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D6.2) Resilience to turbulence misalignment free quantum communication 
Excerpt from Annex I: Report on the results of an experimental investigation on the resilience of the 
experimental misalignment free protocol for quantum communication to various perturbations of the 
optical beam, including simulated atmospheric turbulence using one or two spatial light modulators. 
[month 36] 

 
URIO, UNAP, and UROM have collaborated intensively to investigate the resilience to turbulence of 
misalignment-free quantum communication. The general model for misalignment-free quantum bits and 
development of a universal encoding/decoding device was developed in WP 6.1. WP 6.2 and consists of 
theoretical and experimental analysis of the resilience of alignment-free quantum bits propagating through a 
turbulent atmosphere. The alignment-free qubits are encoded in the polarization and OAM (m=+/-1) degrees 
of freedom of single photons. 

In Reference [1] (included in deliverable D6.1), UROM, UNAP and URIO, in collaboration with 
ICFO, reported a first theoretical and experimental investigation on the resilience of misalignment free 
quantum communication to partial transmission. A remarkable feature of this polarization-OAM hybrid-
encoding QC scheme is that it turns out to be robust against the spatial-mode perturbations arising in beam 
misalignments around axes other than the optical one and atmospheric turbulence effects. Such robustness 
appears at first glance counterintuitive, because the encoding involves the use of OAM, which is quite 
sensitive to all the above-mentioned spatial perturbations. The main reason for such robustness is that the 
OAM spread induced by spatial-mode perturbations is neutralized by the polarization degree of freedom, 
which is in contrast very robust against those spatial-mode perturbations. This allows one to filter out, in the 
receiving unit, most components of the state that would otherwise decrease the transmission fidelity. That is, 
the particular decoding set-up used intrinsically implements an effective quantum error-detection procedure 
that discards (but does not correct) all states outside the logical subspace. In this sense, errors turn simply 
into losses, which reduce the transmission rate, but do not affect the fidelity of the information being sent. 

In Reference [2] URIO, in collaboration with UNAP and UROM, has developed a theoretical model, 
based on previous work on propagation of light beams with OAM through weak turbulence. The theory 
considers the slightly more general case of hybrid qubits, encoded in polarization and two spatial modes with 
OAM +/-m.  This more general case is quite appealing, since it can be more directly compared to the case of 
pure OAM qubits, and also applied to a recently proposed scheme for remote alignment using higher OAM 
values (Deliverable D2.10). The theory shows that the hybrid qubits should be completely resilient to weak 
turbulence, in principle resulting in unity transmission fidelity and/or no loss of entanglement. This is 
particularly advantageous, given that OAM-only qubits can suffer “entanglement sudden death”, or complete 
(non-asymptotic) loss of entanglement after propagation through a turbulent medium, as is shown in Ref. [2] 
for the first time. The resilience presented by hybrid qubits is due to the encoding in both degrees of freedom 
and the decoding procedure, which act as a built in error detection, in which errors are cast outside the 
relevant subspace, producing losses but no errors.  

 To test these results experimentally, a turbulence machine was constructed at URIO, following 
instructions and examples found in the literature. The device was first characterized with a classical laser 
beam, showing proper functionality. In June 2013 the device was taken to Rome, and the resilience hybrid 
qubits were tested and compared with hybrids OAM qubits, using q-plates realized in UNAP. Initially, 
experimental characterization was performed using a laser beam. The next (ongoing) step is to investigate 
resilience in both the single photon regime and also for entangled hybrid qubits, for various values of OAM 
m. Figure 1 shows experimental results demonstrating the resilience of hybrid qubits, in the intense laser 
regime.  The graph shows the detection fidelity as a function of turbulence characterized by the losses 1-η, 
for several hybrid qubit states. Here η is the coupling efficiency, and the turbulence increases with the value 
1-η. The black circles, blue squares, red triangles and green circles correspond to quantum states “0”, “1”, 
“0+1” and “0+i1”, corresponding to eigenstates of a mutually unbiased basis set. The data shows that the 
hybrid qubits are always detected with fidelity close to unity. 
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Figure 1:  a) Theoretical predictions for transmission fidelity of hybrid qubits and OAM qubits with l=1,4 as 
a function of turbulence, characterized by the Fried parameter. b) Experimental results showing resilience of 
hybrid qubits.  The graph shows the detection fidelity as a function of losses induced by turbulence.  The 
black circles, blue squares, red triangles and green circles correspond to quantum states “0”, “1”, “0+1” and 
“0+i1”, corresponding to eigenstates of a mutually unbiased basis set.   

 

 
PHORBITECH contribution to this deliverable 
PHORBITECH in this work has supported the cost of the post-doc positions of Osvaldo Jimenez 
Farias, Sergei Slussarenko and Eleonora Nagali, a fraction of the salaries of the senior scientists and 
staff technician, the traveling of the researchers for carrying out the collaborative work and the 
purchase of lab materials. 
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