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Abstract We implement a novel quantum random access code protocol exploiting weak pulses and
made by a fiber setup fully integrable in the standard telecomunication infrastructure. We demonstrate
a quantum advantage compared to the classical RAC schemes for two and four-dimensional encoding
for different noise level. ©2023 The Author(s)

Introduction

Quantum networks use quantum properties for
secure data transmission. While not yet widely
adopted by end-users, numerous implementa-
tions are reported in the literature both exploiting
terrestrial links and satellite technology[1],[2]. How-
ever, practical challenges, such as the maximum
distance between the users and a limited key
generation rate, must be overcome before quan-
tum networks become ubiquitous. In this context,
a more efficient communication protocol able at
compressing a string of n-bits into a shorter one
would be particularly useful. Quantum Random
Access Code (QRAC) is the quantum extension of
a Classical Random Access Code (CRAC), which
compresses a n-bit message into a shorter m-bit
string, where m < n. This message is shared
between two users with a probability p > 50% of
retrieving a subset of the original message (n

p−→
m). QRAC is obtaining increasing attention in the
quantum community for its quantum advantage:
for fixed n and m, p, is always higher exploiting a
quantum system. Moreover, QRAC can be used
in different applications like Quantum key Distri-
bution (QKD)[3],[4], quantum randomness certifica-
tion[5], dimension witness of quantum systems[6]

and network coding[7].
Currently, all of QRAC implementations used

single photons generated through nonlinear op-
tics processes[8]–[11]. Our work proposes and
experimentally demonstrates a novel QRAC
scheme based on weak coherent pulses, thus
simplifying the overall generation and detection of
the quantum states. In addition, we extended our

protocol to higher dimensionality and characterize
the two systems in terms of noise resilience.

Encoding and decoding strategy
In quantum mechanics, two measurements M1
and M2 are defined incompatible if it is impos-
sible to perform them simultaneously with arbi-
trary precision. A resource theory of incompat-
ibility offers a tool for quantifying this incompati-
bility, which has no counterparts in the classical
world.[12]. Monotones are used to quantify the ad-
vantage of incompatible measurements over any
compatible set[13], or advantage in QRAC over
CRAC[14]. A Monotone M is a functions that is
zero if a pair of measurements are compatible
and is greater than zero otherwise. Furthermore,
a monotone is nonincreasing for any possible op-
eration, such as for noise addition[15]. According
to the resource theory of incompatibility, the sets
of measurements defined by pairs of mutually un-
biased bases (MUBs) are the most incompatible
pairs of measurements[16]. A pair of orthonormal
bases

{
|ei⟩

}d−1

i=0
and

{
|fi⟩

}d−1

j=0
in Hd is unbiased if

the product of any pair of states taken from them
satisfies

∣∣⟨ei|fj⟩∣∣2 = 1/d. The most used pair of
MUBs are composed by the eigenvectors of the
Pauli matrices σZ (computation basis) and σX (di-
agonal basis). Based on the previous statement,
the measurement M = {M1, M2} performed us-
ing a pair of MUBs represents the optimal decod-
ing strategy. On the other side, the optimal en-
coding strategy is realized when E(x) is an eigen-
state corresponding to the maximal eigenvalue of
the operator M1(x1) + · · · + Mn(xn)

[14],[17]. The
encoding scheme for the QRAC (2,2) and QRAC



(2,4) – where QRAC(n,d) is referred to n bits of
dimension d – is reported in table1 and table2.
For practical reasons, we chose to experimentally
generate a limited subset of the sixteen different
messages available with QRAC (2,4). Once the
message has been prepared by the transmitter
Alice (see fig.1 ) and sent through the quantum
channel, Bob (the receiver) performs projective
measurements on the qudit.

Message 00 01 10 11
|0⟩ ∝ a1 a1 b1 b1
|1⟩ ∝ +b1 −b1 +a1 −a1

Tab. 1: Scheme of the states encoded for QRAC(2,2);

a1 =

√
2+

√
2

2
and b1 =

√
2−

√
2

2
, the sign - means π phase).

Setup
To implement the QRAC, we used the time-bin en-
coding scheme exploiting its simplicity and scala-
bility to higher dimensions[18]. Specifically in ta-
ble 1 and 2 we report our optimal encoding pa-
rameters. Fig. 2 reports a graphical represen-
tation of the states. These quantum states are
generated by carving a continuum wave C-band
laser at 1551.72 nm (channel 32 of DWDM ITU
grid[19]). A first intensity modulator, driven by a
1.2 GHz signal, creates a train of pulses equally
separated by 800 ps. A second intensity modu-
lator partially suppresses some of the pulses ac-
cording to the values reported in tables 1 and 2.
Subsequently, a phase modulator introduces a o
or π-phase between the different pulses. A vari-
able optical attenuator is inserted in the setup for
reducing the intensity of the quantum states to the
single-photon level. In our case we used a mean
photon number per pulse of 0.2.

In the case of d=2, each state is made by two
pulses whose size is proportional to a21 or b21, as
defined in table 1, with a relative phase of 0 or
π. In the case of d=4, the quantum states are
composed of four pulses.

After the transmission of the quantum states
through an optical fiber link with 10 dB losses,
a 50:50 beam splitter makes the passive basis
choice. In the Z basis, the arrival time of the pho-
tons is detected using an InGaAs single-photon

Message Binary |00⟩ |01⟩ |10⟩ |11⟩
00 00 00 a2 +b2 +b2 +b2
10 01 00 b2 +a2 +b2 +b2
20 10 00 b2 +b2 +a2 +b2
30 11 00 b2 +b2 +b2 +a2

Tab. 2: Scheme of the states encoded for QRAC(2,4). a2 =√
3/2 and b2 = 1/(2

√
3).

avalanche diode (SPAD). In the X basis, the rela-
tive phase of the two pulses composing a QRAC
(2,2) state is measured by sending them through
a delay line interferometer (DLI)[20]. Regarding
the implementation of the QRAC (2,4), we only
employ the Z basis for simplicity reasons. To test
the performance of the QRAC in a co-propagation
link, a classical channel is emulated by sending
an optical signal generated by a tunable laser
emitting with a different frequency. The signal is
attenuated by a VOA and injected into the quan-
tum channel thanks to a DWDM filter[21].

Results

00 01 10 11
pZ 0.8537 0.8532 0.8520 0.8555
pX 0.8502 0.8140 0.8184 0.7937

Tab. 3: pZ and pX are the probabilities p in Z and X basis.

Tab. 3 reports the results achieved measuring
the generated QRAC(2,2) without noise source.
The theoretical upper bound for QRAC(2,2)
pQ(2,2) = 1/2(1 + 1/

√
2) ≈ 0.854[6] is ap-

proached. Since the threshold given by CRAC
is pCRAC(2,2) = 1/2(1 + 1/2) = 0.75[6], we
have demonstrated a quantum advantage δA =

max{pQRAC − pCRAC , 0}. In addition in Fig. 3 we
report the results for the noisy channel configura-
tion.

Successively, we study the case of two quarts
(4-dimensional bit). As pointed out in tab. 2, two
quarts can be represented by four bits. When
Bob performs a measurement on the qudit, he
retrieves two bits out of four. Moreover, he can
also perform a partial measurement of the quan-
tum states, to retrieve only one bit over four. In the
Z basis, in order to retrieve one bit of information,
we define M1 the measurement over the subset
made by the first and the second pulse, and M2

the measurement over a second subset made by
the third and fourth pulse. In other words, M1

checks if the photon arrives in the first two time-
bins of the quantum state, M2 if it arrives in the
last two. By measuring the exact time of arrival of
the photon, i.e., distinguishing the precise time-
bin, it is possible to retrieve two bits. This mea-
surement is called M12.

M1 M2 M12

p 79.1% 82.9% 75.0%
δA 0.041 0.079 0.125

Tab. 4: p and δA for the three measurement sets.



Fig. 1: Scheme of the setup. Alice: C32: laser at 1551.72 nm, FPGA: field programmable gate array board, IMs: intensity
modulators, PM: phase modulator, VOA: variable optical attenuator, DWDM: dense wavelength division multiplexing filter, C11:
laser at 1568.11. Bob: BS: 50% beam splitter, DLI: delay line interferometer, SPD: single photon detector.

Fig. 2: QRAC(2,2) (top) and QRAC(2,4) (bottom), exam-
ple of a quantum state. The figure shows the shape of the
achieved wave functions of a photon encoding a QRAC state
in 2 and 4 dimension (red), with a comparison with the ideal
states (cyan). The pulses sizes are reported in the text while
the relative phase can be zero or π.

Fig. 3: Probability p for the bit in the Z basis (a) and in the X
basis (b) versus optical power of the coexistent classical com-
munication. The blue line represents the PCRAC threshold,
while the purple line shows the average probability.

The results for a noise-free channel are re-
ported in tab. 4, and the fig. 4 represents the
quantum advantage δA achieved in the case of
co-existence with classical light. The classical
thresholds PCRAC for Bob retrieving one or two
bits over four are 75% and 62.5% respectively
and the quantum bounds PQRAC are 83.3% and
75%[22]. We measured a quantum advantage
that matches the theoretical prediction for an ideal
state and decreases to zero under the effect of
noise. In other words, it behaves as a mono-
tone function, so it can be used as a quantifier
of the advantage of incompatible measurements.

Fig. 4: Quantum advantage of QRAC vs power of channel-
coexisting classical light.

It means that if δA approaches the theoretical
bound, the MUBs used in our encoding and de-
coding strategies are the optimal bases according
to the allocation criterion of proportional fairness,
a criterion utilized to distribute resources between
two systems in a proportional way[15].

Discussions and conclusion
We experimentally implement a QRAC system
based on weak coherent states and time-bin en-
coding, which offers the enormous advantage of
being simple, robust, and compatible with tele-
com infrastructure[20],[23]. In addition, we imple-
ment the QRAC with two-dimensional and four-
dimensional quantum states, proving the recon-
figurability of our solution. We prove that our re-
sults are in accordance with the theoretical pre-
dictions both for the two-dimensional and for the
four-dimensional case with and without additional
noise in the quantum channel. Moreover, we
demonstrate that the quantum advantage acts as
a monotone function, thus it can be utilized as a
quantifier of the performance of the system con-
cerning resource allocation. We believe that our
work establishes a strong foundation for the broad
adoption of QRAC, both as a reliable communi-
cation protocol and as a practical tool for testing
theoretical concepts.
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N. Brunner, “Self-testing quantum states and measure-
ments in the prepare-and-measure scenario”, Physical
Review A, vol. 98, no. 6, p. 062 307, 2018.

[6] A. Tavakoli, A. Hameedi, B. Marques, and M. Bouren-
nane, “Quantum random access codes using single d-
level systems”, Phys. Rev. Lett., vol. 114, p. 170 502, 17
Apr. 2015. DOI: 10.1103/PhysRevLett.114.170502.
[Online]. Available: https://link.aps.org/doi/10.
1103/PhysRevLett.114.170502.

[7] H. Yano, Y. Suzuki, K. M. Itoh, R. Raymond, and N. Ya-
mamoto, “Efficient discrete feature encoding for varia-
tional quantum classifier”, IEEE Transactions on Quan-
tum Engineering, vol. 2, pp. 1–14, 2021.

[8] G. Foletto, L. Calderaro, G. Vallone, and P. Villoresi,
“Experimental demonstration of sequential quantum
random access codes”, Physical Review Research,
vol. 2, no. 3, p. 033 205, 2020.

[9] H. Anwer, S. Muhammad, W. Cherifi, N. Miklin, A.
Tavakoli, and M. Bourennane, “Experimental charac-
terization of unsharp qubit observables and sequential
measurement incompatibility via quantum random ac-
cess codes”, Physical Review Letters, vol. 125, no. 8,
p. 080 403, 2020.

[10] X.-R. Wang, L.-Y. Wu, C.-X. Liu, T.-J. Liu, J. Li, and
Q. Wang, “Experimental generation of entanglement-
assisted quantum random access code”, Physical Re-
view A, vol. 99, no. 5, p. 052 313, 2019.

[11] Y. Xiao, X.-H. Han, X. Fan, H.-C. Qu, and Y.-J. Gu,
“Widening the sharpness modulation region of an
entanglement-assisted sequential quantum random ac-
cess code: Theory, experiment, and application”, Phys-
ical Review Research, vol. 3, no. 2, p. 023 081, 2021.

[12] F. Buscemi, E. Chitambar, and W. Zhou, “Complete re-
source theory of quantum incompatibility as quantum
programmability”, Phys. Rev. Lett., vol. 124, p. 120 401,
12 Mar. 2020. DOI: 10 . 1103 / PhysRevLett . 124 .

120401. [Online]. Available: https://link.aps.org/
doi/10.1103/PhysRevLett.124.120401.
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