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Global Quantum Internet
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Quantum Communications is much more than QKD

How?

Quantum Key Distribution is being tested!!!

R
an

ge
/r

at
e 

lim
ite

d?

SECOQC - EU network inVienna

 

Japan - Tokyo QKD network UK - Quantum Communications Hub 

China - Q Networking satellite

8

85 km
C O W

19 km
idQ -3

To
sh

32
 k

m

6 
km C
V

25 km

idQ -1
22 kmidQ -2

F S
80 m

FRM
Node 6 

SIE
Node 3

STP
Node 1

BRT
Node 2

GUD
Node 5

ERD
Node 4 

E NT
16 km

Figure 2. Network topology of the SECOQC QKD network prototype. Solid
lines represent quantum communication channels, dotted lines denote classical
communication channels.

Figure 3. Satellite map with the locations of the nodes of the prototype.

the corresponding node modules and push up QKD key. In this sense, the essential QKD
interface allowing interoperability of heterogeneous QKD devices is the interface between
the node module and a QKD device. This interface was designed in the framework of the
overall development of the node module which is discussed in more detail in section 4. Here
it is important to note that the interface is set up as a SECOQC internal standard and all
SECOQC QKD links comply with it. Altogether the SECOQC QKD-network architectural
design guarantees seamless scalability, i.e. the ability to arbitrarily extend the network and
integrate additional QKD devices in the already deployed nodes.

The SECOQC prototype in particular features six nodes connected by eight QKD
links. The network was deployed in the internal glass fiber communication ring of Siemens
(a SECOQC project partner) in Vienna, Austria. Overview diagrams of this QKD network are
given in figures 2 and 3.

The nodes SIE, BRT, GUD, ERD and FRM were located in the premises of different
Siemens dependencies in Vienna (Siemensstraße, Breitenfurterstraße, Gudrunstraße, Erdberger
Lände and Siemens Forum, respectively), while the node STP was hosted by a repeater station,
near St Pölten, Lower Austria, on a communication line from Vienna to Munich, Germany. The
quantum links between the nodes are discussed in more detail in section 3.

New Journal of Physics 11 (2009) 075001 (http://www.njp.org/)

https://www.nature.com/nature
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The beginning our tomorrow internet: a 3 node network
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Realization of a multinode quantum network of
remote solid-state qubits
M. Pompili1,2†, S. L. N. Hermans1,2†, S. Baier1,2†‡, H. K. C. Beukers1,2, P. C. Humphreys1,2§,
R. N. Schouten1,2, R. F. L. Vermeulen1,2, M. J. Tiggelman1,2¶, L. dos Santos Martins1,2, B. Dirkse1,2,
S. Wehner1,2, R. Hanson1,2*

The distribution of entangled states across the nodes of a future quantum internet will unlock
fundamentally new technologies. Here, we report on the realization of a three-node entanglement-based
quantum network. We combine remote quantum nodes based on diamond communication qubits
into a scalable phase-stabilized architecture, supplemented with a robust memory qubit and local
quantum logic. In addition, we achieve real-time communication and feed-forward gate operations across
the network. We demonstrate two quantum network protocols without postselection: the distribution
of genuine multipartite entangled states across the three nodes and entanglement swapping through an
intermediary node. Our work establishes a key platform for exploring, testing, and developing multinode
quantum network protocols and a quantum network control stack.

F
uture quantum networks sharing entan-
glement across multiple nodes (1, 2) will
enable a range of applications such as
secure communication, distributed quan-
tum computing, enhanced sensing, and

fundamental tests of quantummechanics (3–8).
Efforts in the past decade have focused on
realizing the building blocks of such a net-
work: quantum nodes capable of establish-
ing remote entangled links as well as locally
storing, processing, and reading out quantum
information.
Entanglement generation through optical chan-

nels between a pair of individually controlled
qubits has been demonstrated with trapped
ions and atoms (9–12), diamond nitrogen-
vacancy (NV) centers (13, 14), and quantum
dots (15, 16). In addition, a number of quan-
tum network primitives have been explored
on these elementary two-node links, including
nonlocal quantum gates (17, 18) and entangle-
ment distillation (19). Moving these qubit plat-
forms beyond two-node experiments has so far
remained an outstanding challenge owing to
the combination of several demanding require-
ments. Multiple high-performance quantum
nodes are needed that include a communica-
tion qubit with an optical interface as well as
an efficient memory qubit for storage and
processing. Additionally, the individual en-
tanglement links need to be embedded into
a multinode quantum network, requiring a

scalable architecture andmultinode control
protocols.
Here, we report on the realization and in-

tegration of all elements of a multinode quan-
tumnetwork: opticallymediated entanglement
links connected through an extensible archi-
tecture, localmemory qubit and quantum logic,
and real-time heralding and feed-forward oper-
ations. We demonstrate the full operation of

the multinode network by running two key
quantum network protocols. First, we establish
Greenberger-Horne-Zeilinger (GHZ) entangled
states across the three nodes. Such distributed
genuine multipartite entangled states are a key
ingredient for many network applications (2)
such as anonymous transmission (20), secret
sharing (21), leader election (22), and clock
stabilization (8). Second, we perform entan-
glement swapping through an intermediary
node, which is the central protocol for entan-
glement routing on a quantum network en-
abling any-to-any connectivity (23, 24). Owing
to efficient coherence protection on all qubits,
combined with real-time feed-forward opera-
tions, these protocols are realized in a heralded
fashion, delivering the final states ready for
further use. This capability of heralding suc-
cessful completion of quantum protocols is
critical for scalability; its demonstration here
presents a key advance from earlier experi-
ments using photons (25) and quantummem-
ories (26).
Our network is composed of three spatially

separated quantum nodes (Fig. 1, A and B),
labeled Alice, Bob, and Charlie. Each node
consists of an NV center electronic spin as a
communication qubit. In addition, the mid-
dle node Bob uses a carbon-13 nuclear spin
as a memory qubit. Initialization and single-
shot readout of the communication qubits
are performed through resonant optical exci-
tation and measurement of state-dependent
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Fig. 1. The three-node quantum network. (A) Layout of the network. Three nodes, labeled Alice, Bob,
and Charlie, are located in two separate labs. Each node contains an NV center communication qubit (purple).
At Bob, an additional nuclear spin qubit (orange) is used in the presented experiments. Fiber connections
between the nodes (lengths indicated) enable remote entanglement generation on the links Alice-Bob and
Bob-Charlie, which, combined with local quantum logic, allow for entanglement to be shared between all nodes
(wiggly lines). (B) On the left is a simplified schematic of the optical setup at each node [see fig. S1, table S1,
and (27) for additional details]. On the right is a diagram of the relevant levels of the electronic spin qubit,
showing optical transitions for remote entanglement generation and readout (“entangling”), qubit reset
(“reset”), and resonant microwaves (“MW”) for qubit control (see figs. S2 and S3 for additional details).
The memory qubit at Bob is initialized, controlled, and read out via the electronic qubit (fig. S4). Optical transition
frequencies are tuned via the dc bias voltages (VDC). l/2 (l/4) is a half-waveplate (quarter-waveplate); Ex/y and
E1/2 are electronic excited states. (C) Tuning of the optical “entangling” transition at each of the three nodes.
The solid line is the working point, 470.45555 THz; the dashed line is a guide to the eye. w.r.t., with respect to.
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Fig. 1. The three-node quantum network. (A) Layout of the network. Three nodes, labeled Alice, Bob,
and Charlie, are located in two separate labs. Each node contains an NV center communication qubit (purple).
At Bob, an additional nuclear spin qubit (orange) is used in the presented experiments. Fiber connections
between the nodes (lengths indicated) enable remote entanglement generation on the links Alice-Bob and
Bob-Charlie, which, combined with local quantum logic, allow for entanglement to be shared between all nodes
(wiggly lines). (B) On the left is a simplified schematic of the optical setup at each node [see fig. S1, table S1,
and (27) for additional details]. On the right is a diagram of the relevant levels of the electronic spin qubit,
showing optical transitions for remote entanglement generation and readout (“entangling”), qubit reset
(“reset”), and resonant microwaves (“MW”) for qubit control (see figs. S2 and S3 for additional details).
The memory qubit at Bob is initialized, controlled, and read out via the electronic qubit (fig. S4). Optical transition
frequencies are tuned via the dc bias voltages (VDC). l/2 (l/4) is a half-waveplate (quarter-waveplate); Ex/y and
E1/2 are electronic excited states. (C) Tuning of the optical “entangling” transition at each of the three nodes.
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Sensor

Quantum  

Computer
Network

 a few km’s 

• Initial quantum networks will only be 
able to distribute physically encoded 
quantum resources over short distances  
• Quantum communication will be a 
bottleneck 
• Need to keep our quantum processing 
and storage as close to possible to the 
edge nodes in the network where it is 
generated

Applications of Quantum Networks
Quantum Edge Computing

Core Challenges
• Entanglement Distribution Over Distance 
• Reliable Quantum Memories?? 
• Synchronization and Timing (Quantum buffers) 
• Error Correction at Scale 
• Interoperability and Standards

• Quantum Key Distribution (QKD) 
• Distributed quantum computing 
• Quantum-enhanced sensing 
• …



Quantum 
Networks

linear

arbitrary
Switching

bottle neck

Author/Copyright holder: Martin Grandjean. Copyright terms and licence: CC BY-SA 3.

Alice

Bob

???
Planetary

For large scale networks (Quantum cloud) Alice and Bob may 
not know the exact path that connects them. 

Some for of repeater will 
be needed?

We really need to consider how our quantum 
networks will operate in this environment
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responsible for transmitting raw bits over a physical medium

responsible for node-to-node data transfer and for ensuring 
reliable transmission within a local network segment

 responsible for routing packets across multiple networks

ensures reliable or fast delivery of data between devices and 
applications across a network

 responsible for establishing, managing, and terminating sessions 
between two communicating devices or applications

The OSI Model (Open Systems 
Interconnection model)



Quantum Network Layers
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The OSI Model

What goes where?

packet: a unit of data used for communication over a network. It contains both the payload (actual 
data) and control information
segment: a portion of a computer network where all devices can communicate directly at the data 
link layer (Layer 2) without needing a router
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How do they work?
• A circuit-switched network establishes a dedicated physical 

communication path between users for the entire duration of a session. 
• This path remains exclusively reserved, regardless of whether data is 

actively being transmitted — much like a traditional telephone call.

Switch Switch
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How do they work?
• A circuit-switched network establishes a dedicated physical 

communication path between users for the entire duration of a session. 
• This path remains exclusively reserved, regardless of whether data is 

actively being transmitted — much like a traditional telephone call.
Key Characteristics of Circuit-Switched Networks

• Connection Establishment. 
• Before data transfer begins, a complete path is set up from source to destination. 
• All routers/switches along the way reserve resources for this session.

• Dedicated Path During Communication
• Once established, this circuit remains exclusively available to those users.
• Bandwidth is reserved, and no other traffic can use this path until it's released.

• Connection Teardown
• After communication ends, the circuit is torn down, freeing up the resources.
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How do they work?
•  A packet-switched network transmits data by breaking it into packets, 

which are sent independently over shared network paths and reassembled at 
the destination. Unlike circuit switching, there is no dedicated connection
— packets may take different routes and arrive out of order.

121



Packet Switched Networks
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How do they work?
•  A packet-switched network transmits data by breaking it into packets, 

which are sent independently over shared network paths and reassembled at 
the destination. Unlike circuit switching, there is no dedicated connection
— packets may take different routes and arrive out of order.

Key Characteristics of Circuit-Switched Networks
• Data is Split into Packets. 

• Messages are divided into chunks each with its own header.
• Dynamic Routing

• Each packet may travel a different path through the network.
• Reassembly at Destination

• Packets are reassembled into the original message at the receiving end.
• Efficient Resource Use

• No bandwidth is reserved; network resources are shared dynamically. 122



From naive considerations: it seems we are looking at a 
circuit switched network approach. May have to establish the 
path before we start

Alice Bob

Do we really want the old fashion telephone 
exchange models? 

First generation repeater probably leave us no choice 
Second and third can use packet switched approaches - so much 
more multi user friendly  

Alice Bob Alice Bob

Circuit Switched QNetwork Packet Switched QNetworka) b)

Alice Bob Alice Bob

Circuit Switched QNetwork Packet Switched QNetworka) b)

Entanglement Switched Networks 

• Route is reserved.  
• Frame arrive in order

• Route is dynamic.  
• Frame arrive out of order

Frame

HeaderTrailer Quantum

Links: 
        Optical Fiber 
        Satellite 
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FIG. 2. Hybrid frame generation. (a) The classical header and
quantum payload can be generated from different photon sources and
multiplexed into a hybrid data frame using a MUX. (b) Two examples
of multiplexing schemes: time-division multiplexing (TDM) and
wavelength-division multiplexing (WDM).

integrated. For the trailer, we use the same frame structure
with a binary value in a Header/Trailer TLV to distinguish the
two. We detail the frame in Table I. At this stage, we imagine
the trailer will simply indicate the end of the signal, but future
iterations could integrate trailer structures that incorporate add-
itional resources for quantum channel estimation [35], or other
error correction information for example. Future work will be
to form concrete structures for the header and trailer to work
in a completely general setting.

B. The Approach to Packet Switching

With a frame structure defined, the question of how a frame
is transmitted and processed at relay nodes is next to be
considered. We have discussed how the classical and quantum
information can be multiplexed, but how a frame is logically
processed and the type of hardware available at each relay
switch can dictate the precise timing of the frame generation.
In a classical setting, because it is possible to amplify, copy,
and correct errors, the precision of timing for when the parts
of a frame are transmitted is less critical—a frame payload
can be sent with its header shortly in front of it with a closely
following trailer. With quantum information, because of the
complexity involved in transporting and storing it, precise
timing and synchronization are critical. For this, we propose
the use of two switching schemes based on classical schemes
used in optical networks.

Technology for quantum memories is in a very early
stage of development and the capability of the memories
for maintaining quantum state fidelity is generally in the
millisecond to low single digit seconds range, especially lower
in systems coupled to networks [36, 37]. We therefore propose
a near-term approach that makes no use of quantum memory,
appropriate for an initial implementation stage of our quantum

S 1

3

2
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�0 �1

�2

FIG. 3. An example of burst switching. A frame is sent from node S
to node D in the network with the header part of the frame (solid) sent
�0 seconds earlier than the payload. Once the frame passes through
node 1, the time-gap between the header and the payload decreased
to a time difference of �1 < �0, due to the processing delay at node 1.
This repeats at node 2 and at the destination D, where the frame is
dropped from the network.

network model. Our scheme is based on a switching scheme
known as burst switching, or “just-in-time” switching. The
idea here is, given roughly the number of hops from source
to destination, to add enough guard time—the time between
when the header is transmitted and when the quantum payload
is transmitted—such that at each node, a routing decision
can be made before the payload arrives. Once the payload
arrives, if processing is complete, then the payload can be sent
onward. If processing is not complete, or the node is not able to
handle the frame, the payload is discarded and a retransmission
can be made with more guard time. Depicted in Fig. 3 is an
example of burst switching. In a sense, this approach is a hybrid
approach between packet switching and circuit switching. The
benefit gained in this case over circuit switching is that dynamic
routing is still possible. This additional freedom can therefore
allow for better network utilization.

In the next case, we assume the network nodes are capable
of storing quantum payloads. Depicted in Fig. 4 shows an
initial hardware concept. In this case, we do not require as
precise a guard time, and the stronger the memory, the weaker
the precision needs to be. When the header arrives at a node, if
by the time the payload arrives the node is busy, the payload
will be switched into a quantum memory to be stored until
transmission becomes possible. Here, for example, a node can
make use of the optional parameters of the proposed quantum
Ethernet frame that can state a maximum storage time for the
quantum payload before it should be dropped. If the payload
requires a higher fidelity and the maximum duration for storage
has elapsed, the payload can be dropped.

In both cases, while the classical header and trailer can be
amplified, measured, and regenerated at each network router,
the quantum payload should be transmitted through the entire
network faithfully without being measured or amplified at the
intermediate network nodes. Our proposals are conceptually
similar to the photonic packet switching in classical all-optical
networks [38, 39], so there are some common challenges in
both quantum and classical schemes. We will explore ways to
overcome these challenges in detail in future work.
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idea here is, given roughly the number of hops from source
to destination, to add enough guard time—the time between
when the header is transmitted and when the quantum payload
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can be made before the payload arrives. Once the payload
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example of burst switching. In a sense, this approach is a hybrid
approach between packet switching and circuit switching. The
benefit gained in this case over circuit switching is that dynamic
routing is still possible. This additional freedom can therefore
allow for better network utilization.

In the next case, we assume the network nodes are capable
of storing quantum payloads. Depicted in Fig. 4 shows an
initial hardware concept. In this case, we do not require as
precise a guard time, and the stronger the memory, the weaker
the precision needs to be. When the header arrives at a node, if
by the time the payload arrives the node is busy, the payload
will be switched into a quantum memory to be stored until
transmission becomes possible. Here, for example, a node can
make use of the optional parameters of the proposed quantum
Ethernet frame that can state a maximum storage time for the
quantum payload before it should be dropped. If the payload
requires a higher fidelity and the maximum duration for storage
has elapsed, the payload can be dropped.

In both cases, while the classical header and trailer can be
amplified, measured, and regenerated at each network router,
the quantum payload should be transmitted through the entire
network faithfully without being measured or amplified at the
intermediate network nodes. Our proposals are conceptually
similar to the photonic packet switching in classical all-optical
networks [38, 39], so there are some common challenges in
both quantum and classical schemes. We will explore ways to
overcome these challenges in detail in future work.

Need to generate the classical quantum frame
Frame

HeaderTrailer Quantum

Work done at



Routing
• To forward incoming data packets, a router learns all available network routes and 

stores them the routing table 
• There are 2 types of routes: static route and dynamic route. 

• A static route is a route that is either directly configured on the router or 
manually added to the routing table 

• A dynamic route is where the router learns dynamic routes by running a 
routing protocol. This leads to centralized routing and distributed routing 
protocols Static Routing Dynamic Routing



Quantum Routing
Quantum routing refers to the process of directing quantum information—typically 
encoded in qubits or entangled quantum states—through a quantum network. It's 
the quantum analog of classical network routing, but with unique challenges and 
principles due to the nature of quantum mechanics.

• In the quantum regime we can now send 
our quantum data packets via a 
superposition of paths at the same time.  

• This leads to the concept of a 
quantum route and quantum 
network aggregation!



Path selection for for quantum repeater networks
What happens if we have links for different quality?
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Vienna, Geneva, Tokyo, Hefei, and other cities [11,13,16,17].  
Long-distance QKD without the trusted relay nodes, as 

well as most other distributed quantum applications, can 
be achieved through the use of entanglement [18,19] 
(entanglement and other italicized vocabulary will be 
explained in more depth in Sec. 2). Physical links can create 
entanglement over short distances; in multi-hop networks, 
many short-distance entangled states are used to forge the 
end-to-end entangled states consumed by applications. 
Complex, irregular network topologies with hops of varying 
length and quality, from quantum LANs through MANs to 
WANs, will result as quantum systems grow. The devices 
that will bridge long distances and route connections 
through networks are called quantum repeaters [8].  

Entangled states have uses beyond QKD. The quantum 
communications toolkit includes such building blocks as 
quantum Byzantine agreement, distributed leader election, 
secure multi-party communication, and distributed 
arithmetic for building large-scale quantum applications 
[20,21,22,23].  

Thus, heterogeneous quantum networks hover in our 
future, but substantial theoretical and engineering hurdles 
remain to be cleared. The first, theoretical studies on 
entangled quantum networks focused primarily on an 
abstract model consisting of a linear chain of repeaters, 
with a power of two number of hops of identical length 
and quality [8,24]. Recent work [25,26,27] has targeted 
more realistic chains of repeaters, relaxing those constraints. 
Here, we analyze the behavior of more complex network 
topologies, as in Fig. 1. In a network of heterogeneous links 
and irregular topology, path selection affects both the 
performance of individual connections and global network 
load. Purify-and-swap quantum repeaters are a theoretically 
well-developed approach, and are strong candidates for 
field deployment, and we use them as our subject.  

 
Fig. 1 Path selection is a critical problem in all networks; in 
quantum networks, due to the delicacy of quantum information, 
it may determine whether or not a connection can be made 
successfully 

In this paper, we apply Dijkstra’s algorithm for ranking 
candidate paths to quantum repeater networks [1]. We 
evaluate our algorithm for its ability to select a path that 
both maximizes the throughput of end-to-end connections 
and minimizes global work for this class of repeater. 
Detailed simulations of both the physical interactions and 
the classical messaging confirm reasonable agreement between 
the calculated path cost and the expected throughput.  

Our proposed link cost is the inverse of the throughput 
of the link, measured in Bell pairs per second of a particular 
fidelity. Other candidates for link cost, including lower-level 
metrics such as the number of laser pulses and quantum 
measurement operations, are found to be useful for evaluating 
the total work actually consumed on a path, but are poor 
metrics for prioritizing a link because they reflect the 
physical link characteristics but not the system factors that 
are equally important influences on end-to-end performance.  

We present the results of three sets of simulations of 
various paths using four different qualities of links. The 
first set of forty-six paths vary in length from one to nine 
hops, while the second set covers 256 link combinations in 
four-hop paths, both using a target fidelity of F≥0.98. The 
third data set replicates the first forty-six paths, but for a 
target fidelity of F≥0.90, which is too low for some 
distributed quantum computations but high enough for 
successful quantum key distribution [28]. The Open Shortest 
Path First (OSPF) protocol built on a distributed form of 
Dijkstra’s algorithm is typically deployed in networks of up 
to a thousand nodes or so, with a diameter typically less 
than twenty (often less than five in modern practice) and 
an average path length of four to seven even in the largest 
networks [29,30,31]. Thus, we believe that examining cases 
of up to nine hops provides adequate coverage of the likely 
usage scenarios for our approach.  

Across the first two data sets, the coefficient of 
determination is 0.88 or better between the path cost and 
the total work performed (counted as the number of quantum 
measurements performed along the whole path), supporting 
our choice of link cost and the effectiveness of Dijkstra for 
this type of quantum network. Comparing the results of 
pairs of simulations, the path with the lower cost also has 
higher throughput in more than 80% of all tested cases. We 
demonstrate that, in direct analogy to classical networks, 
the performance of a quantum path will be limited by the 
throughput of the bottleneck link, while total work is a 
function of both the path length and the quality of all the 
links.  

To build a complete argument, we discuss the differences 
between quantum and classical networks and the difficulties 
encountered (Sec. 2). After defining the problems in path 
selection and proposing several solutions (Sec. 3), we evaluate 
those solutions via simulations that answer a series of 
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4.2 Simulated hardware and link costs 

All of the simulations presented in this paper model the 
qubus physical entanglement mechanism [45,46]. Qubus 
uses a strong light pulse to entangle two distant, static qubit 
memories through a fiber or other waveguide. Alternative 
approaches use single photons [47] or a small number of 
photons [48]. In the qubus system, a strong laser pulse first 
interacts with a physical qubit at the transmitter, such as an 
atom or a quantum dot held in a cavity, resulting in a small, 
nonlinear shift in the state of the laser pulse, depending on 
the state of the qubit. The pulse is sent through a waveguide 
to the receiver, where it undergoes a similar interaction 
with another qubit. The pulse is then measured using a 
technique known as homodyne measurement, giving a 
classical result. About 40% of the time, we get a result that 
tells us only the parity of the two qubits and leaves them 
entangled.  

We use the same simulator as in our prior work, with 
extensions to support the heterogeneous paths [37,45,48]. 
The simulator was developed for modeling the quantum- 
level behavior of a cavity QED system for qubus and two 
other physical layer candidates, and uses the purification 
mechanism of Dehaene et al. [49]. The necessary classical 
messaging is carefully modeled. The simulator consists of 
about 11 000 commented lines of C++, and the production 
runs of the simulations presented here consumed about one 
hundred hours of CPU time on 2.2 GHz AMD Opteron 
CPUs. The simulator is based on well-understood physical 
equations and materials whose behavior and relationships 
have been experimentally validated at the lowest levels, 
although the complete mechanisms have not yet been 
demonstrated together; as experience with larger-scale 
quantum networks develops, we plan to continue tracking 
the agreement of theory, simulation, and experiment. We 
believe the prospective agreement between a real-world 
network and our simulations will be more than adequate 
for the purposes of this paper, but the detailed arguments 
are largely about physics, and are beyond the scope of this 
paper.  

Figure 3 shows the results of simulating a single qubus 
hop, with parameters as in Table 1; additional details of the 
hardware configuration are the same as in [37,45,48]. The 
original qubus mechanism is very sensitive to loss, but works 
well in low-loss situations. This form of qubus repeater 
fails to work for losses greater than about 5.5 dB from 
transmitter qubit to receiver qubit, limiting hop length to 
about 30 km over high-quality optical fiber at telecom 
wavelengths. Other types of physical link, including variants 
of the qubus mechanism [48], will work over longer distances 
and with higher fidelity. By choosing to simulate basic 

qubus links, we can see very clearly the impact of purification 
and low-fidelity entanglement. As future work, we plan to 
confirm the behavior of Dijkstra with other physical link 
types.  

For the multi-hop simulations, we choose four specific 
points as example links, as shown in Table 2. The four link 
types chosen are marked in the figure with the corresponding 
symbols. The terms “standard”, “good”, “fair”, and “poor” 
are relative to this simulation only, not indicative of all 
possible physical quantum link types. As can be seen from 
this table and Figs. 3 and 4 even small differences in loss have 
a large and uneven impact on throughput, suggesting that 
not only is the utility of the proposed link costs Loss and 
InvTrans rather technology-specific, but even in the isolated 
case of qubus they may be poor metrics.  
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Fig. 3 Single-hop simulated throughput versus loss using the 
parameters in Table 1, used to define link cost. The four link types 
chosen for simulation of more complex paths are marked on the 
black/blue curve with the corresponding symbols. The stair-step 
behavior is due to the increasing number of purification rounds 
as the initial fidelity declines due to increasing loss. The details of 
this curve are very specific to the qubus technology we simulate, 
but the principles are general. In these simulations, final fidelity is 
F≥0.98 

Table 1 Link cost simulation parameters 
Qubus quantum repeater 

Number of qubits per repeater link 
connection 

25 transmitter,  
25 receiver   

Number of qubits teleported 
(length of simulation) 

Final target fidelity 

200 qubits  
 

F≥0.98, F≥0.90 

Optical fiber 
Length  20 km  
Signal loss  3.4–4.4 dB/20 km  

A single hop



Quantum 
Multiplexing

128

As photon get lost in optical fiber channels 
should we not try to conserve them?  
Why not use higher dimensional encoding or 
multiple degrees of freedom 3

inequality by more than 30 σ. In the spatial mode DOF,
the correlations for the state Φ+

spa were close to maximal

(S = 2
√
2 ≈ 2.83), also in agreement with predictions

from the measured state density matrix. In addition,
we tested Bell inequalities for non-maximally entangled
states in the OAM-subspace: α|gg〉+|rl〉 and α|gg〉+|lr〉;
the measured Bell parameters in this case were slightly
smaller (5%, max.) than predictions from tomographic
reconstruction [31], yet still 20 σ above the classical limit.
Finally, our measured Bell violation for the energy-time
DOF using particular phase settings is in good agreement
with the prediction (S = 2

√
2V ) from the measured 2-

photon interference visibility V = 0.985(2).

The polarization and spatial-mode state was fully char-
acterized via tomography [27]. We performed the 1296
linearly independent state projections required for a full
reconstruction in the (2⊗ 3)⊗ (2⊗ 3) Hilbert space con-
sisting of two polarization and three OAMmodes for each
photon. The measured state (Fig. 2) overlaps the antic-
ipated state (polarization and spatial DOFs of Eq. 1)
with a fidelity of 0.69(1) for α=1.88e0.16iπ (numerically
fitted), and SL=0.46(1), suggesting the difference arises
mostly from mixture. Treating the photon pairs as a
six-level two-particle system, we can quantify the entan-
glement using the negativity N [33]. In this 6⊗6 Hilbert

Re(ρ)

Re(|Ψp〉〈Ψp|)

Im(ρ)

Im(|Ψp〉〈Ψp|)

FIG. 2: (color online). Measured density matrix (ρ) and close
pure state (|Ψp〉 ∼ Φ+

poln ⊗ (|lr〉 + α|gg〉 + |rl〉) with α =

1.88e0.16iπ) of a (2×2×3×3)-dimensional state of 2-photon
polarization and spatial mode [32].

FIG. 3: (color online). Measured density matrices (real parts)
of (2×2×2×2)-dimensional states of 2-photon polarization
and (+1,−1)-qubit OAM [32]. For each state, we list: the
target state ρt, the fidelity F (ρ, ρt) of the measured state ρ
with the target ρt, their negativities and linear entropies, and
the tangle and linear entropy for each subspace. The neg-
ativity for two-qubit states is the square root of the tangle.
The magnitudes of all imaginary elements, not shown, are less
than 0.03.
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independently controllable, allowing one to generate hyper-entan-
gled, multi-partite states (see Methods). Such hyper-entangled states 
can be produced by exciting the nonlinear element, placed inside 
the resonator, with a coherent set of multiple pulses (see Fig. 1c),  
as long as the pulse separation is much larger than the photon life-
time in the resonator. In this case, the time-bin component can be 
fully controlled in the temporal domain, while the frequency-bin 
component can be completely and independently controlled in the 
frequency domain.

In our experimental implementation, we produced photon 
pairs using the nonlinear process of spontaneous four-wave mixing 
within a microring resonator (see Methods). By exciting the resona-
tor with three phase-locked pulses and considering three frequency 
mode pairs, we generated photon states simultaneously entangled 
in time and frequency, described by the following expression  
(equation (1)):

Ψ = + +
⊗ + +

= +
+

+ +
+

+ +
+

a a b b c c
a a b b

c c
a a b b

c c
a a b b

c c

( 1 , 1 2 , 2 3 , 3 )
( , , , )

1 , 1 , , 1 , 1 , ,
1 , 1 , ,

2 , 2 , , 2 , 2 , ,
2 , 2 , ,

3 , 3 , , 3 , 3 , ,
3 , 3 , ,

(1)

s i s i s i

s i s i s i

s i s i s i s i

s i s i

s i s i s i s i

s i s i

s i s i s i s i

s i s i

Hyper

where numbers indicate time bins and letters indicate frequency 
bins, with the indices s and i referring to the signal and idler photons,  

respectively (the normalization is not shown for compactness). This 
hyper-entangled state is bi-separable, since any projection measure-
ment performed in, for example, the time-bin basis, does not affect 
the frequency-bin entangled sub-state (and vice versa). In contrast, 
a cluster state is characterized by the fact that a projection measure-
ment of one party affects the remaining portion of the state. An 
ideal compact three-level cluster state (which is locally equivalent 
to a linear cluster in a one-dimensional lattice, as well as a box clus-
ter in a two-dimensional lattice, see Methods) can be obtained by 
judiciously modifying the phase terms in equation (1), which then 
reads (equation (2)):
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To experimentally transform the hyper-entangled state (equa-
tion (1)) into this cluster state (equation (2)), access to the individ-
ual terms of the state is necessary, while maintaining coherence. For 
multi-particle states, this is technically very challenging, requiring 
two-party quantum gates, which are usually probabilistic27. Since we 
are employing two different types of discrete energy–time entan-
glement associated with different timescales (that is, time-bin and 
frequency-bin), it is possible to fully map the entangled state into 
the time domain to perform coherent state manipulations using 
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 + ∣3, 3 〉 (∣a, a〉 + eiβ ∣b, b 〉 + eiα ∣c, c 〉 )

Fig. 2 | Generation of d-level cluster states with a controlled phase gate. The two-photon d-level hyper-entangled state is simultaneously composed of 
three temporal modes ∣ ⟩ ∣ ⟩1 , 2  and ∣ ⟩3  and three frequency modes ∣ ⟩ ∣ ⟩a b,  and ∣ ⟩c  per signal and idler photon, given by the state wavefunction Ψ| H  (the 
real part of the associated density matrix is depicted in the top left panel). A controlled phase gate gives access to the individual terms of the quantum 
state. This was realized by temporally dispersing the individual frequency modes into different time slots via a fibre Bragg grating array (that is, by means 
of frequency-to-time mapping) such that each individual state term has its own time slot (see the middle panel). An electro-optical modulator was used to 
change the phase of the individual state terms, here by α/2 and β/2 (see the middle panel). The photons then enter the fibre Bragg grating array from the 
opposite end, such that the frequency-to-time mapping is coherently reversed. By choosing the phases α!= !2π /3 and β!= !− 2π /3, the hyper-entangled state 
is transformed into a d-level cluster state Ψ| C , where the two grey shading tones indicate the two opposite phase changes (the real part of the associated 
density matrix is shown in the top right panel).
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independently controllable, allowing one to generate hyper-entan-
gled, multi-partite states (see Methods). Such hyper-entangled states 
can be produced by exciting the nonlinear element, placed inside 
the resonator, with a coherent set of multiple pulses (see Fig. 1c),  
as long as the pulse separation is much larger than the photon life-
time in the resonator. In this case, the time-bin component can be 
fully controlled in the temporal domain, while the frequency-bin 
component can be completely and independently controlled in the 
frequency domain.

In our experimental implementation, we produced photon 
pairs using the nonlinear process of spontaneous four-wave mixing 
within a microring resonator (see Methods). By exciting the resona-
tor with three phase-locked pulses and considering three frequency 
mode pairs, we generated photon states simultaneously entangled 
in time and frequency, described by the following expression  
(equation (1)):
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where numbers indicate time bins and letters indicate frequency 
bins, with the indices s and i referring to the signal and idler photons,  

respectively (the normalization is not shown for compactness). This 
hyper-entangled state is bi-separable, since any projection measure-
ment performed in, for example, the time-bin basis, does not affect 
the frequency-bin entangled sub-state (and vice versa). In contrast, 
a cluster state is characterized by the fact that a projection measure-
ment of one party affects the remaining portion of the state. An 
ideal compact three-level cluster state (which is locally equivalent 
to a linear cluster in a one-dimensional lattice, as well as a box clus-
ter in a two-dimensional lattice, see Methods) can be obtained by 
judiciously modifying the phase terms in equation (1), which then 
reads (equation (2)):
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To experimentally transform the hyper-entangled state (equa-
tion (1)) into this cluster state (equation (2)), access to the individ-
ual terms of the state is necessary, while maintaining coherence. For 
multi-particle states, this is technically very challenging, requiring 
two-party quantum gates, which are usually probabilistic27. Since we 
are employing two different types of discrete energy–time entan-
glement associated with different timescales (that is, time-bin and 
frequency-bin), it is possible to fully map the entangled state into 
the time domain to perform coherent state manipulations using 
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three temporal modes ∣ ⟩ ∣ ⟩1 , 2  and ∣ ⟩3  and three frequency modes ∣ ⟩ ∣ ⟩a b,  and ∣ ⟩c  per signal and idler photon, given by the state wavefunction Ψ| H  (the 
real part of the associated density matrix is depicted in the top left panel). A controlled phase gate gives access to the individual terms of the quantum 
state. This was realized by temporally dispersing the individual frequency modes into different time slots via a fibre Bragg grating array (that is, by means 
of frequency-to-time mapping) such that each individual state term has its own time slot (see the middle panel). An electro-optical modulator was used to 
change the phase of the individual state terms, here by α/2 and β/2 (see the middle panel). The photons then enter the fibre Bragg grating array from the 
opposite end, such that the frequency-to-time mapping is coherently reversed. By choosing the phases α!= !2π /3 and β!= !− 2π /3, the hyper-entangled state 
is transformed into a d-level cluster state Ψ| C , where the two grey shading tones indicate the two opposite phase changes (the real part of the associated 
density matrix is shown in the top right panel).
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independently controllable, allowing one to generate hyper-entan-
gled, multi-partite states (see Methods). Such hyper-entangled states 
can be produced by exciting the nonlinear element, placed inside 
the resonator, with a coherent set of multiple pulses (see Fig. 1c),  
as long as the pulse separation is much larger than the photon life-
time in the resonator. In this case, the time-bin component can be 
fully controlled in the temporal domain, while the frequency-bin 
component can be completely and independently controlled in the 
frequency domain.

In our experimental implementation, we produced photon 
pairs using the nonlinear process of spontaneous four-wave mixing 
within a microring resonator (see Methods). By exciting the resona-
tor with three phase-locked pulses and considering three frequency 
mode pairs, we generated photon states simultaneously entangled 
in time and frequency, described by the following expression  
(equation (1)):
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where numbers indicate time bins and letters indicate frequency 
bins, with the indices s and i referring to the signal and idler photons,  

respectively (the normalization is not shown for compactness). This 
hyper-entangled state is bi-separable, since any projection measure-
ment performed in, for example, the time-bin basis, does not affect 
the frequency-bin entangled sub-state (and vice versa). In contrast, 
a cluster state is characterized by the fact that a projection measure-
ment of one party affects the remaining portion of the state. An 
ideal compact three-level cluster state (which is locally equivalent 
to a linear cluster in a one-dimensional lattice, as well as a box clus-
ter in a two-dimensional lattice, see Methods) can be obtained by 
judiciously modifying the phase terms in equation (1), which then 
reads (equation (2)):
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To experimentally transform the hyper-entangled state (equa-
tion (1)) into this cluster state (equation (2)), access to the individ-
ual terms of the state is necessary, while maintaining coherence. For 
multi-particle states, this is technically very challenging, requiring 
two-party quantum gates, which are usually probabilistic27. Since we 
are employing two different types of discrete energy–time entan-
glement associated with different timescales (that is, time-bin and 
frequency-bin), it is possible to fully map the entangled state into 
the time domain to perform coherent state manipulations using 
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Fig. 2 | Generation of d-level cluster states with a controlled phase gate. The two-photon d-level hyper-entangled state is simultaneously composed of 
three temporal modes ∣ ⟩ ∣ ⟩1 , 2  and ∣ ⟩3  and three frequency modes ∣ ⟩ ∣ ⟩a b,  and ∣ ⟩c  per signal and idler photon, given by the state wavefunction Ψ| H  (the 
real part of the associated density matrix is depicted in the top left panel). A controlled phase gate gives access to the individual terms of the quantum 
state. This was realized by temporally dispersing the individual frequency modes into different time slots via a fibre Bragg grating array (that is, by means 
of frequency-to-time mapping) such that each individual state term has its own time slot (see the middle panel). An electro-optical modulator was used to 
change the phase of the individual state terms, here by α/2 and β/2 (see the middle panel). The photons then enter the fibre Bragg grating array from the 
opposite end, such that the frequency-to-time mapping is coherently reversed. By choosing the phases α!= !2π /3 and β!= !− 2π /3, the hyper-entangled state 
is transformed into a d-level cluster state Ψ| C , where the two grey shading tones indicate the two opposite phase changes (the real part of the associated 
density matrix is shown in the top right panel).
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FIG. 1. (a) Quantum multiplexing applied to the four-qubit entanglement distribution scheme (Alice and Bob have two qubits each). A
polarized photon is entangled with the electron spin states of an NV center to create the state |g1〉|D〉 + |e1〉|A〉. The polarization encoded
information is then transferred to a time bin encoding on the photon through the time bin encoding converter. The photon interacts with the
second NV center and travels across the channel to Bob. At Bob’s side, the photon interacts with an NV center followed by it passing through
the switching setup operation which swaps the polarization and time bin degrees of freedom (AS with the DL mode). Finally, the photon
interacts with the second NV center of Bob and is measured. (b) Upon a successful measurement, the state of the four memories is projected
into two maximally entangled states.

transformed to

|g1〉|DS〉 + |e1〉|DL〉, (2)

where the subscripts S and L indicate the short and long time
bins, respectively. The photon then interacts with the second
NV center of Alice (labeled QM3), giving

|g1〉|g3〉|DS〉 + |g1〉|e3〉|AS〉 + |e1〉|g3〉|DL〉 + |e1〉|e3〉|AL〉.
(3)

The photon then travels through the optical fiber, where, upon
a successful transmission, it interacts with Bob’s first qubit
(labeled QM4). While the photon’s transmission through the
channel has a probabilistic nature, its success can be heralded
by Bob’s eventual measurement. The probability of the photon
arriving at Bob’s side is P0 = e−L/Latt , where Latt = 25 km is
the attenuation length of the channel with c being that speed
of light in that channel. After this interaction with QM4, the
photon’s degrees of freedom (polarization and tim bin) are
swapped with each other (the DL component is switched with
the AS component). Then the photon interacts with the last
NV center (labeled QM2), resulting in the state (conditioned
on there being a photon at Bob’s side)

|φ+
12〉|φ+

34〉|DS〉 + |ψ+
12〉|φ+

34〉|AS〉 + |φ+
12〉|ψ+

34〉|DL〉
+ |ψ+

12〉|ψ+
34〉|AL〉, (4)

where |φ+
i j 〉 = (|gi〉|g j〉 + |ei〉|e j〉) and |ψ+

i j 〉 = (|gi〉|e j〉 +
|ei〉|g j〉) for i = 1 (3) and j = 2 (4). Bob will then measure
the photon [both polarization and the time-bin (TB) DOF]
and so heralds its successful transmission. The state of Eq. (4)
will collapse in one of the four tensor products of entangled
states under ideal conditions. Depending on the photon mea-
surement result, bit-flip operations can be performed on Bob
qubits, ensuring that Alice and Bob share the required state
|φ+

12〉|φ+
34〉. Appendix C shows the situation with channel loss

in more detail.

B. Advantages of the QMUXING entangling scheme

The main advantage of the QMUXING entangling scheme
is that we only need one single photon to create two entangled
pairs as compared to the conventional schemes where at least
two single-photon sources are needed. This means that we
reduce the waiting time for entangling both pairs. In fact,
in the QMUXING scheme the time to entangle two pairs of
memories is given by 2L/c, where 2L/c is simply the time for
Alice to send her photon to Bob and Bob to return a success or
failure message. In the case of success, Alice and Bob can now
use the entangled pairs, whereas in the case of failure, Bob
needs to send a message to Alice indicating another attempt is
required including reinitialization of the quantum memories.
The reduced waiting time for the QMUXING scheme means
that the quantum memories will dephase less and so will result
in higher-fidelity pairs being generated. It is straightforward to
show that each pair of Fig. 1(b) will dephase simultaneously
as

ρ
dph
i j (Fi j ) = Fi j |φ+

i j 〉〈φ+
i j | + (1 − Fi j )Zi j |φ+

i j 〉〈φ+
i j |Zi j, (5)

where Zi j is the Z Pauli operator and Fi j = F = (1 +
e−3L/cT2 )/2 is the fidelity of the generated entangled state.
In the latter fidelity expression, the term 3L/c takes into
account the NV center’s dephasing time for the photon to
travel from Alice to Bob and the heralding of a successful
photon transmission to be communicated back to Alice and T2
is the coherence time of the memory. For the four QMUXING
schemes the state of the two entangled pairs can be written as

ρ
dph
1234(F ) = ρ

dph
12 (F ) ⊗ ρ

dph
34 (F ). (6)

Now let us investigate the conventional entangling scheme
[9] as it leads to a different dephasing process as the en-
tangled states are created at different times. Once the first
entangled pair is created one must wait until the second pair
has been created before further operations can be attempted.
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Average Performance

As we can generate two Bell pairs with one photon - can 
we also increase their quality at the same time?

QUANTUM MULTIPLEXING PHYSICAL REVIEW A 99, 022337 (2019)

given by

FQMX = F 2
0

F 2
0 + (1 − F0)2

. (9)

Now Alice and Bob will communicate classically the out-
comes of their measurement and therefore their state ρ

dph
QMX

will dephase to ρ
dph
QMX(F dph

QMX), where F dph
QMX = [1 + (2FQMX −

1)e−2L/cT2 ]/2 (see Appendix D for details).
Now in the traditional Deutsch protocol where the en-

tanglement distribution is done independently per pair, the
fidelity of the purified pair will be given by

Ftrad = F12F ′
34

F12F ′
34 + (1 − F12)(1 − F ′

34)
, (10)

where F12 and F ′
34 have been defined in Sec. II. After the en-

tangled pairs are created, Alice and Bob will perform the local
operations and will measure their target qubits. Then they will
communicate the outcomes of the measurement to each other.
During this time, the purified pair state ρ

dph
trad will dephase to

ρ
dph
trad (F dph

trad ), where F dph
trad = [1 + (2Ftrad − 1)e−2L/cT2 ]/2.

Now in Fig. 2(b) we compare F dph
QMX and F dph

trad versus L
where we have set a T2 = 1 ms coherence time for the mem-
ories. We observe that for short distances the two fidelities
are almost the same. However, at distances larger than 20 km
the fidelity of the entangled pair created by the QMUXING
scheme is much higher compared to the one of the entangled
pair created with the traditional entangling scheme. This
advantage is biggest at L = 50 km where F dph

QMX = 0.8 and
Ftrad = 0.6.

B. The QMUXING protocol

We illustrate here a method, to create high-fidelity entan-
gled pairs through the QMUXING entangling scheme with a
built-in purification protocol. We call this method the QMUX-
ING protocol. A remarkable feature of encoding a photon into
multiple DOFs is that the DOFs correspond to qubits on which
we might perform the same local operations applied above.
This in turn means that the number of matter qubits can be
reduced.

In this protocol, the state of our system, after the photon
has interacted with the memories QM1 and QM3 of Fig. 3, is
given by Eq. (3). A Hadamard gate applied to Alice’s qubit
gives

| + +DS〉 + | + −AS〉 + | − +DL〉 + | − −AL〉. (11)

We can now apply a CNOT operation between QM3 (control)
and QM1 (target) and between the polarization DOF (control)
and the TB DOF (target). This CNOT operation works as
follows. The diagonal component will leave unaffected the
time-bin component and the antidiagonal component will flip
the time-bin component. The CNOT operation on the photonic
qubits can be implemented by the scheme represented in
the photonic CNOT operation of Fig. 3. Upon a successful
transmission of the photon through the channel (which will
be heralded by the photon measurement), the photon then
interacts with QM4, which is successively rotated in the

FIG. 3. Three-qubit quantum multiplexing protocol. The first
two steps are identical to the ones described in Fig. 1. The spin
states of the NV centers are rotated into the diagonal basis. When the
photon being transmitted across the channel arrives at Bob a CNOT

operation is performed between QM3 and QM1 and between the
photonic modes of the photon through the photonic CNOT operation
of the figure. The photon then interacts with the last NV center and it
is measured. The protocol is successful if Alice measures +(−) and
Bob measures S (L) on the photon degree of freedom. In any other
case, the protocol is aborted and Alice and Bob start again.

diagonal basis. The final resulting state has the form

|+1〉|ϕ+
34〉|DS〉 + |+1〉|χ+

34〉|AS〉 + |−1〉|χ+
34〉|AL〉

+ |−1〉|ϕ+
34〉|DL〉. (12)

Alice now measures QM1 in the diagonal basis while at the
same time Bob measures the state of the photon (both degrees
of freedom). They communicate the results with each other
via the classical communication channel. A purified pair is
obtained if the outcome of QM1 is + (−) and the outcome
of the TB DOF is S (L), respectively. In this case the states
will be given by |ϕ+

34〉 (|χ+
34〉). For the +L and −S results

the protocol has failed and we need to begin again with
the entanglement distribution. Of course these considerations
have not included dephasing yet. It can be simply handled
(Appendix E) and, for instance, with the (+,S ) measurement
result, our quantum state would have the form

ρ3 = F 2

F 2 + (1 − F )2
|ϕ+

34〉〈ϕ+
34|

+ (1 − F )2

F 2 + (1 − F )2
X3|ϕ+

34〉〈ϕ+
34|X3, (13)

where X3 is the X Pauli operator applied to QM3.
We can also generalize the QMUXING protocol to a larger

number of memories. In this case, if N is the total number
of pairs of a conventional protocol, the total number of matter
qubits that need the QMUXING protocol will be given by N +
1, since N − 1 effective extra DOFs are needed to entangled
N pairs (this can be also former TB modes).

We can further reduce the number of matter qubits if we
use the nuclear spin of an NV center as a qubit. We can in
fact transfer the electron spin state of the NV center into the
nuclear spin after the first interaction of the photon. In this
way, the photon can interact again with the electron spin and
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A very old concept 
Photons have many degrees of freedom, polarization, time bin, frequency bin, …
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• There is a trade off - it really can be useful
3 photons

6 qubits
Loss

Information recoverable

How does this work?
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• There is a trade off - it really can be useful
3 photons

6 qubits
Loss

Information recoverable
First consider the 6 qubits case with no multiplexing. 
 We can write the state as

α |00 + 11⟩ |00 + 11⟩ |00 + 11⟩ + β |01 + 10⟩ |01 + 10⟩ |01 + 10⟩
In density matrix form 

|α |2 |00 + 11⟩ |00 + 11⟩ |00 + 11⟩⟨00 + 11 |⟨00 + 11 |⟨00 + 11 |
+αβ* |00 + 11⟩ |00 + 11⟩ |00 + 11⟩⟨01 + 10 |⟨01 + 10 |⟨01 + 10 |
+α*β |01 + 10⟩ |01 + 10⟩ |01 + 10⟩⟨00 + 11 |⟨00 + 11 |⟨00 + 11 |

+ |β |2 |01 + 10⟩ |01 + 10⟩ |01 + 10⟩⟨01 + 10 |⟨01 + 10 |⟨01 + 10 |
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When we lose the qubit 4 and 6 we have  

|α |2 |00 + 11⟩⟨00 + 11 | ⊗ I3 ⊗ I5
+αβ* |00 + 11⟩⟨01 + 10 | ⊗ { |0⟩3⟨1 | + |1⟩3⟨0 |} ⊗ { |0⟩5⟨1 | + |1⟩5⟨0 |}
+α*β |01 + 10⟩⟨00 + 11 | ⊗ { |0⟩3⟨1 | + |1⟩3⟨0 |} ⊗ { |0⟩5⟨1 | + |1⟩5⟨0 |}

+ |β |2 |01 + 10⟩⟨01 + 10 | ⊗ I3 ⊗ I5

Measure qubit 3 and 5 in the X basis  to give

|α |2 |00 + 11⟩⟨00 + 11 | + αβ* |00 + 11⟩⟨01 + 10 |
+α*β |01 + 10⟩⟨00 + 11 | + |β |2 |01 + 10⟩⟨01 + 10 |

X3 = X5 = + 1

α |00 + 11⟩ + β |01 + 10⟩
In state form we have 

You can go through the other 3 cases as well
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Now when we have 3 photons and loss one, it is equivalent to losing two qubits 
So the previous procedure works as well

A photon can carry multiple qubits (for example time-bin )

3 photons

6 qubits
|"#1"#2"#3⟩ + |"#1")2*#3⟩ + |")1*#2"#3⟩ + |")1*)2*#3⟩ +
|*#1"#2")3⟩+|*#1")2*)3⟩ + |*)1*#2")3⟩+ |*)1*)2*)3⟩
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(we need to compute them numerically)
N. Lo Piparo, et.al. Phys. Rev. A 99, 022337 (2019) ; Phys. Rev. Lett 124, 210503 (2020)  
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The quantum reed solomon (QRS) code [[d,2k-d,d-k+1]]d is a nice 
example where we can save both qudits & photons

N. Lo Piparo, et.al. Phys. Rev. A 99, 022337 (2019) ; Phys. Rev. Lett 124, 210503 (2020)  

 The simplest case is qutrits

2

Figure 1. (a) Logic circuit used for the encoding of the (3,1,2) QRS code with qutrits, (b) gives the corresponding circuit using
qubits while (c) illustrates how the Toffoli gate can be implemented for multiplexed photons using only a single photon-photon
CNOT gate. This is potentially an important resource saving. Here Pol.1, Pol.2 and TB2 stand for the polarization DOFs of
photon 1, photon 2 and time-bin DOF of photon 2 respectively. OS is an optical switch that splits into two other modes (Long
and Short) photon 2. A CNOT between photon 1 and the Long component of photon 2 is performed followed by another OS
that recombines the modes.

ent degrees of freedom of a photon [51–53] – can dramat-
ically decrease both the number of qubits required within
the node and also the number of photons being transmit-
ted through the channel (still this may not be enough).
However, in conjunction with aggregation those advan-
tages may be enhanced further.

The paper is divided as following: In Section II we
briefly introduce communication-based quantum error
correction in terms of the quantum Reed-Solomon (QRS)
code and show how quantum multiplexing can be applied
to it. Then in Section III we illustrate our aggregation
scheme between two nodes with two different channels
connecting them. This is followed up in Section IV with
the extension to spatial-temporal single photon multi-
plexing. We conclude in Section V.

II. THE QUANTUM REED-SOLOMON CODE

It is well known that advanced quantum repeaters will
be based on quantum error correction techniques [30].
There are a huge variety of codes available for use in
these circumstances [39–42] but here our primary focus
will be on the Quantum Reed Solomon (QRS) code [40].
Such a code has excellent properties to handle channel
loss events and has also recently been shown that the
number of physical resources required to implement it
can be dramatically reduced by using a quantum mul-

tiplexing approach [50]. The QRS code has been used
in several applications in the last few years [40]. In this
Section we will review the QRS code and how it can be
used in the quantum multiplexing regime.
The QRS code is typically written in the form [[d, 2k �
d, d � k + 1]]d, where 2k � d logic qudits of dimension
d (prime number) are encoded into d physical qudits, in
such a way that when d � k or less qudits are lost the
encoded qudit can be retrieved. A simple example of
such a code is the [[3, 1, 2]]3 code. Here a logic qutrit |Di
is encoded using three physical qutrits as [54]:

|Di = ↵|0iL + �|1iL + �|2iL , (1)

where (omitting the normalization constants for simplic-
ity) |0iL = |000i+ |111i+ |222i , |1iL = |012i+ |120i+
|201i and |2iL = |021i + |102i + |210i (see Fig. 1(a)
and Appendix A for further details). This code has used
physical qutrits in its encoding, however it may be more
convenient to use physical qubits due to their more com-
mon nature. As such we can use two qubits to encode
one physical qutrit meaning six qubits are needed for the
logical state to encode the [[3, 1, 2]]3 code (see Fig. 1(b)
and Appendix B). One can extend this encoding proce-
dure to the multiplexed case [50] in which each photon
is carrying two qubits of information. This approach re-
duces number of physical resources in an error correctionMultiplexing only requires extra optical switches
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FIG. 1. (a) Logic circuit used for the encoding of the (3,1,2) QRS code with qutrits; (b) gives the corresponding circuit using qubits while
(c) illustrates how the Toffoli gate can be implemented for multiplexed photons using only a single photon-photon CNOT gate. This is potentially
an important resource savings [50,51]. Here Pol.1, Pol.2 and TB2 stand for the polarization DOFs of photon 1 and photon 2 and time-bin DOF
of photon 2 respectively. OS is an optical switch that splits photon 2 into two other modes (long and short). A CNOT between photon 1 and the
long component of photon 2 is performed followed by another OS that recombines the modes.

Recently, it been found that quantum multiplexing [52]—
the process whereby information is encoded into different
degrees of freedom of a photon [53–55]—can dramatically
decrease both the number of qubits required within the node
and also the number of photons being transmitted through
the channel (still this may not be enough). However, in con-
junction with aggregation those advantages may be enhanced
further.

The paper is divided as following: In Sec. II we briefly
introduce communication-based quantum error correction in
terms of the quantum Reed-Solomon (QRS) code and show
how quantum multiplexing can be applied to it. Then in
Sec. III we illustrate our aggregation scheme between two
nodes with two different channels connecting them. This is
followed up in Sec. IV with the extension to spatial-temporal
single-photon multiplexing. We conclude in Sec. V.

II. THE QUANTUM REED-SOLOMON CODE

It is well known that advanced quantum repeaters will be
based on quantum error correction techniques [29]. There are
a huge variety of codes available for use in these circum-
stances [37–40], but here our primary focus will be on the
quantum Reed-Solomon (QRS) code [38]. This code has ex-
cellent properties to handle channel loss events, and it has also
recently been shown that the number of physical resources
required to implement it can be dramatically reduced by using
a quantum multiplexing approach [52]. The QRS code has
been used in several applications in the last few years [38].
In this section we will review the QRS code and how it can be
used in the quantum multiplexing regime.

The QRS code is typically written in the form [[d, 2k −
d, d − k + 1]]d , where 2k − d logic qudits of dimension d
(prime number) are encoded into d physical qudits, in such a
way that when d − k or less qudits are lost the encoded qudit
can be retrieved. In the following work we set k = (d + 1)/2,

which corrects the maximum number of errors. A simple
example of such a code is the [[3, 1, 2]]3 code. Here a logic
qutrit |D〉 is encoded using three physical qutrits as [56]

|D〉 = α|0〉L + β|1〉L + γ |2〉L, (1)

where (omitting the normalization constants for simplicity)
|0〉L = |000〉 + |111〉 + |222〉, |1〉L = |012〉 + |120〉 + |201〉,
and |2〉L = |021〉 + |102〉 + |210〉 [see Fig. 1(a) and
Appendix A for further details]. This code uses physical
qutrits in its encoding; however, it may be more convenient
to use physical qubits due to their more common nature. As
such we can use two qubits to encode one physical qutrit,
meaning six qubits are needed for the logical state to encode
the [[3, 1, 2]]3 code [see Fig. 1(b) and Appendix B]. One can
extend this encoding procedure to the multiplexed case [52]
in which each photon is carrying two qubits of information.
This approach reduces number of physical resources in an
error correction scheme [52] [the usual Toffoli gate reduces
to a simple CNOT gate, as shown in Fig. 1(c)]. Further details
on how the logic qutrit |D〉 can be created with the quantum
multiplexing approach are given in Appendix C.

In using these error correction techniques, it is important
to consider our figures of merit for how we assess the per-
formance of those approaches. The main figure of merit we
are interested in our analysis is the probability of successfully
transmitting d qudits over a lossy channel, PS (1ch). For that
generic [[d, 2k − d, d − k + 1]]d QRS code, in which pho-
tons are carrying q qubits of information, any qudit depends
on the successful transmission of #log2(d )/q$ photons [38].
Therefore PS (1ch) is given by [56]:

PS (1ch) =
d−k∑

j=0

(
d
j

)
P(d− j)

t1

(
1 − Pt1

) j
, (2)

052613-2
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FIG. 2. Experimental setup. We employ three non-linear crystals (NLC) to create 6-photons in total. Two NLC’s in combination with a
polarizing beam splitter (PBS) create a four-photon GHZ state in the polarization degree of freedom (DoF). The fifth photon is programmed
with an arbitrary qubit state | i to be teleported while the sixth photon serves as a trigger. Shown in the green box is a beam-splitter (BS) in
combination with coincidence detection to implement the Bell-state-measurement (BSM) necessary to teleport the quantum state | i on the
fifth photon into the QECC space. The readout stage (purple box) used to measure the error-syndromes contains three consecutive measurement
stages. First, the path DoF is measured followed by the polarization DoF. Finally, the OAM DoF is measured using a OAM-to-polarization
converter. This in total results in eight single-photon detectors (SPD) per photon, thus 24 SPDs for the logic-qubit readout stage only.

surpasses the genuine entanglement 0.5 threshold. However
this fidelity F is insufficient to violate a CHSH inequality with
hCHSHi = 1.974(3) < 2 experimental determined. De-
tailed measurement results for the estimation of the fidelity
and CHSH inequality are shown in Fig. 3(a,b) respectively.

Next, we exclude the influence of correctable errors by
confining the state of the logical qubit to the actual code
space using the projectors Ics to the code space (see supple-
mentary for details). Experimentally, the overlap results in
hI ⌦ Icsi = 0.808(2), representing the overlap between the
logic qubit prepared in our experiment and the code-space.
This is then used to exclude all errors that can be detected
by the stabilizers, yielding an error-corrected state fidelity
F = 0.870(3) and hCHSHi = 2.443(3) > 2 violation within
the code space (see Fig. 3). Further the encoded state fidelity
F = 0.870 > 0.85 would enable magic state distillation with
error-corrected Clifford gates. Our results clearly demonstrate
the effectiveness of QECC in our approach but unity fidelity
was not achieved due to multi-pair emissions within the SPDC
process utilized for generating the |�+i state. Such errors
cannot be corrected by our encoding as they sit inside the code
space (see supplementary materials for details).

With the entangled resource state characterized we now
need to explore the operation of teleporting a physical qubit
into the logical qubit space. For such a quantum system, it is
necessary to show its performance comprehensively exceed-
ing any classical methods. Thus, in our experiment we se-
lected eigenstates with eigenvalue +1 of three Pauli matrices
X , Y and Z, denoted as |0i, |+i and |Ri respectively and
measured their teleported fidelity. We measure 125 settings
for |0i, |Ri and 98 settings for |+i. For each setting, we ac-
cumulate on average ⇠60 coincidences in 1200 seconds, that
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FIG. 3. Characterization of the entanglement teleportation re-
source state. In (a) we show the measured expectation values of
X⌦XL, Y ⌦YL and Z⌦ZL without (orange bars) and with (green
bars) correction. Once can determine the fidelity of entangled state as
F = 0.703(2) before and F = 0.870(3) after correction. Similarly
(b) shows the measured correlation functions required for the CHSH
inequality without (orange bars) and with (green bars) error correc-
tion. The physical qubit is measured in the E1,2 = (Z±X)/

p
2 ba-

sis while the QEEC is measured with XL, ZL respectively. The four
correlation functions C1 ⇠ C4 denote E1⌦XL, E2⌦XL, E1⌦ZL

and E2⌦ZL respectively. Then hCHSHi = C1�C2+C3+C4 gives
1.974(3) before and 2.443(3) after correction. All reported measure-
ments are without background or accidental count subtraction while
the stated measurement errors are obtained using Monte Carlo simu-
lation with an underlying Poissonian distribution of photon counting
statistics.

corresponds to a count rate of ⇠ 0.05 Hz. The achieved exper-
imental fidelities (with and without correction) and the pro-
jection probabilities Ics are shown in Fig. 4. The averaged

Photonic many degrees of freedom are  very useful when we have limited resources 
In photonic quantum computation we do. 
A recent example: Quantum teleportation of physical qubits into logical code-spaces 

6 photon - but 12 qubits
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FIG. 4. Experimental teleportation of an arbitrary single qubit
state. Here we show the teleportation results of three representative
states |Hi, |+i and |Ri that are eigenstates of �z,x,y respectively
with eigenvalue +1. For each state the fidelity with and without
correction are shown together with the projection probability. Af-
ter correction the averaged fidelity of the three teleported states is
0.786(17), well exceeding the 2/3 classical limit shown as a red
dashed line.

fidelity of the three logic states is 0.520(7), while after pro-
jection into the code space it increases to 0.786(17). This is
well above the classical limit of 2/3. Furthermore, in our ex-
perimental arrangements, the teleportation fidelity of any state
of the form (|0i + e

i�|1i)/
p
2 is independent of the phase �.

For example, the fidelities of � = 0 and � = ⇡/2 are con-
sistent in one standard deviation, as shown in Fig. 4. The
obtained results demonstrate the ability of our approach to
write via quantum teleportation arbitrary quantum states, in-
cluding the magic state � = ⇡/4 for T -gate, from a single
physical qubit into the logical code space consisting of nine
physical qubits. Moreover, the post-selected error-correction
scheme employed here significantly increases the observed
average fidelities from ⇠ 52% to ⇠ 78% limited only by non-
correctable errors stemming from multi-pair emissions of the
SPDC processes.

Discussion and Conclusion In summary we have demon-
strated teleportation of a physical qubit into a logical qubit
formed from a QECC. This represents a key step for larger
scale optical quantum computation. Although the obtained
result is far from threshold of fault-tolerant, our work is still
far-reaching. It demonstrates the ability to introduce well-
developed quantum teleportation to the QIP at the logical level
within current technology and as such represents a crucial
step towards fault-tolerant QIP. Such an ability is essential for
probabilistic gate operations to be performed on an unknown
state in a scalable manner. More specifically and importantly,
it allows for magic state injection, a critical task in error cor-
rected quantum computation. Our experiment can be further
modified to adapt the fault-tolerant manner, moreover, within

the theoretical scheme, it can be further concatenated with
independently developed modules, such as logical operation
block correspond to transversal and non-transversal, may be-
comes a useful part of future implementations of fault-tolerant
quantum computer or the quantum internet.
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Generally one thinks  of our quantum packet 
taking one route (similar to what happens in 
the classical world)

Alice Bob
N2

N3

N1

N4

What happens when we have constrained resources? 
In the quantum world we could route this single 
packet over 2 or more independent paths.

N. Lo Piparo, et.al. Phys. Rev. A 102, 052613 (2020)  
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Generally one thinks  of our quantum packet taking one 
route (similar to what happens in the classical world)

Alice Bob

What happens when we have constrained resources? 
Alice and Bob may not be able to communicate over 
an individual route 
In the quantum world we could route this single 
packet over 2 or more independent paths.
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Channel length differences

If  our channel lengths are 
different we have to delay the 
arrival of the earlier photons or 
store them. 
In this 3 channel case we have 4 
configurations 

2 short + 1 long 
1 short + 2 long 
3 Long 
1 short, 1 medium, 1 long

2

Figure 1. Quantum aggregation over two paths of length
L2 > L1 containing each N1, N2 channels, respectively. Alice
distributes her encoded state over the channels and send it
through the two paths. Bob stores the received early qudits
into quantum memories and decodes the state once the de-
layed qudits have arrived.

gation is in use. Besides a very low coherence time might
also determine whether adopting quantum aggregation is
a valid option to reach a certain threshold fidelity.

A too large difference in the length of the two paths
or a too short coherence time can be detrimental in re-
covering the information sent making the communication
among users impossible. In this work we analyze the im-
pact of temporal delays caused by the path length dif-
ferences (i.e., the time interval in which a piece of an
encoded quantum state is stored and that one in which
it is retrieved) on the fidelity of the final decoded state
in a quantum aggregation scenario. To this end, we con-
sider two users that exchange information using the QRS
code connected by two and three communication paths of
different lengths. We determine the performance of such
a system with delay for several configurations in which
the information can be distributed and we determine the
coherence times the quantum memories must have for an
optimal performance.

The paper is divided as following: in Section II we ana-
lyze a quantum aggregation system applied to the small-
est QRS code with a temporal delay in one path. Then in
Section III we extend our analysis to higher dimensional
QRS codes and show several different and interesting con-
figuration arise. We conclude in Section IV.

II. QUANTUM AGGREGATION WITH DELAY

Let us begin by exploring the effect of temporal delay
in quantum aggregation using the [[n, 1, d]]D QRS code,
where n is the number of physical qudits of dimension D
used to encode one logical qudit and capable of correcting
the loss of d � 1 qudits, with d being the code distance.
In the general quantum aggregation scenario two users,
Alice and Bob, are connected by two lossy paths having
different length, L1 and L2, as shown in Fig. 1. In the
following we assume that D = n = N1+N2 with N1 and

N2 being the number of channels inside path 1 and path
2, respectively, and L2 > L1 [34]. Alice encodes her state
using a [[n, 1, d]]D QRS code and distributes N1 qudits
in the channels of path 1 and N2 qudits in the channels
of path 2, respectively. We denoted such a configuration
as N1 +N2. Then Bob decodes the received states if the
number of the transmitted qudits arriving earlier (N

0

1)
is enough for retrieving the information sent by Alice
(N

0

1 � d), otherwise, when N
0

1 < d, he stores those qudits
in quantum memories (QMs). We assume that the den-
sity matrix, ⇢, of these stored qudits undergo a depolariz-
ing channel given by ⇢! ⇢0 = (1� pd)⇢+ pdI/D0, where
I is the D0 dimensional identity operator and pd is the
depolarization error probability given by pd = 1�e�t/T2 ,
with t = (L2 � L1) /c , with c being the speed of light
traveling in optical fibers and T2 being the coherence time
of the QMs. Next when N

0

1 < d while the number of
qudits transmitted over path 2 (N

0

2) satisfies N
0

2 � d,
Bob uses the N

0

2 qudits to recover the initial information
discarding the stored qudits associated with the trans-
mission through path L1. Now when both N

0

1 < d and
N

0

2 < d but with N
0

1 +N
0

2 � d Bob, retrieves the qudits
stored into the QMs and applies a decoding procedure
on all transmitted qudits. This latter case will affect the
fidelity of the decoded state due to the temporal delay of
the qudits traveling in path 2. Finally, when N

0

1+N
0

2 < d
we assume for simplicity the state shared by Alice and
Bob is a completely mixed state (the worst case) and all
the information has been lost. We assume that the lo-
cal gates errors are negligible compared to the memory
depolarization errors.

Now let us explore the impact of the temporal de-
lay in a quantum aggregation scenario using the small-
est QRS code the [[3, 1, 2]]3 code capable of correcting
one error in which one logic qutrit is created using three
physical qutrits. In the [[3, 1, 2]]3 QRS code protocol Al-
ice encodes her initial qutrit | iA = ↵0|0i + ↵1|1i +
↵2|2i into the logic state | iL = ↵0|0iL + ↵1|1iL +
↵2|2iL , where |0iL = ( |000i+ |111i+ |222i) /

p
3;

|1iL = ( |012i+ |120i+ |201i) /
p
3 and |2iL =

( |021i+ |102i+ |210i) /
p
3. She sends this encoded

state over a lossy path to Bob. Upon a successful trans-
mission of the state sent by Alice, Bob applies a decod-
ing procedure described in Muralidharam et al. [35] to
retrieve the initial state. In the quantum aggregation
scenario, we have two configurations; the 2 + 1 configu-
ration and the 1 + 2 configuration, in which 2(1) qudits
are traveling in the channels of path 1 having a transmis-
sivity p1 = e�L1/Latt while 1(2) qutrits are sent via path
2 with transmission probability p2 = e�L2/Latt , respec-
tively. Here Latt = 22 km (0.2 dB/km) is the attenuation
length of the optical fiber .

In the 2+1 configuration the fidelity, F2+1, of the state
received and decoded by Bob is

0.94
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The 
quantum 
network 

realm

The quantum internet will provide an infrastructure to 
be able to distribute and process quantum information 
on the planetary scale.  

• Such an internet will in the long term be formed 
from quantum error corrected links able to 
distribute information over large distances all while 
maintaining their coherence  

• The key question however is how we evolve 
from today small-scale test networks to that future 
quantum internet. How do we bridge this divide? 

Quantum edge & fog computing may 
be a solution?



Sensor

Quantum  

Computer
Network

Quantum Fog Computing

 a few km’s  a few hundred km’s 

• Initial quantum networks will only be 
able to distribute physically encoded 
quantum resources over short distances  
• Quantum communication will be a 
bottleneck 
• Need to keep our quantum processing 
and storage as close to possible to the 
edge nodes in the network where it is 
generated

• Quantum data transmission will 
require quantum repeaters (probably 
first generation and potentially second). 
• Will need to begin logically encoding  
quantum data.  
• Quantum routing protocols will need 
used.

Quantum Internet and Cloud

Global

• A quantum network of quantum networks 
supported by an efficient classical internet. 
• Fully fault tolerant 
• Most likely based on third generation QR’s

Time and Degree of Networking

A potential route forward
Quantum Edge Computing



Edge Computing

• It is a topology based location-sensitive form of 
distributed that computing to brings the processing and 
storage of data to its source at the periphery (edge) of the 
network close to the user. 

• The internet of things (IoT) is an example of edge 
computing  

• Edge computing is not about a specific technology 
rather instead it is an architecture. 

• Why use it? It addresses three important network issues: 
bandwidth, latency and congestion.

 What is edge computing? Why is it important when we have todays internet?

We may have similar network issues in the quantum world !!!



Quantum Edge Computing

Alice

Bob

Sensor

Clock

Computer Links to 
central 
network

• Our network will be mainly classical with a little shared 
entanglement available.  
• One can envision a cluster of quantum devices within 
short distances of one another, that is at the edge of the 
network.   
• As greater communication resources become 
available we can migrate to quantum fog computing

• Initial quantum networks based off first generation QR will only be able to 
distribute physically encoded quantum resources over modest distances with 
limited fidelities and rates.  
• Quantum communication will be a bottleneck, meaning we need to keep our 
quantum processing and storage as close to possible to the edge nodes in the 
network where it is generated (within few miles!). 



Quantum Edge Computing
• An example: The SWAP test in the edge environment 
• Estimate the overlap between the two states in a remote edge setting
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Quantum Edge Computer
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H H
|B⟩
|B⟩

Quantum Edge Computer

Bell Measurement

Bell Measurement

“1”

Prob(1) =
1
2

−
1
2

|⟨ϕ |ψ⟩ |2

• In the quantum edge regime - our quantum communication resources are quite 
limited. Better to supplement with classical communication

|ψ⟩

|B⟩
Bell Measurement

I,X,Z,XZ Teleportation requires a shared Bell pair, a local Bell 
measurement and classical feedforward

Barenco et al (1997)

Remote gates or  Teleportation?
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State Generation Quantum Neuronal Sensing
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FIG. 1. The concept and scheme for quantum neuronal sensing of quantum many-body
states using quantum neural networks. (A) The quantum neuronal sensing concept utilizing
quantum neural networks. Like classical neural networks used in image classification, quantum
neural networks can also be trained to learn the input quantum states’ features and output the
probability distribution to classify the state into two di↵erent categories. (B) The specific quantum
neuronal sensing scheme for state classification in our experiment. The experiment is performed
on a superconducting quantum processor Zuchongzhi 1.0. It begins with the state preparation,
where we generate either the localized or ergodic state. The state is the input state of the QNN,
which in our case is a double-layered digital-analog variational quantum circuit. Here we use Nq+1
trainable single-qubit rotations R(✓i,�i) and a multi-qubit unitary operation U as the ansatz. A
quantum-classical hybrid architecture implements the training of the quantum neural network.
The classical computer is used to evaluate gradient from the measurement results marked as “P”,
which is the probability of measuring the readout qubit in its |1i state. After the training, the
QNN can classify the states in localization or ergodicity with the readout of only one qubit.

groups of many-body states by a superconducting quantum processor composed of 64 qubits48

in a square 8 ⇥ 8 lattice arrangement. Among them, two qubits are not functional while49

another is not fast tunable (see Supplementary Materials), reducing the maximum number50

of working qubits to 61. Our scheme requires the preparation of training states which we51

achieve in the following way. All qubits in our processor are first initialized in their ground52

|0i states and then prepared to the Neel state by exciting every alternate qubit. Then53

our system evolves under the Hamiltonian Hd = ~
P
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y
)/2 for a time54

td = 200 ns. Here gi,j is the e↵ective coupling strength between neighboring qubits with55

the average coupling for all neighboring qubit sets given by g/2⇡ = 2.185 MHz. Further56

di is the disorder for qubit Qi randomly selected from a uniform distribution [�h, h] with57

3

Gradient-based QNN

• A potential quantum edge / fog task involving classical computation 
• Distinguish different states of quantum matter 
• Uses a hybrid digital-analog quantum neural networks where we measure only one qubit

Unlikely to have the quantum sensor, processor etc in one location
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A complex quantum network must be supported by an extremely fast & efficient 
telecommunications network  

otherwise the performance of the quantum network is likely to be limited by the telecommunications network. 

Two parties will not generally know the path joining them and that path may change over time.  
One should be looking at packet switched networks when multiple users are on the network.  

The first-generation repeater schemes are inherently slow and require significant classical 
signaling between nodes due to the probabilistic nature of their operations  

One must carefully allocate resources and introduce cutoff timings to optimize their performance. 

The higher generation QR approaches allow both the direct transmission of quantum messages 
and entanglement generation over very large networks.  

The usual telecommunication tools can be used for routing etc.  
Network aggregation techniques can be used to overcome resource limitations within nodes. • Static routing: where every node has a manually configured rout-

ing table, which is important for full connectivity. Those routes
are fixed and do not automatically change if the network changes.

• Dynamic (adaptive) routing: where the node can select a different
route based on the current conditions of the overall network.
Dynamic routing allows as many routes as possible to remain
valid if the network changes.

In a quantum network, the same approaches can obviously be
used, with the direct transmission model naturally supporting it.
There are, however, other options available due to our quantum prin-
ciples. We can introduce the concept of Quantum routing—where the
node can select a number of different routes to act coherently together.
Quantum routing is not essential for quantum networking but does
add a new capability which can be useful to mitigate path failures and/
or limited resources with the nodes.

B. Quantum networking
Given that we have techniques to determine how the routing of

quantum information could work, we now need to explore how the
networking could be achieved in a little more detail. In the telecommu-
nications arena, we have two traditional networking approaches:25,26,28

• Circuit switched networking,25 where the nodes in the chosen
route between Alice and Bob are determined, setup in advance
and dedicated to those two users for the duration of their com-
munication (corresponding to the solid lines in Fig. 1).

• Packet switched networking,26 where packets of data are routed
through the network based on the destination address (thin lines
in Fig. 1). Different packets can be routed different ways and so
no dedicated path is established.

These approaches can be used to control the transmission of
quantum information in a straightforward manner. Packet switched
networking seems ideally suited for the second- and third-generation
quantum repeaters, while circuit switched networking seems the only
viable method for the first-generation ones.

One has to remember, however, that the quantum resources
needed between nodes are likely to be quite large, and therefore, on
occasions there may be insufficient resources available directly
between those two nodes. In such a case, quantum information could
be sent coherently over two or more channels and recombined at the
node where it arrives. Quantum memories could then be used to syn-
chronize such operations with different channel lengths. This uniquely
quantum phenomena allows us to introduce the concept of

• Quantum network aggregation—where packets of quantum data are
coherently sent simultaneously through different network nodes,
being recombined at certain immediate nodes where necessary.

What our quantum routing and network aggregation78 show are
new capabilities that become available once we move into the quantum
regime.

C. Quantum network aggregation
It is useful to look at the network aggregation78 in a little more

detail given its importance. In Fig. 4, we illustrate its concept, where
Alice and Bob are connected by three independent channels which

follow different physical paths. Each channel has the potential to
simultaneously establish a number of links and may pass through a
number of intermediate nodes. Now the aggregation technique works
by Alice encoding her qubit of information into a loss tolerant error
correction code. The code is then divided up and coherently send over
those different paths (each of which has different transmission proba-
bilities). At Bob’s node, the code is recombined and quantum error
correction is performed to remove the effects of both channel losses as
well as local gate errors.

VII. HYBRID APPROACHES
A critical question that we have not addressed so far is whether

the different forms of quantum repeaters can be combined between
the direct transmission and entanglement distribution approaches.
Can we use already established long-range entangled links in combina-
tion with direct transmission? The obvious answer seems to be yes,
but we need to be careful about how classical signaling works. Let us
explore the functionality of a network composed of a quantum back-
bone with access networks connected to it like the one we depict in
Fig. 5. For the hybrid network, there are two logical configurations.
The first is Direct transmission for the edge of the network with shared
entangled resources for the network backbone. Here, resource factories
can establish in advance logical Bell states anywhere along the back-
bone, using error correction to maintain their quality. Direct transmis-
sion techniques can be used on the edge of the network to move the
quantum information to the nearest backbone node—where it could
be teleported to another backbone node close to the recipient.
Classical information must be forwarded to that other backbone node
where the other half of the Bell state resides. Limited by the speed of
light, this means resources in that particular node will be unavailable
for further tasks until that classical information arrives. This is likely to
cause significant bottlenecks to arise in the overall network—even if
that network is well provisioned.

The second configuration is Shared entangled resources at the net-
work edge with direct transmission for the backbone. In this situation,
the edge nodes in the network maintain entangled links to their closest
backbone nodes. Pre-established entanglement between the edge
nodes and their closest backbone node can be used to teleport the
desired state/information to that backbone node. However, before pro-
ceeding, we need to wait for the classical teleportation information to

FIG. 4. Schematic illustration of a quantum network aggregation where a number of
independent channels connect Alice and Bob together. Different channels can have
different transmission properties, including the situation where several links are
broken.
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The take home message

email: bill.munro@oist.jp

Quantum communication is the key 
enabler to fully realize the potential the 

second quantum revolution gives

Thank You!!
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