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This report presents research results on continuous-variable (CV) entanglement distribution 
that were achieved within the Q-ESSENCE work package WP 3.1. Very strong entanglement 
was realized at the telecommunication wavelength of 1550 nm. The security of quantum key 
distribution (QKD) based on such states was theoretically proven. Entanglement was 
distributed via free-space links on table-top experiments and used to do fundamental research 
on the Einstein-Podolsky-Rosen paradox. In two experiments at the partners LUH and MPL it 
was shown that decoherence by correlated classical noise can be counteracted by quantum 
interference relaxing the low-noise requirements of fiber-based as well as free-link CV 
quantum networks. 
 
 
Introduction: 
Entanglement distribution between two or more parties is an important ingredient to future 
quantum networks [Kimble, Nature 453, 1023 (2008)]. In such a network quantum 
communication protocols are executed between distant nodes which are connected by optical 
fibers or optical free-space links. The quantum variables may have either a discrete spectrum, 
related to photon counting, or a continuous spectrum related to the measurements of the 
field’s amplitude and phase modulations. Work package WP3.1 explored the potential of 
continuous-variable (CV) entanglement distribution, focusing on network compatibility and 
the ability of distillation, including approaches combined with photon counting, multipartite 
and bipartite settings, in theory and experiment. 
 
Present classical telecommunication networks exist of optical single-mode fibers. These fibers 
are best operated at a wavelength of around 1550 nm as the optical damping caused by the 
fibers is as low as 0.2 dB/km at this wavelength. High coupling efficiencies are achieved by 
states with well defined fundamental mode shape. 
 
This report presents the WP3.1 research results from experiments on entanglement 
distribution for quantum communication and cryptography with regards to figures of merit 
like network compatibility, entanglement degradation with distance, and the multipartite 
character of the entanglement. 
 
Realization of 10 dB entanglement at the telecommunication wavelength of 1550 nm: 
Continuous variable entanglement can be generated by superimposing two squeezed vacuum 
modes at a balanced beam splitter [Furusawa et al., Science 282, 706 (1998); Bowen et al., 
Phys. Rev. Lett. 90, 043601 (2003)]. Thereby, the to maximize the phase between the two 
squeezed vacuum modes is controlled to π /2 entanglement. The generation of stable, strongly 
entangled states is desired for new highly demanding quantum information protocols like the 
distribution of a secret key with security against arbitrary attacks [2] and the superactivation 
of zero-capacity channels [Smith et al., Nat. Photonics 5, 624 (2011)]. By implementing two 
type I squeezed-light sources at the telecommunication wavelength of 1550 nm the group of 
Prof. Roman Schnabel (Leibniz Universität Hannover, LUH) was able to observe 10.45 ± 
0.01 dB entanglement [1] quantified by the following criterion [Duan et al., Phys. Rev. Lett. 
84, 2722 (2000)], 
 

 
 
 
 
 



 
Figure 1: Photograph of the LUH setup for the generation of strong CV entanglement at 1550 
nm. Two self-constructed squeezed-light resonators form the basis of the setup (aluminum 
boxes facing to each other, one on the far left, one on the far right of the picture). Each 
squeezed-light source produced more than 10 dB of squeezing which was used to generated 
10 dB entanglement. 

 
 
Here,  denotes the amplitude quadrature operator,  denotes the phase quadrature operator 
and Var is the variance. The two modes of the bipartite entangled state are labeled with A and 
B. The entangled states were locked in all degrees of freedom using a newly developed 
control scheme for the phase between the squeezed vacuum modes. This new control scheme 
accomplished the difficult task of using low power auxiliary beams to prevent distortion of 
the squeezed vacuum modes by technical noise and to cause only low optical loss to prevent 
decoherence of the entanglement. The observed bipartite states were stable for more than 15 
min. This was only limited by large thermal drifts that could not be compensated by the used 
phase actuators. Both sub-modes of the observed states had a mode overlap of 99.5 % with 
the TEM00 local oscillator of the respective homodyne detector. This shows the high mode 
quality of the generated bipartite entangled states. The high mode quality in combination with 
the wavelength of 1550 nm enables the efficient coupling of the observed states into optical 
fibers [Mehmet et al., Opt. Lett. 35, 1665 (2010)], making the states perfectly suitable for 
entanglement distribution. 
 
First finite-size CV quantum key distribution based on entanglement:  
The probably most important application of continuous variable entanglement distribution is 
quantum key distribution. The group of Prof. Reinhard F. Werner (LUH) proved the security 
of a CV protocol based on entangled states against collective and arbitrary attacks [2]. The 
security proofs thereby explicitly include the finite size of the secure key. The security proof 
for arbitrary attacks represents the first quantitative security analysis in the continuous 
variable regime for the most general attacks. Simulations, presented in the manuscript, have 
shown that the generation of a secure key is possible with strongly entangled states in an 
experimental setup with low optical loss. In Ref. [1] the group of Prof. Roman Schnabel 
(LUH) has demonstrated the generation of states that are capable for the secure key 
generation, see above. 
 



In a collaboration of the two LUH groups mentioned above the security proof for collective 
attacks in the finite-size regime [2] was extended to entangled states with an asymmetry in the 
field quadrature variances [3]. Using this extension the secure key rates for entangled states 
generated by superimposing a squeezed vacuum mode with a vacuum mode at a balanced 
beam splitter were simulated for different distances between the two communicating parties. 
Using only a single squeezed vacuum resource instead of the usual two, reduces the necessary 
resources for entanglement- based QKD. Furthermore, these states represent entangled states 
with the asymmetry of the quadrature variances put into the extreme. It was found that 
distances of up to 20 km are possible for an experimentally feasible number of samples of 108 
to 109 and for an achievable error correction efficiency of 90 %. Here, a coupling efficiency of 
95 % of the free-space beams into the optical fiber and an attenuation of 0.2 dB/km of the 
fibers were assumed. The large distances were possible by using not only reverse information 
reconciliation but also by omitting samples measured in the anti-squeezed (and thus less 
correlated) quadrature, which demonstrates the necessity to take the asymmetry of the 
quadrature correlations in the protocol into account. 
 
Using the full entanglement generation scheme with two squeezed vacuum resources, 
simulations have shown that the achievable distance increases to about 28 km for 109 samples 
and for an assumed error correction efficiency of 90 % [4]. This distance, in contrast to the 
entanglement generation by only one squeezed vacuum resource, can be achieved by distilling 
the key from both quadratures. 
 
Using the generated entangled states with more that 10 dB entanglement quantified by the 
Duan criterion, see above, a secure key was generated for collective attacks in a table-top 
setup [4]. For this purpose 108 samples were measured with each of them in either the 
amplitude or phase quadrature. An experimental scheme for measuring samples randomly in 
one of the two quadratures at a rate of 100 kHz was developed for this experiment. 
 
 
Observation of one-way Einstein-Podolsky-Rosen steering and experimental test of 
decoherence:  
When a subsystem of a bipartite entangled mode is sent through an optical fiber to distribute 
entanglement, optical loss introduced by the transmission leads to decoherence of the states. 
The groups of R. Schnabel (LUH) and R. F. Werner (LUH) jointly tested the effect of optical 
loss applied to one of the modes on the entanglement strength [5]. For this purpose the 
entanglement strength of the two modes of a bipartite state was examined using Reid’s criteria 
for Einstein- Podolsky-Rosen (EPR) steering [Reid, Phys. Rev. A 40, 913 (1989)], 
 

 
 
Here, a violation of the first inequality demonstrates EPR steering from Bob to Alice, whereas 
a violation of the second inequality demonstrates steering from Alice to Bob. The concept of 
EPR steering was coined by Erwin Schrödinger in his response [Schrödinger, Proc. Camb. 
Phil. Soc. 47, 555 (1935)] to the seminal paper of EPR [Einstein et al., Phys. Rev. 47, 777 
(1935)] which presented their famous Gedanken experiment that put the completeness of 
quantum mechanics in question. Recently, the mathematical foundation of steering was given 
by Wiseman and coworkers [Wiseman et al., Phys. Rev. Lett. 98, 140402 (2007)] and it was 
shown that in a Gaussian regime EPR steering coincides with the demonstration of the EPR 



paradox. In Ref. [5] the two LUH groups developed a pictorial representation of the steering 
concept for Gaussian states. 
 
The experiment was conducted by generating bipartite entangled states by superimposing a 
squeezed vacuum mode and a vacuum mode at a balanced beam splitter. A combination of a 
half-wave plate and a polarizing beam splitter introduced variable optical loss to Bob’s mode 
which simulated the attenuation of an optical fiber. Subsequently, the two modes were 
measured by balanced homodyne detection. In the performed experiment the LUH groups 
found that depending on the optical loss in Bob’s mode either both inequalities were violated, 
or only the second inequality was violated, or both inequalities were fulfilled. The generated 
states that violated only the second inequality above exhibited so-called one-way steering. 
These states were the first ever observed states with such an behaviour. The findings may 
have a large impact on future quantum information protocols as the transmission line length 
and, thus, the degree of decoherence, determines the properties of the distributed quantum 
states. 
 
Entanglement distribution by separable states:  
Bipartite entanglement can only be distributed by sending one of the two modes to the distant 
party. Thereby the sent mode has to be entangled with the mode kept by the party who 
generated the two modes. In a three-mode setting this no longer has to be true. Surprisingly, it 
has been theoretically shown [Cubitt et al., Phys. Rev. Lett. 91, 037902 (2003); Mista et al., 
Phys. Rev. A 77, 050302(R) (2008)] that two distant systems can be entangled by sending a 
third mediating system that is not entangled with either of them. The groups of R. Schnabel 
(LUH) and of Ch. Marquardt (MPL) have, independently from each other, experimentally 
demonstrated the distribution of entanglement by exchanging a subsystem that is not 
entangled with either of the two parties [6, 7]. 
 
The group of R. Schnabel realized the entanglement distribution by separable states by 
preparing a specific three-mode Gaussian state containing thermal noise that demolished the 
entanglement in two of the three bipartite splittings. After transmission of a separable mode 
from Alice to Bob the thermal noise could be removed by quantum interference and, thus, 
entanglement between Alice and Bob was established. 
 
At MPL Gaussian noise was added to two initially polarization squeezed modes before 
interfering them on a balanced beam splitter. The resulting modes remained separable and one 
of them was sent from Alice to Bob. Bob could then reveal entanglement by making use of 
the classical information on the added noise in a sophisticated post-processing procedure. 
This demonstrated the remarkable possibility to entangle the remote parties Alice and Bob by 
sending solely a separable auxiliary mode. 
 
Towards entanglement distribution over atmospheric free-space links: 
Atmospheric free-space channels have the potential to be a key component in quantum 
communication systems as they offer the possibility of a fast channel establishment without 
the need of sophisticated infrastructure. At MPL, a successful distribution of CV squeezed 
states over an atmospheric link of 1.6 km length could recently be shown [8], at a noise 
reduction of still 1 dB relative to shot-noise at the receiver. As channel loss and noise would 
have the same detrimental effect on entangled states, this result clearly indicates the feasibility 
of successfully distributing CV entangled quantum states over free space. 
 
  



Conclusions:  
Based on the research results achieved in WP3.1 we conclude that free-space as well as fiber-
based quantum networks exploiting continuous variables have a high potential for networks 
having a few kilometer scale. Existing telecommunication fibers could be used to distribute 
entanglement achieving security in quantum key distribution against collective attacks. 
Collective attacks require quantum memories that are beyond state-of-the-art. However, with 
fiber networks having less optical loss even QKD in the presence of general attacks is 
possible. The regime of CV entanglement distribution should be further explored and 
advanced, theoretically as well as experimentally. 
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