
Reviewer #1 (Remarks to the Author):  

 

The manuscript by Steinlechner et al. reports on an experimental distribution of hyper-

entanglement over a 1.2 km free-space link. The authors utilize the photons from parametric down 

conversion to demonstrate hyper-entanglement of spatially separated photons in polarization and 

time-energy bases. The manuscript provides a well written survey of the earlier work on this topic, 

the theoretical concepts, and the experimental results. However, the paper might be inappropriate 

for a publication in Nature Communication because it's lack of breakthrough either in concept or 

technological achievements. Considering this, I recommend the publication of the paper in a more 

specialized journal.  

 

Below, I have listed a few comments regarding this recommendation:  

 

1. Free-space quantum communication has been a focus of several recent publications (fully cited in 

the manuscript). The current work does not provide any technological improvement over the 

previous work in terms of key figures of merits such as the operation range, bit rate, adaptive optics, 

etc. Further, the paper does not contribute to any new theoretical methods, or principles of 

operation (Franson interferometry is a well-established concept in the community).  

 

2. The major contribution of the current work is the implementation of a time-energy entanglement 

distribution over a long-range free-space link. This could be considered a significant achievement if 

the system reached its essential goal of distributing high-dimensional entanglement. The current 

implementation, however, is only limited to a two-dimensional (time-energy) sub-space. This is due 

to the inherent difficulty of performing interferometry with the scrambled mode profile of a beam 

that has propagated through atmospheric turbulence. This is a rather fundamental issue that has 

hindered the realization of a true high-dimensional protocol over free-space links thus far, and 

merits a more detailed discussion by the authors (They have briefly mentioned this point at the end 

of the manuscript).  

 

 

3. It would be useful to the community if the authors provide an estimate of the performance of 

their system for a operation in a large dimensional Hilbert space. Such an analysis should include the 

future steps required to achieve the full potential of the system. Also, I suggest the authors use the 

relevant coherence times to estimate the Schmidt number of the entangled biphoton states in their 

experiment.  

 



4. The authors have provided the f# of their telescope, but I could not find the diameter of the beam 

in the experiment. It would be useful if they can compare the beam size and the telescope diameter, 

against the average beam displacements caused by turbulence (they currently report the average 

angular deviation, but the actual displacement can be more useful for some readers). Also, it would 

be beneficial if the authors comment on possible enhancements that can be realized using adaptive 

optics.  

 

 

 

 

Reviewer #2 (Remarks to the Author):  

 

The authors describe a study about free space quantum communication using hyper-entangled 

states. This is certainly a result at the forefront of the field. I find the manuscript is very well written, 

the results strongly support their claim, and the results are very impressive. I am supportive of 

moving forward to have this published in Nature Communications.  

 

For someone outside of the immediate field, that nature of the states might be difficult to 

understand. I encourage the authors to consider adding a figure (or figure inset) that illustrates the 

nature of the quantum states.  

 

 

Reviewer #3 (Remarks to the Author):  

 

The manuscript by Steinlechner et al. details the distribution of hyper-entanglement via an intra-city 

freespace link. This is a very interesting topic, and I think that the paper is suitable for the general 

science audience of Nature Communications. The quality of the submission is very high, with high 

quality results and high quality presentation.  

 

I think that there are two recent papers that the authors should cite. I have pasted the links to these 

below:  

 

http://www.nature.com/nphoton/journal/v10/n10/full/nphoton.2016.1 79.html  



http://www.nature.com/nphoton/journal/v10/n10/full/nphoton.2016.1 80.html  

 

It would be good to put the current submission in the context of this prior art.  

 

My main comment is about quantifying the results. The authors wrote about the importance of 

“high-fidelity” transmission, but they do not state their fidelity of their transmitted state. I think that 

this is something that would make the paper stronger if it was included.  

 

Overall, I think that the paper is suitable for publication with very minor changes to the work. 

 

 



Point-by-point response:

Reviewer #1:

The manuscript by Steinlechner et al. reports on an experimental distri-
bution of hyper-entanglement over a 1.2 km free-space link. The authors
utilize the photons from parametric down conversion to demonstrate hyper-
entanglement of spatially separated photons in polarization and time-energy
bases. The manuscript provides a well written survey of the earlier work on
this topic, the theoretical concepts, and the experimental results.

We thank the reviewer for the positive feedback on the overall quality of our work.
The reviewer also expresses doubts regarding novelty:

However, the paper might be inappropriate for a publication in Nature Com-
munication because it’s lack of breakthrough either in concept or techno-
logical achievements. Considering this, I recommend the publication of the
paper in a more specialized journal.

Below, I have listed a few comments regarding this recommendation:

1. Free-space quantum communication has been a focus of several recent
publications (fully cited in the manuscript). The current work does not
provide any technological improvement over the previous work in terms of
key figures of merits such as the operation range, bit rate, adaptive optics, etc.
Further, the paper does not contribute to any new theoretical methods, or
principles of operation (Franson interferometry is a well-established concept
in the community).

2. The major contribution of the current work is the implementation of
a time-energy entanglement distribution over a long-range free-space link.
This could be considered a significant achievement if the system reached its
essential goal of distributing high-dimensional entanglement. The current
implementation, however, is only limited to a two-dimensional (time-energy)
sub-space. . . .

We agree with the reviewer, that Franson interferometry is a well-established concept
in the community. Nevertheless, the extension of this established concept to new op-
erational regimes, in our case long-distance free-space communications, has resulted in
several recent publications [9, 17]. After over a decade of research in free-space quan-
tum communications, our work is the first to demonstrate time-energy entanglement
after propagation through a turbulent free-space link. This is particularly relevant for
quantum experiments with satellites, where space-proof polarization entangled photon
sources are at the brink of being launched into space. Our results show that the exact
same sources in space can in principle also be used to measure time-energy entanglement.
This could significantly extend the scope of future experiments beyond mere Bell-test
experiments and quantum key distribution in space.
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While we believe this could constitute a major novelty in its own right, we must point
out that this was not the sole novelty of our work. We have also shown hyperentan-
glement in energy-time and polarization to realize an easily accessible extension to the
state space for ongoing and future free-space experiments. In the methods section we
point this out more clearly now:

”The total state space accessed in our experiment thus comprises the 2-dimensional
polarization space and an effectively 2-dimensional energy-time subspace. The hyper-
entangled state of the total system can be expressed as a maximally-entangled state in
four dimensions:

|Ψ〉total =
1

2
(|0〉A|0〉B + |1〉A|1〉B + |2〉A|2〉B + |3〉A|3〉B) (1)

with basis vectors |0〉 = |H, t〉, |1〉 = |H, t + τ〉, |2〉 = |V, t〉, |3〉 = |V, t + τ〉. For more
details refer to the the supplementary material.”

We have made a number of additions in order to argue this aspect of our work more
convincingly; We show that, using hyperentanglement, we were able to distribute high-
dimensional entanglement via a free-space link for the first time. We have made changes
throughout the manuscript to more clearly distinguish the scope of our work from prior
state-of-the-art. In the methods section and the theory supplement, we show that our
measurement results establish a lower bound for the Bell-state fidelity of the hyper-
entangled state of the combined system. We obtain lower bounds of 1.4671 ebits of
entanglement of formation and a Bell state fidelity of 0.9419, which is sufficient to cer-
tify 4-dimensional entanglement. We thus believe that this major point of concern has
been addressed in the revised manuscript.

2. continued... This is due to the inherent difficulty of performing inter-
ferometry with the scrambled mode profile of a beam that has propagated
through atmospheric turbulence. This is a rather fundamental issue that has
hindered the realization of a true high-dimensional protocol over free-space
links thus far, and merits a more detailed discussion by the authors (They
have briefly mentioned this point at the end of the manuscript).

Our experimental results are direct proof that interferometry can be performed despite
the scrambled mode profile. Two other groups (Refs.[5, 16]) have also recently demon-
strated unbalanced interferometers that maintain a fixed phase for distorted mode pro-
files and a wide range of angles-of-incidence. This was achieved by adding a 4-f imaging
system to the longer arm of the unbalanced interferometer and imaging the distorted
input wavefront to the output beam splitter. This effectively solves issues with the
scrambled wavefront and angle-of-arrival jitter in free-space links. We have also added
a clarifying statement in the discussion and refer to the excellent articles [5, 16] for a
detailed description of the principle functionality:
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”Critically, our 2-dimensional transfer setup can also be understood as an imple-
mentation of single-photon two-qubit operations [2], which can be exploited in e.g.
hyperentanglement-assisted Bell state measurements and efficient entanglement purifi-
cation schemes [10, 13, 12, 11]. In order to fully benefit from hyperentanglement in
such applications, the delay between early and late photon arrival times will have to
be directly resolved by the detectors. The main challenge therein lies in maintaining a
constant phase relation between the long and short arms of the unbalanced interferom-
eters for distorted input beams with a wide range of angles-of-incidence. However, such
free-space compatible time-bin analyzers have recently been demonstrated [5, 16], where
the issue was ingeniously tackled via the implementation of a 4-f imaging system in the
long arm of the interferometer.”

3. It would be useful to the community if the authors provide an estimate
of the performance of their system for a operation in a large dimensional
Hilbert space. Such an analysis should include the future steps required to
achieve the full potential of the system. Also, I suggest the authors use the
relevant coherence times to estimate the Schmidt number of the entangled
biphoton states in their experiment.

We agree that this would be interesting and have added a discussion of the high-
dimensional nature of the entangled states in the supplementary material. Furthermore,
we have added a paragraph elaborating possible next steps to the discussion:

”Our analysis of interference in the energy-time DOF relies on an unbalanced polariza-
tion interferometer that coherently couples the polarization space with a 2-dimensional
energy-time subspace. The current approach of mapping the time-bin entanglement
to the polarization degree of freedom is of course intrinsically limited to accessing two-
dimensional subspaces of the high dimensional energy time space. As recent experiments
have clearly shown [15, 8], the potential dimensionality of energy-time entanglement is
orders of magnitudes larger. In fact, theoretically, it should only be limited by the
achievable time-bin vs the coherence time of the laser. The main challenge remains
the implementation of superposition measurements, where a single calcite is inherently
limited to two dimensions. Future setups for free-space experiments could use several
delay lines, or a variable delay line [17] to greatly increase dimensionality and with it
the resistance to inevitable background noise.”

At this point we would like to point out that there are numerous intriguing experiments
that would benefit already from the four-dimensional Hilbert Space that can be accessed
using a single delay line (e.g. hyper-entanglement-assisted Bell-state measurements), as
elaborated in the discussion section of the manuscript.

4. The authors have provided the f-number of their telescope, but I could not
find the diameter of the beam in the experiment. It would be useful if they
can compare the beam size and the telescope diameter, against the average
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beam displacements caused by turbulence (they currently report the average
angular deviation, but the actual displacement can be more useful for some
readers).. . .

We thank the reviewer for pointing this out. We agree that this would be of interest
for readers from the field of free-space optical communications, and have added the f-
number of the telescope. The section now reads:

”Due to atmospheric turbulence the link transmission varied on the time-scale of ms
(see Fig. 2). The time-averaged beam diameter at the receiver was of the same order as
the receiver aperture (14.5cm).”

. . . Also, it would be beneficial if the authors comment on possible enhance-
ments that can be realized using adaptive optics.

Adaptive optics would be an interesting addition that could increase the transmission
rate in future experiments, in particular for longer link distances. However, we don’t
believe that this benefit is necessarily specific to energy-time entanglement or hyper-
entanglement in polarization and energy-time. In this respect it seems that the adaptive
optics are not fundamentally required, as indicated by the high Franson visibility we ob-
served despite severe atmospheric turbulence and the recently demonstrated free-space
compatible time-bin analyzers in Refs.[5, 16]. As mentioned in the introduction, the
benefits of using active wavefront correction will be more significant for other degrees of
freedom (in particular spatial mode encoding).

In conclusion, we thank the reviewer for numerous helpful comments relating to various
technical aspects of the article. We are convinced that the reviewers concerns regarding
novelty have been addressed and believe that the reviewers suggestions have contributed
to a significantly improved revised manuscript.
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Reviewer #2:

The authors describe a study about free space quantum communication using
hyper-entangled states. This is certainly a result at the forefront of the field.
I find the manuscript is very well written, the results strongly support their
claim, and the results are very impressive. I am supportive of moving forward
to have this published in Nature Communications.

We thank the reviewer for this positive assessment and are glad to read that the
reviewer is in favour of publishing our work in Nature Communications.

For someone outside of the immediate field, that nature of the states might
be difficult to understand. I encourage the authors to consider adding a
figure (or figure inset) that illustrates the nature of the quantum states.

We agree that the nature of the time-energy entangled states, as well as their measure-
ment using a transfer setup might be hard to grasp for readers outside the immediate
field. In response, we now write the energy-time state only for the two-dimensional
sub-space, as we believe that this should be clearer:

”In our proof of concept demonstration we focused on a two-dimensional subspace of
the high-dimensional energy-time space (see methods). The total state space consid-
ered in our proof-of-concept experiment is thus a 4-dimensional hyperentangled state in
polarization and energy-time:

|Ψ〉total = |Φ〉pol ⊗ |Φ〉e-t =
1

2
(|H〉A|H〉B + |V 〉A|V 〉B)⊗ (|t〉A|t〉B + |t+ τ〉A|t+ τ〉B)

(2)
where H and V represent horizontally and vertically polarized photon states whereas

t and t + τ denote photon-pair emission times with a delay τ with tp � τ > tc. The
subscripts A and B label the respective single-mode fiber for Alice and Bob.”

We have added a figure (Fig. 4) illustrating the transfer of time-energy states to
polarization states in the methods section. We hope this will allow the non-specialist
readers to get an immediate intuitive understanding of the measurement setup and the
nature of the quantum states in our experiment. In the methods we now write:

”Energy-time visibility measurement
We employed a variant of the original Franson scheme [14, 3] with unbalanced polariza-
tion interferometers to assess the coherence of the energy-time state. The polarization
interferometers were implemented with birefringent calcite crystals, which introduced
a polarization-dependent time shift τ (Fig. 4). The particular choice of delay defines
a 2-dimensional subspace (of the intrinsically continuous-variable energy-time space)
spanned by the time-delayed basis states |t〉 and |t + τ〉. Since this delay is signifi-
cantly shorter than the timing resolution of the detectors, our experimental results can
be understood as averages over a larger state space in the energy-time domain. The
maximally-entangled Bell state in this subspace reads:
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|Φ〉e-t =
1√
2

(|t〉A|t〉B + |t+ τ〉A|t+ τ〉B) (3)

In the Supplementary Material (see also Ref. [6]) we show how the transfer setup in
combination with polarization entanglement is used to probe the experimental density
matrix ρ′e-t in the energy-time subspace. After introducing a polarization-dependent time
shift for Alice and Bob, the visibility of polarization measurements in the superposition
basis is determined by the off-diagonal coherence terms via:

V φ
e-t ∼ |〈t, t|ρ′e-t|t+ τ, t+ τ〉| (4)

”
Additionally, we have written an extensive theory supplement which explains these

points in more detail. We believe that the main concepts of the manuscript can now be
grasped even by non-specialists, without necessarily referring to the additional literature
links in the references. We thank the reviewer for pointing this out to us, and believe
that the changes made in response to this suggestion have made the article accessible to
a broader readership.
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Reviewer #3:

The manuscript by Steinlechner et al. details the distribution of hyper-
entanglement via an intra-city freespace link. This is a very interesting topic,
and I think that the paper is suitable for the general science audience of
Nature Communications.

We thank the reviewer for this very positive assessment of our work and are happy
that he/she considers our paper to be suitable for publication with very minor changes.

The quality of the submission is very high, with high quality results and high
quality presentation.

I think that there are two recent papers that the authors should cite. I have
pasted the links to these below:

http://www.nature.com/nphoton/journal/v10/n10/full/nphoton.2016.179.html
http://www.nature.com/nphoton/journal/v10/n10/full/nphoton.2016.180.html

It would be good to put the current submission in the context of this prior
art.

We agree that the recent teleportation experiments are relevant to the reader, and
have added the references in the introductory section.

My main comment is about quantifying the results. The authors wrote about
the importance of high-fidelity transmission, but they do not state their
fidelity of their transmitted state. I think that this is something that would
make the paper stronger if it was included.

Overall, I think that the paper is suitable for publication with very minor
changes to the work.

We fully agree that this was a shortcoming in the initial submission. We thank the
reviewer for pointing this out to us and believe that the more diligent quantification of
entanglement, which is now provided, has dramatically improved the manuscript. We
now state lower bounds for concurrence, entanglement of formation, and the Bell-state
fidelity in a new subsection of the results section:

”Lower bounds on entanglement
The experimental visibilities establish lower bounds of 0.978± 0.0015 and 0.912± 0.006
on the concurrence[7] in the polarization space and energy-time sub-space, respectively
(see methods). These values correspond to respective minimum values of 0.940± 0.004
and 0.776± 0.014 ebits of entanglement of formation.

In the methods section and the theory supplement, we use these values to establish
a lower bound for the Bell-state fidelity F(ρ̂pol,e-t) of the hyperentangled state of the
combined system. We achieve this by formulating this lower bound as a semidefinite
programming problem, in which we minimize the 4-dimensional concurrence and fidelity
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to a 4-dimensional Bell state over all possible states in the combined Hilbert space that
satisfy the experimentally observed subspace concurrences. We obtain lower bounds of
1.4671 ebits of entanglement of formation and a Bell state fidelity of 0.9419, thus certi-
fying 4-dimensional entanglement [1]. ”

We outline how these values were obtained in the methods section and discuss the
specific details in an extensive theory supplement. The addition to the methods section
reads:

”Certification of entanglement
In Ref. [7] easily computable lower bounds for the concurrence of mixed states that have
an experimental implementation were derived:

C(ρ) ≥ 2× Re (〈00|ρ|11〉)− (〈01|ρ|01〉+ 〈10|ρ|10〉) (5)

where ρ is the density matrix in the 2-dimensional subspace. In the supplementary
material we show the concurrence can be related to the experimental polarization space
and energy-time visibilities via:

C(ρpol) ≥ V φ
pol + V

H/V
pol − 1

C(ρe-t) ≥ 2× V φ
e-t − 1

(6)

Note that the bound on the energy-time concurrence involves the additional assump-
tion that there is no phase relationship between accidental coincidence that occur in time
bins separated by more than the coherence time. We believe that, while this assump-
tion precludes a certification of entanglement that meets the requirements for quantum
cryptography, it is completely justified for our proof of concept experiment. This also
agrees with our experimental observation that scanning the phase of the entangled state
in the source had no effect on the single-photon coherence.

With the experimentally obtained lower bounds for C(ρpol) and C(ρe-t) at hand, we
calculate a lower bound for the concurrence of the global state C(ρpol,e-t) by solving the
following convex optimization problem: a minimization of the function that defines a
lower bound for the concurrence, over all states ρ acting on a 4-dimensional Hilbert space
such that the concurrence of the reduced states in 2-dimensional subspaces satisfy the
constraints of being lower bounded by the values C(ρpol) and C(ρe-t). As demonstrated
in the Supplementary Material, this convex optimization problem has a semidefinite
programming (SDP) characterization and satisfies the condition of strong duality. Hence,
the obtained lower bound of C(ρpol,e-t) ≥ 1.1299 has an analytical character.

Another useful measure of entanglement is the entanglement of formation EoF(ρ),
which represents the minimal number of maximally entangled bits (ebits) required to
produce ρ via an arbitrary local operations and classical communication (LOCC) pro-
cedure. It can be shown [4] that the entanglement of formation is lower bounded by the
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concurrence according to:

EoF(ρ) ≥ − log

(
1− C(ρ)2

2

)
. (7)

Hence, from the lower bound for the concurrence C(ρpol,e-t) it is possible to calculate
a lower bound of EoF(ρpol,e-t) ≥ 1.4671 for the entanglement of formation, which is
sufficient to certify 3-dimensional bipartite entanglement [4].

By adapting the objective function of our SDP from the concurrence to the fidelity
to the maximally entangled 4-dimensional state, it is possible to lower bound the latter
quantity by performing a minimization over the same variable and same constraints.
As shown in the Supplementary Material, this second SDP also satisfies strong duality
and provides the analytical bound of F(ρpol,e-t) ≥ 0.9419, which certifies 4-dimensional
bipartite entanglement [1].”

Again, we express our thanks to the reviewer for pointing out the need to better
quantify the results. We believe the additions made in response to this comment have,
undoubtedly and significantly, improved the overall quality of the revised manuscript.
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Reviewer #1 (Remarks to the Author):  

 

The authors have addressed my concerns regarding the novelty of the work. I recommend the 

publication of the revised draft in Nature Communications.  

 

Reviewer #3 provided confidential remarks to the editor, supporting publication of the manuscript. 



To the reviewers of NCOMMS-16-23135, ,
”Distribution of high-dimensional entanglement
via an intra-city free-space link”

May 11, 2017

Response to the Reviewers of NCOMMS-16-23135

We are delighted to read the reviewers’ positive final assessment and thank all three
reviewers for their valuable feedback. The changes made in response to your suggestions
have, undoubtedly, resulted in a significantly improved final manuscript.

Yours Faithfully,

Fabian Steinlechner, Sebastian Ecker, Matthias Fink, Bo Liu,
Jessica Bavaresco, Marcus Huber, Thomas Scheidl, and Rupert Ursin




