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Overview
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• Discuss limitations in first 
generation quantum repeaters

• Introduce the concept of second and 
third generation quantum repeaters

• Introduce quantum error correction
• Discuss performance of second 

generation quantum repeaters



Limitations of the first generation QRs
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Entanglement Generation between adjacent nodes

Entanglement Swapping

Longer Range Entanglement

Entanglement Swapping

Entanglement Purification

Entanglement
Purification Round 1

Long-range Entanglement

Round n
Round 0

Entanglement
Purification

• In our earlier lecture on first generation QR we 
showed the necessity including entangelment  
purification as one of the operations

• Entanglement purification is probabilistic but 
heralded and occurs at many distances. 

• Need a deterministic operation

To recap

time

T1

T2

T3

T1

T1

quantum signal to distribute entanglement

classical heralded signal 

for entanglement distirubtion

classical signal for puri!cation

classical signal for puri!cation

N-th node (N+1)-th node

• Channel losses mean sending 
the photon is probabilistic!!!!

purification

purification then 
      swapping 
swapping then 
       purification
swapping

F’= F

3 round purification
2 round purification
1 round purification
3 rounds purification 
     then swapping
swapping

F’= F

a)

b)

F’= F

2 rounds purification 
     then swapping



One Step Quantum Purification 
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The problem with most purification protocols is that there are potentially many 
rounds of purification required. 
We can think about using quantum error detection codes  (still probabilistic but 
reduces the number of purification rounds)

One-way Entanglement Purification
Alice Bob

Classical Message with Meaurement Results

Entangled Link

pair n

pair 1

pair 2

pair 3

Local Unitary

An alternative is quantum error 
correction but comes at a huge cost!! 

Saves waiting for classical 
communication however!!! 



Quantum 
error 

correction 
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• It is an algorithm that helps correct errors 
in our computation/communication

• The three qubit code is the simplest



The Bit flip code (Simplified) 

85

• Lets see how it works (no error)

α |0⟩ + β |1⟩

|0⟩

|0⟩

α |0⟩ |0⟩ |0⟩ + β |1⟩ |1⟩ |1⟩

Correction

Classical  
feedforward

Encoding α |0⟩ + β |1⟩

(α |0⟩ |0⟩ + β |1⟩ |1⟩) |0⟩

(α |0⟩ + β |1⟩) |0⟩ |0⟩

|0⟩

|0⟩
I



The Bit flip code (Simplified) 
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• Lets see how it works (qubit 2)

α |0⟩ + β |1⟩

|0⟩

|0⟩

Error

α |0⟩ |0⟩ |0⟩ + β |1⟩ |1⟩ |1⟩

Correction

Classical  
feedforward

Encoding α |0⟩ + β |1⟩

α |0⟩ |1⟩ |0⟩ + β |1⟩ |0⟩ |1⟩

(α |0⟩ |1⟩ + β |1⟩ |0⟩) |0⟩

(α |0⟩ + β |1⟩) |1⟩ |0⟩

|0⟩

|1⟩
I



The Bit flip code (Simplified) 
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• Lets see how it works (qubit 1)

α |0⟩ + β |1⟩

|0⟩

|0⟩

Error

α |0⟩ |0⟩ |0⟩ + β |1⟩ |1⟩ |1⟩

Correction

Classical  
feedforward

Encoding α |0⟩ + β |1⟩

α |1⟩ |0⟩ |0⟩ + β |0⟩ |1⟩ |1⟩

(α |1⟩ |0⟩ + β |0⟩ |1⟩) |1⟩

(α |1⟩ + β |0⟩) |1⟩ |1⟩

|1⟩

|1⟩
X

• In error correction - do not decode the qubits



The Bit flip code 
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• Lets see how it works

α |0⟩ + β |1⟩

|0⟩

|0⟩
|0⟩
|0⟩

α |0⟩ |0⟩ |0⟩ + β |1⟩ |1⟩ |1⟩ α |0⟩ |0⟩ |0⟩ + β |1⟩ |1⟩ |1⟩

Correction

Classical  
feedforward

Ancilla

Encoding



The Bit flip code 
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• Lets see how it works

α |0⟩ + β |1⟩

|0⟩

|0⟩
|0⟩
|0⟩

Error

α |0⟩ |0⟩ |0⟩ + β |1⟩ |1⟩ |1⟩ α |0⟩ |0⟩ |0⟩ + β |1⟩ |1⟩ |1⟩

Correction

Classical  
feedforward

Ancilla

Encoding



The Bit flip code 
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• Lets see how it works

α |0⟩ + β |1⟩

|0⟩

|0⟩
|0⟩
|0⟩

Error

α |0⟩ |0⟩ |0⟩ + β |1⟩ |1⟩ |1⟩

α |0⟩ |1⟩ |0⟩ + β |1⟩ |0⟩ |1⟩

α |0⟩ |1⟩ |0⟩ |1⟩ |0⟩ + β |1⟩ |0⟩ |1⟩ |1⟩ |0⟩ = {α |0⟩ |1⟩ |0⟩ + β |1⟩ |0⟩ |1⟩} |1⟩ |0⟩

α |0⟩ |0⟩ |0⟩ + β |1⟩ |1⟩ |1⟩

Correction

Error

Classical  
feedforward

Ancilla[α |0⟩ |1⟩ |0⟩ + β |1⟩ |0⟩ |1⟩] |0⟩ |0⟩

Tell us to [erform a  
bit flip on qubit 2



The Bit flip code 
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• Consider an error on qubit 3
α |0⟩ + β |1⟩

|0⟩

|0⟩
|0⟩
|0⟩

Error

Correction

Classical  
feedforward

Ancilla

Encoding

• Work out the quantum state at each dashed line
• Determine the state of the two ancilla qubits
• What is the correction operation?



The Bit flip code 
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• Lets see how it works

α |0⟩ + β |1⟩

|0⟩

|0⟩
|0⟩
|0⟩

Error

α |0⟩ |0⟩ |0⟩ + β |1⟩ |1⟩ |1⟩

α |0⟩ |1⟩ |0⟩ + β |1⟩ |0⟩ |1⟩

α |0⟩ |1⟩ |0⟩ |1⟩ |0⟩ + β |1⟩ |0⟩ |1⟩ |1⟩ |0⟩ = {α |0⟩ |1⟩ |0⟩ + β |1⟩ |0⟩ |1⟩} |1⟩ |0⟩

α |0⟩ |0⟩ |0⟩ + β |1⟩ |1⟩ |1⟩

Correction

Error

Classical  
feedforward

Ancilla

Tell us what error occurred 
with measuring qubit 1, 2, 3

[α |0⟩ |1⟩ |0⟩ + β |1⟩ |0⟩ |1⟩] |0⟩ |0⟩

|0⟩ |0⟩ → I
|0⟩ |1⟩ → X3
|1⟩ |0⟩ → X2
|1⟩ |1⟩ → X1



The 7 qubit Steane code 
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Rep. Prog. Phys. 76 (2013) 076001 S J Devitt et al

M0 H H

K

M0 H H

M0 H H

KK Zi

1

2

3

1 2 3

1

7

i = 1    +2     + 4   
M M M2 3 1

M0 H H

K

M0 H H

M0 H H

KK Xi

4

5

6

4 5 6

i = 1    +2     + 4   
M M M5 6 4

Figure 9. Quantum circuit to to correct for a single X and/or Z error using the [[7, 1, 3]] code. Each of the six stabilizers is measured, with
the first three detecting and correcting for Z errors, while the last three detect and correct for X errors.

i ∈ [1, .., N − k], for a code encoding k logical qubits. Hence
the erred state, E|ψ〉L, satisfies,

KiE|ψ〉L = (−1)mEKi |ψ〉L = (−1)mE|ψ〉L, (58)

where m is defined as m = 0, if [E, Ki] = 0 and m = 1, if
{E, Ki} = 0 (E and K are Pauli group operators and all Pauli
group operators either commute or anti-commute). Therefore,
if the error operator commutes with the stabilizer, the state
remains a +1 eigenstate of Ki , if the error operator anti-
commutes with the stabilizer then the logical state is flipped to
a −1 eigenstate of Ki .

The general procedure for error correction is identical to
state preparation. Each of the code stabilizers is sequentially
measured. Since an error free state is already a +1 eigenstate of
all the stabilizers, errors which anti-commute with any of the
stabilizers describing the code will flip the relevant eigenstate
and consequently measuring the parity of these stabilizers
will return a result of |1〉. Taking the [[7, 1, 3]] code as an
example, if the error operator is E = Xi (where i = 1, ..., 7),
representing a bit-flip on any one of the 7 physical qubits, then
regardless of the location, E will anti-commute with a unique
combination of K4, K5 and K6. Hence the classical results
of measuring these three operators will indicate if and where
a single X error has occurred. Similarly, if E = Zi , then the
error operator will anti-commute with a unique combination
of, K1, K2 and K3. Consequently, the first three stabilizers for
the [[7, 1, 3]] code correspond to Z error correction while the
second three stabilizers correspond to X error correction. Note
that correction for Pauli Y errors is achieved by correcting in
the X and Z sector since a Y error on a single qubit is equivalent
to both an X and Z error on the same qubit, i.e. Y = iXZ.

The circuit shown in figure 9 illustrates the circuit for
full error correction with the [[7, 1, 3]] code. As you can see
it is simply an extension of the preparation circuit shown in
figure 8, where all six stabilizers are measured across the data
block. Even though we have specifically used the [[7, 1, 3]]
code as an example, this procedure for error correction and state
preparation will work for all stabilizer codes (although other
correction procedures are possible [Ste97a, Ste02, Kni05]).

9. Digitization of quantum errors

Up until now we have remained fairly abstract regarding the
analysis of quantum errors. Specifically, we have examined

QEC from the standpoint of a discrete set of Pauli errors
occurring at certain locations within a larger quantum circuit.
In this section we examine how this analysis of errors relates
to some of the more realistic processes such as environmental
decoherence and systematic gate errors.

Digitization of quantum noise is often assumed when
people examine the stability of quantum circuit design
or attempt to calculate thresholds for concatenated error
correction (section 10.4). However, the link between discrete
Pauli errors and more general, continuous noise only makes
sense when we consider the stabilizer nature of the correction
procedure. Recall from section 7 that correction is performed
by re-projecting a potentially corrupt data block into +1
eigenstates of the code stabilizers. A general continuous
mapping from a ‘clean’ codeword state to a corrupt one will
not be eigenstates of the code stabilizers. Instead they will
be in superpositions of eigenstates. Measuring the parity of
each of the stabilizers acts to digitize the quantum noise. We
will first introduce how a coherent systematic error, caused by
imperfect implementation of quantum gates, is digitized during
correction, after which we will briefly discuss environmental
decoherence from the standpoint of a Markovian decoherence
model.

9.1. Systematic gate errors

We have already shown a primitive example of how systematic
gate errors are digitized into a discrete set of Pauli operators
in section 3. However, in that case we only considered a
very restrictive type of error, namely the coherent operator
U = exp(iεX). We can easily extend this analysis to cover all
types of systematic gate errors. Consider an N qubit unitary
operation, UN , which is valid on encoded data. Assume that
UN is applied inaccurately such that the resultant operation is
actually UN . Given a general encoded state |ψ〉N , the final
state can be expressed as

UN |ψ〉L = UEUN |ψ〉L =
∑

j

αjEj |ψ2〉L, (59)

where |ψ2〉L = UN |ψ〉L is the perfectly applied N qubit gate,
(the stabilizer group for

∣∣ψ ′〉
L

remains invariant under the
operation UN (see section 11)) and UE is a coherent error
operator which is expanded in terms of the N qubit Pauli
Group, Ej ∈ PN . Now append two ancilla blocks, |A0〉X

14

Steane A M 1996 Error correcting codes in quantum theory Phys. Rev. Lett. 77 793

• Correct an arbitrary single qubit error (X, Z, XZ)
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Do we need to send encoded qubits?

|Φ+⟩ = |00⟩ + |11⟩ |Ψ+⟩ = |01⟩ + |10⟩

How do this help in 
communication?



The Bit flip code for communication  
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• How do we get this to work for communication?

Classical feedforward

1 2

3

5

4

6

|00⟩ + |11⟩

• Look at the ideal case
000000 → 000000 → 000000
000011 → 000011 → 000011
001100 → 001100 → 001100
001111 → 001111 → 001111
110000 → 111111 → 111111
110011 → 111001 → 111100
111100 → 110110 → 110011
111111 → 110101 → 110000

( |00⟩ + |11⟩)( |00⟩ + |11⟩)( |00⟩ + |11⟩)

Measure qubits 
         3,4,5,6

|00⟩ + |11⟩

Measurement patterns, 0000,0011,1100,1111 (no correction)



The Bit flip code for communication  
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Classical feedforward

1 2

3

5

4

6

|00⟩ + |11⟩

• Look at the case with X error on Bell pair 12
010000 → 010000 → 010101
010011 → 010011 → 010110
011100 → 011100 → 011001
011111 → 011111 → 011010
100000 → 101010 → 101010
100011 → 101001 → 101001
101100 → 100110 → 100110
101111 → 100101 → 100101

( |01⟩ + |10⟩)( |00⟩ + |11⟩)( |00⟩ + |11⟩)

Measure qubits 
         3,4,5,6

|01⟩ + |10⟩ → |00⟩ + |11⟩

|01⟩ + |10⟩

|00⟩ + |11⟩

Measurement patterns: 0101,0110,1001,1010

X

X



The Bit flip code for communication  
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• How do we get this to work for communication?

|0⟩

|0⟩
|0⟩
|0⟩

Correction

Classical feedforward

• Generates an encoded Bell state of the form
|Φ+⟩L = |000⟩A |000⟩B + |111⟩A |111⟩B



The Pauli frame 
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• This is an interesting concept in quantum error correction. Our 
measurements tell us what corrections we need to do (eg X, Z, …)

• We do not always need to do the corrections immediately. Can track 
them and do it later (the Pauli frame)

|0⟩

|0⟩

|0⟩
|0⟩

Correction

Classical feedforward



Random Errors
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• Let p be the probability that  has a bit flip. We can write the 
resulting state as 

|Φ+⟩
ρi = (1 − p) |Φ+⟩⟨Φ+ | + p |Ψ+⟩⟨Ψ+ |

• For our bit flip code with an initial state  we 
can express the state as

ρT = ρ1 ⊗ ρ2 ⊗ ρ3

ρT = (1 − p)3 |Φ+⟩⟨Φ+ | ⊗ |Φ+⟩⟨Φ+ | ⊗ |Φ+⟩⟨Φ+ |
+p(1 − p)2 |Φ+⟩⟨Φ+ | ⊗ |Φ+⟩⟨Φ+ | ⊗ |Ψ+⟩⟨Ψ+ | + cyclic permutations
+p2(1 − p) |Φ+⟩⟨Φ+ | ⊗ |Ψ+⟩⟨Ψ+ | ⊗ |Ψ+⟩⟨Ψ+ | + cyclic permutations
+p3 |Ψ+⟩⟨Ψ+ | ⊗ |Ψ+⟩⟨Ψ+ | ⊗ |Ψ+⟩⟨Ψ+ |

• Our resulting state after quantum error correction is 
(1 − p′￼) |Φ+⟩L⟨Φ+ | + p′￼|Ψ+⟩L⟨Ψ+ | p′￼= 3p2 − 2p3

|Φ+⟩L = |000⟩A |000⟩B + |111⟩A |111⟩B
|Ψ+⟩L = |000⟩A |111⟩B + |111⟩A |000⟩B

with

p′￼< p for p < 1/2



Correcting Random errors
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0.0 0.1 0.2 0.3 0.4 0.5
0.0

0.1

0.2

0.3

0.4

0.5

p

p'

0.5 0.6 0.7 0.8 0.9 1.0
0.5

0.6

0.7

0.8

0.9

1.0

Fideltiy
Fi
de
lti
y'

• Now we can see the effect of using the simple bit flip code on 
our three imperfect Bell pairs 

Fi = ⟨Φ+ |L ρi |Φ+⟩L

Increase in resulting 
fidelityDecrease in resulting 

probability p;



5 Qubit example for a general error (X,Z or XZ)
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HYBRID-SYSTEM APPROACH TO FAULT-TOLERANT . . . PHYSICAL REVIEW A 87, 052333 (2013)

node bnode a entangled pairs

t t

FIG. 2. (Color online) Purification circuit based on an encoding
circuit for the [[5,1,3]] code. The circuit is executed independently
at two adjacent nodes, with the input being five entangled pairs (in
blue) shared between those nodes. Then, the measurement results
from both nodes are combined and the remaining two qubits (one
at each node, in green) form the output pair. This is equivalent to a
standard encoding-transmission-decoding scheme [25]. The circuit is
not fault tolerant, but residual errors will be corrected with topological
error correction.

Already purified pairs can be used in successive rounds of
purification until sufficient fidelity is achieved, following
various strategies [24]. However, typical purification schemes
are slow and require many rounds of classical communication.
Instead, we will consider a variation of purification based
on Calderbank-Shor-Steane error-correction codes, which
generally requires fewer rounds [8,25].

For an [[n,1,d]] quantum code, where d is the code distance,
n entangled pairs are required for each round. A simple n-qubit
circuit (related to an encoding circuit of the code) is executed at
both nodes and n − 1 qubits are measured, leaving one output
pair [25]. See Fig. 2 for an example. The implementation of the
local gates required to perform this circuit will be discussed in
Sec. V. The measurement outcomes can be used to infer the
presence or absence of errors, leading to two possible modes
of operation. In either mode, if no errors are detected we keep
the output pair. Then, whenever an error is detected, we can
reject the output pair (error-correction mode). Alternatively, if
d > 2, for some errors we can apply a correction to the output
pair (error-correction mode).

Figure 3 shows the performance of two codes in both
modes. The fidelity of the output pair F ′ and the probability
that the output pair is accepted A depend on the input fidelity
F . At this point we have made the assumption that the
error rate of the local gates is 0.1%. For F = 0.900, two
rounds of the [[4,1,2]] code results in F ′ = 0.997, while one
round of the [[5,1,3]] code results in F ′ = 0.993. This is a
much greater increase in fidelity per round than for standard
two-qubit purification, so fewer rounds (and less classical
communication time) will be required.

With high-fidelity entanglement between adjacent nodes,
our goal is to efficiently establish entanglement of arbitrary
fidelity that spans the entire network. To do this we use
fault-tolerant error correction. Of the many schemes for
error correction, topological cluster-state error correction is
particularly promising as it tolerates a relatively high rate of
physical errors [10]. The main ingredient of the scheme is the
topological cluster state shown in Fig. 4. One way to prepare
such a state is to initialize each qubit in the |+〉 state then to

0.90

0.92

0.94

0.96

0.98

1.00

FIG. 3. (Color online) Results of numerical simulation of purifi-
cation in error-detection (ED) and error-correction (EC) modes. The
output fidelity F ′ and acceptance probability A = 1 − l′ depend on
the input fidelity F , where l′ is the probability that the output pair is
rejected. Solid lines are for perfect local gates and dashed lines are
for local gates with an error rate of 0.1%.

apply a series of CZ (controlled-Z) gates between neighboring
qubits [10]. In our case the topological cluster state is prepared
with one qubit per node. CZ gates are executed using entangled
pairs shared between adjacent nodes [26].

Once the cluster state is prepared, communication pro-
ceeds with a sequence of single-qubit measurements. The
state is divided into regions that determine the appropriate
measurement basis. Logical qubits are defined by regions of
the state measured in the Z basis. It is these logical qubits that
are transmitted from one end of the network to the other—see
Fig. 4. The rest of the qubits are measured in the X basis to
obtain a so-called syndrome of errors. Error correction involves
finding the most likely set of errors that is consistent with this
syndrome [10]. For error rates below a certain threshold value,

(a)

10 km

(b)

FIG. 4. (Color online) (a) Communication involves transmitting
logical qubits D through a topological cluster state. Qubits in the
regionV are measured to enable error correction. (b) The connectivity
of the network mimics the structure of the topological cluster state.
There is one cluster-state qubit per node, and gates between qubits in
adjacent nodes are performed using purified entangled pairs.

052333-3

• The maximum fidelity after purification is 1 − 2Nϵgate

H. Aschauer, PhD. thesis, Ludwig Maximilians Universität, München, 2004



How does 
this  help?
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elements of the repeater protocol and it can be easily gener-
alized to the CSS codes that can fix all the errors as discussed
in Sec. IV.

First, we generate the encoded Bell pair !!̃+"12

= 1
#2 $!0̃"1!0̃"2+ !1̃"1!1̃"2% between neighboring stations 1 and 2,

as illustrated in the upper-left panel of Fig. 3. We need at
least six qubits from each station: three for memory qubits
$blue dots% and three for ancillary qubits $gray dots%. There
are three steps. $i% We locally prepare the encoded state
1
#2 $!0̃"1+ !1̃"1% and !0̃"2 and store them in the memory qubits
$in blue squared boxes%. $ii% We generate three copies of the
physical Bell pairs $ !0"1!0"2+!1"1!1"2

#2 %!3 between ancillary qubits
$gray lines%. $iii% We use the entanglement resources of three
physical Bell pairs to implement three teleportation-based
controlled-NOT $CNOT% gates &16–18', applied transversally
between the memory qubits storing the encoded states
1
#2 $!0̃"1+ !1̃"1% and !0̃"2,

1
#2

$!000"1 + !111"1% ! !000"2 $6%

→
1
#2

$!000"1!000"2 + !111"1!111"2% , $7%

which gives us exactly the desired encoded Bell pair !!̃+"12.
Similarly, we can generate encoded Bell pairs !!̃+" j,j+1 be-
tween neighboring stations j and j+1 for j=2, . . . ,L−1.

Then we connect the encoded Bell pairs !!̃+"12 and !!̃+"23

to obtain the longer encoded Bell pair !!̃+"13. The idea is to
perform the encoded Bell measurement over the two encod-
ing blocks at station 2. We use 2a and 2b to refer to the left
and the right encoding blocks at station 2, respectively. As
shown in Fig. 3 $see step 2 and the lower-left panel%, we
apply three pairwise CNOT gates between the two encoding
blocks (ai) and (bi) at station 2. To see the possible outcomes
of this procedure, we rewrite the initial state in terms of Bell
states between stations 1 and 3,

!!̃+"1,2a ! !!̃+"2b,3

=
1
2

$!!̃+"13 ! !!̃+"2a,2b + !!̃−"13 ! !!̃−"2a,2b

+ !"̃+"13 ! !"̃+"2a,2b + !"̃−"13 ! !"̃−"2a,2b%

→
1
2

$!!̃+"13 ! !+̃ "2a!0̃"2b + !!̃−"13 ! !−̃ "2a!0̃"2b

+ !"̃+"13 ! !−̃ "2a!0̃"2b + !"̃−"13 ! !−̃ "2a!1̃"2b% ,

where !!̃#"13= 1
#2 $!0̃"1!0̃"3# !1̃"1!1̃"3%, !"̃#"13

= 1
#2 $!0̃"1!1̃"2# !1̃"1!0̃"2%, and !#̃"2a= 1

#2 $!0̃"2a# !1̃"2a%. To
complete the encoded Bell measurement, we projectively
measure the logical qubits of these two encoding
blocks as follows. $1% The logical qubit for 2a should be
measured in the (!#̃") basis, which can be achieved
by measuring the physical qubits (ai) in the (!# ")
basis. Since !+̃"= 1

2 $!+++"+ !+−−"+ !−+−"+ !−−+"% and !−̃"
= 1

2 $!−−−"+ !−++"+ !+−+"+ !++−"%, there will be an odd
number of !+ " outputs if the encoded qubit is in state !+̃", and
an even number of !+ " outputs if the encoded qubit is in state
!−̃". $2% The logical qubit for 2b should be measured in the
(!0̃" , !1̃") basis, which can be achieved by measuring the
physical qubits (bi) in the (!0" , !1") basis. There should be
three !0" outputs for state !0̃", and three !1" outputs for state
!1̃". The pairwise CNOT gates and projective measurement of
physical qubits are summarized in the lower-left panel of
Fig. 3.

We now show the suppression of bit-flip errors due to the
repetition code &Eq. $5%'. If one of the physical qubits in 2b is
bit flipped, the measurement outcomes for 2b will contain
two correct outputs and one erroneous output. Choosing the
majority output, we can identify and correct the erroneous
output and still obtain the logical bit encoded in 2b correctly.
We emphasize that only classical error correction is used. If
there is one physical qubit in 2a that suffers from a bit-flip
error, this error will not affect the outputs for 2a, as bit-flip
errors commute with the operators to be measured; this error

0 0 1 1+ 0 0 1 1+ 0 0 1 1+

0 0 1 1+

2. EncodedConnection

3. Pauli Frame

1. EncodedGeneration

2-bits2-bits

0 0 1 1+

(ii)

(iii)(i)

0 1+ 0 0 1+ 0

( )00 11 n⊗+

1 21 2

1 21 2

Bell Measurement

ai

bi

Xi

Zi

Use outputs {Xi } and

{Zi } to obtain the encoded

X and Z with high accuracy.~ ~
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FIG. 3. $Color online% Repeater protocol with encoding. Each
repeater station has 2n memory qubits $blue dots% and O$n% auxil-
iary qubits $gray dots%. Here n=3. Step 1 $encoded generation%:
between two neighboring stations $upper-left panel% $i% memory qu-
bits are fault tolerantly prepared in the encoded states !0̃" or !+̃"
= 1

#2 $!0̃"+ !1̃"%, $ii% purified physical Bell pairs are generated between
auxiliary qubits $connected gray dots%, and $iii% an encoded Bell
pair !!̃+"AB= 1

#2 $!0̃"A!0̃"B+ !1̃"A!1̃"B% between neighboring stations is
created using encoded CNOT gate $achieved by n pairwise,
teleportation-based CNOT gates &16–18'%. Step 2 $encoded connec-
tion%: encoded Bell measurements are simultaneously applied to all
intermediate repeater stations via pairwise CNOT gates between qu-
bits ai and bi followed by measurement of the physical qubits $the
lower-left panel%. Using classical error correction, the outcomes for
the encoded Bell measurement can be obtained with a very small
effective logical error probability Q*qt+1 &Eq. $11%'. The outcome
is announced as two classical bits $purple star% at each intermediate
repeater station. Step 3 $Pauli frame%: according to the outcomes of
intermediate encoded Bell measurements, the Pauli frame &14' can
be determined for qubits at the outermost stations. Finally, one en-
coded Bell pair between the final $outermost% stations is created.
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elements of the repeater protocol and it can be easily gener-
alized to the CSS codes that can fix all the errors as discussed
in Sec. IV.

First, we generate the encoded Bell pair !!̃+"12

= 1
#2 $!0̃"1!0̃"2+ !1̃"1!1̃"2% between neighboring stations 1 and 2,

as illustrated in the upper-left panel of Fig. 3. We need at
least six qubits from each station: three for memory qubits
$blue dots% and three for ancillary qubits $gray dots%. There
are three steps. $i% We locally prepare the encoded state
1
#2 $!0̃"1+ !1̃"1% and !0̃"2 and store them in the memory qubits
$in blue squared boxes%. $ii% We generate three copies of the
physical Bell pairs $ !0"1!0"2+!1"1!1"2

#2 %!3 between ancillary qubits
$gray lines%. $iii% We use the entanglement resources of three
physical Bell pairs to implement three teleportation-based
controlled-NOT $CNOT% gates &16–18', applied transversally
between the memory qubits storing the encoded states
1
#2 $!0̃"1+ !1̃"1% and !0̃"2,

1
#2

$!000"1 + !111"1% ! !000"2 $6%

→
1
#2

$!000"1!000"2 + !111"1!111"2% , $7%

which gives us exactly the desired encoded Bell pair !!̃+"12.
Similarly, we can generate encoded Bell pairs !!̃+" j,j+1 be-
tween neighboring stations j and j+1 for j=2, . . . ,L−1.

Then we connect the encoded Bell pairs !!̃+"12 and !!̃+"23

to obtain the longer encoded Bell pair !!̃+"13. The idea is to
perform the encoded Bell measurement over the two encod-
ing blocks at station 2. We use 2a and 2b to refer to the left
and the right encoding blocks at station 2, respectively. As
shown in Fig. 3 $see step 2 and the lower-left panel%, we
apply three pairwise CNOT gates between the two encoding
blocks (ai) and (bi) at station 2. To see the possible outcomes
of this procedure, we rewrite the initial state in terms of Bell
states between stations 1 and 3,

!!̃+"1,2a ! !!̃+"2b,3

=
1
2

$!!̃+"13 ! !!̃+"2a,2b + !!̃−"13 ! !!̃−"2a,2b

+ !"̃+"13 ! !"̃+"2a,2b + !"̃−"13 ! !"̃−"2a,2b%

→
1
2

$!!̃+"13 ! !+̃ "2a!0̃"2b + !!̃−"13 ! !−̃ "2a!0̃"2b

+ !"̃+"13 ! !−̃ "2a!0̃"2b + !"̃−"13 ! !−̃ "2a!1̃"2b% ,

where !!̃#"13= 1
#2 $!0̃"1!0̃"3# !1̃"1!1̃"3%, !"̃#"13

= 1
#2 $!0̃"1!1̃"2# !1̃"1!0̃"2%, and !#̃"2a= 1

#2 $!0̃"2a# !1̃"2a%. To
complete the encoded Bell measurement, we projectively
measure the logical qubits of these two encoding
blocks as follows. $1% The logical qubit for 2a should be
measured in the (!#̃") basis, which can be achieved
by measuring the physical qubits (ai) in the (!# ")
basis. Since !+̃"= 1

2 $!+++"+ !+−−"+ !−+−"+ !−−+"% and !−̃"
= 1

2 $!−−−"+ !−++"+ !+−+"+ !++−"%, there will be an odd
number of !+ " outputs if the encoded qubit is in state !+̃", and
an even number of !+ " outputs if the encoded qubit is in state
!−̃". $2% The logical qubit for 2b should be measured in the
(!0̃" , !1̃") basis, which can be achieved by measuring the
physical qubits (bi) in the (!0" , !1") basis. There should be
three !0" outputs for state !0̃", and three !1" outputs for state
!1̃". The pairwise CNOT gates and projective measurement of
physical qubits are summarized in the lower-left panel of
Fig. 3.

We now show the suppression of bit-flip errors due to the
repetition code &Eq. $5%'. If one of the physical qubits in 2b is
bit flipped, the measurement outcomes for 2b will contain
two correct outputs and one erroneous output. Choosing the
majority output, we can identify and correct the erroneous
output and still obtain the logical bit encoded in 2b correctly.
We emphasize that only classical error correction is used. If
there is one physical qubit in 2a that suffers from a bit-flip
error, this error will not affect the outputs for 2a, as bit-flip
errors commute with the operators to be measured; this error
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auxiliary qubits $connected gray dots%, and $iii% an encoded Bell
pair !!̃+"AB= 1

#2 $!0̃"A!0̃"B+ !1̃"A!1̃"B% between neighboring stations is
created using encoded CNOT gate $achieved by n pairwise,
teleportation-based CNOT gates &16–18'%. Step 2 $encoded connec-
tion%: encoded Bell measurements are simultaneously applied to all
intermediate repeater stations via pairwise CNOT gates between qu-
bits ai and bi followed by measurement of the physical qubits $the
lower-left panel%. Using classical error correction, the outcomes for
the encoded Bell measurement can be obtained with a very small
effective logical error probability Q*qt+1 &Eq. $11%'. The outcome
is announced as two classical bits $purple star% at each intermediate
repeater station. Step 3 $Pauli frame%: according to the outcomes of
intermediate encoded Bell measurements, the Pauli frame &14' can
be determined for qubits at the outermost stations. Finally, one en-
coded Bell pair between the final $outermost% stations is created.

QUANTUM REPEATER WITH ENCODING PHYSICAL REVIEW A 79, 032325 $2009%

032325-3

L. Jiang et. al, PRA 79, 032325 (2009) 

elements of the repeater protocol and it can be easily gener-
alized to the CSS codes that can fix all the errors as discussed
in Sec. IV.

First, we generate the encoded Bell pair !!̃+"12

= 1
#2 $!0̃"1!0̃"2+ !1̃"1!1̃"2% between neighboring stations 1 and 2,

as illustrated in the upper-left panel of Fig. 3. We need at
least six qubits from each station: three for memory qubits
$blue dots% and three for ancillary qubits $gray dots%. There
are three steps. $i% We locally prepare the encoded state
1
#2 $!0̃"1+ !1̃"1% and !0̃"2 and store them in the memory qubits
$in blue squared boxes%. $ii% We generate three copies of the
physical Bell pairs $ !0"1!0"2+!1"1!1"2

#2 %!3 between ancillary qubits
$gray lines%. $iii% We use the entanglement resources of three
physical Bell pairs to implement three teleportation-based
controlled-NOT $CNOT% gates &16–18', applied transversally
between the memory qubits storing the encoded states
1
#2 $!0̃"1+ !1̃"1% and !0̃"2,

1
#2

$!000"1 + !111"1% ! !000"2 $6%

→
1
#2

$!000"1!000"2 + !111"1!111"2% , $7%

which gives us exactly the desired encoded Bell pair !!̃+"12.
Similarly, we can generate encoded Bell pairs !!̃+" j,j+1 be-
tween neighboring stations j and j+1 for j=2, . . . ,L−1.

Then we connect the encoded Bell pairs !!̃+"12 and !!̃+"23

to obtain the longer encoded Bell pair !!̃+"13. The idea is to
perform the encoded Bell measurement over the two encod-
ing blocks at station 2. We use 2a and 2b to refer to the left
and the right encoding blocks at station 2, respectively. As
shown in Fig. 3 $see step 2 and the lower-left panel%, we
apply three pairwise CNOT gates between the two encoding
blocks (ai) and (bi) at station 2. To see the possible outcomes
of this procedure, we rewrite the initial state in terms of Bell
states between stations 1 and 3,

!!̃+"1,2a ! !!̃+"2b,3

=
1
2

$!!̃+"13 ! !!̃+"2a,2b + !!̃−"13 ! !!̃−"2a,2b

+ !"̃+"13 ! !"̃+"2a,2b + !"̃−"13 ! !"̃−"2a,2b%

→
1
2

$!!̃+"13 ! !+̃ "2a!0̃"2b + !!̃−"13 ! !−̃ "2a!0̃"2b

+ !"̃+"13 ! !−̃ "2a!0̃"2b + !"̃−"13 ! !−̃ "2a!1̃"2b% ,

where !!̃#"13= 1
#2 $!0̃"1!0̃"3# !1̃"1!1̃"3%, !"̃#"13

= 1
#2 $!0̃"1!1̃"2# !1̃"1!0̃"2%, and !#̃"2a= 1

#2 $!0̃"2a# !1̃"2a%. To
complete the encoded Bell measurement, we projectively
measure the logical qubits of these two encoding
blocks as follows. $1% The logical qubit for 2a should be
measured in the (!#̃") basis, which can be achieved
by measuring the physical qubits (ai) in the (!# ")
basis. Since !+̃"= 1

2 $!+++"+ !+−−"+ !−+−"+ !−−+"% and !−̃"
= 1

2 $!−−−"+ !−++"+ !+−+"+ !++−"%, there will be an odd
number of !+ " outputs if the encoded qubit is in state !+̃", and
an even number of !+ " outputs if the encoded qubit is in state
!−̃". $2% The logical qubit for 2b should be measured in the
(!0̃" , !1̃") basis, which can be achieved by measuring the
physical qubits (bi) in the (!0" , !1") basis. There should be
three !0" outputs for state !0̃", and three !1" outputs for state
!1̃". The pairwise CNOT gates and projective measurement of
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bit flipped, the measurement outcomes for 2b will contain
two correct outputs and one erroneous output. Choosing the
majority output, we can identify and correct the erroneous
output and still obtain the logical bit encoded in 2b correctly.
We emphasize that only classical error correction is used. If
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calibrate the security for the protocol and bound the maxi-
mum information leaked from the final stations.3 F can also
be practically obtained from the correlation measurement be-
tween the final repeater station !Appendix C".

We emphasize that the property of fault tolerance can be
maintained throughout the entire repeater protocol !fault-
tolerant initialization, transverse CNOT gate, and encoded qu-
bit measurement", so the errors for individual physical qubits
are effectively uncorrelated. With some calculation !see Ap-
pendix A", we estimate that the effective error probability
!per physical qubit" is

q = 4! + 2" + # . !10"

Note that q does not explicitly depend on F0 because for
level-m purified Bell pairs !see Appendix D" the operational
errors !! and "" dominate the superexponentially suppressed
infidelity approximately !1−F0"2m/2

. Then the effective logi-
cal error probability for each encoding block !caused by
more than t errors from the encoded block" is

Q = #
j=t+1

n $n

j
%qj!1 − q"n−j & $ n

t + 1
%qt+1, !11"

where the approximation requires small q. Since any logical
error from the repeater stations will affect the final encoded
Bell pair, the entanglement fidelity is

F = !1 − Q"2L, !12"

with infidelity 1−F&2LQ for small Q.
For large codes, we may evaluate Eq. !11" under the as-

sumptions n$ t$1. Approximating the combinatorial func-
tion in this limit yields Q& 1

'2%t !
e1+1/2nnq

t+1 "t+1, which indicates
that for large codes with n& t, Q can be arbitrarily small
when q'qc& limn,t→(

t+1
e1+1/2nn

. Numerically, we can evaluate
the complete sum in Eq. !11" and we find qc&5%, which
corresponds to (1% per gate error rates. In addition, CSS
codes with n'19t exist for arbitrarily large t )according to
the Gilbert-Varsharov bound, see Eq. !30" in Ref. )21**.
Therefore, our repeater protocol with encoding provides a
scalable approach for long-distance quantum communica-
tion.

VI. EXAMPLE IMPLEMENTATIONS

We now consider the implementation of the new repeater
protocol. Given the effective error probability q and the tar-
get fidelity F!, we can use Eq. !12" to calculate the maximum
number of connections,

L! =
ln F!

ln!1 − Q"
. !13"

This provides a unitless distance scale over which Bell pairs
with fidelity F! can be created. According to Eqs. !11" and

!13", we can estimate L! as a function of q, which is plotted
in Fig. 4 assuming F!=0.95 for various CSS codes. Since L!

scales as q−!t+1" for q'3%, we can significantly increase L!

by considering efficient quantum codes with large t. For ex-
ample, given q=0.3%, we estimate the maximum number of
connections L!&9, 1.4)102, and 3.7)104 for cases of no
encoding, ))7,1,3** Hamming code, and ))23,1,7** Golay
code, respectively. If we choose the nearest-neighbor spacing
to be l0=10 km !about half the fiber attenuation length", the
corresponding maximum distances will be 90, 1.4)103, and
3.7)105 km. The protocol can easily reach and go beyond
intercontinental distances. In Table I, we summarize the local
resources and maximum communication distance for the pro-
tocol with different encodings.

Besides maximum distances, we also estimate the key
generation rate, which is the inverse of the cycle time for the
protocol. For fast local operations )systems such as ion traps

3According to Ref. )31*, if the two final stations share a Bell pair
with fidelity F=1−2−s, then Eve’s mutual information with the key
is at most 2−c+2O!−2s" where c=s− log2!2+s+1 / ln 2".

TABLE I. Local resources and maximum communication dis-
tance for the repeater protocol. In the case of no encoding, each
station has two qubits for entanglement connection and two addi-
tional qubits for entanglement purification to obtain high-fidelity
purified Bell pairs. For repetition codes !with single square
bracket", only one type of errors !bit flip or dephasing" can be
suppressed. For other CSS codes !with double square brackets",
both bit-flip and dephasing errors can be suppressed. The local re-
sources are estimated to be 6n qubits for each station !Appendix B".
The distance is estimated from Eqs. !11" and !13", assuming param-
eters q=0.3%, F!=0.95, and l0=10 km.

Name
Code

))n ,k ,2t+1**
Resources

!qubits/station"
Distance

!km"

No encoding 180
Repetition-3 )3,1,3* 4 1.0)104

Repetition-5 )5,1,5* 18 1.0)106

Hamming ))7,1,3** 30 1.4)103

Bacon-Shor ))25,1,5** 42 4.3)103

Golay ))23,1,7** 150 3.7)105

BCH ))127,29,15** 138 4.0)107

QR ))103,1,19** 2.4)1011
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FIG. 4. !Color online" From Eqs. !11" and !13", the maximum
number of connections L! is estimated as a function of the effective
error probability q, assuming F!=0.95, for various CSS codes )20*
listed in Table I. For q*0.03, L! scales as 1 /qt+1.
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calibrate the security for the protocol and bound the maxi-
mum information leaked from the final stations.3 F can also
be practically obtained from the correlation measurement be-
tween the final repeater station !Appendix C".

We emphasize that the property of fault tolerance can be
maintained throughout the entire repeater protocol !fault-
tolerant initialization, transverse CNOT gate, and encoded qu-
bit measurement", so the errors for individual physical qubits
are effectively uncorrelated. With some calculation !see Ap-
pendix A", we estimate that the effective error probability
!per physical qubit" is

q = 4! + 2" + # . !10"

Note that q does not explicitly depend on F0 because for
level-m purified Bell pairs !see Appendix D" the operational
errors !! and "" dominate the superexponentially suppressed
infidelity approximately !1−F0"2m/2

. Then the effective logi-
cal error probability for each encoding block !caused by
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where the approximation requires small q. Since any logical
error from the repeater stations will affect the final encoded
Bell pair, the entanglement fidelity is
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with infidelity 1−F&2LQ for small Q.
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corresponds to (1% per gate error rates. In addition, CSS
codes with n'19t exist for arbitrarily large t )according to
the Gilbert-Varsharov bound, see Eq. !30" in Ref. )21**.
Therefore, our repeater protocol with encoding provides a
scalable approach for long-distance quantum communica-
tion.

VI. EXAMPLE IMPLEMENTATIONS

We now consider the implementation of the new repeater
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to be l0=10 km !about half the fiber attenuation length", the
corresponding maximum distances will be 90, 1.4)103, and
3.7)105 km. The protocol can easily reach and go beyond
intercontinental distances. In Table I, we summarize the local
resources and maximum communication distance for the pro-
tocol with different encodings.

Besides maximum distances, we also estimate the key
generation rate, which is the inverse of the cycle time for the
protocol. For fast local operations )systems such as ion traps

3According to Ref. )31*, if the two final stations share a Bell pair
with fidelity F=1−2−s, then Eve’s mutual information with the key
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station has two qubits for entanglement connection and two addi-
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calibrate the security for the protocol and bound the maxi-
mum information leaked from the final stations.3 F can also
be practically obtained from the correlation measurement be-
tween the final repeater station !Appendix C".

We emphasize that the property of fault tolerance can be
maintained throughout the entire repeater protocol !fault-
tolerant initialization, transverse CNOT gate, and encoded qu-
bit measurement", so the errors for individual physical qubits
are effectively uncorrelated. With some calculation !see Ap-
pendix A", we estimate that the effective error probability
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where the approximation requires small q. Since any logical
error from the repeater stations will affect the final encoded
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tion in this limit yields Q& 1

'2%t !
e1+1/2nnq

t+1 "t+1, which indicates
that for large codes with n& t, Q can be arbitrarily small
when q'qc& limn,t→(

t+1
e1+1/2nn

. Numerically, we can evaluate
the complete sum in Eq. !11" and we find qc&5%, which
corresponds to (1% per gate error rates. In addition, CSS
codes with n'19t exist for arbitrarily large t )according to
the Gilbert-Varsharov bound, see Eq. !30" in Ref. )21**.
Therefore, our repeater protocol with encoding provides a
scalable approach for long-distance quantum communica-
tion.

VI. EXAMPLE IMPLEMENTATIONS

We now consider the implementation of the new repeater
protocol. Given the effective error probability q and the tar-
get fidelity F!, we can use Eq. !12" to calculate the maximum
number of connections,

L! =
ln F!

ln!1 − Q"
. !13"

This provides a unitless distance scale over which Bell pairs
with fidelity F! can be created. According to Eqs. !11" and

!13", we can estimate L! as a function of q, which is plotted
in Fig. 4 assuming F!=0.95 for various CSS codes. Since L!

scales as q−!t+1" for q'3%, we can significantly increase L!

by considering efficient quantum codes with large t. For ex-
ample, given q=0.3%, we estimate the maximum number of
connections L!&9, 1.4)102, and 3.7)104 for cases of no
encoding, ))7,1,3** Hamming code, and ))23,1,7** Golay
code, respectively. If we choose the nearest-neighbor spacing
to be l0=10 km !about half the fiber attenuation length", the
corresponding maximum distances will be 90, 1.4)103, and
3.7)105 km. The protocol can easily reach and go beyond
intercontinental distances. In Table I, we summarize the local
resources and maximum communication distance for the pro-
tocol with different encodings.

Besides maximum distances, we also estimate the key
generation rate, which is the inverse of the cycle time for the
protocol. For fast local operations )systems such as ion traps

3According to Ref. )31*, if the two final stations share a Bell pair
with fidelity F=1−2−s, then Eve’s mutual information with the key
is at most 2−c+2O!−2s" where c=s− log2!2+s+1 / ln 2".

TABLE I. Local resources and maximum communication dis-
tance for the repeater protocol. In the case of no encoding, each
station has two qubits for entanglement connection and two addi-
tional qubits for entanglement purification to obtain high-fidelity
purified Bell pairs. For repetition codes !with single square
bracket", only one type of errors !bit flip or dephasing" can be
suppressed. For other CSS codes !with double square brackets",
both bit-flip and dephasing errors can be suppressed. The local re-
sources are estimated to be 6n qubits for each station !Appendix B".
The distance is estimated from Eqs. !11" and !13", assuming param-
eters q=0.3%, F!=0.95, and l0=10 km.

Name
Code

))n ,k ,2t+1**
Resources

!qubits/station"
Distance

!km"

No encoding 180
Repetition-3 )3,1,3* 4 1.0)104

Repetition-5 )5,1,5* 18 1.0)106

Hamming ))7,1,3** 30 1.4)103

Bacon-Shor ))25,1,5** 42 4.3)103

Golay ))23,1,7** 150 3.7)105

BCH ))127,29,15** 138 4.0)107

QR ))103,1,19** 2.4)1011

Effective error probability q
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FIG. 4. !Color online" From Eqs. !11" and !13", the maximum
number of connections L! is estimated as a function of the effective
error probability q, assuming F!=0.95, for various CSS codes )20*
listed in Table I. For q*0.03, L! scales as 1 /qt+1.
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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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Figure 3 | Quasi-asynchronous repeater network. a, A quasi-asynchronous repeater network in which entanglement generation is initiated at the left-hand
side where the system clock is located. The classical heralding pulse from the leftmost node propagates to the rightmost node, initiating all of the
transmitters as it propagates. Entanglement swapping within local nodes occurs when the local transmitters and receivers have links to their respective
neighbours. The leftmost node can start a new entanglement generation cycle after a time equal to the longest roundtrip between any two adjacent nodes
has elapsed. The classical heralding pulse for this next cycle picks up the Pauli-frame information from the last cycle as it propagates through the network,
and makes it available to the rightmost node as it arrives. b, A butterfly network, which creates entangled qubits at the leftmost and rightmost nodes at
approximately the same time. This design can be thought of as two quasi-asynchronous repeater schemes (one flowing from the middle to the right and one
from the middle to the left). Once links have been established to the left and the right in this middle node, entanglement swapping can be performed. The
resulting classical correction information can be sent with the next heralding pulse.
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Repeaters do not need quantum memories and can use only photonic components. 
• Linear optical elements 
• Single-photon sources  
• Photon detectors 
• Fast active feedforward techniques

The scheme only requires

All-photonic quantum repeater protocol

Virtual qubits （in the case of QKD）

Photon for entanglement generation Encoded qubit  composed of photons

3) Completion

Entanglement

2) Entanglement generation
ii) Transmission of photons

iii) Entanglement generation process

1) Entanglement swapping

i) State preparation (20 times use of active feedforwards)

Sending device Sending deviceRepeater node Repeater node Repeater node 

Second generation or third?

Koji Azuma et al., Nat. Commun. 6, 6787 (2015).

Type-II fusion 

Input:

Proof-of-principle experiments: 

Y. Hasegawa et al., Nat. Commun. 10, 378 (2019). Z.-D. Li et al., Nat. Photon. 13, 644 (2019).

USTC: 12 single photons
Osaka: 3 single photons
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A repeater is an electronic device that receives a signal and 
retransmits it 
We need to think about the notation from the classical work in terms 
of all photonic devices 
We have regenerators 

1R-regenerators - reamplification 
2R regenerators - reamplification and reshaping 
3R regenerators - reamplification, reshaping, and retiming 

So 2nd and 3nd generation repeaters should be called 
regenerators (not repeaters) if all photonic
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