STATES

Another interesting class of states are quantum states that form a mixture between a
maximally entangled state and a product state. In particular let us first consider a case
where the product part of the mixture is orthogonal to the maximally entangled part.
Specifically let us consider the state

Tag = pIPENPE + (1 - p)|11X11], (5.41)

which we will call an R state. We note that up to a local X or X Z gate this state is exactly
the state in Eq. that we considered in the filtering example in Section (this
local flip on one side will be helpful when discussing remote entanglement generation
in the following section).

This type of state is interesting for two reasons. The first one is “mathematical”. The
above R state is a simple example of a state that as expressed in [42] possesses local in-
formation, in the sense that the reduced state on Alice and Bob individually is not a max-
imally mixed state. This local information can also be seen in the non-zero off-diagonal
elements when the state is expressed in the Bell basis. Since for the DEJMPS and BBPSW
protocols the output fidelity and probability of success are completely independent of
those off-diagonal coefficients, this local information is completely neglected in those
protocols. Hence one could expect that for these states there exist distillation strategies
that utilize this local information and in this way possibly outperform the DEJMPS pro-
tocol.

As observed in [20] this is indeed the case, since for any value of 0 < p < 1 itis possible
to extract a perfect Bell state from two copies of the R state by performing a bilateral
CNOT, measuring the target copy in the standard basis and post-selecting the events
for which both Alice and Bob measured the target copy to be one. In such a scenario
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of applying this protocol to two copies of the R state the fidelity of F = 1 is achieved
with probability of success psucc = p?/2. Note that depending on the value of p the R
state might actually have fidelity to any maximally entangled state smaller than or equal
to half. This shows a fundamental difference with respect to the protocols that do not
utilize this local information like DEJMPS or BBPSSW for which it is required that the
initial fidelity to some maximally entangled state is larger than 0.5[]

The second reason for considering these states is experimental. These states arise
in certain protocols for remote entanglement generation that use a single photon de-
tection scheme in the presence of photon loss [7} 13} 45]. In particular, [7] describes an
entanglement generation procedure that generates two copies of a state closely related
to the R state (see the next section for more details) and then performs the above de-
scribed distillation protocol proposed in [20] to combat the effect of photon loss. Since
the authors refer to this entire entanglement generation scheme as the Extreme Photon
Loss scheme (EPL), here we will refer to this distillation protocol used within the EPL
procedure as EPL-D. As already mentioned and as we will discuss in the next section, the
R state is still only an idealisation of the actual raw state generated within the remote
entanglement generation schemes described in [7,[13]. In particular the R state includes
only noise due to the photon loss while all realistic implementations will also suffer from
other types of noise.

NUMERICAL EXAMPLES

We first look at filtering a single copy of the R state, since as stated in Section[5.3.1} there
exists a well-known protocol for filtering those states. Optimal filtering schemes have
been studied in the literature [44} |46, [47], but not in the context of the optimal tradeoff
of fidelity and probability of success.

First, we note that the filtering scheme described in Section (here we assume
that before filtering, Alice applies an X or XZ operation to bring the R state to the form
in Eq. (6.10)) clearly cannot increase the fidelity deterministically, while from [44] we
know that for all p < 2/3 there exists a way of deterministically increasing the fidelity of
the R state by running a probabilistic filtering protocol and outputting a product state
of fidelity half in case of failure. Inspired by this result we consider here a modified ver-
sion of the discussed filtering scheme in which for certain larger values of the desired
success probability for R states with p < 2/3, conditioned on the failure of that original
scheme Alice and Bob probabilistically output a state of fidelity half. The details of this
modification are discussed in Appendix[5.6.2.2] In FIG.[5.6]and in FIG.[5.7]we compare
this modified filtering scheme with our numerical bounds. We consider one example for
which the input fidelity is larger and one for which it is smaller than half.

The original filtering scheme allows us to choose the desired probability of success
by making a suitable choice of the € parameter, while in our modified scheme success
probability can also be varied by changing the probability of outputting a product state
in case of failure of the original scheme (here we maximise the fidelity over those two
parameters for each probability of success). We note that independently of the value of

*It must be noted that there also exists a general procedure for distilling any inseparable two-qubit state, and
in particular any two-qubit state whose fidelity to any maximally entangled state is smaller than or equal to
half and which therefore cannot be distilled using DEJMPS or BBPSSW, see [43}[44].
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Figure 5.6: Filtering R state 7 4 with D =2 and p = 0.8 in Eq. to a two-qubit state. The fidelity
of the input copy is Fj, = 0.8 and in accordance with [44] we observe that deterministic filtering
(with psucc = 1) is not possible for this state. We see that the filtering scheme perfectly overlaps
with the PPT bound, which proves its optimality for this state. The 1-BSE bound is not included
because it overlaps with the PPT bound.

the parameter p (provided that it is non-zero), in the limit of zero success probability,
this filtering scheme allows for obtaining a state that is arbitrarily close to a maximally
entangled state. From the numerical results we observe that for the considered values of
p, we have that for all probabilities of success our PPT bound perfectly overlaps with the
modified filtering scheme, proving that no higher fidelity can be achieved for the fixed
value of probability of success than already achieved by our modified filtering scheme.
Hence the modified filtering scheme is in fact optimal for these states.

We also present two numerical examples for distillation from two to one copies of
the R state in FIG.[5.8and in FIG. In FIG. 5.8 we consider two copies of the R state
with input fidelity of 0.8. We see that while our achievable interpolation scheme cannot
deterministically increase fidelity for this state, the non-trivial numerical bounds still
allow for this possibility. We also see that for this state the PPT operations allow for dis-
tilling a state very close to a maximally entangled state for much larger probability of
success than the achievable interpolation scheme. In FIG.[5.9)we consider two copies of
the R state whose input fidelity is smaller than half. In this case the interpolation scheme
allows for deterministic increase of fidelity above 0.5 (as discussed in the previous para-
graph, for this value of p that is possible even with just the modified filtering, but the
interpolation scheme performs better). We see that here the PPT operations do not al-
low for distilling a state with fidelity close to one for probabilities of success much larger
than that of the EPL-D protocol.
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1 copy: R-state (p = 0.4)
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Figure 5.7: Filtering R state 745 with D =2 and p = 0.4 in Eq. to a two-qubit state. The
fidelity of the input copy is Fi, = 0.4. As first shown in [44], we observe that for the smaller values
of p deterministic filtering of R states is possible and can be achieved with our scheme. We also
see that the filtering scheme perfectly overlaps with the PPT bound, which proves its optimality
for this state. The 1-BSE bound is not included because it overlaps with the PPT bound.
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Figure 5.8: Distilling the R states 1212] with D =2 and p = 0.8 in Eq. to a two-qubit state. The
fidelity of the input copy is Fj, = 0.8 and we observe that while the extrapolation from DEJMPS
does not allow for deterministic distillation (with psucc = 1) in this case, the PPT bound still allows
for this possibility. We also see that EPL-D allows for achieving unit fidelity. The 1-BSE bound is
not included because it overlaps with the PPT bound.
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Figure 5.9: Distilling the R states 122 with D=2 and p = 0.4 in Eq. to a two-qubit state. The
fidelity of the input copy is Fj, = 0.4 and we observe that deterministic distillation (with psucc =
1) which achieves output fidelity larger than half is easily achievable for two copies of this state.
We also see that EPL-D allows for achieving unit fidelity even if p < 0.5. The 1-BSE bound is not
included because it overlaps with the PPT bound.

5.4.4. REMOTE ENTANGLEMENT GENERATION

Here we expand on the experimentally relevant ideas described in the previous section
on R states to reliably model the remote entanglement generation through distillation,
including most of the experimentally relevant sources of noise as described in [7] and as
realised experimentally in [18]. Specifically, in most experimental implementations of
this specific entanglement generation scheme the actual state that is created will be of
the form

1
pap(p) = gfd(PTAlBl((Pr p)® T A2B2(h, p), (5.42)

where
Ta8(}, p) = pIY T (@XPY T (P)|+ (1 - p)I11X11], (5.43)

and
+ _ 1 ip
W () = E(|01>+e |10>), (5.44)
(@) = — (|01> —e"¢|10>). (5.45)
V2

Here ¢ is a phase that arises due to the optical apparatus and in most cases is completely
unknown. We see that the complete lack of knowledge of the phase ¢ leads to the uni-
form averaging over that phase. However, if the system is stable over the duration of
generation of the two copies of p, one can assume that both of those copies are corre-
lated in that phase.
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In the next step we make this model even more precise by acknowledging the fact that
the first copy of p will actually undergo dephasing while trying to generate the second
copy. Moreover, the phase will in general not be exactly the same for both copies since
in any realistic setting it could drift with respect to the first copy. Mathematically, those
two effects can be combined together into a single dephasing process that affects one of
the two copies

1
paB(p,pa) = gfd(PTAlBl((P’ P Pa) ® T a2B2(¢, p, 1), (5.46)
where

748, p,pa) = P (Pal¥ T (OXFT (@)
+(1 = p )Y~ (@XY™(@)D) + 1 - p)11X11]. (5.47)

Here we shall refer to the state in Eq. as “R-state correlated phase”. In this scenario
the successful implementation of the EPL-D distillation protocol (followed by a local ro-
tation) leads to the output state

N45(Pa) = Pal® XD |+ (1 — pa)| @~ XD, (5.48)

with probability of success psucc = p?/2. We also provide a more detailed description of
this remote entanglement generation scheme in Appendix/5.6.2.1

NUMERICAL EXAMPLES

We present two numerical examples for applying distillation to the state p sp(p, pg) in
FIG. and in FIG. We observe that EPL-D saturates the bound by achieving the
highest possible fidelity with the highest possible probability of success. Moreover, we
observe that extrapolating from EPL-D to higher values of probability of success also
achieves the highest possible fidelity for the corresponding value of the probability of
success.

OPTIMAL FIDELITY AND PROBABILITY OF SUCCESS

The numerical examples suggest that the EPL-D protocol is optimal for distilling states
paB(p, pa) given in Eq. both in terms of output fidelity and probability of success.
This means that the EPL scheme utilizes the optimal distillation protocol in this respect.

Theorem 5.4.2. Given a state of the form p sg(p, pq) given in Eq. and distillation
towards the target maximally entangled state with D = 2, there is no protocol that achieves
alarger fidelity than EPL-D and there is no protocol that achieves this fidelity with a larger
success probability than EPL-D.

It turns out that in this case it is possible to analytically prove this optimality in a
simple way without using the SDP formulation. Specifically, see Appendix|[5.6.8|for the
proof, that after performing the integration over the phase ¢, the state p op(p, p4) is ac-
tually block diagonal in the standard basis, where one of the blocks is of size two and
all the other blocks are of size one. Clearly the blocks of size one correspond to sepa-
rable states. Hence, output fidelity is maximised by projecting onto the size two block.



5.4. STATES AND DISTILLATION SCHEMES 79

R-state corr. phase (p, pg) = (0.8, 1.0)
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Figure 5.10: Distilling the R-state correlated phase p o5 (p, p4) given in Eq. with D =2 and
p =0.8,p; =1 to a two-qubit state. We see that EPL-D is an optimal distillation protocol for the
EPL remote entanglement generation scheme. The red extrapolation curve perfectly overlaps with
the PPT bounds which means that the protocols arising by extrapolating EPL-D to higher values
of probability of success are also optimal and achieve the maximum possible fidelity for the cor-
responding probability of success. The 1-BSE bound is not included because it overlaps with the
PPT bound.
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R-state corr. phase (p, pg) = (0.5, 0.8)
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Figure 5.11: Distilling the R-state correlated phase p 45 (p, p4) given in Eq. with D =2 and
p =0.5,p, = 0.8 to a two-qubit state. EPL-D is an optimal distillation protocol for the EPL remote
entanglement generation scheme. The red extrapolation curve perfectly overlaps with the PPT
bounds which means that the protocols arising by extrapolating EPL-D to higher values of proba-
bility of success are also optimal and achieve the maximum possible fidelity for the corresponding
probability of success. The 1-BSE bound is not included because it overlaps with the PPT bound.

Finally, this block is equivalent up to a local relabelling to the state 7 ;3 (p4) in Eq. (5.48).
Since this state is non-filterable in the sense that even probabilistically no LOCC scheme
can increase its fidelity [44], the optimal protocol cannot achieve fidelity higher than p,
which is achieved by EPL-D within the EPL scheme.

The same argument also implies that within EPL, EPL-D achieves fidelity p; with
maximum probability. More concretely, the probability of the projection onto the size-
two block succeeds with probability at most p?/2 which is the success probability of
EPL-D within EPL.

OPTIMALITY WITH RESPECT TO DISTILLABLE ENTANGLEMENT

Recall that the distillable entanglement of a state is defined as the optimal asymptotic
rate at which it is possible to transform copies of the state into copies of the maximally
entangled state. It turns out that within EPL, EPL-D is also optimal for distillable entan-
glement. More concretely:

Theorem 5.4.3. Given a state of the form p ap(p, pa) given in Eq. (5.46), there is no pro-
tocol with the success probability of EPL-D that outputs a state with larger distillable en-
tanglement. Equally there is no protocol that outputs a state with the same distillable
entanglement as EPL-D and succeeds with larger probability.

We defer the proof of Theorem to Appendix The informal argument re-
lies on the fact that the distillable entanglement of the output of a distillation protocol
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multiplied by the rate of successful distillation cannot be larger than the distillable en-
tanglement of the original state; that is, we must have that

Psucc,ePLED (M 43(Pa)) < Ep((0aB (P, pa)). (5.49)

In the case of EPL, the distillable entanglement of the state p 45 (p, p4) equals psycc,epL(1—
h(pa)) (see Appendix[5.6.8) while the distillable entanglement of the output state of EPL-
D,n43(pa),is1-h(pa), where h(x) = —xlog x—(1-x)log(1-x) is the binary entropy func-
tion [48]. This proves that we actually have equality in Eq. (5.49). The result is stronger in
the case that there is no dephasing, i.e. p; = 1. In this case, EPL-D outputs perfect EPR
pairs at the distillable entanglement rate. Hence, EPL-D is then by definition optimal
within EPL.

5.4.5. S STATES

We have already looked at the R state, a simple mixture of a Bell state with a product state.
However, we have only considered the scenario when the product state is orthogonal to
the given Bell state. As we have already seen those states are easy to both distil and filter.
Specifically, we have seen that from two copies of such a state we can obtain a perfect
maximally entangled state with finite probability of success and even from a single copy
in the limit of zero probability of success, a perfect maximally entangled state can also be
filtered. It is now interesting to see what happens if this product noise is not orthogonal
to that Bell state. Hence we will now consider the state

Tag = plOTHDT|+ (1 - p)|11X11], (5.50)

which we will call an S state.

NUMERICAL EXAMPLES

The first property of this S state that we have verified numerically is that it is less filterable
than the R state, meaning that even at the expense of the probability of success it is not
possible to achieve arbitrarily high output fidelity through local filtering. However, we
show here that by applying the seesaw optimisation from existing schemes to such local
filtering of the S state, we find a new protocol that is more suited to those states. Namely,
we start from the filtering scheme described in Section[5.3.1] We see in FIG.5.12|that the
seesaw method improves the output fidelity of the original filtering protocol designed to
perform well on states given in Eq. (5.10). We observe that the new protocol obtained
using the seesaw method overlaps with the PPT bound which proves its optimality for
the considered state.

We then investigate distillation on two copies of such an S state. We plot our numeri-
cal results in FIG. We see that distilling these states is harder than distilling R states
in the sense that the output fidelity of one is no longer achievable for any probability of
success. Moreover, our interpolation scheme does not allow for deterministic increase
of fidelity which we see is possible using PPT operations. The numerical results also
suggest that DEJMPS protocol is optimal for distilling these states, such that it allows us
to achieve the highest possible output fidelity for this protocol’s probability of success
when operating on these states.
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Figure 5.12: Filtering S state 745 with D = 2 and p = 0.5 in Eq. to a two-qubit state. The
fidelity of the input copy is Fj, = 0.75. We see that deterministic increase of fidelity (psucc = 1) is
not possible. We also observe that the filtering scheme designed to work well for states given in
Eq. is not able to improve the fidelity of the S state for any value of the probability of success.
However, after applying the seesaw method to this protocol we obtain a new filtering protocol that
allows for increasing fidelity of this state. Since the curve corresponding to that protocol overlaps
with the PPT bound, we see that this protocol is in fact optimal for this state. The 1-BSE bound is
not included because it overlaps with the PPT bound.
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Figure 5.13: Distilling the S states 1% with D =2 and p =0.6 in Eq. to a two-qubit state. The
fidelity of the input copy is F, = 0.75 and we observe that while the extrapolation from DEJMPS
does not allow for deterministic distillation (with psycc = 1) in this case, the PPT bound still allows
for this possibility. We also observe that DEJMPS allows us to achieve the highest fidelity for the
corresponding probability of success. The 1-BSE bound is not included because it overlaps with

the PPT bound.

5.5. DISCUSSION

We have provided and studied several methods to understand the trade-off between fi-
delity and probability of success in practical entanglement distillation schemes. The
fidelity is thereby of interest not only because it is a commonly estimated measure in ex-
periment, but most significantly because it bears a direct relation to the possible fidelity
of teleportation using the entanglement generated [49]. Given that the deterministic
transmission of qubits in present day systems relies on the heralded generation of en-
tanglement, followed by deterministic teleportation (see e.g. [50]), the fidelity is thus of
central interest in a quantum network. Evidently, it is an interesting open question to
derive tradeoffs between the success probability and different entanglement measures.
Looking at the method of Bose symmetric extensions employed here, one might
wonder whether one might also employ methods based on € nets (see, e.g., [51]) in or-
der to tackle our optimisation problem. Here an € net is placed on the set of operations,
and every point in this € net is checked. Whereas this “try everything” approach seems
rather trivial it does actually (in terms of €) not lead to a computationally (in terms of k)
more expensive optimisation than the methods of k Bose symmetric extensions when
optimising over the set of separable states. We remark that while this comparison is ev-
idently very interesting and fruitful from a complexity theoretic perspective, it is not of
great practical interest for the small values of k for which it is feasible to evaluate the
SDP. Here, the corresponding € of the net is still very large, meaning we try out only rel-
atively few points, leading to uninteresting solutions. In contrast, the method of k Bose
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symmetric extensions actually performs not so badly even for k = 1 in a more practical
fashion. We remark that the method of € nets can of course be used to optimize over
MX operations directly. It is straightforward to adapt the methods of [51] to derive con-
ditions for optimising over the set of Choi states instead of all states, and then explore
the resulting € net to optimize. This evidently leads to statements on the complexity of
optimising over Choi states, but does not lead to a practically realizable method which
is the interest of the present article.

One might also wonder whether there exist good heuristic methods based on semidef-
inite programming in order to derive actual distillation schemes other than using the
seesaw method starting from an existing scheme. This indeed may sound quite appeal-
ing given heuristics for imposing rank constraints on SDP variables: in our case, we could
make explicit a potential ancilla that Alice and Bob may use in their distillation scheme.
Fixing an ancilla of a desired maximum size, the Choi state is then pure if we include
the purifying ancilla. As such, heuristics such as [52] that confine the rank of the entire
state including the ancilla to be 1, approximate the set of pure states, and could thus give
rise to a heuristic method for optimising over MX operations directly. In our situation,
however, an implementation of [52] did not lead to any interesting results, which is why
this method is omitted from this article. Nevertheless, it is an interesting open question
to find good heuristic methods for optimising over the set of MX operations.

5.6. APPENDIX
5.6.1. PPT CHOI STATES

In this appendix we briefly discuss the connection between the PPT channels and PPT
Choi states. The connection between the PPT channels and Jamiolkowski operator has
been discussed in [21]; however here we are interested in the Choi isomorphism and so
for clarity we describe this connection for the Choi isomorphism.

Following [35], we first recall the definition of a PPT operation:

Definition 5.6.1. A quantum operationV ,5_, ;5 is a PPT operation if the superoperator

r . .. r & :
\PABHAB is completely positive. Here, \PABHAB is defined such that:
r . Tg s
Vop_ip: Pas =~ (Y ap_aployp) %, (5.51)

withT'g andT 5 denoting partial transposes on systems B and B.
Now we can easily prove that a PPT Choi state corresponds to a PPT operation.

Lemma 5.6.2. A quantum operation V¥ ,5_. ;5 is a PPT operation if and only if its Choi
state C 35 4 g (V) is PPT.

Proof. We use without proof the following simple observation: for every linear map
V¥ ,_. 4 it follows

(P 1@ 1) (@ap) =138 Tgo(¥s_p) o Tp)(@s5) (5.52)

where T denotes the transpose map and W is the adjoint of W (i.e., the unique linear
map satisfying tr (o ¥ (0)) = tr (61 (p))).
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Consider the Choi matrix of the map W'

CABA’B’(\PF) = (\PI/;B_,AB L ap)Papap = (TgoW 5 45°TB®Lap)®ppap  (5.53)
= (T50¥ 45 45® Tarp o (Tp) o Typ)®ppa (5.54)

It can be easily verified that (T = Ty, so that

Cipap wh = (T ®Tp)Chaap (V) =Clgap (v)l e (5.55)

Now it can be clearly seen that

(Capap(ON'BF 20 < Csp45(P) =0 < ¥ isacompletely positive map (5.56)

which concludes the proof. O

5.6.2. BACKGROUND: MODIFIED DISTILLATION PROTOCOLS

The well-known distillation protocols from the literature which we compare to our PPT
and 1-BSE bounds have already been introduced in Section[3.3.2]in Chapter[3] However,
in this chapter we have considered a more realistic version of the EPL remote entangle-
ment generation protocol introduced in Section [3.3.2]in Chapter [3] which additionally
to all the sources of noise introduced before, also includes additional dephasing noise.
Hence, we restate that protocol here in this more accurate form. We also describe how
we can interpolate or extrapolate new schemes from those existing ones in order to ob-
tain schemes that allow us to succeed with arbitrary desired probability.

MODIFIED NOISE MODEL FOR EPL

In this section we will reconsider the EPL protocol described in Algorithm {4 in Sec-
tion[3.3.2)in Chapter[3] In particular, here we also consider possible additional dephasing
noise due to decoherence of the memories or possible drifts in the optical phase of the
apparatus between the generation of the two copies. We describe the whole procedure
in detail below.
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Algorithm 6 EPL entanglement generation scheme

1: Generate node-photon entanglement at both remote nodes, where the photonic
qubit is encoded in the presence-absence of a photon.

2: Send the photonic qubit towards a beam-splitter station in the middle.

3: Conditioned on the detection of a single photon, store the resulting state in quantum
memories.

4: Repeat the above procedure to generate the second copy.

5: Assuming stability of the experimental apparatus over the time of generating those
two copies, Alice and Bob share then an effective state:

1
PaB(p, pa) = gfd(,bTAlBl(Qb; P Pa) ® T a2B2(, p, 1),
where

74D, p, pa) = P (Pal YT (@XFT (D) + A= p) P~ (@)X (P))) + (1 - p)I11)X11].

The dephasing noise corresponds to the decoherence of the quantum memories
storing the first copy, while attempting to generate the second one and to the pos-
sible small drifts in the phase ¢ between the two copies.

6: Apply EPL-D distillation scheme.

7: if EPL-D succeeds (this occurs with probability pgucc = p?/2) then

8:  After Alice applies additional local rotation, we obtain a state:

N45(Pa) = pal®* N [+ (1 pa)| &)@,

with fidelity pg,.
9: return

INTERPOLATING AND EXTRAPOLATING BETWEEN AND FROM THE FIXED SCHEMES
We note that having access to shared randomness, Alice and Bob can also apply a mix-
ture of existing schemes. Consider two protocols with probability of success given by p;
for the first one and p, for the second one. Also let the output fidelity conditioned on
success be given by F; and F, for the two protocols respectively. Then if Alice and Bob
share a classical coin with probability distribution (r,1 — r), i.e., with probability r the
coin outputs head and with probability 1 — r it outputs tail, then they can construct a
new protocol in which they first toss the coin and depending on the outcome they apply
either the first or the second scheme. This new scheme has a probability of success given
by:

Psuce =Tp1+(1=T1)p2, (5.57)

and the output fidelity conditioned on success will now be given by:

F=

(rovFL+ (-1 poF). (5.58)

Psucc

It is also possible to easily extrapolate from an existing scheme. Consider a protocol
that succeeds with probability p; with the output fidelity conditioned on success given
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by F;. Then one can also trivially achieve the same fidelity for any smaller value of pgycc
by first performing that protocol, then conditioned on its success throwing a coin and
effectively accepting the output of the protocol only for one of the outcomes of the coin.

It is also possible to extrapolate in the direction of higher probability of success. For
all the considered states apart from the scenario of remote entanglement generation and
R states with smaller values of the p parameter, we consider the following extrapolation
scheme from a fixed protocol 22 when considering distillation from two to one copies.
Alice and Bob first throw a coin with probability distribution (r,1 — r) and depending
on the outcome they either apply the protocol 22, which upon success occurring with
probability p outputs a state of fidelity Fyy;, or they output one of the input copies of
fidelity Fi,. This scheme has a probability of success

Psucc=Tp+(1—-r1), (5.59)

and the output fidelity conditioned on success will now be given by:

F=

(rpFout+ (1 =1)Fp). (5.60)

Psucc

In the case of remote entanglement generation using EPL, the state from which we
distill is not a simple tensor product of two copies and therefore the above extrapolation
scheme could not be applied in this case. Hence, we then apply a different scheme. In
this case Alice and Bob first apply the EPL-D protocol which upon success occurring
with probability p outputs a state of fidelity Fyy. In the case in which EPL-D fails, they
throw a coin with probability distribution (r,1—r). Then for one of the coin outcomes
Alice and Bob output a separable state of fidelity 1/2, and declare failure for the other
outcome. This gives

Psucc=p+1A—-pr, (5.61)
with the output fidelity given by:

F:

1
pFour+(1—=p)r 5] (5.62)

Psucc

It also turns out that for R states with Fy, < 2—+/2 it is also better in terms of output fi-
delities to apply this extrapolation scheme to EPL-D without interpolating with DEJMPS
at all.

Finally we also describe the extrapolation-based modified filtering protocol which
we apply to the states defined in Eq. (rotated R states). In this scheme Alice and
Bob apply the filtering protocol as described in Algorithm[5]in Section[3.3.2]in Chapter[3}
but in the case of failure they throw a coin with probability distribution (r,1 —r) and
depending on the outcome they either output a state of fidelity half or declare a failure.
This leads to the new overall probability of success given by psucc = pe + (1 — p)e? + (1 —
pe — (1 - p)e?)r and new output fidelity given by F = [2pe + (1 — pe — (1 — p)e?)r]/2Psuce-
For fixed value of the probability of success one can then optimize the fidelity over € and
r. The result shows that the modification (throwing a coin with non zero probability of
outputting a product state) helps for p < 2/3 for larger values of the success probability.
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In particular after fixing psycc the optimal output fidelity that can be obtained using this
protocol is given by

1 P’ 2 p?

F= 2 (1 + 4Psucc(1_l7)) p = 3 A psucc = 4(1-p)’
- 2p .

———=————otherwise.

PtV p2+4psucc(1_p)
We note that it is the first parameter regime of the above function where probabilistically
adding the product noise of fidelity half helps. The second regime corresponds to just
applying the original filtering scheme. We also note that setting psycc = 1 in the above
expression we recover the result of [44] for maximum fidelity obtainable from a single
copy of the R state using trace preserving LOCC operations.

(5.63)

5.6.3. SYMMETRY REDUCTION

If the structure of the SDP optimisation exhibits a certain symmetry we can exploit this
to simplify the optimisation before actually evaluating it numerically. Inspired by the
observation of Rains [21] we make a similar symmetry reduction to the main SDP in this
section. Specifically, note that the target maximally entangled state ®p, satisfies

YU, U@ Ui(@p)(UzoU;) =op. (5.64)

Let 9 () be the twirling operation defined as
g_(p[;é)zde(UA®U§)pAB(UA®U§)T‘ (5.65)

We can then re-express the symmetry in Eq. as J (Pp) = ®p. This means that with-
out loss of generality our optimal solution exhibits the same symmetry, because both the
constraints and objective function of the SDP in Optimisation Program [8| are invariant
under the symmetry:

objective :
| Al| B A |AllB| R
(100Xl 458 Py O aari) = 5 1 (T UPDXPDI3) ® 0% ) €y iwim)
|Al|B| .
= s ((0XP135© pfip) T C pvaw)

|Al|B| .
=5 tr((|q)D><q)D|AE ® )T (C./,AA’BB’))’

constraints :

AIBIt (L339 0%5) Cp amm | =1AIBI (L5905 5) T (Cy auin)]
(5.66)

and similarly for the other constraints. In other words, if C, 3 ;3 is an optimal solution,
then so is

LOT(C/,AA’BB’):de(UA®U§®]IA’B/)C/,AA’I§B’(UA®UE®IA’B,)T’ (567)
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and it is intuitive that I (C, v Axpp) contains a smaller number of variables compared
to C v AABB- Thus, declaring and optimising over the variable 9~ € v AAB g/) is a more
efficient approach.

In order to explicitly write down the symmetry-reduced optimisation, we need to
understand the structure of the twirling operation (5.65). Using the tools from represen-
tation theory of the unitary group [53] we can write

T (i) =tr45[0431PpXPpl 45] IPDXPD] 45
L3 - 1®pXPplsp (5.68)
D2-1 '

This gives us the new form of our optimisation variable as follows

+tr453 [0 45 M= 1PDXPp) 45

T (Cy auin) =aa [Crinap (1P0X@DI 359 Lug) | @ 190X DI 15
;5 |®pXPpl ;5 (5.69)

#1045 [ awss (1= 190X@DD 350 Lyp) | ®

D2-1
With the definitions
Myp =tr,p [C’/,AA/BB:(ICI)D)(CDDIAB ®]IA’B’)] , (5.70)
Eqp =1 [CA/'AA/BB/ (= I®pXPpl) 45 ® ]IA'B')] ) (5.71)
we have

L5 - 1®pXPpl iz
D2-1
and it is evident that we have reduced the number of variables to those contained in
MA’B’ and EA’B’-
Now we are ready to derive the form of our SDP in terms of the new variables M yp/
and E 4 p. Using in the objective function gives

0 (00X @118 %) T (G )| =

T Cyanpp) =Map ®PpXPpl 5+ Exp ® : (5.72)

|AllBI

—5 ok g Muap] . (5.73)

Similarly, the equality constraint transforms as
|Al| B tr [(]IAE ®p£,B,)97(C/’AA,BB,)] =|AlBltr[ph  Mup +Exp)]=6. (574

The inequality constraint C, ;35 = 0 becomes two inequality constraints Myp = 0

and Eyp 2 0. The PPT relaxation constraint ', . . =0 becomes

L5 — 1PpXDpl 35"

A r r r r
Loj-(C/,AAréB/) :|®D><(DD|AB®MA’B’+ D2—1 ®EA’B’
1 1
1 r (1_5)P5AB+(1+5)PAAE T
= B(PSAB —Pa; ) @My p + D21 ®Lyp

1 1
1 -= 1+
T D I
=Ps. ®| =M., +—>E,

48 \D D?-1 D

1 T
+PA/§B® - A’B'+
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where we have used ®' = (Ps— P,)/D and I' = Ps + P, where Pg and P4 are projectors
onto the symmetric and anti-symmetric subspace, respectively. The orthogonality of Pg
and P4 allows us to read off this constraint as two inequality constraints

T T T
MA!BI+ EAIB/—O; _MA/B/+ EA/B/_O- (5.76)

1
D-1

Finally, the last two inequality constraints of SDP in Optimisation Program|[8|become

A A Tap
Myp +Exp =113 3(T (Cy japp)) = Crap < TAlBI A”’ B’ (5.77)
Tup
T r _ A T _ ATl A',B
MA’B’+EA’B’_(tIA,B(g(C/,AA’EB'))) _C/,A’B’_ |A||B| (5.78)

In summary, putting things together we obtain the following simplified SDP optimi-
sation problem, as stated in Optimisation Program(9]in the main text:

maximise B tr[pT  Myp]
SubjeCt to MA’B’ =0, EA’B’ =0,
I,
MA’B’ +EA/B/ < A|’|Ig|
r r A/B/
Mg+ Ey g = tanmr »
|A||B|tr [pA/B/ (MA/B’ +EA’B’)] =
r
M, AP D+1 ap = 20,
My + 5o lEA’B’ =

Optimisation Program 11.

5.6.4. DERIVATIONS OF DUAL SDPs

In this appendix we will use the duality relations between the primal and dual programs
as explained in Section[2.3]to derive the form of the dual SDPs for optimising fidelity and
probability of success.

OPTIMISING FIDELITY
The SDP in Optimisation Program[9|for finding the optimal output fidelity can be written
in the primal form presented in Section[2.3]by defining:

I

. aE 0 0 0
CJAIBI(pT 0y , (M X2\ . .. | 0 00 o
A==5 (0 0)’)(‘()q2 E)Bl“s’Bz‘ 0o 00 o0 |
I
0 00 |AlIB|
@1 (X) = |AllBltrlp” (M + B)], (5.79)
M+E 0 0 0
0 -M'- L E" 0 0
— D+1
P2(X) 0 0 M- S ET 0

0 0 0 MY+ EV
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Observe that the SDP induced by this choice is equivalent to the original SDP in Optimi-
sation Program[9|because the constraint X = 0 reduces to M = 0 and E = 0 without loss
of generality. More precisely, the X = 0 implies M = 0 and E = 0 so the optimum of the
original SDP in Optimisation Program [9]is at least as large as the optimum of the SDP
defined here. Conversely, for any feasible pair M, E of the original SDP in Optimisation
Program[9|we can define a feasible X of the above SDP by setting X;, = 0 so the optimum
of the original SDP in Optimisation Program[9is at most the optimum of the above SDP.

Now in order to dualize, we need to calculate @I and @Z. Since ®; maps to a scalar,
we conclude that Y] = y is a scalar and we must have, by definition of adjoint,

tr[@1(X) Y1) = |AlIBltrlp] (M + B)]y = tr [X@{(Yl)] , (5.80)

from which we conclude that
t p'y 0
o, ()= IAIIBI( 0 pTy)' (5.81)

Turning now to ®,, we note that Y, will be a 4-by-4 block matrix and we will label the
blocks as Yzl /. Observe that

1
tr[®2(X) Yo] = tr[(M + E) Y] + tr (—Mr - mEr) 1/222]

1
+tr (Mr - —EF) Y3

+[(MY + EDyvH
5 [« ) Y5

(5.82)

_ 11 Y ) 22T
=t[(M+B) Y, ] +tr ( M- ——E| (%)

+tr[(M+ E) (Y4

1
+tr|[[M-——E|3¥T
f ( D-1 )( 2)

With (D;(Yz) expressed as a 2-by-2 block matrix

cD*(Y)z(W WZ) (5.83)
2 2 ’ .

1
Wy W,

we have
| X[ (¥2)| = MW + tr(X], W) + tr{Xio W] +tr{EW). (5.84)

The definition of the adjoint map, namely tr[®; (X) Y»] = tr [X‘P;(Yg)], allows us to di-
rectly compare and and read off

Wi = Y (2T 4 (T (T
W, =0,
Ws =0, (5.85)

1 1
Wy =Y - w2l -

Y33 F+ Y44 1"'
D+1 D—1(2) (%)
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Therefore, using the definition of the dual as stated in Section the dual program
becomes:

11 44
minimize y6+%
. |AlIBlypT + W, 0 ALBLT g
subject to 0 AllBlypT + W, > 0 ol
VER,
Yz >0 .

Optimisation Program 12.

For ease of notation we will define J = Y,'!, G = Y2, H = Y%, K = Y,"*. The off-diagonal
blocks of the matrix variable Y, can always be chosen to be zero and thus the dual SDP
can be written as follows without loss of generality:

minimize  yd+ tr‘%?’lg]

subjectto  J,G,H,K=0,yeR,
|AIIBI(y- %) pT+7-G'+ H' + KT 20,

|AlIBlypT +] - 555 G' - 5 H + KT 2 0.

Optimisation Program 13.

Here all the matrices are on registers A'B’. Thus we have obtained the form of the dual
semidefinite program for the optimal output fidelity.

OPTIMISING PROBABILITY OF SUCCESS
Similarly, we can now find the dual of the SDP in Optimisation Program[10]for optimising
probability of success. Again, using the form specified in [54], we obtain:

I
, v x s 000
_ P 0 _ 12 B 1 o o o0 o
A—IAIIBI(0 pT),X—(XITZ E),Bl—O,Bz— o oo o |
I
0 0 0 mg
O, (X)=(1-Ftr[p’ M- Ftrlp! E), (5.86)
M+E 0 0 0
0 -M'—_LEf 0 0
— D+1
P2(X) 0 0 M- S5 ET 0
0 0 0 M+ EV

Now we need to calculate dDJ{ and @;. Since ®; maps to a scalar, we conclude that ¥; = y
is a scalar and we must have, by definition of adjoint:

tr[®y(X), Vi1 = (1 - F)ytr[p” M1 - Frlp B y = tr [XcD{(Yl)] , (5.87)
from which we conclude that:

ol (7)) =

A-Fyp" 0 ) (5.88)

0 ~Fyp"
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Turning now to ®,, we note that it is the same as in the program for optimising fidelity,
see Eq. (5.79). Hence <I>; (Y2) remains the same as given in Eq. (5.83) and in Eq. (5.85).
Therefore the dual problem becomes:

L (Y, + Y,
minimize — R

|AllBI
_ 1-Fypl+mW, 0 el 0
subject to 0 _FypT+ W, =|Al|B| 0o of)’
VER,
Y,=0.

Optimisation Program 14.

This SDP can be rewritten as
NP alJ+K]
minimize AT
subjectto  J,G,H,K=0,yeR,
[(A-Fy-|AIBlp"+J-G'+H +K' =0,

(~Fy =~ AIBllp" + ] g "~ S H + K 20,

Optimisation Program 15.

5.6.5. k BOSE SYMMETRIC EXTENSIONS

This section details the calculations leading to the 1-BSE optimisation program men-
tioned in the main text. We first explain how the variable is defined for a k-BSE. Con-
sidering C(4 4 to be k-BSE means that there exists C 4, .4, A, )b satisfying the
BSE constraints. We are changing the optimisation variable from the former to the lat-
ter, which lives only on the symmetric subspace of (A; A)... (Agsr A’k +1)- The full Hilbert
space of Alice decomposes as

. . — L
‘%(AlA’l)...(AkHA;HI) = Hsym ® Hgym» (5.89)

into symmetric subspace and its orthogonal complement. Hence, the joint Hilbert space
of Alice and Bob’s systems has the corresponding form

— L _ L
Jf(;‘lA/l)---(AkﬂA;Hl)éB' = (stym ® JfSym) ® Jfé'B/ = (stym ®J7L01§’B,) ® (J’ILDSym ® ‘%E,B’)‘
(5.90)
Under this decomposition, the operator C 4, A).lAir AL, BB has the simple form

Ws 0), (5.91)

Chya).. (A A, BB = ( 0 o
with W; being some operator acting on #sym ® # p. Since our derivations in the main
text are performed in the standard basis, let Usym—.stq be the change of basis from the
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“symmetric” basis to the computational basis of Alice’s systems. We finally obtain the
form of our new variable in the standard basis

. ~ Wy 0) 4
Clhia)...(Aen A, BB = Usymﬂstd®]lé,3f( 0 0) Ugym—sta ® 13,5 (5.92)

In the final SDP which will be presented at the end of this section, we will only declare
and optimize over the smaller variable W.

Now we specialize to the case of 1-BSE. Considering C 4 ,,pp to be 1-BSE means
that there exists C 4, A) (A A BB satisfying the BSE constraints. Since we have only two
subsystems on Alice’s side (corresponding to the indices 1 and 2), the orthogonal com-
plement J€§, -, turns out to be the subspace consisting of antisymmetric vectors #xsym.
We need to compute the change of basis operator in

N

A ®Tp 5. (5.93)

Ws 0
Sym—Std

Can’lAzAéBB’ = Usym—std ®]I1§,B’ ( 0 o0

In the case when the input dimensions of Alice and Bob are the same and the target is
the maximally entangled state of dimension D, we have dimensions |A;| = |A;| = |B| = D
and |A]| = |A}| = |B'| = C, so Alice’s first (AlA’l) and second (AZA’Z) subsystems each have
dimension CD. We can construct the change of basis Usym .stq for cCPecCth using stan-
dard techniques. Let {|i) : i =0,...,CD} denote the standard basis of a CD-dimensional
system. Then the basis for the symmetric subspace on (AlA’l) (A A’2) consists of the vec-
tors in Vi = V3 U V> where

v ={|i>AlA,1 ®|i)A2A/2|i:O,1,...,CD},
1 (5.94)
VZ:{E('”M’] ®|]>A2A/2+|]>A1A3®|1>A2A,2]|z,] =0,1,...,CDandj > z}.

Similarly, the basis for the antisymmetric subspace on (AIA/I) (AzA’z) consists of the vec-
tors in

Vo= {E (|l>A1A’1 ® 1) apa, =11 a2 ®|l>A2A’2) li,j=0,1,...,CDand j > l}' (5.95)

The coefficients of these vectors form the entries of the matrix Usym—std-
(CD)*(CD+1) , (CD)*(CD+1)
2 2

We are now left with rewriting the optimisation in terms of W;, a
matrix. The objective function

| Al| B T Ws 0}, .+

5 tr((]I;hA/l BI1DpNDplj, 5 ® pA,zB,) Usym—sta®Lgp| o o] Udyoms0a ® Lo

(5.96)
can be rewritten as (since the trace is cyclic under permutation of operators)
Ws 0

(% 9)) -

where we convert the input data written in standard basis to the "symmetric" basis

|AlIBI 4 T

X=— Ul ga® s (14,4 ®10DXPpI 4,58 pA,ZB,) Usymosa ®lgp . (5.98)
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This means that only X, the component of X living in the symmetric subspace, i.e. the

2
first w rows and columns of X, will appear in the objective function and the ob-

jective function becomes tr(X;Wj). Similarly, the constraint on the probability of success
can be rewritten as tr (Y;W;) = §, where

Y = AIBIUL, s ® s (T4, 4 © 14,58 pﬁ,zB,) Usymosa ®lgp,  (5.99)

2
and again Y is just a matrix that consists of the first w rows and columns of Y.
All other constraints become unaffected so the SDP becomes
maximise  tr{Xs4 4 4, 4,88 Ws a4 4y, 4, ,B,B')
subjectto  tr YSAIA/IAZA/ZBB/WSAIAIIAZA/ZBB/ =4,

WSA1A’IAZA’21§B’ =20,

W 0 r
s t
tr;hA’l (USymHStd ®]I}§,B’ ( 0 0) USym—»Std ®]IB,B’) =0,

Ws 0) Ly
trAlA’lAZB(USYTH—'Std®]IBB’( 0 0) Usym—sta ® 18,5 | = 1115 -
r
Ws 0) L
thlAgAZB(USwaStd@]IBB/(O 0) USym~Std®]IB,B’) = TAIBI

Optimisation Program 16.

In the scenario most frequently considered in this paper, that is of distillation from
two to one copies of a two-qubit state, we have that C =4 and D = 2 and so our variable
W is a 288 x 288 matrix.

5.6.6. DEFINITIONS OF OPTIMALITY
In this section we introduce certain terminology that will later allow us to make precise
optimality claims of the different distillation protocols. We also introduce and prove
specific lemmas that later allow us to prove our optimality claims with respect to the
EPL-D protocol in Appendix[5.6.8]

Let A denote the map corresponding to a distillation protocol and P, be the projec-
tor on the success space of the flags. We introduce the following shorthands:

WA, Py, p)=trp (L3 ® PA 5 45 (0)), (5.100)
¥(A, Py, p)
(A, Py, p) = ——, (5.101)
TP = Py p)
where
p(A, Py, 0) =tr(¥(A, Py, p)). (5.102)

That is, W, n are, respectively, the unnormalised and normalised output state condi-
tioned on success. We introduce two additional shorthands for the fidelity of ¥ and 7
to |®@*) = |®,), which for simplicity we will now denote as simply ®:
g\, Ps,p)=F(¥Y(APy,p),®), (5.103)
f(\Ps,p)=F(n(A Py,p),®). (5.104)
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Note that n(A, P/, p) and f(A, P, p) are defined only if p(A, P/, p) > 0.

We define the optimal output fidelity fop(p) and the optimal success probability
Popt(p) when optimized over all LOCC distillation operations A and success projectors
P, as follows:

Jopt(p) = sup fA, Py, p0) (5.105)
AELOCC,P,/|p(A,P/,p)>0

and

Popt(p) = sup p(A, Py, 0) . (5.106)
A€eLOCC,P/|p(A,Py,p)>0and f(A,P/,p)=fopt(p)

With this notation, we introduce two different definitions of optimality:

Definition 5.6.3. We call a protocol A with the success projector P/ fidelity-optimal with
respect to the quantum state p if

F(A Py, 0) = fopt(p) (5.107)
and
p(A, Py, p) = popt(p). (5.108)

We emphasise here that the above definition concerns distillation towards the max-
imally entangled state with D = 2, but it can be easily generalised to higher values of
D.

Definition 5.6.4. We call a protocol A with the success projector P, distillation-optimal
with respect to the quantum state p if

p(A, Py, p)Ep(n(A, Py, p)) = Ep(p), (5.109)
where Ep (p) is the distillable entanglement of p.

Note that our definition of a protocol being distillation optimal implies that no pro-
tocol can achieve a better tradeoff between success probability and distillable entangle-
ment of the output state (Lemma [5.6.7). We recall that the distillable entanglement is
defined as an optimisation over arbitrary distillation protocols and, in general, can only
be achieved if Alice and Bob hold an infinite number of copies of the state p.

In the following, we prove several basic facts of these definitions.

Lemma5.6.5. Letp =) ;A;p; suchthatVi,A;>0and) ; A; =1. Then,

Jopt (Z/lipi) Smiaxfopt(Pi)- (5.110)
i

Proof.
f()pt (ZA“O;) — Sup ( 1/v1 l)
; A€LOCC, P 1p(AP,,0)>0 P (AP Y i Ajpj)
~ sup Lipap, pp>0rif (A Ps,pi) p(APrpi) (5.111)
A€LOCC,P,|p(A,P/,0)>0 YiAip(APyipj)

= ml_axfopt(Pi)-
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Lemma5.6.6. Letp=) ;A;p; suchthatVi,1; >0and) ; A; =1, let A and P, correspond
to a distillation protocol such that f (A, Py, p) = fopt(p) = max; fopi(0i) and let the index
k be such that f (A, Py, pr) = max; f (A, Py, p;) is unique. Then,

p(A Py, p) < Ag. (5.112)
Proof. From Lemma|5.6.5|we see that we must have
APy k) = fopt(p) = ml.axfopt(Pi) = fopt(0K). (5.113)

Then:

Joptlpx) = f A’P/,Z/lipi)
i

_ Lipwp,pn>0Aif (A,Ps,pi) p (A, Pypi)

Py p) (5.114)
Aep (A Py, pi) Aip (A Py, pi)
= KPR P o) + ZIPAR AR f(A, Py, o).
p(APsp) T l;c p (A Ps,p) l
pA,Py,p)>0

Now note that }.; A; p(A, Py, pi)/ p(A,Py,p) =1 and Vi £ k, f (A, Py, pi) < fopt(pr). That
is we have a convex combination of fop(0%) and all the other f (A, P/, p;) that are smaller
than fope(0). As this convex combination needs to equal fop¢(0k), we require that

Aep(APypE) . N .
oy =landVi# k,p(A,Py,pi) = 0. This means that

p(APs,p)=2Akp (A Py pk) < Ay (5.115)
O

Lemma 5.6.7. Given a bipartite state p and an LOCC protocol A ,5_, ;5 together with a
projector P/, it holds that

p\, Py, p)Ep(m(A, Py, p)) < Ep(p). (5.116)
Proof. Suppose that there exists A 4 _, ;35 together with a projector P, such that
pW\, Py, p)Ep(m(A, Py, p)) > Ep(p). (5.117)

Then it would be possible to take n copies of p, obtain approximately np(A, P/, p) copies
of n(A, P/, p), and for large enough n distill np(A, P/, p) Ep(n(A, Py, p)) EPR pairs which
would be strictly larger than nEp(p). However, this is not possible since by definition
Ep(p) is the maximum rate at which EPR pairs can be distilled from p45 by LOCC. O

5.6.7. BELL DIAGONAL STATES

In Section we stated Theorem|[5.4.1)and argued that the DEJMPS distillation pro-
tocol is optimal for distilling two copies of rank three Bell diagonal states. In this ap-
pendix we make this argument rigorous. The formal statement that we show is as fol-
lows:
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Theorem 5.6.8. DEJMPS is fidelity-optimal with respect to the state p = T2, where
T=p1@ NPT+ p2| VINWT |+ (1= p1 = p2) | XD, (5.118)
with p1 > 0.5 and p; > p2 21— p; — p2.

Remark 5.6.9. Every Bell diagonal state of rank up to three can be transformed to the form
in Eq. using only local Clifford operations, hence Theorem|5.6.8 effectively applies to
all Bell diagonal states of rank up to three.

The proof is structured as follows. In Appendix[5.6.7.1} we prove some basic proper-
ties of Bell diagonal states. In Appendix[5.6.7.2} we show that DEJMPS protocol achieves
F(DEJMPS, p) = fopt(p) for states of the form in Eq. and we complete the argu-
ment in Appendix[5.6.7.3} where we show that the success probability for these states is
p(DEIMPS, p) = popt (p)-

PROPERTIES OF THE BELL DIAGONAL STATES
Consider the Bell diagonal states

7= prl®HOT |+ pal VXY T+ p3l® NPT [+ (1= p1— p2— p3) ¥ NP (5.119)

Given the parameters (p1, p2, p3) we have that tr [7] = 1 and the eigenvalues of T are posi-
tive so long as py, p2, p3 = 0 and 1 - p; — p2 — p3 = 0. Geometrically the set of Bell diagonal
states forms a tetrahedron. Notice that p; = tr [I@*)(@*IT] and so on.

We can give an alternative parameterization for 7 as follows:

1
T=Z(]I]I+r1XX+r2YY+rgZZ), (5.120)

where for Pauli matrices P; we use the shorthand notation P; ® P; = P; P;. Notice that
r1 = tr[XX7] and so on. The convenience of this parameterization is that

1
TF=Z(]HI+r1XX—r2YY+r322), (5.121)

so that in these coordinates the partial transpose is a reflection. (This follows because
YT = —Y and other Pauli matrices are unaffected by transpose.) Notice that the partial
transpose of a Bell diagonal state is a Bell diagonal matrix.

We can use the definitions to find

p1 = (A+r—-r2+r)/4 (5.122)
p2 = (+r+r-r3)l/4 (5.123)
ps = (A-ri+r+r)/4, (5.124)
l-pi—-p2-ps = (A-n-r2-r)l4 (5.125)

These formulas make it possible to tell when 7 is positive even if it is expressed in terms
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of the parameters r;. Now if we have two copies of 7 we of course have
1 1
T®T = 1 AT+ r XX+ rgYY+r3ZZ)®Z1 (IT+nXX+nrYY+r3Z2)

1
= I []HI]I]I+ rM(IXX+ XXID + (LYY + YYID) + rs(ILZZ + Z Z1T) (5.126)

+r2XXXX+1ra(XXYY +YYXX)+11r3(XXZZ+ ZZXX)
+r2YYYY +rn(YYZZ+ZZYY)].

In the dual SDP we will restrict attention to dual variables V that have the same symme-
try as the matrices 7 ® 7; specifically,

1
V =~ (vl + ) ANX X + X XTI + v (Y Y + Y YID) + 03 (Z Z + Z ZI0)

YU XXXX +v12(XXYY + YYXX) + v13(XXZZ + ZZXX) (5.127)
U YYYY +0s3(YYZZ+ZZYY)]

and so

vi= % (VoI + v; AIX X + X XTI) — v, (LYY + Y YII) + v3(ILZ Z + Z Z1T)

FUXXXX - v1p(XXYY + YYXX) + vi3(XXZZ + ZZXX) (5.128)
U YYYY -0 (YYZZ+ZZYY)] .

Here I" denotes the transpose on Bob’s systems, that is on the second and fourth Pauli
matrices. Notice that in this parameterization v;3 = tr[( XX Z Z) V] and so on. Alterna-
tively we can expand V in terms of projections on the Bell states as follows:

V= w|®"KOT|OTNDT |+ wa (IO HOT [P NY T+ WINPT @THOT])
+ w3 WINPT+ wy|OTHDT TN
+ W (|OTHDT | D™D | +|DTHD | HDT])
+ we(IP NP TO™NDT [+ (D™ XD™ WINPT (5.129)
+ w7 WYY XY+ wa (IO KDWY [+ WX |07 HD™)
+ wo (I )P TN XP |+ WX [P
+ w1 XD [P XY |+ ¥ XY@ XD ).

Here we use a shorthand notation |¢) (| ® )Pl = @) wlld)¢pl. In terms of this param-
eterization V = 0 if and only if w; = 0 for all i.

In constructing a dual semidefinite program in the main text we consider a restricted
set of V such that V! = V. It is clear from Eq. and Eq. that the condition
vIi=Vis equivalent to v» = 0 = vy = v»3. Thus we require the following three conditions

%) —w1+ w3+ ws+2wg— w7y —2wg =0, (5.130)

V12 —w)+ w3 —wys+2ws5+ w;—2w9 =0, (5.131)

V3 = —W)+2wr—ws+ ws+ w7—2wyp=0. (5.132)
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In the main text we construct a dual feasible solution for the SDP that arises in the
restricted case of a Bell diagonal state where 1 — p; — p» — p3s = 0, and therefore p3 =
1 - p1 — p2. Making the definitions

M =p?, Ao =p1p2, A3 =p5, da=(1—p1—p2)?, As=p1(1—p1—p2), As = p2(1—p1—p2),
(5.133)
we obtain

T®T = A1 [®TUDT|OTHOT|+ A2 (IO DT WY |+ [P TNY T (|DT NPT
+ A3 T+ Ay | DTHDT || DT XD
+ A5 (1OTHPT|OTHO |+ XD ||®T)DT)
+ A (W TUYT(|OTHDT |+ D™ XO [P W],

(5.134)

OPTIMAL FIDELITY OF DEJMPS
We will first show that f(DEJMPS, p) = fopt(p), when p consists of two copies of some Bell
diagonal state of rank up to three. The dual SDP for maximizing fidelity has the form:

. _ alJ+K]
minimize  d(y,/,G, H,K) = yd + {50
subjectto J,G,H,K=0,yeR,
|AIBI(y- ) pT+7-G'+ H' +KT 20,

ABlyp + = 56~ g Y KT 20,

Optimisation Program 17.

For rank-two and rank-three Bell diagonal states, the output fidelity of DEJMPS is F =
p) = p‘;‘/N, where N = p% + (1 - p1)? is the probability that the protocol succeeds. Hence
we require a feasible solution of the dual program whose objective function takes the
value p]. Here we find such a solution that is valid for all all § € (0,1]. As an ansatz

!
consider a solution with y = % and J = G = K = 0. This means that the objective function
takes the value p. We now need to show that there exists a matrix H such that

H=0, (5.135)
Al|B
%(p'l—l)pT+Hr20, (5.136)
Al|B
| g lp/lpT—Hrzo, (5.137)

To make it simpler we can assume that H = % V and so now we need to find the matrix
V such that
V=0, (5.138)
(py-DpT +VI =0, (5.139)
pipt-vl=o. (5.140)



5.6. APPENDIX 101

Since the input state in our SDP is p = 7 ® 7 given by Eq. (5.134), we further restrict V by

requiring that V = V. We can also ignore the transpose on p 45’ in the above equations

as here we work with the Bell diagonal states. The chosen dual variable V that satisfies

the above conditions can be specified as follows in terms of the coefficients in Eq. (5.129):
wi = pi (= p1)?, w2 =py(L=p1p2, w3 =pyp5, wy=pi(-p1-ps)?,

! / (5.141)
ws=p1(1—p1)(1—p1—p2), wsg=p;p2(1—p1—p2), w7 =0=wg=wg = wio.

Clearly V = 0 since w; = 0 for all i. It is straightforward to check that each of equations
(5.130H5.132) are satisfied and therefore V = V. Since V! is diagonal in the same basis
as p 4/ p, to verify the conditions (5.139) and (5.140) we just need to verify a set of scalar
equations:

(pi—DAi+w; =0, (5.142)
pidi—w; =0, (5.143)

where the coefficients A; are defined in Eq. (5.133). It is straightforward to determine
that each of these equations is satisfied so long as p; = 1/2 as was specified originally.
This shows that V defined through Eq. and Eq. satisfies Eq. and
Eq. and therefore we have found a feasible solution of the dual problem for which
the objective function takes the value p; for all values of § € (0,1]. This proves that for
all those values of § there exists no protocol that can achieve higher fidelity than p/, and
hence DEJMPS protocol achieves the highest fidelity for two copies of all Bell diagonal
states of rank up to three, when optimising over all LOCC protocols.

OPTIMAL PROBABILITY OF SUCCESS OF DEJMPS

Now we will show that DEJMPS also satisfies the second condition required for being
fidelity-optimal, namely p(DEJMPS, p) = popt(p). In other words, we will show that it is
also not possible to achieve the output fidelity of DEJMPS with probability of success
larger than that of DEJMPS. We recall that the dual SDP for the probability of success
reads

s aJ+K]
minimize AN

subjectto  J,G,H,K=0,yeR,
[(A-F)y-|AlIBlp" +J-G'+H +K' =0,

(~Fy =~ AIBllp" + ] s - S H + K 20,

Optimisation Program 18.

As an ansatz we consider a solution with J = |A||B|R, y = |Al|B|sand G = K = 0, where

R=[pHO NOT |0 NDT |+ p3 W WP H PP | + (1 - p1 — p2)? | @ XD || O™ XD |
+p2(1=p1—p2) (NPT OND™ | +|D™ WO || PP )]
(5.144)
and
N

S=——. (5.145)
1-p)@2p1-1
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This means that the objective function takes the value N. We now need to show that
there exists a matrix H such that

H=>0, (5.146)

[(A-F)y-|AlIBllpT + 7+ H =0, (5.147)
T 1 T

[-Fy—|AllBllp +J—mH >0. (5.148)

To make it simpler we can assume that H = |A||B|V and so now we need to find the
matrix V such that

V=0, (5.149)

[(1-F)s—1pT+R+ V=0, (5.150)

[—Fs—l]pT+R—LvF>o (5.151)
D-1 — 7 )

Here F = p| is the output fidelity of DEJMPS and N = pf + (1 - p1). Again, since we
work in the Bell basis with Bell diagonal states, we can ignore the transpose in the above
equations. We specify the Bell coefficients of V as

1-p)ps pip2 pip; pil—p1—p2)?
w) = , Wy = yWy=-—"——""—"—", W= 7T,
2p1 -1 2p1—-1 1-p1)@2p1—-1) 1-p)2p1—-1) (5.152)
_PRU=pi=pa)  pip2=p1-p2)

ws w7 =wg = wy = wo=0.

, We = ,
2p1-1 1-p2p1-1)
where w's are the Bell coefficients as expressed in the definition Eq (5.129). Now we will
show that these variables satisfy all the constraints. Clearly V = 0 since w; = 0 for all
i. Tt is straightforward to check that each of equations are satisfied and
therefore V = VI, Since V' is diagonal in the same basis as p 4, to verify the conditions
(5.150) and (5.151) we just need to verify a set of scalar equations:

[A-=F)s—1]A; + [R];; + w; =0, (5.153)
(-Fs—1DA;+[R];;—w; =0. (5.154)

where the coefficients A; are again defined in Eq. and [R];; are the diagonal en-
tries of R in the Bell basis.

We can easily check that for p; > 0.5, all the constraints are satisfied and so we have
found a feasible solution to the dual SDP for probability of success. The value of the
objective function is ﬁhgl = N. Hence we have found a feasible solution of the dual min-
imisation problem (that provides upper bounds for achievable probability of success)
that can be in fact achieved with DEJMPS. That is, we have proven that DEJMPS is also
optimal with respect to probability of success. That is, for Bell diagonal states of rank
up to three, it is impossible to achieve the output fidelity of DEJMPS with probability of
success larger than that of DEJMPS. This concludes the proof that DEJMPS is fidelity-
optimal for two copies of all Bell diagonal states of rank up to three.
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5.6.8. REMOTE ENTANGLEMENT GENERATION THROUGH EPL SCHEME
Here, we show that EPL-D is the optimal distillation protocol within the EPL remote en-
tanglement generation scheme according to our two definitions. That is, we formally
state and prove Theorems|[5.4.2]and[6.4.3|which we now formulate as one theorem:

Theorem 5.6.10. EPL-D is both fidelity-optimal and distillation-optimal for states of the
form:

1
paB(p, pa) = o f ddt A181(D, P, Pa) ® T A2B2(P, p, 1), (5.155)

where
TAB(, p,pa) =p (Pd|‘1’+(¢)><‘l’+(¢)| +(1=p)I¥Y (XY (¢>)|))+(1—p)|11>(11|. (5.156)

We postpone the proof of fidelity-optimal to Appendix5.6.8.1{and the proof of distillation-
optimal to Appendix|5.6.8.2

EPL-D IS FIDELITY-OPTIMAL
We note that for states of the form Eq. the integration over the phase can be per-
formed analytically:

2
paB(p,pa) = % [Podd g ® Poddp, + (2Pa — 1 (101X10] 4151 ® [10)01] 4252

+ [10)01] 4181 ® |01)(10] A2B2)]

La-pp
2
+ (1= )11 4151 ® [11)(11] 4282,

(5.157)

[|11><11|A131 ®P0dd,4232 +P0ddA131 ® |11><11|A232]

where Pyqq = 101){01] + [10)(10] is the projector on the odd-parity subspace of the two-
qubit space. Let us now permute the order of the registers to A1 A2B1B2. After the per-
mutation, p takes the following diagonal form in the standard basis:

03
02

0
0AB(P, Pa) = ! b , (5.158)

Cc

where 0; denotes an i x i zero matrix, all the non filled elements are 0, and the shorthands
Q,a, b, c and d stand for

a 0 0 ad
0O b 0 O

e=|0y 0 0 ol (5.159)
ad 0 0 a
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p
- 5.160
a== ( )
1
b= 5(1 -p)p, (5.161)
c=01-p)? (5.162)
d=2ps—1, (5.163)
Let
03
a
07
b
Lip,pa) = a ,
b
b
c
3
0 0 0 O
p . 0O b 0 0 (5.164)
ppa)= 000 0 ’
0 0 0 O
06
0s
a 0 0 ad
0 0 0 O
Fp.pa) = 0 00 0
ad 0 0 a
3
Now we can rewrite p as a function of L, [ and F:
p48(p, pa) = tr[L1p* + tr(I1p! + tr[Fpt, (5.165)
where: 1 . 1
L I F
= L ol=—1pf=—F 5.166
P=am ™ Twm” P T wm (5.166)

Both p and p! are diagonal in the standard basis. In consequence, the output fidelity
on these states is upper bounded by 0.5. Hence by Lemma|5.6.5|we see that:

fopt (48P, Pa)) = fope(PT). (5.167)

Note that p¥ only has support on a bipartite two-qubit subspace:

1
F'= = (1010114 ® 110)10| 5 + d]01)(10] 4 ® |10)01
p- =5 (101X01]4 ®]10)(10]5 + d[01X(10[4 ® [10X01 13 (5.168)

+d|10)01|4 ®[01){10|p +110)¢10|4 ® |[01){01]pB).
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Hence, Alice and Bob can redefine their state according to:

[01)4 — 10) 4,
[10)4 — 1) 4,
01)p — 1),
[10)p — 10) 5.

(5.169)

Under such local relabeling the state p* becomes
pF = pal®* }@T |+ (1= pa)| @~ X" . (5.170)

We know from [44] that it is not possible to increase the fidelity of the state in Eq.
through local filtering. In consequence,

fopt (PaB(P, PA)) < pa. (5.171)

Since the output fidelity of EPL-D is exactly p,4, EPL-D achieves the optimal fidelity. Now
we show that it achieves this output fidelity with the highest possible probability of suc-
cess. From Lemma 5.6.6} it follows that this probability of success is upper bounded by
the relative weight of pr in p 4p(p, p4), which is p?/2. Since EPL-D achieves the output
fidelity of p, with success probability p?/2, we can conclude that it is also optimal with
respect to probability of success. Hence EPL-D is fidelity-optimal for the EPL remote
entanglement generation.

EPL-D IS DISTILLATION-OPTIMAL

Let us consider the distillable entanglement of the state in Eq. (5.157). Unfortunately,
there is no straightforward way of calculating distillable entanglement. However, distill-
able entanglement is upper bounded by the relative entropy of entanglement [55]:

ERr(p) =£§§)S(p“0), (5.172)

where S(pl|o) is the relative entropy defined as
S(pllo) =tr[plogp] —tr[plogo]. (5.173)

Moreover, S(pl|o) for any o € SEP is an upper bound on Eg(p) and, in consequence, on
Ep(p). Consider the separable state

2
1I-p)
UZ%P(p) = %POddAun ® Podd op, + 2p P [|11><11|A131 ® Podd sop, (5.174)
+Poddyp @ [11X111a282] + (1= p)*[11X11] 4151 ® [11)11] a2o. (5.175)
Then we can calculate
p?
S(pas(p, pa)lloSs (p) = U= h(pa), (5.176)

where & denotes the binary entropy function. We can conclude that Ep(pag(p, pa)) <
2
B (- h(pa).
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Now, we note that a possible distillation scheme would be to first perform the EPL-D
protocol on the individual copies of the state in Eq. and then perform the optimal
achievable distillation procedure on the output states. Hence it is possible to distil EPR
states from the states in Eq. at a rate given by

R = Psucc,erL-DED (1 45 (Pa)) .- (5.177)

The success probability of EPL-D is %2 and the distillable entanglement of rank-two Bell
diagonal states is [48]

Ep(ni5(pa)) = 1= h(pa). (5.178)

2
Hence we can conclude that Ep(pa(p, pa)) = %(1 — h(py)) and so Ep(pap(p, pa)) =
Psuce,iL-DED (1 45(pa)). This proves that EPL-D is distillation-optimal for EPL remote
entanglement generation scheme.
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PARAMETER REGIMES FOR A SINGLE
SEQUENTIAL QUANTUM REPEATER

Filip Rozpedek[], Kenneth GoodenoughF, Jeremy Ribeiro,
Norbert Kalb, Valentina Caprara Vivoli, Andreas Reiserer,
Ronald Hanson, Stephanie Wehner and David Elkouss

Quantum key distribution allows for the generation of a secret key between distant par-
ties connected by a quantum channel such as optical fibre or free space. Unfortunately,
the rate of generation of a secret key by direct transmission is fundamentally limited by
the distance. This limit can be overcome by the implementation of so-called quantum re-
peaters. Here, we assess the performance of a specific but very natural setup called a single
sequential repeater for quantum key distribution. We offer a fine-grained assessment of
the repeater by introducing a series of benchmarks. The benchmarks, which should be
surpassed to claim a working repeater, are based on finite-energy considerations, thermal
noise and the losses in the setup. In order to boost the performance of the studied repeaters
we introduce two methods. The first one corresponds to the concept of a cut-off, which
reduces the effect of decoherence during storage of a quantum state by introducing a max-
imum storage time. Secondly, we supplement the standard classical post-processing with
an advantage distillation procedure. Using these methods, we find realistic parameters for
which it is possible to achieve rates greater than each of the benchmarks, guiding the way
towards implementing quantum repeaters.

The results of this chapter have been published in Quantum Sci. Technol. 3, 034002 (2018).
*These authors contributed equally.
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6.1. INTRODUCTION

In Chapter [3|we have already discussed that assessing quantum repeaters with respect
to their ability of generating secret key provides a very natural quantification of the per-
formance of such a quantum network. In this chapter, we evaluate a realistic setup of a
so-called single sequential quantum repeater on how it performs for this specific task of
quantum key distribution. The setup considers two parties which we call Alice and Bob
who are spatially separated, and want to generate a shared secret key. The setup that we
will investigate here was originally proposed in [I], where the authors were inspired by
the memory-assisted measurement-device-independent QKD setup (MA-MDI QKD) [2].
Alice and Bob use a single sequential quantum repeater located between them, where
both of them are connected to the quantum repeater by optical fibre. The repeater is
composed of two quantum memories, both of which have the ability to become entan-
gled with a photon, see FIG. However, the repeater has a single photonic interface,
which means that it can only address Alice and Bob in a sequential fashion. Examples
where only one of the qubit memories has an interface to the photonic channel include
modular ion traps [3] and nitrogen-vacancy centres in diamond [446]. The situation is
similar for atoms or ions trapped in a single cavity [7]. In this case, both memories can
have a photonic interface. However, typically only one of the interfaces can be active at
a given moment.

As discussed in Chapter [3] the figure of merit that we have chosen to evaluate the
repeater is the secret-key rate. That is, the ratio between the number of generated secret
bits and the number of uses of the quantum channel connecting the two parties. The
secret-key rate is a very natural quantifier of the performance of the studied scheme for
the task of the secret key generation. It depends both on the success rate of the protocol
as well as on the quality of the transmission. We compare the secret-key rate achievable
with the repeater with a set of benchmarks that we introduce here. The most strict of
these benchmarks is the capacity of the channel [8]. That is, the optimal secret-key rate
achievable over optical fibre unassisted by a quantum repeater [9] as discussed in Chap-
ter[3] The other benchmarks correspond to the optimal rates achievable with additional
restrictions. In consequence, these benchmarks form a set of stepping stones towards
the first quantum repeater able to produce a secure key over large distances.

The idea of assessing quantum repeaters by comparing with the optimal unassisted
rates [9H16] has spurred a significant amount of research devoted to developing sophis-
ticated repeater proposals. Analysis of practical systems that utilise only parametric
down-conversion sources and optical measurement setups [17] has shown that such
systems do not allow for overcoming the channel capacity, which hints at the impor-
tance of quantum memories in repeater architectures. Specific architectures that utilise
entangled-photon pair sources together with multimode quantum memories have also
been considered in this context [18} [19]. Their analysis suggests that the required ef-
ficiency of those entangled-photon pair sources and number of storage modes might
be experimentally very challenging for implementation in the very near future. Finally,
the so called all-optical repeaters that do not require quantum memories but allow to
overcome the channel capacity have been proposed [20]. However, they necessitate the
ability to create large photonic cluster states which are beyond current experimental ca-
pabilities.
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Capacity
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Figure 6.1: The quantum repeater will send photons entangled with the QM; to Alice through the
optical fibre of transmissivity 1 4. After receiving one photon she will perform a BB84 or six-state
measurement. After Alice has measured a photon and communicated her success to the quantum
repeater, the quantum repeater tries to send a photon entangled with the QM, to Bob through
the optical fibre of transmissivity . If Bob does not receive a photon within some pre-defined
amount of trials (i.e. the cut-off), Alice and Bob will abort the round. This is done to prevent
the state in the QM; from decohering excessively. If Bob does succeed, the quantum repeater
performs a Bell state measurement on the two quantum memories.

A detailed analysis of a realistic, single-node proof of principle repeater that includes
all the specific system imperfections has been recently performed [I]. In particular, the
analysis identified parameter regimes where it would be possible to surpass the optimal
direct transmission rates with a repeater scheme that is close to experimental imple-
mentation. We build upon the analysis of [1] by introducing two methods that allow us
to achieve higher rates. The first of these methods is the introduction of a maximum stor-
age time for the memories in the quantum repeater. This restriction effectively reduces
the effect of decoherence. We derive tight analytical bounds for the secret-key rate as a
function of the maximum storage time. In this way we can perform efficient optimisation
of the secret-key rate over the maximum storage time. The second of these methods is
advantage distillation [21], a two-way classical post-processing technique that allows for
distilling secret key at a higher rate than achievable with only one-way post-processing.

The structure of the paper is as follows. In Section[6.2]we detail our key distribution
protocol. The sources of errors, such as losses in the apparatus and noisy operations and
storage, are discussed in Section[6.3] In Section[6.4} we calculate the secret-key rate that
the single sequential quantum repeater would achieve. We define the benchmarks in
Section[6.5} and in Section[7.6)we numerically explore the parameter regimes for which
the quantum repeater implementation overcomes each benchmark and determine how
the secret-key rate of the proposed protocol scales as a function of the distance. We end
in Section[7.7]with some concluding remarks.
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6.2. PROTOCOL FOR A SINGLE SEQUENTIAL QUANTUM REPEATER

A quantum key distribution protocol consists of two main parts. First, Alice and Bob
exchange quantum signals over a quantum channel and measure them to obtain a raw
key that is post-processed in a second, purely classical part into a secure key [22]. Here,
we focus our interest on the entanglement-based version of the BB84 [23] and the six-
state [24] protocols. In this section, we describe the first part of both key distribution
protocols.

The physical setup consists of two spatially separated parties Alice and Bob con-
nected to an intermediate repeater via optical fibre channels. We note that such a re-
peater does not need to be positioned exactly half-way between Alice and Bob. The
repeater is composed of two qubit quantum memories which we denote by QM; and
QM,. The repeater is then able to generate memory-photon entanglement, where the
photonic degree of freedom in which the qubits are encoded is assumed to be time-bin.
Alice and Bob each have an optical detector setup that performs a BB84 or a six-state
measurement. For technical reasons (see Section [6.3.2), we consider slightly different
setups for BB84 and six-state. More concretely, for BB84 we consider an active setup that
switches randomly between the two measurement bases, while in the six-state protocol
we consider a passive setup that chooses between the three measurement bases by a
passive optical construction [25].

Let us now describe a first version of the protocol without a maximum storage time.
First, the quantum repeater attempts to generate an entangled qubit-qubit state be-
tween a photon and the first quantum memory QM;, after which the photon is sent
through a fibre to Alice. Such a trial is attempted repeatedly until a photon arrives at Al-
ice’s side, after which Alice performs either a BB84 or a six-state measurement. Second,
the quantum repeater attempts to do the same on Bob’s side with the second quantum
memory QM, while the state in QM; is kept stored. We denote the number of trials per-
formed until a photon arrives at Alice’s and Bob’s sides n 4 and np respectively. After Bob
has received and measured a photon, a Bell state measurement is performed on the two
states in QM; and QM,. We denote by pysy, the probability that the measurement suc-
ceeds. The classical outcome of the Bell state measurement is communicated to Bob.
This concludes a single round of the protocol. We note that in this protocol every round
ends with a successful generation of one bit of raw key. Such a protocol is closely re-
lated to the memory-assisted measurement-device-independent QKD setup (MA-MDI
QKD) [2]. We discuss this connection in Appendix|[6.9.3]

One of the main problems in a quantum repeater implementation is that a quantum
state will decohere when it is stored in a quantum memory. This means that if it takes
Bob a large amount of trials to receive a photon, the state in the quantum memory QM;
will have significantly decohered, preventing the generation of secret key. This motivates
the introduction of a cut-off. A cut-off is a limit on the amount of trials that Bob can
attempt to receive a photon. We denote this maximum number by n*.

The protocol that we consider here modifies the protocol above as follows: if in a
given round Bob reaches the cut-off without success, the round is interrupted and a new
round starts from the beginning with the quantum repeater again attempting to send a
photon to Alice. In this scheme alarge number of rounds might be required until a single
bit of raw key is successfully generated. See Algorithm{[7|for a description of the modified
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protocol with the cut-off.

Algorithm 7 Generation of a bit of raw key with a single sequential quan-
tum repeater

1: Initialize:
na<—0,ng—0, k<0

2: loop
3 k—k+1 > Increment the number of rounds
4 repeat
5: npa—na+1 > Increment the number of Alice’s channel uses
6 Generate entangled photon-QM, pair
7 Send entangled photon through fibre towards Alice
8 until Alice receives photon
9 Alice performs a BB84 or a six-state measurement, stores result
10: repeat
11: ng<—ng+1 > Increment the number of Bob’s channel uses
12: Generate entangled photon-QM, pair
13: Send entangled photon through fibre towards Bob

14: until Bob receives photon or ng = kn*
15: if Bob received photon then

16: Bob performs a BB84 or a six-state measurement, stores result

17: Perform the Bell state measurement on the memories, commu-
nicate result

18: Store max(7n4, ng) > Store channel uses

19: return

6.3. SOURCES OF ERRORS

In this section, we model the different elements in the setup to identify the sources of
losses and noise. The losses in the system are not only due to the transmissivity of the
fibre; depending on the implementation a significant amount of photons is lost before
they enter the fibre or due to the non-unit detector efficiency. The causes of noise are the
experimental imperfections of the operations, measurements and quantum memories.

6.3.1. LOSSES

We model the process of generating and sending an entangled photon through a fibre as
follows (see FIG.[6.2). First, the photon has to be generated at some photon source and
be captured in the fibre. This process happens with probability per,. Depending on the
experimental implementation, only a fraction pps of the photons entering the fibre can
be used for secret key generation. This can occur for any number of reasons, for instance
photons might be filtered according to frequency or a certain time-window [6} [7]. The
filtering can happen either before or after the transmission through the fibre. The fibre
losses are modelled as an exponential decay of the transmissivity n  with the distance L,
ie.ng= exp(—LLO) for some fibre attenuation length L. We denote by 1 4 the fibre losses
on Alice’s side and by 7p the fibre losses on Bob’s side. Finally, the arriving photons
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Figure 6.2: General model of all photon losses occurring in the repeater setup. pes, is the prob-
ability of generating and capturing a photon into the fibre. For experimental reasons a fraction
(1- pps) of photons are additionally filtered out. The fibre has a transmissivity 77 ¢. After exiting the
fibre, the photons produce a click in the detector with probability pge;. The total efficiency of the
apparatus is described by one parameter, papp = Pem Pdet-

will be captured by the detectors with an efficiency pger. This probability of detecting
a photon will be increased by the presence of dark counts (which will also inevitably
add noise to the system), see the discussion of the dark counts at the bottom of this
section and in AppendiX We define the quantity papp = PemPdet describing the
total efficiency of our apparatus.

6.3.2. NOISE

We model all noise processes either by the action of a dephasing channel in the Z-basis
with parameter A; or that of a depolarising channel with parameter A, as defined in
Section[2.1]in Chapter[2} specifically in Egs. and (2.5).

The noise processes occur due to imperfect operations, decoherence of the state
while stored in QM; and dark counts in the detectors.

The noise from imperfect quantum operations is captured by two parameters: Fprep
and Fgn. Fyrep is a dephasing parameter which corresponds to the preparation fidelity of
the memory-photon entangled state [26]. Fgr, is a depolarising parameter that describes
the noise introduced by the imperfect gates and measurements performed on the two
quantum memories during the protocol [27,128]. Hence, the noise can be modelled by a
dephasing and a depolarising channel with A1 = Fprep and Az = Fgm.

The decoherence is modelled by a decay of the fidelity in the number of trials n. This
decoherence is caused by two distinct effects. Firstly, there is the decoherence due to the
time that the quantum repeater has to wait between sending photons. This time is the
time it takes to confirm whether the photon got lost plus the time it takes to generate a
photon entangled with the memory. We model this effect through an exponential decay
of fidelity with time [29], which is expected whenever excess dephasing is suppressed
(e.g. by dynamical decoupling [30]). However, we note that this is not the only possible
model of decay, in several experiments a Gaussian decay has been observed [3} 31H33].
Secondly, attempting to generate an entangled photon-memory pair at QM, might also
decohere the state stored in the QM;. For example, this effect is the most prominent de-
coherence mechanism in nitrogen-vacancy implementations [5], where an exponential
decay of fidelity with the number of trials was observed. This is also how we model that
effect here.
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The quantum state p that is subjected to those effects undergoes an evolution given
by the dephasing and depolarising channels with A; = (1+e~%")/2 and A, = e"?". The
two parameters a and b are given by

nyiLp

2
a=ap+ a; ( + tprep) , 6.1)

2nyiLg

b=Dby+ b ( + tprep) , (6.2)
where ny; is the refractive index of the fibre, c is the speed of light in vacuum, Lp the
distance from the quantum repeater to Bob and #,p is the time it takes to prepare for
the emission of an entangled photon. Here ay and by quantify the noise due to a sin-
gle attempt at generating an entangled state and a; and b; quantify the noise during
storage per second. Finally, the dark counts in the detectors introduce depolarising
noise. This model is justified for the two quantum key distribution protocols that we
consider, see [25,134]. We let a 4,p denote the corresponding depolarising parameter on
Alice’s/Bob’s side. The details of this model are presented in Appendix[6.9.1}

6.4. SECRET-KEY RATE OF A SINGLE SEQUENTIAL QUANTUM RE-

PEATER

The secret-key rate R is defined as the amount of secret-key bits generated by a protocol
divided by the number of channel uses and the number of optical modes. In the partic-
ular case of our sequential quantum repeater, the secret-key rate is given by

rR=Y 6.3)

=—T. .
2

The yield Y of the protocol is defined as the rate of raw bits per channel use. The secret-
key fraction r is defined as the average amount of secret key that can be extracted from
a single raw bit. The factor of a half is due to the fact that the encoding uses two optical
modes. Since we consider two possible quantum key distribution protocols we take

r = max{rgggas, I'six-state} - (6.4)

where rgpgs and rix-state are the secret-key fractions of the BB84 and six-state protocols,
respectively (see Eq. (6.10) and Appendix|6.9.4).

6.4.1. YIELD

The yield can be calculated as ppgy (i-e. the success probability of the Bell state mea-
surement) divided by the (average) number of channel uses needed for the successful
detection of a photon by both Alice and Bob in the same round. With a single sequential
quantum repeater it is not obvious how to count the number of channel uses. As in [1],
we count the maximum of the two channel uses on Alice’s and Bob’s sides respectively,

_ Pbsm _ Pbsm
E[N] E[max(Ns, Ng)] '

(6.5)
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where N, N4 and Np are the random variables that model the number of channel uses,
the number of channel uses at Alice’s side and the number of channel uses at Bob’s side,
respectively.

Without the cut-off, itis possible to obtain an analytical formula for the average num-
ber of channel uses [1} 2],

1 1 1
Elmax(Nay, Np)l= —+ ————,
Pa  PB PAtTPB—PAPB
where p4 and pp depend on the quantum key distribution protocol and are given by the
following equations (see Appendix[6.9.1),

(6.6)

pa/BBBsa =1— (1 — pappPpsna/p) (1 - pa), 6.7)
PA/Bsix-state = 1 — (1 = Papp PpsN a/B) (1 — pd)s . (6.8)

Here p, is the probability of measuring a dark count.

Every time that Bob reaches n* trials, Alice and Bob restart the round and start over

again. The cut-off thus increases the average number of channel uses. We have devel-

oped an analytic approximation of E [N] which is essentially tight (see Appendix[6.9.5]for
the derivation and error bounds)

1 _ 1 *
E [max(Ny, Np)] ~ PlA(l—(ll—PB)" ) . - 6.9)
pa "5 T PatPE-paps  Pa

6.4.2. SECRET-KEY FRACTION

Here we consider the secret-key fraction of the BB84 and six-state protocols. As we dis-
cussed previously, we consider the BB84 protocol with an active measuring scheme and
the six-state protocol with a passive one. Moreover, we consider a fully asymmetric ver-
sion of BB84 and a fully symmetric version of six-state. Fully symmetric means that all
bases are used with equal probability while fully asymmetric means that the ratio at
which one of the bases is used is arbitrarily close to one. Finally, we consider a one-
way key distillation scheme for BB84 [22] while for the six-state protocol we consider
the advantage distillation scheme in [35]. Advantage distillation [21] is a classical post-
processing technique that allows to increase the secret-key fraction at all levels of noise.

The reasons for not analysing the BB84 protocol with advantage distillation and the
fully asymmetric six-state with advantage distillation are technical. In the case of BB84,
computing the rate with advantage distillation requires the optimisation over a free pa-
rameter. The combination of the optimisation over the cut-off together with the extra
free parameter was computationally too intensive to consider here.

For the six-state protocol there is, to our knowledge, no security proof that can deal
with the asymmetric six-state protocol with photonic qubits without introducing extra
noise [25136]. However, these protocol choices do not have a strong impact on our analy-
sis. Advantage distillation does not significantly increase the amount of distillable key for
low error rates. Hence, asymmetric BB84 without advantage distillation is only slightly
suboptimal. For higher error rates, where advantage distillation plays a role, the sym-
metric six-state protocol with advantage distillation is a factor of three away from the
asymmetric version.
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The expression for the secret-key fraction of both protocols depends on the error
rates in the X, Y and Z bases, which we denote by ey, ey and ez. In the case of the BB84
protocol, [22}[37] it is given by

reRes = 1 —h(ez) — h(ex), (6.10)

where h(p) = —plog, p—(1-p)log,(1- p) is the binary entropy function. The expression
for rgix-state 1S more complex; we leave its discussion to Appendix|6.9.4]

We can directly evaluate the error rates in each basis as a function of the general
parameters of Section For the single sequential quantum repeater these average
errors are

1 1
ex=ey=exy = - EFgmaAOéB (2Fprep — 1)2 <ef(a+b)n> ) (6.11)
1 1 —-bn
ezzg—EFgmaAaB(e ). (6.12)

where (e~¢") is the average of the exponential e " over a geometric distribution over

the first n* trials. The detailed derivation of the error expressions is presented in Ap-

pendix

6.5. BENCHMARKS FOR THE ASSESSMENT OF QUANTUM REPEATERS

We introduce a set of benchmarks to assess the performance of a quantum repeater im-
plementation.

The first benchmark that we consider is the rate that would be achieved with the
same parameters for the system losses and dark counts and for the same protocol but
without a quantum repeater. Overcoming this benchmark gives the first indication that
the repeater setup is useful; it means that the repeater setup outperforms the setup with-
out repeater. We call this benchmark the direct transmission benchmark.

The remaining benchmarks represent the optimal secret-key rate that Alice and Bob
could achieve if they were to communicate over the same quantum channel without a
repeater under some constraints.

The optimal secret-key rate without a repeater highly depends on the channel model.
The first modelling decision is the placement of the boundary between Alice’s and Bob’s
laboratories and the quantum channel. This is because it is not a priori clear where the
channel begins and ends. However, this decision has a strong impact on the optimal
achievable rate; if the channel includes most of Alice’s and Bob’s laboratories, then the
channel is more lossy and noisy and the benchmark is easier to overcome. If, on the
other hand, the channel is just the optical fibre cable the benchmark becomes more dif-
ficult to overcome.

We consider three cases in terms of the individual lossy components of our setup
(see FIG.[6.1} FIG.[6.2]and their captions):

Case 1: Fibre only, in this case the transmissivity is: n =nf=nan3.

Case 2: Fibre and different filters, then the channel transmissivity becomes: n =
NtPps-
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Case 3: Fibre, filters and Alice’s and Bob’s apparatus, then the transmissivity be-
COmes: 1 = NPps Papp-

Note that although in the experimental implementation of the repeater the terms pps
and papp appear twice in the expression of the transmissivity, they appear only once in
the benchmarks which include them. The reason is that in a scenario without a repeater
the emission inefficiency and the filters only affect the transmissivity once.

The second design parameter for these benchmarks is the type of channel. Trans-
mission of photons through fibres is modelled as a pure-loss channel [38], where only a
fraction n of the input photons reach the end of the channel. The first type of channel
that we consider is the pure-loss channel without any additional restriction. The opti-
mal achievable rate over one mode of the pure-loss channel is given by the secret-key
capacity [9]

—log, (1-7) . (6.13)

This is the maximum secret-key rate achievable, meaning that even if Alice and Bob had
perfect unbounded quantum computers and memories, they could not generate secret
key at a larger rate. If, by using a quantum repeater setup, a higher rate can be achieved
than —log,(1-n ), we are certain our quantum repeater setup allowed us to do some-
thing that would be impossible with direct transmission. Surpassing the secret-key ca-
pacity has been widely used as a defining feature of a quantum repeater [I} [9H11) [17-
20,[39-41]. Note that for high losses the scaling of this capacity with distance is propor-
tional to 77 = exp (—L—Lo) At the same time with an ideal (noiseless) single quantum re-
peater placed half-way between Alice and Bob, the expected secret-key rate would scale
proportionally to VIF= exp(—ﬁ) (.

The second type of channel that we consider is the pure-loss channel when the trans-
mitter has a limitation in the energy that can be introduced into the channel. There has
been some recent work studying the optimal rate per mode of the finite-energy pure-loss
channel [11} 12} 39]. However, the optimal rate remains unknown. The bound that we
consider here [39] is given by

g((1+n)P/2)-g((1-n)P/2), 6.14)

where g(x) := (x+1)log,(x + 1) — xlog, x and P is the mean photon number. In our re-
peater setup, the finite energy restriction arises from the fact that, on average, only a
fraction of a photon enters the fibre in each trial. More precisely, the average photon
number satisfies P = pem in cases 1 and 2 above and P = 1 in case 3. Unfortunately,
since Eq. is an upper bound, it is only strictly smaller than the capacity of the
pure-loss channel for small mean photon number. Expanding the bounds from equa-
tions Eq. and Eq. around 7 = 0 shows that the cross-over between the two

bounds occurs when pemlog, (%) = ﬁ In other words, for high losses the finite-
energy bound is tighter when pem < 0.796. This implies that the finite-energy bound

does not yield an interesting benchmark in case 3.
The third type of channel that we consider is the thermal-loss channel. An upper
bound on the capacity of the thermal-loss channel is

~log,[(1-n)n"1-g(7), (6.15)
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ifn < % and zero otherwise [9]. Here, 7 is the average number of thermal photons
per channel use [38]. The secret-key capacity of the thermal channel has been studied
extensively [9}[11}[40H45]. This is an interesting channel because the effect of dark counts
can be seen as caused by the thermal photons. Hence this type of channel becomes
relevant for case 3, where detectors, and therefore also the dark counts, are regarded as
part of the channel. The details of the dark count model are presented in Appendix|[6.9.1}
There we also show how to easily convert the experimentally relevant dark count rate of
the detector and the duration of the detection window #,, into 72 and p, the probability
of getting a dark count within the given time-window.

The combinations of a channel boundary together with a channel type give us a set of
benchmarks. Not all combinations yield interesting benchmarks. In Table[6.1} we sum-

marise the benchmarks that we consider.

‘ Infinite ‘ Finite ‘ Thermal ‘ Direct transmission

Case 1: n¢ la 1b - -
Case 2: Ntpps 2a 2b - -
Case 3: tPps Papp - - 3c 3d

Table 6.1: Labels of the benchmarks that we use to assess the performance of a quantum repeater.
These labels are frequently referred to in the numerical results. Each row corresponds to a dif-
ferent channel boundary, which translates into an effective channel transmissivity. Each column
corresponds to a different type of channel: pure loss, pure loss with energy constraint and thermal
channel, and the final column corresponds to the direct transmission benchmark.

6.6. IMPLEMENTATION BASED ON NITROGEN-VACANCY CEN-

TRE SETUP

Our model is fully general and can be applied to a wide range of physical platforms. To
illustrate its performance we will now consider one of such potential near-term realisa-
tions of a single sequential quantum repeater. For this particular example we choose
to base our system on Nitrogen-Vacancy (NV) centres in diamond. NVs are a prime
candidate for this task due to their optical interface featuring high-fidelity single-shot
readout [46] and their recently demonstrated capabilities to distribute spin-photon en-
tanglement while faithfully storing quantum states [28].

In the following we expand on the required experimental techniques (see Fig. [6.3).
The NV centre itself can be readily used as a generator of spin-photon entanglement at
cryogenic temperatures [47]. Firstly, we generate spin-photon entanglement and send
the emitted photon off to Alice who reports successful detection events back to the re-
peater station. Note that electron spin decoherence during communication rounds is
negligible since second-long coherence times have been demonstrated by employing
XY8 dynamical decoupling sequences [48].

Upon success the optical interface of the NV is reused for communication with Bob.
To this end, the NV spin state that is correlated with Alice’s measurement outcome is
stored on a '3C nuclear spin in the vicinity of the electron spin, which itself is then reini-
tialised [28]. We choose a configuration in which the always-on magnetic hyperfine cou-
pling between both spins is weak (on the order of a few kHz). This configuration has
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been experimentally shown to result in a highly-addressable quantum memory [49].

The protocol then proceeds as described in Section[6.2]by communicating with Bob.
We note that the '>C nuclear spin memory can retain coherence for thousands of remote
entangling attempts despite stochastic electron spin reset operations, quasi static noise
and microwave control infidelities during the subsequent probabilistic entanglement
generation attempts [5,[50]. Nevertheless, these repeated communication attempts will
eventually decohere the memory state due to the always-on hyperfine interaction be-
tween the two spins. This constitutes the main source of error in this system (parametrised
by ao and by, see Section|[6.3.2).

After a successful state transmission to Bob, we conduct a sequential two-step Bell
state measurement. Specifically, in the NV node containing both the electron and carbon
nuclear spin it is possible to perform a deterministic Bell-state measurement on the two
spins. A combination of two nuclear-electron spin gates and two sequential electron
spin state measurements reads out the combined nuclear-electron spin state in the Z-
and X-bases, enabling us to discriminate all four Bell states [47].

For an NV center in free space, only ~ 3% of photons are emitted in the zero-phonon-
line (ZPL) that can be used for secret-key generation. This poses a key challenge for a
repeater implementation, since this means that the probability of successfully detect-
ing an emitted photon is low. Therefore, we consider a setup in which the NV center is
embedded in an optical cavity with a high ratio of quality factor Q to mode volume V'
to enhance this probability via the Purcell effect in the weak coupling regime [51]. This
directly translates into a lower optical excited state lifetime that is beneficial to shorten
the time-window during which we detect ZPL photons after the beam splitter, reducing
the impact of dark counts on the entangled state. Additionally, a cavity introduces a pref-
erential mode into which the ZPL photons are emitted that can be picked up efficiently.
This leads to a higher expected collection efficiency than the non-cavity case [52]. En-
hancement of the ZPL has been successfully implemented for different cavity architec-
tures, including photonic crystal cavities [53H60], microring resonators [61], whispering
gallery mode resonators [62} [63] and open, tunable cavities [64-66]. However, cavity-
assisted entanglement generation has not yet been demonstrated for these systems, lim-
ited predominantly by broad optical lines of surface-proximal NV centers. Therefore, we
focus on the open, tunable microcavity approach [67], since it has the potential of in-
corporating micron-scale diamond slabs inside the cavity, while allowing to keep high
Q/V values and providing in-situ spatial and spectral tunability [68]. In these diamond
slabs, an NV centre can be microns away from surfaces, potentially allowing to maintain
bulk like optical and spin properties as needed for the considered repeater protocols. We
note here that as no particular low-loss cavity design has been implemented with NVs
yet, we rely purely on the aforementioned ZPL enhancement. However, more specific
cavity configurations that allow for reflection based mechanisms rely on the realisation
of a low-loss overcoupled cavity to be efficient [69] and might become available in the
future.

6.7. NUMERICAL RESULTS
In this section, we perform a numerical analysis of our model applied to the physical
system based on NV centres as described in Section[6.6] All numerical results have been
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Figure 6.3: Single sequential quantum repeater based on an electron spin associated with an NV
(purple) and '3C nuclear spin (orange) in diamond. The previous quantum memories QM , are
now represented by the electron and nuclear spin respectively. The optical interface of the NV
is strongly Purcell-enhanced by an optical cavity with low-mode volume and allows for efficient
photon transmission to Alice and Bob.

obtained using a Mathematica notebook. [70]. Unless specified otherwise, we use the
following parameters that we call “expected parameters”. These parameters represent
best-case scenarios from the chosen references. These experimental capabilities do not
fundamentally contradict or exclude each other and seem therefore achievable in a sin-
gle experimental NV setup.

ay (dephasing due to interaction) = ﬁ per attempt [5,50],

a; (dephasing with time) = % per second [71],

by (depolarisation due to interaction) = ﬁ per attempt [5],

b (depolarisation with time) = % per second [71],

Iprep (memory-photon entanglement preparation time) = 6 us [72],
Fym (depolarising parameter for gates and measurements) = 0.9 [28],
Fprep (dephasing parameter for the memory-photon state preparation) = 0.99 [72],
Pem (probability of emission) = 0.49 [52,(72],

Pps (post-selection) = 0.46 [66],

Pdet (detector efficiency) = 0.8 [72],

Posm (Bell state measurement success probability) = 1 [47],

Dark count rate = 10 per second [72],

tw (detection window) = 30 ns [72],

Ly (attenuation length) = 0.542 km [72],

1y (refractive index of the fibre) = 1.44 [73].
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Before we present the results, we note that the emission frequency of the nitrogen-
vacancy centres results in a relatively low Ly which in turn does not allow to achieve large
distances. In practical quantum key distribution networks, assuming that dedicated fi-
bres are used for which one can choose which frequency mode one wants to transmit at,
this problem might be overcome using the frequency conversion of the emitted photons
into a telecom frequency, which will yield an increased L,;. Note that the benchmarks
in Table [6.1] will scale accordingly. There is a range of frequencies used in fibre-based
communication and for each of those frequencies the attenuation length varies greatly
depending on the type of the fibre used. To give some examples, the best fibres at 1560
nm have losses of 0.1419 dB/km (L = 30.6 km) [74], while at 1310 nm standard single-
mode fibres exhibit losses of 0.4 dB/km (L, = 10.9 km) [75]. Clearly our model is general
and can be applied to a channel with any value of Ly. Here, throughout most of this sec-
tion, we consider the transmission through the channel at the same wavelength as the
emission line of the NV-centre setup, as such a channel for this specific physical system
has been realised in an experiment [72] using fibre with losses of 8 dB/km (Lo = 0.542
km as given in the list of parameters above). At the end we present an additional plot de-
scribing the scenario in which a telecom channel with the commonly used in the quan-
tum repeater community attenuation length of Ly = 22 km is available. In this case the
frequency conversion of the emitted photons to telecom is applied.

Tightness of the error bounds for the secret-key rate. We have derived upper and lower
bounds on the yield, and thus also on the secret-key rate, for the two studied protocols.
In FIG. we plot both the upper and the lower bound on the achieved rate with the
current and improved parameters (pps = pem = 0.6 and Fgy, = 0.97) and optimised cut-
off as a function of the distance in units of Ly. There are two regimes visible on the plot.
This is a consequence of the fact that our bounds have a different analytical form in the
two regimes (see Appendix[6.9.5). Since for practical purposes our bounds are essentially
tight, from now on we will refer to the upper bound as the expected secret-key rate, and
will omit the lower bound for the legibility of the plots.

The impact of the cut-off on the secret-key rate. In FIG. we plot the secret-key
rate versus the cut-off for different sets of parameters. The repeater is assumed to be
positioned half-way between Alice and Bob. We observe a strong dependency of the
secret-key rate on the cut-off. In particular, for large cut-off the secret-key rate drops to
zero. This is due to the inclusion of rounds where the state has significantly decohered.
This implies that the cut-off is essential for generating a key at large distances. Moreover,
we observe that the optimal cut-off highly depends on the explored parameter regime.

Optimal positioning of the repeater. The asymmetry of the studied sequential proto-
col raises the question of whether it is best to position the repeater half-way between
Alice and Bob. In fact, in the absence of a cut-off this is not the case [1]. For suffi-
ciently large distances, shifting the repeater towards Bob can increase both the secret-
key rate and the distance over which the secret-key rate is non-zero in the presence of
dark counts. Specifically, the optimal positioning remains a fixed distance away from
Bob independently of the actual total distance. Here, we find that with the cut-off and for
the parameters considered this phenomenon disappears. We see in FIG.[6.6]that the op-
timal position with the cut-off optimisation appears to be exactly in the middle of Alice
and Bob. Nevertheless, we note that the bounds for the yield derived in Appendix[6.9.5]
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Figure 6.4: Upper- and lower bounds on the secret-key rate rate with a quantum repeater as a
function of the distance in units of Ly = 0.542 km. The repeater is positioned half-way between
Alice and Bob. The curves correspond to the expected and improved parameters with optimised
cut-off. The improved parameters correspond to setting pps = pem = 0.6 and Fgm = 0.97. For high
losses, the upper- and lower bounds become essentially tight. For this reason, the upper bound
on the achieved rate forms a reliable estimate of the secret-key rate.

are valid under the condition g = 4. This means that we can only study the effect of
moving the repeater towards Bob. However, we do not expect any benefit in shifting the
repeater towards Alice as this could only increase the noise due to decoherence. From
now on for the scenarios with the cut-off optimisation, we always consider the repeater
to be placed half-way between Alice and Bob. Interestingly, in FIG. [6.6|we also see that
the rates for the two scenarios with and without the cut-off start to coincide after the
quantum repeater is shifted within a certain distance of Bob. Intuitively this happens
when the probability of Bob getting a photon is large enough so that the significance of
the cut-off becomes marginal.

Cut-off versus no cut-off. Having established the optimal positioning of the repeater,
we can now compare the two scenarios: optimised cut-off with middle positioning of the
repeater and no cut-off with optimised positioning. We find that in the absence of dark
counts the scaling with distance of both schemes is the same, with a small advantage of
the cut-off scheme. However, the cut-off is more robust against dark counts. Hence, for
imperfect detectors the cut-off allows distributing keys at larger distances. These results
can be seen in FIG. and FIG. which show the secret-key rate as a function of
distance for detectors without and with dark counts, together with the channel capacity
of the optical fibre (i.e. benchmark 1a). We plot the data for the expected and improved
parameters (pps = Pem = 0.6 and Fg, = 0.97).

In FIG.[6.7lwhere we assume no dark counts, we see that for small distances the rate
scales approximately with the square root of the transmissivity for both scenarios. That
is, they are proportional to the theoretical optimum [1] of /777 = e L/2Lo_ For sufficiently
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Figure 6.5: Secret-key rate as a function of the cut-off for the expected parameters with the re-
peater positioned half-way between Alice and Bob. The reduced losses are for p’app = (papp)0'9
and p;s =( pps)o'g, the reduced SPAM (state preparation and measurement) and gate errors are for
Fém = (Fgm)o'7 and FI’)rep = (Fprep)0'7 and the reduced decoherence is for @’ = a/2 and b’ = b/2.
The optimal n* shifts depending on the parameters. The kinks arise due to the fact that we opti-
mise over two protocols: fully asymmetric BB84 and symmetric six-state protocol with advantage
distillation which itself consists of two subprotocols. The optimal protocol depends on the bit
error rates. The data have been plotted for the distance of 15Ly, where Ly = 0.542 km.

large distances time-dependent decoherence of the memory QM; becomes a problem.
Both schemes overcome it at the expense of reducing the yield. As a result, the scaling
becomes proportional to 77 = e 'To for both schemes. In FIG.however we see that
the presence of dark counts affects the two schemes quite differently. While for both
schemes the effect of dark counts becomes the dominant source of noise after a certain
distance, this distance is shorter for the no cut-off scheme than for the scheme with the
cut-off. In other words, we see that the cut-off is more robust towards dark counts than
the repositioning method. This fact can be explained by noting that shifting the repeater
towards Bob increases the losses on Alice’s side and as a result makes the Alice-repeater
link vulnerable to dark counts. With the cut-off however, the repeater remains in the
middle making both of the individual links Alice-repeater and repeater-Bob shorter than
the Alice-repeater link in the no cut-off scheme. As a result the setup with the cut-off and
with the improved parameters allows us to overcome the channel capacity (1a) more
confidently and over larger range of distances, than without the cut-off.

Comparison with the proposed benchmarks. Let us now investigate the secret-key
rate achievable with the expected parameters and how it compares with the proposed
benchmarks. The comparison is depicted in FIG.[6.9} The benchmarks corresponding to
direct transmission (3d), the thermal-loss channel (3c) and the pure-loss channel with
energy constraint and inclusion of post-selection (2b) are outperformed. The achievable
secret-key rate is also very close to the pure-loss channel benchmark with post-selection
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Figure 6.6: Secret-key rate with and without the cut-off as a function of the distance in units of
Ly = 0.542 km between Alice and quantum repeater. The total distance between Alice and Bob is
fixed to 11L(. We see that with the cut-off optimisation, positioning the repeater half-way between
Alice and Bob is optimal. This behaviour was also observed for other parameter regimes. This
result contrasts with the optimal positioning for the no cut-off scenario, for which we see that
shifting the repeater towards Bob is beneficial. We also note that the two rates overlap when the
repeater is shifted towards Bob.

0.01
10°4 1a
% No cut-off, expected parameters
x sl Y, No cut-off, improved parameters
10
—— With cut-off, expected parameters
10°8F NN S, With cut-off, improved parameters
1010

0 5 10 15 20
Distance (L)

Figure 6.7: Secret-key rate as a function of the distance in units of Ly = 0.542 km, assuming detec-
tors without dark counts. The black lines correspond to the protocol with cut-off and the blue lines
to the protocol without the cut-off but with optimised positioning of the repeater. We plot the data
for both the expected and improved parameters. The improved parameters correspond to setting
Pps = Pem = 0.6 and Fgm = 0.97. Finally, the channel capacity (1a) is also included for comparison.
It can be seen that both the cut-off and repositioning of the repeater allows to generate key for all
distances.
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Figure 6.8: Secret-key rate as a function of the distance in units of Ly = 0.542 km with dark counts.
The black lines correspond to the protocol with cut-off and the blue lines to the protocol without
the cut-off but with optimised positioning of the repeater. We plot the data for both the expected
and improved parameters. The improved parameters correspond to setting pps = pem = 0.6 and
Fgm = 0.97. Finally, the channel capacity (1a) is also included for comparison. It can be seen that
the protocol with the cut-off is more robust against dark counts than the protocol without the
cut-off.

(2a). The other benchmarks are not overcome but are within experimental reach.

Parameter trade-off. Let us now give a general overview of how good the improved
parameters need to be in order to overcome individual benchmarks. This information is
presented on two contour plots. In FIG. we study the parameter regions for which
it is possible to beat the benchmarks in Tableas a function of pps and pem. A simi-
lar plot as a function of Fgy, and pem can be seen in FIG. We omit here the direct
transmission benchmark which, as we have already seen, can be easily surpassed with
the expected parameters. Moreover, we note that the capacity of the thermal channel in
the benchmark (3¢) goes to zero for very low pps and per, for which it is still possible to
generate key with the quantum repeater. Hence it is trivially easy to beat this benchmark
for low pps and pem. In that sense this benchmark is not so interesting in that regime. It
is for this reason that this regime is not depicted on the contour plots. In both FIG.
and FIG.[6.11]we observe a crossing between the finite energy benchmarks (1b) and (2b)
and their infinite energy counterparts (1a) and (2a) at pem = 0.796, as discussed in Sec-
tion[6.5

Comparison with the proposed benchmarks for a commonly used telecom channel.
Let us now again investigate the secret-key rate achievable with the expected parame-
ters and how it compares with the proposed benchmarks, but this time assuming that
we have an available channel at the commonly used telecom wavelength with attenu-
ation length Ly = 22 km. Hence in this case the frequency conversion of the emitted
light into telecom would be applied. We consider such a conversion process with effi-
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Figure 6.9: Secret-key rate with the quantum repeater implementation for the expected param-
eters with optimised cut-off as a function of the distance in units of Ly = 0.542 km. The rate is
compared to all the benchmarks defined in Table[6.1}

ciency of 30% [76]. This parameter can be added to pem so that we define p), = 0.3 pem.
We note here that the assumed value of this parameter is a choice based on the specific
experimental implementation. However, higher conversion efficiencies are in princi-
ple achievable. The comparison is depicted in FIG. We see that for this choice of
the direct channel, the benchmarks are more difficult to overcome. In particular only
the benchmarks corresponding to direct transmission (3d) and the thermal-loss chan-
nel (3¢) can be outperformed. The other benchmarks seem to be far from near-term
experimental reach.

6.8. CONCLUSIONS

In this work, we have analysed numerically a realistic quantum repeater implementation
for quantum key distribution. We have introduced two methods for improving the rates
of the repeater with respect to previous proposals: advantage distillation and the cut-off.
Advantage distillation is a classical post-processing method that increases the secret-key
rate at all levels of noise. The cut-off on the other hand allows for a trade-off between
the channel uses required and the secret-key fraction. Utilising the cut-off results in
three benefits with respect to the previous scheme for the single sequential quantum re-
peater [1]. Firstly, the cut-off method achieves a higher rate for all distances. Secondly,
the protocol is more robust against dark counts, in the sense that non-zero secret key can
be generated over larger distances. Finally, the cut-off can be adjusted on the fly, unlike
the repositioning of the repeater [I]. This is especially convenient in the scenario where
the experimental setup might be modified. With the previous scheme for example, im-
proving the coherence times of the memories would lead to a new optimal position. The
repositioning of the repeater node would be both costly and time-inefficient, while mod-
ifying the cut-off corresponds to a simple change in the programming of the devices.
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Figure 6.10: Contour plot of regions of pem versus pps with the expected parameters where the
benchmarks listed in Table[6.I]can be surpassed. The contour lines correspond to the parameters
that achieve the corresponding benchmarks while the parameter regimes above the curves allow
us to surpass them. The data is plotted for the distance of 9.6, where Ly = 0.542 km.

We note here that one could also use the secret-key rate per unit time to assess the
performance of a quantum repeater. The secret-key rate per unit time can be calculated
by multiplying the secret-key fraction with the inverse of the (average) time it takes to
generate a single raw bit between Alice and Bob. This time will depend on the travel
time of the photons from the quantum repeater to Alice and Bob, the generation time of
the entangled photon-memory pairs and the time it takes to perform the required oper-
ations such as the Bell state measurement. To compare the secret-key rate per unit time
to the benchmarks, the benchmarks too must then be re-expressed in the secret-key rate
per unit time. This can be achieved by multiplying the benchmarks with a fixed emission
rate of a photon source [77]. Note that there is now an ambiguity in the benchmarks, as
they depend on the fixed emission rate. Since the emission rate is limited by engineer-
ing constraints, the benchmarks are dependent on current technologies and cannot be
claimed to be fundamental.

By optimising over the cut-off, we have found realistic parameter regions where it
is possible to surpass several different benchmarks including the secret-key capacity.
These benchmarks are relevant milestones towards claiming a quantum repeater, and
thus form an important step in the creation of the first large-scale quantum networks. To
make our arguments concrete, we have chosen a specific parameter set induced by some
recent experimental results. However, other platforms or technological advances might
allow to improve upon our results and predict particularly simple setups for performing
the first quantum repeater experiment. For example, our work could be extended by in-
cluding other types of encoding, such as polarisation encoding, in which case additional
depolarising noise in the fibre could become relevant. We leave the investigation of other
parameter regimes open. In this respect our model has a very broad functionality, as it
allows us to perform efficient optimisation of the secret-key rate over the cut-off for any
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Figure 6.11: Contour plot of regions of Fgm versus pem with the expected parameters where the
benchmarks listed in Tablecan be surpassed. The contour lines correspond to the parameters
that achieve the corresponding benchmarks while the parameter regimes above the curves allow
us to surpass them. The data is plotted for the distance of 9.6, where Ly = 0.542 km.

set of parameters. We achieve this functionality by finding tight analytical bounds for
the number of channel uses needed to generate one bit of raw key as a function of the
cut-off. Our numerical package is freely available for further exploration [70].

6.9. APPENDIX

6.9.1. DARK COUNTS

In this section we detail the effect of dark counts in the detectors of Alice and Bob on our
protocol. In particular, we briefly go over the concept of so-called squashing models [25,
34], after which we will be able to calculate the induced depolarising noise. We conclude
with explaining how dark counts increase the yield.

Quantum states of light are naturally described by operators on an infinite-dimensional
Hilbert space. However, a significant number of optical experiments have been per-
formed where the infinite-dimensional states and operations are approximated by a
lower dimensional description. An example of this is where the state of light is assumed
to lie within a two-dimensional subspace spanned by the vacuum state and a single-
photon excitation. Such an approximation is valid in the sense that the theoretical pre-
dictions of measurement statistics correspond accurately to those that are observed ex-
perimentally.

However, in cryptographic contexts one usually has to make unconditional state-
ments about the information held by a third party. This third party might be malicious
and all-powerful, and her measurement statistics are, by definition, unknown. This im-
plies that there is not necessarily a bound on the information held by a malicious third
party, despite the fact that the truncation of the Hilbert space is a good approximation
for experimental statistics.
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Figure 6.12: Secret-key rate for the telecom channel with Ly = 22 km with the quantum repeater
implementation for the expected parameters with optimised cut-off as a function of the distance
in units of km. The rate is compared to all the benchmarks defined in Table

Since the theoretical analysis in an infinite-dimensional Hilbert space is difficult, one
would prefer to be able to bound the information held by a third party, while at the same
time applying a truncation to the finite-dimensional Hilbert space. This can be done if
a so-called squashing model exists, which is a way of relating measurements performed
on a high-dimensional state to a truncated space. As an approximation we consider here
the squashing models for measurements of qubits encoded in the polarisation of pho-
tons. In this case squashing models exist for both the fully asymmetric BB84 protocol
and the symmetric six-state protocol (with only passive measurements), implying that
one can, without loss of generality, perform the fully asymmetric BB84 and symmetric
(passive) six-state protocol with photons [25}34]. The squashing model also dictates how
multiple clicks in different detectors give rise to noise in the truncated space. In the next
section, we discuss how to map the dark counts in the detectors to depolarising noise
according to the corresponding squashing model.

The parameters typically used to quantify detectors are the dark counts per second
and the detection window #,, which is the duration of the integration period of the de-
tectors. The number of thermal photons 7 relevant for the thermal benchmark is given
by tin: times the dark counts per second. Assuming a Poisson distribution of the dark
counts, it follows that the probability p; of getting at least a single dark count click within
the time-window of awaiting the signal photon is given by p; = 1 —exp(-7) = 72 for small

n.

The noise caused by the dark counts at Alice’s or Bob’s detector can then be mod-
elled by a depolarising channel, where the depolarising parameter a 4,5 depends on the
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implemented protocol,
Papp PpsNa/B(1 = pa)
Q' A/B,BB84 = ) (6.16)
* 1— (1= pappppsnarp)(1— pd)z
nag(1—pa)®
Q A/B, six-state = Papp Pps p (6.17)

1— (1= pappPpsaip) (1 - pa)®

That is, conditioned on a click in at least one of the detectors, Alice or Bob receive the de-
sired state if they receive the signal photon and no other detector was triggered. Due to
the squashing map all other events can be mapped onto a maximally mixed state [25,34].
To explain the exponents, we note that the active BB84 protocol requires an optical mea-
surement setup with two detectors, while for the six-state protocol such a measurement
setup will consist of six detectors.

Furthermore, independent of the existence of a squashing map, the dark counts in-
crease the total probability that Alice or Bob gets a click. This probability depends on
whether the BB84 or six-state protocol is implemented, and is given by

pa/B, B84 =1 — (1 — PappPpsn a/p) (1 — pa)?, (6.18)
PAIB, six-state = 1 = (1= Papp Pps a/8) (1 = pa)® . (6.19)

6.9.2. QUANTUM BIT ERROR RATE
In this appendix we derive the expressions for the average quantum bit error rate in the
X, Y and Z basis as a function of the experimental parameters. It is given by

1 1 _
(ex) = (ey) = 57 EFgmaAaB (2Fprep — 1)2 <e w+b)n> ) (6.20)
1 1 —b-n
(ez) = 273 gmaaap(e "), (6.21)

where the average is performed over the geometric distribution with only the first n*
trials. That is, the average of the exponential e”¢" is given by

n=1 __cn

pony _ Zima Pu(1=ps)" e
¥ ps(1-ps)"
pre  1-(1-pp)" e
C1-(1-pp)" 1-(-ps)e

(

(6.22)

To derive these quantum bit error rates, let us firstly define the two-qubit Bell states
as

ly(x,2)) = % (1010 +x) + (=D*1)[1 +x (mod 2)}), (6.23)

for x,z € {0,1}. The noise in the preparation can be modelled as dephasing noise [26].
The initially generated entangled state between the quantum memory and the state of
the photon flying to Alice is then

P AR = Fpreplw(1,0))(w (1,0)] + (1 = Fprep) (1, DXy (1, DI, 6.24)
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where Fprep is the preparation fidelity of this state. The state in the first quantum mem-
ory is now kept stored there. During this time, a second entangled photon-memory is
attempted to be generated at the second quantum memory. During these attempts, the
state stored in the first quantum memory decoheres through time-dependent dephasing
and depolarising noise acting on it. This means that at the time when the second copy is
generated, the first copy will have decohered. This second copy will be of the same form
as the first one. The decohered first copy is of the form

P'ar = Fry (Fprep (F1, 1w (1, 00w (1,0) | + (1 = Fr,) [y (1, D)Xy (1, 1)) (6.25)

I
+ (1= Fprep) (Fr, [ (1, D)y (1, DI + (1 = Fr)lw (1, 00w (1,0)])] + (1 - FTl)Z )

where Fr,, Fr, are respectively the depolarising and dephasing parameters due to the
decoherence processes on the stored state in the first memory. The fidelity decays ex-
ponentially with the number of attempts [5] and hence these parameters can be written
as

Fr,=e b, (6.26)
1+e %"
Fr,=———. (6.27)

Here n is the number of attempts that have been performed on the second memory to
successfully generate the repeater-Bob entanglement and the decay rates a and b are
defined in the main text. Hence we can rewrite the state of p’, , as

I
P'sr = Fr, (Faeph, ar1¥ (1,00 (1,0)| + (1 = Fgeph, ar) ¥ (1, DXy (1, D) + (1 - Fr)7 - (6.28)

where
1+ (2Fprep — e 9"

2

The entanglement swapping is performed at the two memories at the repeater node.
Since the situation is symmetric for all the four measurement outcomes, without loss of
generality we can consider the resulting state on AB as if the repeater measured |(1,0)).
If a different Bell state was measured, a Pauli rotation could be used to bring the state to
this form. The state that we obtain is

Faeph,ar = (6.29)

0"s5 = Fr, ([ Faeph, ar Fprep + (1 = Faeph, aR) (1 — Fprep) ] (1, 00y (1,0)| (6.30)

+ [Faeph, AR (1 = Fprep) + (1 = Faeph, ar) Fprep ) [w/(1, DXy (1,1)]) + (1 - Fr,) % .
Finally we note that the operations such as Bell state measurements or any other re-
quired gates performed on the memories are also noisy. We will model them by the de-
polarising channel here [27]. The depolarising channel commutes with the dephasing
channel. For the two copies of the Bell-diagonal state, it also commutes with the entan-
glement swapping, in the sense that applying it to one of our memory qubits is mathe-
matically equivalent to applying the same channel to one of the photons flying to Alice
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or Bob. Hence independently of when exactly in the protocol those gates or measure-
ments on the memories are applied, we can add the resulting depolarisation to the final
state shared between Alice and Bob, so that we obtain

045 = Fam@aapFr, ([ Faeph, ar Fprep + (1 — Faeph, ar) (1 — Fprep) | 1w/(1,00)(w/(1,0)]  (6.31)

I
+ [Fdeph,AR(1 — Fprep) + (1 - Fdeph,AR)Fprep] [y (1, DXy, 1)|) + (1 - FgmaAaBFTl) 1

Here by Fgm we denote the product of all the depolarising parameters corresponding to
all noisy gates and measurements and a 4,5 corresponds to the noise caused by the dark
counts on Alice’s/Bob’s side. From the final state it follows that

1 1 -
(ex)=(ey) = 3~ gFgmaAaB (2Fprep — 1)2 <e (a+b)n> ) (6.32)
1 1 —-b-n
(ez) = 2~ EFgmaAaB<e ). (6.33)

where the average is over the geometric distribution with only the first n* trials. This is
due to the fact that, by construction, the state is never allowed to decohere more than n*
trials.

6.9.3. COMPARISON WITH MEMORY-ASSISTED

MEASUREMENT-DEVICE-INDEPENDENT QKD SCHEMES

The setup of the proof of principle repeater analysed in this paper bears close resem-
blance to the memory-assisted measurement-device-independent QKD (MA-MDI QKD)
setups proposed in [2], which were analysed in more detail in the particular context
of NV centres in [78]. However, in contrast to our focus on key per channel use, these
schemes were mostly assessed on their performance of generating key per unit time. In
this section, we will briefly discuss these schemes and their advantages and disadvan-
tages in comparison to the scheme analysed in this paper. In particular, we will focus
both on their relevance in the context of secret-key generation per channel use, and on
the complexity of their experimental implementation.

The three schemes that we compare with can be found in Figure[6.13} These schemes
have the advantage of high expected rate per unit time, since heralding of the successful
events now takes place at the repeater. Thus, after a failed attempt the repeater can
immediately prepare for receiving another photon, without the need for waiting on any
classical communication from Alice and Bob. Furthermore, these schemes are secure
against detector side-channel attacks [79], since in each scheme there is no quantum
information sent from the repeater to Alice or Bob.

However, these advantages, while relevant in practical QKD setups, might not nec-
essarily translate directly in higher secret-key rate per channel use for proof of principle
repeaters. Moreover, there are experimental challenges that make these MA-MDI QKD
schemes more difficult to implement than the sequential quantum repeater that we con-
sider. This is particularly important, since the goal of this paper is to analyse a protocol
that would be simple from the implementation perspective, and would have the capa-
bility to exceed the benchmarks in Section|6.5
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Bob

Figure 6.13: Three different setups for the memory-assisted measurement-device-independent
quantum key distribution (MA-MDI QKD). Here, BSM stands for Bell state measurement. The first
setup a) corresponds to the scheme of MA-MDI QKD with direct heralding. Specifically, the imple-
mentation of this setup requires that a photonic state can be transferred into a quantum memory
QM; and QM in a heralded fashion. That is, following the transfer attempt, one obtains the infor-
mation whether the state of the photon emitted at Alice or Bob has been successfully transferred
to the desired quantum memory. The second setup b) with indirect heralding is a modification
of the first one. Here the requirement of the heralded state transfer has been dropped, at the cost
of probabilistic Bell state measurements between two photonic qubits at the outer BSM stations.
Finally, the setup in ¢) is a modification of b), which uses sources of entangled photons (¥). In this
way, the attempt to transfer the quantum state of the photon into the memory is performed only
after a successful Bell state measurement. This can increase the rate per unit time, since writing
unto and resetting the memory is a time-consuming process.
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Let us now go over each of these schemes. Firstly, let us consider the first scheme a).
This scheme seems to require a similar number of components as our proposed scheme,
with the exception that the two detector setups have now been replaced with the sources
of BB84 states. The main difficulty with implementing such a scheme lies in the require-
ment of heralded quantum state transfer from a single photon into the quantum mem-
ory. We have already discussed in Section[3.3.1]in Chapter[3|that this is a great challenge
from the experimental perspective.

Due to the reasons explained in Section [3.3.1]in Chapter 3} scheme b) seems more
realistic than scheme a) with the current state-of-the-art technology. However, a larger
number of components is needed and the two additional optical Bell state measure-
ments will reduce the rate by a factor of four. In particular, photonic states need to be
emitted both from the quantum memories and the BB84 sources. These need to be syn-
chronised such that the Bell state measurements can be performed on both of them.
While there is nothing fundamentally challenging with this scheme, it requires larger
number of components and is more complicated than the scheme analysed in this pa-
per. Similar conclusions apply to the more complex scheme proposed in c), which adds
sources of entangled photons (denoted here by ¥) into the scheme of b). A comparison
of the achieved secret-key rate with the secret-key capacity, for a variant of scheme c),
has been performed in [80].

6.9.4. SECRET-KEY FRACTION AND ADVANTAGE DISTILLATION

In this section the secret-key fraction formula for the six-state protocol with advantage
distillation of [35] is briefly reviewed. We note here that while the analysis in Appendix[6.9.2]
has the state |(1,0)) as the target state, here we follow the analysis of [35] for which
lw(0,0)) is the target state. This doesn’t affect the overall analysis as the final state from
Appendix can be rotated locally such that |/(0,0)) could be made the target state.
The secret key fraction can be expressed in terms of the Bell coefficients of the Bell diag-
onal state

paB =), Pxz(x,2)y(x,2)) W (x,2)|. (6.34)
x,z€{0,1}

Here Pxz is a probability distribution and we will abbreviate Pxz(x,z) as px,. For the
description of the advantage distillation protocol we refer the reader to [35]. It is shown
there that the secret-key fraction can be written as

Py (1) n PooPio + Po1pii Px(0)

1
Tsix-state = — max | 1 — H(Pxz) + )
six-state 3 V4 2 (pOO + pm)(plo + pll) 2

(1 - H(P%,)) |(6.35)
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where
Pg(0) = (poo+por)*+(pro+pn)?, (6.36)
Pg(1) = 2(poo+ po1)(p1o+ p11), (6.37)
2 L 2
Py;(0,0) = Poo ™ Pox 5 (6.38)
(poo + po1)= + (P10 + p11)
2poo Po1
P,,(1,0) = , (6.39)
Xz (Poo + Po1)? + (p1o + p11)?
2 L2
Py;(0,1) = o™ P 5 (6.40)
(poo + po1)= + (P10 + p11)
2
P, (1,1) Plopu (6.41)

(Poo + po1)? + (p1o+ p11)?
and H(Pxz) is the Shannon entropy of the distribution Pxz. The factor of a third arises
from the fact that for a symmetric six-state protocol only a third of the measurements
will be performed in the same basis by Alice and Bob.

In our model we only consider depolarising noise and dephasing noise in standard
basis. Hence for the six-state protocol the error rates in X and Y basis will be the same.
Therefore

Piotpi=ez, (6.42)
po1+ p11 =exy, (6.43)
po1+ P10 = exy , (6.44)
pPoo+por+pro+pri=1. (6.45)
Hence
ez
Poo=1- 5 Texy, (6.46)
ez
po1 = éxy — 7 ) (6.47)
ez
Pio=pu = 5 (6.48)
And so
Py (0)=1-2ez+2¢%, (6.49)
Px(l):Z(l—eZ)eZ. (6.50)
6.9.5. YIELD

In this appendix we derive the analytical approximation for the yield with the cut-off n*.
The yield Y is given by

_ Pbsm - Pbsm ‘ 6.51)
E[N] E[max(Na, Np)]
The approximation used for E [max(N4, Np)] is
1 _ 15 p*
E[max(N4, Np)] ~ { ”IA(I*(;*’?B)" ) . ”1" N (6.52)
pa T ps T pavpspaps  pa S0
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where p4 and pp are defined in Eq. (6.18) for BB84 and in Eq. (6.19) for the six-state pro-
tocol. In the rest of this appendix, we will motivate this approximation by finding tight
analytical lower and upper bounds on E [NV].

We note that we consider separately two parameter regimes. One of them is the
regime where on average the dominant number of channel uses per round is on Alice’s

side (p%; > n*). This corresponds to the high-loss regime since the number of channel
uses per round on Bob’s side is upper bounded by the cut-off. The other regime is the

low-loss regime (p—lA < n*). In this regime we will show that the cut-off does not play
any significant role, so that in this regime the formula for the yield with no cut-off [T} 2]
can be used. Moreover, for our derivation to be valid we require an additional constraint
to be satisfied, namely pp = p4. This means that we cannot consider scenarios when
the repeater is positioned closer to Alice than to Bob. Such a constraint is well-justified
since the time-dependent decoherence in quantum memory QM; would only increase

by shifting the repeater towards Alice.

HIGH-LOSS REGIME

The high-loss regime is the regime where the losses on Alice’s side together with the cut-
off on Bob’s side ensure that the predominant number of channel uses is almost always
on Alice’s side, i.e. E[N] = E[max(Ny4, Np)] = E[N4]. This regime is described by the con-
dition pan* < 1. More specifically, as we will show in this section, if

1
—:=pu=pn*, g>1, (6.53)
pa
then
E[Na] <E[N] < (gerr(pa, pp,n*) +1)EINA], (6.54)
_ 1 *\ 1) .
where E[Ny] = PRSI (see Eq. (6.62)) and gerr(pa, pa, n*) = @(ﬁz) is a function

defined in Eq. (6.81). This implies that for § large enough, E[N] can be accurately ap-
proximated by ———1——.
pa(l—(1-pp)*")

We start the proof of Eq. by first noticing that E[N4] < E[N]. It is, thus, only
necessary to find an upper bound for E[N]. Now, let p(K = k) = (1 — pr)k’lpr be the
probability that Bob succeeds in round k. Here p, =1-(1—p 5)"" is the probability that
Bob succeeds in a given round. Then

E[N] = E[max(Ny, Np)]

00 oo kn*
= Zp(K=k)( Y ( Y p(NA=nA/\NB=nB|K=k)maX(nA,nB))) :
=1

na=k \ng=(k-1)n*+1

(6.55)

One can split the sum over n4 in two, depending on whether n4 is greater than np or
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vice versa. We get

=) kn* ng
[N]=} P(k)( > ( > p(nA/\nBIk)nB)
k=1

ng=(k-1)n*+1 \na=k

(6.56)

kn* )
+ > ( > P(”A/\nBlk)nA)),

ng=(k-1)n*+1 \na=ng+1

where p(k) = p(K = k), and p(na A nglk) = p(Ng = na A Ng = ng|K = k). The first term
of Eq. can be upper bounded noticing that ng < kn*, i.e.

o) kn* ng o)
> P(k)( > ( Y. pnan nBIk)nB)) <Y p(k)p(Na<NplK = k) kn*. (6.57)

ng=(k-1)n*+1 \na=k k=1

The second term of Eq. can be upper bounded in the following way

) kn* ) 0 0
Zp(k)( > ( > p(nAAnB|k)nA))sZp(k)(Zp(nAlk)nA) (6.58)

k=1 ng=(k-1)n*+1 \na=np+1 k=1 na=k
[e%] [e)e}
=Y pl) Y. pnalk)na (6.59)
k=1 na=1
(o)
= Y pana=E[Nal.  (6.60)
na=1

Inputting Eq. (6.57) and Eq. back into Eq. (6.56), we obtain

*

Z p(k)p (N < Nplk) k+1|E[N4] . (6.61)

E[N] <
EINAT 54

Let N, ! be the random variable describing the number of trials on Alice's side in round i.

Since p(N’ = nA) =(1- pA)”A pa, we clearly have that [E[N’ 1= = p. Then we note
that

E[N4] = Z p(k) Z Z p(niyn’, = Z p(k) Z[E[N;d =u Z pk)k

k=1 i=1pi =1 k=1 i=1
1 1
papr  pal—(1-pp)")’

(6.62)

::E[Kjﬁt:

Here, we first express E[IN4] by calculating the average number of trials in each of the
k rounds. Then, we sum the k averages together, and finally, we average over the total
number of rounds k. Since all the rounds are 1ndependent we replace each E[N),] by
as stated above. By inputting Eq. (6.62) into Eq. (6.61), we get

(e ]

E[Nal =sE[N]= FIKIB
k=1

E[Nal . (6.63)
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We now upper bound the p (N4 < Np|k) term. Note that

ko k.
p(NAsNB|k)=p(ZN;,sZNg‘k). (6.64)
i=1

We note that conditioned on K = k, we have that Zle Ng =(k-1n* +N§. It then follows
that

k . k .
p(Na < Nglk) :p(ZN;s (k—1)n*+N§(k) Sp(z N} <kn*
i=1

k) . (6.65)
i=1

Condition Eq. (653) and - ¥ | N, = —kn* is equivalent to ku—Zile N =z k(-1)n*.
Hence,

k . k .

p(ZNgskn* k):p(ky—ZNgzk(ﬁ—l)n*‘k). (6.66)
i=1 i=1

We can use the Chernoff bound to upper bound this probability. The Chernoff bound for

arandom variable X is
Ele ”‘1

pX=za)=< ,1>0. (6.67)
Let X be the sum of k random variables X;, X», ..., X}, where
X;=pu—-N&, (6.68)

ie. X= Z{;l X;=kp— Zle Ni. From this we can now bound the desired probability.
Using (6.67) and a = k(8 — 1)n*, we obtain the inequality

koo [E[exp (kp-xk N ))|k]
p k,u—l;N > k(B-1n* - W (6.69)
= exp|tk(u—(B-1n*)|E[IE e (6.70)

Let us now focus on E [Hle e

k

H[E[ —tN},

i:l

k o . . -t

_ nh=1 -l | _ pae )

- 1(,,,2_1’“(1 pay e ) (1—(1—pA)e-t
(6.71)
Here, after the first equality sign we have used the fact that the random variables N 2 are
independent for different i’s. After the second equality we note that all of them have ex-
actly the same geometric distribution over the k rounds. Specifically, it is now important
to note that this holds provided that k is the value of K on which we have conditioned,
i.e., the success on Bob’s side occurs exactly in the k’th round. Furthermore, the com-
mon ratio (1 - pa)e”! satisfies the convergence condition |(1 - p4)e™!| <1 forall £ > 0.

This yields
1 -tk
t|——( —l)n*)
(e

pae

T (—paet U—pwet (6.72)

p(Nas<Np|lK=k) < (exp
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Let’s define the function f(¢) as

pae”’

1-(1-pae !’

1
f() :=exp t(——(ﬁ—l)n*) (6.73)
pa
This function should be minimised subject to ¢ > 0 to obtain the tightest bound. A single
stationary point is analytically found at

— - *
(1-pa)(paB-Dn 1))' (6.74)

to=1In
0 (pA(,B—l)n*+pA—l

We now want to make sure that 7, always satisfies the condition ¢ > 0, necessary for
applying the Chernoff bound. By condition Eq. (6.53), the denominator of the above
expression inside the logarithmis ps(B—1)n*+pa—1=1-pan*+pa—1=ps(1-n*) <0
as long as n* > 1. From this it follows that o > 0 if and only if

(1-pa)(paB-Dn* -1 <psa(B-Dn*+ps—1. (6.75)

Clearly this condition is equivalent to — pi (8- 1)n* < 0 which is satisfied for § > 1. This
means that 7y > 0 is always satisfied. Now note that f(# = 0) = 1. Moreover, one can
also easily verify that f'(t = 0) = n*(1 - ) <0 for § > 1, and that lim,_, f() — co as
long as n* > 1. These properties of f(t), together with the continuity of f(¢), prove that
t = tp corresponds to the global minimum of this function in the regime ¢ > 0 and that
f(ty) < 1. Hence, we can now calculate f(#y) which gives

_((paB-Dn* -1 - pA)),}A—(ﬂ—l)n*_l

paB-1n*+pa—1 (A=paf=1n"). (6.76)

(%)

This formula can be simplified by substituting the condition Eq. (6.53) to eliminate f

n*(1-pa) nol
f(to) = pAI’l* (ﬁ) . (6.77)
E[N] can now be upper bounded by an expression that depends on f(f), that is
E[N] = L i p(K=k) f(to) k+1|E[N4]. (6.78)
T\ EKIB
We can now average over the number of rounds k,
= (%)
Y P (a-pafu)f k= Pty 5 (6.79)
k=1 d=pr) [1-Q=p)fw)]
Moreover, E[K] = % and again removing § through condition Eq. yields
2 * t 1-(1- n*\2 * t
N [ PrPanT) +1)[E[NA]:(( A= pp)” Ypan™J ),y g,y
[1-1-pr)f(t)] [1-Q=pp)™ f(to)]

(6.80)
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Now by taking the number of channel uses to be E[N4], we can define the relative error
gerr(pA» PB» n*)r .
(1-Q1-pp)" )2 pan* f(to)

8ere(pa, pp, %) 1= . > (6.81)
[1-AQ-pp)™ f(1)]
with f(#) given in Eq. (6.77), so that
E[NAl <E[N] < (gerr(pa, p3, n*) + 1) EINAl, (6.82)

where the conditions required to satisfy the above formula are n* > 1 and pan* < 1.
Finally, we can now show how ger(pa, pp, n*) scales with . Note that

1 n**l
ft) < pan™ (1+ - 1) <psn‘e. (6.83)
This together with f(#)) <1 gives

2 x)2
(pan™)e e
Zerr(P A, PB, l’l*) < % = (6.84)
pr B
Therefore ger(pa, pg, n*) =0 (#), implying that the bounds in the high-loss regime are

good enough to tightly bound the achieved yield.

LOwW-LOSS REGIME

Now we consider the complementary low-loss regime characterised by the condition
pan* = 1. Firstly, since in our protocol there is never any benefit in placing the repeater
closer to Alice than to Bob, we also have that pp = p4. This implies that pLB < p—lA =
E[N 1’;‘] < n*. This is the regime where the cut-off is large in comparison with the average
number of channel uses required to detect a single photon on Bob’s side. That is,

—=n,n"z2p=1. (6.85)
pPB

As we will show in this section, in this region we can approximate E [N] = E[max(Ny4, Np)]

by Nn¢, where
1 1 1
Nye=—+—————,
bpa PB PATPB—PAPB
is the average number of channel uses in the no cut-off (NC) scenario [I} 2]. Intuitively,
this is because Alice and Bob almost never have to restart due to Bob reaching the cut-
off. More specifically, we show that

(6.86)

Nnc <E[N] < (err(pa, ps,n™) +1) Nnc, (6.87)

where ger(pa, pp, n*) is defined in Eq. (6.99). Since ey (pa, pg, n*) =0 (ﬁ/e‘ﬁ/), for suf-
ficiently large 8’ the expectation value E [N] can be accurately approximated by Nyc.
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Here we detail a proof of Eq. (6.87). We note that the presence of the cut-off increases
the number of needed channel uses with respect to the no cut-off scenario, i.e. Ny¢c <
E[N]. For the upper bound we can write now

E[N] = E[max(Na, Np)] (6.88)

00 00 kn*
=Y n(K=k)( y ( Y p(nAAnB|K=k)max(nA,n3))) (6.89)

k=1 na=k \ng=(k-1)n*+1
n* oo
=p(K=1) ), Y palK=1pnplK=1)max(na,np)
np=lny=1
00 kn* 0
+) pK= k)( > ( Y pnan nBIk)max(nA,nB))) . (6.90)
k=2 ng=(k-1)n*+1 \na=k

In Eq. we split the sum over k into two terms, one with k = 1 and the other with
k > 1. Since the first term has fixed k = 1, the variables N4 and Np are independent
here (there is only one round in which Bob for sure succeeds, so the value of ng doesn’t
affect the value of n,). Moreover, the geometric distribution of Np is normalised over
the interval [1,..., n*].

) kn* oo
E[N]<p(K=1)Nyc+ ) pK= k)( > ( Y pnan nBIk)max(nA,kn*))) )

k=2 np=(k-1)n*+1 \na=k
(6.91)
We have upper bounded the first term of Eq. by upper bounding the sum )} _,

with ¥7° _, . In this case the expression after p(K = 1) in the first term becomes Nyc. In
the second term we upper bound ng by krn*. Since the second term does not depend on
np anymore we upper bound it by removing the constraints on Np completely from the
probabilities p(na A nplK = k), i.e.

E[N1<p(K=1)Nnc+ Y p(K=k) Y p(nalK=k)max(na, kn*)

k=2 l’lA:k
0o kn* oo

=p(K=1Nnc+ ) pK=k)| ), pnalK=kkn*+) pnalK=kna|,
k=2 na=k na=kn*+1

(6.92)

where in the last line of Eq. (6.92) we split the second term into two terms corresponding
to the regime where kn* is larger than n 4 and vice versa. Since kn* does not depend on
n4, we upper bound this term by removing the constraints on n4,

E[NI<p(K=1)Nnc+ ) p(K=kkn*+) pK=k ) pnaK=kna. (6.93)
k=2 k=2 na=k

Eq. (6.93) can be greatly simplified. We can perform the sum over n, in the third term
obtaining ku. Then the sums over k can also be easily evaluated so that the right hand
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side of Eq. (6.93) can be rewritten as

p(K=1)Nyc+ ) pK=kkn*+) pK=kku (6.94)
k=2 k=2

= p(K=1)Nyc + (n* + ) (EK) - p(K = 1)) (6.95)

_( +”*+F‘(i_ ))N (6.96)
pr Nac \ pr NC .

vl

= + — || Nnc - (6.97)

(pr ( Nnc pr Ne

Hence we have that

Nnc <E[N] < (Zerr(pa, pg, n*) +1) Nnc (6.98)

where gerr(pa, pp, n*) is defined as

8err(Pa, PB) n*) =1~ pB)n*

* 1 n*
" +“) 2-A=pp) | (6.99)
Nne J\1-(1-pp)"

We now show that e (p 4, pp, n*) is small compared to the other quantities in Eq. (6.98).
Observe that

. g\ :
(1-pp)" = (1 - F) <eF. (6.100)
From Eq. (6.99) it follows that
. g n*+ p_lA 2
Gerr(Pa, P NY) <€ —( ,)—1 . (6.101)
8err\P A, PB Nac P

To upper bound the relative error, we start by upper bounding the first term inside the
brackets, namely

= < =pan*+1. (6.102)
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Zerr(pa, pB, n*), then, is upper bounded by
_ o —f N 2
Zerr(pa,p,n)<e” |(pan” +1) 1o F -1 (6.103)
_ e_ﬁ’ * -p
=——@pan~ +1+e ") (6.104)
1-e B
<% _ef+1+el) (6.105)
1-e B
o 2p '
=ef ( b ,+coth(£)) (6.106)
1-e B 2
(2B 1
<e P ( p +coth(—)) (6.107)
1-e! 2
/ 1
<eb coth(é) (28 +1) (6.108)
1 _ﬁ!
<3coth > pe . (6.109)

Therefore gerr(pa, pp, n*) =0 (ﬁ’e‘ﬁ').
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NEAR-TERM QUANTUM-REPEATER
EXPERIMENTS WITH NV CENTERS:
OVERCOMING THE LIMITATIONS OF
DIRECT TRANSMISSION

Filip Rozpedek ], Raja Yehia®, Kenneth Goodenough®,
Maximilian Ruf, Peter Humphreys, Ronald Hanson,
Stephanie Wehner and David Elkouss

Quantum channels enable the implementation of communication tasks inaccessible to
their classical counterparts. The most famous example is the distribution of secret keys.
However, in the absence of quantum repeaters the rate at which these tasks can be per-
formed is dictated by the losses in the quantum channel. In practice, channel losses have
limited the reach of quantum protocols to short distances. Quantum repeaters have the
potential to significantly increase the rates and reach beyond the limits of direct trans-
mission. However, no experimental implementation has overcome the direct transmission
threshold. Here, we propose three quantum repeater schemes and assess their ability to
generate secret key when implemented on a setup using NV centers in diamond with near-
term experimental parameters. We find that one of these schemes - the so-called single-
photon scheme, requiring no quantum storage - has the ability to surpasses the capacity -
the highest secret-key rate achievable with direct transmission - by a factor of seven, estab-
lishing it as a prime candidate for the first experimental realization of a quantum repeater.

The results of this chapter have been published in Phys. Rev. A 99, 052330 (2019).
*These authors contributed equally.
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7.1. INTRODUCTION

In this chapter we build upon the ideas presented in the previous chapter to devise fur-
ther proof of principle repeater schemes. Specifically, in this chapter we propose three
such new schemes and together with the fourth scheme analyzed before in [1] and Chap-
ter [6) we assess their performance for generating secret key. We again consider their
implementation based on nitrogen-vacancy centers in diamond (NV centers), a system
which has properties making it an excellent candidate for long-distance quantum com-
munication applications [2HI0].

The four considered schemes are: the “single sequential quantum repeater node”
(first proposed and studied in [I1, then further analyzed in Chapter[6), the single-photon
scheme (proposed originally in the context of remote entanglement generation [11] as
introduced in Chapter 3} also studied in the context of secret-key generation without
quantum memories [12]), and two schemes which are a combination of the first two.
See Fig. [7.1|for a schematic overview of the repeater proposals considered in this work.

We compare the secret-key rate of each of these schemes to the highest theoretically
achievable secret-key rate using direct transmission, the secret-key capacity of the pure-
loss channel [13]. We show that one of these schemes, the single-photon scheme, can sur-
pass the secret-key capacity by a factor of seven for a distance of = 9.2 km with near-term
parameters. This shows the viability of this scheme for the first experimental implemen-
tation of a quantum repeater.

In Section[7.2] we discuss and detail the different repeater proposals that will be as-
sessed in this work. In Section[7.3|we expand on how the different components of the
repeater proposals would be implemented experimentally. Section details how to
calculate the secret-key rate achieved with the quantum repeater proposals from the
modeled components. In Section we discuss how to assess the performance of a
quantum repeater. The comparison of the different repeater proposals is performed in
Section [7.6} which allows us to conclude with our results in Section[7.7} The numerical
results of this article were produced with a Python and a Mathematica script, which are
available upon request.

7.2. QUANTUM REPEATER SCHEMES

In the following section we present the quantum repeater schemes that will be assessed
in this work. All these schemes use NV center based setups which involve memorynodes
consisting of an electron spin qubit acting as an optical interface and possibly an addi-
tional carbon '3C nuclear spin qubit acting as a long-lived quantum memory. Specifi-
cally, the optical interface of the electron spin allows for the generation of spin-photon
entanglement, where the photonic qubits can then be transmitted over large distances.
The carbon nuclear spin acts as a long-lived memory, but can be accessed only through
the interaction with the electron spin. Here, we briefly go over all the proposed schemes,
motivate why they are interesting from an experimental perspective and discuss their
advantages and disadvantages. The first scheme of the Single Sequential Quantum Re-
peater (SiSQuaRe) has already been introduced in Chapter[6]



7.2. QUANTUM REPEATER SCHEMES 155

Figure 7.1: Schematic overview of the four quantum repeater schemes assessed in this chapter.
From top to bottom: the Single Sequential Quantum Repeater (SiSQuaRe) scheme (A), the single-
photon scheme (B), the Single-Photon with Additional Detection Setup (SPADS) scheme (C) and
the Single-Photon Over Two Links (SPOTL) scheme (D). The purple particles represent NV electron
spins capable of emitting photons (red wiggly arrows) while the yellow particles represent carbon
13G nuclear spins. Dark blue squares depict the beam splitters used to erase the which-way in-
formation of the photons, followed by blue photon detectors. For more details on the different
proposals, see Section
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7.2.1. THE SINGLE-PHOTON SCHEME

Let us now recall the single-photon scheme introduced in Section[3.3.1]in Chapter[3] This
scheme devised by Cabrillo et al. [11] is a procedure that allows for the heralded genera-
tion of entanglement between a separated pair of matter qubits (their proposal discusses
specific implementation with single atoms, but the scheme can also be applied to other
platforms such as NV centers or quantum dots) using linear optics. For the atomic en-
semble platform this scheme also forms a building block of the DLCZ quantum repeater
scheme, named after the authors Duan, Lukin, Cirac, and Zoller [14]. The requirement of
successful transmission of only a single photon from one node to the middle heralding
station makes it possible for this scheme to qualify as a quantum repeater (see below for
more details).

Recall, that the basic setup of the single-photon scheme consists of placing a beam
splitter and two detectors between Alice and Bob, with both parties simultaneously send-
ing a photonic quantum state towards the beam splitter. The transmitted quantum state
is entangled with a quantum memory, and the state space of the photon is spanned by
the two states corresponding to the presence and absence of a photon. Immediately after
transmitting their photons through the fiber, both Alice and Bob measure their quantum
memories in a BB84 or six-state basis (see the discussion of which quantum key distri-
bution protocol is optimal for each scheme in Section[7.4.2] and in Section[7.6.1). Note
that this is equivalent to preparing a specific state of the photonic qubit and therefore is
closely linked to the measurement device independent quantum key distribution (MDI
QKD) [15] as discussed in Appendix[7.8.9} However, preparing specific states that involve
the superposition of the presence and absence of a photon on its own is generally experi-
mentally challenging. The NV-implementation allows us to achieve this task precisely by
preparing spin-photon entanglement and then measuring the spin qubit. Afterwards, by
conditioning on the click of a single detector only, Alice and Bob can use the information
of which detector clicked to generate a single raw bit of key, see Appendix[7.8.5|and [11]
for more information.

The main motivation of this scheme is that, informally, we only need one photon to
travel half the distance between the two parties to get an entangled state. This thus ef-
fectively reduces the effects of losses, and in the ideal scenario the secret-key rate would
scale with the square root of the total transmissivity 1), as opposed to linear scaling in n
(which is the optimal scaling without a quantum repeater [16]).

However, as discussed in Section[3.3.1]in Chapter[3} one problem that one faces when
implementing this scheme is that the fiber induces a phase shift on the transmitted pho-
tons. This shift can change over time, e.g. due to fluctuations in the temperature and
vibrations of the fiber. The uncertainty of the phase shift induces dephasing noise on
the state, reducing the quality of the state.

To overcome this problem, a two-photon scheme was proposed by Barrett and Kok [17]
which we have also already introduced in Section [3.3.1]in Chapter[8] We have shown
there that this scheme does not place such high requirement on the optical stability of
the setup. Specifically, in the Barrett and Kok scheme the problem of optical phase fluc-
tuations is overcome by requiring two consecutive clicks and performing additional spin
flip operations on both of the remote memories. The Barrett and Kok scheme has seen
implementation in many experiments [18-21]. However, the requirement of two consec-
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utive clicks implies that a setup using only the Barrett and Kok scheme with two memory
nodes will never be able to satisfy the demands of a quantum repeater. Specifically, the
probability of getting two consecutive clicks will not be higher than the transmissivity of
the fiber between the two parties and therefore will not surpass the secret-key capacity.

In the single-photon scheme, on the other hand, the dephasing caused by the un-
known optical phase shift is overcome by using active phase-stabilization of the fiber
to reduce the fluctuations in the induced phase. This technique has been used in the
experimental implementations of the single-photon scheme for remote entanglement
generation using quantum dots [22, 23], NV centers [2] and atomic ensembles [24]. For
experimental details relating to NV-implementation, we refer the reader to Section[7.3]
This phase-stabilization technique effectively reduces the uncertainty in the phase, al-
lowing us to significantly mitigate the resulting dephasing noise, see Appendix|[7.8.1] for
mathematical details.

In contrast to the Barrett and Kok scheme, the single-photon scheme cannot produce
a perfect maximally entangled state, even in the case of perfect operations and perfect
phase-stabilization. This is because losses in the channel result in a significant proba-
bility of having both nodes emitting a photon which can also lead to a single click in one
of the detectors, yet the memories will be projected onto a product state as discussed in
Section [3.3.1]in Chapter[3] This noise can be traded versus the probability of success of
the scheme by reducing the weight of the photon-presence term in the generated spin-
photon entangled state. This is also discussed in more detail below and the full analysis
is presented in Appendix[7.8.5

The single-photon scheme with phase-stabilization is a promising candidate for a
near-term quantum repeater with NV centers. We note here that recently other QKD
schemes that use the MDI framework have been proposed. These schemes, similarly
to our proposal, use single-photon detection events to overcome the linear scaling of
the secret-key rate with n [12} 25} 26]. In these proposals, in contrast to our single-
photon scheme, no quantum memories are used, but instead Alice and Bob send phase-
randomized optical pulses to the middle heralding station.

SETUP AND SCHEME
In the setup of the single-photon scheme Alice and Bob are separated by a fiber where in
the center there is a beam splitter with two detectors (see Fig.[7.2). They will both create
entanglement between a photonic qubit and a stored spin and send the photonic qubit
to the beam splitter.

Alice and Bob thus perform the following,

1. Alice and Bob both prepare a state |y) = sinf| |)|0) + cos8| 1)|1) where | |)/| 1)
refers to the dark/bright state of the electron-spin qubit, |0)/|1) indicates the ab-
sence/presence of a photon, and 0 is a tunable parameter.

2. Alice and Bob attempt to both separately send the photonic qubit to the beam
splitter.

3. Alice and Bob both perform a six-state measurement on their memories.

4. The previous steps are repeated until only one of the detectors between the parties
clicks.
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Figure 7.2: Schematic overview of the single-photon scheme. Alice and Bob simultaneously trans-
mit a photonic state from their NV centers towards a balanced beam splitter in the center. This
photonic qubit, corresponding to the presence and absence of a photon, is initially entangled with
the NV electron spin. If only one of the detectors (which can be seen at the top of the figure) reg-
isters a click, Alice and Bob can use the information of which detector clicked to generate a single
raw bit of key.

5. The information of which detector clicked gets sent to Alice and Bob for classical
correction.

6. All the previous step are repeated until sufficient data have been generated.

The parameter 6 can be chosen by preparing a non-uniform superposition of the
dark and bright state of the electron spin |w) = sinf| |)+cos@| 1) via coherent microwave
pulses. This is done before applying the optical pulse to the electron which entangles it
with the presence and absence of a photon. The parameter 6 can then be tuned in such
a way as to maximize the secret-key rate. In the next section, we will briefly expand on
some of the issues arising when losses and imperfect detectors are present. We defer the
full explanation and calculations until Appendix[7.8.5]

REALISTIC SETUP

In any realistic implementation of the single-photon scheme, a large number of attempts
is needed before a photon detection event is observed. Furthermore, a single detec-
tor registering a click does not necessarily mean that the state of the memories is pro-
jected onto the maximally entangled state. This is due to multiple reasons, such as losing
photons in the fiber or in some other loss process between the emission and detection,
arrival of the emitted photons outside of the detection time-window and the fact that
dark counts generate clicks at the detectors. Photon loss in the fiber effectively acts as
amplitude-damping on the state of the photon when using the presence/absence state
space [13}[27]. Dark counts are clicks in the detectors, caused by thermal excitations.
These clicks introduce noise, since it is impossible to distinguish between clicks caused
by thermal excitations and the photons traveling through the fiber if they arrive in the
same time-window. All these sources of loss and noise acting on the photonic qubits are
discussed in detail in Appendix[7.8.1} Finally we note that we assume here the applica-
tion of non-number resolving detectors. This can lead to additional noise in the low loss
regime, since the event in which two photons got emitted cannot be distinguished from
the single-photon emission events even if no photons got lost. However, in any realistic
loss regime this is not a problem, since the probability of two such photons arriving at
the heralding station is quadratically suppressed with respect to events where only one
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Figure 7.3: Schematic overview of the SPADS scheme. First, the two NV centers run the single-
photon scheme, such that Alice measures her electron spin directly after every attempt. After
success, the middle node swaps its state to the carbon spin. Then the middle node generates
electron-photon entangled pairs where the photonic qubit is encoded in the time-bin degree of
freedom and sent to Bob. This is attempted until Bob successfully measures the photon or until
the cut-off is reached. If the cut-off is reached, the scheme gets restarted, otherwise the middle
node performs an entanglement swapping on its two memories and communicates the classical
outcome to Alice and Bob, who can correct their measurement outcomes to obtain a bit of raw key.

photon arrives. In the realistic regime, almost all the noise coming from the impossi-
bility of distinguishing two-photon from single-photon emission events is the result of
photon loss. Namely, if a two-photon emission event occurs and the detector registers
a click, then with dominant probability it is due to only a single photon arriving, while
the other one being lost. Hence the use of photon-number resolving detectors would
not give any visible benefit with respect to the use of the non-number resolving ones.
For a detailed calculation of the effects of losses and dark counts for the single-photon
scheme, see Appendix

7.2.2. SINGLE-PHOTON WITH ADDITIONAL DETECTION SETUP (SPADS)
SCHEME
The third scheme that we consider here is the Single-Photon with Additional Detection
Setup (SPADS) scheme, which is effectively a combination of the single-photon scheme
and the SiSQuaRe scheme as shown in Fig. If the middle node is positioned at two-
thirds of the total distance away from Alice, the rate of this setup would scale, ideally,
with the cube root of the transmissivity 1.
This scheme runs as follows:

1. Alice and the repeater run the single-photon scheme until success, however, only
Alice performs her spin measurement immediately after each spin-photon entan-
glement generation attempt. This measurement is either in a six-state or BB84
basis.

2. The repeater swaps the state of the electron spin onto the carbon spin.

3. The repeater runs the second part of the SiSQuaRe scheme with Bob. This means
it generates spin-photon entanglement between an electron and the time-bin en-
coded photonic qubit. Afterwards, it sends the photonic qubit to Bob. This is re-
peated until Bob successfully measures his photon in a six-state or BB84 basis or
until the cut-off n* is reached in which case the scheme is restarted with step 1.
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4. After Bob has received the photon and communicated this to the repeater, the
repeater performs a Bell-state measurement on its two quantum memories and
communicates the classical result to Bob.

5. All the previous steps are repeated until sufficient data have been generated.

The motivation for introducing this scheme is two-fold. Firstly, we note that by using
this scheme we divide the total distance between Alice and Bob into three segments: two
segments corresponding to the single-photon subscheme and the third segment over
which the time-bin encoded photons are sent. This gives us one additional independent
segment with respect to the single-photon or the SiSQuaRe scheme on their own. Hence,
for distances where no cut-off is required, we expect the scaling of the secret-key rate
with the transmissivity to be better than the ideal square root scaling of the previous two
schemes. Furthermore, dividing the total distance into more segments should also allow
us to reach larger distances before dark counts become significant. When considering
the resources necessary to run this scheme, we note that the additional third node needs
to be equipped only with a photon detection setup.

Secondly, we note that the SPADS scheme can also be naturally compared to the sce-
nario in which an NV center is used as a single photon source for direct transmission
between Alice and Bob. Both the setup for the SPADS scheme and such direct transmis-
sion involve Alice using an NV for emission and Bob having only a detector setup. Hence,
the SPADS scheme corresponds to inserting a new NV-node (the repeater) between Al-
ice and Bob without changing their local experimental setups at all. This motivates us
to compare the achievable secret-key rate of the SPADS scheme and direct transmission.
We perform this comparison on a separate plot in Section|7.6

7.2.3. SINGLE-PHOTON OVER TwoO LINKS (SPOTL) SCHEME

The final scheme that we study here is the Single-Photon Over Two Links (SPOTL) scheme,
and it is another combination of the single-photon and SiSQuaRe schemes. A node is

placed between Alice and Bob which tries to sequentially generate entanglement with

their quantum memories by using the single-photon scheme (see Fig.[7.4). The moti-

vation for this scheme is that, while using relatively simple components and without

imposing stricter requirement on the memories than in the previous schemes, its secret-

key rate would ideally scale with the fourth root of the transmissivity 7.

SETUP AND SCHEME
The setup that we study is the following:

1. Alice and the repeater run the single-photon scheme until success with the tun-
able parameter 6 = 6 4. However, only Alice performs her spin measurement im-
mediately after each spin-photon entanglement generation attempt. This mea-
surement is in a six-state basis.

2. The repeater swaps the state of the electron spin onto the carbon spin.

3. Bob and the repeater run the single-photon scheme until success or until the cut-
off n* is reached in which case the scheme is restarted with step 1. The tunable
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Figure 7.4: Schematic overview of the setup for the SPOTL scheme. This scheme is a combination
of the SiSQuaRe and single-photon scheme. Instead of sending photons directly through the fiber
as in the SiSQuaRe scheme, entanglement is established between the middle node and Alice/Bob
using the single-photon scheme.

parameter is set here to 8 = 8. Again, only Bob performs his spin measurement
immediately after each spin-photon entanglement generation attempt and this
measurement is in a six-state basis.

4. The quantum repeater performs a Bell-state measurement and communicates the
result to Bob.

5. All the previous steps are repeated until sufficient data have been generated.

We note that for larger distances the optimal cut-off becomes smaller. Then, since we
lose the independence of the attempts on both sides, the scaling of the secret-key rate
with distance is expected to drop to /7, which is the same as for the single-photon
scheme. However, the total distance between Alice and Bob is now split into four seg-
ments. Alice and Bob thus send photons over only one fourth of the total distance. Thus,
this scheme should be able to generate key over much larger distances than the previous
ones, as the dark counts will start becoming significant for larger distances only.

7.3. NV-IMPLEMENTATION

Having proposed different quantum repeater schemes, we now move on to describe
their experimental implementation based on nitrogen-vacancy centers in diamond [28].
Most of the components are the same as required for the SiSQuRe scheme and therefore
have already been described in Section of Chapter[6] Here we describe the addi-
tional components utilised only by the three new schemes. We also refer the reader to
Appendix[7.8.2|for details relating the noise model of the NV-based memory qubits.

By applying selective optical pulses and coherent microwave rotations, we first gen-
erate spin-photon entanglement at an NV center node [20]. To generate entanglement
between two distant NV electron spins, these emitted photons are then overlapped on
a central beam splitter to remove their which-path information. Subsequent detection
of a single photon heralds the generation of a spin-spin entangled state [20]. For all
schemes based on single-photon entanglement generation, we need to employ active
phase-stabilization techniques to compensate for phase shifts of the transmitted pho-
tons, which will reduce the entangled state fidelity, as introduced in Section[7.2.1] These
fluctuations arise from both mechanical vibrations and temperature induced changes in
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optical path length, as well as phase fluctuations of the lasers used during spin-photon
entanglement generation. This problem can be mitigated by using light reflected off the
diamond surface to probe the phase of an effectively formed interferometer between
the two NV nodes and the central beam splitter, and by feeding the acquired error signal
back to a fiber stretcher that changes the relative optical path length [2].

7.4. CALCULATION OF THE SECRET-KEY RATE

With the modelling of each of the components of the different setups in hand, the per-
formance of each setup can be estimated. The performance of a setup is again assessed
by its ability to shared generate secret key between two parties Alice and Bob quantified
by the secret-key rate, which allows us to make concrete information-theoretical state-
ments about our ability to generate such secret key. We further discuss the significance
of the secret-key rate and its relation to throughput in Section|[7.6.5

Recall, that the secret-key rate R is equal to

Y-r
Nmodes

R= , (7.1)

where Y and r are the yield and secret-key fraction, respectively. The yield Y is de-
fined as the average number of raw bits generated per channel use and the secret-key
fraction r is defined as the amount of secret key that can be extracted from a single raw
bit (in the limit of asymptotically many rounds). Here Np,oqes is the number of optical
modes needed to run the scheme. Time-bin encoding requires two modes while the
single-photon scheme uses only one mode. Hence Ny 4es = 2 for all the schemes that
use time-bin encoding in at least one of the arms of the setup. For the schemes that use
only the single-photon subschemes as their building blocks we have that Ny,gges = 1.

In the remainder of this section, we will briefly detail how to calculate the yield and
secret-key fraction, from which we can estimate the secret-key rate of each scheme.

7.4.1. YIELD

The yield depends not only on the used scheme, but also on the losses in the system.
We model the general emission and transmission of photons through fibers from NV
centers in diamond similarly as in Chapter@ However, the modelled considered here
is made more accurate than in the previous chapter by including also the element of
variable detection time-window. Moreover, since here we consider exclusively the NV
based implementation, we adjust the names of the parameters defined in Chapter 6| to
reflect that fact. We represent the loss processes graphically in Fig. Specifically, with
probability pce spin-photon entanglement is generated and the photon is coupled into
a fiber. The photons that successfully got coupled into the fiber might not be useful
for quantum information processing since they are not coherent. Thus, we filter out
those photons that are not emitted at the zero-phonon line, reducing the number of
photons by a further factor of p,,. Then, over the length of the fiber, a photon gets

L

lost with probability 1 -7y =1-e T, where Lo is the attenuation length and 7 is the
transmissivity. After exiting the fiber the photon gets registered as a click by the detector
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Figure 7.5: The model of photon loss proccesses occurring in our repeater setups. The parameter
Pce is the photon collection efficiency, which includes the probability that the photon is success-
fully coupled into the fiber. Only photons emitted at the zero phonon line (ZPL) can be used for
quantum information processing. All non-ZPL photons are filtered out, such that a fraction p,
of the photons remains. The photons are then transmitted through a fiber with transmissivity 7 s
Such successful transmissions are registered by the detector with probability pge¢. Additionally,
a significant fraction of photons can arrive in the detector outside of the detection time-window
tw. Such photons will effectively also get discarded. Here we describe the total efficiency of our
apparatus by a single parameter, papp = Pce Pzpl Pdet-

with probability pget. Finally, the photon gets accepted as a successful click if the click
happens within the time-window £, of the detector (see Appendix[7.8.1]for more details).

Recall that the yield can then be calculated as the reciprocal of the expected number
of channel uses needed to get one single raw bit,

1
Y= m , (7.2)

with N being the random variable that models the number of channel uses needed
for generating a single raw bit.

YIELD OF THE SINGLE-PHOTON SCHEME

The yield of the single-photon scheme is relatively easy to calculate, since the single con-
dition heralding the success of the scheme is a single click in one of the detectors in the
heralding station. Therefore the yield Y is simply the probability that an individual at-
tempt will result in a single click in one of the detectors. This probability will depend on
the losses in the system, dark counts and the angle 6. A full calculation of the yield is

given in Appendix

YIELD OF THE SISQUARE, SPADS AND SPOTL SCHEMES

The SiSQuaRe, SPADS and SPOTL schemes require two conditions for the heralding of
the successful generation of a raw bit, namely the scheme needs to succeed both on
Alice’s and Bob’s side independently. In this case we are going to take a very conservative
perspective and assume the total number of channel uses to be the sum of the required
channel uses on Alice’s and Bob’s side of the memory repeater node

E[N]=E[Ns+ Np]. (7.3)

Moreover, every time Bob reaches n* attempts, both parties start the scheme over again.
The cut-off increases the average number of channel uses, thus decreasing the yield.
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Denoting by p4 and pp the probability that a single attempt of the subscheme on Alice’s
and Bob's side respectively succeeds, we find (see Appendix[7.8.3|for the derivation),

E[Nj + Ng] = 1 L1 (7.4)

pa(L-(1-ps)") P

7.4.2. SECRET-KEY FRACTION

Similarly as in Chapter[6]we consider the same two asymptotic protocols for generating
secret key: BB84 with standard one-way error correction and six-state with advantage
distillation [29]. We recall that for technical reasons within our model it is not possible
to run an asymmetric six-state protocol when time-bin encoded photons are to be mea-
sured by Alice or Bob, see Chapter[6] The expressions for the secret-key fraction for these
protocols have already been discussed in Chapter[6] In Appendix we elaborate on
specific subtleties relating to the basis in which the key is extracted.

Now we can state explicitly which QKD protocols will be considered for each scheme,
which in turn depends on the type of measurements that Alice and Bob perform in that
scheme. There are two physical implementations of measurements that Alice and Bob
perform, depending on the scheme under consideration. That is, they either measure a
quantum state of a spin or of a time-bin encoded photons. Since the fully asymmetric
six-state protocol with advantage distillation has higher efficiency than both symmet-
ric and asymmetric BB84 protocol with one-way error correction, we will use this six-
state protocol for both the single-photon and SPOTL scheme. The SiSQuaRe and SPADS
schemes involve direct measurement on time-bin encoded photons. Hence, for these
schemes we consider the maximum of the amount of key that can be obtained using the
fully asymmetric BB84 protocol and the symmetric six-state protocol with advantage
distillation (which can tolerate more noise, but has three times lower efficiency than the
fully asymmetric BB84 protocol).

To estimate the QBER, we model all the noisy and lossy processes that take place dur-
ing the protocol run. From this, we calculate the qubit error rates and yield, from which
we can retrieve the secret-key fraction. We invite the interested reader to read about the
details of these calculations in Appendices and[7.8.6] The derivation of the QBER
and the yield for the SiSQuaRe scheme is performed in Chapter[6] Moreover, in this work
we introduce certain refinements to the model which we discuss in Appendix[7.8.4] With
the QBER in hand, we can calculate the resulting secret-key fraction for the considered
protocols as presented in Chapter[6and in the Appendix[7.8.7]

We note here that we consider only the secret-key rate in the asymptotic limit, and
that we thus do not have to deal with non-asymptotic statistics.

7.5. ASSESSING THE PERFORMANCE OF QUANTUM REPEATER
SCHEMES

In this section we will detail four benchmarks that will be used to assess the perfor-
mance of quantum repeaters. These benchmarks are analogous to the benchmarks used
in Chapterl[g]
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Again, the considered benchmarks are defined with respect to the efficiencies of pro-
cesses involving photon loss when emitting photons at NV centers, transmitting them
through an optical fiber and detecting them at the end of the fiber as described in Sec-
tion[7.4.1and as shown in Fig.

Having this picture in mind, we can now proceed to present the considered bench-
marks. The first three of these benchmarks are inspired by fundamental limits on the
maximum achievable secret-key rate if Alice and Bob are connected by quantum chan-
nels which model quantum key distribution over optical fiber without the use of a (pos-
sible) quantum repeater.

The first of these benchmarks is, similarly to Chapter[6} the capacity of the pure-loss
channel [13], which models the losses occuring in the optical fiber with transmissivity
n ¢ linking Alice and Bob. Unfortunately, as we have observed in Chapter@ surpass-
ing the capacity is experimentally challenging. This motivates the introduction of other,
easier to surpass, benchmarks. These benchmarks are still based on (upper bounds on)
the secret-key capacity of quantum channels which model realistic implementations of
quantum communications over fibers.

The second benchmark is again built on the idea of including the losses of the ap-
paratus into the transmissivity of the fiber. The resultant channel with all those losses
included we call here the extended channel. The benchmark is thus equal to

—log, (1 - Tlfpapp) . (7.5)

Here papp describes all the intrinsic losses of the devices used. That is, the collection
efficiency pc. at the emitting diamond, the probability that the emitted photon is within
the zero-phonon-line p,p (which is necessary for generating quantum correlations) and
photon detection efficiency pget, s0 that papp = Pee PzpiPder- Note that this definition of
Papp 1s different than in Chapter@ where the pps corresponding here to p,, was not
included in the definition of papp.

The third benchmark we consider is again the thermal channel bound, which takes
into account the effects of dark counts. We have already defined it in Chapter[6} We only
note that the transmissivity of the channel 7 is here taken to be 7 ¢ papp similarly as in the
second benchmark. We note here that the time-window of the detector ¢, is not fixed
in our model, but is optimized over for every distance in order to achieve the highest
possible secret-key rate. Hence in this benchmark we fix #, = 5 ns which is the shortest
duration of the time-window that we consider in our secret-key rate optimization.

Finally, the secret-key rate achieved with direct transmission using the same devices
can be seen as a fourth benchmark. Specifically, here we mean the secret-key rate
achieved when Alice uses her electron spin to generate spin-photon entanglement and
sends the time-bin encoded photon to Bob. She then measures her electron spin while
Bob measures the arriving photon. However, to take a conservative view, we will only
use this direct transmission benchmark for the SPADS scheme. This is motivated by the
fact that for both the SPADS scheme and the direction transmission scheme the exper-
imental setups on Alice’s and Bob’s side are the same, ensuring that the two rates can
be compared fairly. We note that similarly as in the modeled secret-key rates achiev-
able with our proposed repeater schemes, also for this direct transmission benchmark
we optimize over the time-window t, for each distance.
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The secret-key capacity is the main benchmark that we consider. Surpassing it es-
tablishes the considered scheme as a quantum repeater. The two additional capac-
ity bounds and the achieved rate with direct transmission are additional benchmarks,
which guide the way towards implementation of a quantum repeater. We define all the
considered benchmarks for the channel with the same fiber attenuation length L as the
channel used for the corresponding achievable secret-key rate.

7.6. NUMERICAL RESULTS

We now have a full model of the rate of the presented quantum repeater protocols as a
function of the underlying experimental parameters. In this section we will firstly state
all the parameters required by our model and then present the results and conclusions
drawn from the numerical implementation of this model. In particular, in Section|7.6.1
we will first provide a deeper insight into the benefits of using the six-state protocol and
advantage distillation in specific schemes. In Section[7.6.2lwe determine the optimal po-
sitioning of the repeater nodes for our schemes and investigate the dependence of the
secret-key rate achievable with those schemes on the photon emission angle 6 and the
cutoff n* for the appropriate schemes. In Section[7.6.3|we then use the insights acquired
in the previous section to compare the achievable secret-key rates for all the proposed
repeater schemes with the secret-key capacity and other proposed benchmarks. In par-
ticular, we show that the single-photon scheme significantly outperforms the secret-key
capacity and hence can be used to demonstrate a quantum repeater. Finally, in Sec-
tion we determine the duration of the experiment that would allow us to demon-
strate such a quantum repeater with the single-photon scheme.

Here we will use the same parameters as stated in Chapter[6jwith small modifications
relating to the fact that the model used here has been made more accurate than in Chap-
ter [6] (see Appendix [7.8.4) and certain parameters characterise specifically the single-
photon scheme which has only been proposed in this chapter. We again emphasise that
these are the parameters that have been achieved in an experiment, or correspond to
expected parameters when the NV center is embedded in an optical Fabry-Perot micro-
cavity. The additional parameters to those defined in Chapter[6]are:

* F,, (depolarizing parameter for the measurement of the electron spin) = 0.95 [2]
* Fg (depolarizing parameter for two qubit gates in quantum memories) = 0.98 [4]
¢ 7 (characteristic time of the NV emission) = 6.48 ns [30,31]

. tv‘f,ffsm (detection window offset) = 1.28 ns [18]

* A¢ (optical phase uncertainty of the spin-spin entangled state) = 14.3° [2]

We note that the parameters Fy, and Fg replace the parameter Fg;;, from Chapter@
(see Appendix[7.8.4). As discussed, the parameters pem and pps from Chapter [6] have
been renamed to pce and p,p respectively but maintain their values from Chapter @
Moreover, the detector time-window #,, which in Chapter[f|has been fixed is now a vari-
able over which we optimise. Finally, note that the parameters that have not been dis-
cussed in the main text are discussed in the appendix.
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7.6.1. COMPARING BB84 AND SIX-STATE ADVANTAGE DISTILLATION PRO-
TOCOLS

We first investigate here when the BB84 or six-state advantage distillation protocol per-
forms better. It was shown in Chapter[6]that in the SiSQuaRe scheme there is a trade-
off - for the low noise regime (small distances) the fully asymmetric BB84 protocol is
preferable, while in the high noise regime (large distances) the problem of noise can be
overcome by using a six-state protocol supplemented with advantage distillation. This
technique allows us to increase the secret-key fraction at the expense of reducing the
yield by a factor of three, since a six-state protocol in which Alice and Bob perform mea-
surements on photonic qubits does not allow for the (fully) asymmetric protocol within
our model. Numerically, we find that for the SPADS and SPOTL scheme advantage distil-
lation is necessary to generate non-zero secret-key at any distance. This is due to the fact
that there is a significant amount of noise in these schemes. Thus, for the SPADS (SPOTL)
scheme the (a)symmetric six-state protocol with advantage distillation is optimal.

To provide more insight into the performance of those different QKD schemes for
different parameter regimes, we plot the achievable secret-key fraction for the SPADS
and SPOTL schemes as a function of the depolarizing parameter due to imperfect elec-
tron spin measurement F,, in Figure [7.6] (see Appendix[7.8.2| for the discussion of the
corresponding noise model). Noise due to imperfect measurements is one of the signif-
icant noise sources in our setup, since the SPADS scheme involves three and the SPOTL
scheme four single-qubit measurements on the memory qubits. The data have been
plotted for a fixed distance of 12.5Ly, where Ly = 0.542 km is the attenuation length of
the fiber. Moreover, since on this plot we aim at maximizing only the secret-key fraction
over the tunable parameters, we set the cutoff n* to one and the detection time-window
tw to 5 ns (the smallest detection time-window we use) for both schemes. Furthermore,
within the single-photon subscheme the heralding station is always placed exactly in the
middle between the two memory nodes. We also consider the positioning of the memory
repeater node to be two-thirds away from Alice for the SPADS scheme and in the middle
for the SPOTL scheme as discussed in the next section. For the SPOTL scheme we also
assume 6 4 = 6 which we will justify in the next section.

We see that for the current experimental value of F;,;, = 0.95 both schemes can gen-
erate key only if the advantage distillation post-processing is used. As F,, increases, we
observe that for the SPADS scheme firstly the six-state protocol without advantage distil-
lation and then the BB84 protocol start generating key. For the SPOTL scheme the value
of F,, at which the six-state protocol without advantage distillation starts generating key
is much larger than the corresponding value of F,, for any of the studied protocols for
the SPADS scheme. This is because the SPOTL scheme involves more noisy processes
than the SPADS scheme. This also provides an approximate quantification of the ben-
efit of using advantage distillation. Specifically, looking at the SPOTL scheme, it can be
observed that while at the current experimental value of F,;, = 0.95 advantage distilla-
tion allows for generating key, at a higher value of the depolarizing parameter F,, = 0.97,
still no key can be generated with standard one-way post-processing. Moreover, we see
that utilizing advantage distillation for the SPADS scheme allows for the generation of
key, even with very noisy measurements when F;, = 0.91. We also observe two distinct
scalings of the secret-key fraction with F,, in the regime where non-zero amount of key
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Figure 7.6: Secret-key fraction as a function of the depolarizing parameter due to noisy mea-
surement Fy, for the total distance of 12.5Ly. We see that for the current experimental value of
Fy, = 0.95 (marked with a dashed black vertical line) both schemes can generate key only if the
advantage distillation post-processing is used. As Fy, increases the protocols that do not utilize
advantage distillation also start generating key. We also see that the curves can be divided into two
groups in terms of their slope in the regime where they generate non-zero amount of key. Those
two groups correspond to the scenarios where a fully asymmetric (bigger slope) or a symmetric
(smaller slope) protocol is used. For all the plotted protocols the cutoff n* is set to one and ty =5
ns (the smallest detection time-window we use) to maximize the secret-key fraction. Moreover,
for each value of Fj, we optimize the secret-key fraction over the angle 6. For the SPOTL scheme
we assume 0 4 = 0p. For the SPADS scheme we position the repeater node 2/3 away of the total
distance from Alice and in the middle between Alice and Bob for the SPOTL scheme.

is generated. These two scalings depend on whether we use a symmetric or asymmetric
protocol. Specifically, for the SPADS scheme the symmetric six-state protocol is used.
Therefore the corresponding two curves have a slope that is approximately three times
smaller than the other three curves corresponding to the protocols that run in the fully
asymmetric mode.

7.6.2. OPTIMAL SETTINGS
We see that the above described repeater schemes include several tunable parameters.
These parameters are the cut-off n* for Bob’s number of attempts until restart, the angle
0 in the single-photon scheme and the positioning of the repeater. These parameters
can be optimized to maximize the secret-key rate. Here we will approach this optimiza-
tion in a consistent way - we gradually restrict the parameter space by making specific
observations based on numerical evidence.

The first claim that we will make is in relation to the optimal positioning of the re-
peater. In Chapter[6|we have conjectured that for the SiSQuaRe scheme the middle posi-
tioning of the repeater is optimal. For the single-photon scheme we want the probability
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Figure 7.7: Secret-key rate as a function of the relative positioning of the repeater for few different
total distances for the SPADS scheme. The total distances are expressed in terms of the fiber atten-
uation length Ly = 0.542 km. We see that positioning the repeater two-thirds of the distance away
from Alice (marked by the vertical black dashed line) is a good positioning for all the distances.
For each total distance considered and each positioning the secret-key rate is optimized over the
cutoff n*, the angle 6 and the time-window of the detector .

of transmitting the photons from each of the two nodes to the beam splitter heralding
station to be equal. This effectively sets the target state between the electron spins to be
the maximally entangled state. Hence, if we restrict ourselves to the case where the emis-
sion angles 8 of both Alice and Bob are the same, then it is natural to position the herald-
ing station symmetrically in the middle between them. Hence, the only non-obvious
optimal positioning is for the SPADS and SPOTL scheme.

For the SPADS scheme, positioning the repeater at two-thirds of the relative distance
away from Alice could intuitively be expected to be optimal. This is due to the fact that
the single-photon scheme runs on two segments: Alice-beam splitter, beam splitter-
repeater, while the one half of the SiSQuaRe scheme runs only over a single segment
between repeater and Bob. By segment we mean here a distance over which we need to
be able to independently transmit a photon. In Fig.[7.7]we show the secret-key rate as
a function of the relative positioning of the repeater for a set of different total distances.
We see there that despite the fact that positioning the repeater at two-thirds is not al-
ways optimal, it is a good enough positioning for all distances for our purposes. For each
data point on the plot we independently optimize over the cut-off n*, the angle 6 of the
single-photon subscheme and the duration of the detector time-window t.

The SPOTL scheme has the same symmetry as the SiSQuaRe scheme, in the sense
that the part of the scheme performed on Alice’s side is exactly the same as on Bob’s
side. This symmetry is only broken by the sequential nature of the scheme. Since we
have already observed that the middle positioning is optimal for the SiSQuaRe scheme,




170 7. NEAR-TERM QUANTUM-REPEATER EXPERIMENTS WITH NV CENTERS

10-°
1077
o) 10-8
e
> 107°
¥
F1010
|9}
(]
(%3]
10711y — 5L
10Lo
10732 —— 15[,
—— 20L,
1078

|
0.0 0.1 0.2 03 04 05 06 0.7 0.8 0.9
Relative positioning of the repeater

Figure 7.8: Secret-key rate as a function of the relative positioning of the repeater for few different
total distances for the SPOTL scheme. The total distances are expressed in terms of the fiber atten-
uation length Ly = 0.542 km. We see that positioning the repeater in the middle between Alice and
Bob (marked by the vertical black dashed line) is a good positioning for all the distances. For each
total distance considered and each positioning the secret-key rate is optimized over the cutoff n*,
the angles 6 4 and 0 and the time-window of the detector #y.

we expect to see the same behavior for the SPOTL scheme. Indeed, we confirm this
expectation numerically in Fig. Here for each data point we independently optimize
over the cut-off n*, the angle 04 (0p) of the single-photon subscheme on Alice’s (Bob’s)
side and the duration of the detection time-window.

To conclude, we will always place the heralding station within the single-photon
(sub)protocol exactly in the middle between the two corresponding memory nodes. More-
over, we will also always place the memory repeater node in the middle for the SPOTL
scheme and two-thirds of the distance away from Alice for the SPADS scheme.

Having established the optimal positioning of the repeater, we look into the relation
between 64 and 65 for the SPOTL scheme. We observe that the relative error resulting
from optimizing the secret-key rate over a single angle 8,4 = 6p rather than two inde-
pendent ones is smaller than 1% for all distances. Hence from now on we will restrict
ourselves to optimizing only over one angle 8 for the SPOTL scheme.

Having resolved the issues of the optimal positioning of the repeater for all schemes
and reducing the number of angles to optimize over for the SPOTL scheme to one, we
now investigate how our secret-key rate depends on the remaining parameters. These
parameters are the angle 6, the cut-off n* and the duration of the detection time-window
tw. The optimal time-window follows a simple behavior for all schemes: for short dis-
tances the probability of getting a dark count p is negligible compared to the probability
of detecting the signal photon. Hence for those distances we can use a time-window of
30 ns to make sure that almost all the emitted photons which are not polluted by the
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Figure 7.9: (Color online) Secret-key rate as a function of the 6 angle for the single-photon scheme
for the total distance of 12.5Lg, where Ly = 0.542 km. We see that there is a relatively large range of
angles for which non-zero amount of key can be generated. For each value of 6 the secret-key rate
is optimized over the time-window #y. The kink on the plot is a consequence of the fact that the
six-state protocol with advantage distillation involves optimization over of two subprotocols.

photons from the optical excitation pulse arrive inside the detection time-window. We
always need to sacrifice the photons arriving within the time 2 after the optical pulse
has been applied to filter out the photons from that pulse, see Appendix[7.8.1]for details.
Then, for larger distances where p, starts to become comparable with the probability
of detecting the signal photon, the duration of the time-window is gradually reduced.
This reduces the effect of dark counts at the expense of having more and more photons
arriving outside of the time-window. See Appendix[7.8.1]for the modeling of the losses
resulting from photons arriving outside of the time-window.

The dependence of the secret-key rate on the angle 0, the tunable parameter that
Alice and Bob choose in their starting state [¢) = sinf| |)|0) + cos8| 1)|1) in the single-
photon scheme, is more complex. We observe that the optimal value of 0 is closer to
7 for schemes that involve more noisy processes. Informally, this means that Alice and
Bob send ‘less’ photons towards the beam splitter, to overcome the noise coming from
events in which both nodes emit a photon. At 7 however, no photons are emitted and
the rate drops down to zero. We illustrate this in Figs. and([7.11] We see that for
the SPADS and SPOTL scheme, there is only a restricted regime of the angle 8 for which
one can generate non-zero amount of key. In particular, the SPOTL scheme requires
a larger number of noisy operations, and therefore cannot tolerate much noise arising
from the effect of photon loss in the single-photon subscheme. This means that there
is only a small range of 8 that allows for production of secret key. The single-photon
scheme involves much less operations and can tolerate more noise, and so lower values
of the parameter 0 still allow for the generation of key.
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Figure 7.10: Secret-key rate as a function of the 0 angle for the SPADS scheme for the total distance
of 12.5L¢y, where Ly = 0.542 km. We see that due to more noisy processes the range of 8 that allows
us to generate key is much more restricted than for the single-photon scheme. For each value of 8
the secret-key rate is optimized over the cutoff n* and the time-window #.
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Figure 7.11: Secret-key rate as a function of the angle 6 = 04 = 0p for the SPOTL scheme for the
total distance of 12.5Ly, where Ly = 0.542 km. We see that, due to the increased amount of noisy
processes, this scheme requires 6 to be in a much narrower regime than for the single-photon and
SPADS schemes, as can be seen by comparing the plot with the plots in FIG.[7.9]and in FIG.[7.10}
This corresponds to the overwhelming dominance of the dark state of the spin (no emission of the
photon) in order to avoid any extra noise coming from the photon loss. For each value of 6 the
secret-key rate is optimized over the cutoff n* and the time-window t.



7.6. NUMERICAL RESULTS 173

x10~7

»
o

SiSQuaRe
—— SPADS

Secret-key rate
© B = N N W W
w o w o w o (9]

e
=)

0 200 400 600 800 1000
Cutoff n*

Figure 7.12: Secret-key rate as a function of the cut-off for the SiSQuaRe and SPADS scheme for the
total distance of 12.5L¢y, where Ly = 0.542 km. We see that the SPADS scheme requires lower cut-off
than the SiSQuaRe scheme because it involves more noisy operations. For each value of the cutoff
n* we optimize the secret-key rate over the time-window #, and for the SPADS scheme also over
the 6 angle. The kink for the SiSQuaRe scheme arises because of the optimization over the fully
asymmetric one-way BB84 protocol and symmetric six-state protocol with advantage distillation,
which itself involves optimization over two subprotocols.

We also investigate the dependence of the rate on the cut-off. Both the SPADS and
SPOTL scheme require a lower cut-off than the SiSQuaRe scheme, see Fig.[7.12]and[7.13]
This is caused by the fact that each of them involves more noisy operations, and hence
less noise tolerance is possible.

7.6.3. ACHIEVED SECRET-KEY RATES OF THE QUANTUM REPEATER PRO-
POSALS

Now we are ready to present the main results, the secret-key rate for all the considered

schemes as a function of the total distance when optimized over 0, the cut-off n* and

the duration of the time-window #,. We compare the rates to the benchmarks from Sec-

tion[Z.5

In Fig.[7.T4Jwe plot the rate of all four of the quantum repeater schemes as a function
of the distance between Alice and Bob. We observe that already for realistic near-term
parameters, the single-photon scheme can outperform the secret-key capacity of the
pure-loss channel by a factor of seven for a distance of = 9.2 km.

We have also investigated what improvements would need to be done in order for
the SPADS and SPOTL schemes to also overcome the secret-key capacity. An example
scenario in which the SPADS scheme outperforms this repeaterless bound includes bet-
ter phase stabilization such that A¢ = 5° and reduction of the decoherence effects in
the carbon spin during subsequent entanglement generation attempts such that ay =
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Figure 7.13: Secret-key rate as a function of the cut-off for the SPOTL scheme for the total distance
of 12.5Ly, where Ly = 0.542 km. We see that due to the large number of noisy operations, this
scheme requires a low cut-off in order to be able to generate key. For each value of the cutoff n*
we optimize the secret-key rate over the time-window %y and the 6 angle.

1/8000 and by = 1/20000. Further improvement of these effective coherence times to
ap = 1/20000 and by = 1/50000 allows the SPOTL scheme to also overcome the secret-
key capacity. We note that maintaining coherence of the carbon-spin memory qubit for
such large number of subsequent remote entanglement generation attempts is expected
to be possible using the method of decoherence-protected subspaces [8}32].

As mentioned before, the SPADS scheme can be naturally compared against the bench-
mark of the direct transmission using NV as a source. The results are depicted in Fig.
We see that the SPADS scheme easily overcomes the NV-based direct transmission and
the thermal benchmark for larger distances for which these benchmarks drop to zero.

In Fig.[7.14]we observe that for the SPOTL scheme, the total distance over which key
can be generated is significantly smaller than for the SPADS scheme. This is despite the
fact that the full distance is divided into four segments. The rather weak performance of
this scheme is due to the fact that it involves a larger number of noisy operations. As a
result, the scheme can tolerate little noise from the single-photon subscheme, requiring
the angle 6 to be close to 7 as can be seen in Fig. E Hence, the probability of pho-
ton emission becomes greatly diminished and so the distance after which dark counts
start becoming significant is much smaller than for the SPADS scheme. To overcome
this problem one would need to reduce the amount of noise in the system. One of the
main sources of noise is the imperfect single-qubit measurement. Hence, we illustrate
the achievable rates for the scenario with the boosted measurement depolarizing pa-
rameter F,, = 0.98 in Fig. Additionally, in this plot we also consider the application
of probabilistic frequency conversion to the telecom wavelength at which Ly = 22 km.
Frequency conversion has already been achieved experimentally in the single-photon
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Figure 7.14: Rate of all studied quantum repeater schemes as a function of the distance between
Alice and Bob, expressed in the units of Ly = 0.542 km. We also plot the different benchmarks
from Section[7.5] We see that the single-photon scheme outperforms the secret-key capacity. For
the achievable rates the secret-key rate is optimized over the cutoff n*, the angle 6 and the time-
window fy independently for each distance.
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Figure 7.15: Comparison of the SPADS scheme with the rate achievable using the direct transmis-
sion, with NV being the photon source. The secret-key rates for those schemes are plotted as a
function of the distance between Alice and Bob, expressed in the units of Ly = 0.542 km. We also
plot the different benchmarks. We see that the SPADS scheme easily overcomes the direct trans-
mission and the thermal benchmark (see Section. For the secret-key rate achievable with the
SPADS scheme we perform optimization over the cutoff n*, the angle 6 and the time-window fy
independently for each distance. Similarly, we also optimize the secret-key rate achievable with
direct transmission over the time-window fy.
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Figure 7.16: Secret-key rate as a function of distance in units of km for transmission at telecom
channel with Ly = 22 km, along with the benchmarks from Section We consider an improved
measurement depolarizing parameter of F;;, = 0.98. The frequency conversion efficiency is as-
sumed to be 0.3. We observe that the SPOTL scheme allows for the generation of secret-key over
a distance of more than 550 km. For the achievable rates the secret-key rate is optimized over the
cutoff n*, the angle 6 and the time-window #y independently for each distance.

regime with success probability of 30% [33]. This is also the success probability that we
consider here. The corresponding benchmarks have also been plotted for the new chan-
nel with Ly = 22 km. We see in Fig.[7.16| that with the improved measurement and using
frequency conversion, the SPOTL scheme allows now to generate secret key over more
than 550 km. We also see that under those conditions the single-photon scheme can also
overcome the secret-key capacity of the telecom channel.

7.6.4. RUNTIME OF THE EXPERIMENT
While the theoretical capability of an experimental setup to surpass the secret-key ca-
pacity is a necessary requirement to claim a working quantum repeater, it does not nec-
essarily mean that this can be experimentally verified in practice. Indeed, if a quantum
repeater proposal only surpasses the secret-key capacity by a narrow margin at a large
distance, the running time of an experiment could be too long for practical purposes. In
this section, we will discuss an experiment which can validate a quantum repeater setup
and calculate the running time of such an experiment, where we demonstrate that the
single-photon scheme could be validated to be a quantum repeater within twelve hours.
A straightforward way of validating a quantum repeater would consist of first gener-
ating secret-key, calculating the achieved (finite-size) secret-key rate and then compar-
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ing the rate with the secret-key capacity. However, this requires a large number of raw
bits to be generated, partially due to the loose bounds on finite-size secret-key genera-
tion. What we propose here is an experiment where the QBER and yield are separately
estimated to lie within a certain confidence interval. Then, if with the (worst-case) values
of the yield and the QBER the corresponding asymptotic secret-key rate still confidently
beats the benchmarks, one could claim that, in the asymptotic regime, the setup would
qualify as a quantum repeater.

As we show in Appendix[7.8.8} it is possible to run the single-photon scheme over a
distance of 17Ly = 9.2 km for approximately twelve hours to find with high confidence
(= 1-1.5-10"%) that the scheme beats the capacity (see Eq. (6.13)) at that distance by a
factor of at least three.

7.6.5. DISCUSSION AND FUTURE OUTLOOK
It is worth noting that our figure of merit - the secret-key rate - is weakly impacted by
the latency of transmission, which grows linearly with distance for the SiSQuaRe, SPADS
and SPOTL schemes. Its only effect on the secret-key rate is the resulting decoherence
time in the quantum memories while the memory nodes await the success/failure sig-
nals. This decoherence due to the waiting time is negligible in comparison to the noise
due to interaction, arising from subsequent entanglement generation attempts. On the
other hand, this latency would clearly be very visible in low throughput of these schemes.
Single-photon scheme on the other hand has an advantage of the repetition rate being
limited only by the local processing of the memory nodes which would result in a higher
throughput. We observe this fact in the modest expected duration of the experiment,
even in the high loss regime needed for overcoming the secret-key capacity. It is worth
noting that while the single-photon scheme maintains constant latency for QKD, there
exist schemes where such constant latency can be maintained also for remote entangle-
ment generation, see e.g. [34]. It is hence clear that there are certain important prop-
erties of an efficient quantum repeater scheme that are not captured by the secret-key
rate. However, achieving high throughputs for arbitrary distances would require almost
all the components to be efficient in terms of rates and memories to be of high quality in
terms of operational and long-storage fidelities. It is clear that demonstrating all these
features together in a single experiment is still a future goal. The advantage of the secret-
key rate is that overcoming the secret-key capacity would form a crucial step towards an
implementation of an efficient and practical, long-distance quantum repeater architec-
ture whose validity would carry an information-theoretic significance and will therefore
be totally independent of any hardware-based reference scenario.

In our model we have identified significant amount of noise arising in the system.
As a result, we find that it is not always beneficial to just divide the fixed distance into
more elementary links. Hence, it is a natural question whether this noise could be elim-
inated e.g. using entanglement distillation. In fact for the noise arising due to photon
loss in the single-photon scheme not only does there exist an efficient distillation pro-
cedure [35,[36], but it has also already been demonstrated in the NV-platform [4]. More-
over, in the ideal case of noiseless operations and storage, a scheme based on generat-
ing two entangled states through the single-photon scheme and then distilling them as
demonstrated in [4] should effectively also be able to overcome the secret-key capacity
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(see Chapter [4) and provide a significant boost by completely removing the noise due
to photon loss. Furthermore, an implementation of such a distillation-based remote
entanglement generation scheme would alleviate the requirement of the optical phase
stabilisation of the system. Therefore this distillation based scheme could be a natural
fifth candidate for a proof of principle repeater. Nevertheless, we believe that the fideli-
ties of quantum operations and the effective coherence times of the memories used in
this paper might need to be improved before this distillation would prove useful.

7.7. CONCLUSIONS

We analyzed four experimentally relevant quantum repeater schemes on their ability to
generate secret key. More specifically, the schemes were assessed by contrasting their
achievable secret-key rate with the secret-key capacity of the channel corresponding to
direct transmission. The secret-key rates have been estimated using near-term experi-
mental parameters for the NV center platform. The majority of these parameters have
already been demonstrated across multiple experiments. A remaining challenging ele-
ment of our proposed schemes is the implementation of optical cavities. These cavities
would enable the enhancement of both the photon emission probability into the zero-
phonon line and the photon collection efficiency to the desired level.

With these near-term experimental parameters, our assessment shows the viability
of one of the schemes, the single-photon scheme, for the first experimental demonstra-
tion of a quantum repeater. In fact, the single-photon scheme achieves a secret-key rate
more than seven times greater than the secret-key capacity. We also estimated the du-
ration of an experiment to conclude that a rate larger than the secret-key capacity is
achievable. The duration of the experiment would be approximately twelve hours.

Finally, we show that a scheme based on concatenating the single-photon scheme
twice (i.e. the SPOTL scheme), has the capability to generate secret-key at large dis-
tances. However, this requires converting the frequency of the emitted photons to the
telecom wavelength and modestly improving the fidelity at which measurements can be
performed.

7.8. APPENDIX

7.8.1. LOSSES AND NOISE ON THE PHOTONIC QUBITS

In this appendix we describe how the losses and noise affect our photonic qubits. In
particular, we first recall how the two types of encoding result in the losses acting as
different quantum channels on the states. Then, we study the effects of a finite detector
time-window. More specifically, we firstly show that the arrival of a photon outside the
time-window is equivalent to all the other loss processes and secondly we calculate the
probability of registering a dark count within the time-window. We also show how to
model the noise arising from those dark counts for the SiSQuaRe and SPADS schemes.
Finally, we calculate the dephasing induced by the unknown phase shift for the single-
photon scheme.
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EFFECTS OF LOSSES FOR THE DIFFERENT ENCODINGS

The physical process of probabilistically losing photons corresponds to different quan-
tum channels depending on the qubit encoding. In our repeater schemes we use two
types of encoding: time-bin and presence-absence of a photon. For a time-bin encoded
qubit in the ideal scenario of no loss we always expect to obtain a click in one of the de-
tectors. Hence loss of a photon resulting in a no-click event raises an erasure flag which
carries the failure information. Therefore it is clear that for this encoding the physi-
cal photon loss process corresponds to an erasure channel with the erasure probability
given by one minus the corresponding transmissivity,

D(p)=np+Q-m|LXL]. (7.6)

Here | 1) is the loss flag, corresponding to the non-detection of a photon. Since we are
only interested in the quantum state of the system for the successful events when a de-
tection event has occurred, we effectively post-select on the non-erasure events.

For presence-absence encoding the situation is different since now there is no flag
available that could explicitly tell us whether a photon got lost or not. In fact for this
encoding the photon loss results in an amplitude-damping channel applied to the pho-
tonic qubit. Here the damping parameter equals one minus the transmissivity of the
channel [37].

EFFECTS OF THE DETECTOR TIME-WINDOW

The detector only registers clicks that fall within a certain time-window. It is a priorinot
clear what kind of noisy or lossy channel should be used to model the loss of information
due to non-detection of photons arriving outside of the time-window. This is because in
a typical loss process we have a probabilistic leakage of information to the environment.
In the scenario considered here, the situation is slightly different as effectively no leakage
occurs, but rather certain part of the incoming signal effectively gets discarded. Here
we will show that despite this qualitative difference, within our model this process can
effectively be modeled as any other loss process.

Now, let us provide a brief description of the physics of this process. Firstly, the de-
tection time-window is chosen such that the probability of detecting a photon from the
optical excitation pulse used to entangle the electron spin with the photonic qubit is
negligible [18]. For that reason the detection time-window is opened after a fixed offset
t“:,ffset with respect to the beginning of the decay of the optical excited state of the elec-
tron spin. We note that for the considered enhancement of the ZPL-emission using the
optical cavity we predict the characteristic time of the NV emission 7 to be approximately
a half of the corresponding value of 7 if no cavity is used [18} 30, [31]. Therefore here we
consider the scenario where the duration of the optical excitation pulse is made twice
shorter with respect to the one used in [18]. This will allow us to filter out the unwanted
photons from the excitation pulse by setting 25t to half of the offset used in [18].

Secondly, we note that the detection time-window cannot last too long, specifically,
it needs to be chosen such that there is a good trade-off between detecting coherent and
non-coherent (i.e. dark counts) photons. In this subsection we will discuss the effects of
photons arriving outside of this time-window and the effects of registering dark counts
within this time-window.
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LOSSES FROM THE DETECTOR TIME-WINDOW
The NV center emits a photon through an exponential decay process with characteristic
time 7. Therefore the probability of detecting a photon during a time-window starting at

toffset and lasting for &y is
goffset ¢ t offset offset | tw
Pin(tw) = —f dtexp(——) = exp(-~—) —exp(-~——) . (7.7)
T Joffset T T T

w

Clearly the process of a photon arriving outside of the time-window is qualitatively dif-
ferent from the loss process where the photons get lost to the environment. In the re-
mainder of this section we will now look at the difference between these two phenomena
in more detail.

The emission process of the NV center is a coherent process over time. Consider a
generic scenario in which we divide the emission time into two intervals, denoted by
“in” and “out”, respectively. Coherent emission then means that the state of the photon
emitted by the electron spin in state | 1) will be

ly) = vV Pinl1)inl0)out + vV 1= pinl0YinlDout - (7.8)

Now let us come back to our specific model, in which the “in” mode corresponds to the
interval [£Qffset, £offset 1 ¢ /] and the “out” mode to all the times ¢ > 0 lying outside of this
interval (¢ = 0 is the earliest possible emission time). Here, the emission into the “in”
mode occurs with probability pi, (). Hence the spin-photon state resulting from the
emission by the a| |) + ] 1) spin state is

) = al I0)inl0)ous + BI 1) (\/ Pin(5) [Din|0)out + /1 - pin(tw)|0>in|1>0ut) . (7.9)

If the presence-absence encoding is used, such a photonic qubit is then transmitted to
the detector. Since only the spin and the “in” mode of the photon will be measured, we
can now trace out the “out” mode

p =10l + B[ pin(t)) 1631 + | B (1 = pin (5D 1X1 1©10)Olin (7.10)
where )
) = (el D10)in + B/ Pin(t)| DIDin) - (7.11)

V0al?+|8]? pin(tw)

Note that this state can be obtained by passing the photonic qubit of the state
ly)y =al DIO)+BI DI, (7.12)

through the amplitude-damping channel with the damping parameter given by 1—pin, ().
Hence we can conclude that for the photon number encoding, the possibility of the pho-
ton arriving outside of the time-window of the detector can be modeled in the same way
as any other photon loss process, namely an amplitude-damping channel applied to that
photonic qubit.

In the case of time-bin encoding we effectively have four photonic qubits, since now
we have an “in” and “out” mode for both the early (denoted by “e”) and the late (denoted




182 7. NEAR-TERM QUANTUM-REPEATER EXPERIMENTS WITH NV CENTERS

by “1”) time-window. We assume here that the slots do not overlap. That is, a photon
emitted in the “out” mode of the early time-window is always distinct from any pho-
ton in the late time-window. This can be achieved by making the time gap between the
“in” modes of the early and late window long enough. In this case the emission process
results in a state

ly)=al ) (\/ Pin (511 inl0Y e,0ut10Y 1in10) 1,0ut + /1 — pin(tw)|0>e,in|1>e,out|0>l,in|0>l,out)

(7.13)
+ ﬁ| 1 (\/ pin(tw)|O>e,in|0>e,0ut|1>l,in|0>l,out +v1- pin(tw)|O>e,in|0>e,0ut|0>l,in|1>l,0ut) .
(7.14)
Again, tracing out the “out” modes results in a state
P = Pin(6IOXG1+ (1= pin(td) (121 1XL 1+ B 1 1X11) 0100001, (7.15)
where
) =al )I1)el0);+ BI DHI0)el1); = al Dle) + BI DD . (7.16)

Here |00),,; corresponds to the loss flag from which we see that for the time-bin encoding
the possible arrival of a photon outside of the time-window results in an erasure chan-
nel with the erasure probability given by (1 — pin(#)). Hence this process can be also
modeled as any other loss process for this encoding.

We have just shown that for both photon presence/absence and time-bin encodings
the process of the photon arriving outside of the time-window can be modeled by the
source which prepares photons in a coherent superposition of the “in” and “out” modes
and the detector tracing out (losing) the “out” modes. We have also shown that those
two elements combined together result effectively in a loss process corresponding to the
same channel as any other loss process for that encoding (amplitude-damping for pho-
ton presence/absence and erasure channel for time-bin encoding).

However, between the source and the detector there are other lossy or noisy com-
ponents resulting in other quantum channels that need to be applied before the tracing
out of the “out” mode at the detector. Now we show that for all loss and noise processes
that occur in our model, the tracing out of the “out” mode can be mathematically com-
muted through all those additional noise/lossy processes. This means that the tracing
out can be applied directly after the source, such that the above described reductions to
amplitude-damping or erasure channel can be applied.

Consider the quantum channels acting on the photonic qubits of the form

N =Y PiNin® Ny - (7.17)
i

Effectively these are the channels that do not couple the “in” and “out” modes. Since in
reality “in” and “out” modes correspond to different time modes, their coupling would
require some kind of memory inside the channel. Hence we can think of the above de-
fined channels as channels without memory. Now it is clear that for a quantum state p
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that among its registers includes both the “in” and the “out” mode, we have that
trout [ (p)] = trout [Z piHiie %’;n(p)] =Y piNl(pm) - (7.18)
i i

Now, firstly tracing out the “out” modes and then applying the channel A" (only the “in”
part can be applied now) also results in }_; pic/Vir’;(pin) at the output. Hence the tracing
out of the “out” modes commutes with all the channels that are of the form (7.17), which
correspond to channels without memory. Clearly the noise/loss processes that occur
before the detection, such as photon loss or dephasing due to uncertainty in the opti-
cal phase of the photon, belong to this class of channels. In particular this means that
for photon presence/absence the amplitude-damping due to photon loss in the channel
and due to photon arrival outside of the time-window can be both combined into one
channel with the single damping parameter given by 1 —npin () (n denotes the trans-
missivity due to the loss process e.g. the transmissivity of the fiber). The same applies to
time-bin encoding where we now have a single erasure channel with erasure probability
1- npin(tw) .

To conclude, the arrival of the photon outside of the time-window can be modeled
in the same way as any other loss process for both photon encodings used and therefore
we can now redefine the detector efficiency p:iet = pPdet - Pin(tw) and the total apparatus
efficiency plp, = PeePzplPge- We can then define nioral = pypp ¢ @s the total transmis-
sivity - with probability 17y @ photon will be successfully transmitted from the sender
to the receiver.

DARK COUNTS WITHIN THE DETECTOR TIME-WINDOW

Photon detectors are imperfect, and due to thermal excitations, they will register clicks
that do not correspond to any incoming photons. These undesired clicks are called dark
counts and can effectively be seen as a source of noise. The magnitude of this noise de-
pends on the ratio between the probability of detecting the signal photon and measuring
a dark count. Clearly, dark counts become a dominant source of noise when the prob-
ability of detecting the signal photon becomes comparable to the probability of a dark
count click. The probability p; of getting at least one dark count within the time-window
t of awaiting the signal photon is given by p; = 1 — exp(—ty - DCpS), where DCpS is the
number of dark counts per second of the detector, see Chapter|6]

In the SiSQuRe scheme Alice and Bob perform measurements on time-bin encoded
photons. The same applies to Bob in the SPADS scheme. Since at least two detectors
are required to perform this measurement, the presence of dark counts means that the
outcome may lie outside of the qubit space. Moreover, this measurement needs to be
trusted. In consequence, a squashing map needs to be used to process the multi-click
events in a secure way. Here as an approximation we consider the squashing map for the
polarization encoding [38] in the same way as described in Appendix[6.9.1]in Chapter|[6]
Hence this measurement can also be modeled as a perfect measurement preceded by a
depolarizing channel with parameter @ which depends on whether the BB84 or six-state
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protocol is used. The parameter a is given by (see Chapter[6):

PappB(1 = pa)
1= (1= plhppnap) 1= pa)?’
Pappfars(1 = pa)®
1= (1= phppnap) (1= pa)®

QA/B,BB84 = (7.19)

Q A/B, six-state = (7.20)

Here 11 4/p denotes the transmissivity of the fiber between the memory repeater node and
Alice’s/Bob’s detector setup. Finally we note that dark counts increase the probability
of registering a successfull measurement event. For the optical measurement schemes
utilising the squashing map the probability of registering a click in at least one detector
is given by (see Chapter[p):

paiB, BBsa =1~ (1= pyoonap)(1— pa)’, (7.21)
PAIB, six-state = 1 — (1 — p;pprlA/B)(l - pd)G . (7.22)

The effect of dark counts in the single-photon scheme, which carries over to the SPOTL
scheme, is analyzed in Appendix

NOISE DUE TO OPTICAL PHASE UNCERTAINTY

Another important noise process affecting photonic qubits is related to the fact that for
the photon presence/absence encoding the spin-photon entangled state will also de-
pend on the optical phase of the apparatus used. Specifically, it will depend on the
phase of the lasers used to generate the spin photon entanglement as well as the optical
phase acquired by the photons during the transmission of the photonic qubit. Knowl-
edge about this phase is crucial for being able to generate entanglement through the
single-photon scheme. In any realistic setup however, there would be a certain degree
of the lack of knowledge about this phase acquired by the photons. Since in the end
what matters is the knowledge about the relative phase between the two photons, we
can model this source of noise as the lack of knowledge of the phase on only one of the
incoming photonic qubits. This noise process can be effectively modeled as dephasing.
In this section we will show that the phase uncertainty induces dephasing with a param-
eter A equal to

A——Il(@) i1 (7.23)

2] 2

where A¢ is the uncertainty in the phase and Iy;; is the Bessel function of order 0/1.
Let us assume that for Alice, the local phase of the photonic qubit has a Gaussian-like
distribution on a circle, with standard deviation A¢ as observed in [2]. This motivates
us to model the distribution as a von Mises distribution [39]. The von Mises distribution

reads
e cos(p—u)

f@p)= ErTAmat (7.24)
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Here p is the measure of location, i.e. it corresponds to the center of the distribution,
is a measure of concentration and can be effectively seen as the inverse of the variance
and Iy is the modified Bessel function of the first kind of order 0. One can then show [39]
that

f dpf (e’ = —2 E:; etk (7.25)

Since we are only interested in the noise arising from the lack of knowledge about the
phase rather than the actual value of this phase, without loss of generality we can assume
1 = 0. Moreover, the experimental parameter that we use here is effectively the standard
deviation of the distribution A¢ and therefore we can write x = W.

Hence, let us write the spin-photon entangled state that depends on the optical phase

¢. .
[y (@) =sin(®)] | 0) + e"?cos(@)] 11 . (7.26)

Now, the lack of knowledge about this phase leads to a mixed state:

f F@IE (@) (p)ldg = sin®(@)] | 0| 0] +cos? (@) 1 1)(1 1

+ sin(9) cos(8) f F@)@?115¢ 01+ | 0)(] 1)dg .

(7.27)
Let us now try to map this state onto a dephased state

A= 0)+ A =)y )y 0)] =sin?@)] | 0)] 0] +cos?(@)] 1 1)1 1]
+5sin(0) cos(@) (@A —1)(I 1 1)¢| 0+ | 0)¢1 1]).

(7.28)
Hence, we observe that
I |+
2A-1= M . (7.29)
Io ((A@Z)
I 1
_ ((Atb) ) 4o (7.30)

2h(gly) 2

7.8.2. NOISY PROCESSES IN NV-BASED QUANTUM MEMORIES
In our setups we use '3C nuclear spins in diamond as long-lived memory qubits next to
a Nitrogen Vacancy (NV) electron spin taking the role of a communication qubit. In this
appendix, we will detail our model of the noisy processes in the NV. For most of these
processes we use the model that has already been discussed in Section of Chap-
ter[fl However, certain small modifications apply for the three new schemes proposed
in this chapter. Moreover, some of the noise processes are modelled in more detail in
this chapter than in Chapter[6} Here we discuss all these modifications.

For all the schemes that utilise quantum storage in the carbon spin memory during
subsequent entanglement generation attempts, we apply the noise model discussed in
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Section of Chapter [6} where the amount of noise is quantified by the dephasing
parameter 1; and the depolarising parameter 1,. Recall, that the parameters depend as
follows on the number of attempts 7,

1+e 9"
AM=Fr, = 5 (7.31)
Ao =Fr =e ", (7.32)
where a and b are given by
Ny Ny
a=ayg+a (Ls . % + tprep) ,b=Dby+ b (Ls . % + tprep) . (7.33)

Here n,; is the refractive index of the fiber, c is the speed of light in vacuum, #pp is the
time it takes to prepare for the emission of an entangled photon and L; is the distance
the signal needs to travel before the repeater receives the information about failure or
success of the attempt. Let Lg denote the distance between the memory repeater node
and Bob. Then for the SiSQuaRe and SPADS schemes L; = 2L as in each attempt first
the quantum signal needs to travel to Bob who then sends back to the middle node the
classical information about success or failure. For the SPOTL scheme Lg = Lp as in this
case both the quantum and the classical signals need to travel only half of the distance
between the middle node and Bob since the signals are exchanged with the heralding
station which is located half-way between the middle memory node and Bob. The pa-
rameters ay and by quantify the noise due to a single attempt at generating an entangled
spin-photon, induced by stochastic electron spin reset operations, quasi static noise and
microwave control infidelities. The parameters a; and b; quantify the noise during stor-
age per second.

Gates and measurements in the quantum memory are also imperfect. We model
those imperfections via two depolarizing channels. The first one acts on a single qubit
with depolarizing parameter A, = F,, corresponding to the measurement of the electron
spin. The second one acts on two qubits with depolarizing parameter 1, = Fg corre-
sponding to applying a two-qubit gate to both the electron spin and the '3C spin. This
means that every time a measurement is done on a e~ qubit of a quantum state p, it is
actually done on @gé';ml(p). Also a swapping operation between the e~ spin and the nu-
clear spin (done experimentally via two two-qubit gates, see main text) leads to an error
modeled by a depolarizing channel of parameter Fsyap = Fg. Following the same logic,
a Bell state measurement will cause the state to undergo an evolution given by a depo-
larizing channel. Specifically, following the decomposition of the Bell measurement into
elementary gates for the NV-implementation as described in Section in Chapter [6)}
this evolution will consist of a depolarizing channel with parameter Fé acting on both

of the measured qubits and the depolarizing channel with parameter F2, acting only on
the electron spin qubit.

7.8.3. EXPECTATION OF THE NUMBER OF CHANNEL USES WITH A CUT-OFF
In this appendix we derive an analytical formula for the expectation value of the number
of channel uses between Alice and Bob needed to generate one bit of raw key for the
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SiSQuaRe, SPADS and SPOTL schemes,

1 1
E[N] = —+ —. (7.34)
pa-(1-(1—pp)™) pB

For these three schemes, we implement a cut-off which is used to prevent decoherence.
Each time the number of channel uses between the repeater node and Bob reaches the
cut-off n*, the entire protocol restarts from the beginning. Here we take a conservative
view and define the number of channel uses N between Alice and Bob as the sum N4 +
Np, where N4 (IVg) corresponds to the number of channel uses between Alice (Bob) and
the middle node. From the linearity of the expectation value we have that

E[Na+ Npl =E[Nal +E[N3] . (7.35)

We denote by p4 and pp the probability of a successful attempt on Alice’s and Bob’s
side respectively. Bob’s number of channel uses follows a geometric distribution with
parameter p = pg, so that E[Ng] = pLB' Without the cut-off, Alice’s number of channel
use would follow a geometric distribution with parameter p = p4. However, the cut-off
parameter adds additional channel uses on Alice side. Since the probability that Bob
succeeds within n* trials is pgyuec =1—(1-p B)”*, we in fact have that Alice’s number of
channel uses follows a geometric distribution with parameter p’, = p4 - psucc. Hence it is
straightforward to see that

1 1
E[Ng+Npl = — + — (7.36)
pA PB
= ! + ! (7.37)
pa-(1-A-pp)™) pp’ ’

7.8.4. SISQUARE SCHEME ANALYSIS

The analysis of the SiSQuare scheme has been performed in Chapter [6} In this work
we use the estimates of the yield and QBER as derived in Chapter 6| with the following
modifications:

e For the calculation of the yield we now adopt a conservative perspective and calcu-
late the number of channel uses as E[N4 + N3], as derived in Appendix|7.8.3} rather
than E[max(N4, Ng)]. Note that E[max(N4, Ng)] < E[N4 + Ng] < 2E[max(N 4, Ng)].

¢ The total depolarising parameter for gates and measurements Fgy, defined in Chap-
ter[6]is now decomposed into individual operations as described in Appendix[7.8.2]
That s, in this work depolarisation due to imperfect operations on the memories is
expressed in terms of depolarising parameter due to imperfect measurement, F,,
and imperfect two-qubit gate, Fg. Since in the analysis of the SiSQuaRe scheme
we only deal with Bell diagonal states, the overall noise due to imperfect swap gate
and the Bell measurement leads to Fgn = FgFf‘n.
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¢ In Chapter[f|we have assummed the duration of the detection time-window to be
fixed to 30 ns and assumed that all the emitted photons will fall into that time-
window. Here, similarly as for other schemes, we perform a more refined analysis
in which we include the trade-off between the duration of the time-window and
the dark count probability as described in Appendix[7.8.1]

Additionally, we note that in Chapter[6we assumed that the amount of key that can
be generated in the Y- and X-basis will be the same as in the Z-basis for the advantage
distillation scheme. This turns out not to be the case. In particular, here we find that for
this scheme more key can be extracted in those two bases than in the Z-basis, giving an
overall expression that achieves higher secret-key fraction than the expression used in
Chapter[6] This point is discussed in more detail in Appendix[7.8.7]

7.8.5. SINGLE-PHOTON SCHEME ANALYSIS

In this appendix we provide a detailed analysis of the single-photon scheme between
two remote NV-center nodes. This section is structured as follows. First, we describe
the creation of the spin-photon entangled state followed by the action of the lossy chan-
nel on the photonic part of this state, including the noise due to the uncertainty in the
phase of the state induced by the fiber. Second, we apply the optical Bell measurement.
Then we evaluate the effect of dark counts which introduce additional errors to the gen-
erated state. Finally we calculate the yield of this scheme and extract the QBER from the
resulting state.

SPIN-PHOTON ENTANGLEMENT AND ACTION OF A LOSSY FIBER ON THE PHO-

TONIC QUBIT

Firstly, both Alice and Bob generate spin-photon entangled states, parameterized by 6.
As we will later see, this parameter allows for trading off the quality of the final entangled
state of the two spins with the yield of the generation process. The ideal spin-photon
state would then be described as

[y™) =sin(0)| |)10) +cos (@) ] 1)I1) . (7.38)

The preparation of the spin-photon entangled state is not ideal. That is, the spin-photon

entangled state is not actually as described above, but rather of the form (see Appendix|7.8.2)

0 = Forep ¥ YW |+ (1= Fprep) I 2) [y Xy " | (@ Z) = Forep ™ Xy |+ (1= Fprep) Iy~ Xy |
(7.39)

Here
lw™) =sin(0)] )10y —cos (@) 1)I1) . (7.40)

For the next step we need to consider two additional noise processes that affect the
photonic qubits before the optical Bell measurement is performed. The first one is the
loss of the photonic qubit. This can happen at the emission, while filtering the photons
that are not of the required ZPL frequency, in the lossy fiber, in the imperfect detectors,
or due to the arrival outside of the time-window in which detectors expect a click. All
these losses can be combined into a single loss parameter

1 = total = PeePapl /1 Paet (7.41)
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with n r=exp(- LLO), where L is the distance between the two remote NV-center nodes in
the scheme (see Fig.[7.5land Appendix[7.8.1). Hence, a photon is successfully transmitted
through the fiber and detected in the middle heralding station with probability 1. Now
we note that the action of the pure-loss channel on the qubit encoded in the presence or
absence of a photon corresponds to the action of the amplitude-damping channel with
the damping parameter 1 — 7 [37].

The second process that effectively happens at the same time as loss, is the dephasing
noise arising from the optical instability of the apparatus as described in Appendix
We note that the amplitude-damping and dephasing channel commute, hence it does
not matter in which order we apply the two noise processes corresponding to the loss of
the photonic qubit and unknown drifts of the phase of the photonic qubit in our model.
Here we firstly apply the dephasing due to the lack of knowledge of the phase on Alice’s
photon and then amplitude-damping on both photons due to all the loss processes.

Following the model in Appendix[7.8.1} the lack of knowledge about the optical phase
will effectively transform Alice’s state to

pA= (FprepAd + (1= Fprep) (1 = D)) 14" Xy ™|+ ((1 = Forep) A + Forep(1 = 1)) [y~ Xy ™| . (7.42)
where
i)
210 e
Now we can apply all the transmission losses modeled as the amplitude-damping

channel. The action of this channel on the photonic part of the state p results in the
state that we can describe as follows. Firstly, let us introduce two new states

+ (7.43)

1
2"

1
lyyy) = (sin(@) | 1)10) = y/ncos(O) [ 1)I1)) . (7.44)

\/5in(6) +1cos2(6)

Then, after the losses and before the Bell measurement, the state of Alice can be written
as

p'y = (sin(6) +ncos?(9)) ((Fprep/l + (1= Fprep) (1 = 1)) Iy X | + (1 = Fprep) A+ 745
Forep (1 = 1)) [y Yry 1) + (1 =) cos (@)1 11 1103001

and for Bob

p's = (sin®(0) +ncos®(0)) (Fprep|w;><w;| + (1= Forep) Iy X7y |)+(1—n) cos?(@)] 111100l .
(7.46)

STATES AFTER THE BELL MEASUREMENT

Now we need to perform a Bell measurement on the photonic qubits within the states p’,
and p’. Here we consider the scenario with non photon-number resolving detectors. As-
suming for the moment the scenario without dark counts, we have at most two photons
in the system. For this scenario, we have already derived in Section in Chapter 3]
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the measurement operators {Ag, A;, A2} corresponding to the three possible outcomes:
left detector clicked, right detector clicked, none of the detectors clicked. The three
corresponding outcomes occur with the following probabilities,

Po=p1= 17(:052 @ (1 - g cos? (0)) R (7.47)

p2 = (1 -ncos®(0))>. (7.48)

The post-measurement state of the two spins for the outcome Ay is

__ 2sin’(0) TN . cos’0)2-n)
po= py——Ty (@l XP* |+ bIY XY |)+m| T, (7.49)
Here
1

PH=0ins , 7.50

[¥™) \/zum [11) (7.50)

a= A’(Ffz’rep +(1- Fprep)z) + 2Fprep(1 - Fprep)(l - /1) ’ (7.51)

b=01-4) (FSrep +0= Fprep)z) +2Fprep (1 = Fprep) A . (7.52)

For the outcome A; the post-measurement state of the spins is the same up to a lo-
cal Z gate which Bob can apply following the trigger of the A; outcome. The post-
measurement state of the spins for the outcome A,, that is when none of the detector
clicked, is

—; ind _ 2 22
= T ncos @) (sin* @)1 LIXLL 1+ @ =mcos”(@)sin” () (| ITUT I+ TIXTLD 7.53)

+1=m?cost @) 11X111) .

P2

This is a separable state and so events corresponding to outcome A, (that is, no click in
any of the detectors) will be discarded as failure. However, dark counts on our detectors
can make us draw wrong conclusions about which of the three outcomes we actually
obtained.

The effect of dark counts can be seen as follows

¢ We measured A, (no actual detection) but one of the detectors had a dark count.
This event will happen with probability 2p, p; (1 — pz) and will make us accept the
state p2. Note that this is a classical state so application of the Z correction by Bob
does not affect this state at all.

* We measured A; or A, but we also got a dark count in the other detector. This
event will happen with probability (pg + p1) - pq. This will effectively lead us to
rejection of the desired state pg. Hence effectively pg will only be accepted if we
measured A; or A, but the other detector did not have a dark count, which will
happen with probability (po + p1) - (1 — pa).
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THE YIELD AND QBER
Taking dark counts into account, we see that the yield of the single-photon scheme,
which is just the probability of registering a click in only one of the detectors, will be

Y = (po+p1)(1=pa)+2p2pa(-pa) = 2(1-pa) [ncosz(ﬂ) (1 - gcosz(H)) +(1-ncos?@)?pal -

(7.54)
The effective accepted state after a click in one of the detectors will then be

1
Pout = % ((po+p1)A=pa)po+2p2pall — pa)p2) - (7.55)

Note that both Alice and Bob perform a measurement on their electron spins imme-
diately after each of the spin-photon entanglement generation events. This measure-
ment causes an error modeled as a depolarizing channel of parameter F,,;, on each qubit,
which means that after a successful run of the single-photon protocol, the effective state
shared by Alice and Bob including the noise of their measurements will be given by

Ira I 14 a8
p B = F2pout + (1= Fn)Fpy =~ @ alpoutl + rplpou ® == | + (1= Fm)? =

(7.56)

One can then extract the QBER for this state in all the three bases using the appropriate
correlated/anti-correlated projectors such that:

ez =Tr((|00X00] +11)X111)p aB) , (7.57)
exy = TI'((| + _><+ - | + | - +><_ + |)pAB) = Tr((|0y1y><0y1y| + |1y0y><1y0y|)pAB) . (758)

Here |+) and |-) denote the two eigenstates of X and |0,) and |1,) denote the two eigen-
states of Y. We note that for our model of the single-photon scheme the QBER in X- and
Y- bases are the same and therefore we denote both by a single symbol ey.

7.8.6. SPADS AND SPOTL SCHEMES ANALYSIS

In order to compute the quantum bit error rate (QBER) of the Single-Photon with Addi-
tional Detection Setup (SPADS) scheme and the Single-Photon Over Two Links (SPOTL)
scheme, we derive step by step the quantum state shared between Alice and Bob. The
following results have been found using Mathematica. Finally, we also calculate the yield
of the SPADS and SPOTL schemes.

GENERATION OF ELEMENTARY LINKS

SINGLE-PHOTON SCHEME ON ALICE SIDE

The application of the single-photon scheme on Alice’s side leads Alice and the quantum
repeater to share a state given in Eq. (7.55). This state can be rewritten as

Pa-qre = A1W YT+ By W)W |+ Cy (110)10] +[01)01]) + Dy [11)11] + E1[00)00] ,
(7.59)
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with Ay = A(04,Ya), B1 =B(04,Y4), C1 =C(04,Y4), D1 =D(04,Ys) and E; = E(04,Ya).
Here we have that

1
A©,Y) = 2c05* O)sin* O)n(1 - pa) | Flrep + (1 = Fprep))A + 2Fprep(1 = Fprep) (1= )| |

1
BO,Y) = 20052 @)sin )1 - pa) [(Fgrep (1= Fyrep)?) (1= A) + 2Fep (1 - Fprep)A] ,

Cc®O,Y)= %cosz(e) sin®(@) pa(1 - pa)(1-1),
1
D(,Y) = cos*(®) (21 ~n)n (1~ pa) +n*(L-pa) +2(L-0)*pa(l-pa)) ,

2
E@,Y)= v sin* (@) pa(1 - pa) .
(7.60)

In the above Y denotes the yield or the probability of success of the single-photon scheme
and is given by Eq. (7.54). Subscript A indicates that in that expression for the yield
and for each of the above defined coefficients we use 8 = 8 4. Moreover, we have made
here the following change of notation with respect to the Appendix[7.8.5} | |y — 0) and
[1)— D).

SWAP GATE IN THE MIDDLE NODE

In the next step a SWAP gate is applied in the middle node to transfer the electron state to
the nuclear spin of the NV center. This causes a depolarizing noise of parameter Fsyap =
F7 (see Appendix|7.8.1). The resulting state can then be written as

I or

2 (7.61)

Pa-Qr¢ = Fswappa-qre + (1 = Fswap) trqrlpa-qrel ®
THE PROCEDURE ON BOB’S SIDE
We now use the electron spin of the quantum repeater to generate the second quantum
state. Here the procedures for the SPADS and SPOTL schemes diverge.

In the procedure for the SPADS scheme, the quantum repeater generates a spin-
photon entangled state where the photonic qubit is encoded in the time-bin degree of
freedom. Since the spin-photon entangled state is imperfect, the electron and the pho-
ton share a state

PQre—B = Fprep W " XW ™ |+ (1 — Forep) ¥ XY 7. (7.62)

Here we use the following labeling for time-bin encoded early and late mode of the pho-
ton: |e) = 1), |I) =10). This photon is then sent towards Bob’s detector. The lossy channel
acts on such a time-bin encoded qubit as an erasure channel and so the quantum spin-
photon state of the successful events in which the photonic qubit successfully arrives at
the detector is unaffected by the lossy channel.

For the SPOTL scheme the repeater’s electron spin and Bob’s quantum memory gen-
erate a second state of the form given in Eq. (7.55). We can rewrite this state as

Pore—B = A2l WINPT+ Bo| W)W |+ C2 (110)(10] +01)01) + D2|11){11]| + E2|00)(00] ,
(7.63)

with Ay = A0, Y), B> = B(0,Yg), Co = C(03, Yp), D, = D(0p, Yp) and E» = E(0p, Y3).
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DECOHERENCE IN THE QUANTUM MEMORIES
Decoherence of the carbon spin in the middle node can be modeled identically for both
the SPADS and SPOTL scheme.

During the n < n* attempts to generate the state pgre.g, the carbon spin in the mid-
dle node holding half of the state p, orc will decohere. Using the decoherence model
discussed in Appendix[7.8.2} decoherence of the carbon spin will thus give us

I
= F, (Fr,ppqre + (- F1,) 2 ® 2)p ope L2 ® 2)1) + (1~ Fr, ) trqrlps grel © Z'ZQR .

(7.64)
For key generation, Alice (SPADS and SPOTL schemes) and Bob (SPOTL scheme) can
actually measure their electron spin(s) immediately after the generation of spin photon
entanglement, preventing the effect of decoherence on these qubit(s).

/
p A_QRC

NOISE DUE TO MEASUREMENTS

MEASUREMENT OF THE QUBITS OF ALICE AND BOB

In the SPADS scheme Alice performs a measurement on her electron spin immediately
after each of the spin-photon entanglement generation events to prevent any decoher-
ence with time of this qubit. This measurement causes an error modeled as a depolariz-
ing channel of parameter F,,. Bob on the other hand performs a measurement on a pho-
tonic qubit that is encoded in the time-bin degree of freedom. His measurement utilises
the squashing map so that we can model the noise arising from this measurement as a
depolarising channel with parameter a g as described in Appendix[7.8.1} Hence the total
state just before the Bell measurement is given by

Ir 4

PA-QR-B = FmaBPA_QRC ® pqre-p + (1 - Fm)aBT ® UA[PA_QRC] ® PQR°-B
I B
+(1—a’B)Fmp;\_QRC®tr3[pQRe_B] ®—- (7.65)
Iy a8
! »
+(1-Fp)(1-ap)trap [,OA_QRc ® PQre-Bl ® 4

For the SPOTL scheme, both Alice and Bob perform a measurement on their electron
spins immediately after each of the spin-photon entanglement generation events. This
measurement causes an error modeled as a depolarizing channel of parameter F;, on
each qubit, which means that after both Alice and Bob succeeded in performing the
single-photon scheme with the repeater, the total, four-qubit state just before the Bell-
measurement and including the noise of the measurements of Alice and Bob will be
given by

PA-QR-B = F%P;_QRC ® PQRe-B

+(1-F,F ]IZ_'A t ! +0 t ]IZ_’B
= Fn)Fm | == @Al ope] ® Pore-B+ Py pe ® UBI0QRe-51® =
Iy 48
2 ! ,
+(1—Fp) trAB[PA_QRc ® PQre-Bl ® 4

(7.66)
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BELL STATE MEASUREMENT

Before the entanglement swapping, we have a total state p4_gr-p. We now perform
a Bell state measurement on the two qubits in the middle node. The error coming
from this measurement is modeled by concatenation of depolarizing channels (see Ap-
pendix[7.8.1) which means that the measurement is actually performed on

]IZ'QRE ]I4,QR

Pfin = FéFiPA—QR—B+F§(1—F,2n) trore[pa-Qr-Bl1® +(1—F§) trorlpA-Qr-B1®

(7.67)
While p;\ LQRC is not Bell diagonal for the SPADS scheme, pgge_p is, and so we find that
taking into account the classical correction (which will be performed on the measured
bit-value by Alice and Bob) the four cases corresponding to different measurement out-
comes are equivalent. This means that if we model the correction to be applied to the
quantum state rather than the classical bit, then the four post-measurement bipartite
states shared between Alice and Bob are exactly the same.

For the SPOTL scheme, both pA -QRC and pqge-p are not Bell diagonal which means
that the resulting state of qubits of Alice and Bob after the Bell state measurement de-
pends on the outcome of this Bell measurement and those four corresponding states
are not equivalent under local unitary corrections. In fact, the two states corresponding
to the ®* outcomes and the two states corresponding to the ¥* outcomes are pairwise
equivalent under local Pauli corrections. Hence, we will derive two different QBER cor-
responding to the following different resulting states shared between Alice and Bob,

I ® |0 ND*| @ I) pgin (L ® |OF ) (D@ I)T
Tr(pgin ([ ® | D) DE| @ 1))

pao,ap = (L4 ® Ups p) Tror ] Ie U@t,B)T ,
(7.68)
I& NP | & I)pgn M@ | PE)P*| @)
Tr(pn (L@ [PEXPE[ 9 1))

pw,aB = (L4 ® Uy= g) Tror

] I®Uy: ).
(7.69)

Here Ug= g and Uy= g denote the four Pauli corrections implemented by Bob after
the corresponding outcome of the Bell measurement. Note that for the SPADS scheme
P®,AB = P¥,AB-

THE YIELD AND QBER

YIELD

For both SPADS and SPOTL scheme we calculate the yield as the inverse of the number
of channel uses required to generate one bit of raw key, Y = 1/E[N], where E[N] is given
by Eq. (7.34). For the SPOTL scheme in that formula we use pa/g = Y4B, where Yy,
denotes the yield of the single-photon scheme on Alice’s/Bob’s side given by Eq. (7.54).
For the SPADS scheme p4 takes the same form as for the SPOTL scheme (but is now
calculated for two thirds of the total distance between Alice and Bob rather than half),
while pp is the probability of registering a click in Bob’s optical detection setup as in the
SiSQuaRe scheme.
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EXTRACTION OF THE QUBIT ERROR RATES

By projecting these final corrected states onto the correct subspaces, we can obtain the
qubit error rates e; and ey (with our model we find that for both SPADS and SPOTL
schemes the error rates in X and Y bases are the same). The state shared between Al-
ice and Bob after the Pauli correction will always be the same for the SPADS scheme.
Thus, there is only a single QBER e, and ey, independently of the outcome of the Bell
measurement. For the SPOTL scheme that is not the case, there will be two set of QBER
corresponding to the states pp,4p and pwy, Ap.

ez0 = Tr((100)(00] + [11X11]) pg) , (7.70)
ezw = Tr((100)00] +11)(11) pw) , (7.71)
Cxyo = Tr((|+ =)+ =+ = )= +Dpa) = Tr((0,1,%0, 1,1 +11,0,)(1,0,)pa) ,  (7.72)
exyw = Tr((|+ =)+ = [+ ] = +)= + Npw) = Tr(10, 1,10, 1,1 +11,0,)1,0,Dpw) .  (7.73)

Again, for the SPADS scheme e; ¢ = e, v = e, and exy,0 = exy,w = exy.

AVERAGING THE QUBIT ERROR RATES
We have now derived the qubit error rates as a function of the experimental parameters.

For the SPOTL scheme we now average the QBER over the two outcomes to get the final
average QBER

(ez) ={pwez vy + Ppoezo), (7.74)
(exy) = (pwexyy + Poexye) (7.75)

where py (po) is the probability of measuring one of the |¥) (|®)) states in the Bell
measurement and (...) is found by averaging the expression over the number of Bob’s
attempts n with the geometric distribution within the first n* trials. For the SPADS
scheme (e;) and (e, can be averaged directly. The dependence on n arises from the
decoherence terms Fr, and Fr,. Indeed, those terms correspond to the decoherence
in the middle node during the attempts on Bob’s side. Denoting by pp the probability
that in a single attempt Bob generates entanglement with the quantum repeater using
the single-photon scheme for the SPOTL scheme and using direct transmission of the
time-bin encoded qubit from the repeater to Bob for the SPADS scheme, we have that
the exponentials in those expressions can be averaged as follows (see Chapter[6)

pBe—c 1-(1- p)n* e—cn*
1-(1-pp)™ 1-(-pple©

(e = (7.76)

7.8.7. SECRET-KEY FRACTION AND ADVANTAGE DISTILLATION

In this section we discuss certain subtleties relating to the differences between gener-
ating key from measurements in different bases in the scenario where the QBER is not
uniform across all the bases. We also provide an expression for the asymptotic secret-key
fraction with one-way postprocessing.
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ONE-wWAY BB84 PROTOCOL

For the fully asymmetric BB84 protocol with standard one-way post-processing, the
secret-key fraction has been given in Section[6.4.2]in Chapter[6] Note that this formula is
symmetric under the exchange of ex and e; - that is, the secret-key fraction is the same
independently of whether we extract the key in the Z- or X-basis. As we will see later in
this section, this is not the case for the six-state protocol with advantage distillation.

SIX-STATE PROTOCOL WITH ADVANTAGE DISTILLATION

Now we shall examine the six-state protocol with advantage distillation of [29]. In Ap-
pendix[6.9.4]in Chapter[6lwe have already provided an expression for the secret-key frac-
tion as a function of QBER for this protocol. We have used there that expression to ap-
proximate the amount of key that can be extracted from a single raw bit independently
of the basis in which the key is generated. Here however, we note that this expression
specifically describes only the secret-key fraction in the case when the key is extracted in
the Z-basis.

Itis important to note that for this advantage distillation scheme, the amount of gen-
erated secret key depends on the basis in which it is extracted, as has been shown in [40].
Let us now have a look at the amount of key that can be extracted in the X- and Y -bases.
As has been shown in [40], the secret-key fraction in these cases is also given by Eq.
from Chapter[6but now the Bell coefficients depend on QBER in the following way:

e
poo=1-——eyy,
) y

ez
P10 = €xy — 5 (7.77)
€z
po1=pu = B
And so

Pg(0) =1-2ey, +2¢5,,
X woT (7.78)
Pg(1) =2(1-eyy)exy .

We note that we have assumed here that in the case of key extraction in Y-basis,
either Alice or Bob applies a local bit flip in the Y -basis to the shared state, as the target
state |1/(0,0)) is anti-correlated in that basis.

In [40] it has been also observed that in the considered case of having the QBER in
the X- and Y-bases being equal, the six-state protocol with advantage distillation allows
us to extract more key if it is extracted in the basis with higher QBER. This observation
determines the basis that we use for extracting key for the single-photon and the SPOTL
schemes that use fully asymmetric six-state protocol with advantage distillation. Specif-
ically, for the single-photon scheme we observe higher QBER in the Z-basis, while for
the SPOTL scheme the QBER is higher in the X- and Y-bases. Therefore these are the
bases that we choose to use for extracting key for those schemes.

For the SiSQuaRe and SPADS schemes the symmetric six-state protocol is used, hence
for those schemes we group the raw bits into three groups corresponding to three differ-
ent key-extraction bases and we extract the key separately for each of these bases. Finally,



7.8. APPENDIX 197

to obtain the final secret-key fraction, we note that for the symmetric six-state protocol
we also need to include sifting, that is only one third of all the raw bits were obtained by
Alice and Bob measuring in the same basis (the raw bits for the protocol runs in which
they measured in different bases are discarded). Hence, if we denote by r; the secret-key
fraction obtained from the group of raw bits in which both Alice and Bob measured in
the basis i, the final secret-key fraction for the six-state protocol for those schemes is
given by
C1(1 11

r=g grx+§ry+§rz . (7.79)
Clearly in our case we have ry = ry = ryy.

Since for the SiSQuRe scheme all the noise processes are modelled by the depolaris-
ing and the dephasing noise in Z-basis, we find there that ey, = e, and therefore ry, = r.
This shows that approximating the amount of key that can be extracted in the X- and Y-
bases by the secret-key fraction from the Z-basis as has been done in Chapter[6} provides
actually a lower bound on the overall secret-key fraction. The actual expression given in
Eq. and used for this scheme in this chapter achieves larger values.

ONE-WAY SIX-STATE PROTOCOL

In Figure[7.6|we have also plotted the secret-key fraction for the one-way six-state pro-
tocol. For the fully asymmetric protocol and the case in which the key is extracted in the
Z-basis, it is given by [41]

1+(ex—ey)le 1-(ex+e,+e;)/2
r=1—ezh(#)—(1—ez)h( YT ke, (7.80)
2 1-e,
Although this formula does not appear to be symmetric under the permutation of ey, ey, e,

itis in factinvariant under this permutation [42]. This means that for the symmetric one-
way six-state protocol, in our case the final secret-key fraction is given by the expression
in Eq. (7.80) multiplied by the sifting efficiency of one-third.

7.8.8. RUNTIME OF THE EXPERIMENT

In this section we will detail how to perform an experiment that will be able to establish
that a setup can surpass the capacity of a quantum channel modeling losses in a fiber
(see Eq. (6.13)). This experiment can validate a setup to qualify as a quantum repeater,
without explicitly having to generate secret-key. We show then that, for the listed pa-
rameters in the main text, the single-photon scheme can be certified to be a quantum
repeater within approximately twelve hours.

The experiment is based on estimating the yield of the scheme and the individual
QBER of the generated states. More specifically, here we will calculate the probability
that, assuming our model is accurate and each individual run is independent and iden-
tically distributed, the observed estimate of the yield and the individual QBER are larger
and smaller, respectively, than some fixed threshold values. If, with these threshold val-
ues for the yield and QBER, the calculated asymptotic secret-key still surpasses the ca-
pacity, we can claim a working quantum repeater. The experiment consists of first per-
forming n attempts at generating a state between Alice and Bob, from which the yield
can be estimated by calculating the ratio of the successful attempts and n. Then, the
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QBER in each basis is estimated by Alice and Bob measuring in the same basis in each of
the successful attempts.

Central to our calculation is the fact that, for n instances of a Bernoulli random vari-
able with probability p, the probability that the number of observed successes S(n) is
smaller or equal than some value k is equal to

k
n\| ; i
P(S(n)sk):Z(i)p’(l—p)" " (7.81)
i=0
Assuming the outcomes of our experiment are independent and identically distributed,
the observed yield Y satisfies

] ) [n(Y—ty))
p(yS(y_tY)):P(nYSn(Y—ty))= Z
i=0

vig-v)" ¢, (7.82)

where Y — ty is the lower threshold. Let us make this more concrete with a specific cal-
culation. For a distance of 17L the yield is equal to = 5.6- 1078, Setting the maximum
deviation in the yield to Y = Y — ty with ty = 2.0- 10~7 and the number of attempts to
n =5-10% (which corresponds to approximately a runtime of twelve hours assuming a
single attempt takes 8.5-107% s, corresponding to Iprep and a single-shot readout lasting
2.5-107% s), we find that

P(Y <(Y-1y)=<92:107, (7.83)
Similarly, for the individual errors {ex}keix,y,z; in the three bases we have that

m m . .
P(ey=(ex+tx))=P(m-éxzmler+ 1) = > ( .)(ek)'(l—ek)m_’ . (7.84)
i=[m(ex+tr)]

Here we set m = | 2 (Y — ty) |, which is an estimate for the number of raw bits that Alice
and Bob obtain from measurements in each of the three bases, for the total n attempts
of the protocol. All the raw bits from those three sets are then compared to estimate
the QBER in each of the three bases. Note that we gather the same amount of samples
for each basis, even when an asymmetric protocol would be performed. Setting ¢; =
t =0.015, Vi € {x,y,z} and, as before, n =5- 10%, we find, at a distance of 17Ly where
e;=0.171 and ey = ey = 0.141, that

P&, =(e;+1)<9.0-107°, (7.85)
P(ey=(ey+1))=P(ey=(ex+1)<2.7-107°. (7.86)
Then, with probability at least
(1-P@cz(ex+0)-(1-P(ey=(ey+1)))-A-P(ez=(e;+1)-(1-P(Y = (Y —1y)))

>1-1.5-107%,
(7.87)
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none of the observed QBER and yield exceed their threshold conditions. The corre-
sponding lowest secret-key rate for these parameters (with a yield of Y — ¢y and QBER of
ex+ 1y, ey+ 1y, e;+1;)is =197 1077, which we observe is greater than the secret-key
capacity by a factor =~ 3.29 (see Eq.(6.13)) at a distance of 17Ly, since the secret-key ca-
pacity equals —log, (1 - e17) <5.97-1078.

Thus, with high probability we can establish that the single-photon scheme achieves
a secret-key rate significantly greater than the corresponding secret-key capacity for a
distance of 17Lj = 9.2 kilometer within approximately twelve hours.

7.8.9. MDI QKD

We note here that the single-photon scheme for generating key is closely linked to
the measurement device independent (MDI) QKD protocol [15]. In particular it is an
entanglement-based version of a scheme in which Alice and Bob prepare and send spe-
cific photonic qubit states to the heralding station in the middle, where the qubits are
encoded in the presence/absence of the photon. We note that in the ideal case of the
single-photon scheme, the spin-photon state is given in Eq. (7.38). For the six-state pro-
tocol the spin part of this state is then measured in the X-, Y- or Z- basis at random ac-
cording to a fixed probability distribution (this probability distribution dictates whether
we use symmetric or asymmetric protocol). Considering the probabilities of the indi-
vidual measurement outcomes, this is equivalent to the scenario in which Alice and Bob
choose one of the three set of states at random according to the same probability dis-
tribution and prepare each of the two states from that set with the probability equal to
the corresponding measurement outcome probability. These sets do not form bases, as
the two states within each set are not orthogonal. We will therefore refer to these sets
here as “pseudo-bases”. Depending on the chosen pseudo-basis they prepare one of the
six states encoding the bit value of “0” or “1” in that pseudo-basis. These states and the
corresponding preparation probabilities are

« pseudo-basis 1: {|0), 1)} with probabilities {sin?#, cos? 6},
e pseudo-basis 2: {sinf|0) + cosB|1), sinf|0) — cosB|1)} with probabilities {%, %},
e pseudo-basis 3: {sinf|0) + i cos@|1), sinH|0) — i cosO|1)} with probabilities {%, %}.

These states are then sent towards the beam splitter station. The station performs
the standard photonic Bell-state measurement and sends the outcome to both Alice and
Bob. Alice and Bob discard all the runs for which the beam splitter station measured
A (recall the measurement operators in Eq. in Chapter[3). They then exchange
the classical information about their pseudo-basis choice and keep only the data for the
runs in which they both used the same basis. For those data they apply the following
post-processing in order to obtain correlated raw bits

* pseudo-basis 1: for both outcomes Ay and A; Bob flips the value of his bit.

* pseudo-basis 2: for the outcome Ay they do nothing, for the outcome A; Bob flips
the value of his bit.
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e pseudo-basis 3: for the outcome Ay they do nothing, for the outcome A; Bob flips
the value of his bit.

In this way Alice and Bob have generated their strings of raw bits.

We note here that the direct preparation of the six states from the three pseudo-bases
described above in the photonic presence/absence degree of freedom is experimentally
hard. This is related to the fact that linear optics does not allow to easily perform single
qubit rotations necessary to prepare these states. The use of memory-based NV-centers
offers a great advantage here, as in these schemes the rotations that allow us to obtain the
required amplitudes of the photonic states are performed on the electron spins rather
than the photons themselves. There has also been proposed an alternative scheme that
also benefits from single photon detection events in which Alice and Bob send coherent
pulses to the heralding station [12}25].
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QUANTUM PREPARATION
UNCERTAINTY AND LACK OF
INFORMATION

Filip Rozpedek, Jedrzej Kaniewski, Patrick Coles and
Stephanie Wehner

The quantum uncertainty principle famously predicts that there exist measurements that
are inherently incompatible, in the sense that their outcomes cannot be predicted simul-
taneously. In contrast, no such uncertainty exists in the classical domain, where all un-
certainty results from ignorance about the exact state of the physical system. Here, we
critically examine the concept of preparation uncertainty and ask whether similarly in
the quantum regime, some of the uncertainty that we observe can actually also be under-
stood as a lack of information (LOI), albeit a lack of quantum information. We answer
this question affirmatively by showing that for the well known measurements employed
in BB84 quantum key distribution [I|], the amount of uncertainty can indeed be related
to the amount of available information about additional registers determining the choice
of the measurement. We proceed to show that also for other measurements the amount of
uncertainty is in part connected to a LOL Finally, we discuss the conceptual implications
of our observation to the security of cryptographic protocols that make use of BB84 states.

The results of this chapter have been published in New J. Phys. 19, 023038 (2017).
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8.1. INTRODUCTION

The uncertainty principle forms one of the cornerstones of quantum theory. As first ob-
served by Heisenberg [2] and then rigorously proven by Kennard [3], it is impossible to
perfectly predict the measurement outcomes of both position and momentum observ-
ables. This notion was generalised by Robertson to an arbitrary pair of observables [4]
showing that uncertainty is an inherent feature of any non-commuting measurements
in quantum mechanics. The described uncertainty is often referred to as preparation
uncertainty, because it states that it is impossible to prepare a quantum state for which
one could perfectly predict the measurement outcome of both observables.

A modern way of capturing the notion of preparation uncertainty is by means of a
guessing game [5]. Such a game makes the concept of preparation uncertainty opera-
tional and is of great use in proving the security of quantum cryptographic protocols [6].
Fig.[8.1]summarises the game, which in its simplest form works as follows. Bob prepares
system B in an arbitrary state pp of his choosing and then passes it to Alice. Alice per-
forms one of two incompatible measurements labeled by r = 0 and r = 1 according to
a random coin flip contained in the register R and obtains measurement outcome X.
She then informs Bob which measurement she performed by sending him the register
R. Bob wins the game if he correctly guesses Alice’s measurement outcome X.

To see why this captures the essence of the uncertainty principle, note that if the
measurements are incompatible, then there exists no state pp that Bob can prepare that
would allow him to guess the outcomes for both choices of measurements with certainty.
Uncertainty can thus be quantified by a bound on the average probability that Bob cor-
rectly guesses X. That is, a relation of the form

Pguess(XlBOb) =p(r= O)Pguess(XlBOb’ r=0)
+p(r = 1) Pgyess (X|Bob, r = 1) <27, ®.1)

for all pg. Equivalently, we can relate the above defined guessing probability to the min-
entropy Hpin(X|Bob) = —1og Pguess(X[Bob) (in this article all logarithms are base 2), so
that we obtain an inequality:

Hpin(X|Bob) = (. (8.2)

This expression forms an uncertainty relation as long as the RHS is non-trivial (i.e. { > 0).
Analogous relations exist for other entropies [6], but here we focus on the min-entropy
since it is the relevant measure for quantum cryptography and randomness generation,
and it quantifies the winning probability for the aforementioned guessing game.

In this work, we seek a deeper understanding of the uncertainty principle by consid-
ering a more general scenario than the typical guessing game and observing the condi-
tions under which Bob’s uncertainty vanishes. In particular, the generalisation we con-
sider is to allow Bob to have additional information - possibly quantum information -
about Alice’s measurement choice. This generalisation is closely related to recent pro-
posals for quantum control experiments [7}[8]. To elaborate, we note that Alice’s random
measurement choice in the guessing game can be implemented by preparing a qubit
R in the maximally mixed state pp = I/2 and then performing a unitary operation on
B conditioned on the state of R (see Fig. below). In the generalised game that we
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consider, we allow pg to be a more general state, possibly with some coherence. As we
discuss below, allowing for coherence in pr corresponds to giving Bob more informa-
tion.

Our motivation for considering this scenario is to distinguish between uncertainty
that is due to Bob’s lack of information (LOI) versus uncertainty that is intrinsic or un-
avoidable. To help clarify these notions, we remark that a classical theory admits no
intrinsic uncertainty. Classical here refers to commuting measurements that are jointly
diagonal in one predefined basis. If Alice employed such measurements in the afore-
mentioned guessing game, then the only way for her to prevent Bob from winning the
game would be for her to add noise to her measurement outcomes, i.e., implement noisy
measurements. Yet, we would classify Bob’s uncertainty in this case as LOI uncertainty,
as he simply lacks the information about the noise Alice adds. Hence, the arising uncer-
tainty is clearly not an intrinsic feature of the measurements.

Notice that preparing the register R in the maximally mixed state pr = II/2 injects
classical randomness into the protocol. It is unclear whether or not this randomness
is ultimately responsible for the uncertainty principle, and this is a question we aim to
answer. We emphasise that the scenario we consider differs from other variants of the
uncertainty principle which derive bounds involving the purity or entropy of pp [5, 9-
22].

Interestingly we find that in the special case where Bob’s system is a qubit (d = 2),
there is no intrinsic uncertainty but all the uncertainty is due to LOI That is, if Bob has
complete knowledge about the preparation of R (i.e., R is in a pure state), then his uncer-
tainty vanishes. In contrast, for all dimensions d > 2, we find that there is always some
intrinsic uncertainty. That is, even with the full knowledge about the preparation of R,
Bob cannot win the guessing game with unit probability. Before we discuss these results
in detail, let us outline the physical setup.

8.2. PHYSICAL SETUP

8.2.1. DEGREES OF IGNORANCE

In this section we describe the generalised guessing game shown in Fig. Here, Alice
prepares a register system R in some state pr. Meanwhile Bob prepares system B in
state pp and sends it to Alice. Alice measures B in a basis determined by the state of
R. Then she passes R to Bob, and he tries to guess her measurement outcome, possibly
using the information stored in R. We are interested in understanding how much of Bob’s
uncertainty (i.e., his inability to win this game) is due to LOI and how much corresponds
to intrinsic (or unavoidable) uncertainty.

To better understand this, let us examine what Bob does and does not have access
to in Fig. Since pr is generally a mixed state, it can be purified by considering an
additional system, P. Even though Bob is given access to R, we emphasise that he does
not have access to P in our guessing game. Hence, we can think of P as representing
Bob’s LOL.

For example, consider the case when pgr = /2 is maximally mixed, which corre-
sponds to the case where the measurement choice is a classical coin flip (i.e., the typ-
ical uncertainty game considered in the literature [5]). The purification is a maximally
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Figure 8.1: Uncertainty guessing game. The game runs as follows: (1) First, Bob prepares system B
in a state pp and sends it to Alice. We show in Appendix[8.6.1]that Bob’s best strategy is to prepare a
pure state pp = [p)p|p. (2) Second, Alice measures B in a basis determined by the state of register
R. (3) Finally, Alice obtains the classical outcome X and sends R to Bob. Bob can then measure R
in order to help him guess X. Note that R may be initially prepared in a mixed state pg, and Bob
does not have access to the purifying system of pg, denoted as P in the figure. Hence, P embodies
Bob’s lack of information in this game.

entangled state such as

1
=—(|0O)gr|0)p +|1)R|1 . 8.3
[F:3 \/§(| YrI0p +[1)RI1)p) (8.3)

At the other extreme is the case where ppg is pure, i.e.,
ISrP) =1ER) ®15P) (8.4)

is a product state. We will take |{g) = Lz 10y +[1)), i.e., we choose an equal superposition
in correspondence with the idea that both measurements were previously chosen with
equal probability. Intuitively, when the initial state is maximally entangled, then Bob will
later suffer from a maximum LOI about P. However, in the case where the two systems
are uncorrelated, Bob does not need P at all. In other words, there is no LOI on his part,
because R is pure.

There are many ways to interpolate between these two extremes in terms of a mea-
sure of correlation between R and P. Here, we choose one that is intuitive when we
think about “how much” of P Bob is actually lacking. Concretely, we imagine that apart
from the classical coin C (which is a part of R), R and P are actually comprised of many
environmental subsystems Ej, ..., E,, and we quantify Bob’s LOI by the number of the
environment systems that are part of P instead of part of R. Specifically, we take

L
V2

where RP = CE;...E,. The environments E;’s are two-dimensional registers and
|(a| ﬁ)| =1-¢, withe > 0and € <« 1 so that each individual E; holds very little information

|Erp) = 0ce@la)e +I1Lce@IB)E |, (8.5)
i=1 i=1
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about the state of the coin C. However, we see that (a|8)" — 0 as n — co. We thus see that
forn — coand R = C, P = E; ... E,, we approach the extreme case of R being essentially
classical, and |¢gp) being maximally entangled. This idea of approximating the notion
of a classical register by “copying” information into a large number of environmental
systems E; is due to Zurek [23].

We can now interpolate between the two extremes by letting R = CE;...Ej and P =
Ej41...Ep. We have that

1
PR= §(|0>(0|+|1>(1|+Y*|0)(1I+Y|1>(0|), (8.6)
where
j
10Yg:=10)c @@ |a)E; , 8.7)
i=1
j
Dr:=11ce@IBE (8.8)
i=1
y=(alpy" . 8.9)

We see that |y| increases monotonically with j, the number of environmental subsys-
tems contained in R, and hence the number of subsystems to which Bob is given access
later on. The extreme cases Y = 0 and y = 1 correspond respectively to j =0 and j = n
(again note that the number of environment subsystems is very large so that we always
consider the limit 7 — o). In Appendix[8.6.1|we show that for the uncertainty game it is
only the modulus of y that matters. Therefore, we will only consider the case of real and
positive y, i.e. y € [0,1].

8.2.2. UNCERTAINTY GAME

Let us now revisit our uncertainty guessing game (see Fig. and Fig. with a more
detailed description. First, Bob prepares system B in a state pp and sends it to Alice.
Second, Alice measures B and obtains the classical outcome X, with the measurement
basis determined by the state of register R given by:

1
PR = E(IOXOI+|1><1|+Y|0>(1|+Y|1><0|). (8.10)

Specifically, as depicted in Fig. states |0) and |1) on R are, respectively, associated
with measuring in the standard basis and Fourier basis on B (we have chosen maximally
incompatible bases to maximise the “inherent” uncertainty). Next, Alice sends Bob the
register R. Finally Bob measures R to help him produce a guess for X. This defines a
two-parameter family of uncertainty games which depend on: d € {2,3,...}, the number
of possible outcomes (which fixes the dimension of the quantum state pp supplied by
Bob and the dimension of the Fourier transform in Fig. and y € [0, 1], describing the
amount of information about R that is held in P, or equivalently the amount of coher-
encein R.
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Figure 8.2: Quantum circuit of the uncertainty game. At time t;, Alice’s register R and Bob’s sys-
tem B are uncorrelated. We will assume that Alice measures in the standard basis and one ad-
ditional basis depending on the state of register R. To allow for maximum intrinsic uncertainty,
we take the other basis to be maximally incompatible. Here, we choose it to be the Fourier ba-
sis. Hence the two measurements correspond to measuring in two mutually unbiased bases. If
B is a qubit, then this means that Alice measures in the standard and Hadamard basis, which are
the two bases used in BB84 quantum key distribution. This basis choice is performed by Alice
applying a controlled unitary between the two registers, leading to a correlated state at time #».
Alice then measures B to obtain the measurement outcome X. If the register R is classical, then
the two operations together correspond to performing a random measurement. If the register R
contains some non-zero coherence, then those operations describe a procedure which could be
understood as a “measurement in a superposition of two bases”. After time f3, Alice sends R to
Bob. At this stage, prx = X« pxpﬁ ® |x){(x|x is a qc-state. Bob can then make a measurement in
order to distinguish the states pﬁ, i.e., to help him guess X. Note that Bob knows which states pﬁ
he wants to distinguish since he knows the form of the initial state | gpp) and the measurements
Alice can perform.

8.3. METHODS

Here we provide a high level overview of the methods used to obtain the results pre-
sented in the next section. For complete analysis we refer the reader to the appendices.

After Alice has performed her measurement, at time #3 in Fig. the resulting qc-
state between the register R and the outcome register X is:

Prx(y,d,pg) =Y PRy, d,pp) ®|x)Xx|x, (8.11)
X

where p%(y,d, pg) = px(d, pp) p} (Y, d, pp) is the subnormalised post-measurement state
of the register R corresponding to the outcome X = x. In terms of Bob’s input state pp,
this state has the form:

1 +
Fid,pg) = - Heslx) - ylesE )

R 8.12
2\ y(xlFpslx) (xlFpsF %) (8.12)

as derived in Appendix[8.6.1] Since Bob later gains access to register R, we see that in
order to guess the resulting outcome X = x, Bob should try to determine which quantum
state py(y, d, pp) he has received. Hence, his guessing problem becomes equivalent to
the problem of distinguishing quantum states {p}(y, d, p)} occurring with probabilities
{Px (dr PB)}

The probability of Bob correctly discriminating those states with the optimal strategy,
i.e., with the optimal measurement on R (described by POVM elements {M,}), is given

by [24]:
-1
Pguess(1, d, pp) = max Y pxd,pp) Te[MypR(y,d, pB)]. (8.13)
x5 x=0
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In Appendix we show that to achieve pgies (v, d), the guessing probability opti-
mised over input states pp, it is sufficient to consider only pure input states pg = |¢){¢b| 5.
Hence, the maximum value of pguess (Y, d, pp) for a given y and d is the result of optimis-
ing the guessing probability over all input states |¢p)p of Bob (for convenience we will
often omit the subscript “B” from |¢)p). That is,

max

Pguess r,d) = nlltba)x Pguess(V, d, 1)) . (8.14)

Solving this optimisation problem is not an easy task. Note that the function which we
want to optimise over all the POVM elements {M,} in Eq. (8.13) is linear in those oper-
ators. Hence, for a specific input state |¢)p the optimisation can be performed using
techniques of semi-definite programming. However, the above optimisation problem in
Eq. involves optimisation both over POVM elements and input states |¢) . Clearly,
ﬁﬁ (y,d,|¢) p) is quadratic in |¢) . Note that this problem can be made linear in the input
state by again considering optimisation over all mixed states pp, i.e. our problem is then
linear in pp. However, the full problem of optimising over both {M,} and pp:

d-1
Pauiess(V> d) = maxmax Y py(d, pp) Tt[Myp3(y, d, pp)] (8.15)
B {My} x=0

turns out not to be jointly concave in both of those variables and so cannot be solved
using techniques of convex optimisation.

8.3.1. TWO-DIMENSIONAL GAME

Nevertheless, we can solve this problem analytically for d = 2. For this case, we derived
our result (stated below in Theorem|8.4.1) by noting that the problem of optimising over
the POVM elements in Eq. (for fixed states {p}} occuring with fixed probabilities
{p«}) has been solved analytically by Helstrom [25]:

1
Puess(1,d = 2,08) = 5 (1+ |53, 08) = PR p8) ). (8.16)

where |||, denotes the trace norm and we have omitted the d = 2 argument in ﬁOR and
,5}?. In this way we obtain an expression for pguess(y, d = 2, pg) which we then analytically
optimise over the input states p g for every value of y € [0, 1] to obtain pgﬁl%’;s(y, d =2) (see
Appendix[8.6.2). For completeness, we still optimise over all qubit states p g, not only the
pure ones. This allows us to find all the qubit input states that achieve pgﬁgs (y,d=2).

8.3.2. HIGHER-DIMENSIONAL GAMES

For d > 2 we cannot calculate pgeg, (Y, d > 2) analytically, since there exists no known an-
alytical expression for the probability of correctly distinguishing more than two quantum
states. However, we can find Pguess (Y, d, |P)) for an arbitrary state |¢) using techniques
from semi-definite programming. We obtain numerical lower bounds for pg&5s (v, d),
shown in Fig. by solving a semi-definite programme for pguess(y, d,|¢)) and numer-
ically searching for local maxima of pguess(y, d, [¢h)) with respect to the input state |¢$)
using the Nelder-Mead algorithm. We repeat the search multiple times with a randomly

generated initial state in each run, that is drawn uniformly from unit vectors on C%.
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8.4. RESULTS

In Section we discussed that classical uncertainty arises solely from LOI. Here we
show that even in the quantum case, uncertainty can in part be understood as a LOI
that Bob has - namely a lack of quantum information about the register P. For the case
of d = 2 and BB84 measurements as they are used in quantum key distribution (QKD),
this effect is indeed dramatic. We find (see Theorem [8.4.1] below) that there is no more
uncertainty at all in the case where R is pure and P is uncorrelated, meaning that Bob
does not suffer from any LOI.

First, we consider the typical uncertainty game where R is a classical coin, i.e., R
and P are maximally entangled (y = 0). In this case the maximum value of the guessing
probability (for completeness derived in Appendix[8.6.3) is given by:

1 1
prgrtl%);s(Yzo,d)ZE(l+ﬁ)- (8.17)

The states pp that achieve the guessing probability of Eq. are the pure states

) = c(lj) + ' FTIDY), (8.18)

where ¢ = \/Vd/(2V/d +2) is the normalisation constant, F denotes a quantum Fourier
transform defined in Appendix[8.6.1} w is the d-th root of unity and j and [ are integer
indices that lie in the range {0, 1,...,d — 1} so that the pure states |j) and |/) denote the
corresponding eigenstates of the standard basis. The states defined in Eq. are the
states where the dominant classical outcome for the measurement is j in the standard
basis and [ in the Fourier basis.

Now we consider the more general case where R may have some coherence. For d =2
we have found the analytical solution for all y € [0,1]. In this case the guessing prob-
ability is equal to the probability of successfully distinguishing the two possible post-
measurement states of the basis register, namely pOR and p}? corresponding to outcomes
0 and 1 respectively (see Fig.[8.2).

Theorem 8.4.1. The maximum guessing probability for a two-dimensional game (d = 2),
optimised over all input states pg is given by:

2 (8.19)

1
Phiessr,d=2) =2 (1 +

In particular, fory =1 one achieves perfect guessing, that is pgee,(y =1,d =2) = 1.

It is also possible to express this guessing probability in terms of the purity of the

basis register:
1
P (r,d =2) = 7 (1+/Trlp3) (8.20)

For all y € [0, 1], this guessing probability can be achieved by one of two orthogonal in-
put states of Bob, |¢g1) = c(|0) +|-)) and |¢$10) = c(|1) +|+)), which are mapped by the
Hadamard transformation onto each other. (For y = 0 this guessing probability can
of course also be achieved by |¢g) and [¢11), as then Eq. reduces to Eq. (8.17).
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For y = 1 the optimal input states form a continuous one-parameter family, see Ap-
pendix[8.6.2})

From Eq. we see that Bob can achieve perfect guessing probability for the case
when R is uncorrelated from P (and so P holds no information about R and there is
no LOI about the measurement process on Bob’s side). This is connected to the fact,
that for y = 1 and a suitable choice of input state pp, the joint state pgp becomes maxi-
mally entangled at time £, just before Alice’s measurement in Fig.[8.2| (see Appendix[8.6.4]
below for discussion of this connection). The above results for d = 2 are derived in Ap-
pendix[8.6.2]

Now it is interesting to ask what happens to the measurement uncertainty in the
game with more than two measurement outcomes in higher dimension. It is intuitive
that the dramatic effect we see for d = 2 should be less prominent here. After all, Bob
is trying to guess measurement outcomes that can take on d values, while R and P each
remain two-dimensional and can hence only contain limited information about the out-
comes. We first make this intuition precise in the following theorem.

Theorem 8.4.2. For d-dimensional games with any d > 2 it is not possible to achieve
perfect guessing, i.e.,
max
Pguess(V,d>2) <1, Vyelo,1]. (8.21)

Crucially, however, coherence in register R always facilitates guessing.

Theorem 8.4.3. Ford-dimensional games with d being arbitrary, the maximum guessing
probability when R has any non-zero amount of coherence is always strictly greater than
the case of maximally mixed R. That is, for all y' > 0

Pauess ¥ =7, d) > Pgliess (Y =0,d),  Vd=2. (8.22)

Moreover, we show that for a subclass of the input states that are optimal for y =0,
the guessing probability monotonically increases with y. Specific values of plg?l%’gs (y,d)
are lower bounded numerically. Those results are depicted in Fig.

8.5. DISCUSSION

We have shown that quantum preparation uncertainty is not always inherent to the mea-
surement process but on the contrary it depends on the amount of information that one
has about this process. In particular, for d = 2, if Bob has all the information about the
measurement process, then he can perfectly predict the measurement outcome. In the
cryptographic protocols that use BB84 states, pr is a maximally mixed state. Hence, from
the perspective of cryptographic security, this shows that it is important for the purifica-
tion of pg to remain inaccessible to the adversary. In particular, the more of the purifi-
cation P becomes incorporated into R, the larger the guessing probability becomes and
so the more the security of our cryptographic protocols becomes compromised. Passive
encoding schemes [26], which generate the QKD signal states by performing a measure-
ment on a quantum register (analogous to our R), would especially need to consider this
issue.

On the other hand, we found that there is always some unavoidable uncertainty for
guessing games in higher dimensions, d > 2. This result is somewhat intuitive when one
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Figure 8.3: The optimal guessing probabilities pg; uess (y,d) as a function of y for different d. The
solid line corresponds to the analytical solution pguess(y, d = 2) for a two-dimensional game. The

remaining data corresponds to the numerical lower bounds pglll%’;'slb (y,d) for d = 3,4,5. Fory =

0 the numerical values coincide with the analytical solution pguess r=0d) =3 (1 + —) The
crossing of the dotted lines corresponding to d = 4 and d =5 is discussed in Sectlon.

considers that our guessing game allows for two measurements, and hence system R
is only two-dimensional. The intuition behind this unavoidable uncertainty is that the
state pg, in which the information about the measurement outcome becomes encoded,
is always a qubit, while the number of outcomes is d. Hence, even if Bob inputs a state
that results in entanglement between the two systems, this entanglement lives in a two-
dimensional subspace of the d-dimensional space .#g. Therefore, the joint state cannot
be maximally entangled and since the Fourier transformation applied to elements of
the standard basis generates a basis that is unbiased to it, the correlations before the
measurement of Alice do not align with the standard basis in which the measurement is
performed. This fact can also be seen by noting that perfect guessing could only occur
if only two of the resulting outcomes had non-zero probability and if those outcomes
produced orthogonal post-measurement states of the register R. It turns out that all
those conditions cannot be met simultaneously.

The crossing of the dotted lines corresponding to d = 4 and d = 5 in Fig.[8.3]is an in-
teresting phenomenon. We have investigated it extensively using multiple methods and
numerical solvers on which we now elaborate. As mentioned in Section [8.3]the prob-
lem of optimisation over both input states and measurements is in general very hard
because the optimisation problem that we face is not convex. That is we can have no
guarantee that the solution that we find is the global maximum. Therefore the numer-
ical results are just the lower bounds on the pg g, as they represent achievable values
of pgiess that have been found. Nevertheless we have used multiple methods to look for
these optimal bounds. Apart from the method described in Section[8.3.2] (where part of
the data was checked by rerunning the programme with multiple numerical solvers), we
have tried imposing a net over the statespace and solving the semi-definite programme
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| Schmidt coefficients
0.8122 0.5834
0.8314 0.5556
0.7415 0.6709

d
d
d

Il
g s W

Table 8.1: Schmidt coefficients of the joint state on RB at time f, for the input states that achieve
max, b, _
Pguess (¥ =1,d).

over the measurements for each of those states. Then the procedure was repeated with
a denser net in the region where the highest guessing probability has been found. This
step of “zooming-in” has then been repeated multiple times. Finally we have also used
the “Penlab” solver, which can also provide achievability bounds for non-linear prob-
lems. Application of those other methods however resulted in much worse bounds and
so they shed no light on the nature of the crossing in Fig.

Nevertheless, despite the fact that we only find achievable bounds, we believe that
the crossing seen in Fig.|8.3|could in principle arise even for the exact solution. We note
that while asymptotically we expect pge (¥, d) to tend to 0.5 as d tends to infinity, it is
possible for pgcs (v, d) to be larger for d = 5 than for d = 4 above some threshold y = yo.
Aswe mentioned earlier, the optimal guessing probability depends on the optimal corre-
lations between two-dimensional register R and d-dimensional register B. The resulting
state is asymmetric and so it is possible that certain favourable correlations are possible
for d = 5, while not possible for d = 4. The complexity of the problem can be seen by
looking at the Schmidt coefficients of the joint state of registers R and B at time f, in
Fig. For d =2 and y = 1 the optimal input states are precisely the ones that lead to a
maximally entangled state between those two registers at time ;. One might intuitively
guess that also for d > 2 forming maximally entangled states within the two-dimensional
subspace of B will lead to the optimal guessing probability for y = 1. This turns out not be
sufficient: we checked specific states that lead to maximal entanglement in dimensions
d = 3,4,5 and their performance is suboptimal. At the same time, all the optimal input

states found numerically that achieve plgllllfé'slb (y =1,d) for d = 3,4,5 lead to unbalanced

Schmidt coefficients. While we have found multiple states that achieve plgllll?;'slb (y=1,4d)

foreach of d = 3,4,5, all of them lead to exactly the same Schmidt coefficients of the joint
state, which we list in Table[8.1] This fact, together with the irregularity of our numerical
curves, reveals the complexity of the geometry of this problem.

In future work, it would be very natural to consider games with more than two mea-
surements. It would be interesting to investigate whether a higher dimensional register
R could then encode more information about the measurement outcome. Specifically,
for the scenario with d mutually unbiased measurements (if they exist) and d possible
outcomes, it is reasonable to ask whether one can again achieve perfect guessing (e.g.,
due to the possibility of creating maximal entanglement between R and B).

Another natural extension of our game would be to provide Bob with access to a
quantum memory [5]. In such a scenario an interesting task would be to investigate
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the effect of the trade-off between Bob’s amount of accessible information about the
measurement process and the quality of entanglement between B and Bob’s quantum
memory.

Finally, we would like to emphasise that while the described guessing game seems
to be only an abstract tool that we use to investigate the connection between quantum
preparation uncertainty and lack of information, the game described in Fig. [8.1] could
in fact be implemented experimentally, e.g., using a Mach-Zehnder interferometer for
single photons. For simplicity consider the case d = 2, although the following discussion
can be extended to d > 2 by considering an interferometer with more than two paths.
Suppose that system R is the photon’s polarisation, while B is the photon’s spatial degree
of freedom (the path that it takes in the interferometer). Allowing Bob to have access to
the first variable beam splitter of the interferometer allows him to prepare an arbitrary
pure qubit state pp inside the interferometer (Bob is allowed to freely choose the re-
flectance and the relative phase of the beam splitter). The controlled Fourier transform
in Fig. is implemented by making the second beam splitter of the interferometer a
so-called quantum balanced beam splitter [7]. That is, the photon’s polarisation controls
whether or not the balanced (50/50) beam splitter appears in the photon’s path. Hence,
this beam splitter can be effectively in a superposition of being absent and present, if one
chooses the polarisation to be in a superposition. This would be a so-called quantum
control experiment [8]. Let us note that such a quantum beam splitter has been imple-
mented experimentally [27H29]. The winning condition of the game for Bob is correctly
guessing which one of the two photon detectors clicked, after being able to measure the
polarisation state of the photon behind the quantum beam splitter.

8.6. APPENDIX

8.6.1. THE UNCERTAINTY GAME: DEFINITIONS AND BASIC DERIVATIONS

TIME EVOLUTION OF THE QUANTUM CIRCUIT

Following the quantum circuit of the uncertainty game in Fig.[8.2|(in the main article), we
derive the explicit form of the density matrices that Bob needs to distinguish in order to
win the game. There are different classes of games depending on the parameter d corre-
sponding to the dimension of the Fourier transform or equivalently, the number of possi-
ble outcomes of Alice. Bob prepares a state p of dimension d and sends it to Alice in reg-
ister B. She holds another register R in a state pg(y) = %(lO)(Ol + 1)1+ *10X1]+yI1)0]),
where y € C and |y| < 1. This y determines how coherent the register is. Specifically,
in the later part of this appendix we show that we can restrict y to be real and y € [0, 1].
Hence at the beginning (time #;) the total state of the entire system is:

1
Pre(Y,PB) = Pr(Y)® pB = E(|0><0|R +[IX1g +y*10X1Ig +y|1)O0Ir) ® pB - (8.23)

The state pr(y) determines the measurement basis in the following way: |0) corresponds
to the measurement in the standard basis and |1) to the measurement in the Fourier
basis (which is represented by applying the Fourier transformation to Bob’s state and
then measuring in the standard basis). Hence, the choice of the measurement basis can
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be represented by the controlled Fourier transform:
U=|0>(0|R®]IB+|1><1|R®FB. (8.24)

We adopt the following convention for the Fourier transform: F|j) = \/LE Z‘,f;é wl* k)

2ni

with w = exp (T) being the d-th root of unity. After Alice applies the above unitary,
the state at time £, is:

Phs(v,d, ) = Uprp(y,pp)U" = U(pr(y) ® pp)U’ (8.25)

l *
= 5 (0X0lr ® pp +y"10X1Ix ® pF} +YIIX0IrFgpp +1X1Ig ® FgppFp).
(8.26)

Then Alice performs her measurement and the outcome is stored in the output register
X. The total state after the measurement at time f3 is:

prx (v, d,pp) =) Trgl(lg ® |x)Xx|)pRp (Y, d, pp)] ® |x)x]x . (8.27)

Hence, we see that the subnormalised post-measurement states of the basis register cor-
responding to Alice’s measurement outcome x are:

oy, d,pB) = px(d, pB)p% (Y, d, pB) = Tra[(Ig ® | x)x|p) p]

_1( (xlpslx)  y*(xlppFTx) (8.28)
2\ y(xlFpplx) (xIFpgFTIx)I |’

where py(d,pp) = Tr(py(y,d,pp)] is the probability that Alice observes outcome x €
{0,1,...,d—1}. Note that p, does not depend on y, which only appears in the off-diagonal
elements of p,. These subnormalised 57’s are the states to which Bob has access and so
his ability to predict Alice’s measurement outcome | x) is determined by how well he can
distinguish the quantum states {p3} occurring with probabilities {p.}.

SIMPLIFYING LEMMAS

In the second part of this appendix we prove two lemmas, which allow us to restrict
the coherence parameter y to real and positive numbers and the input state pp to pure
states.

Lemma 8.6.1. In our problem, we can describe all the possible qualitatively different
games just with y € [0,1]. That is, all games corresponding toy € C, |y| < 1 are equiva-
lent to some game withy € 10,1].

Proof. Lety = |y|e. Then:

1 (xlpplx) ly| e~ ¢xlpp FTlx)

N ) _
Py d.p B)_z( ly|e®xiFpslxy  (xlFpgFlx) ) (8.29)

Let V(0) denote the rotation matrix in the xy plane of the Bloch sphere by angle 0. That
is:

1 0
V(e)z( 0 it ) (8.30)
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Then it can be easily verified that:
oz, d,pp) = V(9)p~R(|Y|,d,pB)VT(0), (8.31)

where |y| € [0,1]. Hence all the output states 0 (y,d) up to a unitary rotation V(6) are
the same as the corresponding states p rotating all the output states of
register R by a fixed angle 6 does not affect thelr distinguishability. Hence, it is sufficient
to consider real and positive y € [0, 1]. O

The probability of successfully discriminating states p3(y, d, pg), optimised over all
measurements is [24]:

-1 d-1
Pguess(Y,d, pp) = max Z px(d,pp) TrIMyp}(y,d, pp)] = max Y Tr[Mypx(y.d, pp)l,
M} =0 M} 5=0

(8.32)
where {M,} isa POVM. Here, by pguess We denote the guessing probability optimised over
all POVM'’s but for a specific input state pp, while later we will use pg e, to denote the
guessing probability pguess optimised over all inputs states of Bob. Both pgyess and pguess
are calculated for a specific game parameterised by d = 2 and for a specific y € [0,1].
Hence, we have pgfgés(y, d) = rr;gx Pguess (¥, d, pB).

Lemma 8.6.2. To achieve pges it is sufficient for Bob to consider pure input states.

Proof. Firstly, let us consider the case when not only does Bob hold no quantum mem-
ory, but he also does not have any classical memory. Consider then a scenario in which
Bob sends Alice a mixed state pp = }_; g;l¢p;X¢;l, where he is given freedom to choose
the probabilities {g;}. Then using Eq. (8.12):

ol yxlpi (il FIx)
( )d )_ 1 |
il d.po) =D i ( Y@l FIgy [P’ ©33)

= Z qifPg; v, d,|$:)),
7

where p3(y,d, |¢;)) denotes a post-measurement register state py(y, d, pg) correspond-
ing to Bob inputting a pure state pg = [¢p;){¢p;|. In this case the guessing probability from
Eq. (8.32) becomes:

guess(%d PB) = 1;11\1/[3)( Z Tr

xx() xx—

MquLﬁR(y,d b >)] < Z gimax Z Te( M, 53y, d, 1p:)]

=2 4i Pyuess (v, d, ) < Max pyuess (v, d, [)) = Pguess (v, s [pm)),

(8.34)
d-1
where pguess (v, d, 1¢;)) = I{IAl/IaX Z Tr[ xﬁﬁ(}/, d,|¢;))] and by index m we denote the largest
x} xX= 0

of all pguess(y,d,|¢;)) over all i's. Hence it is optimal for Bob to prepare a state pp =
Y qilpiXpil = lpmXpml (so that g; = §;,,), such that [p,) € {|¢;)} and pguess (¥, d, pm)) =
ml.axpguess(?’; dr |(;bl>)-
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Now, if we allow Bob to have classical memory, he could then prepare a mixed state
o which is classically correlated to this memory. Then for each of the states p]"g, corre-
sponding to the state of the classical memory |i) s, we need to solve a separate optimi-
sation problem given by Eq. (8:32). Hence, if Bob prepares a state:

PEM =Y. Sips ®iXily (8.35)
i

according to the probability distribution {s;}, then the guessing probability will be a
weighted average of the individual guessing probabilities corresponding to each of the
states pj, namely:

Pguess (y, d,pp) = Z SiPguess (v, d, P%) = Pguess (v, d, pf;) ) (8.36)
i

where p ﬁ is the input state that gives the highest guessing probability out of all the states
{pj}. Hence, classical memory does not allow us to achieve guessing probability higher
than individual pg, for which (as we have just seen) the guessing probability is upper
bounded by its value corresponding to the optimal pure state |¢,,) in the decomposition

ok =X qilpiXpil. O

Hence we will restrict our attention to scenarios in which Bob prepares a pure state
|y . In this case the post-measurement states of the basis register are:

S d i) = - AR rxlg)@IFT ) 837
2\ y{xIFIp)plxl) |<xIFlop)|

8.6.2. GUESSING PROBABILITY FOR TWO-DIMENSIONAL GAME (d = 2)

In this appendix we prove Theorem[8.4.1] That is, we derive the analytical formula for the

maximum guessing probability as a function of y € [0, 1], for a game with two-dimensional

Fourier transform (Hadamard transform) in our circuit and two possible outcomes. In

this game the state pp that Bob prepares is a qubit. The two possible outcomes for Alice

are: 0 and 1. We firstly restate this theorem below.

Theorem The maximum guessing probability for a two-dimensional game (d = 2),
optimised over all input states pg is given by:

) (8.38)

V)

1
Pgﬁés(%d =2)= 9 (1 +

In particular, for’y =1 one achieves perfect guessing, that is pgiess(y =1,d =2) = 1.

Proof. The guessing probability is determined by how well Bob can distinguish states
ﬁ% and ﬁ}e defined in Eq. (for convenience we will omit writing out explicitly the
dependence on y and d). The problem of distinguishing two states has been solved by
Helstrom [25] and the guessing probability is:

1
Pguess = 5(1 +11Glly), (8.39)
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where G = p% — p, = pop% — p1py and |||l denotes the trace-norm of the matrix. Firstly
we note that for d = 2, F = F' = H. Secondly, since pp is a qubit, it is convenient to use
the Bloch sphere representation:

1
szi(ﬂ+Zc,~U,~), (8.40)
i

with ¢Z + ¢ + ¢z < 1. Although we have already shown in Appendix that the opti-
mal guessing probability pgcss will be achieved for a pure input state pg, here we are
interested in all the qubit states that achieve this maximum guessing probability (under
the assumption of Bob having no classical memory; if Bob had access to some classical
memory, then any mixture of such optimal states correlated with this memory would
also be an optimal state). Hence, in this appendix we again assume pp to be an arbi-
trary (possibly mixed) qubit state. Plugging the Bloch sphere representation of pp into

Eq. (8.12), we can first calculate ﬁ% and ﬁ}? and then G:

1 c y(—i-cy)
4
G= 9| rU+icy) \c/i : (8.41)
\/E X

The eigenvalues of G are:

(cx+cz)£4/(cx— )2 +y2(1+c2)
A= — v x4 r (8.42)

Now, let us consider two cases:

(@ A1-A2=0.

Then ||G||€1l =|A11+1A2] = lcx + c;| /2 (the superscript “a” labels the case 11 -1, = 0). We
are interested in the maximum possible value of || GII*Il for a given y. Hence we want
to maximise the expression |c, + c,| subject to the constraint ¢2 + CJZ, +c2 < 1. Clearly,

this gives us |cy + c;| < V2. and so IGIT ™ < g In particular, this bound is tight

forcy=0and cx =c; = i\/ié (those states clearly satisfy the condition 1; - 1, = 0).

, max 2
Hence, [IGII} = %

(b) /11 . Ag <0.
Then:

(cx+ )+ f(ec— 2 +2y2(+ 63)
A= 1 >0 (8.43)

(cx+cz)— \/(cx —c)?+2y2(1+ ci)
Az = 1 <0. (8.44)

Hence in this case:

\/(cx —c)?+2y2(1+¢%)

IGID =24y -1y = 5

(8.45)
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Now we need to optimise this expression subject to the constraint ¢+ cy +c2<1.Let

us use a substitution a = C"—\/gz b= % Then the constraint becomes: a? + cy +b% <

. 2@ 277+ )
IGIT = > . (8.46)

is scaled by the positive factor 2y? < 2, while a? is scaled

1 and the norm of G is:

Clearly, since the term c)z,

by a factor of exactly 2, optimising this expression corresponds to setting a? to its
maximum possible value which is 1 (so that ¢, = —¢c; = iiz). Then ¢, = b =0 (one
can easily verify that those values satisfy the condition of (b) 1; -1, <0, forall y €

[0,1]). This gives:
||G||b max —V2+2Y2

2 , (8.47)

Clearly ||G||b T = ||GIIT ™™ for all y € [0,1] (the equality relation holds only for y = 0).

Hence:
\V2+2y?

2
Using || G[I7"®, for every y we can now calculate the maximum value of the guessing prob-
ability:

IGIT™ = , (8.48)

1 1 V2+2y?
Phiess(r,d=2) = 21+ IGIT™) = 5(1+TY). (8.49)
We see also that for a fully coherent register with y = 1, we obtain pgiss = 1. O

In order to find the optimal states we need to consider 3 separate cases depending
on the value of y.

|max ‘/‘5‘. This value occurs for two classes of states. One

1
2
(\[) \/E) and(cx,Cy,CZ)z(—\sz,O,\/Lé).

The other class can be seen by noticing that || G| = %= = |G[|$ ™ and so it can
also be obtained from the case (a) for two states that achleve this value: (cy, ¢y, ;) =

(50, 75) and (ex.ey0 = (- J5.0.- )

* v €(0,1). Here we only have the class a®=1and b = cy = 0, that is the states:
(Cxs Cy, C2) = (f, \@) and (cx, ¢y, C2) = ( 50 \})

\2a2+2(1+c2)
¢ y=LNow |G|} = +——=

5 , and so this expression subject to the Bloch sphere
normalisation is maximised by the pure states satisfying a® + c§ =1land b =0.

* v =0. In this case ||G|
of them satisfies @ =1 and b = ¢y = 0 which gives two solutions: ¢y = —¢c; = *

Hence we obtain two states: (cy, Cy,Cz) =

These are all pure states with ¢; = —cx and ¢, = +1/1— 2c2. We can use angular
parametrisation of those coefficients, in which case we can write this entire family
of states as (cy, ¢y, ¢;) = (sin(), £v/cos(20), —sin(9)) for all 0 € [-§, F]. Geometri-
cally, these states correspond to all pure states on the Bloch sphere that lie in the
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plane perpendicular to the Hadamard rotation axis and Hadamard transformation
rotates them by 7 rad to their orthogonal complement.

max

From Eq. we see that the lowest value of pgieis occurs for y = 0 and it is pges, =

max
guess

grows, until pgcs = 1 for y = 1. We can also rephrase the guessing probability in terms
of the purity of the basis register:

% (1 + \%2) As the basis register state is becoming more pure by letting y grow, the p,

2,1 1 y\(1 7r\|_1 1+y2 2y )] _1+9°
TrlpR] = 1 Tr y 1y 1)|732 Tr 2y 1492|772 (8.50)
Hence: )
P, d=2)= 5 (1+/Tri02)). 8.51)

8.6.3. GUESSING PROBABILITY FOR THE D-DIMENSIONAL GAME

We have already seen that in two dimensions utilising entanglement allows for guessing
with probability equal to 1. In higher dimensions however, we show that this is not pos-
sible. This fact is expressed in Theorem in the main text. We restate and prove this
theorem below.

Theorem For d-dimensional games with any d > 2 it is not possible to achieve
perfect guessing, i.e.,
Pguess1,d>2)<1,  Vy. (8.52)

Proof. We construct a proof by contradiction. Let us assume that there exists d > 2 and
Y € 10,1], such that pg{lfés(y, d) = 1. Since the states ﬁﬁ(y,d, |¢)) are two-dimensional,
it is only possible to perfectly distinguish at most 2 such states (if they are orthogonal).
Hence, that means that to achieve pgggs (y,d) = 1 itis required that at least d — 2 output
states p} occur with probability zero. Hence, p7 # 0 for at most two values of x. Let
us denote those two values of x € {0,1,...,d — 1} for which it is possible that ﬁfe # 0 by
Xo and x;. We assume that those values are distinct so that xy # x;. Specifically, let
us assume that ﬁ;‘) # 0, while ﬁﬁ‘ may or may not be equal to zero. Then let us define
P =10,1,...,d—1}\{xg, x1}. Therefore we require that p’;g =0 for all x € 2. Thus we obtain
the following two requirements:

1) (x|¢p)y =0 forall x € 22,
2) (x|F|¢p)=0forall xe 2.

The requirement 1) implies that the physical input state of Bob must be of the form:
) = aolxo) + arlx1), (8.53)

with
lagl? +a;1? =1. (8.54)
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In this framework, the scenario in which only ﬁﬁ" # 0 would require a; = 0. Now, note
that:

1 d-1 .
Flljy=—=Y o 7"k, (8.55)
d k=0
where w = exp (22!) and so:
1
(PIFT|x) = —=(aiw ™ + atw™™). (8.56)
vd ' !
Then 2) implies that:
ap +afo T =0,  Vxe®. (8.57)
Eq. (8.57) together with Eq. (8.54) require that ay and «; are of the form:
L o
ag=—=e""°, (8.58)
V2
L o
ay=——e"l. (8.59)
vz

The above requirement shows that @ cannot be zero, which in turn means that the sce-
nario in which only ﬁfzo # 0is not possible. Plugging the above forms of a’s into Eq. (8.57)
and using the fact that w is the d-th root of unity, we obtain the following requirement:

90591+n+2n[2(x1—x0)](m0d om),  VxeP. (8.60)

Note that for d = 3, this expression can be easily satisfied since in this case |2?| = 1, so
e.g. 0o = 0y +7+27 [ 2 (x; — X) |, where x € 2 satisfies Eq. (8:60). Hence the case d =3
needs to be analysed separately. For d > 3 this equation can be satisfied if and only if:
X1 —Xo c
d

where Z denotes the set of integers. However, xg, x1 € {0, d—1} and xp # x;. Therefore this
equation cannot be satisfied. Hence, for d > 3, it is not possible to have pguess(y,d) = 1.
Now, let us consider the case d = 3. Eq. and Eq. (8:58)-(8.60) imply that
1 (6| —
) = 7 (1x1) — 0™ 179 | x0)) (8.62)
where we fix the global phase by setting 8, = 0. Since xg, xp, x; must be all differ-
ent, there are 6 possible states |¢p) corresponding to the above expression. Let |w;) =
%2 (I —wxﬁ“(l‘k)lk)). Then note that for every value of xg, the state [¢p) = |y;) with
xo = k,x; = [ and the state |¢p) = |y ;) with x9 = [, x; = k up to the global phase corre-
spond to exactly the same state, since:

Z, (8.61)

1 1
W) = — (”) _wxgz(l—k)lk)) — el (_wxg;(kfl)”) n |k>) _ _wxg(lfk)|wlk>'
V2 V2
(8.63)

Hence, we need only to consider 3 separate cases:




224

8. QUANTUM PREPARATION UNCERTAINTY AND LACK OF INFORMATION

¢ For xg =0,x9 = 1,x, = 2, that is when p% = 0, we have:

1

=—(2)-11)). 8.64
toy \/§(| ) —11)) ( )

Then: )
Fl¢) = iﬁ (12) =11)) =il¢y. (8.65)

This means that if we define a matrix

11 =iy

pely) = E( iy 1 ), (8.66)

then 5% = 0,5k = (L) |* pe(y), 5% = |(219)|* pe(y). Hence, l = p% = Lpc(y) and
so we see that ﬁ}e and p’i correspond to the same state p.(y) occurring with prob-
ability 0.5. This means that guessing probability in this case is 0.5 for all y € [0, 1].

For xo =1, x9 = 2, x; = 0 with ﬁll? =0 the input state is:

1 . 1
=—(]0) - 2))=—1(0)—w|2)). 8.67
) \/z(”‘” 12)) ﬁm wl]2)) (8.67)
Then:
Fl¢) = L(l—w)(|0>—w2|2>). (8.68)
NG
Hence,
1 *
-0 _ l 1 77?;(1_0) )
Pr= 4( )f\%(l—w) 1 ’ (8.69)
‘5}{ =0, (8.70)
1 * *
o 1 1 y7§(1—w Jw
Pr= 4( Y 10w 1 ‘ ®.71)

One can now show that Tr[p% %] # 0 for all y € [0,1]. Hence those states are not
orthogonal and perfect guessing is not possible.

For xg = 2,x9 =0, x; =1, with ﬁll? = 0 the input state is:

1 2
[Py = ﬁ(m_w 10)) . (8.72)
Then: )
_ 2 .
Figy = = (1=0%10) + V3ilD) ®.73)
Hence,
o _1 1 ys1-0%)
1
r= 5Pen), (8.75)
pr=0. (8.76)
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Again Tr[p%p3] # 0 for all y € [0,1]. Hence also in this case perfect guessing is not
possible.

We have shown that perfect guessing in d = 3 case is not possible either. Therefore we
conclude that for all d > 2 and for all y € [0, 1], pgiss (v, @) < 1. O

The case y = 0 is a special case and can be solved analytically for all d = 2.

Proposition 1. Fory =0 the maximal guessing probability is:

1
pguess(y 0,d)= (1 + ﬁ) , (8.77)

and under assumption of Bob having no classical memory, it is achieved if and only if
Bob’s input state pp belongs to the following family of pure states:

ipjn = (1 +e'FlD), (8.78)
wherew = exp (2£),j,1€10,1,...,d—1} and c = vd_
d 2vVd+2

Proof. If one measures in the standard basis, the guessing probability for a fixed input

state pp is:
standard

Pguess (d,pB) = mlaXTr”lquB] . (8.79)
If one measures in the Fourier basis:
Paoes’ (d, pp) = maxTr(| 1| Fp gF'l = mlaxTr[FJrllxlle Bl. (8.80)

Since each measurement occurs with probability 50% and in the classical game the reg-
ister R only tells Bob which measurement basis was used, the guessing probability opti-
mised over all input states of Bob is:

standard

1 .
prgxllless(y 0,d) = —max(pguess (d’p3)+pgﬁg§;er(d’p3))
1
= —maxmaxTr[(|j)(j| + F'IIXI|F)pp] (8.81)
2 P jl
= 2 max |11+ FIDAE]
2l 00

where |||, denotes the infinity norm. The matrix whose infinity norm we need to find
is a rank-2 matrix. Let pguess = % Ml and M = |a)al| +|8){B] be a rank-2 matrix. The
largest eigenvalue of such a matrix is | M|loo = Amax = 1 + |<a|ﬁ)|. In our case: |a) = |j)
and |B) = F'|ly. This means that | M|ls = 1 + % and so:

1
P (y = 0,d) = (”ﬁ) (6.82)

The eigenstate corresponding to this eigenvalue A,y is:
g0 =c(1py+e!'FlID). (8.83)

Hence only the states of this form will give us the maximum guessing probability. O
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We will now show that for a subclass of the states of this form Bob will be guessing
always either j or /, for all y € [0,1] and all d = 2, since those 2 outcomes have much
higher probabilities of occurrence p;(d,|¢;;)) and p;(d,|¢pj;)) than all other outcomes

(i.e. we will show that for input state |¢ ;) = ¢ (1) + w/'F'|1)) such that j # [ the optimal
strategy aims at distinguishing only the two states ﬁé(y, d, ;) and ﬁé(y, d, ;).

Lemma 8.6.3. Forall d = 2, for ally € [0,1] and for all states |¢;;) = c(1j) +w/'FT|I)),
such that j,1 €1{0,1,...,d — 1} and j # 1, the optimal guessing probability can be achieved
by Bob if his measurement on the state of register R is a POVM with only two occurring
outcomes, that is the matrix elements of this POVM are: M # 0, M; # 0, My = 0, for all
ke, where? ={0,1,...,.d - 1} \{j, [}.

Proof. The case d = 2 is trivial, since then there are only two output states.

Now considering the general case, let Amin(y,d, ¢ 1)) denote the guessing probabil-
ity corresponding to this restricted POVM. The “min” subscript indicates that this guess-
ing probability is a lower bound on pguess (v, d, ¢ 1)), the guessing probability optimised
over all POVMs. That is: Amin (Y, d, 1)) < Pguess(Y, d, ¢ 1)). We then have:

Amin(y, d, 1)) = max Tr[Mjﬁ{?(de’ lpj10)] +Tr[Mlﬁfq(de; I, (8.84)
i

Effectively this is again the problem of distinguishing 2 states solved by Helstrom [25],
the only difference is that this time p;(d, ¢ ;1)) + pi(d,|$ ;1)) < 1. Hence

1
Amin (v, d, 1) = 5 G d, 1|, +pj(d 1) + pi(d, )], (8.85)

where G(y,d, i) = pﬂ?(y,d, lpjn) — ﬁé(y,d, lpj)). Now we will show that this bound
is tight, i.e. we will show that the above Amin(y,d,|¢ ;) is in fact also an upper bound
on pguess (Y, d, ¢ 1)). For this purpose let us consider the dual program [24] in which we
consider all matrices

Qy,d, ;) € Z, where Z = {Qe c>2.Q=Q AVkei0,1,...,d—1},

(8.86)
Q. d,lp;) = pkr, a1} -

Then for each Q € Z we define /lglax(y, d,|lpin) = TrlQ(y,d,|¢;p)]. From this it follows

that pguess (v, d, 1) < Aglax(y, d,|¢j)) for all Q € Z [24] and so Agax(y,d, lpj1)) is an
upper bound on pgyess (Y, d, I¢ j1)). For simplicity, we will now omit writing explicitly the
dependence on v, d and |¢). Consider a hermitian matrix:

S P G
Q _E(pR+pR+| D. (8.87)
Then: )
Tr[Q'l= 5P+ PG = Amin- (8.88)

Now, if Q' satisfies Q' = ﬁf?, Vk,then Q' € Z and so Tr[Q'] = Agax And since then Tr[Q'] =

Amin = /lgax, this means that Tr[Q'] = pguess- Hence, we will now prove that Vd = 3,y €
[0,1] we have Q' € Z.
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Consider
S S Y S 1
Q=P =5 (=Pp+Pr+IG) = S (=G+IG. (8.89)

Note that |G| = G and so Q' — ﬁ{? >0. Hence Q' = p'{?. Analogously
ISR N S _1
Q pR_Z(pR pR+|GI)—2(G+|G|). (8.90)
Clearly: |G| = =G and so Q' - p%, = 0. Hence Q' = pb.
Now we need to prove that Q' = ﬁﬁ,Vk e and forall y € [0,1],d = 3. In order to do

that, we need to explicitly calculate all the output states of the register R. Those states
are:

; 1 A2 ABw~ I
oLy, d, i) = = . 7 8.91
prondiein =5\ g g ) : (8.9
1 B? ABw ™"
] YABw
yd,\pin) == , 8.92
Or(y |¢]l>) 5 YAB(ulZ 22 ) ( )
3 B? 1 wll-jk=kl
pﬁ(%d, i) = o> ( ijlﬁkl,jl 4 1 ) , (8.93)

where A= c(l + \/LE) ,B = \/Lg,ke 2. Then Q’—ﬁ]’fe = %(ﬁ{? +ﬁ§? —2ﬁ£+ |Gl). Consider the
operator:

J Al oak
D= pfq +P0p— 20y
A2 B2 ¥B(Aw7* + Aw~"* —2BwI!- kK1)
vB (Awf2 + Aol —ZBwj’”kl’ﬂ) A% - B?

—

2

(8.94)
We will now show that for all k € &2 we have D = 0. Note that for 2 x 2 matrices, D = 0
if and only if Tr[D] = 0 and Det(D) = 0. Firstly, we see that Tr[D] = A> - B> > 0,Vd = 3.
Secondly, the determinant of D is:

2 12
Det(D) = Zi [(A2 - B%)? - y*B? (2A2 +4B%+2A%cos (%”)
8.95
2n(j? - jk—kl+jI) 212 - jk—kl+ jI) (8.95)
—4ABcos p —4ABcos P .

Now we want to show that Det(D) = 0 for all j,/ €{0,1,...,d -1}, k € 2,y €10,1],d = 3.
From the above expression we see that Det(D) is monotonic in y € [0,1]. Clearly for
y =0,Det(D) = (A% - B%? 2 0. For y = 1, we have:

1 2 272
Det(D) = - [A4 —3B*—4A%B?>-2A%B? cos(”(]—”)
4 d (8.96)
2m(j2— jk—kl+jl 2m(l2 - jk—kl+jl '
+4AB3cos( uly) ]d +]))+4ABBcos( il ]d +])”.




228 8. QUANTUM PREPARATION UNCERTAINTY AND LACK OF INFORMATION

Note that A = B(1 +v/d). Thus we see that:

B4
Det(D) = —
(D) 2

2 72

2 2 e . 2 2 _ i1 H
+4(1+\/3)cos( 70 ﬂ; kl+]l))+4(l+\/3)cos( ull ]l; ki+jD

4
> BI [(1+\/E)4—3—4(1+x/3)2—2(1+x/2)2—4(1+\/2)—4(1+\/E)]

|

B4
= (d2+4d\/3— 16Vd - 16) .
(8.97)
Let
y(d) = (d2 +4dVd-16vd - 16) , (8.98)

then Det(D) = %‘Ny(d). Clearly B(d) =0,Vd = 3 and y(d) = 0,Vd = 4. Hence Det(D) =
0,Vd = 4. For d = 3 we use the exact expression from the first part of Eq. and we
find that for all the cases j # [, Yk € 22, Det(D) = 0. Hence Det(D) = 0, ¥d = 3. Since both
Det(D) =0and Tr[D] =0, D =0andso Q' = ﬁ;‘?, Vke{0,1,...,d-1}andforally € [0,1],d =
3. Therefore Q' € Z and

TrQ'1 = A3ax (¥, A 160110 = Amin (1, d, 1 1)) = Pguess (¥, d 1)) - (8.99)
O

Now, knowing that the strategy of distinguishing only the two most probable out-
comes for the input state |¢ ;) = c(|j) + w/!FT|1)), such that j # I is actually an optimal
strategy for those states, we can calculate the guessing probability for these states for all
d=2andforallye[0,1]:

1
Pguess(V, d, 1)) = E(pj +pr+1Glh)

1
Y [ri2vd+a
4d+ /_d) ( (8.100)

2 _ 2
+ \/d(2+ Vad)? +2y2(1 + Vd)? (1 _COS(%d”))) .

Clearly for y = 0 the above expression reduces to Eq. (8.82). Thatis pguess(y = 0,d, ¢ ;1)) =
pgﬁ’;s(y = 0,d), since the states for which we have evaluated pguess(y, d) above are the
optimal states for y = 0. Note that A = Pguess(Y = 0,d) and so it is easy to see that for
v = 0 the optimal measurement is:

1 0 0 0
Mj—(o 0), Ml—(o 1), M =0, Vkea?. (8.101)
We can also see that for the game with d = 2, the two cases j =0,/ =1and j=1,1=0
correspond to the two optimal states for all y € [0,1]. Hence, for these cases the above
equation reduces to Eq. (8.49).
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Lemma8.6.4. There exist states for which pguess(Y1,d, |$)) > Pguess (Y2, d, |$)) > Pgiiss (¥ =
0,d), fory; >y, >0,vd =2.

. 272
Proof. Consider all input states of the form |¢;;) = ¢ (1) + @/!F'|1)) such that % ¢Z
and Vd = 2. Then firstly, j # [ and so the guessing probability corresponding to those
states is given by Eq. (8.100) and secondly the coefficient in front of y? is positive.

Hence in these cases pguess(Y,d, lpjn) is monotonically increasing in y € [0,1],Vd = 2.

. 22
Hence, Vd = 2, for all input states |¢;;) = c(]/) +wI'F'|1)) such that % ¢ Z we have

pguess(YL d, |(P]l>) > pguess(YZr d, |(I)]l>) > pé?l%’;s(}f =0,d), for Y1>7y2>0.
O

Theorem follows directly from the above lemma by noting that pgyess (v, d) =
Pguess (Y, d,|)), Tor all y € [0,1], d = 2 and for all states |¢).
One can also see that for the input states lpjn=c (Ij) + a)leTll)) with j # [ but with

212
% € Z, Eq. (8:100) reduces to pguess(y,d, ;1) = %(1 + \/LE) = Pguess(y =0,d). That is
for those states pguess (Y, d, ¢ 1)) stays constant in y for all d.

8.6.4. COHERENCE AND QUANTUM CORRELATIONS

To give a deeper insight into the relation between the guessing probability and the co-
herence y, we also look at the correlations between the registers B, R and P (the initial
purification of R), at times #;, f, and #3 in Fig. (in the main article). Specifically, we
focus on the two-dimensional game with optimal input states. We then quantify the
arising correlations using min-entropy and the results are depicted in Fig. It needs
to be noted that independently of the dimension of our game, Bob’s requirements for
perfect guessing are perfect classical correlations between R and X, the classical register
denoting the measurement outcome after Alice has performed her measurement on the
system B at time 3 in Fig. However, classical correlations are basis dependent and
effectively the measurement of Alice involves two mutually unbiased bases. Hence it is
impossible to have perfect guessing with just classically correlating the two systems be-
fore the measurement. From the perspective of the quantum circuit in Fig.[8.2} those per-
fect classical correlations that arise after the conditional Fourier transform will never be
perfectly aligned with the measurement basis of Alice (standard basis). As a result, even
if the system is classically perfectly correlated before the measurement, the correlations
are no longer maximal after the measurement on B. For two-dimensional game, this can
be seen in Fig. where for y =0, Hpin (BIR) = 0, but Hpjn (X|R) > 0. The advantage for
Bob coming from the quantum coherence in register R and the resulting quantum cor-
relations is that for maximal entanglement (which is possible if d = 2), independently of
the basis in which the system B has been measured, the outcomes of that measurement
are maximally correlated with the state of the register R. Hence, if the two systems be-
come maximally entangled (Hpin (B|R) = —1 for y = 1), then the post-measurement state
becomes classically maximally correlated (Hmin (X|R) = 0) enabling perfect guessing.

8.6.5. CONDITIONAL MIN-ENTROPIES FOR THE TWO-DIMENSIONAL GAME
The controlled Fourier transform in the circuit in Fig. (in the main article) results
in (quantum) correlations between the two systems B and R. These correlations are
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exploited by Bob in order to guess the measurement outcome on the state pp. However,
this measurement has a destructive effect on these correlations. Here we quantify this
destructive effect of the measurement using min-entropy. The conditional min-entropy
will be calculated using the definition presented in [30]. Firstly let us define a correlation
measure:

Geort (BIR) = dmax F (&g ® I5) (prp), 1¥)(¥lrp)”, (8.102)

where F is fidelity defined using the trace norm as F(p,0) = |I\/p Vo1 (when one of the
states is pure, that is when o = |¥)X¥|, the fidelity reduces to F(p,0) = \/(¥|p|¥)), d
is the dimension of subsystem B, & is a local operation described by a trace-preserving
completely positive map and |¥) is a maximally entangled state (note that g (B|R) is
independent of which maximally entangled state we use, since all such states are the
same up to a unitary rotation on one of the qudits; this rotation can always be com-
pensated on prp by the corresponding rotation on system R as part of the local oper-
ation &). Then one can calculate the conditional min-entropy of a quantum-quantum
(qq) state as Hpjn (BIR) = —10g(qgcorr(BIR)). Note that for classical-quantum (cq) states,
qcorr (X|R) becomes the guessing probability pguess(X|R) (here X denotes the classical
subsystem) [30].

We are interested in the relation between the min-entropy Hmin(B|R) of a qq-state
(the min-entropy of the input state pp before Alice’s measurement, given access to R)
and the min-entropy Hpin(X|R) of the cq-state after the measurement has been per-
formed (the min-entropy of the classical outcome X after Alice’s measurement, given
access to pr). For that purpose we will investigate the tightness of the inequality derived
in [I5]:

Hynin (X|R) < Hpin (B|R) + 10g(d) , (8.103)

where d is the dimension of the outcome space. This inequality tells us that for two-
dimensional states, the increase of the conditional min-entropy due to the measurement
cannot exceed 1.

For d = 2 we will now calculate both of those entropies explicitly starting with Hpin (BIR).
In our calculation let us pick one of the two states which give us the maximum guessing

probability for all values of y, namely |¢19) which in the Bloch sphere representation can
be expressed as (cx, ¢y, ¢z) = (\%2,0, - \/%) [one can analogously show that the other state
|po1) or equivalently (cy, ¢y, ¢z) = (—%@,0, %) will give exactly the same Hpin (B|R)]. For
this input state, the overall state p% s d =2,|¢)) before the measurement at time #, in

Fig.[8.2]is:
rp(V,d =2, ))—E(IOXOI ®(]I+i( —02)+yll0X1llgr® (H +i( —02)Hp)
Pre(Y,d =2,|¢ =2 R \/ng o)) +y R B \/zUx 0z)Hp
1 1
+|1><0|R®(HB+EHB(Ux_Uz))]+|1><1|R®(H+E(Uz_0’x)) .

(8.104)
We can now diagonalise this state so that we obtain:

1+ 1-
s nd =2,10)) = Tywlxwu + Ty|1//2><1l/2|y (8.105)
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where the eigenstates written in their Schmidt bases are:

1
=—(0"gI1 1Yz10yg), 8.106
ly1) \/Z(l YrIL B +11)RI0)B) ( )
1
=—(0"rIDE+11"z10)5). 8.107
[y2) \/E(l YrIL)B+117)RI0)B) ( )
The Schmidt bases: {|0'),|1’)} and {|0”),|1")} are given by:

|0’>—i ! 10y — ! 1) (8.108)

V2\vV2—v2  Vervz )’ '
n'y= L ! 10y + ! 1) (8.109)

v2\Vervz  Ve-vz ) '
10"y = L ! |0 + ! 1) (8.110)

VZ\Va=vz  Veevz ) '
|1”>—L ! 10) — ! 1) (8.111)

vV2\v2+vz  Ve-vz ) '

The states |y;) and |w») are mutually orthogonal maximally entangled states. To
calculate Hpyin(B|R) we use the formulation of the min-entropy in terms of the semi-
definite programmes, as expressed in [30]. The primal, as stated before, is Hpin (B|R) =
—log(qgcorr (BIR)) where gcorr(BIR) is given in Eq. (8.102). The dual problem is:

Hpin(BIR) = —log mi% Tr(oRg). (8.112)
OR=
or®lp=pprp
For the primal programme, let us consider a local transformation & acting on subsystem
R which performs a rotation such that the state will now be diagonal in the basis that in-

cludes |¥) rp, with maximal probability in this mixture corresponding to the state |¥) rp.
This feasible solution gives:

1+
max F (8 ® L) (), V) ¥rs) = TY (8.113)

Hence:
Georr(BIR) =21+, (8.114)

and so:
Hpin(BIR) = —10g gcorr (BIR) < —log(1+7). (8.115)

1+
Similarly, for the dual programme, let us consider a matrix op = (TY) Iz = 0. Then

1+
or®lp= (TY)]I4X4. Clearlyop®lp = p;?B, so that we obtain:

Hpin(BIR) = —logTr[og] = —log(1+7). (8.116)
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Combining the results from the primal and dual programmes allows us to conclude that
Hmin(BIR) = —log(1 +7) for all y € [0,1].

The min-entropy after the measurement is related to the guessing probability as
Hinin(X|R) = —10g Pguess(X|R) and so it is:

2 2
Hin (X|R) = —log(% (—”ZZZY + 1)) =1 —log(—vzzzy + 1) . 8.117)
Hence:
V242y2+2
Hinin(X|R) — Hiyin (BIR) = l—log(—y) . (8.118)
20 +7)

We then see that Hpyin (X|R) — Hpin (BIR) monotonically increases with y € [0,1] until it
reaches the value of one for y = 1. Hence the inequality is tight for y = 1 which
corresponds to the greatest possible increase of the conditional min-entropy during the
measurement performed on a qubit (see Fig.[8:4).

We also compute the min-entropy Hpin (P|R) to get some insight into the correlations
between basis register R and its purification P as a function of y. For that purpose, let
us redefine the way we label the states of registers R and P with respect to the labelling
and notation used in Egs. to (8.9). Specifically, let |a),|8) be now the two states
of the entire register P (joint states of all the environmental subsystems E; that are in
P) corresponding to the states |0),|1) of the register R respectively. The real parameter
v € [0, 1], that quantifies the amount of information that P holds about R, satisfies now:

(alBy =7, (8.119)

so that the joint state of registers R and P can be written as:

1
€)Y rp = —2(|0)R|06>P+|1>R|ﬁ)P)- (8.120)

7

Note that the state |¢(y)) gp defined in Eq. is pure. Then Hyn (P|R) = —log(Tr[,/pr])?

= —log(Tr[\/pp])%. Note that Tr[,/pr] = Tr[,/pp] is the sum of the Schmidt coefficients of

the state |£(y)) gp. The eigenvalues of pg(y) defined in Eq. (8.6) (with real and positive y)
1+y 1-y

are 1 = =" and 1, = —*. Hence:

2
1 1-
Hpmin(PIR) = —log(\/ % +/ TY) =—log(1+,/1-7%). (8.121)

Similarly we calculate Hpin(P|R) after the conditional Fourier transform in Fig.
has been applied, to quantify the effect of this operation on the correlations between R
and P. Firstly we need to calculate pgp at time £,. That is, again following the circuit in
Fig.but now including the purification P, the initial state at time ¢; is |®(y, d, |¢)))rpB =
I&(y))rp ® |p) 5. Then the state at time &, is |D'(y, d, |p))) rpp = U|D®(y, d, |$))) rpE, Where
U is given by:

U=|0)(0|R®Hp®]IB+|1><1|R®]IP®FB. (8.122)
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Hence:

1
1" (y,d,|p)) rpB = EU())R'“)PM))B +IDRIBYPFBIP)B), (8.123)

We can now trace out B.

1
Pre2 19 = 3 (10001 & la)alp + GIF 91011 @ a)plp

+ (PIFIP)1X0Ir @ | BXalp + 1)1 ® | BXBIp) -

(8.124)

Now let us consider the two-dimensional game again with |¢)p being one of the two
states that achieve pglax (y,d = 2) for all y € [0,1] (these are the states |¢p) = |¢p19) and

uess

|d) = 1¢po1)). Then (¢p|F|¢p) =0, so the state on R and P at £, is:

1
Prp(Y,d=2,1¢)) = > (10)01r ® |aXalp +1X1Ir ® |BXBIp) - (8.125)

To calculate Hpin (P|R) we again use the formulation of min-entropy in terms of the
semi-definite programmes [30]. For the dual programme in Eq. (8.112), note that pgrp has

I
eigenvalues {%, %,0, 0}. Hence og = 7R clearly satisfies the constraints, as then ogp ® Ip =

Taxa

and so or 20 and og ® Ip = pgrp. The corresponding solution is Hpyin (P|R) = 0.

Similarly, in Eq. (8.102), let us consider & to be a quantum channel acting on R with
Krauss operators {M;}, where My = |@){0| and My = |B)(1|. Then:

(laXalr ®laXalp +1B8)YBIr®|BXBIp) - (8.126)

N =

Prp=(E®Ip)(prp) =

Since (a|B) = y, we have (a*|B) = e/?/1 -2 for some phase ¢, where (a|a’) =
0. Now, let |[¥)rp be a maximally entangled state of the form |V)rp = \/ii(la)gla)p +

eZi‘pIal)RlaL)p). Therefore:

Georr(PIR) = 2F (plgp, )P Igp)”
1 .
=3 (@ir@lp + e @ Irtat ) Uaxalr @ laXalp
+IBXBlr ®18)BIp) (Iarplarp + 2 lat) platyp
1 ; .
=3 (1+ [@p|" + @ 1B + 20 (@l pn? <Blatn? + e 2 (Blan? (@t )2
1
=3[+ -7 v 22 (1-97)
=1.
(8.127)

Hence the corresponding solution is Hpin (P|R) < 0. Therefore combining the results
from the primal and dual programmes we conclude that Hy;, (P|R) =0 for all y € [0,1].
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Figure 8.4: Conditional min-entropies as a function of y for the two-dimensional game (d = 2)
with Bob’s input state [¢pg1) = ¢(|0) +|-)) or [p10) = c(|1) + |+)). The blue solid line corresponds to
the Hpin (B|R) at time f» in Fig. The red dashed line shows Hp,ip (X|R) at time #3 after Alice’s
measurement, where the state is averaged over all the outcomes, as Bob does not have access to
the measurement result. The yellow dotted line corresponds to Hpi, (P|R) at time #; and hence
shows the initial quantum correlations between R and its purification P. The correlations between
those systems at time #, are illustrated by the purple dash-dotted flat line Hy,j,, (P|R) = 0. By com-
paring the blue solid and red dashed lines, one can see that for y = 1 the increase of the conditional
entropy between Hp,in, (B|R) and Hpjn (X|R) due to the measurement on B is the greatest possible,
that is, it is equal to 1. The reason is that the measurement is the most destructive in this case, as
it destroys all the quantum correlations of a maximally entangled state. On the other end of the
spectrum, if y = 0, there are no quantum correlations between B and R present and so the mea-
surement has a relatively small influence on the system. It only affects the classical correlations,
which are not aligned with the standard basis in which the measurement performed by Alice takes
place (the final measurement in the circuit in Fig.[8.2). Hence, in this case the increase of condi-
tional entropy is small. Comparing the yellow dotted and blue solid lines we see that decreasing
the amount of entanglement between P and R results in the increase in the amount of entangle-
ment between B and R that can be generated using the controlled Fourier transform. Finally, from
the flat purple dash-dotted line we see that independently of the coherence of R and its initial cor-
relations with P, the correlations between those two systems at time f can be only classical. All
the above entropies are derived in Appendix[8.6.5]
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9.1. SUMMARY OF RESULTS
We summarize the main results of this thesis as follows:

* We have established that current quantum technologies already possess the capa-
bilities for demonstrating efficient generation of long-distance entanglement and
a proof of principle quantum repeater. In particular we have verified these state-
ments for NV-centre platform where we have observed that the necessary prop-
erty of such experimental setups is the optical interface of the memories with high
photon extraction efficiency. It is expected that the demonstration of these pa-
rameters can be achieved by embedding the quantum memory system within an
optical cavity to enhance the emission into the desired zero phonon line and into
the preferential directional mode.

* We have examined the performance of multiplexed entanglement generation us-
ing quantum memories with a single-optical interface and multiplexed memory
qubits. We have found that for the NV centre platform the gate time of transferring
the quantum state between the communication qubit and the memory qubit plays
a crucial role in making such multiplexing possible. For currently achievable times
of such a swap gate which still allows for maintaining high coherence of the mem-
ory qubits for hundreds of subsequent entanglement generation attempts, using
more than one such multiplexed memory will no longer provide any benefit. This
shows that the ability to perform fast local gates at the memory nodes will play
a crucial role in future quantum repeater networks based on such multiplexing
schemes.

* We have established two crucial methods for quantum repeater networks that al-
low for counteracting the effect of noise in the system. The first one is the cut-off
on the storage time which enables overcoming the problem of decoherence in the
quantum memories at the expense of reducing the yield of the protocol. We find
that optimising over this cut-off can not only significantly boost the performance
of the studied repeater schemes but for large distances it is even necessary in order
to be able to demonstrate a non-zero performance. Moreover, from the implemen-
tation perspective, the application of the optimal cut-off corresponds only to ad-
justing the settings of the devices and hence is much easier to implement than the
previously suggested method of optimising the position of the repeater for spe-
cific sequential protocols. Secondly, we have shown that for QKD the secret-key
rate achievable with our repeater schemes can be significantly enhanced by in-
troducing two-way classical post-processing instead of typically considered one-
way error correction. Such a two-way advantage distillation scheme is known to
be very efficient in the high-noise regime, which is the regime in which realistic
proof of principle repeater schemes operate. In fact we show that for some more
complex schemes such advantage distillation is necessary in order to be able to
generate any non-zero amount of key. Again, implementation of such a two-way
post-processing does not carry any additional cost with respect to the one-way er-
ror correction as the entire procedure is implemented in a fully classical part of the
protocol.
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* We have proposed a general framework for investigating the trade-off between fi-
delity and probability of success in entanglement distillation and we have pro-
vided methods to improve existing distillation schemes. Using this framework,
we have demonstrated that specific well-known realistic entanglement distillation
schemes that operate on two copies of a two-qubit state and involve only one
round of local operations and classical communication are in fact optimal over
all LOCC protocols. To be more precise, we observe that they offer the optimal
trade-off between the output fidelity and probability of success. This shows that
in order to obtain better trade-off between those two figures of merit, it is neces-
sary in those cases to aim for implementation of protocols that can jointly operate
on more than two-copies of the input state.

* We have examined the origin of uncertainty in the quantum guessing games mod-
elling specific types of attacks of an eavesdropper in QKD. We have found that a
significant part, and in certain cases even all, of the resulting uncertainty is re-
lated to the lack of knowledge about the choice of the measured observable. If the
eavesdropper could gain access to the quantum information about this choice,
they would be able to guess the measurement outcomes with significantly higher
probability and even with full certainty for the specific cases, without being de-
tectable in any way. In this way we have demonstrated that it is vital for such
quantum information to remain inaccessible to Eve. From a broader perspective
we have shown that certain entropic formulations of the preparation aspect of the
quantum uncertainty principle do not quantify exclusively the intrinsic quantum
uncertainty but also include a classical component related to alack of information.

9.2. FUTURE OUTLOOK

9.2.1. REMOTE ENTANGLEMENT GENERATION AND FIRST GENERATION QUAN-

TUM REPEATERS WITH OTHER PHYSICAL PLATFORMS
In this thesis we have looked at specific remote entanglement generation and proof of
principle repeater schemes and their implementation based on the NV-centre platform.
However, the multiplexed remote entanglement generation schemes that we propose in
Chapter [d] and the SiSQuaRe repeater scheme could also be applied to other platforms
where local nodes consist of multiple qubits with a single optical interface accessible at
any given moment.

An example of such a platform could consist of multiple ions confined to a single
trap [1]. In the corresponding implementation of the SiSQuaRe repeater scheme or the
multiplexed remote entanglement generation, one could consider multiple such ions
coupled to an optical cavity [2}[3]. Since we want to be able to independently operate
on each of the memories and make use of their photonic interface, similarly to the NV
based implementation, the memory-photon entanglement generation procedure would
need to be conducted in a sequential way. This can be done either by hiding/unhiding
the spectator ions during the memory-photon entanglement generation [4] or by com-
bining different atomic isotopes of different resonant frequencies in one trap [5,[6]. For
the implementation of the second method it is natural to consider one isotope as a com-
munication qubit with an optical interface and the other memories of different species
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as memory qubits as was implemented in [7]. Moreover, this platform also offers a func-
tionality of performing deterministic gates between the ions in a single trap, allowing
us to implement a deterministic local Bell measurement and a swap gate between the
ions. Hence, we see that effectively the qualitative capabilities of such a trapped ion
based system fit exactly within the general requirements of the SiSQuRe scheme and the
framework of multiplexed remote entanglement generation analysed in Chapter [4] A
significant advantage of this platform is that the interaction between the two ions can be
switched on and off on demand, hence completely eliminating the effect of decoherence
during storage due to subsequent entanglement generation attempts, which seems to be
the dominant source of noise in the NV based implementation.

On the other hand, quantum dots encapsulated in optical cavities seem to be another
promising candidate for the implementation of the single-photon scheme for QKD [8}
9]. While their coherence properties are rather limited, the single-photon scheme does
not require any quantum storage at all. In fact, as we have discussed in Appendix[7.8.9]
in Chapter 7} it is possible to run a prepare-and-measure version of this scheme where
Alice and Bob are only required to prepare the desired superposition of the presence and
absence of a photon. It has been demonstrated in [10] that quantum dots can indeed act
as efficient sources of such single-rail encoded photonic qubits.

In Chapter[4]we have discussed multiplexed remote entanglement generation for ex-
perimental platforms utilising a single communication qubit acting as an optical inter-
face and multiple memory qubits used for storage. Although in that chapter we have per-
formed an explicit analysis for the NV platform, we have already noted that other plat-
forms such as trapped ions would also be suitable. However, we have already observed
that the duration of the swap gate between the communication and the memory qubit
in realistic scenarios provides a dominant limitation to the usability of those additional
quantum memories in such multiplexing schemes. In principle this problem could be
mitigated by coupling the communication and the memory qubits more strongly in or-
der to achieve faster gates and at the same time mitigating the resulting decoherence
on the memory by e.g. utilising encodings based on decoherence protected subspaces
of multiple such memories [11} 12]. Nevertheless, the number of multiplexed quantum
memories that will allow for deterministic transfer of the quantum state from a single
communication qubit realistically will not exceed more than a few storage qubits.

A much more unconstrained approach to multiplexing seems to be possible with
quantum memories based on atomic ensembles [13]. These platforms enable imple-
mentations of a multimode quantum memory. Multiplexing in multiple degrees of free-
dom, such as temporal [14]} [15], spectral [16] or spatial [17], has already been demon-
strated in such ensemble based systems. Moreover, combination of all those multiplex-
ing strategies in a single setup has also been demonstrated [18]. Combining such dif-
ferent degrees of freedom could offer a highly multiplexed quantum memory with large
number of parallel storage modes enabling efficient remote entanglement generation. A
significant limitation of remote entanglement generation schemes using atomic ensem-
ble based memories in comparison to the schemes based on NV-centres or individual
ions is that many of them require use of sources of entangled photons. These sources
at the moment have very low efficiency and non-negligible probability of multi-photon
emission events introducing significant amount of noise [19, 20].
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Nevertheless, access to a large number of modes reaching orders of 10° — 106 together
with photon number resolving detectors [21} 22] or application of near-deterministic
sources of entangled photons, which could be achieved using e.g. quantum dots as
single-photon sources [23], could overcome this problem. However, such repeater schemes
suffer significantly from the necessity of implementing entanglement swapping in a prob-
abilistic way using optical Bell state measurement and the efficiency of such a measure-
ment is fundamentally restricted to 50% [24]. While adding additional photons as an-
cillary resources can increase that probability [25H27], the required number of such re-
sources does not make this method a realistic scheme for achieving a near deterministic
performance. Hence, investigating cross platform architectures that could benefit from
both multimode quantum memories and from the functionality of deterministic multi-
qubit gates could provide a feasible solution to the above discussed problems. In partic-
ular, possible techniques of overcoming the limitations of the linear-optics based Bell-
measurement would involve transferring quantum states from the multimode quantum
memories to either NV-centres or trapped ions/atoms where a deterministic entangle-
ment swapping operation could be performed. Another ambitious method would be to
use a deterministic Bell-state analyser [28]. Such cross-platform integration techniques
could allow for designing more efficient repeater schemes benefiting from the advan-
tages of all those physical systems at the same time.

9.2.2. ENTANGLEMENT DISTILLATION

In Chapter 5| we have developed a framework and methods for evaluating the trade-off
between fidelity and probability of success in entanglement distillation. We have also
applied this framework to examine the optimality of some existing distillation schemes,
mostly for the case when two input copies of a two-qubit state are distilled to such a
single copy.

It would be now interesting to investigate such trade-offs for the protocols that distil
from three to one copy using MX operations. One could then compare the performance
of such protocols to the upper bounds obtained using our numerical package. A simple
distillation protocol that makes use of such three copies has been analysed in [29].

In the larger context, the general framework for deriving distillation protocols that
operate on a larger number of copies of two-qubit states and consider operations that ef-
fectively permute Bell states was proposed in [30]. In [31], on the other hand, the authors
take a more "bottom-up" approach and construct optimised entanglement distillation
circuits from optimal subcircuits when operating on Bell-diagonal states.

For particular experimentally relevant scenarios one might want to follow more spe-
cific techniques. It would be particularly very useful to investigate generalisations of the
EPL scheme to a higher number of copies of a two-qubit state such that effectively all
of them are correlated in phase, analogously to the state in Eq. in Chapter 5| for
two copies. One way of performing such a generalisation could possibly be achieved by
considering techniques based on hashing.

9.2.3. HIGHER GENERATION QUANTUM REPEATERS
We have already discussed in Section in Chapter[3|the so-called third generation of
quantum repeaters where the requirement on the coherence time of quantum memo-
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ries becomes significantly reduced to just the local processing time. However, most of
the proposed codes such as parity codes require the ability to perform high-quality op-
erations on a very large number of memories at the same time [32, 33]. The possible
solution would be to remove the requirement on any quantum memories completely,
as has been proposed in [34} 35] where the only quantum systems used are large pho-
tonic claster states. Effectively, the quantum memories are then simulated using the
large photonic tree code encodings that protect the logical qubits against photon loss
during transmission and allow for loss-tolerant measurements on them. Generation of
such states in a near deterministic fashion is in principle feasible using e.g. quantum
dots in cavities as proposed in [36], however the needed sizes of such cluster states place
very high requirements on the number of such single photon sources that would need to
be used in a practical scenario.

Another possible third generation repeater could make use of the so-called bosonic
codes, where the quantum state is encoded in a subspace of a harmonic oscillator, specif-
ically in the Fock space of a photonic mode [37H39]. Multiple classes of such codes have
been proposed with superconducting circuits being the most promising platform for
generating such bosonic codes. However, this platform operates in the microwave do-
main so an efficient way of converting photons from microwave to optical domain would
be necessary in order to be able to use such generated encoded states for quantum com-
munication applications [40].

9.2.4. 2-D QUANTUM NETWORK

While a large number of proposals exist for an efficient repeater chain, not much in-
vestigation has been devoted to more complex networks which involve more than two
end-node parties. However, a practical quantum internet should allow a large number
of parties to perform various communication tasks across such a network at the same
time and often involving more than two parties in each of those individual tasks. In such
scenarios new questions arise that do not have a corresponding counterpart in a simple
repeater chain case. One of such issues is the fact that certain centrally localised nodes
and links will be in general used much more frequently than the end links connecting in-
dividual users to the network. This asymmetry suggests the possibility that the optimal
repeater architecture might make simultaneous use of multiple physical platforms, e.g.
faster remote entanglement generation schemes might need to be utilised between the
central nodes even at the expense of lower quality of the generated entanglement while
the links connecting the end users could make use of other platforms for which higher
quality entanglement is produced possibly at a much slower rate. In general, optimising
both the network topology and the network architecture connecting a fixed number of
users is a very challenging task.

Another important question in such a 2-D network relates to routing quantum en-
tanglement [41]. If the network offers a possibility of using multiple paths to generate
entanglement between two or more users, it is a big challenge to find an optimal way of
generating entanglement across those paths and connecting it in such a way as to allow
for efficient use of all the connections for multiple user pairs (or higher number of users
performing a joint task) at the same time. This question becomes even more challeng-
ing, when one considers the fact that most of the nodes in the network will in general
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only have access to a very limited amount of knowledge regarding the existing entangle-
ment connections across the network at any given moment. This is because updating all
the nodes about the status of the network takes time and the required amount of com-
munication could become overwhelming, even for the corresponding classical network.
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