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We are currently in the midst of a second quantum 
revolution. The first quantum revolution gave us new 
rules that govern physical reality. The second 
quantum revolution will take these rules and use them 
to develop new technologies. In this review we 
discuss the principles upon which quantum technology 
is based and the tools required to develop it.
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Observing without looking
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• Known as interaction free measurements 
or ‘quantum bomb’ detection

• Consider this situation
Tree

No tree

50/50 BS

Clicks 100% of 
the time

Clicks 25% of 
the time

Clicks 25% of 
the time

 Can be improved to 100%



The move to the quantum regime
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• The quantum regime is interesting !!! 
• We already have a range of small scale quantum technologies including NISQ 
processors, quantum sensors & quantum clocks. 
• The NISQ processors involve 100’s of qubits

Elizabeth Gibney, Nature 574, 461 (2019) Credit: Chao-Yang Lu/USTC Science 372 (6545), 948 - 952 (2021)

•No large scale general purpose quantum network exists 
• Small-scale QNs have been distributed entangled resources. 

• The rate and quality of such resource is low 
• Will soon face network issues like bandwidth, latency and congestion

• Quantum communication systems are limited
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Q. How to encode an image 
into Fock space (photon)? Q. How to get information in photons?Q. Why linear optics?
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0
MNIST Images

2D-Samples
Classical Data

Classical input Classical linear classifier

The linear optical version

 

They show that if boson sampling can be solved in classical 
computers, the polynomial hierarchy collapses to its third level. 

P(t1, t2, ⋯, tN) =
|PermUT |

t1!⋯tN!
Probability distribution:

Permanent (computational complex is 
#P-hard)



Does it work in principle?
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RFF and QORC, we used the modfined model whose fea-
tures consist of the random fourier features and the im-
age as similar to the QORC. The Details of datasets and
other models are discussed in Appendix A.

What becomes clear from our results is that as the sys-
tem size increases, QORC’s performance improves and
exceeds L-SVC in all datasets. This indicates that the
optical network e!ectively expands the feature space in
high-dimensional spaces, leading to better performance
than a linear classifier. As shown in Fig. 2 (a), our
QORC model behaves like the RFF. This indicates that
our model works as an approximate model of the kernel
model, similar to the RFF. Our model’s performance is
comparable to other shallow machine learning models in
all datasets, with results approaching those of the RBF
kernel model, which has an infinite number of neurons in
its hidden layer but does not appear in the actual calcu-
lation.

We summarize the insights obtained from comparing
QORC, RBF, and RFF. The RBF kernel-based SVM
achieves high test performance through margin maxi-
mization. However, given a training dataset of size D,
its optimization cost scales as O(D3), and its inference
cost as O(D) [38]. As a result, even for datasets of
the scale of MNIST, the computational cost becomes
prohibitively high, making it unsuitable for modern big
data analysis. In contrast, RFF approximates the RBF
kernel, maintaining comparable performance while re-
ducing optimization and inference costs to O(D) and
O(1), respectively. However, RFF requires the genera-
tion of large random matrices to map data into a high-
dimensional space. QORC, on the other hand, leverages
the non-trivial probability distribution of boson sampling
to achieve similar performance with significantly smaller
optical circuits relative to the number of required feature
mappings. As will be discussed later, even when consid-
ering the required number of shots, the computational
cost of QORC remains lower than that of an equivalently
scaled RFF.

So far, we have only explored several N, M cases, and
so in Fig. 2 (b), we present the impact of the number of
modes and photons on performance.

The results show that increasing the number of pho-
tons can reduce the number of modes required to achieve
the same level of performance observed in cases with
fewer photons. This performance gain in a larger sys-
tem is due to the growth of its Hilbert space (feature
space) rather than adding more PCA components, as we
have used the same number of components and modes
for our analysis.

The higher-order components of the PCA used in our
model include low-frequency components where image
noise e!ects are prominent. In machine learning, training
with noisy data increases the risk of overfitting. Thus, in
our model, encoding components above a certain order
into the optical circuit is also expected to result in overfit-
ting due to noise e!ects. In fact, in the two-photon case,
overfitting starts to occur when more than 50 modes (up

(N,M) Dataset
MNIST K-MNIST Fashion-MNIST

(3,12) 0.9700 ± 0.0002 0.9310 ± 0.0003 0.8938 ± 0.0005
0.9569 ± 0.0005 0.8176 ± 0.0011 0.8662 ± 0.0006

(3,16) 0.9853 ± 0.0003 0.9541 ± 0.0003 0.9050 ± 0.0004
0.9688 ± 0.0004 0.8479 ± 0.0014 0.8750 ± 0.0010

(3,20) 0.9896 ± 0.0002 0.9663 ± 0.0004 0.9097 ± 0.0006
0.9705 ± 0.0003 0.8643 ± 0.0010 0.8766 ± 0.0019

(3,24) 0.9953 ± 0.0002 0.9795 ± 0.0007 0.9173 ± 0.0003
0.9753 ± 0.0007 0.8857 ± 0.0016 0.8801 ± 0.0020

(3,32) 0.9996 ± 0.0001 0.9932 ± 0.0003 0.9297 ± 0.0009
0.9784 ± 0.0004 0.8991 ± 0.0011 0.8826 ± 0.0025

(3,40) 1.0000 ± 0.000 0.9978 ± 0.0002 0.9383 ± 0.0008
0.9783 ± 0.0005 0.9013 ± 0.0016 0.8769 ± 0.0055

L-SVC 0.9262 0.835 0.873
0.918 0.676 0.839

RFF 1.0000 0.9954 ± 0.0002 0.9337 ± 0.0006
0.9713 ± 0.0002 0.8438 ± 0.0011 0.8752 ± 0.0020

RBF 0.999 1.000 0.972
0.984 0.929 0.900

TABLE I. Classification performance for di!erent datasets
of increasing hardness (MNIST, K-MNIST, and Fashion-
MNIST) for (N photons, M modes) using the same boson
sampling linear optical circuit. The upper value represents
training accuracy, and the lower value represents testing ac-
curacy. In the QORC, since we used the perceptron model to
see the optimization stability, we show the average (standard
deviation) taken from 90 to 100 epochs. The L-SVC, RFF,
and RBF models are also presented for comparison. Here, the
RFF has 2024 features like the QORC with 24 modes. For the
QORC simulation, we used the ideal probability distribution.
In other words, sampling e!ects are not included.

to 50 components) are used. However, this overfitting can
be reduced by excluding the low-frequency components.
Specifically, when encoding up to 45 components in the
two-photon, 90-mode case, the test performance recovers
from approximately 96.7% (in the overfitting scenario) to
97.4%.

It is critical to explore the sampling cost of QORC as
it has a major impact on its feasibility. Our model uses
the probability distribution as the output from the phys-
ical reservoir, and to reconstruct it, a certain amount of
sampling is required. We perform a numerical simulation
with the results shown in Fig. 3 (a) to see how the per-
formance changes with the number of samples. It shows
that the performance convergence speeds are prolonged,
meaning many samples are required to achieve perfor-
mance close to the performance obtained using theoret-
ical distributions. However, our results show that the
convergence tendencies are the same, although their size
changes. Increasing the number of modes makes it pos-
sible to reduce the sampling cost and achieve target ac-
curacy.

To investigate how the number of shots of the QORC



Modular QORC
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• Do we really need large interferometer or 
can we use modules?
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FIG. 1. Schematic illustration of QERC and its architecuture. (a) QERC data flow involving classical pre-processing, a quantum
reservoir, and a trainable classical linear classifier. (b) The architecture of the quantum reservoir. It consists of modular level
reservoirs UM, followed by inter-modular connections Uc, and then single qubit rotations RX before the measurement in the
computational basis. (c) Di!erent configurations of reservoir connections with the di!erent inter-modular connections.

module structure for the quantum reservoir where the
inter-module connections are explicitly separated from
the intra-module connections, as illustrated in Fig. 1b,
allowing a clear comparison of the long-range e!ects.
For the pre-processor [33], the PCA is used to com-

press the data and then the largest 2n PCA components
are encoded into the n qubits as an initial state |ω0→.
Rescaling is used to ensure the data can be su”ciently
spread out over the Bloch sphere for each qubit.
Next, the state will be under the action of the quantum

reservoir, which can described by an unitary of the form
U = RXUcUM. As illustrated in Fig. 1b, the quantum
reservoir architecture considered here consists of three
components: modular-level reservoirs UM, inter-modular
connections Uc, and single qubit operations RX followed
by measurements.
Now the modular-level reservoirs UM comprise

m-modules, specifically denoted by the sequence
[n(1)

, n
(2)

, . . . , n
(m)], where each n

(k) represents the num-
ber of qubits in the k-th module, so n =

∑
k n

(k) is the
total number of qubits in the whole system. The modular
reservoir for the k-th module is given by the unitary U (k)

meaning the overall action on the initial state by all mod-
ular reservoirs is described by UM =

∏
k U (k). There are

many choices for the modular reservoir, which is usually
based on physical systems, such as various Ising models
and random unitaries [33, 34]. In particular, previous
studies suggests that ZZ interactions followed by X is
su”cient to realize a high performance reservoir [33]. As
such we consider the Hamiltonian

H
(k) = ⊋

∑

i,j

J
(k)
ij ZiZj , (1)

which gives the unitary U (k) = exp(↑i
∑

ij ε
(k)
J,ijZiZj)

where ε(k)J,ij = J
(k)
ij t. The distance-dependent connections

within the same module are given ε
(k)
J,ij = εJ/|i ↑ j|ω,

where εJ is a control parameter of the reservior (chosen
equal to 2ϑ here [35]), while ϖ is the interaction expo-
nent. Based on physical systems, ϖ may take various
values ranging from ϖ = 0 to 6. In particular, ϖ = 1.5
is typical in ion traps, [36, 37], ϖ = 2 for Coulomb-type
interactions, ϖ = 3 for dipole-dipole interactions, and
ϖ = 6 for Van der Waals-type interactions [38].
Second, interactions between modules are introduced

via Uc following the application of the local module op-
erations UM. The inter-modular connections can take a
di!erent form from (1), but here we choose the same ZZ

interactions for convenience. This choice allows the use
of the well-understood dynamics of ZZ interactions and
simplifies our analysis. The inter-modular Hamiltonian
has the form

Hc = ⊋
∑

i,j

cijZiZj , (2)

where the index i and j now belongs to di!erent mod-
ules. The corresponding unitary operation is given by
Uc = exp(↑i

∑
ij εc,ijZiZj) with εc,ij = cijt. For sim-

plicity, we focus on the uniform case εc,ij = εc. In partic-
ular, the interaction ZiZj with εc = ϑ/4 is an interesting
regime, because it is equivalent to a controlled-Z gate up
to local operations, and in principle can create maximum
entanglement between unentangled qubits.
Third, single qubit operations RX precede the final

measurement in the computational basis. These together
determine the measurement basis. This is important be-
cause the entangling e!ect of additional phase added by
Uc cannot be observed in the computational basis. Here,
we use RX =

∏
i RX,i(εg) =

∏
i exp(↑iεgXi) to change

the measurement angles by using single qubit rotations
before measurement. Previous results suggest that pa-
rameters around εJ = 2ϑ and εg = ϑ/8 give good perfor-
mance for ϖ = 1.5 [35], which is adopted for the following
results. Finally, the evolved state U|ω0→ is then measured
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(a) nω R→ = 0 R→ = 1 R→ = 2 R→ = 3

ω = 1.0

0 0.9112 0.9269 0.9360 0.9565
1 0.9313 0.9463 0.9506 -
2 0.9464 0.9520 - -
3 0.9531 - - -

ω = 1.5
0 0.9520 0.9514 0.9588 0.9629
1 0.9561 0.9586 0.9636 -
2 0.9599 0.9619 - -
3 0.9636 - - -

ω = 2.0
0 0.9376 0.9404 0.9437 0.9624
1 0.9495 0.9544 0.9549 -
2 0.9576 0.9597 - -
3 0.9614 - - -

(b) nω R→ = 0 R→ = 1 R→ = 2 R→ = 3

ω = 1.0

0 0.9112 0.9294 0.9382 0.9573
1 0.9362 0.9484 0.9532 -
2 0.948 0.958 - -
3 0.958 - - -

ω = 1.5
0 0.9520 0.9538 0.9604 0.9631
1 0.9572 0.9595 0.9641 -
2 0.962 0.963 - -
3 0.964 - - -

ω = 2.0
0 0.9376 0.9424 0.9469 0.9631
1 0.9518 0.9545 0.958 -
2 0.958 0.960 - -
3 0.961 - - -

TABLE I. Test accuracy for the [5,5]-module structure over all possible configurations for modules with cross connection radius
R→ and number of arbitrary connections nω. For R→ = 0, 1, 2, 3, there are number of cross connections n→ = 0, 1, 3, 6 respectively
(a) Highest test accuracy ε↑ over all configurations with ϑc = ϖ/4 (b) Highest test accuracy ε↑ over all configurations with
varying ϑc.

A. Two modules with ϑc = ϖ/4

It is interesting to see whether the number of arbi-
trary connections nω enhances performance more e!ec-
tively than connections across the boundary. First, let
us focus on ω = 1 as shown in Table Ia with εc = ϑ/4.
For two completely separated modules with no inter-
connections (R→ = 0, nω = 0) as shown in upper left
in Table Ia, the highest test accuracy is 91.12%. Next
we can consider adding connections near the boundary
by using R→ = 0, 1, 2, 3, corresponding to the number of
connections n→ = 0, 1, 3, 6. For just one connection at
the boundary R→ = 1, the performance significantly in-
creases by 1.6% to 92.69%. In general, as R→ increases
with more connections, the test accuracy increases.

For arbitrary connections, the best test accuracy in-
creases as more connections nω are added. Notably, a
single good arbitrary connection ϖ

↑(R→ = 0, nω = 1) can
perform 0.4% better than the one boundary connection
ϖ
↑(R→ = 1, nω = 0). The best test accuracy for any given

nω always outperforms or equals that of the same number
of boundary connections by definition, as clearly shown
by comparing ϖ

↑(R→ = 0, nω) with ϖ
↑(R→ = 1, nω → 1) in

Table Ia. The more interesting result is that 2 arbitrary
connections ϖ

↑(R→ = 0, nω = 2) can outperform 3 con-
nections near the boundary ϖ

↑(R→ = 2, nω = 0). More-
over, 3 arbitrary connections ϖ

↑(R→ = 0, nω = 3) can
achieve a best test accuracy comparable with 6 bound-
ary connections ϖ

↑(R→ = 3, nω = 0). These findings
hold for other values of ω as well, suggesting that net-
work topology plays a crucial role. Specifically, a few
well-placed connections between two modules can achieve
performance comparable to higher number of connections
across the boundary, and therefore close with the perfor-
mance of all-to-all connectivity. This indicates that mod-
ular structure actually provide a good way to explore the
inter-connections and o!er an alternative implementation
to all-to-all connections.

B. Two modules with arbitrary ϑc

In general, εc = ϑ/4 is considered as a good choice as
discussed above. However, due to the many connections
in the Hamiltonian, certain interactions might reduce en-
tanglement between modules. Fig. 3 shows the change
in the performance as the inter-module connections εc

increase. The performance increases initially as εc in-
creases, with the highest performance happening near,
but not exactly at, εc ↑ ϑ/4 or εc ↑ 3ϑ/4. This sug-
gests that εc = ϑ/4, used in the previous subsection,
is indeed a good choice. The qualitative conclusions and
comparisons between arbitrary connections remain valid,
as shown in Table Ib, which is the results of the best
test accuracy over di!erent configurations and εc. The
slightly higher best performance compared to Table Ia,
indicates that εc = ϑ/4 is rarely the optimal best choice,
but it is still a good choice. Therefore, for better perfor-
mance, εc may be treated as a tunable hyper-parameter
to be optimized in simulations and experiments.

FIG. 3. Test accuracy of the [5,5]-module structure with ω =
1.5 for R→ = 1, 2, 3, 4 vs inter-modular interaction strength
ϑc. The horizontal dotted lines are 1 single chain with R cuto!
for comparison.
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Global Quantum Internet

N. Gisin et. al. Nature Photon. 1, 165 (2007) 
H. J. Kimble,  453,1023 (2008)
W. J. Munro et. al, Nature Photonics 6, 777 (2012).
K. Azuma et. al, Nature Commun. 6, 10171 (2015).

Quantum Communications is much more than QKD

How?

Quantum Key Distribution is being tested!!!
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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

RESEARCH ARTICLE
◥

QUANTUM NETWORKS

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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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
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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
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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
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Greenberger-Horne-Zeilinger (GHZ) entangled
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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
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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
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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)):
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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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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  
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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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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. 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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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 



Quantum Aggregation
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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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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



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

second quantum revolution gives
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