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Fig. 2. Schematic diagram of hyperentanglement swapping.
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Table 2. Multi-hop parallel entanglement swapping unitary operations.
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Fig. 4. Schematic diagram of hierarchical simultaneous entanglement swapping.
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Fig. 5. Teleportation fidelity.
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Fig. 7. Time delay versus the number of intermediate
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Fig. 8. End to end time delay versus the per-hop length.
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Abstract

Entanglement swapping (ES) based multi-hop quantum information transmission is a fundamental way to
realize long-distance quantum communication. However, in the conventional quantum networks, the
entanglement in one degree of freedom (DOF) of photon system is usually used as a quantum channel, showing
disadvantages of low capacity and susceptibility to noise. In this paper, we present an efficient multi-hop
quantum hyperentanglement swapping (HES) method based on hyperentanglement, which utilizes the entangled
photos in polarization and spatial-mode DOFs to establish the hyperentangled multi-hop quantum channel.
Taking long-distance hyperentanglement based quantum teleportation for example, we first describe a basic hop
by hop HES scheme. Then, in order to reduce the end-to-end delay of this scheme, we propose a simultaneous
HES (SHES) scheme, in which the intermediate quantum nodes perform hyperentangled Bell state
measurements concurrently. On the basis of this scheme, we further put forward a hierarchical SHES (HSHES)
scheme that can reduce the classical information cost. Theoretical analysis and simulation results show that the
end-to-end delay of HSHES is similar to that of SHES, meanwhile, the classical information cost of HSHES is
much lower than that of SHES, showing a better tradeoff between the two performance metrics. Compared with
the traditional ES methods, the scheme proposed in this paper is conductive to meeting the requirements for
long-distance hyperentanglement based quantum communication, which has positive significance for building

more efficient quantum networks in the future.
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