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Abstract

On this paper, we present a Kerr enhanced continuous variable quantum tele-

portation scheme based on a driven dissipative nondegenerate optical resonator

that combines two mode parametric squeezing with intrinsic third-order Kerr

nonlinearity. Right here by linearizing the quantum Langevin dynamics around

the self consistent steady state intracavity fields and solving the associated con-

tinuous Lyapunov equation, we obtain the steady state covariance matrix and

systematically characterize the resulting quantum correlations through logarith-

mic negativity, EPR variance, teleportation fidelity, and dynamical stability.

With the assist of Kerr nonlinearity, parametric coupling, detuning, pump ampli-

tude, and stability our results demonstrate that the quantum teleportation. our

finding analysis the optimized stable regime supports teleportation fidelity above

the classical benchmark, Ftel > 0.5, establishing a direct connection between

engineered Kerr mediated quantum correlations and operationally useful continu-

ous variable state transfer. These results establish a promising compact platform

for tunable entanglement generation and integrated quantum communication.

Keywords: Kerr photonics; quantum teleportation; parametric coupling; EPR
variance; teleportation fidelity; quantum communication

1 Introduction

Quantum teleportation provides a mechanism for transferring an unknown quantum
state from one physical system to another without physically transmitting the quan-
tum state itself [1–4]. In optical platforms, continuous variable quantum teleportation
is particularly attractive because quantum information can be encoded in the field
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quadratures, enabling deterministic measurements and compatibility with established
photonic communication technologies [5–9]. In realistic photonic systems, however,
finite squeez ing, optical loss, detector inefficiency, environmental noise, and imper-
fect state preparation introduce additional noise and consequently limit the achievable
fidelity [10, 11]. The development of compact and controllable photonic sources capa-
ble of generating strong nonclassical correlations is therefore a central requirement for
scalable continuous variable quantum communication. The optical Kerr effect provides
a natural mechanism for nonlinear photon photon interaction and and offers a route
toward the generation and control of nonclassical optical states [12].

Optical Kerr nonlinearities provide an intensity dependent photon photon inter-
action and constitute one of the most important nonlinear mechanisms in integrated
photonics [13, 14]. In resonant optical systems, the Kerr interaction can produce self
phase modulation, nonlinear frequency shifts, four wave mixing, parametric ampli-
fication, and squeezing. In high quality factor resonators, the enhanced intracavity
field can substantially strengthen these nonlinear effects, making Kerr photonics a
promising platform for the generation and manipula tion of nonclassical states of light
[15, 16]. These properties make Kerr nonlinear systems promising candidates for the
development of integrated continuous variable quantum information technologies.

While continuous variable quantum teleportation offers a scalable framework for
optical quantum communication using field quadratures, its practical performance
remains fundamentally constrained by finite squeezing, optical dissipation, and envi-
ronmental noise. To address this challenge, we introduce a theoretical model that
combines a nondegenerate two mode parametric interaction with third order χ(3) opti-
cal Kerr nonlinearities, establishing intrinsic nonlinear processes as a direct mechanism
for state engineering.

With this idea, we consider a continuous variable quantum teleportation scheme
as show in the schematic below figure 1, that integrates a driven dissipative two mode
Kerr as the nonclassical resource generator powering the quantum channel between
Alice and Bob. Within the resonator, an external coherent optical pump drives modes
â and b̂, engaging simultaneous Kerr induced self and cross phase modulations along-
side two-mode parametric coupling to generate entangled squeezed states. Mode â
propagates to Alice (the sender) to undergo a joint continuous variable Bell-state mea-
surement with an unknown input state |ψin⟩ using a 50:50 beam splitter and dual

homodyne detectors. Simultaneously, mode b̂ is transmitted to Bob (the receiver) [17].
Upon receiving Alice’s classical measurement outcomes (xm, pm) over a classical com-
munication link, Bob performs conditional quadrature displacement and electronic
feed-forward processing on his mode to reconstruct the transferred state |ψout⟩ with
enhanced fidelity.

The primary novelty of this work lies in modeling these open system interaction
dynamics by linearizing quantum fluctuations around steady state intracavity fields
and solving the continuous Lyapunov equation. Through this approach, we systemat-
ically map the precise, dynamically stable operating regimes where cavity detunings,
pump driving, and Kerr non linearities work synergistically to maximize bipartite
continuous variable entanglement (logarithmic negativity), suppress EPR quadrature
noise, and optimize operational teleportation fidelity.
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Fig. 1 Schematic represents a Kerr photonics enhanced continuous variable quantum teleportation.
A coherent pump drive activates a χ(3) nonlinear optical cavity, which simultaneously engages Kerr
self and cross phase modulation and nondegenerate two mode parametric interaction to generate an
entangled squeezed vacuum state of modes â and b̂. Mode â propagates to the Sender (Alice), where it

undergoes joint measurement with an unknown input state |ψin⟩. Mode b̂ propagates to the Receiver
(Bob), who uses classical feed forward data (xm, pm) and quadrature displacement to reconstruct the
transferred state |ψout⟩ with high fidelity

2 Hamiltonian and Master Equation

For the quantum dynamics of the source the total Hamiltonian combines detunings
(∆a,b), Kerr coefficients (Ka,b), coherent pump (E), and parametric coupling (Λ):

Ĥ = ℏ∆aâ
†â+ ℏ∆bb̂

†b̂⏞ ⏟⏟ ⏞
Ĥfree

+
ℏKa

2
a†2a2 +

ℏKb

2
b†2b2

⏞ ⏟⏟ ⏞
Ĥkerr

+ iℏE(a† − a)⏞ ⏟⏟ ⏞
Ĥdrive

+ iℏΛ
(
a†b† − ab

)
⏞ ⏟⏟ ⏞

ĤTMS

(1)

Because the optical resonator is an open quantum system, photon losses must be
included. The density matrix obeys the Lindblad master [18] equation:

ρ̇ = − i

ℏ
[H, ρ] + κaD[a]ρ+ κbD[b]ρ, (2)

where κa and κb are the decay rates of the two optical modes. where the dissipator
for mode â is

D[a]ρ = aρa† − 1

2
a†aρ− 1

2
ρa†a. (3)

For a symmetric system, we consider the decay rates of the two optical mode as
κa = κb = κ. The corresponding Heisenberg Langevin equations are

ȧ =−
(κa

2
+ i∆a

)
a− iKaa

†aa+ E + Λb† +
√
κa ain (4)
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ḃ =−
(κb
2

+ i∆b

)
b− iKbb

†bb+ Λa† +
√
κb bin. (5)

Here ain and bin are the input noise operators. For vacuum input fields,〈
ain(t)a

†
in(t

′)
〉
= δ(t− t′) and

〈
bin(t)b

†
in(t

′)
〉
= δ(t− t′)

3 Linearized Dynamics and Quantum Correlations

To analyze quantum fluctuations around the operating point, the optical operators are
decomposed into their steady state coherent amplitudes (â = αs + δâ, b̂ = βs + δb̂).

The steady state amplitudes satisfy

0 =−
(κa

2
+ i∆a

)
αs − iKa|αs|2αs + E + Λβ∗

s (6)

0 =−
(κb
2

+ i∆b

)
βs − iKb|βs|2βs + Λα∗

s . (7)

The Kerr interaction produces an intensity-dependent frequency shift [19]. There-
fore, the effective detunings are ζa = ∆a+2Ka|αs|2and ζb = ∆b+2Kb|βs|2. The Kerr
induced parametric coefficients are ηa = Kaα

2
s,and ηb = Kbβ

2
s . The Linearized Hamil-

tonian of our system that used determine second order in the quantum fluctuations
is

Hlin = ℏζaδa
†δa+ ℏζbδb

†δb+
ℏ

2

(
ηaδa

†2 + η∗aδa
2
)

+
ℏ

2

(
ηbδb

†2 + η∗b δb
2
)
+ iℏΛ

(
δa†δb† − δaδb

)
.

(8)

The corresponding linearized Langevin equations are

δȧ = −
(κa

2
+ iζa

)
δa− iηaδa

† + Λδb† +
√
κa ain (9)

δḃ = −
(κb
2

+ iζb

)
δb− iηbδb

† + Λδa† +
√
κb bin. (10)

The amplitude and phase quadratures are defined by

δXa =
δa+ δa†√

2
, δPa =

δa− δa†

i
√
2

, (11)

δXb =
δb+ δb†√

2
, δPb =

δb− δb†

i
√
2

. (12)

with the fluctuation vector u = (δXa, δPa, δXb, δPb)
T

and the linearized Langevin
equations can then be expressed as u̇ = Au+ n. where, the noise vector is

n =

⎛
⎜⎜⎝

√
κaX

in
a√

κaP
in
a√

κbX
in
b√

κbP
in
b

⎞
⎟⎟⎠ . (13)
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The complete matrix A simplifies to

A =

⎛
⎜⎜⎝

−κa/2 ζa Λx 0
−ζa −κa/2 0 −Λ
Λx 0 −κb/2 ζb
0 −Λp −ζb −κb/2

⎞
⎟⎟⎠ . (14)

For an ideal symmetric two mode squeezing interactio, Λx = Λp = Λ. For vacuum
input noise,

〈
X in

j (t)X in
j (t′)

〉
= 1

2δ(t− t′), and
〈
P in
j (t)P in

j (t′)
〉
= 1

2δ(t− t′).
Therefore, diffusion matrix is

D =
1

2

⎛
⎜⎜⎝

κa 0 0 0
0 κa 0 0
0 0 κb 0
0 0 0 κb

⎞
⎟⎟⎠ . (15)

The system is dynamically stable when all eigenvalues of the drift matrix have
negative real parts [20]:

Γstab = −max
j

Re[λj(A)] (16)

This condition is particularly important because increasing the Kerr nonlinearity
or the parametric gain does not indefinitely improve the entanglement. Beyond a cer-
tain regime, the system can become dynamically unstable. The steady state quantum
fluctuations are characterized by the covariance matrix

Vij =
1

2
⟨uiuj + ujui⟩ . (17)

The covariance matrix is written in block form as

V =

(
Va C
CT Vb

)
. (18)

For a stable system, the steady-state covariance matrix is obtained from the Lyapunov
equation

AV + V AT = −D. (19)

4 Entanglement and Quantum Teleportation matrics

Continuous variable (CV) quantum teleportation provides a direct operational test
of the quantum correlations generated by the two-mode entangled resource. The
connection to teleportation is particularly direct. For unity gain continuous-variable
teleportation, the amplitude and phase teleportation errors are given by the EPR
combinations [21].

Xout −Xin = Xb −Xa, Pout − Pin = Pb + Pa. (20)
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a. Einstein Podolsky Rosen (EPR) Variance

Measures joint quadrature correlations determining the continuous variable teleporta-
tion noise floor [22]:

VEPR =
1

2

[〈
X2

−
〉
+
〈
P 2
+

〉]
. (21)

Suppression of EPR variance below the shot-noise limit (VEPR < 1) reflects strong
non-classical Einstein-Podolsky-Rosen correlations. For the commonly adopted EPR
combinations [23], NX =

〈
(Xb −Xa)

2
〉
, and NP =

〈
(Pb + Pa)

2
〉
. In terms of the

covariance matrix elements, NX = VXaXa
+VXbXb

2VXaXb
and NP = VPaPa

+VPbPb
+

2VPaPb
. For a symmetric teleportation channel, NX = NP = N. The quantity N

therefore provides a direct operational measure of the residual noise imposed by the
imperfect entangled resource. In the present quadrature convention, if

VEPR =
1

2

〈
(Xb −Xa)

2
〉
=

1

2

〈
(Pb + Pa)

2
〉
, (22)

As a result, N = 2VEPR, the EPR variance provides a direct bridge between the
microscopic quantum correlations of the resource and the macroscopic performance of
the teleportation channel.

b. Teleportation Fidelity

For a coherent state input and a unity gain symmetric Gaussian teleportation channel
transferring unknown coherent input states, the maximum teleportation fidelity [24]
is evaluated as

Ftel =
1√

(1 +NX)(1 +NP )
(23)

For a symmetric channel,

Ftel =
1

1 +N
. (24)

Using N = 2VEPR, one obtains

Ftel =
1

1 + 2VEPR
. (25)

A teleportation fidelity exceeding the no-cloning classical benchmark (Ftel > 0.5)
verifies non-classical continuous-variable state transfer.

c. Logarithmic Negativity

Quantifies bipartite entanglement via the symplectic spectrum of the partially trans-

posed covariance matrix used from equatio 18; where ν̃− =

√
Σ−

√
Σ2−4 detV

2 is the
smallest symplectic eigenvalue of the partially transposed covariance matrix with
invariant matrix Σ = detA+detB−2 detC for a block partitioned covariance matrix
V . We employ the logarithmic negativity to quantify the entanglement can be defined
as [25]
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EN = max [0,− log2 (2ν̃−)] . (26)

According to the definition of equation 26, certifies bipartite entanglement if EN > 0.

5 Numerical results and Discussions

To evaluate the operational advantage of the proposed Kerr-photonic architecture
for continuous variable quantum teleportation, we numerically solve the continuous
Lyapunov equation to obtain the steady-state covariance matrix V across diverse
parameter spaces. By using steady-state covariance matrix, we can analysis the
logarithmic negativity EN (quantifying bipartite entanglement), the EPR quadra-
ture variance VEPR (quantifying joint quadrature noise), and the coherent state
teleportation fidelity

Fig. 2 Logarithmic negativity versus Kerr nonlinearity for fixed parametric coupling (Λ/κ = 0.30),
zero detuning (∆/κ = 0), normalized driving amplitude (ε/κ = 2.0), and cavity decay rate (κ)

Figure 2 shows how the intrinsic Kerr nonlinearity shapes the bipartite optical
resource state by self consistently modifying both the steady state intracavity fields
and the Gaussian fluctuation matrix. The variation of EN with K/κ shows how the
Kerr interaction modifies the quantum correlations generated by the coupled system.
Figures 2 and 3 illustrates how increasing the Kerr nonlinearity influences on quantum
information quantities logarithmic negativity EN and EPR variance VEPR on the nor-
malized Kerr coefficient K/κ. With this idea, as K/κ increases from zero, EN exhibits
a sharp initial drop, while VEPR rapidly rises above the shot-noise limit (VEPR > 1).
Correspondingly, Figure 4 show that the coherent state teleportation fidelity Ftel

falls below the classical benchmark threshold (Ftel ≤ 0.5) for higher Kerr strengths.
This indicates that uncompensated Kerr nonlinearity disrupts the resonance condition
and drives the system toward dynamical instability, highlighting that the physically
meaningful operational window is restricted to the stable regime where EN > 0 and
VEPR < 1.
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Fig. 3 EPR variance versus Kerr nonlinearity fixed parameters (Λ/κ = 0.30), (∆/κ = 0), and
(ε/κ = 2.0)

As seen figure 3, the EPR variance provides a more directly operational measure of
the joint quadrature correlations relevant to continuous variable quantum communica-
tion. The smaller VEPR means stronger EPR type correlations. Thus, regions below at
VEPR = 1 line correspond to enhanced EPR correlations. The Kerr interaction changes
these correlations indirectly through the nonlinear steady state and the Kerr induced.
If the curve decreases as K increases, the result means that the Kerr interaction is
producing a state with increasingly suppressed joint-quadrature fluctuations.

Fig. 4 Teleportation fidelity versus Kerr nonlinearity for fixed parametric coupling (Λ/κ = 0.30),
zero detuning (∆/κ = 0), and driving amplitude (ε/κ = 2.0).

Figure 4 demonstrates that the coherent state teleportation fidelity Ftel falls below
the classical benchmark threshold (Ftel ≤ 0.5) for higher Kerr strengths. This indicates
that uncompensated Kerr nonlinearity disrupts the resonance condition and drives
the system toward dynamical instability, highlighting that the physically meaningful
operational window is restricted to the stable regime where EN > 0 and VEPR <
1.0. The dashed line at Ftel = 0.5 denotes the classical coherent-state benchmark.
Therefore, Ftel > 0.5 indicates performance beyond the classical limit.
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Fig. 5 Logarithmic negativity versus parametric coupling , with the Kerr nonlinear strength fixed
at (K/κ = 0.30), zero detuning (∆/κ = 0), and driving amplitude (ε/κ = 2.0).

Figure 5, result shows the dependence of bipartite optical entanglement on
the strength of the two-mode parametric interaction. Thus, increasing Λ generally
strengthens the mechanism responsible for two-mode squeezing and entanglement. As
seen from Figure 5, increasing Λ/κ yields a monotonic increase in logarithmic neg-
ativity EN , demonstrating that stronger parametric interactions directly reinforce
non-classical correlations between modes â and b̂.

Fig. 6 Teleportation fidelity versus detuning for fixed Kerr nonlinear strength (K/κ = 0.30), para-
metric coupling (Λ/κ = 0.30), and driving amplitude (ε/κ = 2.0)

However, the efficacy of this interaction is strongly governed by the optical cav-
ity detuning ∆/κ. Figure 6 reveals the teleportation fidelity Ftel as a function of
detuning. Therefore, the Kerr interaction effectively shifts the resonance condition.
This means that the optimal teleportation performance does not necessarily occur
at ∆ = 0. Instead, the maximum can occur at a Kerr shifted resonance condition
where the effective detuning and nonlinear squeezing terms cooperate most efficiently
with the parametric coupling. At this optimal point, the Kerr-induced frequency shift
(2K|αs|2) perfectly counterbalances the bare cavity detuning, allowing the parametric
driving and nonlinear squeezing terms to cooperate constructively and minimize EPR
quadrature noise.
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Fig. 7 Teleportation fidelity versus pump amplitude for fixed Kerr nonlinear strength (K/κ = 0.30),
parametric coupling (Λ/κ = 0.30), and zero detuning (∆/κ = 0).

The amplitude of the coherent driving laser E/κ controls the intracavity photon
intensity and dictates the strength of the nonlinear fluctuations. As shown in Figure
7, Ftel displays a clear non-monotonic trend with respect to E/κ. At weak pumping
(E/κ < 0.2), the intracavity field is insufficient to activate meaningful Kerr-assisted
squeezing, yielding a low teleportation fidelity. As pump power increases, Ftel peaks
above the classical limit (Ftel > 0.5) before gradually declining due to excessive non-
linear phase shifts. This confirms the existence of an optimal pump operating point for
CV teleportation. Thus, the maximum of Figure 7 identifies a possible optimal pump
operating point, rather than simply implying that larger pump power is always better.

Fig. 8 Stability margin versus Kerr nonlinearity, for fixed parametric coupling (Λ/κ = 0.30), zero
detuning (∆/κ = 0), and driving amplitude (ε/κ = 2.0), where (λj) are the eigenvalues of the
linearized drift matrix.

Figure 8 show the dynamical stability margin across the parameter space. The
system maintains a constant, positive stability margin (Γstab = 0.5κ), verifying that
all linearized fluctuations remain dynamically stable. A positive Γstab means that
all eigenvalues have negative real parts and the steady state is dynamically stable.
By operating within this stable non linear regime, Kerr microresonators effectively
suppress teleportation noise and deliver enhanced continuous-variable state transfer.
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6 conclusion

In this work, we studya Kerr enhanced continuous variable quantum teleportation
scheme based on a driven dissipative nondegenerate optical resonator that combines
two mode parametric squeezing with intrinsic third-order Kerr nonlinearit. By combin-
ing a nondegenerate two mode parametric interaction with intrinsic Kerr nonlinearities
for generating and engineering bipartite nonclassical correlations directly within a
compact optical resonator. Starting from the full nonlinear Hamiltonian and the corre-
sponding Lindblad master equation, we linearized the quantum dynamics around the
steady-state intracavity fields and characterized the resulting Gaussian fluctuations
through the covariance matrix formalism and the Lyapunov equation. Our results
show that Kerr nonlinearity, parametric coupling, detuning, and optical driving con-
stitute jointly tunable control parameters for engineering an optimized continuous
variable quantum teleportation channel. These findings position driven Kerr medi-
ated as promising crucial for compact and potentially scalable integrated quantum
photonic schemes, particularly where efficient generation, manipulation, and trans-
fer of continuous variable quantum states are required for quantum communication
networks.
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