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Abstract—Most quantum communication tasks need to rely on
the transmission of quantum signals over long distances. Unfortu-
nately, transmission of such signals is most often limited by losses
in the channel, the same issue that affects classical communica-
tion. Simple signal amplification provides an elegant solution for
the classical world, but this is not possible in the quantum world,
as the no-cloning theorem forbids such an operation and, thus,
an alternative approach, a quantum repeater, is needed. Quan-
tum repeaters enable one to create a known maximally entangled
state between the end points of the network by first segmenting the
network into pieces, creating entanglement between the segments,
and then, connecting those entanglement to create the required
long range entanglement. Quantum teleportation then allows an
unknown quantum message to be transmitted between them using
the long-range entangled state. This form of quantum communi-
cation will be at the heart of the future quantum Internet. In this
review, we will detail various approaches to quantum repeaters,
and discuss their expected performance and limitations.

Index Terms—Quantum communication, repeaters and net-
works.

1. INTRODUCTION

HE development of technologies based on the principles of

T quantum mechanics is likely to be one of the foundations
upon which the 21 century society relies [1]-[3]. What form
these technologies will take is still unknown, but it is already
well known that the principles of superposition and entangle-
ment allow tasks to be undertaken that are either extremely hard
or impossible to be achieved in the classical world. Such tasks
include for instance secure communication [4], the prime fac-
torisation of large integers [5] and the simulation of complex
quantum systems [6]. The full potential and range of applica-
tions are however still unknown. Broadly the field of quantum
information processing (the field associated with these quantum
principles) can be broken into a number of areas including:

1) Quantum measurement, metrology and sensing [7], [8],

2) Quantum communication [9]-[12],

3) Quantum computation and simulation [6], [13]-[15].
All these areas have seen significant advances in recent years
with many technologies being developed. Even commercially
available ones exist [16]. We will now turn our attention to
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quantum communication as the focus of this review paper, be-
ginning with a brief discussion of what quantum communication
is. Quantum communication is a way to transmit signals (either
quantum or classical) over distances using the principles of
quantum mechanics. Such signals could be used for tasks rang-
ing from cryptography to large-scale distributed quantum com-
putation [17]-[19]. One of the technologically most advanced
is quantum key distribution (QKD) [4], [9], a task where one es-
tablishes a secret key between the two remote parties (Alice and
Bob in this case) using simple light pulses. A number of field
tests have already been demonstrated [20]-[23]. For most other
applications one needs to generate entangled links between the
various parties and these can be used in a number of ways. The
simplest is to use the entangled resource to teleport a quantum
state from Alice to Bob [24]. but these entangled links could
also be used to generate multipartite entangled states for quan-
tum secret sharing [25], distributed quantum sensing, metrology
or computing activities, etc. If these parties are far beyond the
attenuation length of the channel between themselves, then one
will not efficiently be able to establish the entangled links. In
such a situation quantum repeaters are likely to be needed [26],
[27] and work by dividing the long-distance link into a number
of segments with a repeater at each node [27]. As the links are a
shorter distance apart, the entangled links can be obtained with
much higher probability and hence by connecting all the links
together with entanglement swapping [24], [28] we can generate
the required long-range entanglement.

This review is organised as follows. We begin in Section II
with an overview of quantum communication via exemplifying
QKD and quantum teleportation. Here it will be shown that it
is essential for quantum communication to distribute entangle-
ment between two remote parties Alice and Bob, and then in
Section III we introduce three generic entanglement distribution
schemes. These schemes suffer from photon loss in the optical
fibres, which naturally limits the communication distance. A
solution is to use quantum repeaters and thus in Section IV we
detail the basic concepts of how quantum repeaters work and
the components required. Such components include the previ-
ously described mechanisms for entanglement distribution (see
Section III) plus schemes for entanglement purification (see
Section IV-A) and entanglement swapping (see Section IV-B).
This is followed in Section V by how these components can be
combined to create longer-range entanglement links. We also
identify key limitations in this basic design. In Section VI, we
show how these limitations can be overcome. As a result, the
communication rate is dramatically increased and the require-
ments on the memory time become less demanding, now associ-
ated only with the communication time between adjacent nodes.
Section VII further shows that a quantum repeater network can
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be established without the use of quantum memories at all, while
Section VIII briefly introduced how a complex network could
be achieved.

II. QUANTUM COMMUNICATION

Let us introduce the concept behind quantum communica-
tion. The main role of quantum communication is to transmit
quantum signals over distances [9]-[12]. More specifically it
enables a party called Alice to send a distant party called Bob
any quantum state of the form |¢)) = a|0) + (3|1) with complex
numbers « and (3 (satisfying |a|? + |8]> = 1), where {]i)}i—0.1
are orthonormal basis states that might, for example, be the
ground state |g) and an excited state |e) of a matter system or
the horizontally polarised state | ) and vertically polarised state
|V} of a single-photon system. Since Alice’s state |¢)) 4 should
be transferred to Bob through the ideal quantum channel, the
ideal channel could be described by the identity map 4~ =
|0)5 4 (0] + [1)p 4 (1] because I1~5|¢)) 4 = |4)) 5. Hence, one
might think that the ultimate goal for realising quantum commu-
nication is to give Alice and Bob a device to work as the identity
map I4—5)]. However, interestingly, this is not the only so-
lution. In particular, quantum communication is also possible
if the distant parties, Alice and Bob, share an entangled pair
called a Bell state | )5 = (|0)4]0)p + [1)4]1)5)/v/2. In
this section, we illustrate this approach through providing rep-
resentative quantum communication operations, i.e., quantum
teleportation [24] and QKD [4], [9]. As a result, the Bell state
is regarded as a resource for quantum communication.

A. Quantum Teleportation

Quantum teleportation [24] is an important primitive quantum
communication operation [12] which is based on Alice and
Bob’s pre-established Bell state |®1) 4. Then by using this
Bell state and classical communication Alice can transmit any
state of the form |¢)) = «|0) 4» + 5|1} .4/ to Bob.

The scheme begins with Alice’s Bell measurement on the
systems A’ and A giving a result corresponding to one of the
four Bell states |®) 44 = (|0)4/[0)4 £ |1)as|1)4)/v/2 and
[ U)o = (|0)a[1) 4 £ |1)4:|0)4)/+/2.If a measurement out-
come corresponding to state |[®") 44 is obtained, Bob’s state
is [)p (from 44 (PF||Y))a/|®T)ap = [¢)5/2), which is the
state Alice wants to transfer. Similarly for a measurement out-
come corresponding to state [$~) 44 , Bob’s state is Zp|¢))  as
A’A<(I)7| = ArA<<I)+|ZA and ZA|(I)+>AB = ZB|(I)+>AB, where
7 is a sign flip defined by Z = |0)(0] — |1)(1]. For a measure-
ment outcome corresponding to state [ ) 44 (|U ) 414), Bob’s
state is Xp|Y)p (ZpXp|)p), where X is a bit flip defined
as X =|0)(1] 4 |1)(0|. Hence, if Alice sends the measurement
outcome to Bob over a classical channel, by applying one of
unitary operations { I, Zp, Xp, Zp X } depending on Alice’s
measurement outcome, Bob can always obtain the state [¢)) 5
originally held by Alice. Therefore, Alice can send her quantum
signal [1) 4/ to Bob just by using the Bell state |®"),p and
classical communication.

Since quantum teleportation requires classical communica-
tion from Alice to Bob, Bob’s system B should work as a

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 21, NO. 3, MAY/JUNE 2015

quantum memory to keep a quantum state until at least the end
of the classical communication. This is important as it inher-
ently implies that quantum teleportation requires the use of a
quantum memory.

B. Quantum Key Distribution

Suppose that Alice and Bob have systems AB in the Bell
state |®*),p, and they make Z-basis measurements (i.e.,
measurement in the basis of {|i)};,—¢1) on the systems AB.
Then, since the Bell state is a pure state, nobody (except for
Alice and Bob who actually obtained the measurement out-
comes) can predict the measurement outcomes. That is, their
bits are perfectly secure. In addition, from the definition of
the Bell state |®+)4p = (|00)ap + |[11)4p)/V/2, the Z-basis
measurement outcomes are always random and perfectly cor-
related. Hence, the Z-basis measurement outcomes on systems
AB in the Bell state |®1) 4 5 can serve as a secret bit [29], [30].
This allows Alice to send any 1-bit information to Bob in an
information-theoretically secure manner, by invoking the one-
time pad (based on a public channel between Alice and Bob).
Therefore, a Bell pair is a resource for transmitting 1 bit in a
secure manner.

Usually, Alice and Bob need to possess quantum memo-
ries to share the Bell state |®1)4p [for instance, owing to
the probabilistic nature of the entanglement generation or of
quantum purification needed under the existence of noises (see
Section IV-A)]. However, interestingly, the secure key from this
protocol can be shown [31] to be equivalent to that from a
QKD protocol without quantum memories, e.g., where Alice
and Bob simply perform measurements on the incoming pulses
distributed from a third party or Alice sends pulses over a quan-
tum channel to Bob who performs measurements on the pulses
(see Section III)]. This is so because Alice and Bob’s quantum
memories to be prepared in the Bell state |®") 45 can be re-
garded as fictitious qubits in the QKD protocol. Therefore, QKD
protocols usually do not require Alice and Bob to have quan-
tum memories, which is in a striking contrast to the quantum
teleportation that needs quantum memories.

III. ENTANGLEMENT DISTRIBUTION

As was seen in the previous section, the resource for many
quantum communication schemes is entanglement between re-
mote parties, Alice and Bob. Thus we will begin with explaining
how to supply Alice and Bob with entanglement in practice, i.e.,
entanglement generation schemes. It can be achieved in quite
a number of ways [10], [11], [24], [26], [27], [32]-[44] using
many different types of physical systems, for instance, using
single atoms (or artificial atoms) within cavities or ensembles
of atoms in a vapor. Nonetheless, they still share a number of
core attributes that allow us to characterise them into three basic
themes. These are depicted in Fig. 1 and use single photons
as the communication medium. However note that, in general,
entangled-photon or continuous variable sources [35] can be
used in many cases. Let us consider the three representative
approaches in order.
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Fig. 1. Schematic illustration of three schemes to generate entanglement be-
tween two spatially separated nodes. The first (a) is based on the emission or
reflection of a photon from each individual cavity and their interference at a po-
larising beamsplitter in the mid point between the nodes. Detection of a photon
in each mode heralds the creation of the entangled link. The second scheme (b)
is based on sending half of a Bell state to each repeater node where the photon is
entangled with the qubit in the associated cavity. The measurement of each pho-
ton then transfers the original photonic Bell-state entanglement to the repeater
nodes, as well heralding photon loss. The third scheme (c) is based on a single
photon initially starting at one of the nodes where it interacts with the qubit in
the cavity present there to entangle with it. The photon is then transmitted over
an optical fiber to the adjacent repeater where it interacts and entangles itself
with the qubit in that cavity. The measurement of the photon then projects the
two remote qubits into an entangled state, provided the photon was measured.

In the first case (see Fig. 1(a)), a single photon (p) is entangled
with an atom (a) in a cavity, by either the atom emitting a photon
or a photon being reflected off the cavity mirror, creating a
state of the form [|g),|H), + |€)a|V),] /V/2 [45]-[53]. With
two atoms ajas in separate cavities being entangled to their
respective single photons p; p2, we have a combined state of the
form

1) = 3 llghes | HDp, + leban V)]

(H)py19)ar +V)p,l€)as ] (D

Interfering the two photons on a polarising beamsplitter,
and post-selecting situations where we have one photon in
each output mode, our combined state can be represented by
[19)as [H)p [H)p, 19)as + 1€)ay V)5 [V, l€)a,] /v/2- Measur-
ing the photons in the basis of diagonal state |D) = (|H) +
|V))/+/2 and anti-diagonal state |A) = (|H) — |V))/V/2, we
have

| )4,4,, forD;Dor A A
[Wy) = B (2)
|® )40y, forD,AorA D

with |®F), 4, = % 9Ya,19)a, £ |€)a,|€)2]. We immediately
observe that depending on the parity of the measurement result
associated with the detection of a polarization-encoded photon
at each port after the PBS, we have one of two Bell states with
25% probability each [54]. The measurement results need to be
sent to both end nodes indicating which Bell state they have
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generated or that no coincidence result occurred. In this last
situation, the photons “bunch” and so no photons are detected
in one of the modes (no coincidence counts). In this case our
entanglement generation operation has failed and a classical
message must be sent indicating we must try again.

The second entanglement distribution scheme depicted in
Fig. 1(b) is based on an optical Bell state (say [|H),, |H)p,, +
V)0, V), 1/3/2) [55] being sent to the adjacent nodes from a
node between them, where the qubits (atoms or vapors) in the
end nodes have been prepared in the equal superposition state
Ve, = [19)a, +1€)a,] /V2. A controlled-phase operation can
be performed between each qubit and its associated photon
giving

1
U3) = 19 )arae @ [[H)py [H)py + V)i V)]

1
+ §|\P+>a]a2 @ HH>P| |H>Pz - |V>P1 |V>Pz] 3

where |\Ili>111(12 - [|g>(l1 ‘e>(12 + ‘e>(1| |g>(12] /\/i Measuring
both photons individually in the basis of states |D) and |A)
results in a Bell state, depending on the parity similarly to Eq.
(2). A classical message is sent between the nodes indicating
which parity result was obtained. In the ideal case, this scheme
succeeds with 100% probability and thus has an advantage com-
pared to the previous scheme. It does however require a source
of optical Bell states (as well as a controlled-phase operation
between a photon and an atom).

The third entanglement distribution depicted in Fig. 1(c) is
based on a single photon being transmitted between the nodes
[34], [44], [50], [51], [53], [56], [57]. In this case consider that
the left-hand-side node has prepared a qubit in the state |+),,
along with a single photon as |D),, . A controlled-phase oper-
ation is then performed between them followed by the photon
being sent over the channel to its adjacent node. In the right-
hand-side node, the photon interacts with its qubit which was
prepared in the state |+),, . The resulting three-qubit state has
the form

1 1
‘\II4> = 7|(I)+>llla2 ® |D>P1 + 72|\Ij+>a1042 ® |A>P1 :

V2 V2

Now measuring the single photon in the basis of states | D) and
|A) we project the distant qubits into the state |®*),,,, for
an event of detecting D and |U™"),,,, for A. For the event of
detecting A, the second node can perform a local correction
operation to transform |U*), ., to |®T), ., . In principle this
scheme succeeds deterministically.

So far, our considerations have been highly idealised in the
sense that we have not considered channel loss, nor imperfect
sources and detectors. As these can be considered as loss events,
and as we are conditioning our entanglement generation on a
photon click that occurs only when single photons have not been
lost, their effect is to simply lower the probability of success.
For the three entanglement distribution examples given above,
we can express the probability of success of the entanglement
generation as

— o L/Ls

Ds DPlocal, (4)
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Fig.2. Anenergy level diagram of an ensemble of three-level A system. Each
A system has non-degenerate ground states |g1) and |g2) and an excited state
|e). The system initially begins with all atoms in their corresponding |g1 ). An
off-resonance classical laser pulse drives the |g1 ) < |e) transition and a photon
can be emitted from the |e) — |g2) transition: |g1)|0), — |g2)|1), (where the
subscript p indicating a photonic mode). For a weak pulse on a single atom we
have |g1)[0), ~ |g1)|0), + €|g2)|1), and thus for the ensemble [0)ens[0), ~>
[0)ens[0)p + €[L)ens|L)p-

where pioca 1S the probability of the success of the local de-
vices assumed in the respective protocol, and L is the length
of the fiber (connecting Alice and Bob) with the attenua-
tion length Ly. In particular, piocal = PloureeProulaer /2 for the
first scheme, pocal = PentProuPie; fOr the second scheme, and
Plocal = psourcepzoupdet for the third scheme, where Psource is
the probability for a single-photon emission from a source, p.oy
is the probability of coupling a photon to the qubit, pqe; is the
probability of detecting a photon with a detector, and pe,; is the
probability of an entangled-photon-pair emission from a source.
In the case of the application to QKD, the qubit can be regarded
as a virtual one, and thus, we can assume p.,, = 1. But e 2/ %o
is a shared exponential factor as can be seen in Eq. (4), which
makes long-distance quantum communication inefficient.

A. An Example: The DLCZ Entanglement Distribution Scheme

It is now instructive to examine a specific example of one
of these entanglement distribution protocols. One of the ear-
liest was developed by Duan, Lukin, Cirac and Zoller [33],
which is called the DLCZ protocol. This protocol is based
on atomic ensembles. The ensemble is formed from a col-
lection of three-level atoms in a A configuration (see Fig. 2)
all prepared in their ground states |g; );. Our qubit in the en-
semble is represented by the collective ground state |0)ens =
l[g1)1]91)2|91)3 -+ |g1)n and the first excited state |1)ens =
S1|0)ens where ST =S"N | [g2)i(g1]/v/'N with another state
|g2). The ensemble is driven by an off-resonance laser pulse
inducing potential Raman transitions from |g; ); into |g2); and
photon emission from the |e) — |go) transition in each A sys-
tem. The interaction with this weak pulse (mean photon number
7 < 1) for the whole ensemble gives

(V1) = V1= [AP2(10)ens 0)p + A[L)ens[ 1)y
+ 2% [2)ens|2)p - ), ®)

where |1), is a single forward propagating Stokes photon and
|A| < 1.Such astate is analogous to [|g)|H) + |e)|V')] /+/2 (but
where instead of polarization states, number states are used) and
thus we can use an entanglement distribution scheme like the
form of Fig. 1(a) to entangle the remote ensembles. After the
50/50 beamsplitter on optical modes, each of which is entangled

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 21, NO. 3, MAY/JUNE 2015

with an atomic ensemble, our system can be described by

|\112> ~ (1 - |)‘|2)[|O>CHS1 |O>CHS2 ‘O>P1 |O>Pz + )‘(|\P+>CHS|CH82
|1>171 |0>102 + “Ij_>enslen$2 |0>171 |1>p2) + O()”Z)] (6)

where “Iji>enslensz = [|1>en51 |O>en52 :l:|0>ensl |1>ensg]/\/§With
1,2 labelling the two separate ensembles. Now by detect-
ing a single photon at either detector, we project our en-
sembles into the entangled state W), cns, With probability
~ |A|> depending on which detector clicked. Further when
we include channel and detected losses, our resulting state
p =¥ ens,ens, (¥5|+ O(A?) conditioned on a single pho-
ton detection event at either detector occurs with probability
ps ~ [A)2e L/ 2L0 paei Peou- As |A| < 1 and generally L > Ly,
the probability for generating the entangled link is quite small,
but with many attempts, an entangled link can be generated.
The success probability of this protocol has a better scaling for
distance L than those of the three examples in the previous sec-
tion by e~%/2L0 [33] (but note that two pairs of |TF) ey, ens,
are needed for applications [33]).

IV. THE COMPONENTS IN QUANTUM REPEATERS

The entanglement distribution schemes described in Section
IIT showed that the probability of success for generating a sin-
gle entangled link scales exponentially with e~/ This ne-
cessitates the use of quantum repeaters to allow long-distance
communication with finite resources and reasonable rates. In a
quantum repeater protocol there are three primary operations
required to create the long-range Bell state that can be used for
quantum communication tasks such as QKD or teleportation.
These operations are:

1) Entanglement distribution: the process for creating entan-

gled links between network nodes.

2) Entanglement purification: the process where we create a
more highly entangled state from a number of lower quality
ones.

3) Entanglement swapping: the process in which a Bell-state
measurement is performed within a node on two qubits
which are halves of separate Bell states. The Bell mea-
surement allows us to provide a longer entangled link con-
necting adjacent repeater nodes.

The first operation has already been described in the pre-
vious section, but now entanglement is needed only between
shorter-range adjacent nodes and thus the success probability
for generating the entangled link depends on the distance of the
adjacent nodes, rather than the total communication distance.
The remaining two operations (entanglement purification and
entanglement swapping) need to be considered independently
as they can be quite different in nature and the operational de-
tails will show us the limitations each has. We will consider
entanglement purification next.

A. Quantum Purification

A significant problem with the Bell states one generates from
an entanglement distribution scheme between the two remote
nodes is that they are not perfect. While losses can be overcome
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by attempting to generate the entangled links many times, other
errors will occur in such systems. The matter qubits are known
to experience dephasing even if they are long-lived. Further our
state preparation and detection may not be perfect (e.g., we may
not measure exactly in the basis of states |D) and |A)). Such
errors cannot generally be overcome by repetition (which can
be taken as a countermeasure against the loss), and instead de-
crease the quality (fidelity) of the entangled link. If a dephasing
error occurs with probability 1 — F', then our resulting state
(expressed as a density matrix) is given by

p= F|¢+>7n<q)+| + (1= F)[®7)n (P, (7

where F serves also as the fidelity of the resulting state. Other
types of errors associated with imperfect local operations will
further decrease this fidelity, inducing errors corresponding to
the other three Bell-state elements. This is likely to lead to a
mixture of a Bell state and the maximally mixed state

1-F 4F —

, = I
Puw 3 4+ 3

which is known as Werner state [58].

The decrease in the fidelity of the entangled link means in-
formation present in the state has been lost. Once information
has been lost there is not a simple way to recover it. However as
we are trying to generate a known Bell state, we can distill from
multiple imperfect copies a Bell state with higher fidelity by a
process known as quantum purification [10], [42], [44], [59]-
[61]. The original purification scheme was proposed by Bennett
et al. [10] and is depicted in Fig. 3(a). It requires that two copies
of the state have already been established between the remote
repeater nodes (the two Bell states do not have to be identical in
practice, but for simplicity of explanation here we will assume
they are). Within each node a CNOT is applied between the
qubit of one Bell pair and the qubit for the second Bell pair.
The qubits from the second Bell pair are then measured out in
the computational basis {|g), |e) }. The measurement results are
then transmitted over a classical channel between the nodes. The
resulting state is only kept if the measurement results were the
same (e.g., g, g or e, e). In such a case the purification is success-
ful and a higher-fidelity state should be obtained as long as the
initial fidelity of the state was greater than about 50% and our
local operations (CNOT and the projective measurement) are
accurate enough. If the measurement results were not the same
(e.g., g, e or e, g), the purification protocol has failed and one
needs to start over again with fresh entangled states. This makes
the purification protocol inherently probabilistic in nature, but it
is heralded. One knows whether or not it is successful only after
the classical measurement results are exchanged between the
nodes. This is likely to be significant performance bottleneck.

As an example of purification, let us consider the “recurrence
method” protocol. Consider two copies of our Werner state p,,
shared between Alice and Bob which we represent as p,,, , ®
Pws 4 » Where the labels ¢, j indicate the qubits of that entangled
pair. Qubits 1 and 3 are in the left-hand node while 2 and 4 are
in the right-hand node. We apply CNOT gates between qubits
(1&3) and (2&4) followed by a measurement on qubits (3&4)
in the computational basis. The resulting state can be expressed

1
|®F),, (@F ], (8)
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Fig. 3. (a) Schematic illustration of an entanglement purification scheme us-
ing two imperfect Bell pairs and local operations including CNOT gates and
projective measurements. (b) Schematic illustration of a generalised entangle-
ment purification scheme using n imperfect Bell pairs, local operations and
classical communication.
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Fig.4. (a) Plot of the fidelity of the purified Werner state and its probability of

success versus its initial fidelity of 2 imperfect Bell pairs. The dotted lines shows
the increase in fidelity achievable by performing multiple rounds of purification.
(b) Entanglement purification using the 4-qubit and 5-qubit EDC and the 5-qubit
error correction code (ECC) [62]. The success probabilities for these protocols
can be found in [63] and [64].

as
1-F 4F, — 1
puw = PTy + —L— 7)), (@], ©9)
3 3
where the new fidelity of the state is given by [10]
F?+L(1-F)
F, = 3 ) 5 (10)
F24+iF(1-F)+32(1-F)

with the probability of the successful purification’s heralded op-
erationbeing P = F? + 2F (1 - F) + 2 (1 — F)?. These two
quantities are plotted in Fig. 4(a) for two initial Werner states
with fidelity F.
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What can be clearly seen is that it takes many rounds of
purification to obtain a Werner state with fidelity above 99%
when one starts with low fidelity pairs (e.g., F' = 85%). In
the original protocol, for simplicity, extra depolarisation to con-
vert the resulting state to the Werner form is assumed, but the
protocol works without such depolarisation [59] giving better
performance.

The examples we have illustrated above have assumed that
the Bell pairs used in the purification have the same fidelity. This
may be rather demanding on resources since at every purification
step we require two identical states resulting from the previous
successful purification round and the total number of initial
Bell pairs required will grow exponentially with the number
of purification steps. This constraint can be relaxed and many
of the purification protocols will work even if the pairs are
not identical [27], [43]. In such a case, one may not be able to
generate an arbitrarily high fidelity Bell state. However the pairs
one has obtained may be good enough. A scheme which uses
non-identical pairs is known as entanglement pumping [27].
Consider that we already have an original Werner state with
fidelity F) and that our second pair coming directly from the
entanglement distribution is a Werner state with fidelity F'. After
successful purification our state has a fidelity (11), as shown
bottom of the page. This can be iterated a number of times to
achieve to pump our original F} pair to even higher fidelities.
But it is generally not possible to obtain a maximally entangled
state with arbitrary small error, because there exists a fixed
point beyond which no improvement is possible, depending on
the fidelity F'. If the purification fails during any step the entire
process must start again from new pairs with fidelity F7.

There is also no reason one has to be restricted to the recur-
rence method and the entanglement pumping that are examples
of the two-way error-detection codes (EDC) (which succeed
only in a probabilistic way). Instead one can use one-way quan-
tum EDC or quantum error correction codes (ECC) [42], [44],
[63], [64] which we schematically illustrate in Fig. 3(b). These
use multiple pairs (rather than 2) at the same time and EDC
in principle increase the fidelities much faster [63], [64] if the
initial entangled pairs have a high fidelity. This is shown in
Fig. 4(b) using the 4-qubit and 5-qubit EDC’s as well as the 5
qubit ECC [64], [74]. For instance, the 5 qubit EDC can purify
5 imperfect pairs with a fidelity of 0.85 into one with a fidelity
above 99% in a single round with a success probability of 0.44.
Significantly more resources and communication time are re-
quired if one uses the recurrence method or the entanglement
pumping (see Fig 3(a)).

Finally the schemes we have detailed here so far have assumed
perfect local operations (CNOT gates and measurements). In
any realistic system this will not be perfect and their effect can
be twofold: heralded errors (e.g., when probabilistic gates fail)
and unheralded ones (e.g., measurements error, imperfect gates
etc.). In the first case, this is just like the purification failed and
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Alice Entanglement Swapping Bob
Entangled Link
pair 1
1
Bell Measurement
Fig. 5. Schematic illustration of an entanglement swapping scheme using a

local Bell measurement. The Bell-state measurement can be performed using
a CNOT gate operation between qubits 2 and 3 (2 as the control and 3 as the
target) followed by measurements on those qubits (qubit 3 in the basis {|0), [1)}
and qubit 2 in the basis {|+), |—)} with |+) = (|0) & [1))/v/2). A correction
information is then sent to Bob.

we need to start again. For the second case, we do not know
whether the error occurred and thus the fidelity of our Bell state
will be limited.

B. Entanglement Swapping

Given that we now have a mechanism to establish high-fidelity
pairs between adjacent repeater nodes (e.g., entanglement dis-
tribution followed by purification), we now need a mechanism
to extend the range of the entanglement. This can be achieved
with an operation known as entanglement swapping [27], [28],
[38]—an operation that is effectively a Bell-state measurement
on a node that is linked to neighbouring nodes with entangled
links (see Fig. 5). Consider that we have two pairs in the form
|®F )., ®|PT)p,,, where the labels 1, 2, 3, 4 indicate the
locations of the qubits. Performing a Bell-state measurement
between qubits 2 and 3 projects qubits 1 and 4 into the state
|®"),,,, up to a Pauli correction operation {I, Z, X, ZX } de-
pending on the Bell measurement result. The result of the mea-
surement needs to be sent to qubit 4 (or qubit 1 but not both) so
the correction operation can be performed. Further the mes-
sage heralds the success or failure of the swapping operation if
necessary.

The previous example used ideal Bell states in the entan-
glement swapping protocol. However because of channel noise
and imperfection of local devices, we will instead have mixed
states. Modelling these as a Werner state p, with fidelity
F, the resulting state after the Bell-state measurement (and
correction operations) is also a Werner state p,,,, (F') with
F' = F? + (1 — F)?/3. This fidelity is depicted in Fig. 6 and
clearly shows that the fidelity of the longer-range state has de-
creased compared with the fidelity of the two initial entangled
links. In fact, with a good approximation F’' = F? for I ~ 1,
if one is performing entanglement swapping on multiple links
(say n links), the resulting fidelity will drop by F’ = F". This
means purification will need to be performed on longer-range
links.

C. Entanglement Swapping in the DLCZ Scheme

Previously we have shown in Section III-A how entanglement
distribution can be achieved using the DLCZ approach. How-

F,

FF+;(1-F)1-F)

C RF+iR(1-F)+iF(1-F)+2(1-FK)(1-F)

(1)
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Fig. 6.  Plot of the fidelity F’ of the Werner state after one round of entan-
glement swapping versus its initial fidelity . The dashed curve is the F/ = F'
line.
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Fig. 7. Schematic illustration of the DLCZ entanglement swapping scheme
based on single-photon emission from the collective mode of the ensembles and
a linear-optical Bell-state measurement [33]. The single photons are emitted
using resonant laser pulses.

ever there is no simple and direct way to achieve our Bell-state
measurement (or CNOT gate) between the qubits encoded into
the ensembles. Fortunately, we can transform the atomic excita-
tion into a photonic one coherently and thus can in principle use
it to perform a probabilistic (but heralded) linear-optical Bell-
state measurement (see Fig. 7). This is achieved as follows: By
exciting with a resonant laser pulse the |g2) < |e) transition to
take the photonic excitation stored in the one half of the en-
tangled ensembles, we convert it to a photon. In this case we
have

1
|\P+>enslensfz - ﬁ“”ensl |0>p1

+ |0>01151 |1>P1 ”0>CDSZ ’

where our entanglement is now between the first ensemble and
the photon emitted from the second one. Now using this process,
in Fig. 7 the central node obtains two optical modes emitted by
two ensembles. Making these photons interfere with a 50/50
beamsplitter we have

1
§|1>ensl [Dens. [0)p, [0)py

12)

V) =

1
+ o= [|1>en51 |0>en54 + ‘0>ensl ‘1>en34} |1>pz |O>p:z

2v2

1
+ 27\/5 [|1>ensl |O>en54

1
+ Tﬂ‘mensl ‘0>en34 [|2>p2 |0>p3 - |0>p2 |2>173] (13)

- |0>91151 ‘1>EHS4] |O>I’2 |1>P3
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Fig. 8. Quantum repeater scheme for generating long-range entanglement. It
begins by splitting the network into a number of segments and placing repeater
stations at these nodes. Multiple entangled pairs are then generated between
adjacent nodes. These links are then purified and entanglement swapping is
performed to create a link twice as long as the original one. These new links
are then purified and entanglement swapping is performed again to create a link
four times as long. This continues until entanglement is generated between the
end repeater nodes (Alice and Bob).

and hence by measuring a single photon (with a probability
of PdetPeou 2 — PdetPeou] /4) at either detector, the two remote

ensembles are projected into either entangled state ﬁ

etPcou
|\I]i>cns| ensy <\Ili| + ;:ij:ﬁ ‘0>cnsl |0>CHS4 <0|cnsl <O‘CHS4
depending on which detector clicked. For near unity coupling
and detection efficiency our state is thus ~ [UF)q g ens,. AS
this entanglement swapping operation is probabilistic in nature,
a classical message needs to be sent to the nodes containing
ensembles 1 and 4 indicating whether it succeeded or not. In the
case of failure, we must start over again from the entanglement

distribution step.

V. QUANTUM REPEATER: FIRST GENERATION

Now that we have described the fundamental components
needed for quantum repeaters, it is insightful to illustrate how
they are combined together (see Fig. 8) and the quantum re-
peaters perform. Let us consider this in general before moving to
specific approaches. Our task begins by the creation of a number
of entangled links between adjacent repeater nodes. Once
enough links have been generated entanglement purification
is performed if necessary (either once or a number of times)
to give the required high-fidelity link. Then two neighbour-
ing high-fidelity links are then connected by the entanglement
swapping protocol to give a link twice as long as the original
one (this finishes round 0). Round 1 begins with purification
of the entanglement at this longer range, followed by entangle-
ment swapping to create even longer links (this step is likely
to involve round 0 & 1 being done again). This continues until
one generates the entanglement one requires between the Alice
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and Bob’s nodes with the required fidelity. If the purification or
entanglement swapping fails at any step, we must start over that
part again from round 0.

A. Performance With Classical Losses Alone

While the quantum repeater protocol for generating long-
range entanglement may seem quite straightforward in nature,
its behaviour is quite complex due to the various probabilistic
elements inherent in the scheme. It is hence insightful to ex-
amine the performance of these repeater networks by initially
restricting our attention to the DLCZ protocol. The DLCZ pro-
tocol can overcome the effect of the photon loss with the use of
atomic-ensemble quantum memories. The protocol has a feature
that it does not explicitly use entanglement purification, i.e., it
is composed only of entanglement generation and swapping.
Under the assumption that photon losses are the only sources
of error the required time to successfully generate a Bell state
|@t) 4 for a network of total distance Ly divided in 2" seg-
ments is estimated [26] to be

f’n 1

Livfo i fu 1
2nCF)()Pl.UIDn]Ds.

Here, Liot/(2"cPy) is the time associated with an attempt to
create an entangled link between adjacent repeater nodes (each
of which has two memories) with success probability /. These
two parts give the average time for generating a successful link
between the adjacent nodes. The terms P; are the probability
for the entanglement swapping to be successful at the ith round
while the terms f; takes into account that for the entanglement
swapping to occur, one requires two neighbouring links. If the
average time to generate one link is 7', then one on average only
needs to wait 7'/2 for the success in the second link [26] and so
fi ~ 3/21is a good approximation. Finally P; is the successful
post-selection probability at the end. As mentioned above, if
our only errors are associated with channel losses, then with

Al <1,
3 n+1 L
T’tot ~ tot
2Pdet Peou C|)»|2€*L/(2Lﬂ)

~ O(Lyoreleor/ 00y,

Tior = 14

s)

which is the polynomial scaling with L. (remembering L =
Lo /2" is just the distance between adjacent nodes).

It is very important now to contrast this with the situation of
not using the repeater approach at all, but instead just using the
entanglement distribution scheme over the total distance L.
In this case the average time to generate the entangled link is

LtoteLw‘ /2Lo

Tior ~ (16)

C|)‘ | 2pdctpcou ’

which is scaling exponentially with L;,; compared with poly-
nomial in Ly, for the basic repeater scheme above.

B. Performance With Finite-Coherence-Time
Quantum Memories

Our simple example above showed how the basic time to
generate an entangled link between Alice and Bob could scale
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polynomially with Ly,.. This was unfortunately a highly ide-
alised situation and we have to include other imperfections both
in entanglement distribution and entanglement swapping steps.
Imperfection in entanglement distribution for instance will re-
sultin a mixed state with fidelity /' < 1. As we have 2" links, the
fidelity of the resulting entangled link between Alice and Bob
could scale as F?" = Fw/L and thus decrease exponentially
as L. increases. This loss in fidelity must be recovered and
hence a form of purification is necessary. Purification is a nat-
ural solution but is highly non-ideal: First we need to generate
multiple entangled links between repeater nodes and second our
generation time could scale as O (Lo /c) rather than O(L/c).
The reason is that if purification is performed between Alice
and Bob’s nodes (or some fixed factor of the distance between
them), which is actually required in the nested purification pro-
tocol [27], then the time to generate the entangled links scale
as multiples of the round-trip time over the end-to-end path
due to the classical signalling required to herald the purification
successful operation. However, practical matter qubits (quantum
memories in effect) [65] usually degrade exponentially with this
round-trip communication time, i.e., again exponentially with
Lyot /c. In fact, most quantum memories lose coherence with
time due to dephasing which we can represent by the fidelity to
a Bell state,

1+ exp [—2t/T5)
2 )
where ¢ is the time from the qubits initialisation and 75 is the
dephasing time of the memory. Therefore, if our signalling time
is scaling at O(Ly, /¢), then the loss in fidelity due to dephasing
will be exponential in nature unless 75 also scales with L.

A similar argument holds even for the case of the use of prob-
abilistic entanglement swapping as in the DLCZ protocol. In
fact, if the entanglement swapping works only probabilistically,
the time for the classical signalling required to herald the suc-
cessful entanglement swapping scales as Ly, /¢ [66]. Therefore,
even in this case, due to the dephasing, the loss in fidelity will
be exponential with the communication distance L. It thus
seems that we need to change the repeater protocols a little [65]
or else an exponential scaling reappears in repeater schemes.

Elephasing = (17)

VI. QUANTUM REPEATER: SECOND GENERATION

As previously mentioned, conventional two-way messag-
ing needed by probabilistic entanglement purification/swapping
creates a significant performance bottleneck, due to having to
wait for the classical signals (indicating whether the purifica-
tion/swapping operation was successful or not) to propagate
between the two involved nodes. Moreover, it could cause a
worse problem regarding the scaling of the communication re-
sources if we consider the finite coherence time of practical
matter qubits. A simple way for overcoming these difficulties is
to replace the probabilistic operations with deterministic ones.
For instance, as for the entanglement swapping, we could as-
sume the use of a deterministic Bell measurement for matter
qubits, because there actually exist various matter qubits that
allow a 2-qubit gate to be performed faithfully and efficiently.
To overcome the difficulty on entanglement purification, we
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Fig. 9. Schematic illustration of an entanglement purification scheme using
error correction codes on n imperfect pre-established Bell pairs. On the left-
hand side node, we perform the circuit for the error-correction encoding on the
n qubits and measure all but the first qubit in the appropriate basis. At the same
time (not necessary however) the right-hand side node performs the decoding
circuit and measures its appropriate qubits. As soon as the measurements are
complete Alice and Bob’s qubits are now available for use (as this purification is
deterministic). The classical signal from Alice to Bob just carries Alice’s mea-
surement result allowing Bob to interpret which Bell state has been generated
and the correction operation (either a bit flip or sign flip) to get | ). In many
cases this correction is classically tracked in the Pauli frame (the Pauli frame
indicates whether an X, Z or both corrections need to be performed at some
time [67]). We should also note that it is not necessary to measure out all but
one of the qubits involved in the entangled links. Instead the logical qubit can be
maintained by the use of ancilla qubits within that node with the syndrome being
measured with the help of the ancilla qubits. Entanglement swapping could then
be performed on the logical qubits enabling a much more error resilient system.

need to move to one-way schemes where no classical signals
are needed to indicate whether the schemes succeed or not. We
could use error correction codes to perform such purification
[42], [44], [63], [64], [75], as shown in Fig. 9. The use of error
correction does however put significant constraints on the qual-
ity of entangled links that can be used. In Fig. 4 we plotted the
resulting fidelity for purification using the 5 qubit error correc-
tion code [64] assuming perfect local gates. For initial fidelities
F > 0.88 a net increase in the fidelity is seen after purification,
but for /' < 0.88 the resulting purified entangled state decreases
in fidelity. Thus for a particular error correction code there is a
minimum fidelity of the required entangled links. This is a sig-
nificant constraint. However its advantage is that we do not need
to wait for the classical messaging between the nodes before the
qubits in the entangled links can be used again. This in turn
has a major impact on the lifetimes required for the quantum
memories. In fact, they only need to be good enough compared
to the time required to generate the adjacent entangled links and
not multiples of the signalling time between the end nodes of
the network.

With error correction, as well as deterministic 2-qubit gates
for the deterministic entanglement swapping, enabling the co-
herence times of our quantum memories to scale only with
time scales associated with the signalling time between adja-
cent repeater nodes, we need to return to the generation of these
primitive entangled links and determine how we can minimise
the time associated with these. As discussed in Section III,
the creation of an entangled link between nodes is inherently
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Fig. 10. Schematic illustration of the arrangement of a quantum repeater
protocol in a butterfly design that reduces the requirements on all the quantum
memories to those associated with the round trip between adjacent repeater
nodes rather than the round trip over the entire network.

probabilistic in nature due to the effect of loss. With a suc-
cess probability ps (scaling as exp [—L/Ly]), we need to per-
form [44]

log, € log, €

" Jog, (1—py) Ps
trials to generate a single link with maximum failure rate ¢
(typically € < 102). To minimise the time to generate the links
(and hence the memory times) they should be done in a parallel
fashion using multiplexing [44].

With a mechanism to deterministically generate an entangled
link in a single round trip time (the time for the single photon
to propagate between adjacent nodes and a return classical mes-
sage heralding success) with the multiplexing and using error
correction for purification, we can now design a repeater scheme
where the memory storage times are kept to a minimum. We de-
pict one potential arrangement in Fig. 10 based on a butterfly
design [44]. The generation of the entangled link between Alice
and Bob begins by the central node (1L-1R) establishing links
to both the left-hand 2L and the right-hand 2R adjacent nodes.
Once the entangled links (1L-2L, 1R-2R) have been established
(at least as far as the adjacent nodes know), the adjacent nodes
(2L, 2R) can then establish entanglement to their next neigh-
bour (3L, 3R). At the same time a classical message from these
nodes is sent back to the node that established the entanglement
with it. The central node now knows that it has entanglement
to both its left and right adjacent nodes. On the links to the
left hand adjacent node 2L, the error correction encoding circuit
can be performed including the measurement. A similar oper-
ation can be performed on the qubits associated with links to
the right hand adjacent node (2R). Entanglement swapping is
then performed between the pairs of the remaining qubits - one
associated with the links to the left (1L) and the other to the right
(1R). The classical messages with the error correction results are
then shipped along the channel to Alice and Bob (which ever
is closer) as well as the results from the entanglement swap-
ping. An error corrected link has thus been created between
non-adjacent nodes and the qubits in the central node are free to
initiate a new entangled link. They have only been in use for the
round-trip time associated with sending signals to the adjacent
nodes. This in turns means those qubits only require a coherence
time long enough compared to T' ~ L/cratherthan T ~ Lot /c

(18)
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Fig. 11.  Third Generation quantum repeaters. (a) Schematic illustrations showing the transfer of quantum information between a single photon and a matter

qubit, with detection heralding loss events. (b) shows the basic protocol transferring quantum information from Alice to Bob. It begins first with Alice preparing
matter qubits in an encoded qubit state based on a redundant quantum parity code [57]. She transfers the encoded qubit state of matter qubits into photons, using
the transfer mechanism of (a), and sends the photons to adjacent node C'; . On receiving the photons, adjacent node C; (i = 1, ..., n) transfers the state of photons
into matter qubits, again using the mechanism of (a) where the photon detectors announce which photons are lost. Then the matter qubits perform error-correcting
operations followed by re-encoding. The encoded qubit state is again transferred into freshly prepared photons, with the mechanism of (a). The node C'; sends the
photons into the adjacent node C'; 1. These steps are repeated until Bob receives the photons and performs the error correction operations. In (c) and (d) an all
photonic quantum repeater is illustrated, which works without the need for matter qubits at all. The basic component shown in (c) is a cluster state |G7" ) that has
m left and right arms, each of which is composed of Ist-leaf encoded qubit and 2nd-leaf qubit. An edge represents the past application of the controlled-phase
gate to qubits in |D) [67]. In (d) we illustrate how the cluster states can be used in the repeater protocol. It begins with Alice (Bob) sending m single photons
entangled with her (his) local qubits to the adjacent receiver node C} (C} , ;). Every source node C? prepares |G ), and the left (right) arms are sent to the
left-hand (right-hand) adjacent receiver node C; (Cy, ;). Now on receiving the single photons, C; performs linear-optics-based Bell measurements [68] on
the m pairs of the 2nd-leaf qubits of the left and right arms. If the Bell measurement succeeds, C} applies the X -basis measurements to the 1st-leaf qubits on the
successful arms while performing Z-basis measurements on all the other 1st-leaf qubits. However if all the m Bell measurements or one of the measurements
on the 1st-leaf qubits fails, the receiver node considers that this trial fails. The receiver nodes announce all the measurement outcomes to Alice and Bob, and the

protocol succeeds in which no receiver node judges this trial as failure.

for the first generation schemes (remembering Lo = L x 2").
The approach also increases the rate at which end to end Bell
pairs can be generated between Alice and Bob. For this butterfly
approach with L ~ 40 km, a rate of nearly 5 kHz [44] could be
achieved over 1000 km compared with 1 Hz in first generation
schemes. This raises an interesting question about whether or
not we have reached a fundamental performance limit given a
certain node separation.

VII. QUANTUM REPEATER: THIRD GENERATION

As we saw in the previous section, the second generation re-
peater schemes are ultimately limited in their performance by
the requirement that a classical message needs to be sent to her-
ald the successful entanglement distribution operation between
adjacent nodes. While this message is being sent the qubits in
those nodes are not available for further processing. If we could
remove such messaging, then we would significantly improve
the performance of the repeater network.

To remove the return classical messaging we need to encode
our quantum signal to be sent between the repeater nodes so
that it is tolerant to loss [57], [69]-[71]. In this case, we could
send our quantum information encoded in matter qubits into

photons equipped with a loss-tolerant code [57], send over the
channel to the neighbouring repeater node where the informa-
tion is transferred to matter qubits [see Fig. 11(a)] and loss
events heralded. Error correction is then performed and the in-
formation encoded back to the full loss-tolerant code. It is then
transferred back to photons and sent to the next adjacent node
[see Fig. 11(b)]. This continues until Bob receives the quantum
message. It is important to mention that loss-tolerant codes only
tolerate loss less than 50%, but this is enough to allow repeater
nodes to be spaced further apart than conventionally thought
(50% loss corresponds to ~ 15 km travel for a single photon
being transmitted over conventional telecom fiber). Next in the
scheme of [57] the repeater nodes are only used for refreshing
the loss-tolerant code, and so the matter qubits at that nodes
are no longer required to be long-lived quantum memories. As
all the components of the repeater system just transmit quan-
tum information from the sender to the receiver, the repetition
rate is now just determined by that of the slowest one. Further
this protocol by Munro et al. was generalised by Muralidharan
et al. [71] to be fully fault tolerant, meaning communication is
possible over arbitrarily long distances.

As implied above, to achieve polynomial-scaling quantum re-
peaters with matter qubits, the matter qubits should effectively
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Fig. 12.  Schematic illustration of an arbitrary quantum network (or a con-
nected set of networks—a quantum internet) where Alice and Bob want to
communicate over a complex topology network where they do not know the
exact route between them. The thicker the connecting lines between the nodes
are, the more capacity those links have. Such capacity can be achieved by having
more resources available at those nodes.

satisfy all Divincenzo’s criteria [72]. On the other hand, most
matter quantum memories to be used in quantum repeaters can
be transformed [26], [73] into a single-photon source. Hence,
matter qubits may be too demanding to accomplish quantum
repeaters, and thus, it is fundamental to consider whether quan-
tum repeaters are possible without any matter qubit, i.e., in an
all optical way with single-photon sources, detectors, linear op-
tical elements, and local active feedforward techniques alone.
Recently Azuma et al. [70] developed all optical quantum re-
peaters by taking a time reversal of the DLCZ-like quantum
repeater protocol. The time reversal means that in a synchro-
nised fashion, every “source” repeater node first generates a
photonic complete-like cluster state to simulate the entangle-
ment swapping, and then performs the entanglement generation
by sending the halves of the cluster state to the adjacent “re-
ceiver” repeater nodes. This is followed by adaptive Z-basis or
X -basis measurements at receiver repeater nodes to complete
the entanglement swapping (see Fig. 11(d). It is important to
emphasise here that all these steps, including the preparation of
the cluster state, can be accomplished with the optical devices
alone, and no matter based quantum memory is needed. Fur-
ther as this protocol is the time reversal of a quantum repeater
scheme with polynomial scaling, its required resources increase
just polynomially with the communication distance. In addition,
the repetition rate of the protocol is limited by the local opera-
tions within the repeaters and thus a high rate is possible, similar
to Munro et al. protocol [57].

VIII. NETWORKS

Our considerations so far have been about sending quantum
information between Alice and Bob down a linear network. In
reality, Alice and Bob are likely to be members of a complex
quantum network where they may not even know the exact
topology of the network (see Fig. 12 for instance). If one needs
to establish entanglement between all the repeater nodes on the
route between Alice and Bob at the same time, then Alice and
Bob will need to map out the topology of the required part of the
network they need. However if one is directly transmitting the
quantum information, then a telephone (or internet) exchange
like approach can be used and routing around broken nodes can
be easily achieved. Alice would need to know Bob’s quantum
telephone (internet) number but not the exact route. Alice would

6400813

forward her message to a local exchange who could forward it
to region exchange etc who in turn will get it to Bob. This
kind of quantum telephone exchange model is ideal for the
third generation repeater approaches as the transmission of the
quantum information in encoded form is naturally suited to
being routed.

IX. CONCLUDING DISCUSSION

The development of quantum technologies is likely to enable
abilities for the processing of information that far exceed what
we can do today. Quantum communication is going to be at the
core of these developments—especially if a quantum enabled in-
ternet is to arise. To enable such developments—whether for the
secure distribution of classical key material, teleporting quan-
tum states, or a fully distributed quantum computer we need to
be able to send quantum based information over long distances.
This will necessitate the development of quantum repeaters to
overcome losses associated with the use of optical fibres. In
this review, we have outlined the developments of quantum re-
peaters highlighting the core components required. Such com-
ponents include schemes to distribute entanglement between
adjacent nodes, schemes to take several imperfect Bell pairs
shared between two repeater nodes and purify them to one of
higher quality and schemes to perform entanglement swapping
to allow the range of entanglement to be extended.

We show how the first generation of repeaters will only en-
able entanglement links to be generated between Alice and Bob
with a rate that scales as multiples of the time for classical sig-
nalling to be communicated between these end points. We have
then shown how to improve this scaling to the signalling time be-
tween adjacent nodes when purification is performed using error
correction techniques. This significantly reduces the coherence
requirements of the quantum memories within every repeater
node at the expense of requiring better gates within the nodes.
Furthermore, we then show an approach where quantum mem-
ories can be removed all together and where the communication
rate is now limited by the time to perform the local operations
within the repeater nodes, rather than any time associated with
signalling between nodes.
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