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Entanglement-assisted quantum commu-
nication with simple measurements

Amélie Piveteau1, Jef Pauwels 2, Emil Håkansson1,3, Sadiq Muhammad1,
Mohamed Bourennane 1 & Armin Tavakoli4,5

Dense coding is the seminal example of how entanglement can boost qubit
communication, from sending one bit to sending two bits. This is made pos-
sible by projecting separate particles onto a maximally entangled basis. We
investigate more general communication tasks, in both theory and experi-
ment, and show that simpler measurements enable strong and sometimes
even optimal entanglement-assisted qubit communication protocols. Using
only partial Bell state analysers for two qubits, we demonstrate quantum
correlations that cannot be simulated with two bits of classical communica-
tion. Then, we show that there exists an established and operationally mean-
ingful task for which product measurements are sufficient for the strongest
possible quantum predictions based on a maximally entangled two-qubit
state. Our results reveal that there are scenarios in which the power of
entanglement in enhancing quantum communication can be harvested in
simple and scalable optical experiments.

Entanglement and quantum communication are both paradigmatic
resources for quantum information science and crucial for under-
standing the nonclassical nature of quantum theory. The former has
been studied for decades in Bell-type experiments1–4, where commu-
nication between the parties is not allowed. The latter has, in more
recent years, been extensively studied in prepare-and-measure
experiments, where shared entanglement is absent5–7. It is therefore
natural to investigate the most general scenario, featuring both
entanglement and quantum communication.

Dense coding is a striking illustration of the power of
entanglement-assisted quantum communication8 (Fig. 1a). By sharing
an Einstein-Podolsky-Rosen (EPR) pair, dense coding allows one to
transmit two bits of classical information while sending only one
qubit8. In contrast, a qubit alone can never carry more than one bit of
information9. No entanglement-assisted protocol based on sending a
qubit can transmitmore than twobits10. Crucially, in addition to having
an EPR pair, dense coding also requires the ability to jointly measure
both shares in a basis of four maximally entangled two-qubit states; a
so-called Bell basis measurement. For such a task, separable

measurements do not offer any quantitative advantage over standard
classical communication, regardless of the type of shared entangled
state11.

However, in contrast to some other platforms for dense
coding12,13, optical systems do not allow a straightforward imple-
mentation of a Bell basis measurement on separate photonic carriers.
While optics is a particularly natural platform for quantum commu-
nication, such an implementation is impossible with linear optics14,15

unless one employs auxiliary degrees of freedom16. Nevertheless, two-
qubit optical demonstrations of dense coding have been performed,
for example by implementing deterministic partial Bell basis mea-
surements that can in principle harvest at most log23 bits17, or by
encoding in continuous variables18,19, or by means of hyperentangle-
ment which introduces additional photonic qubits20–23. Going beyond
qubit systems, partial Bell basis measurements have recently been
implemented on entanglement-assisted systems of dimension four to
beat the two bit communication limit24. Nevertheless, deterministic
implementations of sophisticated entangled measurements, in parti-
cular without auxiliary qubits, is difficult unless they are considerably
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restricted. Moreover, scaling a Bell basismeasurement beyond the few
lowest dimensions is an outstanding challenge.

Here we go beyond the dense coding task and consider more
general communication tasks25,26 implemented with quantum mes-
sages assisted by entanglement. In such scenarios, when both entan-
glement and quantum communication are available, little is known
about the predictions of quantum theory27,28. Here, we focus on the
most elementary resources for such settings, namely a qubit message
and a shared EPR state. We find that there exists correlation scenarios
in which simple measurements can give rise to quantum correlations
that cannot be simulatedwith twobits of classical communication, i.e.,
they cannot be reproduced with an ideal dense coding protocol. To
this end, we first introduce a correlation task for which a standard
partial Bell state analyser29,30 creates quantumcorrelations, that cannot
be simulated with two bits of communication. Then, we go further and
consider a well-established communication task, known as a Random
Access Code, and show that product measurements are sufficient not
only to elude classical models based on two bits of communication,
but even to achieve the strongest predictions allowed by quantum
theory for a two-qubit system. Thus, there exists natural communica-
tion tasks that can be implemented optimally by means of a quantum
channel assisted by entanglement without the need for interference
between the two photonic carriers in the measurement apparatus.

Results
Consider a generic communication task in which the sender selects a
classical input x and encodes it into a message that is sent to the
receiver. The receiver selects a question, labelled y, to which he pro-
duces an answer labelled b (Fig. 1b). After many runs, they obtain
probabilities p(b∣x, y). The parties pre-share the state

∣ϕ+ �= 1ffiffi
2

p ∣00i + ∣11i½ � and themessage consists of a single qubit, which
is encoded via a local unitary Ux on the sender’s share. Once the
receiver holds both shares, he performs the measurement {Eb∣y}. The
probabilities are given by the Born rule,

pðb∣x,yÞ= tr Eb∣yðUx � 1Þϕ+ ðUy
x � 1Þ

� �
: ð1Þ

Via dense coding, any p(b∣x, y), where x takes at most four values, can
be generated in the experiment, regardless of the number of questions
the receiver asks. Therefore, to find correlations that go beyond dense
coding, one needs at least five values of x. We use the ability to beat
classical communication models based on two bits as a basic bench-
mark for quantum protocols.

Stochastic dense coding with Bell basis measurements
First, we show that there exists a natural information-theoretic task
whoseperformance canbe enhancedbeyondwhat is possiblewith two
bits. Consider a Random Access Code (RAC)26: the sender holds
x = x1x2∈ {1, 2, 3, 4}2, and the receiver privately and uniformly selects
y∈ {1, 2} with the aimof recovering xy. This is a stochastic dense coding
task, with average success rate

R=
1
32

X
x,y

pðb= xy∣x,yÞ: ð2Þ

Via dense coding, the receiver can, e.g., always recover x1 but is then
forced to guess the value of x2, yieldingR= 5

8. In fact, no better two-bit
strategy is possible (see “Methods”). Nevertheless, this bound can be
exceededusing the samequantum resources. Let the receivermeasure
the bases

∣Eb∣1
�
=1� σb1

X σb2
Z ∣ϕ+ � ð3Þ

∣Eb∣2
�
=1� R∣Eb∣1

�
, ð4Þ

where R= 1�i
2
ffiffi
2

p 1+ 1+ i
2
ffiffi
2

p ðσX + σY + σZ Þ and b = b1b2∈ {0, 1}2. Given these
measurements, the success rate is bounded by

R≤
1
32

X
x

max
f∣ψxig

hψx ∣Ex1 ∣1 + Ex2 ∣2∣ψxi

=
1
32

X
x

λmaxðEx1 ∣1 + Ex2 ∣2Þ=
3
4
,

ð5Þ

where λmax is the eigenvalue with the largest magnitude. This bound is
reachable in our scenario because the eigenvector corresponding to
λmax for each x (the optimal two-qubit state) is maximally entangled,
and hence realisable via a local unitary on ∣ϕ+ �. No better quantum
protocol exists because the best protocol based on sending an
unassisted four-dimensional quanta is known to achieveR= 3

4
31, which

must strictly bound the protocols of our interest from above. We refer
to Supplementary Note 1 for amoredetailed discussion of the Random
Access Code, including the relation between its success probability
and the classical capacity of (entanglement-assisted) communication
channels.

However, the above advantage is based on performing a pair of
(rotated) Bell basis measurements, i.e., measurements similar to that
used in dense coding. These lack both simple implementation and
scalability in dimension. Moreover, even though essential for dense
coding, it may not be that such sophisticated measurements are
necessary for more general entanglement-assisted quantum commu-
nications. We, therefore, proceed to investigate the usefulness of
considerably more elementary measurements.

Fig. 1 | Entanglement-assisted quantum communication protocols. a Dense
coding scenario. The sender (S) and receiver (R) share an EPR pair ∣ϕ + �. The sender
selects oneof four Pauli unitaries f1,σX ,σY ,σZ g, applies it toher qubit and relays it to
the receiver who performs a measurement of both qubits in the basis of the four
Bell states ∣ϕ± �= 1ffiffi

2
p ð∣00i± ∣11iÞ and ∣ψ± �= 1ffiffi

2
p ð∣01i± ∣10iÞ. From the outcome, the

sender’s two bit input can be recovered. b Generic sender-receiver scenario. The
parties again share an EPRpair and are allowed to communicate a qubit. The sender
can now select between any number of arbitrary unitary operations Ux and the
receiver can select between any number of arbitrary quantum measurements.
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Beyond two-bits models with a partial Bell state analyser
Consider a communication task with the minimal number of pre-
parations needed to possibly beat two-bit protocols: the sender holds
data x∈ {1,…, 5} and the receiver selects questions y∈ {1,…, 6}, each
with a binary answer b∈ {+1, −1}. Clearly, each question can only yield
partial knowledge about x. We consider a simple figure of merit, S, in
which each question either has precisely one correct answer or no
correct answer. We can rephrase this in terms of the answer “b = +1”
either being awarded one point (if correct), being penalised by one
point (if incorrect) or being ignored. Our figure of merit is

S �
X5
x = 1

X6
y= 1

cxypðb= + 1∣x,yÞ, ð6Þ

where the points awarded for each question are given by

c=

1 1 1 0 0 0

�1 0 0 1 0 0

�1 0 0 �1 1 0

0 �1 0 �1 �1 1

0 0 �1 �1 �1 �1

0
BBBBBB@

1
CCCCCCA
: ð7Þ

This figure of merit comes with favourable properties, but may be
viewed as a proof-of-principle construction.

Using two bits of communication, the optimal score is S2bits = 5
(see “Methods”). To saturate it, the two bits can be encoded as
{x = 1, x = 2∨ 3, x = 4, x = 5}. Indeed, dense coding substantially
improves on the best standard classical protocol, based on one bit of
communication, (at best Sbit = 3). It also improves on the best protocol
when one bit of communication is assisted by any amount of shared
entanglement, specifically Sent +bit ≈ 3:799 (see “Methods”).

However,we canbeat the two-bit limit: this timeusing only simple
entangled measurements that only discriminate one of the four Bell
states. Let the sender perform the following unitaries on her share of
∣ϕ+ �,

US
1 =1, US

2 =
�σZ

ffiffi
3

p
�σX

2 , US
3 =

σX

ffiffi
3

p
�σZ

2 ,

US
4 =

1�iσY

ffiffi
3

p
2 , US

5 =
1+ iσY

ffiffi
3

p
2 :

ð8Þ

These are rotations in the XZ-plane of the Bloch sphere. Once the qubit
is relayed, the receiver holds the state US

x � 1∣ϕ+ �. The receiver per-
forms a binary-outcome measurement f∣Ey

E
Ey

D
∣,1� ∣Ey

E
Ey

D
∣g, where

the outcome b = +1 corresponds to a projection onto the state
∣Ey

E
=UR

y � 1∣ϕ+ � for some unitary UR
y . Such a measurement may be

viewed as a locally rotated partial Bell state analyser; it attempts to
discriminate the maximally entangled state ∣Ey

E
from its orthogonal

complement. We choose the unitaries of the receiver as

UR
1 =1, UR

2 =
ν + 1+ iν�σY

2
ffiffi
2

p , UR
3 =

ν + 1�iν�σY

2
ffiffi
2

p ,

UR
4 =U

S
2, UR

5 =U
S
3, UR

6 =
1�iσYffiffi

2
p :

ð9Þ

where ν ± =
ffiffiffi
3

p
± 1. Once again, these are rotations in the XZ-plane. The

figure of merit becomes

S =
X
x,y

cxy∣hEy∣U
S
x � 1∣ϕ+ i∣2

=
1
2
tr UR

y

� �y
US

x

� �
= 3+

3
ffiffiffi
3

p

2
≈ 5:598,

ð10Þ

which considerably exceeds the two-bit limit. We note that the value
(10) can be somewhat further increased. Using a numerical search, we
find a protocol achieving S≈5:641. However, this protocol is of lesser

interest since it requires more complicated measurements. Our above
protocol is also robust to unavoidable implementational imperfections.
For instance, if the EPR pair is exposed to isotropic noise, so that the
state becomes v∣ϕ+ � ϕ+�

∣+ 1�v
4 1, for some visibility v∈ [0, 1], the

advantage over dense coding is maintained whenever v > 16
12 + 3

ffiffi
3

p ≈93%.
Thanks to the simplicity of the measurements, the correlation

advantage can be demonstrated using standard linear optics for
polarisation qubits. Using a spontaneous parametric down-conversion
(SPDC) process, we prepare two-photon polarisation entangled state
∣Ψi= 1ffiffi

2
p ð∣HHi+ ∣VV iÞ. The single-qubit unitaries are implemented

using combinations of wave-plates and phase shifters while the partial
Bell statemeasurement is implemented by interfering the twophotons
via a polarising beam splitter. The setup is illustrated in Fig. 2 and the
specific settings are given inSupplementaryNote 2. This leads us to the
experimentally measured value of S = 5:379 ±0:009, which outper-
forms the dense coding limit by approximately 40 standard deviations
(see “Methods”). Due to the sizeable violation and the large number of
collected events, the p-value associated to our falsification of a two-bit
model is vanishingly small (see “Methods”). The result and its relation
to the various theoretical limits is illustrated in Fig. 3.

However, even though partial Bell state measurements offer
sizeable advantages over two-bit protocols in relatively simple pho-
tonic experiments, they do not offer a clear path to scalability in terms
of dimension or particle number. Also, from a conceptual standpoint,
it is not self-evident that entanglement in the measurement must, in
general, be indispensable for correlation advantages. To address both
the practical and conceptual question, we investigate the possibility of
using even the most elementary class of joint measurements, namely
product measurements, for entanglement-assisted communication
beyond two-bit protocols.

Optimal Quantum Random Access Code with product
measurements
Unfortunately, the previously discussed RAC seems to offer no
advantage over two-bit classical models when the receiver is restricted
to product measurements However, a variation of it, featuring a dif-
ferent number of inputs and settings, does reveal a distinct advantage.
Let the sender hold data x = x1x2x3∈ {0, 1}3 and the receiver uniformly

 

Pump  
laser 

Sender 
y = 1,…,6 

(a) 

(b) 

x 

y = 1,2,3 

Receiver 

(I) (II) 

Fig. 2 | Experimental setup. Ultraviolet light centred at a wavelength of 390 nm is
focused onto two 2mm thick β barium borate (BBO) nonlinear crystals placed in
cross-configuration to produce photon pairs emitted into two spatial modes (a)
and (b) through the second order degenerate type-I SPDC process. The spatial,
spectral, and temporal distinguishability between the down-converted photons is
carefully removed by coupling to single mode fibre, narrow Filter (F) and quartz
wedges respectively and prepare ∣ϕ + �. The unitaries of the sender and receiver are
implemented using combination of half wave plates (HWP), quarter wave plates
(QWP) and phase shifters (PS). (I) The partial Bell state measurements are imple-
mented through two-photon interference, using PBS and HWP plates set at 22.5∘.
Beam splitters (BS) are introduced to estimate the projection probabilities before
single photon detectors (actively quenched Si-avalanche photodiodes, DET). Out-
come b = +1 corresponds to projection onto ∣ϕ + �, and outcome b = −1 corresponds
to the other Bell states ∣ψ��, ∣ψ+ �, and ∣ϕ��. In (II) partial Bell statemeasurement is
replacedbyproduct polarisationmeasurements and are performedbyusingHWPs,
QWP and PBSs. Outcome b ≡ b1b2, with b1,b2∈ {+1, −1}2 corresponds to HH/VV or
HV/VH detection when b = +1 or b = −1 respectively.
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select y∈ {1, 2, 3} with the aim of recovering xy. The average success
rate is

T =
1
24

X
x,y

pðb= xy∣x,yÞ: ð11Þ

A two-bit protocol achieves at best T 2bit =
5
6 which can be shown

considering all vertices of the classical polytope (see “Methods”). It is
saturated by the sender relaying both themajority bit in x and the x3 to
the receiver. Now consider that the sender performs the unitaries

Ux = ð�1Þx1
�αx1

μx2x3
ð�1Þx2 + x3α�x1

μx2x3

ð�1Þx2 + x3
ffiffiffi
2

p
α�x1

ffiffiffi
2

p
αx1

,

 !
ð12Þ

where μx2x3
= ð�1Þx2 + ið�1Þx3 , αs =

1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 + ð�1Þs

ffiffiffiffiffiffiffiffi
2=3

pq
and the bar-sign

denotes bit-flip. The receiver measures three product observables

E1 = σZ � σZ ð13Þ

E2 =
1
2
σY �

ffiffiffi
3

p
σY + σZ

� �
ð14Þ

E3 =
1
2
σX �

ffiffiffi
3

p
σY � σZ

� �
, ð15Þ

where Ey ≡ E1∣y − E2∣y. This leads to T = 1
2 + 1ffiffi

6
p > T 2bit. In fact, this out-

performs even protocols based on sending five classical symbols.
Interestingly, no better quantum protocol is possible, even if based on
general entangled measurements. This follows from the fact that the
best protocol based on four-dimensional quanta is also known to
achieve T = 1

2 +
1ffiffi
6

p 32. Adapting the optical setup (see Fig. 2), we have
demonstrated also this correlation advantage using the same source
and the same measuring time as in the previous experiment. The
specific settings are given in Supplementary Note 4. We observe
T =0:8987±0:003,whichbeats the two-bit limitwithover 20 standard
deviations (see “Methods”). The results are illustrated in Fig. 3.

Discussion
The finding, that simple measurements are sufficient for creating
quantum correlations that cannot be modelled with two bits of clas-
sical communication, and sometimes even constitute an optimal pro-
tocol for natural quantum resources, is based on departing from the
study of the dense coding task in favour of more general quantum
communication tasks. Conceptually, it motivates a research effort into

general entanglement-assisted correlations27,28 based on product
measurements for the receiver. A natural question is to determine
when and why product measurements are useful for entanglement-
assisted quantum communication. It is paired with crucial practical
advantages since such protocols circumvents the need for imple-
menting highly demanding entangled measurements in favour of
quantum devices that require only single-system measurements. This
maymakepossiblebothmulti-particle andhigh-dimensional protocols
for entanglement-assisted quantum communication that are realisti-
cally implementable. It may also offer a viable practical path to
otherwise demanding foundational experiments based on these nat-
ural quantum resources.

Methods
Correlation bounds
When communication is classical and no entanglement is present,
p(b∣x, y) canbegeometrically represented as apolytopewhose vertices
correspond to deterministic encoding and decoding schemes5. Con-
sequently, the optimal performance of any linear figure of merit, e.g.,
that in Eq. (6), is necessarily attained at a vertex of this polytope. One
can thus check the value of the figure of merit at all vertices and select
the largest value. However, when (potentially unbounded) entangle-
ment is added, this picture breaks down. Instead, upper bounds on S
and T can be determined using the hierarchy of semidefinite pro-
gramming relaxations developed in ref. 27, which uses the concept of
informationally-restricted quantum correlations33,34. Using this
method, andmatching it with an explicit entanglement-based strategy
with classical communication, we find Sent +bit ≈ 3:799
and T ent +bit ≈ 0:789.

The optimality of our protocols for the two RACs, corresponding
toR and T , respectively, can be shown as follows. For both results, we
use that the set of correlations attainable with an EPR pair and a qubit
message is a subset of the set of correlations attainable in scenarios in
which the sender and receiver only share classical randomness and
communicate a four-dimensional quantum system. In these standard
scenarios, it is known that R≤ 3

4
31 and that T ≤ 1

2 +
1ffiffi
6

p 32 for general
protocols. As our protocols saturate these bounds, optimality follows.

Experimental errors
To reduce the multi-photons pairs emission we worked at a low rate
(≈2500 two-photon coincidences per sec, ca. 13% of the singles rate)
and increased the measurement time to reduce statistical errors. We
benchmark the state preparation by measuring an average visibility of
0.992 ±0.001 in the diagonal polarisation basis. Similarly, we bench-
mark the two-photon interferenceby a two-foldHong–Ou–Mandel dip
visibility of 0.961 ± 0.002 (see Supplementary Note 7). For each setting
x and y, we collect on average 18million events during ameasurement
time of two hours. The probabilities p(b∣x, y) are estimated from the
relative frequencies (see Supplementary Notes 3 and 5). The impact of
systematic errors was estimated using Monte Carlo simulation. These
were reduced by using computerised high precision mounts (see
details in Supplementary Note 6). The experiment is performed using
the fair sampling assumption.

Statistical significance
To express the statistical significance of our experimental results, we
follow an approach similar to35 introduced by36, to which we refer for
details. Consider the random variable

Ŝi =
X
xy

cxy
χðbi = 1,xi = x,yi = yÞ

pðx,yÞ , ð16Þ

where i corresponds to the ith experimental run, χ(e) is the indicator
function for the event e, i.e., χ(e) = 1 if the event is observed and χ(e) = 0
otherwise. For our experiment we simply chose p(x, y) = 1/(6 × 5) = 1/

Fig. 3 | Experimental results. Illustration of the experimentally measured perfor-
mance of the communication tasks and their comparison to the best conceivable
protocols based on one bit of classical communication, one bit of classical com-
munication assisted by unbounded entanglement, two bits of classical commu-
nication and five-valued classical communication. The two-bit bound is equal to the
maximum attainable value using a dense coding protocol. Another dashed line
represents the theoretical value of the targeted quantum protocol, based on a
shared EPR pair and a communicated qubit.
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30. The random variable Ŝi may depend on past events, j < i, but not
on future events, j > i. We define Ŝ = 1

N

PN
i= 1 Ŝi as our estimator for

the value of our scoring function S, where N ~ 18 × 5 × 6 million is the
total number of experimental rounds.

The Azuma–Hoeffding inequality implies that the probability p
that densecoding or, equivalently, a twobit communicationmodelwill
yield a value of S greater or equal to the observed value is bounded by

p
1
N

XN
i = 1

Ŝi ≥S2bits +μ

 !
≤ exp

2Nμ2

ðc+TÞ2

 !
, ð17Þ

where μ =0.379 is the observed violation of the two bit bound, T = 9 is
the classical 2-bit boundon�S and c � maxxycxy=pðx,yÞ. Onefinds that
this probability is vanishingly small. The analogous procedure applies
to the data analysis based on the measured value of T .

Data availability
Source data is provided as supplementary to this paper. Any additional
data related to the findings of this paper is available from the corre-
sponding author upon request.

Code availability
The code used for the purposes of analysing data is also available from
the corresponding author upon request.

References
1. Hensen, B. et al. Loophole-free Bell inequality violation using elec-

tron spins separated by 1.3 kilometres. Nature 526, 682 (2015).
2. Giustina, M. et al. Significant-loophole-free test of Bell’s theorem

with entangled photons. Phys. Rev. Lett. 115, 250401 (2015).
3. Sham, L. et al. Strong loophole-free test of local realism. Phys. Rev.

Lett. 115, 250402 (2015).
4. Rosenfeld, W. et al. Event-ready Bell test using entangled atoms

simultaneously closing detection and locality loopholes. Phys. Rev.
Lett. 119, 010402 (2017).

5. Gallego, R., Brunner, N., Hadley, C. & Acín, A. Device-independent
tests of classical and quantum dimensions. Phys. Rev. Lett. 105,
230501 (2010).

6. Ahrens, J., Badziag, P., Cbello, A. & Bourennane, M. Experimental
device-independent tests of classical and quantum dimensions.
Nat. Phys. 8, 592 (2012).

7. Hendrych, M. et al. Experimental estimation of the dimension of
classical and quantum systems. Nat. Phys. 8, 588 (2012).

8. Bennett, C. H. & Wiesner, S. J. Communication via one- and two-
particle operators on Einstein–Podolsky–Rosen states. Phys. Rev.
Lett. 69, 2881 (1992).

9. Holevo, A. S. Bounds for the quantity of information transmitted by
a quantum communication channel. Probl. Inform. Transm. 9,
3 (1973).

10. Bennett, C. H., Shor, P. W., Smolin, J. A. & Thapliyal, A. V.
Entanglement-assisted capacity of a quantum channel and the
reverse Shannon theorem. IEEE Trans. Inf. Theory 48, 2637
(2002).

11. Pauwels, J., Pironio, S., Cruzeiro, E. Z. & Tavakoli, A. Adaptive
advantage in entanglement-assisted communications. Phys. Rev.
Lett. 129, 120504 (2022).

12. Fang, X., Zhu, X., Feng, M., Mao, X. & Du, F. Experimental imple-
mentation of dense coding using nuclear magnetic resonance.
Phys. Rev. A 61, 022307 (2000).

13. Schaetz, T. et al. Quantum dense coding with atomic qubits. Phys.
Rev. Lett. 93, 040505 (2004).

14. Lütkenhaus, N., Calsamiglia, J. & Suominen, K.-A. Bell measure-
ments for teleportation. Phys. Rev. A 59, 3295 (1999).

15. Vaidman, L. & Yoran, N. Methods for reliable teleportation. Phys.
Rev. A 59, 116 (1999).

16. Kwiat, P. G. & Weinfurter, H. Embedded Bell-state analysis. Phys.
Rev. A 58, R2623 (1998).

17. Mattle, K.,Weinfurter,H., Kwiat, P. G. & Zeilinger, A. Dense coding in
experimental quantum communication. Phys. Rev. Lett. 76,
4656 (1996).

18. Braunstein, S. L. & Kimble, H. J. Dense coding for continuous vari-
ables. Phys. Rev. A. 61, 042302 (2000).

19. Li, X. et al. Quantum dense coding exploiting a bright
Einstein–Podolsky–Rosen beam. Phys. Rev. Lett. 88, 047904 (2002).

20. Schuck, C., Huber, G., Kurtsiefer, C. & Weinfurter, H. Complete
deterministic linear optics bell state analysis. Phys. Rev. Lett. 96,
190501 (2006).

21. Barbieri, M., Vallone, G., Mataloni, P. & De Martini, F. Complete and
deterministic discrimination of polarization Bell states assisted by
momentum entanglement. Phys. Rev. A. 75, 042317 (2007).

22. Barreiro, J. T., Wei, T.-C. & Kwiat, P. G. Beating the channel capacity
limit for linear photonic superdense coding. Nat. Phys. 4,
282 (2008).

23. Williams, B. P., Sadlier, R. J. &Humble, T. S. Superdense codingover
optical fiber links with complete Bell-state measurements. Phys.
Rev. A. 118, 050501 (2017).

24. Hu, X.-M. et al. Beating the channel capacity limit for superdense
coding with entangled ququarts. Sci. Adv. 4, eaat9304 (2018).

25. Wiesner, S. Conjugate coding. SIGACT N. 15, 78–88 (1983).
26. Ambainis, A., Nayak, A., Ta-Shma, A. and Vazirani, U. DenseQuantum

Coding and a Lower Bound for 1-Way Quantum Automata. In Pro-
ceedings of the Thirty-First Annual ACM Symposium on Theory of
Computing, STOC ’99 376–383 (Association for Computing
Machinery, 1999).

27. Tavakoli, A., Pawels, J., Woodhead, E. & Pironio, S. Correlations in
entanglement-assisted prepare-and-measure scenarios. Phys. Rev.
X Quantum 2, 040357 (2021).

28. Pauwels, J., Tavakoli, A.,Woodhead, E. & Pironio, S. Entanglement in
prepare-and-measure scenarios: many questions, a few answers.
New. J. Phys. 24, 063015 (2022).

29. Weinfurter, H. Experimental Bell-state analysis. Europhys. Lett. 25,
559 (1994).

30. Braunstein, S. L. & Mann, A. Measurement of the Bell operator and
quantum teleportation. Phys. Rev. A. 51, R1727 (1995).

31. Tavakoli, A., Hameedi, A., Marques, B. & Bourennane, M. Quantum
random access codes using single d-level systems. Phys. Rev. Lett.
114, 170502 (2015).

32. Navascués,M., Feix, A., Araújo,M. & Vértesi, T. Characterizing finite-
dimensional quantum behavior. Phys. Rev. A 92, 042117 (2015).

33. Tavakoli, A., ZambriniCruzeiro, E., BohrBrask, J.,Gisin, N. &Brunner,
N. Informationally restricted correlations: a general framework for
classical and quantum systems. Quantum 4, 332 (2020).

34. Tavakoli, A., Cruzeiro, E. Z., Woodhead, E. & Pironio, S. Informa-
tionally restricted correlations: a general framework for classical
and quantum systems. Quantum 6, 620 (2022).

35. Pironio, S. et al. Random numbers certified by Bell’s theorem. Nat-
ure 464, 1021 (2010).

36. Gill, R. D. Time, finite statistics, and Bell’s fifth position. Found.
Probab. Phys. 5, 179 (2002).

Acknowledgements
We thank Stefano Pironio and Erik Woodhead for discussions and com-
ments. This work was supported by the Swedish research council, the
Knut and Alice Wallenberg Foundation through the Wallenberg Centre
for Quantum Technology (WACQT), the Wenner-Gren Foundation, the
Fonds de la Recherche Scientifique (F.R.S.) - FNRS under Grant No PDR
T.0171.22, and under grant Pint-Multi R.8014.21 as part of the QuantERA
ERA-NET EU programme, the FWO and the F.R.S.-FNRS under grant
40007526 of the Excellence of Science (EOS) programme and the
F.R.S.-FNRS under a FRIA grant.

Article https://doi.org/10.1038/s41467-022-33922-5

Nature Communications |         (2022) 13:7878 5



Author contributions
A.T. proposed the project. J.P. and A.T. developed the theory. S.M.
designed the experiment. A.P. and E.H. performed the experiments and
analysed the data. S.M. and M.B. supervised the experiment work. All
authors contributed to the writing of the manuscript.

Funding
Open access funding provided by Stockholm University.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-022-33922-5.

Correspondence and requests for materials should be addressed to
Mohamed Bourennane.

Peer review information Nature Communications thanks Felix Leditzky
and the other anonymous reviewer(s) for their contribution to the peer
review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

Article https://doi.org/10.1038/s41467-022-33922-5

Nature Communications |         (2022) 13:7878 6

https://doi.org/10.1038/s41467-022-33922-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Entanglement-assisted quantum communication with simple measurements
	Results
	Stochastic dense coding with Bell basis measurements
	Beyond two-bits models with a partial Bell state analyser
	Optimal Quantum Random Access Code with product measurements

	Discussion
	Methods
	Correlation bounds
	Experimental errors
	Statistical significance

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




