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Abstract
Quantum networks rely on quantum teleportation, a process where an unknown quan-
tum state is transmitted between sender and receiver via entangled states and classical
communication. In our study, we utilize a continuous variable two-mode squeezed
vacuum state as the primary resource for quantum teleportation, shared by Alice and
Bob, while exposed to a squeezed thermal environment. Secure quantum teleportation
necessitates a teleportation fidelity exceeding 2/3 and the establishment of two-way
steering of the resource state. We investigate the temporal evolution of steering and
teleportation fidelity to determine critical parameter values for secure quantum tele-
portation of a coherent Gaussian state. Our findings reveal constraints imposed by
temperature, dissipation rate, and squeezing parameters of the squeezed thermal reser-
voir on the duration of secure quantum teleportation. Intriguingly, we demonstrate that
increasing the squeezing parameter of the initial state effectively extends the temporal
window for a successful secure quantum teleportation.

1 Introduction

Quantum teleportation has garnered significant attention in recent years, serving as
both a fundamental quantum information protocol and an integral component of
emerging quantum technologies [1–16]. This transformative process allows quantum
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information to be transmitted from one location to another by leveraging conventional
communication methods and the utilization of entangled states as quantum resources
[1]. The successful realization of quantum teleportation hinges upon the degree of
entanglement shared within the system. A critical element of the burgeoning quantum
internet is the achievement of high-fidelity quantum teleportation, enabling the trans-
mission of information with fidelity surpassing classical limits [17–21]. In the context
of a quantum communication network based on quantum teleportation [22–24], the
secure transmission of quantum information over vast distances becomes paramount.
Bennett [1] pioneered the first quantum teleportation protocol designed for discrete
variable systems. This groundbreaking work later served as a foundation for the exten-
sion of quantum teleportation to continuous variable systems by Vaidman, Braunstein,
and Kimble [4, 14, 21]. Specifically, the Braunstein–Kimble protocol [17, 18] laid the
groundwork for traditional quantum teleportation in the realm of continuous variables.
In the context of continuous variable quantum teleportation, legal entities can establish
Gaussian entanglement even in the presence of lossy channels [11, 19, 21, 25]. Addi-
tionally, the utilization of a local oscillator as a filter for coherent detection has proven
effective in reducing background noise [26, 27]. The transmission of quantum infor-
mation through free space channels is currently gaining popularity, primarily due to
its distinct advantages. Gaussian states hold significant importance in quantum optics
and quantum information processing and transmission due to their ease of production
and control. These states serve as vital resources in the field of quantum teleportation
[5, 6, 28].

Dissipative effects stemming from interactions with the environment have sub-
stantial implications for real-world physical systems and significantly influence
quantum information processing [29–32]. Consequently, recent research has promi-
nently focused on quantum teleportation within open quantum systems [33–48]. In
a prior study [13], we delved into an exploration and comparison of squeezed vac-
uum states and squeezed thermal states as initial resource states for secure quantum
teleportation (SQT) within an open quantum system. This system consisted of two
uncoupled harmonic oscillators interacting with a thermal environment. In the current
paper, we employ the Gorini–Kossakowski–Lindblad–Sudarshan master equation, a
foundational framework for the theory of open quantum systems based on completely
positive dynamical semigroups, to characterize the time evolution of a system featur-
ing two bosonicmodes interactingwith a squeezed thermal reservoir. This system state
serves as the resource for teleporting a Gaussian coherent state. Successful SQT man-
dates both two-way steering of the resource state and teleportation fidelity exceeding
2/3. Our investigation reveals that quantum steering, teleportation fidelity, and thus
SQT itself significantly depend on the parameters characterizing the resource state
and the environment. Our primary objective is to delineate the dependencies of the
allowable time intervals for SQT under these parameters, particularly within a shared
squeezed thermal environment.

The structure of this paper is organized as follows. In Sect. 2, we introduce the
concept of quantum teleportation, focusing specifically on continuous variable (CV)
quantum teleportation. Moving to Sect. 3, we explore the realm of CV secure quantum
teleportation, dissecting the quantum fidelity of teleportation and the phenomenon of
two-way quantum steering. Section 4 examines the influence of a noisy environment

123



Effect of Noisy Environment... Page 3 of 17   343 

Fig. 1 Ideal teleportation with continuous variables [50]

on the CV secure quantum teleportation. In Sect. 5, we present a detailed analysis and
discussion of our research findings. Finally, in Sect. 6, we offer concluding remarks,
summarizing the key insights gleaned from our investigation.

2 Continuous variable quantum teleportation

The concept of CV quantum teleportation was first introduced by Vaidman in the
early 1990s [14] and later elaborated upon by Braunstein and Kimble [4]. Unlike
discrete variable (DV) teleportation,where achieving preciseBellmeasurements poses
significant challenges in experimental setups, CV teleportation utilizes simpler tools,
which offer enhanced precision and ease of implementation [49].

In both CV and DV teleportation schemes, establishing entanglement between
Alice and Bob remains crucial for accurate communication. However, CV teleporta-
tion demonstrates distinct advantages in terms of simplicity and accuracy. While DV
teleportation relies heavily on the challenging task of performing Bell measurements
to entangle the input qubit with the quantum channel, CV teleportation circumvents
this complexity by employing basic tools like beam splitters and homodyne detectors
[50].

These alternative techniques not only simplify the experimental setup but also
enhance the fidelity and efficiency of the teleportation process. By leveraging these
advantages, CV teleportation emerges as a promising approach for achieving high-
quality quantum communication between distant parties.
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Subsequent sections will delve into the details of the CV teleportation protocol
and the underlying mechanisms, supported in Fig. 1, which illustrates the protocol
execution [49, 50].

2.1 Bell measurement

Alice does a CV version of the Bell measurement by doing two things in a row with
her modes:

A) Mixing with a beam splitter: Alice mixes the input mode with her own mode
(part of the EPR pair) using a balanced (no loss) beam splitter; basically, she performs
the following transformation:

x̂± = (x̂a ± x̂in)√
2

, p̂± = ( p̂a ± p̂in)√
2

, (1)

where x̂in and p̂in are the input modes of an unknown state of Alice. Also, x̂± and p̂±
are the quadratures of the output modes “positive” and “negative” of the beam splitter.

B) Homodyne Detection: Alice performs homodyne detection on the output modes
±. Specifically, she measures the quadratures x̂- and p̂+, applying the projectors |x〉〈x |
to the “negative” mode and |p〉〈p| to the “positive” mode [51]. Denoted as (x̂-, p̂+),
these outcomes cause the collapse in Eq. (1) as follows:

x̂a = x̂in + √
2x̂−,

p̂a = − p̂in + √
2 p̂+.

(2)

With the EPR property, we have:

x̂a − x̂b = p̂a + p̂a = 0. (3)

Therefore, Bob quadratures xb and pb undergo immediate projection as dictated by
Eq. (2), implying that:

x̂b = x̂in + √
2x̂−,

p̂b = p̂in − √
2 p̂+.

(4)

At this juncture, Alice transmits her measurement outcome (x−, p+) to Bob via a
classical channel.

2.2 Conditional displacement

Bob employs the received classical information (x−, p+) to execute an appropriate
conditional displacement on hismode b, facilitating the completion of the teleportation
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process:

x̂b → x̂ ′
b ≡ x̂b − √

2x− = x̂in,

p̂b → p̂′
b ≡ p̂b + √

2p+ = p̂in .
(5)

In accordance with Eq. (5), mode b is ultimately described by a pair of complementary
quadratures (x̂ ′

b and p̂′
b), precisely matching those of the input (x̂in and p̂in). In the

Schrödinger representation, this process is tantamount to transferring the quantumstate
from the input mode in on Alice side to the output mode b on Bob side, achieving a
fidelity of F = 1.

3 Secure CV quantum teleportation

In the context of quantum teleportation, the shared entangled state between the sender
and receiver serves as a critical resource. Recent research has emphasized the stringent
requirements for achieving secure quantum teleportation (SQT), which necessitates
a fidelity of teleportation higher than the classical limit of 2/3 [52]. Additionally, the
resource state must exhibit two-way steerability, a quantum correlation phenomenon
that surpasses the strength of mere entanglement [13, 52–60]. These essential con-
ditions for two-mode Gaussian states form the basis of our investigation into secure
quantum teleportation.

Moreover, it is essential to distinguish the roles of secure teleportation, quantum
key distribution (QKD) [61], and quantum secure direct communication (QSDC) [62].
While QKD enables two parties to produce a shared random secret key known only to
them, providing security against eavesdropping on the key exchange process, quan-
tum teleportation ensures security against eavesdropping on the transmitted quantum
state. QKD is typically employed for encrypting and decrypting messages, ensuring
secure communication channels. On the other hand, quantum teleportation serves as
a means to transmit quantum information between distant nodes within a quantum
network, preserving the integrity of the quantum state during transmission. Addition-
ally, QSDC offers a mechanism to transmit secret messages directly over a quantum
channel, without sharing a key, further diversifying the applications of quantum com-
munication protocols [63, 64]. Sections 3.1 and 3.2 of this paper delve into the essential
conditions for achieving secure quantum teleportation, providing a detailed analysis
of the requirements and strategies involved.

3.1 Quantum fidelity of teleportation

The quantum fidelity between two states, expressed in terms of their density operators
ρ1 and ρ2, is represented as:

F(ρ1, ρ2) =
[
Tr

(√√
ρ2ρ1

√
ρ2

)]2
. (6)

123



  343 Page 6 of 17 S. Mehrabankar et al.

This expression quantifies the degree of similarity or overlap between two quantum
states, with a fidelity value of 1 indicating a perfect match between the states [1].

Using Eq. (6) in the context of the quantum teleportation protocol, we can deter-
mine the teleportation fidelity, which quantifies the similarity between the input state,
denoted as ρin = ρ1 and the output (teleported) state, ρout = ρ2. The fidelity of
teleportation, ranging from 0 to 1, serves as a measure of the efficiency of quantum
teleportation. In practical experimental setups, it is common for the input and output
states to not be identical, resulting in a fidelity of teleportation less than 1. Additionally,
the fidelity of teleportation is influenced by dissipation and decoherence phenomena
that manifest during interactions with the environment. For the teleportation of uni-
modal Gaussian states, the expression (6) for the teleportation fidelity is as follows
[65, 66]:

F(ρin, ρout ) =
exp

[
− 1

2 (Xout − Xin)
T(σin + σout )

−1(Xout − Xin)
]

√
� + � − √

�
, (7)

where σin and σout represent the covariance matrices of the input and output states,
respectively. Xin = Tr[ρin(X , P)T] and Xout = Tr

[
ρout (X , P)T

]
denote the aver-

age values of the quadrature operators for the input and output states, respectively.
Additionally, the parameters, � and � in Eq. (7), are defined as follows:

� = det(σin + σout ) ≥ 1

and

� = 4det

(
σin + i

2
J

)
det

(
σout + i

2
J

)
,

where J =
(

0 1
−1 0

)
.

We employ an unimodal Gaussian coherent state as the input state for teleportation,
characterized by the following covariance matrix:

σin =
( 1

2 0
0 1

2

)
. (8)

To derive the output teleported state, we adopt the characteristic function approach.
Quantum teleportation is achieved through the utilization of both a classical commu-
nication channel and an entangled state shared by two parties, Alice (A) and Bob
(B). At the outset of the teleportation process, parties A and B are presumed to be
in an entangled squeezed vacuum state, characterized by the following characteristic
function [53, 54, 56, 67]:

χAB(λA, λB) = exp

{
−1

2
�Tσ(0)� − i�TXAB(0)

}
, (9)
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where σ(0) represents the initial covariance matrix of the bipartite system AB,
λA = − i√

2
(xA + ipA), λB = − i√

2
(xB + ipB) and � = − i√

2
(xA, xB , pA, pB)T.

Additionally, XAB(0) is defined as follows:

XAB(0) = Tr
[
ρ(0)(XA, PA, XB, PB)T

]
. (10)

These are the average values of the quadrature position and momentum operators(
X j = 1√

2

(
a j + a†j

)
and Pj = −i√

2

(
a j − a†j

)
, j = A, B

)
, with a j , a

†
j representing

the annihilation and creation operators, respectively. The symbol ρ(0) denotes the
initial density operator. If the time evolution of the bipartite system is Gaussian in
nature, the shared entangled state retains its Gaussian characteristics throughout its
interaction with the surrounding environment. At any given moment in time, t , the
entangled state exhibits the following characteristic function:

χ t
AB(λA, λB) = exp

{
−1

2
�Tσ(t)� − i�TXAB(t)

}
, (11)

where

XAB(t) = Tr
[
ρ(t)(XA, PA, XB , PB)T

]
(12)

represents the time-dependent averaged value of the quadrature operators. The covari-
ance matrix of the shared state is denoted as follows [56, 67]:

σ(t) =
(

A(t) C(t)
CT(t) B(t)

)
, (13)

where A(t) =
(
A11 A12
A12 A22

)
, B(t) =

(
B11 B12
B12 B22

)
, and C(t) =

(
C11 C12
C21 C22

)
.

The expression of the covariance matrix of the output state can be derived by
following the procedure outlined in Ref. [56], resulting in the following form:

σout =
(

A11 + B11 − 2C11 + 1
2 A12 − B12 + C12 − C21

A12 − B12 + C12 − C21 A22 + B22 + 2C22 + 1
2

)
. (14)

For the sake of simplicity, we assume that Xout = Xin . In this case, the teleportation
fidelity (7) simplifies to:

F(ρin, ρout ) = 1√	 , (15)

with

	 = det(σin + σout ) = 1 + X + Y + XY − Z2
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and � = 0, where X , Y , and Z are given by:

X = A11 + B11 − 2C11,

Y = A22 + B22 + 2C22,

Z = A12 − B12 + C12 − C21.

(16)

By denoting

	 =
(
X Z
Z Y

)
, (17)

the covariance matrix of the output state in Eq. (14) can be written as:

σout = σin + 	 (18)

and 	 is as follows:

	 = 1 + Tr 	 + det	. (19)

3.2 Two-way quantum steering

Steering is a form of quantum correlation initially introduced by Schrödinger in the
context of the EPR paradox [57, 58]. Quantum steering refers to the capacity of
one party in a bipartite system to influence the state of the other party through local
measurements. This influence tends to be fundamentally asymmetric, as the effects
of local measurements on the two subsystems often differ [60]. Due to this inherent
property, steerable states find utility in various quantum processes where the outcome
ofmeasurements on one party cannot be fully trusted, such as quantumkey distribution
[68, 69]. Additionally, steerable states have proven valuable in tasks related to channel
discrimination and secure quantum teleportation [70, 71].

In this paper, we exclusively focus on two-mode squeezed vacuum states, which
constitute a subset of continuous variable states characterized by a Gaussian Wigner
function. These states are represented in phase space through a 4×4 covariancematrix,
as illustrated in Eq. (13). Previous research has established that a bipartite Gaussian
state is considered steerable if Alice can generate distinct states for the Bob subsystem
by implementing different local measurements on her subsystem. Additionally, these
states must be unattainable through a local hidden state model [70–73]. In accordance
with this model, a bipartite Gaussian state with covariance matrix σAB is deemed
A → B steerable with respect to Alice measurements, if and only if the following
inequality is not satisfied [28]:

σAB + i

2
(0A ⊕ J ) ≥ 0. (20)
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This inequality is equivalent with the following conditions:

A > 0, MB
σ + i

2
J ≥ 0, (21)

where MB
σ = B −CTA−1C represents the Schur complement of A in the covariance

matrixσAB [70, 71]. It is important to note that the covariancematrix of each subsystem
must adhere to physical constraints, which invariably ensures the satisfaction of the
first condition in Eqs. (21). Consequently, σAB is considered A → B steerable only
when the second condition is not met [57, 72]. This condition can be expressed as [73,
74]:

νB ≥ 1

2
, (22)

where νB denotes the symplectic eigenvalue of MB
σ . Moreover, the extent of A → B

steerability can be gauged by quantifying the extent to which Eqs. (21) are violated,
as follows:

SA→B(σAB) = max
{
0,− ln(2νB)

}
. (23)

This measure remains invariant under symplectic transformations and assumes a value
of zero if and only if σAB is deemed non-steerable. Similarly, to ascertain B → A
steerability, one can exchange the roles of A and B and substitute the symplectic
eigenvalue of the Schur complement of B with that of A in Eq. (23). The quantification
of steering, as described in Eq. (23), possesses a straightforward analytical expression
in the case of two-mode Gaussian states [75]:

SA→B(σAB) = max

{
0,

1

2
ln

det A

4 det σAB

}
. (24)

Consequently, the prerequisite condition for the secure quantum teleportation (SQT)
of coherent states can be expressed as follows [76]:

L > 0,

where

L = min

{
SA→B, SB→A, F − 2

3

}
. (25)

4 The effect of noisy environment on SQT

We examine an open quantum system comprising two uncoupled bosonic modes
immersed in a squeezed bosonic environment. The Hamiltonian governing this system
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is given by [49]:

H =
2∑

i=1

�ωa†i ai +
N∑
j=1

�ωb†j b j +
2∑

i=1

�
(
Ga†i + G†ai

)
,

G =
2∑
j=1

g jb j , (26)

where a†i and ai , as well as b
†
j and b j , represent the creation and annihilation operators

for the systemand the environment, respectively. The parameters g j denote the strength
of interaction between the system and the environment. The environment typically
consists of radiation field modes that can exist in various states, including vacuum,
squeezed, thermal, and squeezed thermal states. Consequently, the environment can be
characterized by the correlation functions between environment operators at different
times, as depicted below [49]:

< b†j (t)b j (t
′) >= N jδ(t − t ′), < b j (t)b

†
j (t

′) >= (N j + 1)δ(t − t ′),

< b j (t)b j (t
′) >= Mjδ(t − t ′), < b†j (t)b

†
j (t

′) >= M∗
j δ(t − t ′),

(27)

where N j andMj denote themeanphotonnumbers and the squeezingparameters of the
environment, respectively [53]. When Mj = N j = 0, the environment is in a vacuum
state; for N j �= 0, Mj = 0, it adopts a thermal state, while for Mj �= 0, N j �= 0, it
corresponds to a squeezed thermal state. The Heisenberg uncertainty relation imposes
the following constraint on N j and Mj :

| Mj |2≤ N j (N j + 1).

In the scenario of a shared squeezed thermal environment, which represents a cor-
related noisy channel, the following relationship holds:

N1 = N2 = N , M1 = M2 = M

and the irreversible time evolution of the analyzed open system is described, within
the Markovian approximation, by the following Lindblad master equation in the inter-
action representation [77]:

∂

∂t
ρ =

2∑
i=1

γ

2

{
N

(
2a†i ρai − ai a

†
i ρ − ρai a

†
i

)
+ (N + 1)

(
2aiρa

†
i − a†i aiρ − ρa†i ai

)}

−
2∑

i �= j=1

γ

2

{
M∗(

2aiρa j − ai a jρ − ρai a j
)

+ M
(
2a†i ρa†j − a†i a

†
jρ − ρa†i a

†
j

)}
,

(28)
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where γ represents the environment field decay rate.
The asymptotic covariance matrix of the two bosonic modes is solely determined

by the bath parameters and is expressed as follows [76]:

σ(∞) =
(

(N + 1/2)I2 Mσz
Mσz (N + 1/2)I2

)
, σz =

(
1 0
0 −1

)
. (29)

Here,

N = nth(cosh
2 R + sinh2 R) + sinh2 R,

M = −(2nth + 1) cosh R sinh R (30)

and R represents the squeezing parameter of the reservoir. The average thermal photon
number of the bath can be computed as (assuming � = 1, ω = 1 and setting the
Boltzmann constant kB = 1):

nth = 1

2

(
coth

1

2T
− 1

)
, (31)

where T is the temperature of the reservoir.
The solution of Eq. (28) in terms of the covariance matrix can be found in Refs.

[13, 77], and it is given by

σ(t) = �σ(0) + (I4 − �)σ(∞), (32)

where � = e−γ t I4; σ(0) and σ(∞) represent the covariance matrices of the initial
and final states, respectively. As initial state, we consider a squeezed vacuum state
with the following covariance matrix [76]:

σ(0) = 1

2

⎛
⎜⎜⎝
cosh 2r 0 sinh 2r 0

0 cosh 2r 0 − sinh 2r
sinh 2r 0 cosh 2r 0

0 − sinh 2r 0 cosh 2r

⎞
⎟⎟⎠ , (33)

where r is the squeezing parameter.

5 Results and discussion

This study is centered on the utilization of a two-mode squeezed vacuum state as a
resource for quantum teleportation. This shared state is jointly held by Alice and Bob,
and their system interacts with a shared squeezed thermal environment. Our primary
goal is to explore the temporal evolution of both the fidelity of the teleportation process
and quantum steering. This investigation aims to pint the essential parameters required
for the successful SQT of an one-mode Gaussian coherent state. It is important to note
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Fig. 2 The regions where L > 0 versus time t and a squeezing r of the initial state for R = 0.1, T = 1; b
squeezing R of the squeezed thermal environment for r = 3, T = 0.7. We set γ = 0.1.

that the achievement of SQT hinges on two critical conditions: The teleportation
fidelity must exceed 2/3, and the resource state must exhibit two-way steerability.

In Fig. 2a, we provide a plot that illustrates the correlation between the permissible
time for SQT and the squeezing parameter of the initial resource state. It is evident that
as the squeezing parameter increases, the feasible time window for SQT undergoes
a substantial expansion. This observation implies that by enhancing the squeezing
parameter, one can effectively prolong the duration within which successful SQT can
be achieved. Conversely, we also note that for relatively small values of the squeezing
parameter, the realization of SQT becomes unattainable.

Figure2b displays a plot that showcases the temporal and squeezing parameter
dependencies of the conditions for SQT. In contrast to the previous scenario, it is
evident that as the squeezing parameter of the environment increases, the available
time frame for successful SQT diminishes. Furthermore, as we will demonstrate in
the following, for relatively high values of the squeezing parameter of the thermal
reservoir, the realization of SQT becomes unattainable.

In Fig. 3, we provide plots that delineate the regions in which the conditions for
SQT are met, as functions of time and two crucial parameters: the temperature of the
squeezed thermal reservoir (Fig. 3a) and the dissipation rate (Fig. 3b). As anticipated,
our observations align with expectations. Specifically, we notice that if both the tem-
perature of the reservoir and the dissipation rate increase, the temporal window during
which SQT can be successfully realized shrinks.

Figure4 showcases the region where the conditions for SQT are satisfied, with
respect to the squeezing parameters of the initial state and the environment at a specific
moment in time. Once again, we observe a clear trend: An increase in the squeezing
parameter of the initial state contributes positively to the fulfillment of SQT condi-
tions, while an increase in the squeezing parameter of the environment hampers these
conditions. Furthermore, it is evident that for relatively small values of the squeezing
parameter of the initial state and relatively large values of the squeezing parameter of
the thermal reservoir, the realization of SQT remains unattainable.
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Fig. 3 The regions where L > 0 versus time t and a temperature T of the squeezed thermal environment
for R = 0.2, γ = 0.1; b dissipation rate γ for T = 1.1, R = 0.09. We set r = 3.

Fig. 4 The regions where L > 0
versus squeezing r of the initial
state and squeezing R of the
squeezed thermal environment at
the moment of time t = 1 for
T = 1, γ = 0.1.

6 Conclusion

This study has offered valuable insights into the temporal dynamics and the impact of
critical parameters on secure quantum teleportation (SQT). Our investigations have
revealed noteworthy correlations and trends, providing valuable information regarding
the feasibility and constraints of this quantum communication protocol.

One of the principal findings of our study pertains to the profound influence of
environmental factors on the permissible time frame for SQT. Specifically, our inves-
tigation has unveiled the pivotal role played by the nature of the squeezed thermal
environment in determining the temporal window within which successful and secure
teleportation can be achieved. We meticulously examined the influence of the temper-
ature, dissipation rate, and squeezing parameter of the squeezed thermal reservoir on
the allowed duration for SQT. Our findings indicate that each of these environmental
parameters imposes limitations on the feasible duration for SQT. Furthermore, we
delved into the impact of the squeezing parameter of the initial state on the allowed
time for SQT. Our results highlight that a significant trend and increase in the squeez-
ing of the initial state has the capacity to notably extend the temporal range over which
successful SQT can be realized.
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These findings emphasize the critical importance of meticulous consideration of
environmental conditions and associated parameters when conceiving and deploying
SQT protocols. Through the optimization of squeezing parameters and the mitigation
of diffusion and dissipation effects, researchers can substantially bolster the reliability
and resilience of quantum teleportation. This, in turn, paves theway formore prolonged
periods of secure and trustworthy information transfer in quantum communication
networks.

To sum up, our study has advanced the comprehension of temporal limitations
and parameter dependencies inherent to secure quantum teleportation. These insights
hold potential implications for the advancement of practical quantum communication
systems and offer valuable guidance for forthcoming research endeavors aimed at
enhancing the efficiency and security of quantum teleportation protocols.
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