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Abstract

In this paper, we propose an entanglement scheme for long-distance, constant-fidelity communication in quantum networks. We dis⁃
cuss the optimal rate of entanglement that allows for constant fidelity in both elementary and multihop links. We also discuss time
complexity and propose the mathematical order of the rate capacity for an entanglement scheme. We propose a recursive entanglement
scheme, a simultaneous entanglement scheme, and an adjacent entanglement scheme mathematically analyze these schemes. The rate
capacity of the recursive and simultaneous entanglement schemes is Ω(1/en ), but the adjacent entanglement scheme performs better,
providing a rate of Ω(1/n).

rate capacity; constant fidelity; entanglement scheme; ad hoc quantum networks
Keywords

DOI: 10.3939/j.issn.1673-5188.2013.03.008
http://www.cnki.net/kcms/detail/34.1294.TN.20130913.0933.001.html, published online September 13, 2013

Q
1 Introduction

uantum processing and communication networks
combine the disciplines of quantum mechanics
and classical information science. However,
quantum networks are more secure and efficient
than classical networks [1]-[3]. Quantum commu⁃

nication networks are based on quantum teleportation, which is
essential for transmitting quantum states and establishing
quantum channels between nodes at a distance [2]. Quantum
teleportation exploits one of the most intriguing properties of
quantum mechanics: entanglement. In quantum entanglement,
Einstein, Podolsky, Rosen (EPR) pairs are generated and then
distributed via fibers or optical free-space links. This allows
different nodes to transport a quantum state by transmitting
classical bits rather than quantum bits [2].

At present, photons are primarily used as the carrier in
quantum entanglement generation. They are used over distanc⁃
es of some hundreds of kilometers (e.g 250 km on fiber links
and 144 km on free space) [3]. However, the success of entan⁃
glement decreases exponentially with distance because of ab⁃
sorption loss and detector noise in the transmission channel.

A solution to entanglement delay is to insert quantum repeat⁃
ers between different nodes [5], [6]. Quantum repeaters can
store quantum states and use protocols to perform quantum op⁃
erations. A repeater protocol defines a sequence of three opera⁃
tions: entanglement generation on elementary links, entangle⁃
ment swapping, and entanglement purification [7]. The proto⁃

col should be well designed to maximize success at each link.
Entangled photons are used to express quantum states as

EPR pairs. With the development of quantum networks, quan⁃
tum optics has attracted more research interests recently. Fi⁃
delity is one of the most important topics in this field and is de⁃
fined as the probability that a decoded message has the same
amount of information after coding and transmission as it did
before coding and transmission. High fidelity is essential in
long-distance communication to make messages reliable. In
long-distance entanglement generation, fidelity can be affect⁃
ed by memory decay, local measurement errors, entanglement
swapping, or entanglement purification failure [7]. The upper
bound of the entanglement generation rate between nodes con⁃
nected by quantum repeaters is determined by these factors.

The quantum entanglement rate of each elementary link can
be calculated and measured for specific quantum ad hoc net⁃
works. In a multihop network, optimized quantum repeater pro⁃
tocols increase the rate of quantum entanglement to reach the
upper bound.

There are two main approaches to optimizing quantum re⁃
peater protocols: developing a new quantum repeater structure
(using quantum mechanics), and adapting classical network
concepts to the quantum network. In [8], the former approach
is taken. A Duan, Lukin, Cirac, Zoller (DLCZ) protocol gener⁃
ates and connects entangled pairs of atomic ensembles over
short distances. The protocol couples a single photon with col⁃
lective atomic excitation modes. In [9], Qubus (hybrid) repeat⁃
ers are described. These repeaters perform operations on both
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local qubits and continuous-variable states (qubus). In [6],
EPR generation rate in ad hoc quantum networks is investigat⁃
ed. Several heuristic algorithms are also introduced to ensure
constant, maximum fidelity. These algorithms include Entan⁃
glement Swapping Scheme Search, and Shortest Path Entangle⁃
ment Flow. Novel quantum broadcasting schemes, such as
ring, angular, and regional broadcasting, are defined in a quan⁃
tum repeater architecture and are extensions of classical broad⁃
casting concepts [6]. Nevertheless, only recursive entangle⁃
ment is applied in the quantum repeater protocols, and the en⁃
tanglement rate when the number of nodes tends to infinity has
not yet been determined.

In this paper, we focus on the rate capacity of entanglement
that ensures constant fidelity when the number of nodes in a
multihop link tends towards infinity. We use concepts from
classical ad hoc networks to optimize the rate in a quantum re⁃
peater with a typical structure [7]. We propose three entangle⁃
ment schemes for quantum repeater protocols. These schemes
are recursive entanglement, simultaneous entanglement, and
adjacent entanglement. Through mathematical analysis, we
show that recursive entanglement and simultaneous entangle⁃
ment provide a rate on the order of 1/en. However, adjacent en⁃
tanglement provides a rate on the order of 1/n, which indicates
better performance.

In section 2, we provide background on the entanglement
rate capacity for an elementary link. In section 3, we describe
the entanglement rate capacity model of EPR pairs for a multi⁃
hop link. In section 4, we propose three entanglement schemes
that ensure constant fidelity to establish multi-hop links are
defined, the mathematical derivation of the rate capacity for
each scheme is presented, and their performances are analyzed.

2 Entanglement Rate Capacity Model for an
Elementary link
For elementary link, the average time τ ij to generate an EPR

pair is given as the sum of the detection time 1/fPg and commu⁃
nication time dij /c :

where dij is the Euclidian distance between two consecutive
nodes i and j ; 􀰖is the operating frequency in the quantum re⁃
peater; Pg is the probability of realizing an EPR pair; and c is
the speed of light. For the quantum repeater in [7], Pg is

where F is the fidelity of the EPR pair between nodes, and η is
the loss parameter, given by e-ξd, where d is the distance and ξ
is the rate of loss. The operating frequency depends on the
quantum memory space M and link distance d [7]:

Therefore, the maximum operating frequency is [7]

Communication time is much shorter than detection time, i.
e. (d /c) << (1/(􀰖Pg)) . Therefore, the average EPR generation
time is approximately equal to the detection time. A elementa⁃
ry link’s capacity for generating EPR pairs can be defined as
the reciprocal of the maximum average time to generate an
EPR pair, and is given by

3 Entanglement Rate Capacity Model for a
Multihop Link
In practice, it is very difficult to transmit entangled photons

over long distances because of channel loss and detector noise.
It is reasonable to assume that entangled photons generated by
a locate node can only be delivered to the consecutive node in
a multihop link. A relay scheme is therefore used to ensure
that any nodes over a long distance can share EPR pairs. Sup⁃
pose Alice, Bob and Candy are three consecutive nodes in mul⁃
tihop link. Alice can transmit entangled photons directly to
Bob but not to Candy. First, photons are entangled so that Al⁃
ice can share the them with Bob through elementary link (A,
B). At the same time, Bob shares entangled photos with Candy
through elementary link (B,C). As a result, Bob has a photon
from the EPR pair with Alice. He also has a photon from the
EPR pair with Candy. Second, we perform entanglement con⁃
nection on the two photons that Bob has. This involves consec⁃
utively swapping and purifying the entanglements. Third, we
inform Alice and Candy about the classic information pro⁃
duced by the quantum operation. Alice and Candy use this in⁃
formation to operate the other entangled photons left in the
quantum memory. Hence, by consuming two EPR pairs, we ob⁃
tain an EPR pair between Alice and Candy, both of whom are
unable to directly transmit photons. Using this relay scheme,
more nodes can be added in multihop scenario, and fidelity
can be constant for a remote node if entanglement swapping
and purification are balanced.

In the case of three nodes (Fig. 1), we assume that entangle⁃
ment occurs in the two elementary links at the same time. The
average time for this process to occur has a lower bound of
max . The probability of entanglement

􀰖max = Mc /4d (4)

R (F ) ≡ 􀰖maxPg (F ) (5)

▲Figure 1. Entanglement for three nodes.

{ },1
􀰖ABPg , AB (F )

1
􀰖BCPg , BC (F )

A B C

τij (f , d,Pg ) = (1/fPg ) + (dij /c) (1)

Pg (F ) = 0.5 1-(2F-1) (2)2η
1-η[ ]

M = 4「d􀰖/c⌉ (3)
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connection is determined by the physical structure of the quan⁃
tum repeater and is denoted Pc . The minimum average time τAC
to obtain an EPR pair between Alice and Candy can be ex⁃
pressed as:

Moreover, the maximum average rate R (A,C ) can be ex⁃
pressed as

For n consecutive hops, entanglement connection can be
done on the k th repeater, and

4 Three Entanglement Schemes for
Establishing Multihop Links
To create an EPR pair between the source node and destina⁃

tion node, intermediate nodes are essential because they gener⁃
ate EPR pairs and follow swapping steps to transmit an entan⁃
glement. Take, for example, a finite multihop link with n
nodes. If we know the exact entanglement rate between each
pair of consecutive nodes, we can choose the appropriate se⁃
quence scheme for entanglement on a node. In this way, the
rate of entanglement can be optimized. In this paper, we are
mainly concerned with the upper bound on the rate capacity
with high probability (w.h.p); i.e. with probability tending to 1
as n approaches infinity. In the following, we use a probabilis⁃
tic variation to denote the mathematical order. As n approach⁃
es infinity, f (n ) = Ω (g (n )) w.h.p. as n approaches infinity. If
there is a constant K, then limP (f (n)≥Kg(n)) = 1.
4.1 Recursive Entanglement Scheme

Recursive entanglement is an immediate scheme in which
only one intermediate node is chosen for entanglement connec⁃
tion at every turn. This process is repeated recursively so that
an EPR can be established between the source node and desti⁃
nation node in a multihop scenario. The start node can be se⁃
lected arbitrarily, and entanglement connection should be
done at recursively before or after the node.

If the source node is chosen as the start node, the process
for an n -1 hop path in the ad hoc quantum network is as in
Fig. 2. The arrows in Fig. 2 indicate EPR pairs between nodes,

and the triangles below the nodes indicate entanglement con⁃
nections. The recursive scheme involves n -1 steps:
1) Each node generates entanglements and shares an EPR pair

with the adjacent nodes (Fig. 1). Node 1 shares an EPR pair
with node 2, and node 2 shares an EPR pair with node 3.
Node n -1 shares an EPR pair with node n.

2) Entanglement connection is done in node 2, and then node
2 sends the classical information to node 3 so that node 1
can share an EPR pair with node 3.

3) Entanglement connection is done in node 3, and then node
3 sends the classical information to node 4 so that node 1
can share an EPR pair with node 4.
…

n -1) Entanglement connection is done in node n-1, and then
node n -1 sends the classical information to node n so
that node 1 can share an EPR pair with node n .

The time taken to send classical information is negligible.
Therefore, by applying (8) recursively, we can conclude that

It is not necessary to choose node 1 as the starting node for
the whole process if we know the exact entanglement genera⁃
tion rate of each elementary link. Then, we can use heuristic al⁃
gorithms to determine which node to use as the start node and
how to recursively do execute the process. In this way, the max⁃
imum value of R (1, n) can be obtained. However, here we main⁃
ly focus on the mathematical order of R (1, n). Considering
there are always n-1 steps, we let R (k th) be the rate of the ele⁃
mentary link between the k th node and the next node at which
entanglement is done. Then, we conclude that

where r is a constant, and ɑ = 1/Pc. The recursive entanglement
scheme only provides a rate on the order of 1/e n.
4.2 Simultaneous Entanglement Scheme

Simultaneous entanglement was first described in [5]. A
quantum routing mechanism was proposed to construct the
quantum communication network. Here, we describe the math⁃
ematical order of the simultaneous entanglement swapping
scheme (Fig. 3). This scheme allows entanglement connection
in parallel (rather than recursively) at the intermediate nodes.

τAC = max (6){ },1
􀰖ABPg , AB (F )

1
fBCPg , BC (F )

1
Pc

R(A,C ) = 1/τAC
= min{R(A,B ), R(B,C )}Pc (7)

R (0, N ) = min{R (0, k), R (k, N )}Pc (8)

▲Figure 2. Recursive entanglement when the source node is the start node.

R (1,n) = min{min{min{R (1, 2),R (2, 3)}Pc ,R (3, 4)}Pc ,R (4, 5)}Pc ...
= min {R(1,2)Pcn-2,R(2,3)}Pc n-3,R(3,4) Pcn-4, ... ,R(n -1,n)}Pc} (9)

R(1,n) = min{R (1st)Pc,R (2nd)Pc2,R (3rd)Pc3,...,R ((n -1)th) Pcn -2}
= r /ɑ n-2

= Ω(1/en) w.h.p. as n approaches infinity
(10)

▲Figure 3. Simultaneous entanglement.

1 2 3 4 … n -1 n 2 3 4 … n -1 n1

n →∞
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All the classical information is collected and applied to a spe⁃
cially designed quantum logical circuit in the destination node.
Then, the source and destination are entangled. This scheme
involves three steps:
1) Each node generates entanglements and shares an EPR pair

with the adjacent nodes (Fig. 2). Node 1 shares an EPR pair
with node 2, and node 2 shares an EPR pair with node 3.
Node n -1 shares an EPR pair with node n.

2) Entanglement connection is done in parallel at all the inter⁃
mediate nodes.

3) All the intermediate nodes send the classical information to
node n. This information is received and processed at node
n with a special quantum logical circuit. Node n then shares
an EPR pair with node 1.
The time needed to send classical information is negligible,

and all the n -2 entanglement connections should occur suc⁃
cessfully at the same time. By applying (8) simultaneously, we
conclude that

The simultaneous entanglement scheme only provides a rate
on the order of 1/en.
4.3 Adjacent Entanglement Scheme

In both the recursive and simultaneous entanglement
schemes, the whole entanglement progress is a sequential
chain of successful entanglement connections of each interme⁃
diate node. Therefore for an n-1 hop link the total probability
is always presented as a constant multiplied by an n-2 power
of Pc . To decrease the mathematical order of the entanglement
rate, we propose using the adjacent entanglement scheme. The
main idea of adjacent entanglement is to divide the multihop
link into sets that contain adjacent nodes. This ensures that en⁃
tanglement connection is done independent to that of other
sets. After nodes in each set have performed entanglement con⁃
nection, cluster sets are formed by small sets and continue
with entanglement connection independently. Because entan⁃
glement connection occurs independent of other sets, the total
probability is multiplied by Pc only once at every turn, and the
order decreases. We describe a concise scenario in which
there are only 2k nodes in a multihop link (Fig. 4).

The adjacent entanglement scheme involves 2(log22k -1) steps:
1) Each node generates entanglements and shares an EPR pair

with adjacent nodes (Fig. 4) Node 1 shares an EPR pair with
node 2, and node 2 shares an EPR pair with node 3. Node
n -1 shares an EPR pair with node n.

2) The link is divided into 2k -2 sets. Set 1 contains nodes 1 to
4, set 2 contains nodes 5 to 8 etc. Set i contains nodes 4i-3
to 4i , where i is an integer. Set 2k -2 contains nodes 2k -3 to
2k.

3) Entanglement connection is done at nodes 2, 3, 6, 7, ...,
4i-2, 4i-1 at the same time. These connections are inde⁃
pendent. By the end of step 3, node 1 is entangled with node
4, node 5 is entangled with node 8 etc. Node 4i-3 is entan⁃
gled with node 4i etc.

4) Entanglement connection is done at nodes 4 and 5 so that
node 1 is entangled with node 8 etc. Entanglement connec⁃
tion is done at nodes 8i-4 and 8i-3 etc.

5) Entanglement connection is done at nodes 8 and 9 so that
node 1 is entangled with node 16 etc. Entanglement connec⁃
tion is done at nodes 16i-8 and 16i-7 etc.

6) Entanglement connection is done at nodes 16 and 17 so that
node 1 is entangled with node 32 etc. Entanglement connec⁃
tion is done at node 32i-16 and 32i-15 etc.
…

2(log2 2k -1). Entanglement connection is done at node 2k -1 and
2k -1+1 so that node 1 is entangled with node 2k .

The time needed to send classical information is negligible,
and each set is independent. Each time entanglement connec⁃
tion is done, Pc is only multiplied once because of this indepen⁃
dence. Therefore, for a link with 2k hops, the total probability
is a constant multiplied by a 2(log2 2k -1) power of Pc.

In a simple 8-node scenario,

Therefore for an 8-hop link, the total probability is a con⁃
stant multiplied by a 2(log28-1) power of successful connection
probability Pc. For n →∞, the integer k =「log2 n⌉ makes n ≤
2k, and

Therefore, the adjacent entanglement scheme can only pro⁃
vide a rate on the order of 1/n.

5 Conclusion
In this paper, we have discussed the optimal rate of entan⁃

glement that can be achieved while still maintaining constant
fidelity in a quantum communication network. Our discussion
focused on a network in which the number of nodes in a multi⁃
hop link approaches infinity. We proposed a recursive entan⁃

R(1,n ) ≤R(1, 2k )
R(1, 2k ) = Ω

= Ω(1/ɑ k)
≤Ω(1/n)

( )ɑ 2(log22k-1)
r

(13)

R (1,n )=min{R (1,2),R (2,3),R (3, 4),...,R (n-1,n )}Pcn-2

= r /ɑ n-2

= Ω(1/en) w.h.p. as n approaches infinity
(11)

▲Figure 4. Adjacent entanglement scheme for an a node link.

R(1,8) = min{min[R(1, 2), R(2, 3), R(3, 4)]Pc2, R(4, 5),
min[R(5, 6), R(6, 7), R(7, 8)] Pc2} Pc2 (12)

2 3 4 5 6 7 8 … 2k1
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glement scheme, a simultaneous entanglement scheme, and an
adjacent entanglement scheme. These ensure constant fidelity
when establishing multihop links. However, mathematical anal⁃
ysis shows that the recursive and simultaneous entanglement
schemes only provide a rate on the order of 1/en whereas the ad⁃
jacent entanglement scheme performs better, providing a rate
on the order of 1/n.

Youxun Cai (220110558@seu.edu.cn) is an postgraduate student at the State Key
Laboratory of Millimeter Waves, Southeast University. His current research focus is
quantum information theory and quantum wireless networks.
Xutao Yu (yuxutao@seu.edu.cn) is an associate professor at the State Key Laborato⁃
ry of Millimeter Waves, Southeast University. Her research interests include wire⁃
less network protocols and quantum communication network protocols.
Yang Cao (220110559@seu.edu.cn) is an postgraduate student at the State Key Lab⁃
oratory of Millimeter Waves, Southeast University. His research interests include
wireless communication and quantum computation.

BiographiesBiographies

September 2013 Vol.11 No.3ZTE COMMUNICATIONSZTE COMMUNICATIONS50

Special Topic

Optimal Rate for Constant-Fidelity Entanglement in Quantum Communication Networks
Youxun Cai, Xutao Yu, and Yang Cao

••••

Powering Next-Generation Broadband Networks: ZTE’s
World-First Flexible, Configurable Router

16 September 2013, Shenzhen—ZTE today unveiled the world’s first flexible, reconfigurable terabit router that allows
customers to build the highest-performance broadband networks.

The terabit router supports the deployment of multiple line cards with processing capabilities of 10 Gbps to 1 Tbps. It al⁃
so supports the deployment of modules that can scale throughput from 200 Gbps to 18 Tbps. For easy installation in a range
of environments, the router interfaces are flexible and the component design is loose-coupled. This allows customers to cus⁃
tomize networks to their needs and promotes adaptability, consistency, and continuity.

The superior performance of the terabit router is due to two proprietary ZTE technologies: cloud routing and intelligent
system resource scheduling. Cloud routing involves building a system control plane that is based on distributed modular
technology. This ensures efficient network resource use, scalability, and support for simultaneous deployment of multiple
transmission protocols. Intelligent system resource scheduling allows for physical and logical system resource sharing and
flexible scheduling. This ensures that resources are automatically allocated according to system load and that power con⁃
sumption is driven down to 0.8 W/Gbps.
“Globally, it is becoming more important to deliver excellent value to customers and help them achieve sustainable devel⁃

opment,”said Xu Ming, general manager of ZTE’s Bearer Network Product Division.“The flexible, reconfigurable terabit
router offers industry-leading routing and can increase efficiency and extend equipment lifespan. The router is highly flexi⁃
ble, configurable, and scalable and can support a wide range of services as the network evolves.”

For increased stability and scalability, the router uses ZTE’s self-developed chipset. Better system integration helps im⁃
prove energy consumption. With an open, programmable framework that includes SDN, the router makes the network archi⁃
tecture more modularized and provides network virtualization functions. This means that service developers can be integrat⁃
ed with network developers to build next-generation networks that are highly competitive.

Broadband bearer networks are regarded as key strategic assets in many countries. In August, China’s State Council out⁃
lined the Broadband China plan, mapping out development objectives in the future. ZTE’s flexible, reconfigurable terabit
router helps align operators with the requirements of the Broadband China plan. (ZTE Corporation)


