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Quantum repeaters will be critical to quantum communication and quantum computation. Here, we describe a mechanism
that permits the creation of entanglement between two qubits, connected by fibre, with probability arbitrarily close to one
and in constant time. We show how this mechanism may be extended to ensure that the entanglement has high fidelity
without compromising these properties. Finally, we describe how it may be used to construct a quantum repeater that is
capable of creating a linear quantum network connecting two distant qubits with high fidelity. The communication rate is
shown to be a function of the maximum distance between any two adjacent quantum repeaters rather than of the entire
length of the network.

T
he twentieth century saw the discovery of quantummechanics,
a set of principles describing physical reality at the atomic level
of matter. These principles have been used to develop much of

today’s advanced technology, including, for example, microproces-
sors. Quantum physics also allows a new paradigm for the proces-
sing of information known as quantum information processing1,2.
Over the last decade there has been a huge worldwide effort to
develop and explore quantum-based devices and technologies3,4.
Devices for quantum key distribution (QKD) are already commer-
cially available5. Quantum repeaters are now an obvious next subject
for research6,7. Their function is to enable the creation of entangled
states between remote locations. Long-distance entanglement is
achieved by arranging a number of repeater nodes in a linear
network and creating entangled links between adjacent nodes.
Once a node has links with both neighbours, entanglement
swapping within the node then creates a longer-range link.
When entanglement swapping has occurred at all intermediate
nodes, an end-to-end link will have formed. This entanglement
can be used for QKD, quantum communication, or distributed
quantum computation.

The current goal of many research groups is to produce a stream
of entangled qubits over long distances, preferably with a communi-
cation rate in the megahertz range. Proposals have generally focused
on the quantum components necessary to create entangled links
between neighbouring nodes, purification of these links, and entan-
glement swapping to create longer-range links8–18. Entangled links
are generally created by entangling a quantum-optical signal with
a qubit and then transmitting that signal over a channel to the
neighbouring node. There the signal entangles with another qubit
and a measurement is then made on the quantum signal, indicating
success or failure9–11. The probability of successfully entangling the
two qubits scales as exp [2L/L0], where L is the distance between
repeater nodes and L0 the attenuation length of the fibre.

The next step is to look at the overall design of a repeater
network, considering both the quantum and classical components.
A repeater network must be underpinned by experimental tech-
niques for entanglement generation, incorporate purification or
error correction to achieve high-fidelity entangled links, and be con-
trolled by classical communication across the network. This should
be done in a practical manner without compromising real-world

applicability. Typically, the communication time required for classi-
cal messages to be transmitted between nodes severely limits the
performance of repeater networks. Many rounds of messaging
between nodes need to occur if entanglement distribution and puri-
fication are probabilistic processes. In this Article, we show how to
maintain near-determinism throughout all aspects of a repeater
network. This allows us to propose an efficient, pipe-lined architec-
ture in which it is known when the end-to-end entangled pairs are
going to be available and where the requirements on quantum
memories are minimized.

Results
Quantum multiplexing. The core element of any repeater network
is the creation of entanglement between neighbouring nodes. The
fact that this is a probabilistic process is an issue that affects the
performance of a repeater network, as one cannot predict when
links are going to be available. A classical signal needs to be sent
between repeater nodes to confirm that a link is available, so the
generation rate is ultimately limited by this roundtrip transmission
time. With typical repeater nodes being separated by, for example,
40 km, this would be on the order of 400 ms. With the probability
of success for entanglement generation at such distances being less
than 25%, a number of attempts will be needed before one is
effectively guaranteed a link. A significant delay results if the
attempts are performed sequentially. One could parallelize the
operations, but this would require significantly more resources19–21.

A more efficient design is shown in Fig. 1. In this design each
repeater node comprises two parts: a bank of transmitters and a
bank of receivers. The creation of an entangled link begins with a
classical pulse initiating all the transmitters in a node to prepare
individual quantum-optical signals. These signals then interact
and become entangled with respective qubits. They then propagate,
temporally multiplexed together with the classical heralding pulse,
along a fibre to the next node. The classical pulse announces that
a series of quantum signals is about to arrive. A receiver initializes
a qubit into the appropriate state, and this interacts with the first
signal. The signal is measured using an appropriate detection
scheme (photon-counting or homodyne) to determine whether a
successful entanglement–creation operation has occurred. If not,
the qubit is re-initialized for the second signal, and another
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interaction and measurement procedure is performed. This continues
until a success is reported, which triggers two operations. First, any
further signals are prevented from interacting with the qubit. Second,
a classical message is dispatched back to the first node, informing it
as to which transmitter was successful. The time between initiating
the transmitters and receiving the classical message is essentially the
roundtrip time between nodes and is independent of the probability
of successfully entangling a single transmitter and receiver, assuming
that the quantum signals can be tightly temporally multiplexed and
that local gate operations are sufficiently fast.With enough transmitters
we can effectively guarantee that an entangled link is created.
The probability of not establishing a link is given by Pf¼ (12 P)n,
where n is the number of transmitters and P is the probability of
successfully entangling a single transmitter and receiver.

With only one receiver, once the entangled link is created we
have to discard any further signals. However, we could use a few
extra receivers. Once the first receiver in a node has been entangled,
the remaining signals are routed to the second receiver in that same
node. When that is successful they go on to the next receiver, and so
on. With n transmitters and m receivers, the failure probability that
all m entangled links have not been created is

Pf (m) =
∑

m

j=1

n
j− 1

( )

P j−1
(1− P)n−j+1

The numbers of transmitters and receivers needed are quite
modest, as shown in Table 1 for P¼ 0.20 and Pf¼ 0.1, 0.01,
0.001. The number of extra receivers required for multiple entangled
links to be created simultaneously is modest, even for low numbers
of receivers. More importantly, by creating links in one roundtrip
time in a near-deterministic fashion, we potentially lessen the
requirements on the quantum memories.

Quantum error correction. There are various possibilities
regarding how multiple entangled links between adjacent nodes
can be used. The simplest is just to use them in parallel to
improve the rate of the overall network; however, as the entangled
links are unlikely to be perfect, they need to be purified. Normal
purification protocols are problematic, however, because they are
probabilistic and require two-way communication to determine if
one has succeeded or failed22–25. Upon failure the entangled links
are destroyed and one must start the link generation again,
negating the benefit of our protocol. This can be overcome using
quantum error correction26,27. Error correction can be used to
purify entangled links while only requiring classical information
to be sent one way28.

Which error-correction code is best to use will depend on the
type of errors induced during the process of creating entangled
links and on the failure rate of the quantum gates at each node. If,
for simplicity, we assume that the predominant error, excluding
loss, is a bit-flip (X) error and we have perfect local gates, then
our entangled link can be represented by

r(F) =
F

2
|gg + eelkgg + ee| +

1− F

2
|ge+ eglkeg + ge| (1)

where F measures the fidelity (quality) of the entangled link one is
trying to create and |gl and |el are the two states of the relevant
qubits. In this case, to create an entangled link of fidelity F ′

. F
we can use a three-qubit repetition code, which corrects a single X
error (depicted in Fig. 2). This conditions three links of fidelity F
to a single link of fidelity F ′

¼ F3þ 3F2(12 F), up to a known X
correction. Because corrections simply update the so-called Pauli
frame, they need only be noted and communicated to one end of
the network28. This means we do not need to wait, and the transmit-
ters and receivers can be processed and reused immediately.

Table 1 | Resources required to generate entangled links.

Pf 50.1 Pf 50.01 Pf 5 0.001

m n n n

1 10 20 30

2 17 30 41

3 25 38 50

5 37 53 67

10 67 88 105

50 288 326 356

100 552 604 644

The number of transmitters n and receivers m required to generate m entangled links for various

failure probabilities Pf, where we have chosen the probability of successfully entangling a single

transmitter and receiver to be P¼ 0.2. In the limit of large m, n asymptotes to n¼m/P, which

implies n¼ 5m.
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Figure 1 | Schematic of a quantum repeater node and its link to its nearest neighbour. The repeater node is composed of two fundamental components: a

bank of transmitters (cavities each with a qubit within them) and a bank of recievers (receiving cavity with a qubit within it and a signal detector). There are

generally more transmitters than receivers, but here we consider only a single receiver. The situation where we have a single transmitter and a single receiver

in each node is equivalent to existing entanglement–distribution schemes. Two channels are required: a quantum channel to connect the adjacent nodes,

which carries a heralding pulse and the quantum-optical signals in the forward direction, and a classical channel to return information about which

transmitter was successful.
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The general features of this protocol can be retained under more
challenging error models. In the case of a general channel error and
faulty local gates, to achieve fault tolerance while keeping within the
spirit of our design one can replace physical qubits with logical
qubits encoded using a Calderbank–Shor–Steane (CSS) quantum
code29–31. It is a property of CSS codes that an error syndrome
can be obtained by teleporting a logical qubit using an already pre-
pared logical Bell state, where the two logical measurements in the
teleportation circuit reveal the syndrome of the code, which is
decoded to determine the logical operation required to complete
the teleportation32. Error correction by teleportation is particularly
suited to communication with quantum repeaters, because telepor-
tation of logical qubits to perform X- and Z-error correction is
achieved using the same physical operations that perform entangle-
ment swapping in the repeater network28.

Our protocol creates entangled links in the presence of loss
without negatively affecting fidelity. This means it can effectively
underly any scheme for fault-tolerant quantum communication.
In addition to schemes based on the abovementioned ideas,
recent schemes based on surface codes33 and cluster states may be
of interest34,35. Most importantly, by using error correction we can
avoid the non-determinism inherent in schemes based on purifi-
cation, allowing for pipe-lining of the overall repeater network.

Quasi-asynchronous design. A repeater network involves quantum
resources, both between and within nodes, and classical resources
such as communication between nodes and clocking. Two choices
for how such a network could operate are a synchronous design
and an asynchronous design. We will focus on the quasi-
asynchronous network (Fig. 3a). An advantage of this design is
that distances between adjacent nodes need not be the same.

The quasi-asynchronous network begins with the clock in the
leftmost node initiating a classical heralding pulse that will propa-
gate along the entire network from left to right. As it goes it will
initiate the transmitters to transmit signals to the receivers in the
adjacent nodes to the right. The transmitters will be initiated in a
temporal progression from the left-hand side of the network to
the right-hand side. Each node reports to its left neighbour, via a
classical message, which transmitted signals were successful. To
extend entanglement beyond neighbouring nodes, whenever a
transmitter is entangled to the right and a receiver to the left, entan-
glement swapping is performed. This creates a longer-range link
and frees the transmitters and receivers in that node to participate
in creating the next link. While the results of the measurements
made during entanglement swapping are available at each node,

no local corrections need to be applied as we propagate this infor-
mation to the very end of the network along with any information
required for error correction. It is important that the heralding pulse
associated with the next link arrives at a repeater node after entan-
glement swapping has been performed, as the herald must be
updated with this information. This design allows us to know
exactly when the entangled links are ready to use and so we have
an efficient, pipe-lined design.

Butterfly design. As entanglement generation is flowing from left to
right, the leftmost transmitter and the rightmost receiver become
entangled at different times; effectively, the left endpoint of the
entanglement link is stationary and the right endpoint is moved
to the right by entanglement swapping until it reaches the
rightmost node. If this is an issue, a simple solution is to split the
network into two halves (Fig. 3b). The actual location of the split
depends on the topology of the network, but should be chosen to
maximize throughput and to balance the availability of qubits in
the leftmost and rightmost nodes. Each side will see a generalized
parity for its half of the network. The two halves can be simply
connected by entanglement swapping and this information
propagated to either the left or right by the next heralding pulse.
Here, effectively, the endpoints of the entangled link are
moved from the middle node to the leftmost and rightmost nodes
by entanglement swapping. Because the transmitters and receivers
in the intermediate nodes are disentangled by entanglement
swapping, these nodes are free to participate in creating the next
link, and we do not need exceptionally long-lived qubits
anywhere in the repeater network. This may significantly lessen
the technological challenge inherent in distributed quantum-
information processing, as the quantum memories now have to be
good on timescales associated with the longest roundtrip time
between any two adjacent nodes and not the propagation time
over the entire network.

Discussion
In the butterfly network the rate of generation of entangled links is a
function of the roundtrip time between adjacent nodes and not the
propagation time over the entire network. If the distances between
nodes vary, then the rate will be limited by the longest roundtrip
time between any two adjacent nodes. The rate will be given by
Rf¼ c/2L, with c being the speed of light in fibre. This suggests
that better rates will be achieved for shorter L, but at the expense
of more repeater stations. For practical reasons we want to
space the repeaters as far apart as possible. Here we will assume
L¼ 40 km, implying that the roundtrip time between adjacent
nodes is �400 ms, giving a rate of �2,500 entangled pairs per
second. The number of qubits required at each node to maintain
this rate without compromising fidelity scales polylogarithmically
with the number of nodes. Continuing on from our example of a
three-qubit repetition code, a five-node network (total distance,
200 km) requires �40 qubits per node to create pairs of F ′

≥ 0.99
from pairs of F¼ 0.95, where P¼ 0.2 as usual. Increasing the
number of nodes to 25 (1,000 km total distance) requires �90
qubits to achieve the same fidelity using a larger repetition code.
A more significant, but still polylogarithmic overhead is required to
tolerate faulty local gates. For example, for one level of the [[9,1,3]]
subsystem code36 we require 109 qubits at each node. The rate can
be improved by increasing the resources at each node; increasing the
number of qubits by an order of magnitude may increase the rate by
approximately two orders of magnitude (see Table 1).

Comparing the performance of our network with others in the
literature8–18 is difficult, because assumptions about the channel
properties, error models and the number of nodes in the network
vary. Although networks use different node separations, most aim
for a total communication distance of 1,000 km. We will present

Classical channel

Parity measurement

Pauli correction

X measurement Classical information flow

Entangled link

Figure 2 | Schematic of a quantum circuit for performing one-way error

correction on imperfect links. In this example, three entangled links of fidelity

r(F) are conditioned to a single link of fidelity r[F ′
¼ F3þ 3F2(12 F)].

On both the transmitter and receiver sides, non-destructive, two-qubit

Z-parity measurements are carried out on the first and second qubits and

then on the second and third ones. The second and third qubits on each

side are then measured in the X basis. A message is sent from the

transmitter side to the receiver side to update the Pauli frame. This simple

protocol is quite effective at increasing the fidelity of the remaining link

relative to that of the initial link. For instance, with three links of F¼0.95

one can create a link of F ′
≥ 0.99 (with five links of F¼0.9 one can create

a link of F ′
¼0.99 using a five-qubit repetition code).
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entanglement generation rates as well as the number of qubits used
in each node to attempt to give a fair comparison. The DLCZ
scheme15 achieves approximately one entangled pair per 4,000 s
(ref. 8) using two qubits (memories) per node. This scheme can
be improved by an order of magnitude by performing entanglement
swapping by two-photon detection37. Another scheme based on
solid-state emitters is that of Childress and colleagues13, which
uses two qubits (one electron spin and one nuclear spin) per
node. It potentially achieves a few pairs per second. Hybrid
approaches using bright coherent light9–12 generate between 10
and 100 pairs per second using 100 qubits per node. The perform-
ance of each of these schemes suffers due to the time delays necess-
ary for the propagation of the classical messages required for
purification between nodes. This time increases as the total com-
munication distance increases. In each of these schemes quantum
memories must be good for the roundtrip time of the entire
network (40 ms) rather than the roundtrip time between adjacent
nodes (0.4 ms). In fact, for many, the memories must be good for
the time required to generate an entangled link between the end
nodes of the network, which could be many times longer. Finally,
a recent scheme incorporating error correction28 achieves 100
entangled pairs per second using �100–150 qubits per node,
depending on the error-correction code used.

In summary, we have presented an optimized design for a
quantum repeater and its associated use in a network. The key
element is a scheme for generating a high-fidelity entangled link
between adjacent nodes in constant time. By using error correction
instead of purification, the near-deterministic nature of this scheme
can be maintained, even with faulty local gates. This allows us to
lessen significantly the requirements on the quantum memories,
which only need to be sufficient to preserve qubits for the roundtrip
time between any adjacent nodes. Then, by using a butterfly design,
the end nodes become entangled at roughly the same time, with the
generalized parity results arriving one adjacent node roundtrip time
later. This allows for an efficient, pipe-lined architecture. For repea-
ter nodes separated by 40 km we could achieve a rate of 2,500
entangled pairs per second with a number of qubits at each node
that scales polylogarithmically with the communication distance.
With more qubits per repeater node one can achieve megahertz
rates. Finally, although we have considered only a linear design,
the network topology can be generalized easily.

Methods
Probabilistic entanglement distribution. The core element of any repeater network
is the creation of entanglement between neighbouring nodes. This entanglement can

be created between two electron spins placed in cavities at neighbouring nodes with
nuclear spins available for quantum memory. The electron- and nuclear-spin
systems may be achieved, for example, by single electrons trapped in quantum dots,
by neutral donor impurities in semiconductors, or by nitrogen-vacancy diamond
centres. For a sufficient interaction between the electron and the light field, the
system should be placed in a cavity resonant with the light. Physical mechanisms for
entanglement generation between nodes generally fall into one of two categories:
first, the heralded creation of high-fidelity entangled links with a low probability of
success using single photons or weak coherent sources13–17 and, second, the heralded
creation of moderate-fidelity entangled links with a moderate to high probability of
success using strong coherent fields and homodyne detection9–12. Which approach is
better depends on the physical system, but the latter can use the same qubit–photon
interaction for local gate operations necessary for error correction and
entanglement swapping.

Quantum error correction. As with all error-correction schemes, performance
depends on the number and fidelity of the entangled links that are available, the
number of qubits at each node, and the target fidelity, which in turn depends on the
distance over which we want to communicate. For error correction by teleportation,
we require at least enough qubits at each node to fault-tolerantly prepare a logical
Bell state as well as enough transmitters and receivers to simultaneously and reliably
send and receive a logical qubit. Because logical Bell pairs are required to perform
error correction, one approach is to produce many logical Bell pairs at each node,
rejecting pairs when errors are detected, so that a high-quality pair is always available
when required32. This will yield a scheme that has a high threshold (.1%) for
channel and gate errors while retaining the near-deterministic nature of the
protocol, but at the expense of a large resource overhead. If resources are limited so
that only one logical Bell pair can be prepared and stored at each node at any time,
then gate errors will need to occur with a probability of less than �1×1024 (ref. 38).
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