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Remote distribution of the quantum coherence resource through optical fiber
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As one of the most remarkable features of quantum mechanics, quantum coherence is regarded as an invaluable
quantum resource in quantum information. Using the optical fiber as one of the effective quantum channels, the
remote distribution of quantum coherence through fiber is essential for potential practical applications. Here we
propose the remote distribution scheme of the quantum coherence resource through an optical fiber. The two-
mode squeezed state (TMSS) generated by the nondegenerate optical parametric amplifier is distributed through
optical fibers, and the quantum coherence of the TMSS is analyzed by the relative entropy of the covariance
matrix. We show that quantum coherence is robust against the distribution distance even if the entanglement
disappears at short distribution distance due to the loss and excess noise in fiber channels. Our results provide a
direct reference for the potential practical applications of quantum coherence.
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I. INTRODUCTION

The coherent superposition of states represents one of
the most fundamental features that marks the departure
of quantum mechanics from the classical realm, systems
in such superposition states are often said to possess
quantum coherence. Coherence plays an important role
in quantum thermodynamics [1–3], biological systems [4,5],
quantum algorithm [6], quantum metrology [7,8], and so on.
The research of quantum coherence is very attractive. Quan-
tum coherence of the quantum state is defined as the distance
between the quantum state and its nearest incoherent state in
the Hilbert space. The framework to quantify coherence is
established by referring to the method of quantifying entan-
glement [9,10], and it can be quantified by relative entropy
[11], the l1 norm [9], skew information entropy [12], Fisher
information [13], and so on. Recently, significant progress in
quantum coherence has been theoretically and experimentally
achieved [14–19]. Coherence of a tunable quantum detec-
tor has been experimentally quantified, based on a recently
developed resource theory of quantum operations [20]. The
basis-independent (or reference frame-independent) quantifi-
cation of coherence is achieved by a set of quantum states
[21]. In addition, the tracking of quantum coherence in po-
lariton condensates with time-resolved tomography has been
experimentally proved [23]. Besides the investigations of
its character, quantum coherence can be applied in quan-
tum information. By manipulating quantum coherence, the
allowing correlation among multiple catalysts can offer ar-
bitrary power [22]. The fragility of quantum coherence in
the presence of decoherence and this conjecture has been
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experimentally confirmed [24,25] for discrete-variable (DV)
systems. The quantum coherence of Gaussian states is ro-
bust against loss and noise in simulated Gaussian thermal
noise channels [26,27]. Both DV and continuous-variable
(CV) quantum technologies have been developed in parallel
with their own advantages in quantum information science.
High fidelity can be achieved with DV systems, while the
CV systems possess the deterministic advantage. The tradeoff
between high fidelity and deterministic technology can be
solved by combining these two approaches in more powerful
hybrid protocols [28].

The remote distribution of quantum resources is not only
of interest in the understanding of a physical mechanism
such as decoherence, but also of crucial importance for the
practical applications of a quantum network [28–34]. With the
help of a low-Earth orbit satellite, ground-to-satellite quantum
teleportation with a single photon over 1000 kilometers has
been realized [35,36]. The optical fiber is one of the effective
and reliable channels for the transmission of quantum infor-
mation [37–42], and its advantage is that it is low-cost and
easily compatible with the present commercial communica-
tion system. In addition, the transmission distance of quantum
communication over 100 kilometres in fiber has been realized
[43–46]. In the optical fiber channel, the transmission loss and
excess noise induced by the guided acoustic wave Brillouin
scattering (GAWBS) processing have to be considered for the
distribution of quantum resources. The simulation of GAWBS
noise is mainly due to the fluctuation of the density of optical
fibers in time and space caused by the acoustic field, which
results from the continuous thermal motion of the particles in
the optical medium [47]. Quantum coherence is an important
quantum resource, and it is in high demand to investigate the
remote distribution of quantum coherence resources for its
potential practical application in quantum communication.
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Here, we propose a deterministic remote distribution
scheme of quantum coherence resources through optical
fibers. The two-mode squeezed state (TMSS) generated by
nondegenerate optical parametric amplifier (NOPA) is dis-
tributed to quantum users, and quantum coherence of the
TMSS is quantified by calculating the relative entropy from
the covariance matrix. The quantum coherence of TMSS de-
pends on the various parameters of the actual experimental
generation system and the main factors affecting distribution
distance are the transmission loss and extra noise induced
by the GAWBS in fiber channels. The influence of various
parameters of NOPA on the quantum coherence and entan-
glement of TMSS is analyzed in detail by solving quantum
Langevin motion equations. In addition, we experimentally
characterize the evolution of quantum coherence and entan-
glement of TMSS in fiber channels. We show that the quantum
coherence of TMSS is robust against the distribution dis-
tance even if the entanglement disappears at short distribution
distance due to loss and excess noise in fiber channels. The re-
mote distribution scheme of the quantum coherence resources
of TMSS is experimentally feasible. Our results provide a
direct reference for the experimental research and the founda-
tion for potential practical applications of quantum coherence
in quantum communication.

The paper is organized as follows. In Sec. II we quantify
the quantum coherence of TMSS with NOPA and analyze
the influence of various parameters of NOPA on the quantum
coherence. The deterministic remote distribution scheme of
the quantum coherence of TMSS through optical fibers is pro-
posed and analyzed in Sec. III. A brief summary is provided
in Sec. IV.

II. QUANTIFYING COHERENCE OF TMSS WITH NOPA

Quantum coherence of a quantum state ρ̂ in Fock space can
be calculated by [9]

C(ρ̂ ) = S(ρ̂diag) − S(ρ̂ ), (1)

where S is the von Neumann entropy and ρ̂diag denotes the
state obtained from ρ̂ by deleting all off-diagonal elements
with the mean number. A Gaussian state can be completely
characterized by the displacement x̄ and the covariance ma-
trix σ in phase space in quantum information [48], so it
is natural to demand a coherence measure in terms of the
covariance matrix and displacement vector. The displacement
x̄ = 〈x〉, where x = (x̂1, ŷ1, . . . , x̂N , ŷN )t , x̂ = â + â†, and ŷ =
(â − â†)/i are the amplitude and phase quadratures of an op-
tical field, respectively. The element of the covariance matrix
is defined as σi j = Cov(xi, x j ) = 1

2 〈xix j + x jxi〉 − 〈xi〉〈x j〉.
For general N-mode Gaussian states ρ̂(x̄, σ ), the closed-

form expression for the quantification of quantum coherence
is as follows [14]:

C[ρ̂(x̄, σ )] =
N∑

i=1

[(n̄i + 1) log2 (n̄i + 1) − n̄i log2 n̄i )] − S(ρ̂ ),

(2)
where S(ρ̂ ) = ∑N

i=1[( νi+1
2 ) log2( νi+1

2 ) − ( νi−1
2 ) log2( νi−1

2 )], νi

is the symplectic eigenvalue of σ , and n̄i = 1/4[σ2i−1,2i−1 +
σ2i,2i + (x̄2i−1)2 + (x̄2i )2 − 2] is the mean number of the ith
mode.

FIG. 1. Schematic of the generation and remote distribution of
quantum coherence resources through optical fiber. Pump field â0,
signal field â1, and idle field â2 are interactive in the cavity. χ is
the nonlinear coefficient. The TMSS (âout

1(2)) is generated from single
NOPA and then distributed to quantum users (b̂1(2)).

The schematic of the remote distribution scheme of quan-
tum coherence resources through optical fibers is shown in
Fig. 1. The TMSS (âout

1(2)) is generated from a single NOPA

and then distributed to quantum users (b̂1(2)) through optical
fibers. The pump field (âin

0 ) at the harmonic-wave frequency
and a weak signal (ideal) beam (âin

1(2)) at the subharmonic
wave frequency are coupled into the NOPA [49]. The pump
mode â0, signal mode â1, and idle mode â2 are interactive in
the cavity.

The quantum Langevin motion equations of the intracavity
pump field (â0) and the signal (ideal) beam (â1(2)) when the
NOPA is operated at the parametric deamplification are given
by [50]

τ
dâ0(t )

dt
= χ â1(t )â2(t ) − γ30â0(t ) +

√
2γ10âin

0 (t )

+
√

2γ20ĉin
0 (t ),

τ
dâ1(t )

dt
= −χ â0(t )â†

2(t ) − γ3â1(t ) +
√

2γ1âin
1 (t )

+
√

2γ2ĉin
1 (t ), (3)

τ
dâ2(t )

dt
= −χ â0(t )â†

1(t ) − γ3â2(t ) +
√

2γ1âin
2 (t )

+
√

2γ2ĉin
2 (t ),

where τ is the round trip time of light in the NOPA and χ is the
parametric coupling constant of the crystal. The transmissivity
efficiency of the output coupler of the NOPA for the pump
field and the subharmonic optical field are expressed by γ10

and γ1, respectively. All the unwanted other losses (ĉin
i ) in

NOPA can be thought of as the intracavity losses of the pump
field (γ20) and the signal (idler) mode (γ2), respectively. The
total loss of the pump field and signal (ideal) fields for NOPA
are γ30 = γ10 + γ20 and γ3 = γ1 + γ2, respectively. In the lin-
earized description of fields, the operators can be expressed
by the sum of an average steady-state value 〈x̂i〉(〈ŷi〉) and a
fluctuating component δx̂i(δŷi ), that is, x̂i = 〈x̂i〉 + δx̂i (ŷi =
〈ŷi〉 + δŷi ). The output and the intracavity optical fields satisfy
the following boundary condition: âout

i = √
2γ1âi − âin

i .

013710-2



REMOTE DISTRIBUTION OF THE QUANTUM COHERENCE … PHYSICAL REVIEW A 108, 013710 (2023)

From the fluctuating component motion equation and the
relationship between the input and output fields of the NOPA

system, the quadrature correlation variances of the output
optical fields (âout

1(2)) can be calculated as

δx̂out
a1 = −(

2γ1δx̂in
a1 + 2

√
γ1γ2δx̂in

c1

)
(γ3 + iωτ ) + 2kγ1δx̂in

a2 + 2k
√

γ1γ2δx̂in
c2

k2 − (γ3 + iωτ )2 − δx̂in
a1,

δx̂out
a2 = 2kγ1δx̂in

a1 + 2k
√

γ1γ2δx̂in
c1 − (

2γ1δx̂in
a2 + 2

√
γ1γ2δx̂in

c2

)
(γ3 + iωτ )

k2 − (γ3 + iωτ )2 − δx̂in
a2,

δŷout
a1 = −(

2γ1δŷin
a1 + 2

√
γ1γ2δŷin

c1

)
(γ3 + iωτ ) + 2kγ1δŷin

a2 + 2k
√

γ1γ2δŷin
c2

k2 − (γ3 + iωτ )2 − δŷin
a1,

δŷout
a2 = 2kγ1δŷin

a1 + 2k
√

γ1γ2δŷin
c1 − (

2γ1δŷin
a2 + 2

√
γ1γ2δŷin

c2

)
(γ3 + iωτ )

k2 − (γ3 + iωτ )2 − δŷin
a2, (4)

where x̂in
a1, ŷin

a1, x̂in
a2, ŷin

a2, x̂in
c1, ŷin

c1, x̂in
c2, ŷin

c2 are the quadrature
amplitude and phase operators of the optical modes âin

1 , âin
2 ,

ĉin
1 , ĉin

2 . ω is the analysis frequency and the nonlinear coupling
efficiency k is related to the parametric coupling constant χ

and the pump power [51]. Solving the quantum Langevin
motion equations and using the input-output relations of the
NOPA, the correlation variances of the output optical fields
are obtained [52]〈

δ2
(
x̂out

a1 + x̂out
a2

)〉 = 〈
δ2

(
ŷout

a1 − ŷout
a2

)〉

= 2

[
1 − 4kγ1

(k + γ1 + γ2)2 + ω2τ 2

]

= 2

[
1 − 4βρ

(1 + β )2 + �2

]
, (5)

where β = √
ppump/pth = k/γ3 is the normalized pump pa-

rameter (ppump is the pump power and p th = γ 2
3 γ 2

30
2γ10χ

is the
threshold pump power of NOPA); ρ = γ1/γ3 is the escape
efficiency of the NOPA; � = ωτ/γ3 is the normalized analy-
sis frequency.

Since the displacement x̄ of the generated TMSS is zero,
the TMSS can be completely represented by its covariance
matrix σ . The diagonal elements of the covariance matrix are
the variances of the amplitude (δ2x̂i) and phase quadratures
(δ2ŷi) and the nondiagonal elements are the covariances of
the amplitude or phase quadratures, which can be calculated
by σi j = 1/2[δ2(xi + x j ) − δ2xi − δ2x j]. The covariance ma-
trix of the generated TMSS from the NOPA system is
calculated as

σ =
(

A C
Ct B

)
, (6)

where A = aI (B = bI) represents the reduced covariance
matrice of the individual submode, C = cZ expresses the
correlation between the submodes, I and Z are Pauli matrices:
I = Diag(1, 1), Z = Diag(1,−1), a = b = 1 + 2kγ1(m − n),
c = −2kγ1(m + n), and m = 1/[ω2τ 2 + (−k + γ1 + γ2)2],
n = 1/[ω2τ 2 + (k + γ1 + γ2)2]. The symplectic eigenvalues
of the covariance matrix in the standard form can be de-
termined by [53] ν± = [

√
� ± (b − a)]/2, where � = (a +

b)2 − 4c2. The positive partial transposition (PPT) criterion
[54] is applied to describe the entanglement of the entangled

state, which is a sufficient and necessary condition for a
two-mode entangled state with continuous variables. The PPT
value means the associated smallest symplectic eigenvalue
of the partial transpose and it can be determined by [(
 −√


2 − 4 det σ )/2]1/2, where 
 = det A + det B−2det C. If
the smallest symplectic eigenvalue ν is below 1, the state is
entangled. Furthermore, smaller ν represents stronger entan-
glement.

The influence of various parameters of NOPA on the
quantum coherence and entanglement of the deterministic
generated TMSS is analyzed in detail as shown in Fig. 2.
Figure 2(a) is the dependence of quantum coherence and PPT
value of TMSS on the transmissivity of the output coupler
for a given analysis frequency (ω = 2 MHz). The loss of the
intracavity γ2 is 0.002, and the nonlinear coupling efficiency k
is 0.1. The black dash-dotted line a is the corresponding shot
noise limit (SNL), the blue dashed line b and red solid line
c are quantum coherence and the PPT value of TMSS versus
the transmissivity of the NOPA, respectively. The PPT value
decreases with the increase of γ1 when γ1 < 0.102, while
the PPT value increases with the increase of γ1 due to the
increased vacuum noise introduced when γ1 > 0.102. There is
a minimum value of the PPT value when γ1 = 0.102, which
means the highest degree of entanglement. For quantum co-
herence of TMSS, the best transmissivity is 0.098. The reason
for the slight difference between the two optimal transmis-
sivities is the presence of intracavity loss γ2. The quantum
coherence and entanglement of the TMSS can be maximized
at γ1 = 0.1 if the intracavity loss is reduced to zero.

Figures 2(b) and 2(c) show the calculated dependence of
quantum coherence and the PPT value of the output optical
fields on the pump parameter β, where the blue dashed line a
for γ1 = 0.1, γ2 = 0.001, the red solid line b for γ1 = 0.05,
γ2 = 0.001, and the green dotted line c for γ1 = 0.1, γ2 =
0.01, respectively. Trace d is the boundary of the entangled
and separable states. The quantum coherence and entangle-
ment of TMSS increases with the increase of the pump
parameter β. Comparing traces a and c, it is obvious that the
quantum coherence and the entanglement of the output fields
is greater when the NOPA with the smaller intracavity loss γ2

is at a fixed pump parameter. Also, the quantum coherence and
entanglement of TMSS can be increased with the increasing
output transmissivity efficiency and the decreasing intracavity
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FIG. 2. Dependence of the quantum coherence and entanglement
of TMSS on various parameters of NOPA. (a) The quantum coher-
ence and PPT value versus the transmissivity of the output coupler
for the subharmonic optical field. Black dash-dotted line “a” is the
corresponding SNL, blue dashed line “b,” and red solid line “c” are
quantum coherence and PPT value of TMSS versus transmissivity of
the NOPA, respectively. (b), (c) Dependence of quantum coherence
and PPT value of TMSS on the pump parameter, respectively. Blue
dashed line a: γ1 = 0.1; γ2 = 0.001; red solid line b: γ1 = 0.05,
γ2 = 0.001; green dotted line c: γ1 = 0.1, γ2 = 0.01. Trace d is the
boundary of the entangled and separable states. The round trip time
τ of light in the cavity is 0.36 × 10−9 s.

loss at a fixed pump parameter. We show that the effects of the
pump parameter and intracavity loss on quantum coherence
and the entanglement of TMSS are consistent. However, the
threshold pump power of the NOPA cavity shows a rising
trend with the increase of the output transmissivity efficiency
[55]. It is very disadvantageous in terms of the selection of
lasers and optical elements in the experiment. Therefore, it
is necessary to select the appropriate experimental parame-
ters to improve the quantum coherence and entangled degree
of the TMSS.

III. REMOTE DISTRIBUTION OF QUANTUM
COHERENCE OF TMSS

The elements of the covariance matrix of the generated
TMSS can be given by a = b = cosh(2r) and c = − sinh(2r),
where r is the squeezing parameter. The TMSS and the local
beam are simultaneously transferred in optical fibers to con-
veniently lock their relative phase, and then quantum users
reconstruct the covariance matrix of the distributed optical
fields by two sets of balanced homodyne detectors (BHDs)
with local (LO) oscillators. When the resulting TMSS prop-
agates in the optical fiber, transmission loss and the excess
noise produced by the effect of the depolarized GAWBS is
considered. The relationship between the output fields (b̂i) and

input fields ( âout
i ) transmitted in the fiber are given by [56,57]

b̂i = √
ηiâ

out
i +

√
1 − ηiâυ + √

ηiâg, (7)

where âg is the mode of GAWBS extra noise and âυ is the
mode of vacuum noise induced by the transmission loss. ηi =
ηc

i η
t
i are the total transmission efficiency of TMSS submodes

in the optical fibers which consist of the coupling efficiency
ηc

i = 0.85 of the fiber coupler and the fiber transmission ef-
ficiency ηt

i = 10−ξ li/10, where ξ is the transmission loss and
li is the distribution distance. A typical transmission loss of
0.36 dB/km at 1342 nm in the optical fiber is employed in
our scheme to quantify the quantum coherence evolution of
TMSS. The elements of the covariance matrix of the optical
fields over the fiber channels can be expressed as

a′ = η1a + 1 − η1 + η1εl1ILO,

b′ = η2b + 1 − η2 + η2εl2ILO, (8)

c′ = √
η1η2c,

where εliILO is the excess noise induced by the signal beam
by the GAWBS processing on âg, ILO is the power of the
corresponding LO beam before the fiber coupler, and ε is the
noise coefficient of GABWS in the fiber.

Here we consider two kinds of realistic scenarios. One is
a scenario that the TMSS is distributed to two parties who
wish to communicate over two fiber channels, which is re-
ferred to as the dual-channel communication scheme (l1 =
l2 = l). Another possibility is that one of the parties holds
the quantum-state generator and only one submode needs to
propagate through the fiber channel, which is referred to as the
single-channel communication scheme (l1 = 0, l2 = l ). In the
dual-channel scheme, the experimental data and theoretical
prediction of quantum coherence and the PPT value of the
distributed TMSS via the distribution distance with different
squeezing parameters r are shown in Figs. 3(a) and 3(b), re-
spectively. The power of the LO beam at BHDs after the fibers
is 1 mW and ε is 0.16 km−1/ mW−1 at the usual analysis
frequency range (1.0 MHz to 6.0 MHz). The red solid line a,
green dashed line b, and blue dotted line c correspond to the
squeezing parameters r = 0.46, 1, 1.5, respectively. Trace d
is the corresponding SNL. The experimental data at r = 0.46
are marked as red circles in the figures [57]. The quantum
coherence and entanglement of the distributed TMSS both
increase with the increasing squeezing parameter. In addition,
the maximum distribution distances of entanglement of TMSS
are 2.58 km, 3.45 km, 3.71 km in the dual-channel scheme
when the squeezing parameters are 0.46, 1, 1.5, respectively.
When the distribution distance is longer than this maximum
required value, the entanglement disappears completely be-
tween quantum users and the distribution of entanglement
cannot be realized. However, the quantum coherence of TMSS
still exists even if the entanglement disappears completely.
The quantum coherence of TMSS decreases with the enhance-
ment of the transmission loss and the induced GAWBS extra
noise in fiber channels, which is because the loss and noise
are all incoherent operations and quantum coherence will
decrease under incoherent operations [9].

The relationship between entanglement and relative en-
tropy of the distributed TMSS and distribution distance with
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FIG. 3. (a), (b) Quantum coherence and PPT value versus dis-
tribution distance with different squeezing parameters. Lines a to c
with different styles of curves correspond to squeezing parameter
r = 0.46, 1, 1.5, respectively. Trace d is the corresponding SNL and
the experimental data at r = 0.46 are marked as red circles.

different powers of the LO beam after fibers are shown in
Figs. 4(a) and 4(b), respectively. The traces a to c and d to
f correspond to the dual-channel scheme and single-channel
scheme, respectively. The blue dashed line a (blue short
dashed line d), red dotted line b (red short dotted line e),
and green dash-dotted line c (green short dash-dotted line
f) correspond to the power of the LO beam as 2 mW, 1
mW, and 0.5 mW, respectively. The black solid trace g in
Fig. 4(b) shows the boundary for entanglement where the
PPT value is equal to 1. The experimental data are marked as
red circles. The entanglement and quantum coherence of the
distribution TMSS both decrease with the increasing power of
the LO beam. Comparing traces a and d with the same color,
it is obvious that the distribution distance of entanglement in
the single-channel scheme is different from the dual-channel
communication scheme, and not just double the distance.
When the power of the LO beam is 2 mW, 1mW, 0.5 mW,
respectively, the maximum distribution distances are 1.42 km
(3.86 km), 2.58 km (6.30 km), 4.43 km (9.59 km) in the dual-
channel (single-channel) scheme, respectively. Propagation in
a single fiber over a certain distance would have a different

FIG. 4. (a), (b) Dependence of quantum coherence and PPT
value on distribution distance with the squeezing parameter r =
0.46. The traces a to c and traces d to f correspond to the dual-
channel scheme and single-channel scheme. Traces a(d), b(e), and
c(f) correspond to the power of the LO beam at BHDs is 2 mW, 1
mW, and 0.5 mW, respectively. The black solid line g is the SNL.

effect as the propagation of both submodes in two fibers, over
half the distance [58]. The quantum coherence of the TMSS
gradually approaches 0 with the increase of distribution dis-
tance and it is robust against loss and noise in fiber channels.
The physical reason for the robustness of quantum coherence
of TMSS in the fiber channel is that the proportion of quantum
coherence is decreased when it is mixed with thermal noise,
but the quantum coherence disappears completely only when
infinite extra noise is involved.

IV. SUMMARY

In summary, we propose a experimentally feasible remote
distribution scheme of quantum coherence resources through
optical fibers. The generated TMSS from a single NOPA is
distributed through fiber channels, and quantum coherence of
TMSS is quantified by the relative entropy of the covariance
matrix. The evolution of quantum coherence of TMSS in the
actual experimental generation system and fiber channels are
analyzed in detail. Quantum coherence is robust against loss
and extra noise induced by the GAWBS in fiber channels
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even if the entanglement disappears completely. The pre-
sented research provides the direct reference of experimental
research and the foundation of the practical application of
quantum coherence in the practical quantum communication
network.
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