
Building the Quantum Internet
AP Seminar

“Qubits in the News”
October 24, 2018



In the news…
• (Nature, Oct 23, 2018) Here’s what the quantum internet has in store — 

Physicists say this futuristic, super-secure network could be useful long before it 
reaches technological maturity.

• (Nature, Oct 23, 2018) Teleportation over a 6-kilometre cable, courtesy of 
quantum powers — ‘Continuous-variable’ quantum teleportation is accomplished 
outside the lab with fibre-optic gear.

• (Science Advances,19 Oct 2018: Vol. 4, no. 10, DOI: 10.1126/sciadv.aas9401) 
Deterministic quantum teleportation through fiber channels — The deterministic 
teleportation of optical modes over a fiber channel of 6.0 km is realized.



Simple Example: photon polarization



Simple Example: two photons 



Example: two not tangled photons 



Example: two entangled photons 

Maximally entangled “Bell States”
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China’s Micius satellite, launched in August 2016, has now validated across a record 1200 kilometers the 
“spooky action” that Albert Einstein abhorred (1). The team is planning other quantum tricks (2–4). 

HŎùıŋŎİɲĬČùĿŅ

Light-altering crystal 
creates entangled 

photon pairs.

Əȇɲ�ĬĶăùĬɲıČŋŚĶŁĪ
Future satellites and 
ground stations could 
enable a quantum 
internet.

ƌȇɲMĿĶĶĪŠɲùĄŋğĶı
Entangled photons were 
sent to separate stations. 
Measuring one photon’s 
quantum state instantly 
determines the other’s, no 
matter how far away.

ƍȇɲHŎùıŋŎİɲĪČŠɲĊğŅŋŁğăŎŋğĶı
Micius will send strings 
of entangled photons 
to the stations, creating 
a key for eavesdrop-proof 
communications.

a

ƎȇɲHŎùıŋŎİɲŋČĬČĿĶŁŋùŋğĶı
Micius will send one entangled 
photon to Earth while keeping 
its mate on board. When a third 
photon with an unknown state 
is entangled with the one on 
Earth, and their states jointly 
measured, the properties of 
the last photon are instantly 
teleported up to Micius. 
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Fig. S5  

Geographic map of the ground stations. 



KPT Nonlinear Optical Crystal
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Deterministic quantum teleportation through
fiber channels
Meiru Huo1, Jiliang Qin1, Jialin Cheng1, Zhihui Yan1,2, Zhongzhong Qin1,2, Xiaolong Su1,2,
Xiaojun Jia1,2*, Changde Xie1,2, Kunchi Peng1,2

Quantum teleportation, which is the transfer of an unknown quantum state from one station to another over a certain
distancewith thehelpofnonlocal entanglement sharedbyasenderanda receiver, hasbeenwidelyusedasa fundamental
element in quantum communication and quantum computation. Optical fibers are crucial information channels, but tele-
portation of continuous variable opticalmodes through fibers has not been realized so far. Here, we experimentally dem-
onstrate deterministic quantum teleportation of an optical coherent state through fiber channels. Two sub-modes of an
Einstein-Podolsky-Rosen entangled state are distributed to a sender and a receiver through a 3.0-km fiber, which acts as a
quantum resource. The deterministic teleportation of opticalmodes over a fiber channel of 6.0 km is realized. A fidelity of
0.62 ±0.03 is achieved for the retrievedquantumstate,whichbreaks through the classical limit of 1 /2. Ourwork provides a
feasible scheme to implement deterministic quantum teleportation in communication networks.

INTRODUCTION
Quantum teleportation is a reliable protocol for transferring quantum
states under the help of entanglement. At first, two subsystems of a
prepared entangled state are distributed to a sender and a distant receiv-
er. Then, an input quantum state is jointly measured together with
one-half of the entangled state hold by the sender. Successively, themea-
surement results are transmitted to the receiver through classical chan-
nels. Last, the other half of the entangled state hold by the receiver is
transformed via a basic operation with the received measurement
results to retrieve the teleported state. During the teleporting process,
the quantum state is not transferred directly; only its quantum and clas-
sical information are sent to the receiver by means of quantum entan-
glement and classical channels, respectively. The input quantum state is
destroyed by the jointmeasurement at the sending station and retrieved
at the receiving station; thus, the purification of the input state will not
be influenced by the loss and extra noise in the transmission channels
(1). Since Bennett et al. proposed quantum teleportation in 1993, vari-
ous researches on theoretical analysis and experimental implementation
have been successively completed (1–6). Quantum teleportation serves
as the cornerstone for building quantum information networks, and it
also greatly contributes to completing quantumcomputation and quan-
tum communication (7–9). A variety of quantum information
protocols, such as entanglement swapping, quantum repeaters, quan-
tum teleportation networks, quantum gate teleportation, and quantum
computation, have already been realized by applying quantum telepor-
tation (10–17). Because of the relatively simple generation system and
negligible decoherence from noise environment, single-photon qubits
have become important physical carriers to realize quantum teleporta-
tion over long distances (18–23). In 2003, Gisin and colleagues
accomplished quantum teleportation of qubits with a 2.0-km standard
telecommunication fiber, in which the transmission distance of a quan-
tum state on the order of kilometers was first reached in the discrete
variable region (18). Then, quantum teleportation over 100 kmwas im-
plemented by Pan’s and Zeilinger’s groups separately (19, 20). Very re-
cently, by means of a low–Earth orbit satellite, ground-to-satellite

quantum teleportationwith a single photon over 1400 kmwas achieved,
which provided a feasible protocol to realize quantum communication
at a global scale (23). Although great progress has been made for de-
monstrating quantum teleportation of photonic qubits, a probabilistic
generation method forms an obstacle to develop instantaneous transfer
of quantumstateswithout post-selection. Thus, it is necessary to explore
near-deterministic quantum teleportation protocols in quantum com-
munication and teleportation-based quantum computation (9). Con-
tinuous variable (CV) quantum teleportation of optical modes, which
is based on entangled states of light, can realize unconditional and de-
terministic transfer of arbitrary unknown quantum states (3, 4). Trans-
fer and retrieval for both coherent and nonclassical states, such as
squeezed state, entangled state, photonic quantumbits, and Schrödinger’s
cat state, have been experimentally realized with CV quantum teleporta-
tion method in free space (10, 24–27). Nevertheless, all these quantum
teleportation experiments in the CV region are implemented in labora-
tories, and the transmission distance is very short. For practical applica-
tions of CV quantum teleportation, a key challenge is to extend possible
transfer distance.

Here, we report the first experimental realization of CV quantum
teleportation through optical fiber channels. Two sub-modes of a CV
entangled state of light are distributed to the sender (Alice) and the re-
ceiver (Bob) through a 3.0-km-long optical fiber which means that the
total fiber length between Alice and Bob is 6.0 km. The fidelity of
the retrieved coherent state is about 0.62 ± 0.03, which is higher than the
classical limit of 1/2. Furthermore, a fidelity of 0.69 ± 0.03 breaking
through the no-cloning limit of 2/3 (28, 29) has also been achieved when
the transmission distance is 2.0 km.

RESULTS
Schematic of CV fiber-channel quantum teleportation
The schematic for CV quantum teleportation through fiber channels is
shown in Fig. 1, which includes a resource station for providing an
Einstein-Podolsky-Rosen (EPR) entangled state of light, a sending sta-
tion (Alice), and a receiving station (Bob). These stations are connected
by optical fibers that are used as quantum channels. In quantum optics
theory, a coherent state is defined as the eigenstate of an annihilation
operator, and its dynamics most closely resembles that of a classical
harmonic oscillator. The expectation values of amplitude and phase

1State Key Laboratory of Quantum Optics and Quantum Optics Devices, Institute of
Opto-Electronics, Shanxi University, Taiyuan 030006, China. 2Collaborative Innovation
Center of Extreme Optics, Shanxi University, Taiyuan 030006, China.
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quadrature operators of a coherent state are equal to their classical
values. The coherent state is a minimum uncertainty state, and its un-
certainty is split equally between two quadrature components. It is the
closest quantum approximation of an optical field generated by a laser;
thus, the coherent state is usually selected as the input state in CV quan-
tum optical experiments (4). In the experiment, EPR entanglement is
obtained by coupling two single-mode squeezed states of light, which
are generated from a pair of DOPAs operating below their oscillation
threshold, at a 50/50 beam splitter (50/50 BS). The wavelength of EPR
entangled optical modes is chosen at 1.34mm (30), which is close to the
transmission window of the commercial fiber at 1.3 mm. The amplitude
quadrature (x̂ ) and the phase quadrature ( p̂) of two sub-modes of an
EPR entangled state (EPR1 and EPR2) are expressed by x̂ EPR1ð2Þ ¼
âEPR1ð2Þ þ âþEPR1ð2Þ and p̂EPR1ð2Þ ¼ ðâEPR1ð2Þ % âþEPR1ð2ÞÞ=i, respective-
ly, where â and â+ are annihilation and creation operators of the
electromagnetic field, respectively. There are strong quantum correlations
between quadrature components of two EPR sub-modes; i.e., the correla-
tion variances of both quadrature amplitude sum 〈d2ðx̂ EPR1 þ x̂ EPR2Þ〉 ¼
2e% 2r and quadrature phase difference 〈d2ð p̂EPR1 % p̂EPR2Þ〉 ¼ 2e% 2r are
lower than the corresponding quantum noise limits (QNLs), where r
(0≤ r <∞) is the correlation factor (30). Meanwhile, the anti-squeezing
quantum noise levels of amplitude difference 〈d2ðx̂ EPR1 % x̂ EPR2Þ〉 ¼
2e2r and phase sum 〈d2ð p̂EPR1 þ p̂EPR2Þ〉 ¼ 2e2r are much higher than
the corresponding QNLs (8). During quantum teleportation, two sub-
modes of the EPR entangled state are first sent toAlice andBob through
an optical fiber. Then, the sub-mode received by Alice (âEPR1) and the
unknown quantum state (input state, jyin〉 ¼ jx̂ in þ ip̂in〉) are com-
bined on a 50/50 BS. The amplitude quadrature x̂ tel ¼ ðx̂ in þ
x̂ EPR1Þ=

ffiffiffi
2

p
and the phase quadrature p̂tel ¼ ð p̂in‐p̂EPR1Þ=

ffiffiffi
2

p
of two

output fields of the 50/50 BS are measured by two sets of balanced
homodyne detectors (Dx and Dp) with local oscillators (LOs) (local x

and local p), respectively. These joint measurements of the input state
and the sub-mode EPR1 provide an analogy of Bell-state measurement
in the CV region (5, 31, 32). If a perfect EPR entangled state (r→∞) is
used, then Alice will not be able to obtain any information about the
input state. The results measured by Alice (ix , ip) are transmitted to
Bob via two classical channels. Bob modulates his own sub-mode of
the EPR entangled state (âEPR2) with the received measurement results,
which is realized by means of an amplitude electro-optic modulator
(AM) and a phase electro-optic modulator (PM). In this way, the input
quantum state destroyed by the joint measurements at Alice is recov-
ered byBobunder the help of nonlocal quantumentanglement (3). Last,
Victor performs the verification measurements of teleportation results
with a homodyne detector (DV).

Fidelity of recovered quantum state
In quantum teleportation experiments, the output state of Bob is sent to
Victor to verify whether quantum teleportation has been successfully
implemented. Fidelity F is usually used to quantify the performance
of quantum teleportation (29)

F ¼ 〈yinjroutjyin〉 ð1Þ

which represents the overlap between the input state |yin〉 and the
output state characterized by the density matrix rout. If detectors with
perfect unitary efficiencies are used in the experiment, then the fidelity
of quantum teleportation for a coherent input state is expressed by (31)

F ¼ 2
sQ

exp % 2
sQ

jbout % binj
2

" #
ð2Þ

Fig. 1. Experimental scheme of fiber-channel CV quantum teleportation. Two single-mode squeezed states generated by a pair of degenerate optical parametric
amplifiers (DOPAs) are coupled to produce an EPR entangled state. The two sub-modes of the EPR entangled state are sent to Alice and Bob through two optical fiber
channels, respectively. Then, Alice implements a joint measurement on the unknown input state and the sub-mode EPR1 and sends the measured results to Bob
through classical channels. Bob implements a translation for EPR2 by coupling a coherent beam, which is modulated by two joint-measured classical signals, respec-
tively, via an AM and a PM. Last, Victor accomplishes the verification for quantum teleportation. 98/2 BS, beam splitter with reflectivity of 98%; HR, mirror with a
reflectivity larger than 99.9%; fiber coupler, used to couple optical modes into the fiber; BHD, balance homodyne detector.
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The method to reconstruct the Wigner function of the teleported state 

The Wigner function, which is known as a quasi-probability-distribution of quadrature amplitude 
and phase in phase space, provides complete quantum character of a quantum state (36). Wigner 
functions of the unknown input state and the resulting state after teleportation are reconstructed 
by tomographic inversion of a set of measured probability distributions Pθ (xθ) of quadrature 
amplitudes (37). Firstly, alternating current signal of Victor’s homodyne detector is mixed with a 
500 mVpp sinusoidal signal of 3 MHz. Then the resulting signal is filtered by a low pass filter 
(BLP-1.9+, Mini-Circuits) and subsequently amplified by a low-noise preamplifier with 
broadband of 30 kHz and gain of 500 for obtaining probability distributions Pθ (xθ). An 
oscilloscope (wave Runner 640 Zi, TELEDYNE LLECROY) is used to record the signal for 
measuring marginal distributions in temporal mode of the state. Real-time sampling rate of the 
oscilloscope is set as 10 MS/s. In total measurement time of 0.02 s, 200000 points data can be 
acquired, and then density matrix of the state can be obtained by method of iterative Maximum 
likelihood algorithm. Based on the one-to-one correspondence relation with density matrix, 
Wigner function of the state is reconstructed finally. 

 
 

 
 

Fig. S1. Experimental setup for fiber-channel CV quantum teleportation. Laser: Nd:YVO4/LBO; DBS: dichroic 
beam splitter; HR: mirror with reflectivity higher than 99.9%; EOM: electro-optical modulator; MCR (MCI): mode-
cleaner for red mode (infrared mode); OFR: optical Faraday rotator; HWP: half-wave plate; PBS: polarization beam 
splitter; DOPA: degenerate optical parametric amplifier; M1,2: mirror with reflectivity of 98% at 1342nm; 50/50 BS: 
50/50 beam splitter; PD: photoelectric detector; PZT: piezoelectric ceramic; Dx, Dp, DV: homodyne detector; SA: 
spectrum analyzer; LP: low-pass filter; PA: low-noise preamplifier; OSC: oscilloscope. 
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QuTech researchers put forward a roadmap for
quantum internet development
A quantum internet may very well be the first quantum information technology to
become reality. Researchers at QuTech in Delft, The Netherlands, today published a
comprehensive guide towards this goal in Science. It describes six phases, starting with
simple networks of qubits that could already enable secure quantum communications –
a phase that could be reality in the near future. The development ends with networks of
fully quantum-connected quantum computers. In each phase, new applications become
available such as extremely accurate clock synchronization or integrating different
telescopes on Earth in one virtual ‘supertelescope’. This work creates a common
language that unites the highly interdisciplinary field of quantum networking towards
achieving the dream of a world-wide quantum internet.

A quantum internet will revolutionize communication technology by exploiting phenomena
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SIX STEPS TO A QUANTUM INTERNET
Researchers have laid out six stages of sophistication that a future quantum internet could reach, and what 
users could do at each level.

0 Trusted-node network: Users can receive quantum-generated codes but cannot send or receive 
quantum states. Any two end users can share an encryption key (but the service provider will know it, 
too). 

1 Prepare and measure: End users receive and measure quantum states (but the quantum 
phenomenon of entanglement is not necessarily involved). Two end users can share a private key only 
they know. Also, users can have their password verified without revealing it.

2 Entanglement distribution networks: Any two end users can obtain entangled states (but not to 
store them). These provide the strongest quantum encryption possible.

3 Quantum memory networks: Any two end users to obtain and store entangled qubits (the quantum 
unit of information), and can teleport quantum information to each other. The networks enable cloud 
quantum computing. 

4 & 5 Quantum computing networks: The devices on the network are full-fledged quantum 
computers (able to do error correction on data transfers). These stages would enable various degrees 
of distributed quantum computing and quantum sensors, with applications to science experiments.


