npj | guantum information

Article

Published in partnership with The University of New South Wales

https://doi.org/10.1038/s41534-025-01111-z

Experimental verification of threshold
quantum state tomography on a fully-
reconfigurable photonic integrated circuit

M| Check for updates

Eugenio Caruccio', Diego Maragnano?, Giovanni Rodari', Davide Picus’, Giovanni Garberoglio®,
Daniele Binosi®, Riccardo Albiero®*, Niki Di Giano*°, Francesco Ceccarelli*, Giacomo Corrielli*,

Nicold Spagnolo', Roberto Osellame*

, Maurizio Dapor®<, Marco Liscidini?

& Fabio Sciarrino'

Reconstructing the state of a quantum system represents a pivotal task for quantum information
applications. The standard approach based on quantum state tomography requires a number of
measurements that scales exponentially with the number of qubits. Other methods have been
proposed and tested to reduce the number of measurements, or to focus on specific properties of the
output state rather than on its complete reconstruction. Here, we show experimentally the application
of an approach, called threshold quantum state tomography, in an advanced hybrid photonic platform
with states up to n = 4 qubits. This method does not require prior knowledge and selects only the
informative projectors starting from the measurement of the density matrix diagonal. We demonstrate
its effectiveness by showing that a consistent reduction in the number of measurements is obtained for
relevant states, with only very limited loss of information. These results open perspective for its

application in larger systems.

The ability to accurately characterize a quantum state is a fundamental
requirement for the development of quantum technologies. In quantum
computing, quantum communication, and quantum metrology, precise
knowledge of the state of a system enables the verification of quantum
protocols, the validation of experimental implementations, and the
assessment of device performance. However, obtaining a complete
description of a quantum state is a challenging task. A general quantum
state is represented by its density matrix, which encodes all the relevant
statistical properties of the system. In principle, knowing this matrix
provides access to any observable quantity. Yet, reconstructing the density
matrix from experimental data using quantum state tomography (QST)
requires performing a series of measurements, whose number scales
exponentially with the system size' ™.

As quantum platforms advance towards higher-dimensional states and
larger numbers of qubits, dealing with this exponential scaling is crucial in
quantum information science. While the constraints of laboratory resour-
ces, including measurement time and computational capabilities, limit the
feasibility of QST, alternative strategies have been developed to mitigate this
issue. Compressed sensing QST, for example, reduces the number of
required measurements by leveraging prior assumptions on the rank of the

density matrix’”. Bayesian QST, in contrast, introduces probabilistic
models to optimize measurement selection®"’. Other approaches, such as
shadow tomography, aim to extract relevant information while avoiding
full-state reconstruction''™".

An alternative strategy is represented by threshold quantum state
tomography (tQST)". The core idea behind tQST is to exploit the
structure of the density matrix to prioritize the most significant mea-
surements. Specifically, it leverages the fact that the off-diagonal ele-
ments of a density matrix are constrained by the diagonal ones,
allowing for a systematic reduction in the number of required mea-
surements. The protocol follows a simple sequence: first, the diagonal
elements of the density matrix are measured on the given computa-
tional basis; second, a threshold parameter is introduced to determine
which off-diagonal elements are likely to contribute significantly;
finally, only those selected elements are measured, and the density
matrix is reconstructed based on this reduced dataset. By adjusting the
threshold, tQST provides a tunable balance between measurement
effort and reconstruction accuracy. This can lead to a significant
reduction of measurements, particularly for systems where the density
matrix is naturally sparse.
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While tQST has been successfully demonstrated in superconducting
qubit systems', extending its application to photonic platforms represents
an important step toward broader applicability, as these systems offer
unique advantages in terms of scalability, coherence properties, and com-
patibility with integrated architectures'>"°. In this work, we experimentally
validate tQST in a photonic system based on single photons generated from
a quantum dot source and manipulated within a femtosecond laser-written
integrated circuit. This platform combines high-performance photon gen-
eration with fully-reconfigurable photonic processing capabilities, making it
well-suited for scalable quantum information processing. Photonic qubits
encoded in spatial and polarization modes provide a flexible framework
for implementing high-dimensional quantum states, enabling an explora-
tion of tQST in a regime distinct from previous demonstrations in super-
conducting circuits.

The rest of this manuscript is structured as follows. In Section “The-
oretical background”, we provide the theoretical background of QST and
introduce the principles of tQST, outlining its advantages and operational
framework. In Section “Experimental apparatus”, we describe the experi-
mental setup, detailing the photonic platform used to implement the pro-
tocol. Section “Experimental results” presents the results of our
experimental validation, analyzing its effectiveness for different classes of
quantum states. Finally, we summarize in the “Discussions” our findings
and discuss potential directions for future research.

Results

Theoretical background

QST aims to reconstruct the representation of a quantum state by measuring a
sufficiently large number of observables. In this work, we consider the density
matrix as the representation of quantum states, i.e., a trace-one, Hermitian,
and positive semi-definite matrix. The number of required observables is
determined by the dimension of the density matrix. Specifically, for a system
of n qubits, in principle 4" — 1 observables are necessary, corresponding to the
number of independent real parameters characterizing the density matrix.
One can perform the measurements in any order, and subsequently process
the acquired data using appropriate statistical inference methods, such as
maximum likelihood estimation or Bayesian mean estimation"’.

The properties of density matrices, particularly positive semi-defi-
niteness, impose constraints on their off-diagonal elements p;;, specifically
that |p;| < /PPy Consequently, measuring the diagonal elements pro-
vides information about the off-diagonal ones. For example, if p;; is zero,
then all elements in the i-th row and column of p must also be zero. Similarly,
if p;; and p;; are non-zero but small relative to other diagonal elements, the
modulus of p;; will also be small.

These observations form the basis of the tQST protocol, which we now
describe'. The protocol (schematically shown in Fig. 1) consists of the
following steps: (i) we first directly measure the diagonal elements {p;;} of the
density matrix by projecting onto the elements of the chosen computational
basis; (ii) we choose a threshold ¢, and using the information from {p;;}, the
off-diagonal elements p;; satisfying /PPy =t are identified; (iii) a set of
projectors providing information on these selected p; elements is con-
structed, and we perform only these measurements; (iv) finally, we process
the measurement results using statistical inference techniques and recon-
struct the density matrix.

Several key aspects of the tQST protocol warrant discussion. The
resources required to complete the experiment are predetermined once the
threshold is set in the tQST protocol. In contrast, adaptive approaches select
each measurement based on the outcome of the previous one'”"*. tQST does
not make any prior assumptions about the state, unlike some other methods
that reduce the number of measurements or improve scaling by assuming a
specific structure of the quantum state™". The threshold ¢ serves to control the
resources required for the protocol, such as the time needed for the mea-
surements and the computational power for data processing. By choosing ¢ >
0, fewer resources may be needed compared to QST. The threshold ¢ can be
set by the user based on available resources. However, tQST suggests that the
reduction in measurements is particularly significant for sparse density

matrices. To relate ¢ to matrix sparsity, we derive a formula for ¢ based on the
initial measurements, ie., the diagonal elements of the density matrix.

To this end, we employ the Gini index”. Given ¢=
[6(1)7 @y c(N)} where ¢(ySc2)< +++ <cqvy and ¢ 2 0V i, the Gini index is
defined as:
N 1
¢ N—-k+3
Gl(c)=1-2 k (42) 1)
k; e, \” N

where || ||, = Zil ¢; identifies the usual Euclidean 1-norm. It holds
0< GI(c) <1 — 1/N, where the lower bound is attained where all the c(;) are
equal, and the higher bound denotes maximum inequality. We adapt this
definition to make the Gini index a suitable threshold for tQST. Based on the
protocol, the relevant vector for computing the Gini index is the diagonal of
the density matrix, where N = 2". The threshold is then set as:
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Experimental apparatus

The experimental setup comprises a state-of-the-art hybrid photonic archi-
tecture, interconnecting a diverse array of technologies and tailored for
photon-based multi-photon experiments™*. More specifically, it comprises
three subsequent stages, as depicted in Fig. 2. Namely, the photon resources
are generated via a single-photon source based on quantum-dot (QD)
technology”™, excited at a repetition rate of 158 MHz in the resonance
fluorescence (RF) regime’***". To quantify the quality of the single-photons
emitted by the QD, we measure both the second-order autocorrelation §2>(0)
and the Hong-Ou-Mandel interference visibility Vion through standard
correlation experiments. With the QD source employed in the experiment, we
typically register values of g®(0) ~ 0.01 and Vigonm ~ 0.90. Then, a time-to-
spatial demultiplexing module (DMX) based on an acousto-optical
modulator’****~** converts the initial train of single photons, emitted at a fixed
time interval, into sets of photons distributed in several spatial modes. This
procedure permits to generate a multi-photon resource, which can be injected
into the input ports of the experiment. The pairwise indistinguishability
between the photons comprising the generated four-photon state is guaran-
teed by finely tuned free-space delay lines and polarization paddle controllers.
Specifically, temporal indistinguishability is ensured by finely tuning—on the
millimeter scale—the position of the internal couplers of the DMX device
while tracking the visibility of standard HOM interference experiments car-
ried out on the integrated device. The multi-photon states generated with such
an approach are then injected into an 8-mode fully-reconfigurable integrated
photonic processor. Specifically, the present device was fabricated (see
Methods) via the femtosecond laser-writing technique’?‘3 , and its internal
structure is based on an interferometric mesh of 28 Mach-Zehnder unit cells,
acting as Reconfigurable Beam Splitter (RBS), arranged according to the
universal rectangular geometry described in ref. 36. Moreover, the integrated
processor employed here features polarization-independent operation”. Its
reconfigurability, induced by thermal-phase shifters™*, is suitably controlled
via current controllers which can be set to implement a given chosen unitary
transformation U”". This requires the knowledge of the current-optical phase
response of the device, which can be done via suitable calibration procedures.
As reported in the “Methods”, with our calibrated device we reach an average
moduli fidelity of 0.991 computed over randomly drawn Haar random
matrices. Finally, at the output of the setup, the photons are collected from the
integrated processor and then sent to a suitable detection system comprising
high-efficiency ~ superconducting nanowire single-photon  detectors
(SNSPDs), paired with a time-to-digital converter (TDC) used to discriminate
and register n-fold coincidence events.

npj Quantum Information | (2025)11:173


www.nature.com/npjqi

https://doi.org/10.1038/s41534-025-01111-z

Article

i 111)

i |111)

Fig. 1 | Conceptual visualization of the tQST protocol. Starting from an unknown
quantum state, the protocol requires reconstructing the diagonal elements p;; of the
density matrix, which is done by measuring the state in the computational basis

(upper panel, blue entries). Then, after a threshold ¢ is appropriately set, the protocol
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i |111)

chooses the projectors to be measured to gain information only on those off-diagonal
elements p;; corresponding to the condition \/;Tp]] >t (middle panel, green entries).
From those measurements the density matrix can be then reconstructed via max-
imum likelihood (lower panel).
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Fig. 2 | Architecture of the hybrid-photonic platform employed in the experi-
ment. The experimental apparatus, based on a hybrid approach, has been used to
generated multi-qubit states and reconstruct them via the tQST technique. A pulsed
laser, manipulated with a pulse-shaping stage, is used to excite a QD single-photon
source employing a resonance fluorescence (RF) optical excitation technique,
comprising a Glan-Thompson polarizer (GTP), a half-wave plate (HWP) and a
quarter-wave plate (QWP). Then, the single-photon stream emitted by the QD
source is interfaced with the demultiplexing module, based on an acousto-optic
modulator (AOM), in order to obtain the multi-photon state required for the
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implementation of multi-photon protocols. The output resource is then interfaced
with an 8-mode fully-reconfigurable integrated photonic processor, fabricated via
the femtosecond laser-writing technology, with internal structure allowing for
universal operation. The first six layers (cyan) of RBSs are used to perform the state
generation process in dual rail encoding, while the remaining two layers (blue) are
used to measure the qubits in different bases. At the output of the setup, photon
detection is carried out via superconducting-nanowire single-photon detectors
(SNSPDs). Photon detection events, corresponding to n-fold coincidences, are
registered via a time-to-digital converter (TDC).

Experimental results

Hereafter, we will present the results of the photonic experiment aiming to
verify and validate the tQST technique', by analyzing different classes of
states, corresponding to different level of sparsities of the density matrices.
The results are benchmarked by considering the reconstruction via the tQST
approach, with respect to QST which in our case is implemented via tQST
with t = 0. The latter method uses 4" projectors, chosen to be a
tomographically-complete set'. We will thus refer hereafter to tQST with
threshold ¢ = 0 as QST.

Quantum states are generated in the photon path degree of freedom by
harnessing linear optics elements, such as beam splitters and phase shifters,
and considering n-fold coincidence events measured in post-selection on a
subset of all possible combinations of # photons in 7 modes. Namely, qubit
states are encoded via the dual rail logic* in the photon spatial modes. Thus,
the generation of a n-qubit quantum state is obtained non-deterministically
by considering an optical interferometer with an even number m = 2n of
modes as split into n dual rails, that is, adjacent pairs of spatial modes labeled
with states |0) and |1) from top to bottom (see Fig. 2). Overall, when n
photons are injected in the circuit, only the output combinations of photons
distributed over the 1 modes, such that each dual rail is occupied by one and
only one photon, are considered valid for state generation, while the others
are discarded via a post-selection process.

Controlled generation of the n-qubit state and its subsequent recon-
struction via tomographic measurements both take place in the afore-
mentioned reconfigurable integrated photonic processor. As shown in Fig. 2
and in Supplementary Note 1, the first six layers of the interferometer are
suitably configured to generate a chosen state. In such a view, the generation

of a n-qubit state is obtained by mapping an initial n-photon state, via a
suitable linear optical transformation, into a set of 2n modes and by applying
a suitable post-selection procedure upon the detection of an n-photon
coincidence event in mode combinations satisfying the dual rail logic.
Conversely, the remaining two layers of the circuit are dedicated to the
implementation of measurement projectors. More specifically, this relies on
the possibility of implementing any arbitrary single-qubit transformation
via a single elementary cell. Thus, by appropriately programming the
transformation of a RBS acting on the two modes of each qubit, it is possible
to implement any projective measurement on the output state. By applying
the appropriate sequence of measurements according to the chosen
reconstruction algorithm (either QST or tQST in this experiment), one can
measure the observables needed to retrieve the initial quantum state.

The main figure of merit to quantify the efficacy of the tQST approach
is given by the fidelity between the density matrix derived using tQST and
the one obtained via the QST procedure (F, ). This parameter corresponds
to the overlap between the two reconstructions, and thus quantifies the
amount of information that is lost by reducing the number of projectors via
the tQST approach. Values of F, close to one highlight that the tQST
method provides an effective reconstruction of the state. A second set of
relevant parameters are the purities P, and P, of the reconstructed states,
where the state purity of a quantum state p is defined as Tr(p?). The purity
‘P, represents the intrinsic value for the reconstructed state, which is due to
the different noise sources in the apparatus. Additionally, evaluation of P,
and its comparison with P permits to verify how the purity of the recon-
structed state is affected by the reduced number of projectors. Finally, the
remaining relevant parameter is the fidelity between the density matrix
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Fig. 3 | Benchmarking the tQST procedure through 2- and 3-qubit quantum state
reconstruction. The tQST approach is tested by generating and analyzing a set of
quantum states with equally spaced Gini index, ranging between its minimum and
maximum possible value. a Scenario with n = 2 qubits, tested with 40 different states.
b Scenario with n = 3 qubits, tested with 10 different states. In the upper plots, we
report the fidelities f]",)n (with n =2, 3) between the state reconstructed via QST and
the theoretical model taking into account experimental imperfections (red bars), and
the fidelities (") (with 1 = 2, 3) between the state reconstructed via QST and tQST
choosing the threshold according to the Gini index (blue bars). In the lower plots, we
report the ratio V', /A, (green bars) between the number of projectors \, selected

quantum state

to be measured by the tQST approach with threshold according to Eq. 2, and the
number of projectors \V; corresponding to the QST approach. The states are
ordered on the x-axis according to the associated Gini indexes. Error bars on the
fidelity estimations are computed by standard bootstrapping techniques, con-
sidering the standard deviation of the fidelities computed from a set of 250 inde-
pendent solutions to the state reconstruction problem. Each solution is obtained by
initializing from the experimental data the optimization algorithm with different
initial seeds, that is, by inserting a different guesses for the starting point of the
maximum likelihood algorithm.

derived using the QST procedure and the expected state from the apparatus
(Fym)- This expected state is obtained via numerical simulations that
consider the main noise effects in the apparatus, due to non-ideal single-
photon emission from the QD source™****, to losses and to an imperfect
dialling of the unitary matrix on the integrated photonic processor. The
noise effects that we consider are related to (i) a non-zero multi-photon
emission probability from the QD source, (ii) a degree of partial distin-
guishability between the photons and iii) directional couplers of the ele-
mentary cell with a splitting ratio different from 50:50 (more details can be
found in Supplementary Note 2). The parameters related to the different
effects have been estimated by independent measurements. More specifi-
cally, noise source (i) is characterized by a standard measurement of the
second-order autocorrelation via a Hanbury Brown-Twiss interferometer.
Conversely, partial distinguishability (ii) can be estimated through mea-
surement of the Hong-Ou-Mandel visibilities Vizopn between the photons
emitted at different times. Finally, the splitting ratios of the directional
couplers iii) have been retrieved during the circuit calibration procedure.

As a first step, we have implemented experimentally the tQST tech-
nique on a set of states for n = 2 and n = 3 qubits. More specifically, we have
generated a set of random states for each dimension, and selected a subset of
40 states for n = 2, and 10 states for n = 3, where each set is characterized by
equally-spaced values of the Gini index, from the minimum to the max-
imum value, calculated on the diagonal elements of the density matrices.
This approach allows to test the performances of the tQST method by
considering states covering uniformly the full range of possible degrees of
sparsity in the diagonal. The chosen states are generated, according to the
procedure above, in the dual rail logic, by using n input photons and a
portion of the circuit composed of m = 2n modes. For each value of the
number of qubits, a number of RBSs equal to Nggs = m(m — 1)/2, which
constitute a m-mode universal multiport interferometer, are exploited in the
state preparation stage (more details on the layout are found in Supple-
mentary Note 1). Population and coherence elements of the density
matrices are processed via the measurement layers, comprising single-qubit
projectors.

The results of the state reconstruction process with both QST and tQST
are shown in Fig. 3. For each analyzed state we report the fidelity F f)"t)
between the density matrices obtained with the two approaches, and per-
form a joint analysis with the ratio A /A between the number of pro-
jectors used by tQST (N,) and the ones used by QST (V). Here, the
reconstruction with the tQST method is performed by choosing the

threshold according to the Gini index [Eq. (2)]. We note that the GI
threshold is evaluated only considering the diagonal elements of the density
matrix, while the set of projectors to be measured is later determined by the
tQST protocol according to the procedure discussed above. We observe that,
for states with the lowest sparsity values, the two techniques coincide given
that the tQST approach requires measuring a tomographically-complete set
of 4" projectors. When measuring states with increasing sparsity in the
diagonal elements, the tQST starts to be advantageous due to the mea-
surement of a progressively lower number of projectors, as shown in the
bottom panels of Fig. 3. The obtained quality in the reconstructions for all
states shows that tQST is effective in reducing the number of projectors
while having only a very limited loss of information with respect to the QST
approach, since all fidelities are found to be F E)"t) >0.935. Such advantage in
reducing the number of projectors becomes more pronounced when
increasing the state dimensionality, given the exponential increase in the
number of measurements required by QST. As a final note, we observe that
the reconstructed states show a good agreement with the theoretical
expectations from the model (see also Supplementary Note 3 for additional
comparisons), as quantified by the average fidelities (F f)ZJ)H) =
0.969 + 0.014 for the 2-qubit scenario, and (}'g,’n) = 0.903 +0.035, for the
3-qubit case.

As a subsequent step to test the tQST approach, we have analyzed its
application to reconstruct specific maximally-entangled states characterized
by a density matrix comprising a large number of zero-valued elements. In
this case, the tQST method is expected to maximize the advantage with
respect to the QST approach. Indeed, in a noiseless scenario a large number
of projectors correspond to zero-valued elements, and the protocol does not
require their measurement to reconstruct the state. We have then tested
different maximally-entangled states, such as [¥*) = (|01) + |10))/ /2 for
n = 2 qubits, |GHZ;) = (|010) + [101))/+/2 and [W;) = (]100) +
[010) + |001))/+/3 for n =3 qubits,and |GHZ,) = (|0101) + |1010))/+/2
for n =4 qubits. The Bell state and the GHZ states are generated by following
the post-selected approach of ref. 34, while the W state is generated by
exploiting the full reprogrammability of the device (more details on the
configuration for the generation layout are found in Supplementary Note 1).

The results for the reconstructed density matrices with the two
methods, and their comparison with the model of the apparatus, are shown
in Fig. 4 (complementary analyses are reported in Supplementary Note 3).
We observe that, for all states, the reconstructed states with the tQST
approach, using the Gini index to choose the threshold, are close to those
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Fig. 4 | Results of the state reconstruction process for maximally-entangled states.
Real part of the density matrices for the different tested maximally-entangled states,
namely (from left to right) |‘}’+> forn=2, |GHZ3> and |W3> for n=3and |GHZ4>
for n = 4. In the first row (panels a-d) we report the expected density matrices (p}}')
estimated from the model taking into account experimental imperfections. The
second row (panels e-h) reports the corresponding experimentally reconstructed
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density matrices (%) via the QST approach, while the third row (panels i-1) reports
the density matrices (p!,) retrieved via the tQST approach with threshold chosen
according to the Gini index. The index « labels the states as « = ¥*, GHZ;, W3, GHZ,.
On the right part of the figure, we report the colormap for the density matrix bars,
equal for all plots a-1.

Table 1 | Reconstruction of maximally-entangled states

State No Ny f:f:

|‘I’+> 16 6 0.94 +0.03
|GHZa> 64 10 0.84 + 0.05
|W3> 64 32 0.9833 + 0.0007
|GHZ4> 256 66 0.948 + 0.005

Values of the number of projectors \/; used by tQST with a value of the threshold chosen according
to the Gini index, of the number of projectors A, required by QST, and of the fidelities ]-"0"_‘" between
the two reconstruction techniques. The index a labels the states as a = ¥*, GHZz, W3, GHZ,.

The reported fidelities and associated errors are computed over 250 independent solutions to the
state reconstruction problem.

obtained with QST. A more detailed analysis on the performances can be
found in Table 1 and in Fig. 5, where we have analyzed tQST by further using
different number of projectors A/ with respect to the one indicated by the
Gini threshold. We start by analyzing the fidelity between QST and tQST
F 5“3 as a function of the number of projectors N, with a = ¥*, GHZ;, W3,
GHZ4. We observe that, for all states, the initial reduction of the number of
projectors in a regime above the value identified by the Gini index is
accompanied by a small loss of information. For the [¥'") state, we observe
that setting the threshold to those identified by the Gini index captures the
correct boundary where the minimal number of projectors is measured.
Indeed, we observe that further reducing this value corresponds to a larger
loss of information. For the |GHZ; ) state, this approach sets the threshold
for the number of projectors very close to the boundary, and the obtained
value of the fidelity can be increased up to ~0.95 by adding a very limited
(<10) number of additional projectors. Conversely, for the W) and
IGHZ,) states we observe that setting the threshold to the one provided by

the Gini index [Eq. (2)] corresponds to a slightly conservative choice, given
thatit s still possible to perform a further moderate reduction in the number
of projectors without adding significant loss of information on the state. The
same trend is confirmed by observing the purity of the reconstructed states
with the tQST approach. For this parameter, the effect of removing an
exceeding amount of projectors with respect to those indicated by the Gini
index is found in a significant reduction of the reconstructed matrix purity,
since not enough information was collected to properly estimate this
parameter. We also observe that the purity of the reconstructed density
matrices decreases with the size of the system. This is not due to the
reconstruction method, but it depends on the increased impact of experi-
mental imperfections in the state generation process when the number of
photons increases. As a final note, we observe that the tQST approach with
threshold at the Gini index chooses a number of projectors which is different
than the one expected for the corresponding noiseless states. Indeed, the
presence of experimental noise adds other non-zero values in the diagonal
elements, which then results in the need to measure additional projectors
than those required for an ideal state.

Discussion

In this manuscript, we have tested experimentally the application of the
tQST approach in a hybrid photonic platform, verifying its application on
states of up to n = 4 qubits. The method is shown to provide an accurate
reconstruction of unknown quantum states with different levels of sparsity
in the density matrix, as testified by the fidelities achieved with the recon-
structed states with respect to those obtained by measuring a complete set of
projectors. The advantage is found to be more pronounced for states having
different elements with small (or zero) values in the density matrix, such as
specific classes of maximally-entangled states which are at the basis of
several quantum information protocols. According to the detected coin-
cidence rates and considering that in our platform multiple projectors
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Fig. 5 | Reconstruction of maximally-entangled states. Red points: plots of the

fidelities (F{) between the state reconstructed via QST, and the state reconstructed
via tQST for different values of the number projectors AV, obtained by progressively
lowering the value of the threshold ¢. Blue points: corresponding purities (PE“) ) for
the states reconstructed via tQST as a function of V. The index « labels the states as o
= ¥*, GHZ;3, W3, GHZ,. a Plots for state |‘I’+>. b Plots for state |GHZ3>. ¢ Plots for
state [W; ). d Plots for state |GHZ4>. In all plots, the vertical dashed lines correspond
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to the number of projectors obtained using the threshold computed from the Gini
index [Eq. (2)]. Error bars on the fidelity and purity estimations are computed by
standard bootstrapping techniques, considering the standard deviation of the fide-
lities computed from a set of 250 independent solutions to the state reconstruction
problem. Each solution is obtained by initializing from the experimental data the
optimization algorithm with different initial seeds, that is, by inserting a different
guesses for the starting point of the maximum likelihood algorithm.

corresponding to the same basis are measured simultaneously in a single
setting, application of the tQST method to the n = 4 GHZ state led to a
reduction in the time to measure the required projectors to approximately
~7.5 h with respect to ~40.5 h to implement QST. The obtained results thus
show the effectiveness of the approach on a photonic platform, and open
new perspectives in its application in larger systems.

Methods

Reconfigurable integrated photonic processor

The integrated photonic processor was fabricated using the femtosecond
laser-writing (FLW) platform™. This technique has several peculiar prop-
erties, such as permitting to write waveguides at speeds of several centimeters
per second, enabling the fabrication of complex circuits with throughputs as
high as thousands per day. Furthermore, the platform benefits from minimal
post-processing and no need of advanced cleanroom facilities, which con-
tribute to a scalable and cost-effective manufacturing process.

The processor features a waveguide layout based on a rectangular mesh
of Mach-Zehnder interferometers (MZIs)*, enabling the implementation
of arbitrary linear transformations on eight input and output modes. Each
MZI unit consists of two sequential directional couplers and includes two
thermal phase shifters (i.e., resistive microheaters): one for tuning the
relative phase between the modes and the other for adjusting the output
intensity distribution.

Waveguides were optimized for single-mode operation at wavelengths
compatible with quantum dot single-photon sources (i.e., 927 nm) and
inscribed using a multi-pass technique on Corning EAGLE XG boro-
aluminosilicate glass substrate as reported in ref. 34. The fabrication process
is followed by a thermal annealing step to relieve stresses introduced during
the irradiation and to minimize optical losses™.

Microheaters were fabricated using a two-step photolithography pro-
cess, followed by the selective etching of chromium (resistive elements) and
copper (metal connections)". Additional microstructuring of the chip
surface, namely laser ablation of deep thermal isolation trenches around the
microheaters, was implemented to enhance power efficiency and reduce

thermal crosstalk®. Each thermal phase shifter dissipates, on average, a
maximum of 38 mW when inducing a full 277 phase shift. However, during
typical operation (i.e., when the device is configured with varying phases),
the total power consumption across all microheaters stays below 1.5 W,
ensuring compatibility with thermo-electric cooling. Regarding reconfi-
guration speed, the 10-90% rise/fall time of a single MZI is approximately 50
ms. To mitigate the effects of slow thermal crosstalk, before each new
measurement, we conservatively introduced a waiting time of several
hundred milliseconds when applying new current settings. This additional
delay, however, does not block the typical data acquisition pipeline of a
quantum experiment, since, to gather sufficient photon statistics, the data
collection takes place on a much longer time scale.

The device has a footprint of 15 mm x 85 mm and features input/
output fiber arrays that are directly glued to the chip to facilitate optical
interfacing. Waveguide fan-in and fan-out structures were designed and
fabricated to enable a smooth transition from the 127 um fiber pitch to the
80 pm inter-waveguide spacing used within the circuit. The curvature radius
of the waveguides is 20 mm, selected as the minimum value that does not
introduce additional losses (i.e., bending losses).

The overall fiber-to-fiber insertion loss is below 3 dB, corresponding to
a total transmission of approximately 50%. This value includes both pro-
pagation losses within the integrated circuit and coupling losses at the chip
facets. Considering that the coupling losses with fiber arrays is approxi-
mately 0.5 dB per facet, the insertion losses attributable to the integrated
photonic processor itself is about 2 dB. This corresponds to an average
optical loss of 0.25 dB per MZI layer.

Finally, the processor was calibrated by using a coherent light source at
the design wavelength of 927 nm as described in ref. 37. The calibration
procedure consists in characterizing the relation:

¢ =¢,+al 2 3)
where the phase vector ¢ is linearly related to the square of the current vector
I'through the tuning matrix coefficient « and the static phase vector ¢,. This
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approach allows us to effectively account for thermal crosstalk among the
phase shifters. Nonlinear effects are neglected, as they are not significant
within the operating temperature range of the phase shifters. The processor
was operated using multichannel driving electronics capable of setting the
electrical currents with a precision of approximately 1 pA, corresponding to
aphase resolution better than 1 mrad over the full tuning range from 0 to 2.
The calibration accuracy was assessed by implementing 100 Haar-randomly
selected unitary transformations and evaluating the amplitude fidelity using
the expression:

1 t
fampl(Useta Uexp) = N Tr(' Uset I | Uexp |) (4)

where N = 8 is the number of modes, U,,, is the experimentally recon-
structed matrix (moduli only) and Uy is the target unitary. The resulting

average fidelity was ~0.991.

Data availability
Data sets generated during the current study are available from the corre-
sponding author on reasonable request.

Code availability
The code that support the findings of this study are available from the
corresponding authors upon reasonable requests.
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