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a b s t r a c t 

Non-classical states of light, which include squeezed and entangled states of light, are the cornerstone of quantum 

mechanics and quantum information sciences. To date, non-classical states of light with much higher quality 

than before are required to develop high-fidelity quantum information processing and high-precision quantum 

metrology. Squeezed and entangled states with approximately 10 dB noise below the corresponding shot noise 

limit have been generated using a series of methods, which means that the noise variance reaches a few percent of 

the vacuum noise. Quantum teleportation, which means transferring an unknown quantum state from a sending 

station to a distant receiving station supported by entangled states, is the foundation of quantum computation 

and quantum communication networks. Quantum teleportation in continuous variable regions is unconditional 

because the entangled states used are always deterministic. The quantum teleportation distance was recently 

extended to the order of kilometers, which paves the way for constructing a practical quantum information 

network. 
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. Introduction 

Non-classical states of light, including squeezed and entangled states

f light, are important resources for fundamental studies of quantum

echanics and applied research into quantum information sciences,

uch as faster quantum computation, more secure quantum communi-

ation, and more precise quantum metrology [ 1 –3 ]. Light is an ideal

arrier for quantum information due to its fast transmission speed and

eak interactions with the environment. Quantum information based on

iscrete-variable (DV) single photons, called quantum bits, has rapidly

eveloped, and high-fidelity quantum information research supported

y maximally entangled states has been implemented [1] . Differing from

tudies in DV regions, continuous-variable (CV) optical fields, called

uantum modes, are an alternative method of deterministic quantum

nformation processing due to the unconditional generation, manipula-

ion, and detection technologies of optical fields [ 2 , 3 ]. Therefore, gener-

ting CV non-classical states of light is important for quantum informa-

ion science. Parametric amplification processing inside a cavity with a

on-linear crystal is one of the most efficient methods of generating non-

lassical states of light. An optical parametric amplifier (OPA) usually

onsists of a non-linear crystal and an optical cavity. The non-linear crys-

al is used to implement the parametric amplification processing and the
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ptical cavity enhances parametric processing to generate high-quality

on-classical states. According to the phase-matching condition of the

ignal and idler beams, OPA can be divided into degenerate optical para-

etric amplifiers (DOPAs) and non-degenerate optical parametric am-

lifiers (NOPAs). A DOPA consisting of a type I non-linear crystal usually

enerates a single-mode squeezed state of light [ 4 –6 ]. Because the noise

ariance of one quadrature component can be squeezed below the shot

oise limit (SNL), while the other conjugate quadrature component is

bove the SNL to satisfy the Heisenberg uncertainty principle, squeezed

tates of light have compelling applications in quantum metrology to

mprove the measurement sensitivity [ 7 –9 ], such as continuous force

nd displacement measurements [10] , gravitational-wave detection [ 11 ,

2 ], and biological measurements [13] . Einstein-Podolsky-Rosen (EPR)

ipartite-entangled states can be obtained when two squeezed states

rom two sets of DOPAs interfere on a 50/50 beam splitter [ 14 –16 ].

ultipartite entanglement is crucial for developing quantum networks

 17 –21 ]. If more squeezed states of optical field are generated and cou-

led on a beam splitter network, the multipartite-entangled state of op-

ical fields can be obtained using Braunstein and Lance’s method [ 2 ,

7 ]. NOPA is composed of type II non-linear crystals and optical cavities

nd produces two polarization-perpendicular optical fields. The coupled

ode of output optical fields from NOPA is a two-mode squeezed state,
Ai Communications Co. Ltd. This is an open access article under the CC BY 
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c  
nd if two-mode optical fields are separated by a polarized beam splitter

PBS), they form an EPR bipartite-entangled state [ 21 –24 ]. 

With the development of quantum information science, entangled

ptical fields with a high degree of entanglement are desirable for high-

delity quantum information processing. One approach to obtain highly

ntangled states is optimizing the NOPA’s condition. Another method

o provide high-quality quantum states is quantum manipulation [ 25 –

7 ]. An OPA, which is an ideal phase-sensitive device, can be used

o not only generate the non-classical states, but also implement their

hase-sensitive manipulation [ 28 –30 ]. Compared with measurement-

ased feedback control, coherent feedback control (CFC) manipulates

uantum states of light without introducing extra noise [ 31 –35 ]. The

FC system enables researchers to not only manipulate entangled states

o provide the desirable degree of entanglement but also increase the

egree of entanglement under the proper conditions [35] . 

Quantum entanglement can be applied in a variety of quantum infor-

ation protocols to improve information capability, transmission secu-

ity, and measurement precision. Quantum teleportation transfers an un-

nown quantum state from one node to another, which is implemented

hrough the local operation and shared quantum entanglement [ 36 –41 ].

uantum teleportation is essential for quantum information science and

as been widely applied in many quantum information protocols such as

uantum entanglement swapping [ 42 –45 ], quantum teleportation net-

orks [46] , and quantum computation [ 47 –49 ]. Since quantum tele-

ortation based on bipartite entanglement was proposed and its experi-

ental implementation was based on entangled photon pairs [37] , stud-

es on probabilistic quantum teleportation have been widely conducted.

eterministic quantum teleportation of quantum modes based on CV-

ntangled states has also attracted considerable attention [ 38 –40 ]. Hy-

rid quantum teleportation that combines the advantages of DV and CV

pproaches has been experimentally demonstrated [ 50 , 51 ]. 

Long-distance quantum teleportation is necessary for practical ap-

lications of the global-scale quantum Internet. Breakthroughs have re-

ently been achieved in high-fidelity and long-distance quantum tele-

ortation. Because transmission loss and decoherence are almost negligi-

le in the atmosphere, satellite-based quantum channels offer a promis-

ng approach for long-distance quantum teleportation. In 2017, quan-

um teleportation from the ground to a low-Earth-orbit satellite with a

ingle photon over 1400 km was experimentally demonstrated, which

rovided a feasible protocol for quantum communication on a global

cale [52] . Low-loss optical fibers have also been applied to construct

uantum channels for long-distance quantum teleportation [ 53 , 54 ]. Re-

ently, 6.0 km deterministic teleportation of quantum modes via fiber

hannels with a fidelity of 0.62 has been achieved [55] . 

The paper is organized as follows. In Section “Generation of non-

lassical states of light”, the generation of non-classical states of light

s investigated and the production of a highly entangled state of light

s discussed. In Section “Quantum manipulation of entangled optical

elds”, the quantum manipulation of entangled states including phase-

ensitive manipulation and coherent feedback control of entangled opti-

al fields are introduced. Deterministic quantum teleportation through

ptical fibers supported by entangled states of light is demonstrated in

ection “Fiber channel continuous-variable quantum teleportation”. Fi-

ally, a brief summary is provided in Section “Conclusion and perspec-

ive”. 

. Generation of non-classical states of light 

The optical EPR-entangled states, called two-mode squeezed states,

onsist of two sub-modes with quantum correlations between the

uadrature amplitude and quadrature phase. If the combination of noise

ariances of the amplitude sum (difference) and phase difference (sum)

f the two sub-modes is smaller than the corresponding SNL, the two

ub-modes are inseparable and thus form an optical state with EPR en-

anglement. Entangled states of light are among the most prominent

uantum resources in quantum information science, and over the past
44 
ew decades, the generation of entangled states has made considerable

rogress, advancing quantum communication and quantum computa-

ion. In 1992, Kimble’s group experimentally obtained a pair of CV-

ntangled optical beams with a NOPA and demonstrated the EPR para-

ox in the CV system. Since then, the quality of EPR entanglement has

een improved by related groups [ 16 , 24 , 44 ]. 

The inseparability criterion can be used to verify EPR entanglement.

n this criterion, the quantum correlation of the Gaussian state is quanti-

ed by the correlation variance sum 𝑆 of the quadrature amplitude and

hase [ 56 , 57 ]: 

 = ⟨𝛿2 (�̂� 𝑎 1 ± �̂� 𝑎 2 
)⟩ + ⟨𝛿2 (𝑌 𝑎 1 ∓ 𝑌 𝑎 2 

)⟩, (1)

here 𝑎 1 and 𝑎 2 are sub-modes of the EPR entanglement, �̂� 𝑎 1(2) and
̂
 𝑎 1(2) are the operators of amplitude and phase quadratures for each

ub-mode, and ⟨𝛿2 ( �̂� 𝑎 1 ± �̂� 𝑎 2 ) ⟩ and ⟨𝛿2 ( ̂𝑌 𝑎 1 ∓ 𝑌 𝑎 2 ) ⟩ are the correlation

ariances of the quadrature amplitude and phase in two EPR sub-modes.

ccording to the inseparability criterion [ 56 , 57 ], the sum of the cor-

elation variance between signal and idler optical fields equals 1. If the

orrelation variance sum is less than the corresponding SNL such that

 1, the output fields are CV-entangled states. The strength of the entan-

lement is measured by the degree of entanglement, which is the ratio

etween the correlation variance and its corresponding SNL. 

It is crucial to generate highly entangled states with a compact quan-

um device to conduct proof-of-principle experiments for practical ap-

lications. To improve the degree of entanglement, our group experi-

entally demonstrated that quantum correlations of the amplitude and

hase quadrature between signal and idler optical fields from a NOPA

an be significantly improved using a mode cleaner to reduce phase

uctuations in phase locking systems. Based on these two technical im-

rovements, the entanglement degree of EPR-entangled optical fields

nhanced from 4.0 dB to 6.0 dB below the corresponding SNL, that is,

 = 0 . 25 [24] . We then designed and constructed an efficient and com-

act entanglement source, in which a NOPA with triple resonance of the

ump, signal, and idler optical fields directly produced highly entan-

led states by increasing the output coupler’s transmissivity. A wedged

ype-II phase-matching non-linear KTP crystal was used to implement

arametric down-conversion of the pump’s optical field to generate en-

angled signals and idler optical fields. Triple resonance was achieved

y precisely moving the wedged crystal’s position to compensate for

ispersion between the pump, signal, and idler optical fields. An EPR-

ntangled state with amplitude and phase quadrature correlations 8.4

B below the corresponding SNL was experimentally obtained by this

ingle NOPA [21] . The corresponding correlation variance sum of the

mplitude and phase quadrature was 𝑆 = 0 . 14 < 1 . 
A NOPA in a deamplification situation (in which the phase differ-

nce between the pump field and signal [idler] optical field equals

 2 𝑘 + 1 ) 𝜋, where 𝑘 is an integer) outputs an EPR-entangled state with

nti-correlation of the quadrature amplitude and correlation of the

uadrature phase. By resolving the NOPA’s Langevin equation, the cor-

elation variance’s dependence on the sub-mode of the EPR entangle-

ent on the NOPA’s real parameters can be obtained: 

 = 1 − 𝜂

4 
√ 

𝑃 

𝑃 𝑡ℎ (
1 + 

√ 

𝑃 

𝑃 𝑡ℎ 

)2 
+ 4 (2 𝜋𝑓∕ 𝜅) 2 

, (2)

here the total efficiency 𝜂 is the effective NOPA output, which de-

ends on the imperfect detection efficiency of the entanglement mea-

urement system and the NOPA’s escape efficiency; 𝑓 is the sideband’s

nalysis frequency; 𝜅 is the NOPA cavity’s decay rate; and 𝑃 and 𝑃 𝑡ℎ 
re the NOPA’s pump power and pump threshold power, respectively.

q. (2) demonstrates that this is an effective method of obtaining a high

egree of entanglement by increasing the transmissivity of the NOPA’s

utput coupler and decreasing the intracavity losses in the signal (idler)

ptical field. 

The experimental setup of the triple-resonance NOPA with a wedged

rystal is shown in Fig. 1 . A continuous-wave intracavity frequency-
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Fig. 1. The experimental setup of the triple- 

resonance NOPA. MC1-2: Mode cleaner. NOPA: 

Non-degenerate optical parametric amplifier. 

PBS: Polarized beam splitter. BHD1-2: Bal- 

anced homodyne detector. SA: Spectrum ana- 

lyzer. 
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Fig. 2. An experimental schematic of the cascaded entanglement manipulation 

system. MC1-2: Mode cleaner; NOPA1-3: Nondegenerate optical parametric am- 

plifier; BHD: balanced homodyne detector. 
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oubling single-frequency Nd:YAP/LBO laser (Yuguang Co.) outputs

asers at 1080 nm and 540 nm. Two ring cavity mode cleaners (MC) are

sed for spatial-temporal filtering to improve the mode quality and re-

uce extra amplitude and phase fluctuations at 1080 nm and the pump’s

ptical field at 540 nm, respectively. The output optical fields from the

wo mode cleaners at 1080 nm and 540 nm are used as the NOPA’s

eeded signal (idler) and pump optical fields. To avoid the walk-off ef-

ect of ordinary and extraordinary optical fields within the crystal, 𝛼 cut

 

∗ 3 ∗ 10 mm 

3 KTP was used in the experiment as a non-linear crystal with

ype-II non-critical phase matching [58] . The KTP crystal was placed in

 copper oven with a precise temperature controller and moved along

he transverse direction for triple resonance. The seeded signal and idler

ptical fields with horizontal and vertical polarization at 1080 nm res-

nated in the NOPA by tuning the KTP crystal’s temperature to 63 °C. To

ompensate for dispersion between the pump and signal (idler) optical

elds for triple-resonance, a wedged crystal was placed in the optical

avity. When the wedged crystal was transversally moved in the optical

avity, the compensation of the optical paths between different optical

elds was complete. The NOPA’s cavity length was locked to resonate

ith the signal’s optical field using the Pound–Drever–Hall (PDH) tech-

ique. When the NOPA’s pump threshold power was 150 mW, two sig-

al and idler optical fields were generated by the intracavity parametric

own-conversion process at a pump power of 75 mW. 

To measure the entanglement between the signal and idler modes,

he amplitude or phase quadrature of the two output modes separated

y the PBS were measured using two sets of balanced homodyne detec-

ors (BHDs) consisting of a 50/50 beam splitter and two high-quantum-

fficiency photodetectors. When the relative phase between the local

nd signal (idler) optical fields was locked at 0 or 𝜋∕2 , two sets of the

HD system’s outputs were combined by a positive (negative) power

ombiner to obtain anti-correlation (correlation) variances between the

mplitude or phase quadrature of the signal and idler modes, which

ere then measured by a spectrum analyzer (SA). The noise powers of

he amplitude and phase quadrature measured at 2 MHz showed that

he EPR bipartite-entangled state with correlation variances of the am-

litude and phase quadrature were 8.4 dB below the corresponding SNL

btained [21] . 

An efficient method of generating multiple entangled modes was re-

ently proposed utilizing frequency multiplexing in optical parametric

rocessing. Each pair of a DOPA’s sideband modes were used for an

ndependent quantum channel for quantum communication because a

queezed field involved a series of EPR-entangled modes at sidebands of

 0 ± 𝑛 𝜔 𝐹𝑆𝑅 , where 𝜔 0 is the half frequency of the DOPA’s pump field, 𝑛

s an integer, and 𝜔 𝐹𝑆𝑅 is the DOPA’s free spectral range. Each pair of

ideband modes formed an EPR-entangled state that could be used by an

ndependent quantum channel for quantum communication. By apply-

ng an accurate frequency-filtered system, fourfold entangled sideband

odes with entanglements of 8.0, 7.9, 7.2, and 7.6 dB were spatially

eparated and obtained at the DOPA’s first four resonances, respectively.
 t  

45 
hen four-channel multiplexing quantum dense coding communication

ith four pairs of extracted entangled sideband modes was experimen-

ally demonstrated by our group [59] . Because these entanglements had

ide frequency separation among entangled pairs, the channel capacity

f quantum channels significantly increased and cross-talk effect was

asily avoided. 

. Quantum manipulation of entangled optical fields 

Control is used to find methods of manipulating the evolution of

ynamic systems. Control is studied by analyzing dynamic systems in

he frequency domain because researchers are mainly interested in

ts steady-state behavior. Optical parametric processing not only pro-

ides desirable quantum states, but also manipulates entangled optical

elds for practical applications. Fig. 2 shows an experimental schematic

f a cascaded entanglement-manipulation system, which includes a

ontinuous-wave laser, two MCs, and three NOPAs. The output of fun-

amental and harmonic wave lasers from two mode cleaners is used as

he injected signal (idler) optical fields of NOPA1 and the pump op-

ical fields of the three NOPAs, respectively. First, NOPA1 generates

n EPR-entangled optical field that is used as the injected optical field

f NOPA2 for first-stage quantum manipulation of the entanglement.

hen the manipulated EPR optical field from NOPA2 is injected into

OPA3 for second-stage quantum manipulation. The signal and idler

ptical fields from NOPA3 with orthogonal polarizations are detected

y the BHD. The degree of entanglement depends on the status of the

hree NOPAs. If all three NOPAs are operated simultaneously below the
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Fig. 3. An experimental schematic of the CFC-NOPA system. MC1-2: Mode 

cleaner. NOPA: Non-degenerate optical parametric amplifier. CFC: Coherent 

feedback control. BHD: Balanced homodyne detector. 
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v  
OPA’s pump threshold power under deamplification conditions, cas-

aded entanglement enhancement is achieved and the degree of output

ntanglement improves from − 5.3 dB to − 8.1 dB [30] . 

Non-measurement-based coherent feedback control (CFC) is another

uantum manipulation method [27] . Compared to measurement-based

eedback control, the CFC system introduces no backaction noise into

he controlled system and is suitable for manipulating various noise-

ensitive quantum states in optical fields. The CFC system can be used

o test the principles of linear quantum stochastic control theory [60] for

uantum error correction [61] . An experimental schematic of the CFC-

OPA system is shown in Fig. 3 . The quantum state is originally pro-

uced by a NOPA and then directly injected into the CFC loop. In the CFC

oop, non-classical optical fields are split into two parts by a controlled

eam splitter: one is fed back to the NOPA and the other is the final

utput optical field’s quantum states. The output optical fields’ quantum

eatures can be manipulated by a controlled beam splitter (CBS) because

he CFC loop coherently manipulates the NOPA’s original output and

eeds some of it back into the NOPA to manipulate its performance. The

FC can also be applied in the DOPA system, and squeezing enhance-

ent based on the CFC system was proposed and experimentally real-

zed [ 62 –64 ]. The CFC system can be extended to multipartite-entangled

tates of light generated by an OPA. By controlling the transmissivity of

 CBS in a CFC loop, the degree of entanglement of output multipartite-

ntangled optical fields can be significantly improved [34] . The non-

easurement-based CFC has been applied to deterministic atomic light

ntanglement with imperfect retrieval efficiency. Deterministic atomic

ight entanglement is generated based on the Raman process. It is possi-

le to manipulate atomic light entanglement by tailoring the transmis-

ivity of the CBS of the CFC loop, and the CFC system allows atom-light

ntanglement enhancement under appropriate conditions [65] . 

. Fiber channel continuous-variable quantum teleportation 

Due to its extra-low noise characteristics, quantum entanglement

as been applied in various quantum information protocols to enhance

he procession capabilities, transmission speed, and measurement preci-

ion. Quantum teleportation reliably transfers a quantum state from one

ode to another over long distances by quantum entanglement shared

etween a sender and distant receiver without any need of the phys-

cal traveling of the object. It is essential for quantum entanglement

wapping [ 42 –45 ], quantum teleportation networks [46] , and quantum

omputation [ 47 –49 ]. Quantum entanglement swapping entangles dif-

erent particles that have never directly interacted with each other and
46 
onnects different quantum nodes and quantum networks to produce

 quantum repeater [ 42 –45 ]. Therefore, quantum teleportation is the

ornerstone of practical applications of quantum information science. 

DV quantum information implements high-fidelity quantum infor-

ation processing based on post-selected entangled photons and has

chieved considerable progress. In 1993, C.H. Bennett et al. proposed a

ethod of teleporting an arbitrary unknown quantum state supported by

he classical information channel and quantum correlations [36] . First,

wo particles with entangled states are generated and distributed to a

ender and distant receiver. Then an unknown quantum state to be tele-

orted is jointly measured using one of the entangled particles held by

he sender. The measurement results are transmitted to the distant re-

eiver through classical communication channels. The quantum state of

he other particle of the entangled state held by the distant receiver is

ransformed into an unknown input state based on the results of the

ender’s joint measurement. The unknown input quantum state is de-

troyed at the sender when it is jointly measured at the sending station

nd is reconstructed at the receiver when quantum teleportation is com-

lete. In 1997, D. Bouwmeester et al. experimentally completed the first

uantum teleportation of quantum bits [37] . 

Quantum teleportation over long distances is a key building block for

onstructing a global platform of quantum communication networks. In

uantum communication networks, transmission loss and phase noise

re inevitable in long-distance transmission channels in practice, and the

rror probability scales exponentially with the channel length. Optical

bers are widely used in classical communication networks due to their

ow transmission loss and in quantum information technology to con-

truct large-scale quantum communication networks. In 2003, I. Mar-

ikic et al. accomplished probabilistic quantum teleportation of quan-

um bits from one laboratory to another connected by a 2.0 km fiber

53] . H. Takesue et al. reported on quantum teleportation over a 100

m optical fiber using four high-detection-efficiency superconducting

anowire single-photon detectors [54] . Satellite-based quantum chan-

els offer a promising alternative approach for quantum teleportation

ver long distances because photon loss and decoherence are negligible

n the atmosphere. Yin et al. and Ma et al. respectively demonstrated

uantum teleportation of quantum bits over 100 km free-space quantum

hannels [ 66 , 67 ]. A promising method adopts satellite platforms and

pace links, significantly reducing channel loss because most photon-

ropagation paths are empty spaces. For quantum communication on

 global scale, Ren et al. demonstrated quantum teleportation of in-

ependent single-photon quantum bits up to 1400 km from a ground

bservatory to a low-Earth-orbit satellite [52] . 

Probabilistic generation and measurement systems make it impos-

ible to instantaneously transfer quantum states [ 2 , 3 ]. Deterministic

uantum teleportation is desirable in quantum communication networks

nd distributed quantum computation. CV quantum teleportation of

uantum modes can enable deterministic quantum teleportation of ar-

itrary unknown quantum states because the generation, manipulation,

nd detection of continuous variables are unconditionally complete [ 38 ,

0 ]. Fidelity is used to characterize the performance of quantum state

ransfers. Using only a classical channel, a fidelity of 1/2 was obtained

hat was set as the boundary between classical and quantum domains

o teleport coherent states. The criterion for evaluating the performance

f quantum teleportation of continuous variables has a fidelity value

arger than 2/3, which warrants that the teleported state is the best pos-

ible remaining copy of the input state [68] . If quantum entanglement is

sed, the fidelity of quantum teleportation can surpass the boundary of

/2 and even reach a perfect value of 1.0 with the perfect entanglement

 69 , 70 ]. Deterministic quantum teleportation of optical coherent states

as first demonstrated with a CV-entangled state of light in 1998 [40] .

Transferring non-classical states across quantum communication net-

orks is required for quantum information science. Quantum telepor-

ation of a squeezed state has been demonstrated experimentally. The

ariance of the teleported squeezed state was smaller than that of the

acuum state input, and the measured fidelity was 0.85, higher than
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Fig. 4. A schematic of deterministic quantum teleportation through fiber chan- 

nels. EPR: Einstein–Podolsky–Rosen bipartite-entangled state. DOPA: Degener- 

ate optical parametric amplifier. PM: Phase modulator. AM: Amplitude modu- 

lator. BHD1-3: Balanced homodyne detector. 
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f  
he classical case of 0.73 [71] . Quantum entanglement swapping can be

iewed as quantum teleportation of entangled optical fields, enabling us

o entangle different particles that never have directly interacted with

ach other. Two pairs of optical fields with entangled states were pro-

uced from two sub-threshold NOPAs and used as quantum channels.

hrough direct Bell state measurement and feed-forward, one optical

eam of an entangled state to be teleported and the other optical beam

f the entangled state as a quantum channel that have never directly in-

eracted with each other can be entangled. Quantum correlation degrees

f 1.23 and 1.12 dB below the corresponding SNL for the amplitude and

hase quadrature were measured, and quantum entanglement swapping

ransferred the entangled state of optical fields [43] . Hybrid protocols

nvolving DV and CV techniques for quantum information processing

re demanding for practical applications because they combine the ad-

antages of both techniques. N. Lee et al. reported experimental quan-

um teleportation of fragile non-classical wave packets of light using a

roadband zero-dispersion teleportation apparatus [50] . Quantum tele-

ortation of photonic quantum bits has been limited by the probabilistic

ature of linear optic Bell measurements. S. Takeda et al. experimen-

ally realized deterministic quantum teleportation of quantum bits by

dopting a hybrid technique involving CV teleportation of DV quantum

its. CV teleportation was unconditionally completed via optical fields

ith CV-entangled states. Quantum bits based on a single photon rep-

esent a quantum error detection code against photon loss. This experi-

ent allowed reliable quantum bit transfer with imperfect CV-entangled

tates, and the overall transfer fidelities of four quantum bits were from

.79 to 0.82, exceeding the teleportation boundary in the no-cloning

imit [51] . 

Deterministic quantum teleportation of various quantum states has

chieved considerable progress over short distances. CV quantum tele-

ortation is implemented in laboratories to demonstrate the principle

ver short distances, limiting the scale of CV quantum information net-

orks. The extension of deterministic quantum teleportation distances is

equired for practical applications. Because optical fibers are candidates

or quantum information channels due to their low transmission loss

ver long distances, deterministic teleportation over long distances can

e realized in fibers. Deterministic quantum teleportation of a coherent

tate over a fiber channel of 6.0 km was recently experimentally demon-

trated by our group [55] . To implement quantum teleportation, it is

ecessary to generate entangled states of light that match optical fibers’

ransmission windows, 1.3 𝜇m is an applicable optical fiber transmis-

ion window due to its low dispersion. Output optical fields at 1.34 𝜇m

nd 0.67 𝜇m from a dual wavelength Nd:YV O 4 /LBO laser were filtered

y two mode cleaners used as the seeded and pump optical fields of a

OPA. The DOPA cavity consisted of a pair of concave mirrors and a

 

∗ 2 ∗ 12 m m 

3 PPKTP crystal. The DOPA’s length was locked to resonate

ith the seeded beams via the PDH technique. The phase difference

etween the pump laser and seeded optical fields was maintained at

2k + 1) 𝜋 (where k is an integer) so the DOPA operated under parametric

eamplification conditions to produce non-classical optical fields. When

he polarization of the pump and seeded optical fields were in the verti-

al direction, the DOPA generated a single-mode amplitude quadrature

queezed state of light. The noise power of the amplitude quadrature of

he output optical fields was 3.17 dB below the corresponding SNL at

 side band of 3 MHz. If the pump optical field’s polarization was hor-

zontal, the combined optical field of the signal and idler optical fields

ith perpendicular polarization was 45 o relative to the PPKTP crystal’s y

xis, and the DOPA operated under type-II quasi phase-matching condi-

ions. The simultaneous resonance of the DOPA’s signal and idler beams

as realized by tuning the PPKTP crystal’s temperature, and the output

ignal and idler optical fields constituted an EPR-entangled state. The

oise powers of the quadrature amplitude sum and quadrature phase

ifference were 2.27 dB and 2.23 dB below the corresponding SNL, re-

pectively [72] . 

A schematic diagram of deterministic quantum teleportation through

ber channels is shown in Fig. 4 . The coherent state is a minimum un-
47 
ertainty state, and the uncertainties of its two quadrature components

re equal, which is the closest quantum approximation of a laser. Al-

ce and Bob shared an EPR-entangled state optical field distributed by

ptical fibers. The optical field received by Alice ( ̂𝑎 𝐸𝑃𝑅 1 ) and the un-

nown quantum state ( ̂𝑎 𝑖𝑛 ) were combined in a 50/50 beam splitter.

he amplitude quadrature �̂� 𝑡𝑒𝑙 = ( �̂� 𝑖𝑛 + �̂� 𝐸𝑃𝑅 1 )∕ 
√
2 and phase quadra-

ure 𝑌 𝑡𝑒𝑙 = ( ̂𝑌 𝑖𝑛 − 𝑌 𝐸𝑃𝑅 1 )∕ 
√
2 of the 50/50 beam splitter’s two output

elds were measured by two sets of BHDs, respectively. These joint

easurements of the input state and optical field EPR1 at Alice were

ransmitted to Bob via two classical channels. Bob displaced his optical

eld of the EPR-entangled state ( ̂𝑎 𝐸𝑃𝑅 2 ) with an amplitude electro-optic

odulator (AM) and a phase electro-optic modulator (PM) according to

he received measurement results. The input quantum state destroyed

y the joint measurements by Alice was recovered by Bob supported

y non-local quantum entanglement. To assess the quantum teleporta-

ion, Victor verified the teleportation performance with a BHD. Fidelity

 = ⟨Ψ𝑖𝑛 |�̂�𝑜𝑢𝑡 |Ψ𝑖𝑛 ⟩ is usually used to quantify the performance of quan-

um teleportation. It represents the overlap between the input state Ψ𝑖𝑛 

nd the output state characterized by the density matrix �̂�out [68] . In

he optical fiber channel, the influence of the transmission efficiency

nd extra noise inside the optical fibers must be considered. The extra

oise resulting from optical fiber channels reduces entanglement and

he quantum teleportation distance. The extra noise generated by guided

coustic wave Brillouin scattering (GAWBS) is the main thermal noise

n fiber channels, and its influence on quantum entanglement distri-

ution and quantum teleportation is notable. The EPR-entangled states

nd the local optical fields are simultaneously transferred through an

ptical fiber with polarization multiplexing, which makes locking their

elative phases convenient. The fidelities achieved were 0.62 and 0.69

or 6.0 and 2.0 km communication distances, which were higher than

he classical teleportation and no-cloning limits, respectively [ 55 , 68 ].

he extra noise during GAWBS limited the distance and fidelity of quan-

um teleportation, which should be reduced for longer-distance quan-

um teleportation. The fidelity of quantum teleportation will increase if

he extra noise during GAWBS decreases. 

. Conclusion and perspective 

The generation and manipulation of non-classical states of light

or quantum information processing and quantum measurement have
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chieved considerable development. Using new material and technol-

gy, the noise variance of non-classical states of light has been reduced

o 10% of the vacuum noise. Thus, lower signals with less strength than

he vacuum noise supported by non-classical light have been observed.

V quantum entanglement can be easily extended to multipartite entan-

lement due to its deterministic characteristics, which are fundamental

esources for constructing multi-node quantum information networks.

s practical quantum entanglement further develops, more quantum

tates can be unconditionally transferred in CV quantum teleportation

ystems to pave the way for larger-scale quantum communication and

istributed quantum computation. 
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