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Abstract—Communication is one of the fields that adopts
quantum characteristics to improve its potential. In particular,
quantum teleportation (QT) is considered a fundamental tool for
enabling quantum networks. This paper focuses on the concept
of QT and how it is applied in conjunction with additional
technologies such as entanglement purification, entanglement
swapping, and quantum error correction.

I. INTRODUCTION

Quantum technology aims to solve problems that clas-
sical computing technologies cannot, by adopting quantum
characteristics such as superposition and entanglement [1].
Among various fields, communication is one of the areas
where quantum characteristics are actively adopted, yielding
technologies such as quantum key distribution (QKD) [2] and
quantum teleportation (QT) [3]. In particular, QT plays a major
role in quantum communication as a fundamental protocol for
sending arbitrary quantum states to another quantum system.
Furthermore, based on QT, research on quantum internet
is being conducted, aiming to connect quantum devices at
different locations, creating a quantum network [4]. This
paper addresses the concept of QT and various techniques
for creating quantum networks. Moreover, this paper suggests
future directions for quantum networking.

II. QUANTUM TELEPORTATION

Fig. 1 illustrates a quantum circuit for QT. QT is a quantum
communication protocol designed to transmit a quantum state
|ψ⟩ = α|0⟩+ β|1⟩ from sender Alice to receiver Bob. To
deliver the quantum state, they use an entangled pair of qubits,
typically in the Bell state |Φ+⟩, distributing one qubit to each
of them. The entire system ρ, including |ψ⟩ and |Φ+⟩, can be
described as ρ = |ψ⟩|Φ+⟩.

Between the computational basis |00⟩, |01⟩, |10⟩, and |11⟩
and the Bell basis |Φ+⟩, |Φ−⟩, |Ψ+⟩, and |Ψ−⟩, the following
relation holds, i.e.,





|00⟩ = 1√
2
(|Φ+⟩+ |Φ−⟩),

|01⟩ = 1√
2
(|Ψ+⟩+ |Ψ−⟩),

|10⟩ = 1√
2
(|Ψ+⟩ − |Ψ−⟩),

|11⟩ = 1√
2
(|Φ+⟩ − |Φ−⟩).

(1)

Fig. 1: A quantum circuit for QT.

Using above equation, ρ can be expressed as follows,

ρ =
1

2
(|Φ+⟩(α|0⟩+ β|1⟩︸ ︷︷ ︸

|ϕ0⟩

) + |Ψ+⟩(β|0⟩+ α|1⟩︸ ︷︷ ︸
|ϕ1⟩

)

+ |Ψ−⟩(α|0⟩ − β|1⟩︸ ︷︷ ︸
|ϕ2⟩

) + |Φ−⟩(β|0⟩ − α|1⟩︸ ︷︷ ︸
|ϕ3⟩

)). (2)

It can be observed that by performing a Bell basis measure-
ment from Alice, the original 3-qubit system ρ collapses to one
of the states among |ϕ0⟩ = |ψ⟩, |ϕ1⟩ = X|ψ⟩, |ϕ2⟩ = Z|ψ⟩
and |ϕ3⟩ = XZ|ψ⟩. Thus, Bob can apply a certain quantum
gate to the collapsed states to restore the original state |ϕ⟩.
For example, if the measurement result is 10, Bob applies a
Z gate to the collapsed states to negate the sign.

From the point of view of communication, Alice’s mea-
surement result acts as an indicator that measures how the
original state |ψ⟩ is perturbed. Similarly, applying quantum
gates to Bob’s qubit can be analyzed as a decoding process
for a qubit that has been modified by a quantum channel. It
is also evident that Bell basis measurement of Alice can be
considered as an encoding process.

After its first discovery by [1] C. H. Bennett et al, numerous
adaptations and modifications have been applied to QT to
further expands its possibilities for the quantum communica-
tion protocols. V. Verma [2] modifies QT to bidirectional QT,
enabling bidirectional communication between two quantum
devices. Furthermore, D.Song et al, [3] enhances the capacity
of QT by sending multiple qubits. Moreover, sending classical
information using QT is also under active research. Especially,
M. Karthik et al [4] succeeds sending image or audio via QT
by incorporating QT with Huffman coding [5].
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(a) Initial state before swapping. (b) Bell basis measurement by Charlie. (c) Entanglement swapping.

Fig. 2: A procedure of entanglement swapping. In (a), Alice and Bob are sharing its Bell pair with intermediate node, Charlie. In
(b), Charlie performs Bell basis measurement to its qubits and send its measurement result to Bob. Lastly, in (c), entanglement
between Alice and Bob is created, and Bob initializes entanglement state by using the measurement result from Charlie.

III. QUANTUM NETWORKING BASED ON QT

To incorporate QT into networking between quantum de-
vices, QT has been expanded and applied to connect different
nodes in the network. Technologies for quantum networking,
including entanglement swapping [6] and entanglement purifi-
cation [7], are addressed in this section.

A. Entanglement Swapping

Entanglement swapping is used to create an entanglement
between sender Alice and receiver Bob, who each shares
entangled pair of qubits, typically Bell state |Φ+⟩, with inter-
mediate node, Charlie, as illustrated in Fig. 2 (a). The entire
system ρ before entanglement swapping can be descried as
ρ = |Φ+⟩|Φ+⟩.

By Eq. 1, ρ can be further unfolded as follows,

ρ =
1

2
(|0000⟩+ |0011⟩+ |1100⟩+ |1111⟩) (3)

=
1

2
(|00⟩AB|00⟩C + |01⟩AB|01⟩C (4)

+ |10⟩AB|10⟩C + |11⟩AB|11⟩C) (5)

=
1

2
(|Φ+⟩AB|Φ+⟩C + |Φ−⟩AB|Φ−⟩C (6)

+ |Ψ+⟩AB|Ψ+⟩C + |Ψ−⟩AB|Ψ−⟩C). (7)

By the Bell basis measurement of Charlie, the entanglement
between Alice and Bob can be made, as illustrated in Fig.2
(b). Furthermore, sender and receiver should initialize their
channel qubit as they want, using the measurement result
of the intermediate node, Charlie. For example, if Charlie’s
measurement result is 01, state of the qubit is |Ψ+⟩, thus Bob
can apply X gate to his qubit, to modify entangled state as
the type Alice and Bob wants. This initialization process is
illustrated in Fig.2 (c).

Entanglement swapping enables sender and receiver at a
long distance but not having entangled pair, to communicate
using other connected nodes. It can be used to create quantum
repeater, which is a device that relays different nodes in the
quantum network, by successively performing entanglement
swapping between nodes. Note that the intermediate node that
has connection with multiple nodes can act as a router, which
has a fundamental role for utilizing quantum networks.

Fig. 3: An illustration of the entanglement purification process.

B. Entanglement Purification

To maintain the quality of entanglement between nodes
and ensure reliable communication using QT, entanglement
purification is necessary. Entanglement purification creates
highly entangled state using multiple less entangled states,
which was first proposed by Bennett et al. [7].

Assume that there are 2 Bell pair, which are affected
by X error with probability of p. Then, state of these
bell pairs ρ can be described as an ensemble state of
ρ = (1− p)|Φ+⟩+ p|Ψ+⟩, since |Ψ+⟩ = I ⊗X|Φ+⟩.

According to the procedure of Fig. 3, quantum state before
applying CNOT gates can be described as follows,

ρ′ = ρ⊗2 = (1−p)2|Φ+⟩12|Φ+⟩34+p(1−p)|Φ+⟩12|Ψ+⟩34
+ p(1− p)|Ψ+⟩12|Φ+⟩34 + p2|Ψ+⟩12|Ψ+⟩34. (8)

After swapping second, third qubit and performing CNOT
gates, the entire state is divided into two parts, which are
purified component and mixed component.

ρ′ = (1− p)2 |Φ+⟩13|Φ+⟩24︸ ︷︷ ︸
purified

+ 2p(1− p) |Ψ+⟩13|Φ+⟩24︸ ︷︷ ︸
mixed

+p2 |Ψ+⟩13|Ψ+⟩24︸ ︷︷ ︸
purified

. (9)

It is possible to discriminate those states by performing mea-
surement on first and second qubits. By the property of |Φ+⟩
and |Ψ+⟩, the measurement results of two qubits are always
same when it was |Φ+⟩ and always different when it was |Ψ+⟩.
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Fig. 4: An illustration the effect of quantum channel. Green dot
represents environment qubit which models interaction with
the environment.

Thus, if the measurement result of two qubit is different with
a probability of 2p(1− p), it is possible to achieve pure Bell
state |Φ+⟩ with probability of (1− p)2/((1− p)2 + p2), by
disregarding the first Bell pair. If the measurement result is
same, it is possible to get pure Bell pair.

IV. RELIABLE QUANTUM COMMUNICATION

In Noisy-Intermediate-Scale Quantum (NISQ) era, the error
from the quantum channel is inevitable due to the imperfect
gate operation or imperfect state preparation, which weakens
the entanglement of the communication resource and degrades
the performance of the QT. Analyze on this error is essential to
prevent QT from affecting from the noise and enable reliable
communications between nodes.

A. Quantum Channel

In many cases, quantum system is considered as closed
system, which means that there is no interaction with other
system. However, interactions with other system during quan-
tum information processing cannot be avoided. In this sense,
quantum channel E(ρ) can be analyzed as ‘environment’ qubit
that interacts with the system’s qubit [8]. These environ-
ment qubit models the interactions of the system with the
environment, making input quantum state |ψ⟩ into ensemble
state |ψ′⟩ = {|ψi⟩, pi}, as illustrated in Fig. 4. Among several
channel, amplitude damping channel, phase damping channel,
and depolarizing channel are usually adopted to model real-
world phenomenons [9]. These models represents physical
phenomenons of quantum information processing system, such
as spontaneous energy emission or decoherence [9], which acts
as a hinder for the quantum communication.

B. Quantum Error Correction

Many studies are being conducted in the field of quantum
error correction (QEC), to precisely analyze the effect of the
quantum channel which occurs during the quantum informa-
tion processing, and devise a solution for mitigating those
errors [10].

To address the problem from the quantum channel, con-
ventional error detection and correction schemes for classical
communication is naturally introduced to the quantum field.
One of the basic approach for QEC is creating a logical
qubit, which is tolerant to various quantum errors. One of
the basic form of logical qubit is 3-qubit bit flip code, which
can be defined as |ψ⟩L = α|000⟩+ β|111⟩ [10]. In this case,

redundant 2 qubit provide information about the original qubit.
Compared to bit flip code, Bacon-Shor code (BS code) [11]
and surface code [12] are recently developed in the fields of
QEC. These codes encode one logical qubit as a form of 2D
lattice, while providing a capability to be tolerant at X and Z
errors.

V. CONCLUSION

QT has been continuously expanded itself, in terms of
increasing the number of participants in the network or in-
creasing the capacity of QT. Furthermore, basic technologies
for creating quantum networks have also been developed,
motivating the utilization of the quantum network. However,
there are still remaining challenges on QT, which should be
dealt with to further utilize it. In particular, anonymity and
privacy of the quantum network should be addressed, since
quantum communication technologies are at its early stages.
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