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The classical world: losses in the channel

39

The modern telecommunications industry solves this issue through         
Optical amplifiers and optical repeaters 
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Cバンド光増幅器(BOAおよびSOA)、1550 nm

ブースタ光増幅器(BOA)

+1 数量 資料 型番 - ユニバーサル規格 定価(税抜) 出荷予定日

BOA1004S
Cバンド ブースタ光増幅器、中心波長1550nm、バタフライパッケージ、シングルモードファイ
バ、FC/APC

￥252,806 3-5 Days

Fabry-Perot Lasers

Superluminescent Diodes

Butterfly Mounts

Erbium-Doped Fiber Amplifiers

概要 仕様 グラフ ピン配置図と図面 光増幅器 Feedback

Other Optical Amplifier Options

1050 nm BOAs

O-Band (1285 - 1350 nm) BOAs

C-Band (1550 nm) BOAs and SOAs

L-Band (1590 - 1625 nm) BOAs

BOAの中心波長は、特定用途に向けて簡単に合
わせることができます。 特定のレーザ光源に適
合するようにBOAの波長スペクトルを調整するこ
とはごく一般的に行われています。特定の波長
が必要とされる用途に関しましては、当社まで

お問い合わせください。

Click to Enlarge
当社の光増幅器SOA1117Sおよ
びBOA1004Pは、ベンチトップ

型光増幅器(それぞれ
S7FC1013SおよびS9FC1004P)
としてもご用意しています。

Item # Center Wavelength 3 dB Bandwidth
Saturated Output
Power (@ -3 dB)

Small Signal Gain
(@ Pin = -20 dBm) Noise Figure

BOA1004S and BOA1004P 1550 nm Typical 85 nm Typical 15 dBm Typical 27 dB Typical 7.5 dB Typical

SOA1013S 1500 nm Typical - 14 dBm Typical 13 dB Typical 8.0 dB Typical

SOA1117S and SOA1117P 1550 nm Typical - 9 dBm Typical 20 dB Typical 10.0 dB Typical

BOA1007C and BOA1007H 1550 nm Typical 85 nm Typical 18 dBm Typical 30 dB Typical 6.0 dB Typical

仕様の詳細については、「仕様」タブおよび「グラフ」タブをご覧ください。a. 
この中心波長では、動作波長は1528～1562 nmになります。詳細は「仕様」タブをご覧ください。b. 

特長
半導体光増幅器(SOA)

偏光無依存：全ての偏光状態において増幅
ピグテール(1.5 m)付きのPMまたはSMのファイバでFC/APCコネクタに接続
一般的な用途：インライン増幅器、ディテクタ用プリアンプ、高速光スイッチ(切替え速度お
よそ1 ns)

ブースタ光増幅器(BOA)
偏波保持：1つの偏光状態のみを増幅
ピグテール(1.5 m)付きのPMまたはSMのファイバでFC/APCコネクタに接続
一般的な用途：ブースティングレーザートランスミッタ、トランスミットMUX/DeMUXの挿入損失の補償、光シャッタ

BOAとSOAは、シングルパスの増幅器で、単色信号あるいは多波長信号の両方において性能を発揮します。 BOAは1つの偏光状態に限って増幅する
ので、入力光の偏光状態が分かっている条件での使用に適しています。 これに対して入力信号の偏光状態が不明の場合や変動する用途では、半導
体光増幅器(SOA)が必要となります。 しかしながら利得、ノイズ、バンド幅や飽和出力強度の仕様は、BOAの方がSOAと比較して優れています。こ
れはSOAに偏光無依存の特性を付与している設計に起因しています。

当社のBOAとSOAにはフリースペース型とファイバ結合型があります。 フリースペース型はチップオンサブマウント型(C)とチップオンヒートシンク
型(H)の形状でご提供しています。 ファイバ結合型は結合損失が低い用途にお勧めです。 損失の典型値はファイバからチップ、そしてチップから
ファイバに向けた結合において各々1.5～2.5 dB です。 この結合損失は、総利得、雑音指数(NF)、および飽和出力強度(P )に影響します。 増幅によって得られる利得が損失を上回ったとしても、これらの損失
はデバイスの性能に重要な影響を与えます。 例えば、入力結合効率が1 dB減少した場合、雑音指数は1 dB増加します。 これに対して出力結合が1dB 減少した場合は、飽和出力強度も1 dB減少します。

ドライバのオプション
これらの光増幅器には、コントローラとしてバタフライ型LD/TECコントローラCLD1015をお使いいただけます。 LD/TEC コントローラとマウントを組み合わせることによって、タッチスクリーンを介したPC制御
が可能です。 このページに掲載されている増幅器をCLD1015で駆動する際は、タイプ1のピン配列の向きでご使用ください。

中心波長について
光増幅器などの広帯域半導体デバイスにおける自然放射光増幅(ASE)スペクトルの中心波長(CWL)は、ロット毎にバラつきがある可能性があります。 各モデルのCWLの公差については、「仕様」タブをご参照くだ
さい。 特定のASE中心波長が重要になる用途でお使いの場合、現在ご提供可能なロットでの中心波長については、当社までお問い合わせください。

ブースタ光増幅器
BOAは高効率のInP/InGaAsP多重量子井戸(MQW)構造です。 右の概略図でもご覧いただけるよう に、増幅器の入出力光は、光増幅器のチップ上の信頼性の高いリッジ導波路に結合されています。 CバンドのBOA
は標準品の14ピンバタフライ型パッケージに内蔵され、FC/APCコネクタ付きのシングルモードファイバ(SMF)もしくは偏波保持ファイバ(PMF)のピグテールが付いています。PMFピグテール付きのモデルでは、コ
ネクターキーはスロー軸にアライメントされています。 入力部または出力部、あるいは入出力部両方にお使いいただける偏波保持型アイソレータ付きバージョンもお選びいただけますので詳しくは当社へご相談
ください(仕様は異なる構成に変更される場合がございます)。 これとは別に、パッケージに内蔵されていないCバンドBOAチップは、サブマウントまたはヒートシンク上に搭載してご提供可能です。

半導体光増幅器
半導体光増幅器(SOA)は偏光無依存なので、全ての偏光状態において光を増幅します。 これらのデバイスは、インライン増幅器として適しています。 先進のエピテキシャルウェ
ハ成長技術とオプトエレクトロニクスパッケージング技術を利用して、広いスペクトル帯域で高い飽和出力強度、低雑音指数と高利得を実現しています。 これらのデバイスは工
業規格準拠の14ピンバタフライ型パッケージに内蔵されており、FC/APCコネクタ付きのシングルモードファイバ(SMF)もしくは偏波保持ファイバ(PMF)のピグテールが付いていま
す。PMFピグテール付きのモデルでは、コネクターキーはスロー軸にアライメントされています。この製品にはアイソレータは付属していませんが、当社では偏光無依存型アイソ
レータを入力部または出力部、あるいは入出力部両方に付けてご提供することも可能です。詳細は当社までお問い合わせください。

sat

a

b

Compact Optical Amplifier in Butterfly Package
Low Noise, Broad, Flat Optical Bandwidth, High Saturation Power (>15 dB)
Polarization-Independent and Polarization-Maintaining Version

► 
► 
► 

SOA/BOA Series

BOA1007C
Actual Size Compared to
a U.S. Penny

¥  JPY    ▼ JAPANESE    ▼

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

OA’s are optoelectronic circuits that amplifies the distorted light signal 
(including noise) it receives back to its original amplitude before 
transmitted it further down the channel. Each time this amplification 
process is performed the signal to noise ratio gets worse until we reach a 
point at which the signal cannot be distinguished from the noise. This 
fundamentally limits the distance a signal can be transmitted over. 
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Cバンド光増幅器(BOAおよびSOA)、1550 nm

ブースタ光増幅器(BOA)

+1 数量 資料 型番 - ユニバーサル規格 定価(税抜) 出荷予定日

BOA1004S
Cバンド ブースタ光増幅器、中心波長1550nm、バタフライパッケージ、シングルモードファイ
バ、FC/APC

￥252,806 3-5 Days

Fabry-Perot Lasers

Superluminescent Diodes

Butterfly Mounts

Erbium-Doped Fiber Amplifiers

概要 仕様 グラフ ピン配置図と図面 光増幅器 Feedback

Other Optical Amplifier Options

1050 nm BOAs

O-Band (1285 - 1350 nm) BOAs

C-Band (1550 nm) BOAs and SOAs

L-Band (1590 - 1625 nm) BOAs

BOAの中心波長は、特定用途に向けて簡単に合
わせることができます。 特定のレーザ光源に適
合するようにBOAの波長スペクトルを調整するこ
とはごく一般的に行われています。特定の波長
が必要とされる用途に関しましては、当社まで

お問い合わせください。

Click to Enlarge
当社の光増幅器SOA1117Sおよ
びBOA1004Pは、ベンチトップ

型光増幅器(それぞれ
S7FC1013SおよびS9FC1004P)
としてもご用意しています。

Item # Center Wavelength 3 dB Bandwidth
Saturated Output
Power (@ -3 dB)

Small Signal Gain
(@ Pin = -20 dBm) Noise Figure

BOA1004S and BOA1004P 1550 nm Typical 85 nm Typical 15 dBm Typical 27 dB Typical 7.5 dB Typical

SOA1013S 1500 nm Typical - 14 dBm Typical 13 dB Typical 8.0 dB Typical

SOA1117S and SOA1117P 1550 nm Typical - 9 dBm Typical 20 dB Typical 10.0 dB Typical

BOA1007C and BOA1007H 1550 nm Typical 85 nm Typical 18 dBm Typical 30 dB Typical 6.0 dB Typical

仕様の詳細については、「仕様」タブおよび「グラフ」タブをご覧ください。a. 
この中心波長では、動作波長は1528～1562 nmになります。詳細は「仕様」タブをご覧ください。b. 

特長
半導体光増幅器(SOA)

偏光無依存：全ての偏光状態において増幅
ピグテール(1.5 m)付きのPMまたはSMのファイバでFC/APCコネクタに接続
一般的な用途：インライン増幅器、ディテクタ用プリアンプ、高速光スイッチ(切替え速度お
よそ1 ns)

ブースタ光増幅器(BOA)
偏波保持：1つの偏光状態のみを増幅
ピグテール(1.5 m)付きのPMまたはSMのファイバでFC/APCコネクタに接続
一般的な用途：ブースティングレーザートランスミッタ、トランスミットMUX/DeMUXの挿入損失の補償、光シャッタ

BOAとSOAは、シングルパスの増幅器で、単色信号あるいは多波長信号の両方において性能を発揮します。 BOAは1つの偏光状態に限って増幅する
ので、入力光の偏光状態が分かっている条件での使用に適しています。 これに対して入力信号の偏光状態が不明の場合や変動する用途では、半導
体光増幅器(SOA)が必要となります。 しかしながら利得、ノイズ、バンド幅や飽和出力強度の仕様は、BOAの方がSOAと比較して優れています。こ
れはSOAに偏光無依存の特性を付与している設計に起因しています。

当社のBOAとSOAにはフリースペース型とファイバ結合型があります。 フリースペース型はチップオンサブマウント型(C)とチップオンヒートシンク
型(H)の形状でご提供しています。 ファイバ結合型は結合損失が低い用途にお勧めです。 損失の典型値はファイバからチップ、そしてチップから
ファイバに向けた結合において各々1.5～2.5 dB です。 この結合損失は、総利得、雑音指数(NF)、および飽和出力強度(P )に影響します。 増幅によって得られる利得が損失を上回ったとしても、これらの損失
はデバイスの性能に重要な影響を与えます。 例えば、入力結合効率が1 dB減少した場合、雑音指数は1 dB増加します。 これに対して出力結合が1dB 減少した場合は、飽和出力強度も1 dB減少します。

ドライバのオプション
これらの光増幅器には、コントローラとしてバタフライ型LD/TECコントローラCLD1015をお使いいただけます。 LD/TEC コントローラとマウントを組み合わせることによって、タッチスクリーンを介したPC制御
が可能です。 このページに掲載されている増幅器をCLD1015で駆動する際は、タイプ1のピン配列の向きでご使用ください。

中心波長について
光増幅器などの広帯域半導体デバイスにおける自然放射光増幅(ASE)スペクトルの中心波長(CWL)は、ロット毎にバラつきがある可能性があります。 各モデルのCWLの公差については、「仕様」タブをご参照くだ
さい。 特定のASE中心波長が重要になる用途でお使いの場合、現在ご提供可能なロットでの中心波長については、当社までお問い合わせください。

ブースタ光増幅器
BOAは高効率のInP/InGaAsP多重量子井戸(MQW)構造です。 右の概略図でもご覧いただけるよう に、増幅器の入出力光は、光増幅器のチップ上の信頼性の高いリッジ導波路に結合されています。 CバンドのBOA
は標準品の14ピンバタフライ型パッケージに内蔵され、FC/APCコネクタ付きのシングルモードファイバ(SMF)もしくは偏波保持ファイバ(PMF)のピグテールが付いています。PMFピグテール付きのモデルでは、コ
ネクターキーはスロー軸にアライメントされています。 入力部または出力部、あるいは入出力部両方にお使いいただける偏波保持型アイソレータ付きバージョンもお選びいただけますので詳しくは当社へご相談
ください(仕様は異なる構成に変更される場合がございます)。 これとは別に、パッケージに内蔵されていないCバンドBOAチップは、サブマウントまたはヒートシンク上に搭載してご提供可能です。

半導体光増幅器
半導体光増幅器(SOA)は偏光無依存なので、全ての偏光状態において光を増幅します。 これらのデバイスは、インライン増幅器として適しています。 先進のエピテキシャルウェ
ハ成長技術とオプトエレクトロニクスパッケージング技術を利用して、広いスペクトル帯域で高い飽和出力強度、低雑音指数と高利得を実現しています。 これらのデバイスは工
業規格準拠の14ピンバタフライ型パッケージに内蔵されており、FC/APCコネクタ付きのシングルモードファイバ(SMF)もしくは偏波保持ファイバ(PMF)のピグテールが付いていま
す。PMFピグテール付きのモデルでは、コネクターキーはスロー軸にアライメントされています。この製品にはアイソレータは付属していませんが、当社では偏光無依存型アイソ
レータを入力部または出力部、あるいは入出力部両方に付けてご提供することも可能です。詳細は当社までお問い合わせください。
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The quantum world

40

Loss in the channel is an even bigger problem

The modern telecommunications industry solves this issue through Quantum amplifiers 
and Quantum repeaters 

Quantum repeaters seem very different from their classical 
counterparts 
They tend to focus on the generation of entanglement between 
Alice and Bob   
However not only do they need to fix channel loss, they also 
need to  be able to remove excess noise!!!!

Quantum amplifiers (QA) are well known and like their optical 
counterparts typically add excess noise to the signal, thus limiting the 
communication distance  
However noiseless linear amplifiers do exist (but unfortunately this are 
probabilistic (but heralded) in nature 

Quantum repeaters require a classical network as well



The Concept!!!
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We need to divide the channel in parts:

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

so take the long channel and …
L

L/n {n segments



The simplest case first
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How many attempts to succeed  
without memories  
with memories 

nS = (eL/nL0)n

ns ∼ 100eL/nL0??

PS = e−L/L0the entire channel

NS ∼ eL/L0Number of attempts to succeed 

n segments ps = e−L/nL0

  is the attenuation length of the fiberL0



How???
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• Per segment we need on average  attempts for it to be successful 
• With say   attempts exceptionally high probability of 

establishing  the link. 
• When successful we store in a quantum memory.  

• Perform attempts among all segments at the same time 
• likely all segments have a link within  attempt 
• join together to get the long link

1/ps
100/ps

100/ps

ps = e−L/nL0



Quantum Relay

ps = e−L/nL0 Entanglement Swapping

• This allows us to establish long range entanglement efficiently

Fidelity F



Overview
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• Introduce quantum entanglement 
distribution

•  Introduce entanglement swapping
•  Introduce entanglement purification
• Scaling of quantum relays and 

repeaters



Entanglement Distribution

• Let us look at this in a little more detail

6400813 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 21, NO. 3, MAY/JUNE 2015

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⟩a |H⟩p + |e⟩a |V ⟩p ] /

√
2 [45]–[53]. With

two atoms a1a2 in separate cavities being entangled to their
respective single photons p1p2 , we have a combined state of the
form

|Ψ1⟩ =
1
2

[|g⟩a1 |H⟩p1 + |e⟩a1 |V ⟩p1 ]

[|H⟩p2 |g⟩a2 + |V ⟩p2 |e⟩a2 ] . (1)

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
[|g⟩a1 |H⟩p1 |H⟩p2 |g⟩a2 + |e⟩a1 |V ⟩p2 |V ⟩p1 |e⟩a2 ] /

√
2. Measur-

ing the photons in the basis of diagonal state |D⟩ = (|H⟩ +
|V ⟩)/

√
2 and anti-diagonal state |A⟩ = (|H⟩ − |V ⟩)/

√
2, we

have

|Ψ2⟩ =

{
|Φ+ ⟩a1 a2 , for D,D or A,A

|Φ−⟩a1 a2 , for D,A or A,D
(2)

with |Φ±⟩a1 a2 := 1√
2 [|g⟩a1 |g⟩a2 ± |e⟩a1 |e⟩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

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⟩p1 |H⟩p2 +
|V ⟩p1 |V ⟩p2 ]/

√
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
|+⟩ai = [|g⟩ai + |e⟩ai ] /

√
2. A controlled-phase operation can

be performed between each qubit and its associated photon
giving

|Ψ3⟩ =
1
2
|Φ+ ⟩a1 a2 ⊗ [|H⟩p1 |H⟩p2 + |V ⟩p1 |V ⟩p2 ]

+
1
2
|Ψ+ ⟩a1 a2 ⊗ [|H⟩p1 |H⟩p2 − |V ⟩p1 |V ⟩p2 ] (3)

where |Ψ±⟩a1 a2 = [|g⟩a1 |e⟩a2 ± |e⟩a1 |g⟩a2 ] /
√

2. 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 |+⟩a1

along with a single photon as |D⟩p1 . 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 |+⟩a2 . The resulting three-qubit state has
the form

|Ψ4⟩ =
1√
2
|Φ+ ⟩a1 a2 ⊗ |D⟩p1 +

1√
2
|Ψ+ ⟩a1 a2 ⊗ |A⟩p1 .

Now measuring the single photon in the basis of states |D⟩ and
|A⟩ we project the distant qubits into the state |Φ+ ⟩a1 a2 for
an event of detecting D and |Ψ+ ⟩a1 a2 for A. For the event of
detecting A, the second node can perform a local correction
operation to transform |Ψ+ ⟩a1 a2 to |Φ+ ⟩a1 a2 . 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

ps = e−L/L0 plocal, (4)

PBS

• Consider we have a matter qubit memory that can emit a 
polarization photon  of the |g⟩ |H⟩ + |e⟩ |V⟩

2

• A mechanism to establish an entangled Bell state between 
adjacent quantum repeater nodes
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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⟩a |H⟩p + |e⟩a |V ⟩p ] /

√
2 [45]–[53]. With

two atoms a1a2 in separate cavities being entangled to their
respective single photons p1p2 , we have a combined state of the
form

|Ψ1⟩ =
1
2

[|g⟩a1 |H⟩p1 + |e⟩a1 |V ⟩p1 ]

[|H⟩p2 |g⟩a2 + |V ⟩p2 |e⟩a2 ] . (1)

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
[|g⟩a1 |H⟩p1 |H⟩p2 |g⟩a2 + |e⟩a1 |V ⟩p2 |V ⟩p1 |e⟩a2 ] /

√
2. Measur-

ing the photons in the basis of diagonal state |D⟩ = (|H⟩ +
|V ⟩)/

√
2 and anti-diagonal state |A⟩ = (|H⟩ − |V ⟩)/

√
2, we

have

|Ψ2⟩ =

{
|Φ+ ⟩a1 a2 , for D,D or A,A

|Φ−⟩a1 a2 , for D,A or A,D
(2)

with |Φ±⟩a1 a2 := 1√
2 [|g⟩a1 |g⟩a2 ± |e⟩a1 |e⟩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

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⟩p1 |H⟩p2 +
|V ⟩p1 |V ⟩p2 ]/

√
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
|+⟩ai = [|g⟩ai + |e⟩ai ] /

√
2. A controlled-phase operation can

be performed between each qubit and its associated photon
giving

|Ψ3⟩ =
1
2
|Φ+ ⟩a1 a2 ⊗ [|H⟩p1 |H⟩p2 + |V ⟩p1 |V ⟩p2 ]

+
1
2
|Ψ+ ⟩a1 a2 ⊗ [|H⟩p1 |H⟩p2 − |V ⟩p1 |V ⟩p2 ] (3)

where |Ψ±⟩a1 a2 = [|g⟩a1 |e⟩a2 ± |e⟩a1 |g⟩a2 ] /
√

2. 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 |+⟩a1

along with a single photon as |D⟩p1 . 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 |+⟩a2 . The resulting three-qubit state has
the form

|Ψ4⟩ =
1√
2
|Φ+ ⟩a1 a2 ⊗ |D⟩p1 +

1√
2
|Ψ+ ⟩a1 a2 ⊗ |A⟩p1 .

Now measuring the single photon in the basis of states |D⟩ and
|A⟩ we project the distant qubits into the state |Φ+ ⟩a1 a2 for
an event of detecting D and |Ψ+ ⟩a1 a2 for A. For the event of
detecting A, the second node can perform a local correction
operation to transform |Ψ+ ⟩a1 a2 to |Φ+ ⟩a1 a2 . 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

ps = e−L/L0 plocal, (4)

• Both matter qubit emit there 
polarization qubit 

• So we have
{ |g⟩ |H⟩ + |e⟩ |V⟩} ⊗ { |g⟩ |H⟩ + |e⟩ |V⟩} =

|g⟩ |H⟩ + |e⟩ |V⟩

2

|g⟩ |g⟩ |H⟩ |H⟩ + |g⟩ |e⟩ |H⟩ |V⟩ + |e⟩ |g⟩ |V⟩ |H⟩ + |e⟩ |e⟩ |V⟩ |V⟩

|g⟩ |g⟩ |H⟩ |H⟩ + |g⟩ |e⟩ |HV⟩ |0⟩ + |e⟩ |g⟩ |0⟩ |HV⟩ + |e⟩ |e⟩ |V⟩ |V⟩

PBS

Measure 1 photon at each detector   
                in D or A basis|g⟩ |g⟩ |H⟩ |H⟩ + |e⟩ |e⟩ |V⟩ |V⟩

|g⟩ |g⟩ + |e⟩ |e⟩  for  DD, AA

What happens for DA, AD??
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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⟩a |H⟩p + |e⟩a |V ⟩p ] /

√
2 [45]–[53]. With

two atoms a1a2 in separate cavities being entangled to their
respective single photons p1p2 , we have a combined state of the
form

|Ψ1⟩ =
1
2

[|g⟩a1 |H⟩p1 + |e⟩a1 |V ⟩p1 ]

[|H⟩p2 |g⟩a2 + |V ⟩p2 |e⟩a2 ] . (1)

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
[|g⟩a1 |H⟩p1 |H⟩p2 |g⟩a2 + |e⟩a1 |V ⟩p2 |V ⟩p1 |e⟩a2 ] /

√
2. Measur-

ing the photons in the basis of diagonal state |D⟩ = (|H⟩ +
|V ⟩)/

√
2 and anti-diagonal state |A⟩ = (|H⟩ − |V ⟩)/

√
2, we

have

|Ψ2⟩ =

{
|Φ+ ⟩a1 a2 , for D,D or A,A

|Φ−⟩a1 a2 , for D,A or A,D
(2)

with |Φ±⟩a1 a2 := 1√
2 [|g⟩a1 |g⟩a2 ± |e⟩a1 |e⟩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

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⟩p1 |H⟩p2 +
|V ⟩p1 |V ⟩p2 ]/

√
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
|+⟩ai = [|g⟩ai + |e⟩ai ] /

√
2. A controlled-phase operation can

be performed between each qubit and its associated photon
giving

|Ψ3⟩ =
1
2
|Φ+ ⟩a1 a2 ⊗ [|H⟩p1 |H⟩p2 + |V ⟩p1 |V ⟩p2 ]

+
1
2
|Ψ+ ⟩a1 a2 ⊗ [|H⟩p1 |H⟩p2 − |V ⟩p1 |V ⟩p2 ] (3)

where |Ψ±⟩a1 a2 = [|g⟩a1 |e⟩a2 ± |e⟩a1 |g⟩a2 ] /
√

2. 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 |+⟩a1

along with a single photon as |D⟩p1 . 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 |+⟩a2 . The resulting three-qubit state has
the form

|Ψ4⟩ =
1√
2
|Φ+ ⟩a1 a2 ⊗ |D⟩p1 +

1√
2
|Ψ+ ⟩a1 a2 ⊗ |A⟩p1 .

Now measuring the single photon in the basis of states |D⟩ and
|A⟩ we project the distant qubits into the state |Φ+ ⟩a1 a2 for
an event of detecting D and |Ψ+ ⟩a1 a2 for A. For the event of
detecting A, the second node can perform a local correction
operation to transform |Ψ+ ⟩a1 a2 to |Φ+ ⟩a1 a2 . 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

ps = e−L/L0 plocal, (4)

• This is effected by two factors:

|g⟩ |g⟩ ± |e⟩ |e⟩

for generating

• Channel loss  
• Detection postselection

η = e−L/L0

Overall success probability
P = η η /2 = η/2

LHS photon transmission 
RHS photon transmission Postselection
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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⟩a |H⟩p + |e⟩a |V ⟩p ] /

√
2 [45]–[53]. With

two atoms a1a2 in separate cavities being entangled to their
respective single photons p1p2 , we have a combined state of the
form

|Ψ1⟩ =
1
2

[|g⟩a1 |H⟩p1 + |e⟩a1 |V ⟩p1 ]

[|H⟩p2 |g⟩a2 + |V ⟩p2 |e⟩a2 ] . (1)

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
[|g⟩a1 |H⟩p1 |H⟩p2 |g⟩a2 + |e⟩a1 |V ⟩p2 |V ⟩p1 |e⟩a2 ] /

√
2. Measur-

ing the photons in the basis of diagonal state |D⟩ = (|H⟩ +
|V ⟩)/

√
2 and anti-diagonal state |A⟩ = (|H⟩ − |V ⟩)/

√
2, we

have

|Ψ2⟩ =

{
|Φ+ ⟩a1 a2 , for D,D or A,A

|Φ−⟩a1 a2 , for D,A or A,D
(2)

with |Φ±⟩a1 a2 := 1√
2 [|g⟩a1 |g⟩a2 ± |e⟩a1 |e⟩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

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⟩p1 |H⟩p2 +
|V ⟩p1 |V ⟩p2 ]/

√
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
|+⟩ai = [|g⟩ai + |e⟩ai ] /

√
2. A controlled-phase operation can

be performed between each qubit and its associated photon
giving

|Ψ3⟩ =
1
2
|Φ+ ⟩a1 a2 ⊗ [|H⟩p1 |H⟩p2 + |V ⟩p1 |V ⟩p2 ]

+
1
2
|Ψ+ ⟩a1 a2 ⊗ [|H⟩p1 |H⟩p2 − |V ⟩p1 |V ⟩p2 ] (3)

where |Ψ±⟩a1 a2 = [|g⟩a1 |e⟩a2 ± |e⟩a1 |g⟩a2 ] /
√

2. 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 |+⟩a1

along with a single photon as |D⟩p1 . 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 |+⟩a2 . The resulting three-qubit state has
the form

|Ψ4⟩ =
1√
2
|Φ+ ⟩a1 a2 ⊗ |D⟩p1 +

1√
2
|Ψ+ ⟩a1 a2 ⊗ |A⟩p1 .

Now measuring the single photon in the basis of states |D⟩ and
|A⟩ we project the distant qubits into the state |Φ+ ⟩a1 a2 for
an event of detecting D and |Ψ+ ⟩a1 a2 for A. For the event of
detecting A, the second node can perform a local correction
operation to transform |Ψ+ ⟩a1 a2 to |Φ+ ⟩a1 a2 . 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

ps = e−L/L0 plocal, (4)

• Both matter qubit emit a fock state  
qubit  

• So we have
|0⟩, |1⟩ |g⟩ |0⟩ + |e⟩ |1⟩

2

|g⟩ |g⟩ |0⟩ |0⟩ + |g⟩ |e⟩ |0⟩ |1⟩ + |e⟩ |g⟩ |1⟩ |0⟩ + |e⟩ |e⟩ |1⟩ |1⟩

{ |e⟩ |g⟩ − |g⟩ |e⟩} |1⟩ |0⟩ + { |e⟩ |g⟩ + |g⟩ |e⟩} |0⟩ |1⟩
50/50 BS

Measure 1 photon

|g⟩ |e⟩ ± |e⟩ |g⟩

+ |g⟩ |g⟩ |0⟩ |0⟩ + |e⟩ |e⟩{ |2⟩ |0⟩ − |0⟩ |2⟩}

P = η /2
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Three conceptual schemes
a)

b)

c)

Emitters

Receivers

Emitter - Receiver

• All are probabilistic - but heralded 
so we know when they work

• That heralding requires classical 
communication between the nodes 

• Emitter - Node emits a photon entangled 
with memory qubit.

• Reciever - receives an incoming photon 
and entails it with the matter qubit 
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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⟩a |H⟩p + |e⟩a |V ⟩p ] /

√
2 [45]–[53]. With

two atoms a1a2 in separate cavities being entangled to their
respective single photons p1p2 , we have a combined state of the
form

|Ψ1⟩ =
1
2

[|g⟩a1 |H⟩p1 + |e⟩a1 |V ⟩p1 ]

[|H⟩p2 |g⟩a2 + |V ⟩p2 |e⟩a2 ] . (1)

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
[|g⟩a1 |H⟩p1 |H⟩p2 |g⟩a2 + |e⟩a1 |V ⟩p2 |V ⟩p1 |e⟩a2 ] /

√
2. Measur-

ing the photons in the basis of diagonal state |D⟩ = (|H⟩ +
|V ⟩)/

√
2 and anti-diagonal state |A⟩ = (|H⟩ − |V ⟩)/

√
2, we

have

|Ψ2⟩ =

{
|Φ+ ⟩a1 a2 , for D,D or A,A

|Φ−⟩a1 a2 , for D,A or A,D
(2)

with |Φ±⟩a1 a2 := 1√
2 [|g⟩a1 |g⟩a2 ± |e⟩a1 |e⟩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

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⟩p1 |H⟩p2 +
|V ⟩p1 |V ⟩p2 ]/

√
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
|+⟩ai = [|g⟩ai + |e⟩ai ] /

√
2. A controlled-phase operation can

be performed between each qubit and its associated photon
giving

|Ψ3⟩ =
1
2
|Φ+ ⟩a1 a2 ⊗ [|H⟩p1 |H⟩p2 + |V ⟩p1 |V ⟩p2 ]

+
1
2
|Ψ+ ⟩a1 a2 ⊗ [|H⟩p1 |H⟩p2 − |V ⟩p1 |V ⟩p2 ] (3)

where |Ψ±⟩a1 a2 = [|g⟩a1 |e⟩a2 ± |e⟩a1 |g⟩a2 ] /
√

2. 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 |+⟩a1

along with a single photon as |D⟩p1 . 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 |+⟩a2 . The resulting three-qubit state has
the form

|Ψ4⟩ =
1√
2
|Φ+ ⟩a1 a2 ⊗ |D⟩p1 +

1√
2
|Ψ+ ⟩a1 a2 ⊗ |A⟩p1 .

Now measuring the single photon in the basis of states |D⟩ and
|A⟩ we project the distant qubits into the state |Φ+ ⟩a1 a2 for
an event of detecting D and |Ψ+ ⟩a1 a2 for A. For the event of
detecting A, the second node can perform a local correction
operation to transform |Ψ+ ⟩a1 a2 to |Φ+ ⟩a1 a2 . 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

ps = e−L/L0 plocal, (4)

Three basic types
Which is better?

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

S     D
η

η

η?

η

η

η
η = e−Ltot/L

• Do not include the vacuum

Can be extended to qudits!!!

• Single-Rail Encoding: 
• Pros: Simpler 

• Cons: Loss-sensitive 

• Dual-Rail Encoding: 
• Pros: More robust 

• Cons: shorter distances 

• Common in photonic experiments
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Metrics and Performance 
• Fidelity 
• Entanglement Rate / Throughput 
• Success Probability / Yield 
• Entanglement Length 
• Entanglement Cost 
• Quantum Bit Error Rate (QBER) 

• Why Metrics Matter: 
• They define the reliability and usefulness of quantum links.
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Entanglement Swapping Bob

Classical Messages0,1

pair 1
pair 2

Alice
Entangled Link

+,-
Local Repeater Node

Bell Measurement

CNOT

11 4

2
3

g,e
+,-

• The basic concept is to perform a Bell state measurement (CNOT plus 
measurement on the qubits within one repeater node

{ |g⟩A |g⟩N + |e⟩A |e⟩N} ⊗ { |g⟩N |g⟩B + |e⟩N |e⟩B}
• Consider
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Entanglement Swapping Bob

Classical Messages0,1

pair 1
pair 2

Alice
Entangled Link

+,-
Local Repeater Node

Bell Measurement

CNOT

11 4

2
3

|g⟩A |g⟩N |g⟩N |g⟩B → |g⟩A |g⟩N |g⟩N |g⟩B
|g⟩A |g⟩N |e⟩N |e⟩B → |g⟩A |g⟩N |e⟩N |e⟩B
|e⟩A |e⟩N |g⟩N |g⟩B → |e⟩A |e⟩N |e⟩N |g⟩B
|e⟩A |e⟩N |e⟩N |e⟩B → |e⟩A |e⟩N |g⟩N |e⟩B

CNOT

• Measure qubit 3 in g, e basis
|g⟩A |g⟩N |g⟩B + |e⟩A |e⟩N |e⟩B
|g⟩A |g⟩N |e⟩B + |e⟩A |e⟩N |g⟩B

for g
for e

• Measure qubit 2 in +,-  basis
|g⟩A |g⟩B + |e⟩A |e⟩B for qubit 2 = +, qubit 3 = g
|g⟩A |g⟩B − |e⟩A |e⟩B for qubit 2 = -, qubit 3 = g
|g⟩A |e⟩B + |e⟩A |g⟩B for qubit 2 = +, qubit 3 = e
|g⟩A |e⟩B − |e⟩A |g⟩B for qubit 2 = -, qubit 3 = e

So swapping gives us a Bell pairs between Alice and Bob
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Entanglement Swapping 
at every node 

Alice

Alice

Bob

Bob

Node 1 Node 2 Node …
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ps = e−L/nL0 Entanglement Swapping

• This allows us to establish long range entanglement efficiently 

• So what is the problem? 
• The quality (fidelity) of the long range Bell pairs scales as 

Fidelity F

FS ∼ Fn−1
it decreases with the number of nodes due to noise 

We need to fix this!!!
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η = e−Ltot/L
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ps = e−L/nL0

Fidelity F

• What happens if we don’t have the perfect Bell state generated? 
• Consider |Φ±⟩ = |00⟩ ± |11⟩ρ = F |Φ+⟩⟨Φ+ | + (1 − F) |Ψ+⟩⟨Ψ+ |

with

• Our initial state for swapping can be written ρAN ⊗ ρNB =
F2 : |Φ+⟩⟨Φ+ | ⊗ |Φ+⟩⟨Φ+ | ⟶ |Φ+⟩⟨Φ+ |

+F(1 − F) : |Φ+⟩⟨Φ+ | ⊗ |Ψ+⟩⟨Ψ+ | ⟶ |Ψ+⟩⟨Ψ+ |
+F(1 − F) : |Ψ+⟩⟨Ψ+ | ⊗ |Φ+⟩⟨Φ+ | ⟶ |Ψ+⟩⟨Ψ+ |
+(1 − F)2 : |Ψ+⟩⟨Ψ+ | ⊗ |Ψ+⟩⟨Ψ+ | ⟶ |Φ+⟩⟨Φ+ |

• Our resulting state between A and B has the form
ρ′￼= [F2 + (1 − F)2] |Φ+⟩⟨Φ+ | + 2F(1 − F) |Ψ+⟩⟨Ψ+ |

∼ F2 for F close to one

|Ψ±⟩ = |01⟩ ± |10⟩
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ps = e−L/nL0

Fidelity F

• Our resulting state between A and B has the form
ρ′￼= [F2 + (1 − F)2] |Φ+⟩⟨Φ+ | + 2F(1 − F) |Ψ+⟩⟨Ψ+ |
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• The basic concept is to take two imperfect Bell states and purify/distill 
them to one of higher quality. 

Recurrence/Pumping MethodAlice Bob

Classical Messages

Entangled Link

g,e g,e

CNOT

pair 2

pair 1
1 2

3 4



• Consider we have two copes of the state  
where 

• We apply a CNOT between (1 , 1’) and (2,2’)

ρ12 ⊗ ρ1′￼2′￼

An illustrative example
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ρ = F |Φ+⟩⟨Φ+ | + (1 − F) |Ψ+⟩⟨Ψ+ |

Recurrence/Pumping MethodAlice Bob

Classical Messages

Entangled Link

g,e g,e

CNOT

pair 2

pair 1
1 2

3 4

• Lets look at this piece by piece
|Φ+⟩ ⊗ |Φ+⟩ = |gg + ee⟩ ⊗ |gg + ee⟩ ⟶ |gg + ee⟩ ⊗ |gg + ee⟩ = |Φ+⟩ ⊗ |gg + ee⟩

|Φ+⟩ ⊗ |Ψ+⟩ ⟶ |Φ+⟩ ⊗ |ge + eg⟩
|Ψ+⟩ ⊗ |Φ+⟩ ⟶ |Ψ+⟩ ⊗ |ge + eg⟩
|Ψ+⟩ ⊗ |Ψ+⟩ ⟶ |Ψ+⟩ ⊗ |gg + ee⟩

|Φ+⟩ ⊗ |Φ+⟩ ⟶ |Φ+⟩ ⊗ |gg + ee⟩

• So
ρ12 ⊗ ρ1′￼2′￼⟶ {F2 |Φ+⟩⟨Φ+ | + (1 − F)2 |Ψ+⟩⟨Ψ+ |} ⊗ |Φ+⟩⟨Φ+ |

+F(1 − F){ |Φ+⟩⟨Φ+ | + |Ψ+⟩⟨Ψ+ |} ⊗ |Ψ+⟩⟨Ψ+ |
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Recurrence/Pumping MethodAlice Bob

Classical Messages

Entangled Link

g,e g,e

CNOT

pair 2

pair 1
1 2

3 4

• Now measurement qubit 1’ and 2’ in the g, e basis remembering  

ρ12 ⊗ ρ1′￼2′￼⟶ {F2 |Φ+⟩⟨Φ+ | + (1 − F)2 |Ψ+⟩⟨Ψ+ |} ⊗ |Φ+⟩⟨Φ+ |
+F(1 − F){ |Φ+⟩⟨Φ+ | + |Ψ+⟩⟨Ψ+ |} ⊗ |Ψ+⟩⟨Ψ+ |

• After the two CNOT we have the state

|Φ±⟩ = |00⟩ ± |11⟩ |Ψ±⟩ = |01⟩ ± |10⟩

• For gg or ee we have state 
• For ge or eg we have state 

ρ′￼12 ⟶ F2 |Φ+⟩⟨Φ+ | + (1 − F)2 |Ψ+⟩⟨Ψ+ |

ρ′￼12 ⟶ F(1 − F){ |Φ+⟩⟨Φ+ | + |Ψ+⟩⟨Ψ+ |}

• Classical communication of measurements and keep only gg or ee

ρ′￼12 ⟶ F2 |Φ+⟩⟨Φ+ | + (1 − F)2 |Ψ+⟩⟨Ψ+ |
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F′￼=
F2

F2 + (1 − F )2

• The probability of measuring gg or ee is F2 + (1 − F)2

• Need to normalize the state ρ′￼12 = F′￼|Φ+⟩⟨Φ+ | + (1 − F′￼) |Ψ+⟩⟨Ψ+ |

whereRecurrence/Pumping MethodAlice Bob

Classical Messages

Entangled Link

g,e g,e

CNOT

pair 2

pair 1
1 2

3 4

0.6 0.7 0.8 0.9 1.0 F

0.6

0.7

0.8

0.9

1.0

F'

Initial Fidelity

Output F
idelity

Success Probability

• So with many rounds 
of purification, we can 
get a high fidelity Bell 
pair. 

• It consumes time 
because of the 
classical 
communication 
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Fig. 5. Different purification scheduling algorithms. Gray bars represent the history of the pair. Black horizontal bars represent currently entangled Bell pairs.
Numbers show the fidelity of the Bell pair. (a) Logical evolution of a symmetrically-grown Bell pair. (b) History tree of a Bell pair grown using the entanglement
pumping algorithm. (c) History tree of a Bell pair grown using the greedy algorithm. (d) An example history of the evolution of a Bell pair using our new banded
purification algorithm. If the boundary between two bands is placed at, e.g., 0.66, at point A, the pairs 0.71 and 0.638 will not be allowed to purify. Dashed lines
represent time that Bell pairs are forced to wait for a suitable partner to be created.

the figure. Using a low-fidelity pair both has a lower probability
of success and gives only a small boost in fidelity when it
succeeds. Thus, the effective floor for the fidelity of base pairs
when using the greedy algorithm is high.

We have seen that the greedy algorithm and entanglement
pumping sometimes match Bell pairs with very different fideli-
ties, resulting in low probability of success for the purification
operation and giving only a limited boost in fidelity even
on success. The fully symmetric tree is impractical: it im-
poses strict minimum hardware requirements, cannot allocate
resources flexibly, and in practice cannot take into account
memory degradation. A new approach is required.

We have developed banded purification to match purification
pairs efficiently but flexibly. We divide the fidelity space into
several regions, or bands, and only allow Bell pairs within the
same band to purify with each other. Fig. 5(d) shows a simple
example, assuming two bands divided at a fidelity of 0.66. At the
point A, the greedy algorithm would attempt to purify the 0.638
pair with the 0.71 pair [as shown at A in Fig. 5(c)]. When using
banding, the band boundary at 0.66 prevents those pairs from
purifying, and so the system waits for the creation of another
fidelity 0.638 pair, then purifies the two 0.638 pairs. If that pu-
rification is successful, resulting in a second 0.71 pair, then pu-
rification will be attempted at point B using the two 0.71 pairs.
At point C, the banding structure allows the new 0.71 pair to pu-
rify with the 0.797 pair, whereas the symmetric algorithm would
block temporarily. Unlike the greedy and pumping algorithms,
the banded approach treats high-fidelity pairs as more valuable
than low-fidelity pairs, and only uses them when another simi-
larly high pair is available, making those operations more likely
to succeed and providing a larger boost in fidelity.

Recall that the purification operations can fail, but their prob-
ability of success increases as the fidelity of the pairs involved
increases. Any attempt to predict the exact best sequence of pu-
rification operations from a given state, therefore, must take into
account which resources are currently busy, the fidelities of all
available Bell pairs, the probability of success of possible pu-
rification choices, and the probability that currently unentangled
qubits will be successfully entangled in the near future using the
physical entanglement mechanism.

The banded and symmetric algorithms are potentially subject
to deadlock, but the problem is easily solved for the banded al-
gorithm. If a repeater has, e.g., seven qubits and seven bands
(or seven rounds of purification for the symmetric case), one
Bell pair could be in each band. Each pair would have no pos-
sible purification partner, and no free qubits would be available
to create new pairs to add to the bottom band. Each swapping
level is independent, so the minimum number of qubits per sta-
tion must actually be the number of bands times the number
of levels, plus one, for the receive half and send half of the re-
peater. In our simulations, we select a hardware configuration,
then restrict the number of bands used to a number that will not
deadlock. The symmetric algorithm has no such flexibility.

V. SIMULATION RESULTS

We have simulated repeater chains for a broad range of the
parameters discussed in prior sections. The majority of our sim-
ulations utilize banded purification, and the greedy algorithm is
simulated for comparison. We simulate the quantum mechanics
of the physical interactions and operations, but a large fraction
of the code (7000 lines of C++) and execution time (several
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Fig. 5. Different purification scheduling algorithms. Gray bars represent the history of the pair. Black horizontal bars represent currently entangled Bell pairs.
Numbers show the fidelity of the Bell pair. (a) Logical evolution of a symmetrically-grown Bell pair. (b) History tree of a Bell pair grown using the entanglement
pumping algorithm. (c) History tree of a Bell pair grown using the greedy algorithm. (d) An example history of the evolution of a Bell pair using our new banded
purification algorithm. If the boundary between two bands is placed at, e.g., 0.66, at point A, the pairs 0.71 and 0.638 will not be allowed to purify. Dashed lines
represent time that Bell pairs are forced to wait for a suitable partner to be created.

the figure. Using a low-fidelity pair both has a lower probability
of success and gives only a small boost in fidelity when it
succeeds. Thus, the effective floor for the fidelity of base pairs
when using the greedy algorithm is high.

We have seen that the greedy algorithm and entanglement
pumping sometimes match Bell pairs with very different fideli-
ties, resulting in low probability of success for the purification
operation and giving only a limited boost in fidelity even
on success. The fully symmetric tree is impractical: it im-
poses strict minimum hardware requirements, cannot allocate
resources flexibly, and in practice cannot take into account
memory degradation. A new approach is required.

We have developed banded purification to match purification
pairs efficiently but flexibly. We divide the fidelity space into
several regions, or bands, and only allow Bell pairs within the
same band to purify with each other. Fig. 5(d) shows a simple
example, assuming two bands divided at a fidelity of 0.66. At the
point A, the greedy algorithm would attempt to purify the 0.638
pair with the 0.71 pair [as shown at A in Fig. 5(c)]. When using
banding, the band boundary at 0.66 prevents those pairs from
purifying, and so the system waits for the creation of another
fidelity 0.638 pair, then purifies the two 0.638 pairs. If that pu-
rification is successful, resulting in a second 0.71 pair, then pu-
rification will be attempted at point B using the two 0.71 pairs.
At point C, the banding structure allows the new 0.71 pair to pu-
rify with the 0.797 pair, whereas the symmetric algorithm would
block temporarily. Unlike the greedy and pumping algorithms,
the banded approach treats high-fidelity pairs as more valuable
than low-fidelity pairs, and only uses them when another simi-
larly high pair is available, making those operations more likely
to succeed and providing a larger boost in fidelity.

Recall that the purification operations can fail, but their prob-
ability of success increases as the fidelity of the pairs involved
increases. Any attempt to predict the exact best sequence of pu-
rification operations from a given state, therefore, must take into
account which resources are currently busy, the fidelities of all
available Bell pairs, the probability of success of possible pu-
rification choices, and the probability that currently unentangled
qubits will be successfully entangled in the near future using the
physical entanglement mechanism.

The banded and symmetric algorithms are potentially subject
to deadlock, but the problem is easily solved for the banded al-
gorithm. If a repeater has, e.g., seven qubits and seven bands
(or seven rounds of purification for the symmetric case), one
Bell pair could be in each band. Each pair would have no pos-
sible purification partner, and no free qubits would be available
to create new pairs to add to the bottom band. Each swapping
level is independent, so the minimum number of qubits per sta-
tion must actually be the number of bands times the number
of levels, plus one, for the receive half and send half of the re-
peater. In our simulations, we select a hardware configuration,
then restrict the number of bands used to a number that will not
deadlock. The symmetric algorithm has no such flexibility.

V. SIMULATION RESULTS

We have simulated repeater chains for a broad range of the
parameters discussed in prior sections. The majority of our sim-
ulations utilize banded purification, and the greedy algorithm is
simulated for comparison. We simulate the quantum mechanics
of the physical interactions and operations, but a large fraction
of the code (7000 lines of C++) and execution time (several
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Fig. 5. Different purification scheduling algorithms. Gray bars represent the history of the pair. Black horizontal bars represent currently entangled Bell pairs.
Numbers show the fidelity of the Bell pair. (a) Logical evolution of a symmetrically-grown Bell pair. (b) History tree of a Bell pair grown using the entanglement
pumping algorithm. (c) History tree of a Bell pair grown using the greedy algorithm. (d) An example history of the evolution of a Bell pair using our new banded
purification algorithm. If the boundary between two bands is placed at, e.g., 0.66, at point A, the pairs 0.71 and 0.638 will not be allowed to purify. Dashed lines
represent time that Bell pairs are forced to wait for a suitable partner to be created.

the figure. Using a low-fidelity pair both has a lower probability
of success and gives only a small boost in fidelity when it
succeeds. Thus, the effective floor for the fidelity of base pairs
when using the greedy algorithm is high.

We have seen that the greedy algorithm and entanglement
pumping sometimes match Bell pairs with very different fideli-
ties, resulting in low probability of success for the purification
operation and giving only a limited boost in fidelity even
on success. The fully symmetric tree is impractical: it im-
poses strict minimum hardware requirements, cannot allocate
resources flexibly, and in practice cannot take into account
memory degradation. A new approach is required.

We have developed banded purification to match purification
pairs efficiently but flexibly. We divide the fidelity space into
several regions, or bands, and only allow Bell pairs within the
same band to purify with each other. Fig. 5(d) shows a simple
example, assuming two bands divided at a fidelity of 0.66. At the
point A, the greedy algorithm would attempt to purify the 0.638
pair with the 0.71 pair [as shown at A in Fig. 5(c)]. When using
banding, the band boundary at 0.66 prevents those pairs from
purifying, and so the system waits for the creation of another
fidelity 0.638 pair, then purifies the two 0.638 pairs. If that pu-
rification is successful, resulting in a second 0.71 pair, then pu-
rification will be attempted at point B using the two 0.71 pairs.
At point C, the banding structure allows the new 0.71 pair to pu-
rify with the 0.797 pair, whereas the symmetric algorithm would
block temporarily. Unlike the greedy and pumping algorithms,
the banded approach treats high-fidelity pairs as more valuable
than low-fidelity pairs, and only uses them when another simi-
larly high pair is available, making those operations more likely
to succeed and providing a larger boost in fidelity.

Recall that the purification operations can fail, but their prob-
ability of success increases as the fidelity of the pairs involved
increases. Any attempt to predict the exact best sequence of pu-
rification operations from a given state, therefore, must take into
account which resources are currently busy, the fidelities of all
available Bell pairs, the probability of success of possible pu-
rification choices, and the probability that currently unentangled
qubits will be successfully entangled in the near future using the
physical entanglement mechanism.

The banded and symmetric algorithms are potentially subject
to deadlock, but the problem is easily solved for the banded al-
gorithm. If a repeater has, e.g., seven qubits and seven bands
(or seven rounds of purification for the symmetric case), one
Bell pair could be in each band. Each pair would have no pos-
sible purification partner, and no free qubits would be available
to create new pairs to add to the bottom band. Each swapping
level is independent, so the minimum number of qubits per sta-
tion must actually be the number of bands times the number
of levels, plus one, for the receive half and send half of the re-
peater. In our simulations, we select a hardware configuration,
then restrict the number of bands used to a number that will not
deadlock. The symmetric algorithm has no such flexibility.

V. SIMULATION RESULTS

We have simulated repeater chains for a broad range of the
parameters discussed in prior sections. The majority of our sim-
ulations utilize banded purification, and the greedy algorithm is
simulated for comparison. We simulate the quantum mechanics
of the physical interactions and operations, but a large fraction
of the code (7000 lines of C++) and execution time (several
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Fig. 5. Different purification scheduling algorithms. Gray bars represent the history of the pair. Black horizontal bars represent currently entangled Bell pairs.
Numbers show the fidelity of the Bell pair. (a) Logical evolution of a symmetrically-grown Bell pair. (b) History tree of a Bell pair grown using the entanglement
pumping algorithm. (c) History tree of a Bell pair grown using the greedy algorithm. (d) An example history of the evolution of a Bell pair using our new banded
purification algorithm. If the boundary between two bands is placed at, e.g., 0.66, at point A, the pairs 0.71 and 0.638 will not be allowed to purify. Dashed lines
represent time that Bell pairs are forced to wait for a suitable partner to be created.

the figure. Using a low-fidelity pair both has a lower probability
of success and gives only a small boost in fidelity when it
succeeds. Thus, the effective floor for the fidelity of base pairs
when using the greedy algorithm is high.

We have seen that the greedy algorithm and entanglement
pumping sometimes match Bell pairs with very different fideli-
ties, resulting in low probability of success for the purification
operation and giving only a limited boost in fidelity even
on success. The fully symmetric tree is impractical: it im-
poses strict minimum hardware requirements, cannot allocate
resources flexibly, and in practice cannot take into account
memory degradation. A new approach is required.

We have developed banded purification to match purification
pairs efficiently but flexibly. We divide the fidelity space into
several regions, or bands, and only allow Bell pairs within the
same band to purify with each other. Fig. 5(d) shows a simple
example, assuming two bands divided at a fidelity of 0.66. At the
point A, the greedy algorithm would attempt to purify the 0.638
pair with the 0.71 pair [as shown at A in Fig. 5(c)]. When using
banding, the band boundary at 0.66 prevents those pairs from
purifying, and so the system waits for the creation of another
fidelity 0.638 pair, then purifies the two 0.638 pairs. If that pu-
rification is successful, resulting in a second 0.71 pair, then pu-
rification will be attempted at point B using the two 0.71 pairs.
At point C, the banding structure allows the new 0.71 pair to pu-
rify with the 0.797 pair, whereas the symmetric algorithm would
block temporarily. Unlike the greedy and pumping algorithms,
the banded approach treats high-fidelity pairs as more valuable
than low-fidelity pairs, and only uses them when another simi-
larly high pair is available, making those operations more likely
to succeed and providing a larger boost in fidelity.

Recall that the purification operations can fail, but their prob-
ability of success increases as the fidelity of the pairs involved
increases. Any attempt to predict the exact best sequence of pu-
rification operations from a given state, therefore, must take into
account which resources are currently busy, the fidelities of all
available Bell pairs, the probability of success of possible pu-
rification choices, and the probability that currently unentangled
qubits will be successfully entangled in the near future using the
physical entanglement mechanism.

The banded and symmetric algorithms are potentially subject
to deadlock, but the problem is easily solved for the banded al-
gorithm. If a repeater has, e.g., seven qubits and seven bands
(or seven rounds of purification for the symmetric case), one
Bell pair could be in each band. Each pair would have no pos-
sible purification partner, and no free qubits would be available
to create new pairs to add to the bottom band. Each swapping
level is independent, so the minimum number of qubits per sta-
tion must actually be the number of bands times the number
of levels, plus one, for the receive half and send half of the re-
peater. In our simulations, we select a hardware configuration,
then restrict the number of bands used to a number that will not
deadlock. The symmetric algorithm has no such flexibility.

V. SIMULATION RESULTS

We have simulated repeater chains for a broad range of the
parameters discussed in prior sections. The majority of our sim-
ulations utilize banded purification, and the greedy algorithm is
simulated for comparison. We simulate the quantum mechanics
of the physical interactions and operations, but a large fraction
of the code (7000 lines of C++) and execution time (several
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weeks on eight 3.0 GHz+ Intel processors) are dedicated to man-
aging the messages that are transferred station to station.

The metric we use to evaluate quantum networks is the
throughput, measured in Bell pairs per second of a certain
fidelity over a given distance. We have chosen a target fidelity
of 0.98, and simulate for distances up to 20 000 kilometers.
Unless otherwise specified, the simulations presented here are
for 64 links of 20 kilometers each with one hundred qubits per
station (50 for receive and 50 for send, except at the end points
where all 100 can be used for one direction). Our simulations
all assume 0.17 dB/km loss and a signal propagation speed of

, corresponding to telecommunications fiber. In the hybrid
quantum repeater schemes we simulate, fiber loss translates
to reduced fidelity for a Bell pair, rather than a lower success
rate [24], [25]. For 20 km links at , the one-way latency
for signals is just under 100 s, so the “clock rate” for these
simulations is about 10 kHz. As noted above, the pulses are
very short compared to the propagation latency, and for the
settings we use, entanglement is successful about 40% of the
time. With these settings, in the first time step, each station will
attempt to entangle 50 qubits, successfully creating about 20
base-level Bell pairs on each link. In successive time steps, the
number of attempts on each link is capped by the number of
available qubits at each station.

Our code is capable of simulating imperfect local gates, but
to isolate the individual factors presented here, the simulations
in this paper assume perfect local quantum operations and
memory. Our simulations have shown that gate errors of 0.1%
result in about a factor of two reduction in the performance
of the system, with performance degrading rapidly and a final
fidelity of 0.98 being unattainable with gate errors of 0.3%.
A complete discussion of error mechanisms in quantum com-
puting and the current experimental state of the art is beyond
the scope of this paper, but this level of quality is well beyond
what is currently possible; the number 0.1% should be viewed
as a target which experimentalists should strive to achieve.

As a rough approximation, the gate error rate can be consid-
ered to be the combination of both local gate errors and memory
errors. With one-way latency in fiber of approximately 6 ms at
1280 km, memory must be able to retain its state for times on the
order of seconds to meet the above constraint. Hartmann et al.
have recently examined the role of memory errors in quantum
repeaters [23], finding that memory that can successfully retain
a quantum state for about one second can support ultimate re-
peater distances of 5–20,000 km, albeit it at large cost in re-
sources and with a cap on the achievable fidelity. If memory
times are substantially shorter, then local quantum error correc-
tion should be added, which will add substantial additional com-
plexity to the system design.

For each banded data point in the graphs presented here, ex-
tensive runs over large parameter spaces (up to 800 or so sep-
arate sets of parameter settings) were executed to find a good
set of bands, and to find a good set of thresholds for entan-
glement swapping at different distances. Each data point rep-
resents a single run in which 200 end-to-end Bell pairs of final
fidelity 0.98 or better are created, with the exception of a few
of the slowest data points, which were terminated early. The
throughput is calculated by linear regression to fit a line to the

Fig. 6. Throughput versus distance for the banded algorithm using five bands,
compared to the greedy bottom-up and greedy top-down algorithms. The final
fidelity is 0.98.

arrival times of the Bell pairs [50]. Error bars are included for
all graphs except Fig. 7 but are almost too small to be seen
at many data points; they represent the standard deviation of
the fitted slope for that run. The coefficient of determination
is above 0.996 for almost every fit except the three data points
with the largest error bars in Fig. 6, for which it is 0.95, 0.80,
and 0.78. These fits confirm that despite the stochastic nature of
the quantum operations, the mean arrival rate is constant after
the initial transient startup latency. Runs of fewer than 200 Bell
pairs were found to have unacceptably large variability. Data,
log files, and parameter settings for all runs are available from
the authors.

First we analyze the performance of the greedy algorithm,
then present our primary results, comparing the throughput of
greedy and banded purification. We backtrack to explain how
bands are selected, then compare several options for setting the
fidelity target at each swapping level. The final two subsections
explore the hardware configuration, assessing the importance of
the number of qubits per station and the trade-off of distance
versus repeater size.

A. Greedy Algorithm

The performance of the greedy top-down algorithm, corre-
sponding to our prior work, is the bottom line in Fig. 6 [25].
Throughput in end-to-end Bell pairs created per second is
plotted against distance. The X axis is labeled with both the
number of hops and total distance in kilometers; the rightmost
point of 1024 hops or 20 000 kilometers corresponds roughly
to the distance halfway around the world.

For the greedy top-down algorithm, throughput is about 21
Bell pairs/second for two hops, and declines to almost exactly
1 Bell pair/second for 1024 hops. The decline shows a distinct
stair-step structure, caused by the discrete nature of purification
and our choice to purify until a final fidelity of 0.98 is reached.
At a particular length, a certain number of purification steps is
required to achieve the final fidelity. As the number of hops in-
creases, the same number of purification steps may continue to
serve, until the fidelity drops below the target and an additional
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What happens if you available Bell pairs are not all the same 
There is generally a trade of between link generation rate and fidelity
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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



Entanglement Purification and Swapping

66

Recurrence/Pumping MethodAlice Bob

Classical Messages

Entangled Link

g,e g,e

CNOT

pair 2

pair 1
1 2

3 4

Recurrence/Pumping MethodAlice Bob

Classical Messages

Entangled Link

g,e g,e

CNOT

pair 2

pair 1
1 2

3 4

66
Entanglement Swapping Bob

Classical Messages0,1

pair 1
pair 2

Alice
Entangled Link

+,-
Local Repeater Node

Bell Measurement

CNOT

11 4

2
3

g,e
+,-



Entanglement Purification and Swapping together
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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

Repeater

Relay

ρ = F |Φ+⟩⟨Φ+ | + (1 − F) |Φ−⟩⟨Φ− |

• The maximum fidelity after purification is 1 − 2ϵgate
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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

ρ = F |Φ+⟩⟨Φ+ | + (1 − F )/3{ |Φ−⟩⟨Φ− | + |Ψ+⟩⟨Ψ+ | + |Ψ−⟩⟨Ψ− |}
Werner state

• The form of the 
imperfect Bell state has a 
profound effect on the 
number of rounds of 
purification required



Essential 
Quantum 

Components

69

 So what do we need to make a quantum repeater

• Single or entangled photon source 
• Single photon detector 
• Quantum Memory 
• Quantum Buffer 
• Frequency convertor 
• Linear optical elements 
• …



Single Photon Sources and Detectors

70

N. Somaschi et.al, 
quantph-1510.06499

Brightness ~ 20%



Quantum Memories
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Developing well, but efficiencies still limited !!

Interfacing GHz-bandwidth heralded 
single photons with a warm vapour 
Raman memory 

New J. Phys. 17 (2015) 043006 71



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

(ng=59) without major pulse distortion
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A photon from a time-bin 
entangled state was stored and 
retrieved by CROW. 

Preservation of quantum coherence

Pulse width: 

H. Takesue,  et al Nature Communications 4, 2725 (2013).
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After the signal photons blue shifted
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N. Matsuda, Sci. Adv. 2, e1501223

Photonic crystal fiber

- Lossless and coherent manipulation of single-photon spectra

Photon frequency conversion using cross-phase modulation



Simple quantum circuits 
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J. Carolan et al., Science 349, 711 (2015).

- Based on commercial silica-waveguide technology 
- Comprised of 15 Mach-Zehnder interferometers and 30 thermo-optic phase shifters 
- Arbitrary unitary transformation of path-encoded quantum states can be realized in a second 
- Operation at 800 nm

Universally-reconfigurable 
linear-optics circuit
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Matter and Photons
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Matter-Based Quantum Networks

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

• Strengths: long-distance, low decoherence 

• Challenges: photon loss, synchronization
Hybrid Quantum Networks
• Combine the two to leverage both strengths!!!

• Trapped ions, NV centers, Ensembles memories, … 

• Strengths: storage, local computation 

• Weaknesses: interface complexity with photons



Quantum Relays vs Repeaters
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1st generation quantum repeaters and relay’s look quite similar. 
Both can use the same entanglement distribution and swapping operations. 
Quantum repeater also include a purification mechanism



78

What happens as our networks get larger?

Alice

Bob

Probabilistic operations become a real problem!!! 

FIG. 1: Connected components. Illustration exemplifying why connected components can
intersect each other in a quantum repeater network in contrast to what we observe in a classical
network. Each vertex is represented by a black dot and and edges by black lines. Further nij

represents the number of resources in each eij . In (a) we consider a quantum repeater whose
number of entangled pairs per edge scales as r(d) = d↵ with ↵ = 1. Two vertices vs and vt are
connected at a distance lst if there is a path between them such that for all edges in that path with
nij � lst. (b) shows an example of a classical network where vertices can edges can only be used
to connect two vertices if nij > 2. In this case the connected components do not intersect each
other. (c) Shows an example of a quantum network in each edges can only be used two connect
two vertices if nij � lst. In this case connected components can intersect each other.

Prob link remains

Fig. 3 Robustness of a quantum Erdős-Rényi network. Exploration of bond percolation on a quantum Erdős-Rényi network (ER) with average degree c = 6
where the number of entangled pairs in each link follows an exponential distribution with mean number 〈n〉. We plot the operational distance lop and the
network diameter d versus the probability that links are both operational and not removed p = poppext, for hni ¼ 15 ln Nð Þα with α= 1 in a and hni ¼
15 ln Nð Þα with α= 2 in b, respectively. The large colored dots indicate their intersection. Here the operational distance lop and network diameter d are

scaled by ln N for ease of comparison. Labelled are the curves lop(pop) for pext ¼ pext
c1 (pext

c2 ) which correspond to the smallest (largest) value of p indicating a
stable lop(pop) = D(poppext) solution in the subcritical regime. Further the classical percolation critical probability pc gives the point where the networks
breaks completely apart to become structurally disconnected meaning there is no giant set of nodes that can connect to each other with any fidelity. We
generated one Erdős-Rényi network for each value of N, then dop(p) was determined by removing each link of the network with probability 1 − p. dop(p) was
computed based on 100 runs for each value of p. The intersection between the two nodes at p0, is marked by blue dots for solutions in the supercritcal
regime, and red dots for solutions in the subcritical regime. Next the size of the backbone (number of nodes in the backbone) is plotted as a function of in
b for α= 1. intersection point found in a, b) there is a corresponding size in c, d. Finally the size of the backbone is plotted as a function of the probability
that links are not removed pext in e, f for α= 1, 2. The functionally connected regime is represented as the blue region while the functionally subcritical
regime is shown as the light red region. The blue/red stripped area represents the region where both the functionally connected and subcritical regimes are
stable. The dark red region on the other hand represents the structurally disconnected regime for a network of size N = 105. Shaded region around each
curve represents the standard deviation of the same.

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-022-00866-7 ARTICLE

COMMUNICATIONS PHYSICS | ����������(2022)�5:105� | https://doi.org/10.1038/s42005-022-00866-7 | www.nature.com/commsphys 5

B.C. Coutinho et. al, Communications Physics 5, 105 (2022).  
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Summary: Quantum Repeater act differently
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• First we can not use amplifers to correct for single loss
• So instead we take our channel and divide it into smaller links

Alice BobRepeater 1

L/2L/2

We create the Bell state between all the adjacent nodes
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