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In the device-independent quantum-information approach, the implementation of a given task can be
self-tested solely from the recorded statistics and without detailed models for the employed devices.
Even though experimentally demanding, it provides appealing verification schemes for advanced quan-
tum technologies that naturally fulfil the associated requirements. In this work, we experimentally study
whether self-testing protocols can be adopted to certify the proper functioning of quantum devices
built with modern space-division multiplexing optical fiber technology. Specifically, we consider the
prepare-and-measure protocol of Farkas and Kaniewski [Phys. Rev. A 99, 032316 (2019)] for self-testing
measurements corresponding to mutually unbiased bases (MUBs) in a dimension d > 2. In our scheme,
the state preparation and measurement stages are implemented using a multiarm interferometer built with
multicore optical fibers and related components. Due to the high overlap of the interferometer’s opti-
cal modes achieved with this technology, we are able to reach the required visibilities for self-testing
the implementation of two four-dimensional MUBs. We also quantify two operational quantities of the
measurements: (i) the incompatibility robustness, connected to Bell violations, and (ii) the randomness
extractable from the outcomes. Since MUBs lie at the core of several quantum-information protocols, our
results are of practical interest for future quantum works relying on space-division multiplexing optical
fibers.
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I. INTRODUCTION

The advent of quantum-information technologies comes
with promises such as exponential computational speed-up
compared to currently existing classical algorithms [1,2]
or unconditionally secure quantum communication [3,4].
However, the success of these protocols relies on certi-
fication methods to verify that the used devices perform
the tasks they are promised to perform. Furthermore, it
should be possible to perform these verification meth-
ods efficiently and using only classical resources. Conse-
quently, they are currently the subject of intensive study in
the quantum-information community [5–12], where they
are commonly referred to as self-testing protocols. The
strongest method is known as the “device-independent
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approach,” which involves two parties sharing an entan-
gled quantum state, and the only considered assumption
for self-testing the proper implementation of a given task
is that these parties are spacelike separated. The cer-
tification is based solely on the recorded measurement
statistics of the two parties [13]. This method, however,
comes with a few drawbacks. First, it is rather challenging
to implement experimentally, as it requires the produc-
tion of entangled states with very high fidelities. Second,
in dimensions larger than two, the theoretical treatment
becomes complex as well. Accordingly, there are only
a few theoretical results available for high-dimensional
quantum states (qudits) [14,15] and the method has never
been experimentally demonstrated.

Nonetheless, the use of qudit systems is advantageous
for several quantum-information tasks. For example, they
allow for larger violations of Bell inequalities [16],
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improvement on quantum computation and communica-
tion complexity tasks [17,18], and higher randomness-
generation rates [19]. Thus, there is a current need for more
practical self-testing protocols in higher dimensions. In
order to alleviate the difficulties mentioned above, several
relaxations of the demanding device-independent scheme
have been introduced. One generic direction is to move
to the experimentally less demanding prepare-and-measure
scenario, in which instead of sharing an entangled state,
one party prepares a state and sends it to the other party,
who then measures it. In this scenario, further reasonable
assumptions are necessary to devise certification meth-
ods. These include bounds on the average energy of the
quantum states [20] or the indistinguishability of the differ-
ent states prepared [21]. Perhaps the most traditional such
relaxation is to fix the dimension of the quantum states
[6,22–24].

Recently, in Ref. [25], a method has been proposed for
self-testing high-dimensional measurements correspond-
ing to mutually unbiased bases (MUBs) in the prepare-
and-measure scenario, under the dimension assumption.
MUBs constitute a particularly useful family of quan-
tum measurements, with myriad applications in quantum
information. Among other tasks, they optimize state deter-
mination [26,27], generate the maximal amount of ran-
domness [28], and give rise to secure cryptographic pro-
tocols [3] (for a survey, see Ref. [29]). The authors of
Ref. [25] anticipate that their certification method can be
performed with currently available technologies in dimen-
sions larger than two. This is precisely the aim of the
current work, in which we experimentally study whether
self-testing certification methods can be adopted in the
platform of space-division multiplexing (SDM) optical
fiber technology to quantum-information processing [30].
In our scheme, we use single-photon path-encoded four-
dimensional quantum systems (ququarts) and the state
preparation and measurement stages are implemented by
resorting to an advanced four-arm interferometer built of
multicore optical fibers and related technology, which we
present next. As observed in Ref. [19], this scheme should,
in principle, attain the optical quality required for imple-
menting self-testing protocols. Indeed, here, in our test
of Ref. [25], we are able to record the corresponding
data with an average visibility of 99.89 ± 0.03%, which
allows us to self-test the proper implementation of a pair
of four-dimensional MUBs. Moreover, we also certify the
incompatibility of our implemented measurements and the
randomness extractable from their outcomes. Note that
while this same type of protocol has already been imple-
mented experimentally in higher dimensions [31–34], the
error rates have never been suppressed to a level that would
allow the self-testing of the measurements performed.

Our results highlight the advantages of modern SDM
technologies for high-dimensional quantum-information
processing, by demonstrating that devices based on this

technology can be self-tested. This means that state prepa-
rations and measurements can be performed on this
platform with very high fidelity. Furthermore, the self-
tested MUB measurements are widely useful in quantum-
information processing, proving this technology to be of
broad relevance in the field. Lastly, we note that the
self-testing protocol adopted can be regarded as a gen-
eralization of the quantum key distribution protocol of
Ref. [35].

II. THEORY

Formally, a pair of MUBs in dimension d corresponds to
two rank-1 measurements projecting onto the orthonormal
bases {|ai〉}d

i=1 and {|bj 〉}d
j =1 on Cd. We say that these bases

are mutually unbiased if

|〈ai|bj 〉|2 = 1
d

∀i, j ∈ {1, . . . , d}, (1)

that is, every pair of vectors from different bases has the
same overlap. One simple example is the eigenbases of the
Pauli X and Z operators on a qubit.

The prepare-and-measure self-testing method used in
Ref. [25] to certify d-dimensional MUB measurements is
based on the so-called 2d → 1 quantum-random-access-
code (QRAC) protocol. In a QRAC, the preparation side
(Alice) receives two uniformly random classical dits, i, j ∈
{1, . . . , d}. Based on this input, Alice prepares the d-
dimensional quantum state, ρij , and sends it to Bob on
the measurement side. Bob receives a uniformly ran-
dom classical bit, y ∈ {1, 2}, based on which he decides
which observable to measure on the state ρij . If y = 1,
his measurement is a d-outcome positive-operator-valued
measure (POVM), the measurement operators of which are
denoted by Ai. Similarly, for y = 2, he measures Bj . Recall
that for POVMs we have that Ai, Bj ≥ 0 and

∑d
i=1 Ai =

∑d
j =1 Bj = I. That is, a d-outcome POVM is a set of d

positive semidefinite operators that add up to the identity
operator. Let us denote the outcome of Bob’s measurement
by b ∈ {1, . . . , d}. The common aim of the parties is that
when y = 1, Bob’s output equals Alice’s first input, that
is, b = i, and when y = 2, they have b = j . To quantify
their success rate, we employ the average success proba-
bility (ASP) p̄ = 1

2 [P(b = i|y = 1)+ P(b = j |y = 2)] as
the figure of merit. According to the Born rule, the prob-
ability of Bob outputting b when Alice’s input is i, j
and Bob’s input is y = 1 is tr(ρijAb) and, similarly, it is
tr(ρijBb)when y = 2. That is, the ASP for a generic encod-
ing scheme ρij and measurement choice Ai and Bj can be
written as

p̄ = 1
2d2

d∑

i,j =1

tr
[
ρij(Ai + Bj)

]
. (2)
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In Ref. [25], the authors provide certificates for MUBs
based only on the recorded ASP in a QRAC. They show
that in dimension d, p̄ ≤ 1

2 (1 + 1/
√

d) =: p̄Q and this
maximum can only be attained if Bob’s measurements
correspond to a pair of MUBs. Moreover, even for sub-
optimal p̄ , one can certify the closeness of the employed
measurements to a pair of MUBs. Specifically, one can
bound the entropy of the generalized overlaps of the two
measurements and the sum of the individual operator
norms. These two measures together—having sufficiently
high values—imply that the measurement operators have
close-to-uniform overlaps and are close to being rank-1
projectors, that is, they are close to MUBs.

Specifically, the first quantity employed is the over-
lap entropy, HS(A, B) = H 1

2

{[
tr(AiBj)/d

]
ij

}
, where H1/2

is the 1
2 -Rényi entropy [note that for projective measure-

ments, tr(AiBj) = |〈ai|bj〉|2]. It has been shown that given
an observed ASP p̄ , it holds for the measurements A and B
that [25]

HS(A, B) ≥ 2 log
[
d
√

d(2p̄ − 1)
]

. (3)

The maximal possible value of the overlap entropy, log d2,
is reached by MUBs and can be certified upon observing
p̄ = p̄Q.

The second quantity is the sum of the norms, N (A) =
∑d

i=1 ‖Ai‖. It has also been shown in Ref. [25] that

N (A) ≥ d − 2 + √
2

d

[
1 −

√
d3(2p̄ − 1)2 − (d2 − 1)

]
,

(4)

and the same holds for B. The maximal possible value of
the sum of the norms, d, is reached if and only if the mea-
surements are rank-1 projective and this can be certified
upon observing p̄ = p̄Q.

Putting the above two bounds together, observing p̄ =
p̄Q implies that tr(AiBj) = 1/d for all i, j and that the mea-
surements are rank-1 projective. In other words, p̄ = p̄Q
certifies that Bob’s measurements correspond to a pair of
MUBs. By the continuity of the bounds in p̄ , it follows
that if the observed ASP is suboptimal, p̄ < p̄Q, but close
to optimal, then the overlap entropy and the sum of the
norms are both close to their unique MUB values. This
serves as a certificate that the employed measurements are
close to MUBs.

Lastly, the authors of Ref. [25] derive certificates for
two useful properties of the measurements: incompatibility
robustness and the amount of randomness generated. The
former, briefly speaking, is the maximal visibility of the
measurements at which they are jointly measurable (com-
patible) [36]. Clearly, for compatible measurements pairs,
this maximal visibility is 1 and the lower the value, the

more incompatible the pair is. Jointly measurable observ-
ables are of no use in nonlocal and steering scenarios [37]
and therefore it is important to quantify the extent to which
a pair of measurements is incompatible. In Ref. [25], the
authors show that the incompatibility robustness of A and
B is bounded by

η∗ ≤
1
2 d2(1 + smax)− N (A)2

d

N (A)2 − d − [d − N (A)][d − N (A)+ 1]
, (5)

where smax = maxij ‖√Ai
√

Bj ‖. Using the bounds in Eqs.
(3) and (4), one can then bound the incompatibility robust-
ness by the observed ASP. The value corresponding to a
pair of MUBs, η∗ = 1

2

[
1 + 1/(

√
d + 1)

]
, can be certified

upon observing p̄ = p̄Q.
The second quantity to certify is the amount of uncer-

tainty produced in the outcome of the measurements,
formulated as an entropic uncertainty relation [38]. This
amounts to a lower bound on the entropy of the measure-
ment outcome probabilities in a state-independent fashion.
Let us denote the Shannon entropy of the outcome prob-
abilities of the measurement A on the state ρ by H(A)ρ .
Then, it has been shown in Ref. [25] that given a QRAC
ASP p̄ , it holds that

H(A)ρ + H(B)ρ ≥

− 2 log
(

2p̄ − 1 + 1
d

√
d(d2 − 1)[1 − d(2p̄ − 1)2]

)

,

(6)

for any state ρ. Note that the maximal value for rank-1
projective measurements, log d, can again be certified upon
observing p̄ = p̄Q.

III. SPACE-DIVISION MULTIPLEXING
TECHNOLOGY

SDM is a classical telecommunication technique that
uses multiple transverse optical modes for increasing data-
communication capacity. The SDM technique is imple-
mented for optical communication links in both free space
and fiber optics [39,40]. It is considered a crucial solution
to overcome the so-called “capacity crunch” of fiber-optic
communications [40]. In this case, SDM technology is typ-
ically based on few-mode fibers (FMFs) [41–43], ring-core
fibers (RCFs) [44], and multicore fibers (MCFs) [45,46].
These are schematically represented in Fig. 1.

FMFs are a particular class of multimode fibers
(MMFs), which support only a few linearly polarized
transverse optical modes [41–43]. Each mode that is sup-
ported in a FMF has very low crosstalk to the others and,
therefore, can be used as an independent data channel.
RCFs are optical fibers with an annular refractive index
profile that supports multiple Laguerre-Gaussian beams
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SMF
MCF

(a) (b) (c)

(e)(d)

FIG. 1. The fibers and components typically used in the SDM
approach for fiber-optics communication. A schematic repre-
sentation of the cross section of (a) a few-mode fiber, (b) a
ring-core fiber, and (c) a multicore fiber (with four cores). Each
of them is composed of a core (white), cladding (light blue), a
coating (gray), a strength member (green), and an outer jacket
(yellow). A FMF supports the propagation of a few linearly
polarized modes. A RCF has an annular core that supports,
for instance, the propagation of some Laguerre-Gaussian optical
modes. The MCF is a single fiber with several single-mode cores
within its cladding. (d) The schematics of demultiplexer devices
used for efficiently coupling light into multicore fibers (insertion
loss <0.7 dB). (e) An example of a four-core fiber-integrated
multiport beam splitter.

carrying orbital angular momentum (OAM) [47]. Lastly,
there are MCFs, which are considered to be the most
promising solution for SDM, since their fabrication is cost
effective [46]. An MCF is a single fiber containing multi-
ple cores within the same cladding, which are sufficiently
separated from each other to avoid light coupling between
them. Typically, crosstalk between the cores is negligible
with more than 60 dB of attenuation [46].

Together with the development of these fibers, sev-
eral related components have been built to improve
the efficiency of SDM techniques. For instance, there
are multiplexer-demultiplexer (DEMUX) devices, used
to combine and separate the different transverse opti-
cal modes supported by the SDM fiber. Typically, these
devices have N independent single-mode fibers connected
to the SDM fiber, mapping N transverse Gaussian modes
onto the N particular optical modes supported by the
SDM fiber. For FMFs, DEMUXs called photonic lanterns
are used [48]. For RCFs, these devices are called mode
sorters. They are usually built with bulk optics [49] but
an important recent development is an all-fiber mode
sorter [50]. Finally, the DEMUXs used for MCFs are
devices composed of single-mode fibers (SMFs), each
one connected to one core of the MCF. These devices
are already commercially available and are built using a
fiber-bundle polishing-and-tapering technique, presented

in Refs. [51,52]. In Fig. 1(d), we show, as an example, the
schematics of a MCF DEMUX.

Our experimental setup is based on MCFs and in
this case another important device is the multicore fiber-
integrated multiport beam splitter (MBS), recently pre-
sented in Ref. [19] [see Fig. 1(e)]. This device is crucial
for quantum-information processing because it allows one
to implement distinct unitary operations representing the
change of basis from the logical basis to a basis that is
mutually unbiased to it. Thus, it allows for the genera-
tion and measurement of a general class of quantum states,
as we explain in the next section. The MBS is fabricated
directly within a multicore fiber, using a tapering technique
for MCFs [53]. By tapering the fiber, the cores are brought
together and, due to evanescent effects, there is light cou-
pling from one core to the others. Due to the symmetry of
the MCF structure, the splitting ratio can be made balanced
for all core-to-core combinations.

IV. EXPERIMENT

Recently, the technology developed for SDM has
become a platform for high-dimensional quantum-
information processing [30]. Initial efforts, based on path-
encoded qudits and multicore fibers [54–58], have now
been expanded to different types of fibers and encoding
schemes [59–62]. Nonetheless, this platform has not yet
been demonstrated to be compatible with modern self-
testing protocols of quantum states and circuits. Here, we
fill this gap by extensively studying the protocol of Ref.
[25]. Specifically, we measure the QRAC ASP and bound
all the quantities of Eqs. (3)–(6) with a four-arm Mach-
Zehnder (MZ) interferometer built of MCFs and the related
technology discussed above.

The state preparations in the QRAC protocol are real-
ized by photonic states. The initial photon source is a
continuous-wave telecom laser, operating at 1546 nm (see
Fig. 2). It is connected to an external fiber-pigtailed ampli-
tude modulator (FMZ), which is controlled by a field-
programmable gate array (FPGA) electronic unit to gen-
erate 5-ns-wide pulses. Then, we use optical attenuators
(ATT) to create weak coherent states. The attenuators are
calibrated to set the average number of photons per pulse to
μ = 0.2. In this case, the probability of having pulses con-
taining at least one photon is P(n ≥ 1|μ = 0.2) ≈ 18%.
Most of the non-null pulses contain only one photon and
represent 90.3% of the experimental runs. Therefore, our
source can be seen as a good approximation of a non-
deterministic source of single photons [63]. We note that
coincidence detections are not discarded in our analysis
and that the proportion of events where coincidence detec-
tions occurs is much smaller than 1.81%. It corresponds
to only 0.045%, which is a consequence, for instance, of
the fact that, in some cases, both photons go to the same
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FIG. 2. The experimental setup is based on a four-arm Mach-
Zehnder interferometer built of four-core multicore fibers (MCF)
and related technology (see Sec. III). The interferometer is used
for preparing and measuring path-encoded ququart states. At the
state-preparation stage, the initial state is prepared by a set com-
posed of a 4 × 4 MCF based multiport beam splitter (MBS0) and
phase (PM) and amplitude (IM) fiber-pigtailed modulators. The
measurement is achieved using another set of PMs and a second
MBS1 connected to four single-photon detection (SPD) modules.
The field-programmable gate array (FPGA) electronic unit auto-
matically controls the protocol implementation. See the main text
for details.

detector—or to the more general fact that, in most of the
cases, one photon is detected and the other is not.

The signal from the source is sent to a commercial-fiber
built-in DEMUX unit (DEMUX0), which consists of four
independent single-mode fibers, each of them connected
to one core of a four-core MCF. The source is connected
through one of the four SMFs of DEMUX0; therefore, only
one core of the MCF is illuminated. DEMUX0 is then con-
nected to a MCF-based 4 × 4 MBS (denoted MBS0), the
matrix representation of which is given by [19]

UMBS = 1
2

⎡

⎢
⎣

1 1 1 1
1 1 −1 −1
1 −1 1 −1
1 −1 −1 1

⎤

⎥
⎦ (7)

in the logical basis. In our scheme, the logical states are
defined in terms of the core modes available for the photon
propagation over the multicore fiber [19,55]. Therefore, the

4 × 4 MBS corresponds to a Hadamard gate in dimension
four.

MBS0 is then coupled to a second DEMUX (denoted
DEMUX1) via their respective MCFs. In order to con-
trol the initial quantum state entering the interferometer,
we connect phase (PM) and amplitude (IM) fiber-pigtailed
modulators to each SMF of DEMUX1, these being con-
trolled by the FPGA. The general path-encoded ququart
state that we can prepare in the first part of the MZ is then
given by

|χ〉 = 1√
N

4∑

k=1

τkeiφA
k |k〉, (8)

where |k〉 represents the state of the photon transmitted in
the kth core (i.e., the kth logical state). τk and φA

k are the
transmissivity and relative phase, respectively, of core k
and N is the normalization constant.

Having prepared the state, the measurements are per-
formed in a similar fashion, using a second set of PMs,
DEMUX2 and MBS1 [19]. The resulting unitary operation
implemented is

UM = 1
2

⎡

⎢
⎢
⎢
⎣

eiφB
1 eiφB

1 eiφB
1 eiφB

1

eiφB
2 eiφB

2 −eiφB
2 −eiφB

2

eiφB
3 −eiφB

3 eiφB
3 −eiφB

3

eiφB
4 −eiφB

4 −eiφB
4 eiφB

4

⎤

⎥
⎥
⎥
⎦

, (9)

where φB
k is the phase applied in the core mode k at the

measurement side. After applying the phases, we con-
clude the projective measurement using a final DEMUX
(denoted DEMUX3), to send the outcomes of MBS1 to
four single-photon detectors (SPD). The detectors are trig-
gered commercial single-photon detection modules, con-
figured with 5-ns detection gates and 10% of detection
efficiency. The detection counts are recorded by the FPGA
unit. The measurement corresponding to the above pro-
cedure is the rank-1 projective measurement given by the
states

|α1〉 = 1
2
(eiφB

1 |1〉 + eiφB
2 |2〉 + eiφB

3 |3〉 + eiφB
4 |4〉),

|α2〉 = 1
2
(eiφB

1 |1〉 + eiφB
2 |2〉 − eiφB

3 |3〉 − eiφB
4 |4〉),

|α3〉 = 1
2
(eiφB

1 |1〉 − eiφB
2 |2〉 + eiφB

3 |3〉 − eiφB
4 |4〉),

|α4〉 = 1
2
(eiφB

1 |1〉 − eiφB
2 |2〉 − eiφB

3 |3〉 + eiφB
4 |4〉). (10)

That is, photon detection in path k corresponds to the
measurement outcome associated with |αk〉.

Therefore, in our experiment, we can prepare the state
of Eq. (8) and measure it in the basis defined by the
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orthorgonal states of Eq. (10). The PMs, DEMUXs, and
MBSs present an average insertion loss of 2.05 dB, 0.4 dB,
and 0.2 dB, respectively, contributing to a total 3.66 dB
of insertion loss for the entire measurement stage. Fiber-
based polarization controllers (PCs) (not shown for the
sake of simplicity) are used in each path to guarantee the
indistinguishability of the core modes, such that there is
no path information available to compromise the visibility
of the interferometer [64,65]. These PCs are placed at the
input of DEMUX2 and are calibrated before each experi-
mental round, keeping the polarization aligned for hours in
the laboratory environment.

The most destructive disturbance in the setup is a time-
dependent phase noise between the different arms of the
interferometer, which arises due to thermal and mechan-
ical fluctuations in the SMFs. For the preparation stage,
the total applied phase is modeled considering that φA

k =
φn

k + φc
k + φs

k. Here, φn
k represents the phase noise, φc

k the
phase-noise suppressor, which we control by a continuous
low-speed voltage signal, and φs

k the phase used to prepare
the desired state, which we control by a high-speed volt-
age. Both voltages are controlled by the FPGA unit through
a power driver (for more details, see the Appendix).
The phase noise is canceled out by controlling φc

k : a
control algorithm in the FPGA sets τk = 1 and φs

k = 0,
ideally preparing |χmax〉 = 1

2 (|1〉 + |2〉 + |3〉 + |4〉) and,
simultaneously, sets φB

k = 0, ideally measuring in the
basis A of Eq. (12). With these settings, if the phase
noise is null, the photon always arrives at SPD1, that is,
p1 = |〈α1|χmax〉|2 = 1. Similarly, by preparing the state
|χmin〉 = 1

2 (|1〉 + |2〉 − |3〉 − |4〉), the expected probabil-
ity of photon detection at SDP1 is p1 = |〈α1|χmin〉|2 = 0.
Therefore, we expect maximal counts for |χmax〉 and mini-
mal counts for |χmin〉. By collecting data at SPD1 for these
two settings, we can calculated the setup visibility, defined
as

VSPD1 = SCmax
SDP1

− SCmin
SDP1

SCmax
SDP1

+ SCmin
SDP1

, (11)

where SCmax
SDP1

(SCmin
SDP1

) is the number of accumulated sin-
gle counts of SPD1 given the state preparation |χmax〉
(|χmin〉). The algorithm sets a threshold visibility VSPD1 =
99.7% and adjusts the control phases φc

k until this thresh-
old is achieved. This algorithm is known as perturb and
observe maximum power point tracking [66]. Once the
threshold is reached (corresponding to φc

k ≈ −φn
k ), the sup-

pressor phase φc
k is held to begin the experimental round

and the experiment is performed using the fast-switching
phases φs

k and φB
k for preparing and measuring the states in

the protocol, respectively. To maintain high optical quality,
the system defines an interval of 0.1 s for the experimen-
tal data collection, after which it calibrates φc

k again to
counteract the time-dependent phase noise. The FPGA unit

controls and synchronizes the preparation and measure-
ment stages, both working at a repetition rate of 2 MHz,
achieving around 60 000 detections during a time interval
of 1 s.

The measurements, which we aim to certify, correspond
to a pair of MUBs, which we choose such that they can
be implemented in our setup using only phase modulation,
without the need for amplitude modulation. Specifically,
the two bases {|ai〉}4

i=1 and {|bj 〉}4
j =1 are given by the

columns of the matrices

A = 1
2

⎡

⎢
⎣

1 1 1 1
1 1 −1 −1
1 −1 1 −1
1 −1 −1 1

⎤

⎥
⎦ , (12)

B = 1
2

⎡

⎢
⎣

−1 −1 −1 −1
1 1 −1 −1
1 −1 1 −1
1 −1 −1 1

⎤

⎥
⎦ . (13)

According to Eq. (9), A can be performed by setting the
phases φB

k = 0 for all k = 1, 2, 3, 4, while B can be per-
formed by setting φB

1 = π and keeping the other phases
equal to zero. In the QRAC protocol described above, Bob
chooses the measurement basis A or B according to his
input y. In our experiment, we perform this basis choice
simply by changing φB

1 : when y = 1, we choose φB
1 = 0

and when y = 2, we choose φB
1 = π .

The optimal state preparation for Alice’s input i, j is the
pure state [25]:

∣
∣ψij

〉 = 1√
3

[|ai〉 + sgn
(〈

ai|bj
〉) ∣

∣bj
〉
], (14)

which we can produce according to Eq. (8). The QRAC
protocol is then carried out by randomly preparing the
16 different states |ψij 〉 with i, j ∈ {1, 2, 3, 4}, randomly
measuring them in the bases A or B and collecting the
measurement statistics to estimate the average success
probability in Eq. (2). The choices of states and measure-
ments are implemented directly in the FPGA by resorting
to a pseudorandom-number-generation algorithm.

V. RESULTS

We present the recorded experimental data in two parts,
corresponding to the success probabilities related to the
measurements A and B of Eq. (2). In the experiment, data
are accumulated over 565 s, recording a total of 32 628 502
detections, with an average experimental detection rate of
57 883 detections per second. Figure 3(a) contains the out-
come probabilities for the interferometer’s outcomes 1, 2,
3, and 4 for each state |ψij 〉 upon measuring A. In Fig.
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FIG. 3. (a),(c) The outcome probabilities of the measurements A and B, respectively, for each state |ψij 〉. (b),(d) The ASP for
each state |ψij 〉 upon measuring A and B, respectively. The green line corresponds to the optimal ASP p̄ = 0.75, while the red line
corresponds to the minimal ASP such that the most demanding quantity, η∗, can be self-tested.

3(b), we show the ASP for each state |ψij 〉 upon measur-
ing A. On average, we observe an ASP of p̄A = 0.7491 ±
0.0002 for this measurement, where the error is calculated
using the Poissonian distribution for the number of pho-
ton detections. The analogous data for the measurement
B are depicted in Figs. 3(c) and 3(d), yielding an ASP of
p̄B = 0.7493 ± 0.0001 in this case.

Putting the above values together, the overall ASP
is p̄ = 0.7492 ± 0.0001. Using this result and Gaussian
error propagation, from Eq. (3) we obtain that HS(A, B) ≥
3.991 ± 0.001. From Eq. (4), we obtain that N (A) ≥
3.957 ± 0.006. These two results, together, self-test the
fact that the measurements are close to a pair of MUBs
[HS(A, B) = 4 and N (A) = 4].

Concerning the operational quantities, from Eq. (5),
we obtain η∗ ≤ 0.80 ± 0.01. Therefore, we certify a non-
trivial bound on the critical visibility of our measure-
ments at which they become compatible. This confirms
that the measurements used in the experiment are indeed

incompatible and therefore will be useful in future Bell and
steering experiments [58].

Lastly, from Eq. (6), we can bound the entropic uncer-
tainty: H(A)ρ + H(B)ρ ≥ 1.25 ± 0.05. That is, we obtain
a minimal entropy that can be extracted from the outcomes
of our measurements on any quantum state. This can be
used for secure random-number generation or quantum key
distribution protocols.

VI. CONCLUSIONS

With the development of quantum technologies, there
is a current need for certification schemes for prepar-
ing high-dimensional quantum states and measurements.
Since self-testing methods in nonlocal scenarios are com-
plicated both in theory and practice, recently proposed
methods for self-testing quantum devices in the prepare-
and-measure scenario become relevant. In this work, we
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demonstrate the viability of adopting such type of proto-
cols in higher dimensions to validate the proper function-
ing of quantum devices built with modern SDM technol-
ogy. Specifically, we self-test the proper implementation of
measurements corresponding to mutually unbiased bases
in dimension d = 4. This technology can be scaled to
perform quantum-information processing protocols up to
dimension 32 [67–69].

Our results show that SDM is an advantageous plat-
form for high-dimensional quantum-information process-
ing, achieving an exceptionally high optical quality with
visibilities greater than 99%. While experiments imple-
menting the same protocol have previously been per-
formed [31–33], our technique allows us not only to certify
the quantum advantage in random access coding but to
self-test the measurements under the dimension assump-
tion, as well as to certify their level of incompatibility
and the amount of randomness that can be extracted from
their outcomes. These results are of practical relevance
for future experiments relying on this technology, since
mutually unbiased measurements lie at the core of several
quantum-information protocols.
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APPENDIX: EXPERIMENTAL DETAILS OF THE
INNER WORKING OF THE FPGA

The FPGA electronic unit used in our experiment is
based on the scheme shown in Fig. 4. Inside the FPGA,
there are the following six main modules: the central pro-
cessing unit (CPU), detection control (DC), phase-noise
control (PNC), the preparation stage (PS), the measure-
ment stage (MS), and a pseudorandom-number generator
(RNG). The CPU module connects the FPGA unit with
the user, synchronizes all internal modules (including a
trigger for the single-photon source), controls the PNC
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FIG. 4. The electronic diagram inside the FPGA.

module process, and executes the QRAC protocol. The
RNG module is configured to randomly select the values
of the three variables, i, j , and y, from a preset pseudoran-
dom sequence. Note that the variables i and j are two bits
each, while y is a single bit. The variables i and j are used
by the PS module to prepare the desired state, while the
MS module uses the variable y to select the correspond-
ing measurement basis. The DC module synchronizes the
four SPDs with the trigger signal, records their detection
counts, and saves these data in four registers of 32 bits.
The experimental probabilities are calculated from these
data and they also provide the probability p1 to the PNC
module. The PNC module then uses these data to disturb
the control phases φc

k [66].
As described in the main text, if the visibility is greater

than a threshold, the phase-noise control (φc
k) is fixed to

the values found and then the PS and MS modules are
enabled. These modules prepare the required phases and
transmissions based on the three variables (i, j , and y) that
correspond to preset voltages to prepare the state and mea-
surement basis needed in this protocol. The modules work
at a repetition rate of 2 MHz. After 0.1 s of experimental
run, the PS and MS modules are disabled in order for the
PNC module to check visibility again.

The digital signals from the FPGA unit are converted
using two different digital-to-analog converters (DACs)
(see Fig. 4). Here, DAC1 is 12-bits serial and the oth-
ers are 4-bits parallel for high speeds. Note that four
drivers are required for each set of phases (φA

k and φB
k ) and

transmissions (τk).
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laszewski, and A. Zeilinger, Violations of Local Realism
by Two Entangled N -Dimensional Systems Are Stronger
than for Two Qubits, Phys. Rev. Lett. 85, 4418 (2000).

[17] M. Araújo, F. Costa, and Č. Brukner, Computational
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mutually unbiased bases, Int. J. Quantum Inf. 8, 535 (2010).

[30] G. B. Xavier and G. Lima, Quantum information processing
with space-division multiplexing optical fibres, Commun.
Phys. 3, 9 (2020).

[31] A. Tavakoli, A. Hameedi, B. Marques, and M. Bourennane,
Quantum Random Access Codes Using Single d-Level
Systems, Phys. Rev. Lett. 114, 170502 (2015).

[32] M. J. Kewming, S. Shrapnel, A. G. White, and J. Romero,
Hiding Ignorance Using High Dimensions, Phys. Rev. Lett.
124, 250401 (2020).

[33] E. A. Aguilar, M. Farkas, D. Martínez, M. Alvarado, J. Car-
iñe, G. B. Xavier, J. F. Barra, G. Cañas, M. Pawłowski, and
G. Lima, Certifying an Irreducible 1024-Dimensional Pho-
tonic State Using Refined Dimension Witnesses, Phys. Rev.
Lett. 120, 230503 (2018).

[34] P. Mironowicz, A. Tavakoli, A. Hameedi, B. Marques,
M. Pawłowski, and M. Bourennane, Increased certification
of semi-device independent random numbers using many
inputs and more post- processing, New J. Phys. 18, 065004
(2016).

[35] M. Pawłowski and N. Brunner, Semi-device-independent
security of one-way quantum key distribution, Phys. Rev.
A 84, 010302(R) (2011).

[36] T. Heinosaari, J. Kiukas, and D. Reitzner, Noise robustness
of the incompatibility of quantum measurements, Phys.
Rev. A 92, 022115 (2015).

[37] M. T. Quintino, T. Vértesi, and N. Brunner, Joint Measur-
ability, Einstein-Podolsky-Rosen Steering, and Bell Nonlo-
cality, Phys. Rev. Lett. 113, 160402 (2014).

014028-9

https://doi.org/10.1103/PhysRevLett.67.661
https://doi.org/10.1103/PhysRevLett.98.230501
https://doi.org/10.1103/PhysRevLett.105.230501
https://doi.org/10.1103/PhysRevLett.106.250404
https://doi.org/10.1103/PhysRevLett.109.180401
https://doi.org/10.1103/PhysRevA.87.050102
https://doi.org/10.1103/PhysRevA.88.052318
https://doi.org/10.1103/PhysRevLett.117.260401
https://doi.org/10.1103/PhysRevA.99.032108
https://doi.org/10.22331/q-2020-09-30-337
https://doi.org/10.22331/q-2019-10-24-198
arXiv:1909.12722
https://doi.org/10.1103/PhysRevLett.85.4418
https://doi.org/10.1103/PhysRevLett.113.250402
https://doi.org/10.1103/PhysRevLett.121.150504
https://doi.org/10.1364/OPTICA.388912
https://doi.org/10.22331/q-2017-11-18-33
https://doi.org/10.1103/PhysRevApplied.7.054018
https://doi.org/10.1038/nphys2334
https://doi.org/10.1038/nphys2333
https://doi.org/10.1103/PhysRevLett.112.140503
https://doi.org/10.1103/PhysRevA.99.032316
https://doi.org/10.1088/0305-4470/14/12/019
https://doi.org/10.1364/OE.19.003542
https://doi.org/10.1103/PhysRevLett.60.1103
https://doi.org/10.1142/S0219749910006502
https://doi.org/10.1038/s42005-019-0269-7
https://doi.org/10.1103/PhysRevLett.114.170502
https://doi.org/10.1103/PhysRevLett.124.250401
https://doi.org/10.1103/PhysRevLett.120.230503
https://doi.org/10.1088/1367-2630/18/6/065004
https://doi.org/10.1103/PhysRevA.84.010302
https://doi.org/10.1103/PhysRevA.92.022115
https://doi.org/10.1103/PhysRevLett.113.160402


MÁTÉ FARKAS et al. PHYS. REV. APPLIED 15, 014028 (2021)

[38] P. J. Coles, M. Berta, M. Tomamichel, and S. Wehner,
Entropic uncertainty relations and their applications, Rev.
Mod. Phys. 89, 015002 (2017).

[39] Z. Pan, K.-K. Wong, and T.-S. Ng, Generalized mul-
tiuser orthogonal space-division multiplexing, IEEE Trans.
Wireless Commun. 3, 1969 (2004).

[40] D. J. Richardson, J. M. Fini, and L. E. Nelson, Space-
division multiplexing in optical fibres, Nat. Photonics 7,
354 (2013).

[41] P. Sillard, M. Bigot-Astruc, and D. Molin, Few-mode
fibers for mode-division-multiplexed systems, J. Lightwave
Technol. 32, 2824 (2014).

[42] G. Rademacher, R. S. Luís, B. J. Puttnam, T. A. Eriksson,
R. Ryf, E. Agrell, R. Maruyama, K. Aikawa, Y. Awaji, H.
Furukawa, and N. Wada, High capacity transmission with
few-mode fibers, J. Lightwave Technol. 37, 425 (2019).

[43] K. Kitayama and N. Diamantopoulos, Few-mode opti-
cal fibers: Original motivation and recent progress, IEEE
Commun. Mag. 55, 163 (2017).

[44] C. Brunet, B. Ung, L. Wang, Y. Messaddeq, S. LaRochelle,
and L. A. Rusch, Design of a family of ring-core fibers for
OAM transmission studies, Opt. Express 23, 10553 (2015).

[45] S. Inao, T. Sato, S. Sentsui, T. Kuroha, and Y. Nishimura,
in Optical Fiber Communication, 1979 OSA Technical
Digest Series (Optical Society of America, Washington,
D.C., 1979), paper WB1.

[46] K. Saitoh and S. Matsuo, Multicore fiber technology, J.
Lightwave Technol. 34, 55 (2016).

[47] L. Zhu, G. Zhu, A. Wang, L. Wang, J. Ai, S. Chen, C.
Du, J. Liu, S. Yu, and J. Wang, 18 km low-crosstalk
OAM + WDM transmission with 224 individual channels
enabled by a ring-core fiber with large high-order mode
group separation, Opt. Lett. 43, 1890 (2018).

[48] T. A. Birks, I. Gris-Sánchez, S. Yerolatsitis, S. G. Leon-
Saval, and R. R. Thomson, The photonic lantern, Adv. Opt.
Photon. 7, 107 (2015).

[49] G. C. G. Berkhout, M. P. J. Lavery, J. Courtial, M. W. Bei-
jersbergen, and M. J. Padgett, Efficient Sorting of Orbital
Angular Momentum States of Light, Phys. Rev. Lett. 105,
153601 (2010).

[50] X. Zeng, Y. Li, L. Feng, S. Wu, C. Yang, W. Li, W. Tong,
and J. Wu, All-fiber orbital angular momentum mode mul-
tiplexer based on a mode-selective photonic lantern and a
mode polarization controller, Opt. Lett. 43, 4779 (2018).

[51] K. Watanabe, T. Saito, K. Imamura, and M. Shiino, in 2012
17th Opto-Electronics and Communications Conference
(IEEE, Busan, 2012), p. 475.

[52] Y. Tottori, T. Kobayashi, and M. Watanabe, Low loss opti-
cal connection module for seven-core multicore fiber and
seven single-mode fibers, IEEE Photonics Technol. Lett.
24, 1926 (2012).

[53] L. Gan, R. Wang, D. Liu, L. Duan, S. Liu, S. Fu, B.
Li, Z. Feng, H. Wei, W. Tong, P. Shum, and M. Tang,
Spatial-division multiplexed Mach-Zehnder interferome-
ters in heterogeneous multicore fiber for multiparameter
measurement, IEEE Photonics J. 8, 1 (2016).

[54] J. F. Dynes, S. J. Kindness, S. W.-B. Tam, A. Plews, A.
W. Sharpe, M. Lucamarini, B. Fröhlich, Z. L. Yuan, R. V.
Penty, and A. J. Shields, Quantum key distribution over
multicore fiber, Opt. Express 24, 8081 (2016).

[55] G. Cañas, N. Vera, J. Cariñe, P. González, J. Cardenas, P.
W. R. Connolly, A. Przysiezna, E. S. Gómez, M. Figueroa,
G. Vallone, P. Villoresi, T. F. da Silva, G. B. Xavier, and G.
Lima, High-dimensional decoy-state quantum key distribu-
tion over multicore telecommunication fibers, Phys. Rev. A
96, 022317 (2017).

[56] Y. Ding, D. Bacco, K. Dalgaard, X. Cai, X. Zhou, K. Rot-
twitt, and L. K. Oxenløwe, High-dimensional quantum key
distribution based on multicore fiber using silicon photonic
integrated circuits, npj Quantum Inf. 3, 25 (2017).

[57] H. J. Lee, S.-K. Choi, and H. S. Park, Experimental demon-
stration of four-dimensional photonic spatial entanglement
between multi-core optical fibres, Sci. Rep. 7, 4302 (2017).

[58] E. S. Gómez, S. Gómez, I. Machuca, A. Cabello, S.
Pádua, S. P. Walborn, and G. Lima, Multi-dimensional
entanglement generation with multi-core optical fibers,
arXiv:2005.07847 (2020).

[59] L. Cui, J. Su, X. Li, and Z. Y. Ou, Distribution of entan-
gled photon pairs over few-mode fibers, Sci. Rep. 7, 14954
(2017).

[60] A. Sit, R. Fickler, F. Alsaiari, F. Bouchard, H. Larocque,
P. Gregg, L. Yan, R. W. Boyd, S. Ramachandran, and
E. Karimi, Quantum cryptography with structured photons
through a vortex fiber, Opt. Lett. 43, 4108 (2018).

[61] H. Cao, S.-C. Gao, C. Zhang, J. Wang, D.-Y. He, B.-H. Liu,
Z.-W. Zhou, Y.-J. Chen, Z.-H. Li, S.-Y. Yu, J. Romero, Y.-
F. Huang, C.-F. Li, and G.-C. Guo, Distribution of high-
dimensional orbital angular momentum entanglement over
a 1 km few-mode fiber, Optica 7, 232 (2020).

[62] D. Cozzolino, E. Polino, M. Valeri, G. Carvacho, D. Bacco,
N. Spagnolo, L. K. K. Oxenløwe, and F. Sciarrino, Air-
core fiber distribution of hybrid vector vortex-polarization
entangled states, Adv. Photonics 1, 046005 (2019).

[63] N. Gisin, G. Ribordy, W. Tittel, and H. Zbinden, Quantum
cryptography, Rev. Mod. Phys. 74, 145 (2002).

[64] S. P. Walborn, M. O. Terra Cunha, S. Pádua, and C. H.
Monken, Double-slit quantum eraser, Phys. Rev. A 65,
033818 (2002).

[65] F. A. Torres-Ruiz, G. Lima, A. Delgado, S. Pádua, and
C. Saavedra, Decoherence in a double-slit quantum eraser,
Phys. Rev. A 81, 042104 (2010).

[66] W. Liu, C. Liu, L. Ma, Y. Lin, and J. Ma, Maximum
power point tracking of photovoltaic generation based on
forecasting model, J. Softw. 8, 2569 (2013).

[67] K. Takenaga, S. Matsuo, K. Saitoh, T. Morioka, and Y.
Miyamoto, in Optical Fiber Communications Conference
and Exhibition (OFC) (Optical Society of America, Ana-
heim, CA, 2016), p. 1.

[68] B. J. Puttnam, R. S. Luís, G. Rademacher, A. Alfredsson,
W. Klaus, J. Sakaguchi, Y. Awaji, E. Agrell, and N. Wada,
Characteristics of homogeneous multi-core fibers for SDM
transmission, APL Photonics 4, 022804 (2019).

[69] T. Mizuno, K. Shibahara, F. Ye, Y. Sasaki, Y. Amma,
K. Takenaga, Y. Jung, K. Pulverer, H. Ono, Y. Abe, M.
Yamada, K. Saitoh, S. Matsuo, K. Aikawa, M. Bohn, D.
J. Richardson, Y. Miyamoto, and T. Morioka, Long-haul
dense space-division multiplexed transmission over low-
crosstalk heterogeneous 32-core transmission line using a
partial recirculating loop system, J. Lightwave Technol. 35,
488 (2017).

014028-10

https://doi.org/10.1103/RevModPhys.89.015002
https://doi.org/10.1109/TWC.2004.837449
https://doi.org/10.1038/nphoton.2013.94
https://doi.org/10.1109/JLT.2014.2312845
https://doi.org/10.1109/JLT.2018.2870038
https://doi.org/10.1109/MCOM.2017.1600876
https://doi.org/10.1364/OE.23.010553
https://doi.org/10.1109/JLT.2015.2466444
https://doi.org/10.1364/OL.43.001890
https://doi.org/10.1364/AOP.7.000107
https://doi.org/10.1103/PhysRevLett.105.153601
https://doi.org/10.1364/OL.43.004779
https://doi.org/10.1109/LPT.2012.2219305
https://doi.org/10.1109/JPHOT.2016.2516254
https://doi.org/10.1364/OE.24.008081
https://doi.org/10.1103/PhysRevA.96.022317
https://doi.org/10.1038/s41534-017-0026-2
https://doi.org/10.1038/s41598-017-04444-8
arXiv:2005.07847
https://doi.org/10.1038/s41598-017-14955-z
https://doi.org/10.1364/OL.43.004108
https://doi.org/10.1364/OPTICA.381403
https://doi.org/10.1117/1.AP.1.4.046005
https://doi.org/10.1103/RevModPhys.74.145
https://doi.org/10.1103/PhysRevA.65.033818
https://doi.org/10.1103/PhysRevA.81.042104
https://doi.org/10.1063/1.5048537
https://doi.org/10.1109/JLT.2016.2615070

	I. INTRODUCTION
	II. THEORY
	III. SPACE-DIVISION MULTIPLEXING TECHNOLOGY
	IV. EXPERIMENT
	V. RESULTS
	VI. CONCLUSIONS
	ACKNOWLEDGMENTS
	A. APPENDIX: EXPERIMENTAL DETAILS OF THE INNER WORKING OF THE FPGA
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


