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Strategies for entanglement distribution in optical fiber networks
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Distributing entanglement over long distances remains a challenge due to its fragility when exposed to
environmental effects. In this work, we compare various entanglement distribution protocols in a realistic noisy
fiber network. We focus specifically on two schemes that only require the sending of a nonentangled carrier
photon to remote nodes of the network. These protocols rely on optical CNOT/CPHASE gates, and we vary the
probability with which they can be successfully performed. Encoding our entangled states in photon polarization,
we analyze the effect of depolarizing noise on the photonic states as the carrier passes through the fibers.
Building a robust model of photon loss and calculating the distillable entanglement of the noisy states, we find
the entanglement distribution rate. We discover that methods involving a separable carrier can reach a higher
rate than the standard entanglement distribution protocol, provided that the success probability of the optical
CNOT/CPHASE gates is sufficiently high.
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I. INTRODUCTION

The distribution of entanglement across quantum com-
munication channels opens the door to applications such as
superdense coding [1], quantum teleportation [2], and dis-
tributed quantum computing [3]. This has led to the endeavor
to create a quantum internet [4,5], allowing this advanced
communication technology to connect remote stations across
the globe. Part of the current efforts toward the achievement
of this overarching goal is the identification of the best-suited
infrastructure to underpin a large-scale quantum communica-
tion network.

As optical fiber networks are already widespread and
well established for classical communication, it is natural
to ask how they can be adapted for quantum commu-
nication tasks addressing the short-to-medium haul scale
(as genuinely global quantum communication might bene-
fit from satellite-based links). The successful distribution of
polarization-encoded entanglement in such networks has been
demonstrated, which is a key milestone toward further de-
velopments [6–10]. However, the only approach used so far
has been direct entanglement distribution (DED), where an
entangled pair of photons is produced and distributed to the
desired nodes. However, photons will inevitably be exposed to
noise, which would result in the eventual reduction or loss of
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any quantum correlations, thereby decreasing their usefulness
for quantum applications.

Alternative entanglement distribution protocols have thus
been proposed, some of which do not require the sending
or consumption of any entanglement at all [11–21]. In this
paper, we leverage such proposals and critically investigate
their implementation in an optical fiber network, consider-
ing a realistic noisy environment, and using a standard DED
method as a performance benchmark.

To this end, we address quantitatively the DED scheme
in the zero-added-loss multiplexing (ZALM) form [22]. We
then address the paradigm of entanglement distribution via
separable states (EDSS) through two protocols, both designed
to bypass the use of any entangled resource in favor of
weaker forms of quantum correlations (of the quantum dis-
cord form) [23,24], yet able to establish an entangled channel
between two nodes of a network.

One of the core achievements of our work is the identi-
fication of the required components and design of the node
architecture for the implementation of an EDSS scheme in an
optical fiber network. The pursuit of such a goal allowed us
to realize that the node architecture for EDSS is similar to
the ZALM-based implementation of DED. A posteriori, this
provides a justification for the choice of such an architecture
as a benchmark for DED in this work. Using the polarization
degree of freedom to encode information, our quantitative
assessment of performance includes the study of the effects of
photon losses and fiber-induced depolarizing mechanisms on
the polarization of the signals propagating across a network.

A key part of our investigation is the comparative study
of the protocols being addressed. If adopting the rate of
entangled photons distributed by any given protocol as the
quantitative figure of merit for efficiency, we find a stark

2643-1564/2025/7(4)/043105(13) 043105-1 Published by the American Physical Society

https://orcid.org/0000-0003-1016-5952
https://orcid.org/0000-0001-6149-425X
https://orcid.org/0009-0006-3629-2166
https://orcid.org/0009-0005-3429-7636
https://orcid.org/0009-0002-8216-8781
https://orcid.org/0000-0003-3542-5335
https://orcid.org/0000-0001-8870-9134
https://orcid.org/0000-0001-6220-0065
https://ror.org/00hswnk62
https://ror.org/02tyrky19
https://ror.org/044k9ta02
https://crossmark.crossref.org/dialog/?doi=10.1103/84qz-1jz2&domain=pdf&date_stamp=2025-10-27
https://doi.org/10.1103/84qz-1jz2
https://creativecommons.org/licenses/by/4.0/


HANNAH MCALEESE et al. PHYSICAL REVIEW RESEARCH 7, 043105 (2025)

FIG. 1. (i) Direct entanglement distribution vs (ii) entanglement
distribution via separable states.

dependence on the operating conditions of the network. In par-
ticular, the quality of the necessary logical gates in the EDSS
schemes is pivotal: In general, EDSS can outperform DED
as long as sufficiently high-quality gates are deployed, albeit
at the cost of implementing suitable entanglement distillation
procedures. Therefore, in quantum networks built with optical
fibers, EDSS protocols could provide a route to achieving high
rates of entanglement generation.

The remainder of this paper is structured as follows. In
Sec. II, we introduce the steps of each entanglement distri-
bution protocol studied. In Sec. III, we describe the different
node architectures for DED and EDSS protocols. In Sec. IV,
we study the probability of losing photons at different stages
of each protocol. We take into account depolarizing noise
in the optical fibers in Sec. V, analyzing its impact on the
entanglement of the photon pairs produced and their fidelity
with a Bell state. In Sec. VI, we distill the entanglement in the
noisy photon pairs to calculate the entanglement distribution
rate. Finally, in Sec. VII, we present our conclusions.

II. ENTANGLEMENT DISTRIBUTION PROTOCOLS

In this section, we describe the two chosen EDSS proto-
cols, which we label as EDSS1 and EDSS2. We focus solely
on discrete-variable protocols, encoding the states in photon
polarization. Figure 1 emphasizes the differences between
DED and EDSS. For DED in Fig. 1(i), in order to establish
entanglement between two remote nodes—say nodes A and
B—an entangled photon pair is generated at node A and one of
the entangled photons is sent to B, for instance via an optical
fiber, while storing the other photon locally at node A. In
the EDSS approach in Fig. 1(ii), discord is first established
between nodes A and B by preparing single photons at A
and B in discordant states without the sending of any photons
between the two nodes. Then, a carrier photon is sent (after
some encoding operation, detailed in Secs. II A and II B) from
one node to the other, followed by a decoding operation,
to establish entanglement between the two nodes. In EDSS,
the carrier photon remains separable from the two entangling
systems but does still share quantum correlations, as explained
later on. By avoiding the need to send entanglement across
noisy channels, we hypothesize that EDSS could distribute

Bell pairs to nodes A and B, which are more robust to the
effects of this noise than those produced using DED.

Protocol EDSS1 is similar to the original EDSS protocol
proposed by Cubitt et al. [11], where the carrier initially shares
classical correlations with the two systems to be entangled.
Protocol EDSS2 is one of a class of protocols proposed by
Kay [14], which has been experimentally realized [16]. In the
latter, the carrier initially shares no correlations with the other
systems.

A. EDSS1 protocol

1. State preparation

As illustrated in Fig. 1(ii), our first step (a) is the prepara-
tion of a discordant state of photons shared between nodes A
and B. Calling a and c the photons at node A and b the photon
at node B, the initial state needed for EDSS1 is

ρ = 1

6
(|HH〉〈HH |ab + |VV 〉〈VV |ab) ⊗ |V 〉〈V |c

+ 1

6

(
3∑

k=0

|�k〉〈�k|a ⊗ |�−k〉〈�−k|b
)

⊗ |H〉〈H |c, (1)

where |�k〉 = 1√
2
(|H〉 + eikπ/2|V 〉). We have introduced the

(anti)diagonally polarized states of light |�k〉 corresponding
to k = 0 (k = 2) and the right (left) circular polarized ones
associated with k = 1 (k = 3). Therefore, in what follows
we label |D〉 = |�0〉, |R〉 = |�1〉, |A〉 = |�2〉, and |L〉 = |�3〉.
Details on how to prepare the state in Eq. (1) can be found
in Appendix A. Importantly, as no entanglement is present in
the initial state, it can be produced using local operations and
classical communication. No photons need to be sent across
the network at this stage.

2. Steps of the protocol

We call the second step of an EDSS protocol, shown in
Fig. 1(ii)(b), the encoding operation. In this case, it takes the
form of a CNOT gate on photons a and c

CNOTac = |H〉〈H |a ⊗ 1lc + |V 〉〈V |a ⊗ Xc (2)

where X = (0 1
1 0) is one of the Pauli matrices. After encod-

ing, carrier c shares quantum discord with photons ab. In step
(c), the carrier photon c is sent along the fiber to node B. The
fourth step (d), or decoding operation, is another CNOT gate
on photons b and c where, as in the encoding operation, c is
the target. At this point, A and B share entangled photons, but
this entanglement is not maximal. The density matrix of abc
at this point is

ρ ′ = 1
3 |φ+〉〈φ+|ab ⊗ |H〉〈H |c + 2

3 1lab ⊗ |V 〉〈V |c, (3)

where |φ+〉 = 1√
2
(|HH〉 + |VV 〉) is a Bell state. As we aim

to create such maximally entangled states, we add an addi-
tional step and measure the polarization of the carrier in the
horizontal/vertical basis to increase the entanglement between
A and B. As can be seen in Eq. (3), we get the outcome
corresponding to horizontal polarization with probability 1/3,
and in this case A and B share a Bell pair. If it is vertically
polarized, however, we obtain a maximally mixed state and
the correlations between A and B are destroyed.
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B. EDSS2 protocol

1. State preparation

In EDSS2, the carrier does not share any correlations,
classical or quantum, with the photons we wish to entangle
at the beginning of the protocol. We require photons a and b
to be in state

ρab = 1
4 (|HH〉〈HH | + |VV 〉〈VV |)ab + 1

8 (|DD〉〈DD|
+ |AA〉〈AA| + |RL〉〈RL| + |LR〉〈LR|)ab (4)

and carrier c to be in state

ρc = 1
4 (|D〉〈D| + 3|A〉〈A|)c. (5)

2. Steps of the protocol

EDSS2 follows the same steps as EDSS1, albeit some dif-
ferences exist between the two schemes. Firstly, the encoding
and decoding operations are implemented by the CPHASE gates

CPHASExc = |H〉〈H |x ⊗ 1lc + |V 〉〈V |x ⊗ Zc, (6)

where Z = (1 0
0 −1) is another Pauli matrix and x = a (x = b)

for the encoding (decoding) step. After decoding, we can write
the density matrix of abc as

ρ ′ = 5
8σ 1

ab ⊗ |A〉〈A|c + 3
8σ 2

ab ⊗ |D〉〈D|c, (7)

where σ 1,2 are two Bell-diagonal states taking the form

σ = p1|φ+〉〈φ+| + p2|φ−〉〈φ−|
+ p3|ψ+〉〈ψ+| + p4|ψ−〉〈ψ−|, (8)

with |φ−〉 = 1√
2
(|HH〉 − |VV 〉) and |ψ±〉 = 1√

2
(|HV 〉 ±

|V H〉) the remaining Bell states and where {pi}4
i=1 are non-

negative probabilities satisfying
∑

i pi = 1. State σ 1 has
coefficients p1 = 0.6, p2 = 0.3, and p3 = p4 = 0.05 and is
therefore entangled (since the maximum coefficient p1 >

0.5). In contrast, state σ2 is separable as its coefficients (p1 =
1/3, p2 = 1/6, and p3 = p4 = 0.25) are all less than 0.5.
Secondly, in the final step, we need to use the {|D〉, |A〉} mea-
surement basis. Outcome |A〉 is needed for entanglement to be
successfully distributed and the probability of obtaining this
is 5/8 as shown in Eq. (7). It is worth noting that the success
probability of EDSS2 is higher than that of EDSS1. However,
we cannot produce maximally entangled states using EDSS2.
Throughout this paper, in order to quantify entanglement, we
will use negativity [25]

N (ρAB) =
∥∥ρ

TA
AB

∥∥
1 − 1

2
, (9)

where ρTA is the partial transposition of the density matrix ρ

with respect to subsystem A and ‖α‖1 = Tr
√

α†α is the trace
norm of the arbitrary matrix α. The largest negativity that can
be achieved using the EDSS2 protocol is only 0.1 (compared
to 0.5 for a Bell state). If we require Bell states, we would
need to carry out entanglement distillation.

III. NODE ARCHITECTURES

We aim to use the three protocols in Sec. II to distribute
bipartite entanglement between each pair of nodes in the
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FIG. 2. An example six-node mesh network used to analyze
DED and the EDSS-based protocols. We show the fiber link distances
within the considered network.

six-node network illustrated in Fig. 2. This mesh-connected
network topology enables us to study entanglement distribu-
tion across a range of node pair connections; point-to-point
and multihop (without and with intermediate node/s respec-
tively between the two nodes we aim to entangle). The link
distances are sufficiently short to avoid the need for quantum
repeaters. While point-to-point entanglement distribution is
straightforward, distributing entanglement between physically
unconnected nodes in an optical network via intermediate
nodes is not only complex but also requires additional switch-
ing components at nodes to add, drop, or bypass the photons.
Thus, the add/drop/bypass functionality introduces additional
loss in the system due to the switching components. We
present node architectures for DED and EDSS schemes in
Figs. 3 and 4, respectively. These architectures facilitate the
following capabilities in the network: (1) any node in the
network can be used as an entangled photon pair source node,
photon receiving/quantum memory node, and/or intermediate
node, (2) wavelength division multiplexing (WDM)-based si-
multaneous entanglement distribution to multiple node pairs
in the network using any (single) source node by routing
different wavelengths to different node pairs (e.g., in Ref. [6]),
and (3) simultaneous operation of more than one node in the
network as source node (though this introduces congestion on

FIG. 3. Node architecture for DED in a network. Here, SPDC1,2

stands for the spontaneous parametric down-conversion settings
responsible for the generation of Einstein-Podolsky-Rosen (EPR)
pairs. WSS stands for wavelength-selective switch. The scheme uses
a dual-SPDC-based heralded entanglement source.
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FIG. 4. Node architecture for EDSS across a network. Here, DEMUX j is the jth demultiplexer. Other symbols and acronyms as in Fig. 3.
The CNOT gates in the encoder and decoder should be replaced by CPHASE gates for EDSS2 protocol.

fiber links). In this work, we consider entangling one node pair
in the network at a time, where one of the entangling nodes
operates as a source node and the other as the receiving node.
We do not perform simultaneous entanglement distribution
to multiple node pairs from single source or simultaneous
operation of more than one node as a source node, as these
operations introduce network-level issues that require effi-
cient routing and spectrum allocation schemes. Moreover, the
results in such modes of network operation will vary with
network topology and will restrict our comparisons of the
DED and EDSS protocols, which is the main focus of this
work. Thus, we plan to perform an analysis on networking
aspects utilizing the full features of these node architectures
in our future work.

We follow the ZALM approach of entanglement distri-
bution [22] in the DED case. In this approach, a dual-
spontaneous parametric down-conversion (SPDC) setup is
used to generate quasi-deterministic time-frequency heralded
Bell pairs. Each SPDC source emits a signal photon and an
idler photon, where the frequency of the signal is greater
than or equal to that of the idler. Here, the idea is to per-
form frequency-demultiplexed entanglement swapping using
the idlers of the two SPDCs, which results in entanglement
between the two signals, as shown in Fig. 3. Both the en-
tangled signal outputs pass through a wavelength selective
switch (WSS), which allows us to select a part of the spec-
trum (or subset of frequencies) on any of the WSS output
ports. The array of WSSs on top in Fig. 3 is used to perform
add/drop/bypass of photons. For instance, the signal from
SPDC1, after passing through the first WSS, can be routed
out from the source node through any of the WSSs on top
(depending on the location of the other entangling node in the
network). When a node functions as an intermediate node,
the incoming photons can be bypassed using the array of
interconnected WSSs. For instance, a photon enters from the
second WSS and exits from the first WSS of the array. When

a node is the receiving node, a photon can enter from one
of the top WSSs and is routed to the mode converter and
quantum memory using the optical circulator. The other signal
from SPDC2 is stored in the quantum memory within the
source node (notice that one of the output ports of the bottom
WSS is directly connected to the mode converter and quantum
memory). When the source node wants to send both signals
out toward two other nodes in the network, the other ports of
this WSS (except the bottom port) are used. However, as we
entangle one node pair at a time in this work, one of the two
signals is always stored locally within the node and the other
is sent to the second node of the pair. The node architecture
shown in Fig. 3 is adapted from Ref. [26] and is modified to
(1) enable a node to either send or receive photons using the
added optical circulators and (2) represent a generalized node
of degree N using an array of N interconnected WSSs.

We then create a new EDSS node architecture, shown in
Fig. 4, adapting these protocols to optical fiber networks with
WDM. Here, three SPDCs are used: SPDC2 and SPDC3 gen-
erate the two photons to be entangled (i.e., photons a and b in
Sec. II A) and SPDC1 generates the carrier photon c. SPDC1

and SPDC2 operate when a node acts as the source node and
SPDC3 operates when a node acts as a receiving node in the
network. The idlers of SPDC1 and SPDC2 are used to herald
the initial state of the signal photons. The encoding operation
is performed between the same-wavelength signal photons
from SPDC1 and SPDC2. After the encoding operation, the
carrier photons (from SPDC1) are sent out of the node toward
the other entangling node and the photons from SPDC2 are
directed towards the mode converter and quantum memory
present within the node. The function of the interconnected
WSS-array is the same as that in the node architecture for
DED, i.e., to add/drop/bypass the photons at a node. The
optical fiber switches facilitate the routing of carrier photons
to/from any of the WSSs in the WSS-array. When the node op-
erates in the receiving mode, the incoming photons are routed
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through the optical circulators toward the decoder, where after
decoding, the carrier photons are measured and the photons
from SPDC3 are directed toward the mode converter and
quantum memory. If the measurement outcome for a carrier
photon is as desired by the EDSS protocol, the corresponding
photons with which the carrier photon underwent encoding
and decoding become entangled. An important difference to
notice between the DED and EDSS node architectures is that
in EDSS, the photons to be entangled are never sent out of
the node, whereas in DED the entangled photons are sent out
from the source node and traverse the network.

IV. EFFECT OF PHOTON LOSSES
ON THE PERFORMANCE OF THE PROTOCOLS

We now study the lossy components of the networks de-
scribed in Sec. III. Due to the fiber loss, the probability to lose
any photon is relatively high; if we consider a typical loss co-
efficient of 0.2 dB/km, half the photons are lost every 15 km.
In addition, the switching nodes employ WSSs, which are also
lossy (as explained below). In all three protocols, should we
lose any one photon at any point, we must recommence the
protocol from the beginning. This is due to the correlations
required between the photons; tracing out one subsystem of ab
(for DED) or abc (for EDSS) spoils the correlations between
the remaining photons and we must therefore prepare a new
initial state.

For DED, the photon loss is modeled as a Bernoulli process
with mean number of successful events

E [S] = np. (10)

We consider an event as successful when both the entangled
photons of an EPR pair reach their respective entangling
nodes. The pair generation rate of SPDC is denoted by n. The
probability of success p is given by

p = psucc(S1)psucc(S2)psucc(swap), (11)

where

psucc(swap) = η2
coup pbsm

L2
demux

(12)

is the probability of successful entanglement swapping be-
tween the two EPR pairs generated by two SPDCs. Here, ηcoup

is the efficiency of coupling the photons from free space to
fiber, pbsm is the probability of successful Bell state measure-
ment, and Ldemux is the demultiplexer (shown in Fig. 3) loss.
The probability of success of a signal photon (S1) reaching
one of the two entangling nodes is obtained as

psucc(S1) = ηcoup

L3
wssα

DP1
lin LNP1

node

, (13)

where Lwss is the loss of WSS, αlin is the fiber attenuation
coefficient (in linear scale), DP1 is the length of fiber on path
1 (from entanglement source to one of the two entangling
nodes), and Lnode is the loss due to an intermediate node.
The term L3

wss is due to the two WSSs used when a photon
is sent out from the source node, as shown in Fig. 3, and one
WSS used when an incoming photon at the receiving node
is directed toward the mode converter and quantum memory.
In both the DED and EDSS cases, an intermediate node as a

TABLE I. Values used for the parameters in Sec. IV. Those
given in units of decibels must be converted to linear scale before
calculating rates and success probabilities in Eqs. (10)–(16).

Parameter Value

n 2.87 × 107 pairs/s [28]
ηcoup 85% [29]
pbsm 0.5
Ldemux 3 dB
Lwss 3.5 dB [30]
α 0.17 dB/km
Lsw 1 dB

bypass involves two WSSs so that Lnode = L2
wss. NP1 denotes

the number of intermediate nodes on path 1. The values we
take for these loss parameters can be found in Table I.

The probability of success of a signal photon (S2) reaching
the internal memory of the source node is given by

psucc(S2) = ηcoup

Lwss
, (14)

as evident from Fig. 3. We assume that the loss of optical
circulators and beam splitters is minimal and hence it is ne-
glected in this work. We also assume that there is no time
delay between the idlers interfering at the beam splitter and
that the filtering using DEMUXes is perfect.

Though we take into account the photon loss of the individ-
ual components of the ZALM source, it is worth highlighting
that we do not carry out an in-depth analysis of the source
and so we are not including other losses that appear in the
dual-SPDC heralded source and the Bell state measurement;
we therefore present a somewhat idealized version of ZALM.
The implementation and performance of a dual-SPDC her-
alded entanglement source depend on various factors, such
as the phase matching conditions of SPDC, the optical in-
terferometric setup used and the pumping of the crystal. One
of the possible implementations of ZALM has been recently
studied in detail in Ref. [27] using two Sagnac interferometer
configured SPDCs with type-0 degenerate phase matching
conditions, each arranged to emit Bell singlet states. This
study suggests that the rates could in fact be considerably
lower than those used in our analysis. Our results should
therefore be taken as an upper limit of the pair rates that can
be achieved.

Moving on to the EDSS case, the photon loss model does
not vary with the protocol used. Moreover, unlike DED, an
entangled photon pair is not generated at the source in this
case, which simplifies loss modeling. Assuming the same pair
generation rate n of all the SPDCs used in DED (cf. Fig. 3)
and EDSS (cf. Fig. 4), let nλi be the photon pair generation
rate of SPDC at wavelength λi. The photon output rate of the
jth demultiplexing unit (DEMUX) at λi is obtained as

nλi,d j = nλiηcoup

Ldj

, (15)
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(a) (b)

FIG. 5. (a) Rate of entangled photon pairs distributed when considering losses in the nodes and transmission fibers. Note that for EDSS2,
the state of the distributed photon pair is not maximally entangled. (b) Average photon pair distribution rate over all the node pairs as the
success probability P of the encoding operation increases. The vertical black dashed lines highlight the typical experimental value for the
success probability of an all-optical CNOT gate [31–37].

where Ldj is the loss of the jth DEMUX. The EDSS pair
distribution rate is calculated as

Rλi = min j
(
nλi,d j

)
P2 pmeas

L2
swL2

wssL
N
nodeα

D
lin

, (16)

where P is the success probability of the encoding and decod-
ing operations, pmeas is the probability of obtaining the needed
outcome when measuring the carrier photon at the end of the
protocol, Lsw is the loss of fiber switch, D is the length of fiber
between the two nodes being entangled, and N is the number
of intermediate nodes between the two nodes being entangled.
In our simulations, we assume Ldj = Ldemux ∀ j.

So far, several experimental methods have been proposed
for optical CNOT or CPHASE gates. Most have a success
probability of 	11% (cf. Refs. [31,32]), which can grow
to 12.5% [33,34] and 25% [35,36]. A promising setup was
recently put forward that achieved an average success prob-
ability of 41.7% [37]. We will therefore vary this success
probability P of the encoding and decoding operations to
analyze its impact on the final entanglement distribution rate.
It is, however, important to highlight that we are taking a
high-level view of CNOT gate implementations and that many
have practical limitations, which could limit their use in our
scheme. For instance, the method in Ref. [37] requires a
Rydberg atom stored at cryogenic temperatures and a narrow
photon bandwidth due to atom-photon interaction, Ref. [35]
features destructive photon measurements, and in Ref. [36],
the fidelity of the final state with its target is reduced due to
birefringence in the polarizing beam splitters. We therefore
take these success probability values as mere benchmarks.
Moreover, as this is an active area of research, we expect new
and improved methods to be developed in future.

The effect of loss on the number of entangled photons,
which can be distributed between each pair of nodes is pre-
sented in Fig. 5(a). In this instance, we take the probability
of successfully performing a CNOT gate to be 0.417. It is
useful to notice that many pairs have no intermediate nodes
and could therefore be equivalently viewed as two-node net-
works; for example, node pair AB can be seen as a simple
network of two nodes situated 5 km apart. While EDSS2 con-
sistently produces the highest number of entangled pairs, it is

important to note that it does not produce maximally entan-
gled photons in contrast to DED and EDSS1. Conversely,
the pair distribution rate is lowest for DED. This may seem
surprising, given the probabilistic nature of EDSS protocols,
which require specific measurement outcomes for success.
However, DED features a Bell measurement on the idler
photons of two photon pairs and the necessary outcome of
this measurement is only obtained with a probability of 1/2.
Moreover, the DED architecture requires two extra WSS
components than EDSS, which can instead use optical fiber
switches with less than a third of the loss. It must nevertheless
be stated at this point that the results for EDSS protocols are
merely an upper bound as we are not factoring in the need
to match the frequency of the photons produced at the three
single photon sources.

As we have taken the highest known quality of CNOT im-
plementation in this case, we now investigate the effect of
lowering the success probability of the encoding and decoding
operations. We first take the ratio of pair distribution rates
of DED and EDSS protocols in Eqs. (10) and (16), which
simplifies to

R

E [S]
= P2 pmeasL2

wssLdemux

η3
coup pbsmL2

sw

, (17)

where R is the rate from Eq. (16) without restriction to one
particular wavelength, so that nλi is replaced with n. Note that
this ratio is not dependent on the distance between the nodes
or the number of intermediate nodes and thus holds for any
node pair (or two-node network). Using the values in Table I,
it becomes

R

E [S]
= P2 pmeas × 20.5482. (18)

Therefore, the pair distribution rate of EDSS1(2) matches the
rate of DED when P = 0.382 (P = 0.279).

Averaging over all node pairs, Fig. 5(b) compares the per-
formance of DED against EDSS for CNOT success probability
in the range P ∈ [0.1, 0.5]. We find that the number of pho-
ton pairs distributed strongly depends on the probability P,
and the EDSS rates start to outperform DED at the values
calculated using Eq. (18). Therefore, if we were to use an
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FIG. 6. Degree of distributed entanglement against the distance L
(in units of km) between the nodes and the depolarizing characteristic
inverse length �. In this plot, for each sampled distance L, the left-
most (red-colored) column is for DED, the central (blue-colored) one
is for EDSS1 and the right-most (yellow-colored) one is for EDSS2.

experimental method with a typical efficiency of up to 0.25,
then DED is the optimal protocol for entanglement distribu-
tion. For P � 0.279, the EDSS-related advantage grows with
P, which allows us to identify the regime of relatively large
CNOT success probability—which is the most interesting one,
at the experimental level, in light of the advances made very
recently [37]—as particularly conducive of the use of such an
approach.

V. PROPAGATION THROUGH NOISY FIBERS

Imperfections in the optical fiber, such as birefringence or
bending, will cause the polarization state of the photons to
randomly rotate. We model this effect using Kraus operators
corresponding to depolarizing noise. These operators will de-
pend on the length L of the fiber that the photon is traveling
through and typical inverse length-scale � within which the
noise mechanism acts.

Three of the four Kraus operators are proportional to Pauli
operators Ki(�, L) = Ji

√
1 − e−�L/2, where {J1, J2, J3} =

{X,Y, Z} and K4(�, L) = 1l
√

1 + 3e−�L/2. A photon in state
ρ undergoing depolarizing noise would become

ρ ′(�, L) =
4∑

i=1

Ki(�, L)ρK†
i (�, L). (19)

In our model, we assume that only the fibers are noisy;
the photons are not exposed to any additional noise when
traveling through an intermediate node. Consequently, when
considering the effect of noise, each node pair is equivalent to
a two-node network.

The amount of distilled entanglement is plotted in Fig. 6
for each entanglement distillation protocol. For every pair of
nodes, entanglement produced using DED and EDSS1 per-
sists under a higher level of noise than EDSS2. Moreover,
entanglement decreases more rapidly in EDSS1 than for DED,
as the noise grows. We can gather information on the respec-
tive rate by seeking the functional form that provides the best
fit to the numerical values for entanglement. A simple nonlin-

ear fit approach leads to the following exponential decays:

fDED 	 0.75e−�L − 0.25,

fEDSS1 	 0.64e−1.27�L − 0.16,
(20)

for the DED and EDSS1 protocol, respectively, and up until
�L 	 1.1, when both schemes experience sudden death of en-
tanglement [38]. Thus, quite surprisingly, DED offers a slower
decay rate: as entanglement is more sensitive to noise than
discord [39], one might think that the entanglement produced
by EDSS would be the more robust of the two schemes. The
reason behind such robustness is that the amount of discord
communicated through EDSS1 is less than the entanglement
distributed in DED. The Bell states that we send in the DED
protocol have maximum entanglement (N = 0.5), and thus
maximum discord (Da|b = 1), where we calculate discord
as [23]

Da|b = I (a : b) − J (a|b), (21)

where I (a : b) = S(ρa) + S(ρb) − S(ρab) is the quantum mu-
tual information and

J (a|b) = max
B†

i Bi

(
S(ρa) −

∑
i

piS
(
ρ i

a

))
(22)

quantifies classical correlations using a generalisation of the
conditional entropy, where B†

i Bi is a measurement on system
b. Entangled states distributed by DED therefore have more
correlations that they can afford to lose. Meanwhile, the car-
rier that we send in EDSS1 only has discord Dab|c = 1/3 [40].
While this discord decays more slowly than entanglement
would, EDSS1, as we have just highlighted, starts from a
disadvantageous condition where quantum correlations are
initially significantly less than that of DED.

It is also worth remarking that the entangled state produced
using EDSS2 is surprisingly resilient to noise. Considering the
state has little entanglement to begin with, it takes relatively
strong noise in the fiber to make it vanish completely; the
negativity of the EDSS2 state decreases from 0.1 to 0 under
the same noise strength that causes the EDSS1 state negativity
to drop from 0.5 to 0.1.

Aside from entanglement, we can also consider the fidelity
F between the state produced via entanglement distribution
ρfinal

ab and the Bell state |φ+〉 that we aim to generate, which is
calculated as

F
(
ρfinal

ab , |φ+〉) = 〈φ+|ρfinal
ab |φ+〉. (23)

In Fig. 7, we plot the effect of noise strength on this fidelity for
each protocol. The results are averaged over all pairs of nodes
as we see similar patterns for each pair. The black dashed
line shows the point at which fidelity drops below 0.5; for
each of the states considered (and for each node pair), the
noise strength � at which entanglement vanishes is the same
strength needed for fidelity to fall below this threshold.

However, as noise grows stronger, state fidelity levels out
at different values: While the fidelity with a Bell state reaches
a minimum of 0.25 for DED, it is at least 1/3 and 0.375
for EDSS1 and EDSS2, respectively. When exposed to very
strong fiber noise therefore we have the counter-intuitive re-
sult that the EDSS2 state is closer to a Bell state than that
produced using DED.
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FIG. 7. Fidelity between Bell state |φ+〉 and the state distributed,
averaging over all node pairs in the network. When fidelity is less
than 0.5 (black dashed line), there is no longer any entanglement in
the distributed state and we are not able to distil state ρfinal

ab to form a
Bell state.

VI. ENTANGLEMENT GENERATION RATE

The noisy entangled states we produce with our optical
network model can be converted to maximally entangled
Bell states, or ebits, using entanglement distillation proto-
cols. In order to calculate the distribution rate of entangled
pairs with fidelity above a given threshold, or how many
ebits we can produce per second, we need to first find the
distillable entanglement of the noisy states in Sec. V and
then combine this with the probability of photon loss in
Sec. IV.

Note that in practice we may not need to distil the
entanglement; this depends on how we desire to use it.
There are protocols that do not need maximally entan-
gled states [41,42]; in fact, there are applications for
which we need the nodes to share only discord and not
entanglement [43–45].

To calculate the distillable entanglement, we compare sev-
eral distillation protocols to discover which is optimal. The
results of this process can be found in Appendix B. We find
that the DEJMPS protocol [46] gives the largest values of dis-
tillable entanglement for each state produced, no matter which
entanglement distribution protocol is used or how strong the
noise is in the fiber.

To use the DEJMPS protocol, we need to start with density
matrices in Bell-diagonal form

ρ =
4∑

i=1

pi|Bi〉〈Bi|, (24)

where {|Bi〉}4
i=1 = {|φ+〉, |φ−〉, |ψ+〉, |ψ−〉} is the well-

known Bell basis. The states produced in the three entangle-
ment distribution protocols take this form already; otherwise,
we would need to perform local operations, which would
convert them into this form [47].

DEJMPS has three steps. Say we aim to distribute entan-
glement between nodes A and B of our network. First, we
rotate the photon at node A using operator RA and the photon

FIG. 8. Pair-averaged entanglement generation rates against the
rate of fiber noise. The average is calculated over all node pairs of a
network.

at node B with operator RB where

RA = 1√
2

(
1 −i
−i 1

)
, RB = 1√

2

(
1 i
i 1

)
. (25)

These rotations can be carried out using half-wave plates and
quarter-wave plates. Second, with two copies of the rotated
entangled state distributed between nodes A and B, we per-
form a CNOT operation on the two photons at node A and
the two photons at node B. We must take care to choose
photons from the same entangled pair to be the target. Finally,
whichever pair of entangled photons was chosen to be the
target is measured in the {|H〉, |V 〉} basis. If we get the same
outcome at each node, whether horizontal or vertical, then we
have successfully increased the entanglement shared between
the remaining photon pair.

We then repeat this process until we have a two-photon
state with a sufficiently high fidelity with the desired Bell
state |φ+〉. Following the example in Ref. [22], we take this
fidelity threshold to be the demanding value of 0.998. With
each iteration of the protocol, the probability that we obtain
the required measurement outcomes in the final step increases.

Having found the distillable entanglement, we multiply
this by the probability of the protocol failing due to photon
loss discussed in Sec. IV or getting the wrong measurement
outcome at the end of EDSS1 or EDSS2. It is important to
note that noise has an effect on this latter probability; the
stronger the depolarizing noise, the higher the probability
p1

meas of getting the desired outcome in EDSS1 and the lower
the probability p2

meas of getting the needed outcome in EDSS2.
In fact, these probabilities depend on L and � as

p1
meas = 1

2
− e−�L

6
and p2

meas = 1

2
+ e−�L

8
, (26)

so that they both tend toward 0.5 as the fiber gets longer and
noisier.

The entanglement generation rate in our optical fiber net-
work can be seen in Fig. 8. As before, we average over the
node pairs as the results are similar for each (see Appendix C
for the corresponding figure for a two-node network). We
see that the performance of EDSS1 depends on the success
probability of the CNOT gate; EDSS1 gives lower rates than
DED for each value of � when P = 0.25 or below, but when
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P = 0.417, EDSS1 is very close to DED so that the best pro-
tocol to use changes many times as � grows. In fact, EDSS1
delivers the highest generation rate for 60% of � values in
this case. The needed CNOT success probability for EDSS1
to be optimal for over 50% of values is P = 0.388. The rate
produced by EDSS2 never comes close to that of DED, even
if we can perform CPHASE operations with unit probability.
This is due to the lower amount of entanglement produced
by EDSS2 compared to the other distribution protocols; more
rounds of entanglement distillation are necessary to achieve a
Bell state.

VII. CONCLUSIONS

We compared three protocols: a DED scheme based on
ZALM entangled photon sources and two EDSS protocols.
EDSS1 allows for the production of Bell states but requires an
initial state where the carrier photon is classically correlated
with the discordant photons located at remote nodes. EDSS2
is less demanding; it can be successfully carried out with
a carrier qubit that is initially uncorrelated with the other
systems. However, EDSS2 can only generate one fifth of the
entanglement that EDSS1 and DED can.

We found that a key parameter is the probability P with
which we can successfully carry out an optical CNOT or
CPHASE operation in EDSS protocols. First, we considered the
case where we do not need to distribute maximal entangle-
ment. In terms of vulnerability to photon loss or component
failure, EDSS2 has the best performance as long as P >

0.279. Otherwise, DED is optimal.
Second, we turned our attention to the impact of noisy

fibers on the amount of entanglement distributed. Due to the
reduced amount of discord present in EDSS protocols, DED
is in fact the most robust protocol when faced with depolar-
izing noise. Entanglement produced by EDSS1 vanishes for a
similar noise strength as DED, but decays at a faster rate.

Finally, we found the rate at which Bell pairs could be gen-
erated using the three protocols. Incorporating the sensitivity
to noise, the risk of photon loss, and the need for entanglement
distillation procedures, we found that EDSS1 has the highest
entanglement generation rate when P > 0.388, a value that
is already feasible experimentally [37]. When we only have
access to methods with lower success probabilities, DED is
the best protocol.

While in this work we consider entanglement distribu-
tion between two network nodes at a time, our design has
the potential to produce entanglement between every pair of
nodes simultaneously. We plan to demonstrate the routing and
spectrum allocation needed to achieve this in a future work.
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APPENDIX A: DISTRIBUTING DISCORD

This Appendix addresses how to generate the necessary
initial state for the EDSS protocols. For EDSS1, we can pre-
pare the state in Eq. (1) using random trilocal rotations, i.e.,
local rotations performed on each photon, which depend on a
random outcome accessible to both nodes. Once the photons
have been sent to the desired nodes, we start with the state

ρinitial = |D〉〈D|a ⊗ |D〉〈D|b ⊗ |H〉〈H |c. (A1)

We are required to carry out an operation such that one of six
possible trilocal rotations is performed with equal probability.
Each rotation is made up of three local operations acting on
each single qubit, but they are correlated so that the desired
rotations are performed together. The six joint rotations are
displayed in Table II.

The initial discordant state required for EDSS2 only in-
volves photons a and b; photon c is entirely uncorrelated with
ab at the beginning of the protocol. The state in Eq. (4) can
be created in a similar way as above, but only random bilocal
rotations are needed in this case.

APPENDIX B: DISTILLING ENTANGLEMENT

In order to determine which distillation protocol to
use for our entangled photons, we compared several re-
currence protocols. We started with the two most well-
known protocols: Bennett-Brassard-Popescu-Schumacher-
Smolin-Wootters (BBPSSW) [49], the first entanglement
purification protocol to be proposed, and the Deutsch-
Ekert-Jozsa-Macchiavello-Popescu-Sanpera (DEJMPS) pro-
tocol [46], which has been proven to be optimal for rank-3
Bell-diagonal states [50] (i.e., states whose density matrix
is diagonal over the Bell basis). We describe the steps of
DEJMPS in the main body of the text as this protocol turned
out to distil the highest amount of entanglement produced in
the optical network.

We also considered two newer and less common protocols;
first, a matter-field interaction-based protocol (which we dub
as MFI) [51,52] and a CNOT-based protocol [47], which is in-
spired by BBPSSW and DEJMPS, but features key differences
from them.

Each protocol follows a similar pattern consisting of four
parts: We begin by taking two pairs of entangled photons
distributed between arbitrary nodes of our network, which we
label nodes 1 and 2. The protocols then start by implementing
state preparation followed by interaction between the two
photons at each node. Third, we perform a measurement on
one pair of entangled photons in the {|H〉, |V 〉} polarization
basis. In all protocols except MFI, interaction is achieved
using a CNOT operation and it is the target photon pair that is
measured. The BBPSSW and MFI protocols require a final ro-
tation step. We then iterate these steps to approach a Bell state,
using fidelity as a figure of merit, and setting up a demanding
threshold of 0.998 as an acceptable level of similarity between
the target Bell state and the evolved state of the network’s
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TABLE II. Trilocal rotations needed to transform the initial state in Eq. (A1) to the discordant state required for EDSS in Eq. (1). Symbol
1l represents the identity operator; in this case, no rotation needs to be performed.

Rotation on a Rotation on b Rotation on c

1 1l 1l 1l
2 (π/2) around Z axis (−π/2) around Z axis 1l
3 π around Z (Pauli matrix σZ ) π around Z (Pauli matrix σZ ) 1l
4 (−π/2) around Z axis (π/2) around Z axis 1l
5 (−π/2) around Y axis (−π/2) around Y axis π around X (Pauli matrix σX )
6 (π/2) around Y axis (π/2) around Y axis π around X (Pauli matrix σX )

nodes. A summary of each distillation protocol considered is
reported in the table in Fig. 9.

The first entanglement distillation protocol was
BBPSSW [49]. This protocol requires each entangled state to
be transformed into a Werner state

W (p) = p|ψ−〉〈ψ−| + p

4
1l, (B1)

where |ψ−〉 = 1√
2
(|HV 〉 − |V H〉) is a Bell state. This state

can be achieved using random bilocal rotations (also called
twirling operations) [53]. One pair of photons must then be
rotated with the Pauli matrix Y . After interaction and measure-
ment, the protocol is successful if the measurement outcomes
at nodes 1 and 2 match.

Finally, local rotations must be performed on the resultant
photon pair. In the original protocol, this is taken to be a Y
rotation on just one photon, followed by a random bilocal
rotation

ρ ′ = 1

3

3∑
i=1

(Ui ⊗ Ui )ρ(U †
i ⊗ U †

i ), (B2)

where {U1,U2,U3} are π/2 rotations around the {X,Y, Z}
axes in the Bloch sphere, respectively. However, there is a note
in Ref. [49] about an adjustment to the final step of BBPSSW,
which increases the amount of distilled entanglement, namely,
acting on the postmeasurement state with U1 ⊗ U1 only. In
what follows, we consider both methods, labeling the original
protocol as BBPSSW and the protocol with final step changed
as BBPSSW improved.

The MFI protocol does not need the entangled states to be
prepared in any particular way. Its first step is the interaction,
which in this case takes the form of a measurement; we first
need to project the state of the two photons at each node onto
the sum of two Bell states using the joint projector

M = |ψ−〉〈ψ−| + |φ−〉〈φ−|, (B3)

where |φ−〉 = 1√
2
(|HH〉 − |VV 〉), which is only successful

with limited probability. Following this, we perform the stan-
dard {|H〉, |V 〉} polarization measurement on one pair of
photons. Another aspect that differentiates this protocol from
the previous ones is that we do not need to postselect any
particular outcome; we instead perform local rotations on
the remaining photons based on the outcomes. If we obtain
outcome |H〉 after measuring the photon at node 1, we rotate
it according to

R1
MFI =

(
i 0
0 1

)
, (B4)

and on obtaining outcome |V 〉, we perform

R2
MFI =

(
0 i
1 0

)
. (B5)

For the photon at node 2, we do the opposite; outcome |H〉
requires rotation R2

MFI and outcome |V 〉 requires R1
MFI.

Lastly, we use the CNOT-based protocol [47]. This fol-
lows a similar pattern to BBPSSW and DEJMPS but
has the advantage that it works on any kind of entan-
gled state; we do not need to first prepare Werner or

FIG. 9. Summary of the iterative entanglement distillation protocols in Refs. [46,47,49,51,52].
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FIG. 10. Distillable entanglement using five different distillation protocols as optical fiber noise grows. We take the average result for all
node pairs in the network. The legend in panel (c) applies to all plots. In every case, DEJMPS is the best distillation method. We do not show
the results for MFI as it overlaps with the CNOT-based method in each plot. (a) State produced using the DED protocol. The adjusted BBPSSW
protocol and DEJMPS produce the same results. (b) EDSS1 protocol. (c) EDSS2 protocol. Distillable entanglement is noticeably lower than
DED and EDSS1, as the state produced is not maximally entangled, even in the ideal case.

Bell-diagonal states. We then perform the same initial ro-
tations as in DEJMPS in Eq. (25) with R1 acting on the
photons at node 1 and R2 on the photons at node 2. Fol-
lowing interaction and measurement, the disadvantage comes
with more restrictions on measurement outcomes than with
BBPSSW or DEJMPS; both photons must be vertically polar-
ized.

The amount of distilled entanglement is plotted in Fig. 10
for each entanglement distillation protocol. DED produces
Bell states at the same rate when using the DEJMPS and the
improved BBPSSW protocol. For both EDSS protocols, DE-
JMPS gives the highest generation rate, though the improved
BBPSSW is very close to matching it for EDSS1.

Surprisingly, although the protocols take quite different
approaches, the MFI and CNOT-based protocols give the same
output for every state regardless of how the entanglement was
distributed. In every case, the original BBPSSW protocol was
the least efficient.

We also considered the EPL-D protocol [54], which, in
contrast to the others, cannot be repeated. We must first per-
form CNOT gates on the two photons at each node. Afterwards,
we measure the photon polarization of one photon pair in
the {|H〉, |V 〉} basis and postselect the vertical outcome. This
protocol is extremely beneficial for Bell states undergoing am-
plitude damping noise; no matter how strong the noise, EPL-D
is enough to restore the state to maximal entanglement [55]. In
other cases, EPL-D can distil more entanglement than the first
iteration of other recurrence protocols; it can therefore be the
optimal first step in distilling some entangled states. However,
in this case of depolarizing noise, EPL-D did not bring any
advantage for either DED or EDSS protocols (regardless of
which Bell state was shared); in every case, the entanglement
of the state did not change.

APPENDIX C: ENTANGLEMENT GENERATION
IN A TWO-NODE NETWORK

In this Appendix, we provide further discussion and re-
sults on entanglement distribution across a two-node network.
Instead of averaging over the node pairs of the full network
illustrated in Fig. 2, we consider only nodes A and B situated
5 km apart.

The entanglement generation rates after distillation are dis-
played in Fig. 11. The “steps” in the plot signify the necessity
of another round of distillation to achieve sufficiently high
entanglement. The rate is much higher than the pair-averaged
plot in Fig. 8, due to the short distance separating A and B, as
well as the lack of any lossy intermediate nodes.

Clearly, there is a significant cost to performing en-
tanglement purification. The pair distribution rates before
distillation [as displayed in Fig. 5(a)] for DED, EDSS1, and
EDSS2 are 61 593, 73 359, and 137 548 pairs/s, respectively,
when P = 0.417. When the noise strength is just � = 0.001,
already two rounds of purification are needed for DED and
EDSS1 so that their rates drop to 15 245 and 18 158 ebits/s.
EDSS2 requires seven distillation rounds, resulting in a dra-
matic drop to just 137 ebits/s.

These rates are highly dependent on the amount of en-
tanglement we need to distribute. In this instance, we have
chosen a relatively high-target fidelity with a Bell state of
0.998. Lowering this fidelity would raise the entanglement
generation rate. It is therefore worthwhile for the network user
to evaluate the amount of quantum correlations needed for the
quantum protocol they want to perform; while many use Bell
pairs as standard, they can nonetheless be carried out with less
entangled or even nonentangled states [44,45].

FIG. 11. Entanglement generation rates against the rate of fiber
noise for two nodes located 5 km apart.
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