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Classification of quantum states of light using random measurements through a multimode fiber
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Extracting meaningful information about unknown quantum states without performing a full tomography
is an important task. Low-dimensional projections and random measurements can provide such insight but
typically require careful crafting. In this paper, we present an optical scheme based on sending unknown input
states through a multimode fiber and performing two-point intensity and coincidence measurements. A short
multimode fiber implements effectively a random projection in the spatial domain, while a long-dispersive mul-
timode fiber performs a spatial and spectral projection. We experimentally show that useful properties, i.e., the
purity, dimensionality, and degree of indistinguishability of various states of light including spectrally entangled
biphoton states, can be obtained by measuring statistical properties of single counts and their correlation between
two outputs over many realizations of unknown random projections. Moreover, we show that this information
can then be used for state classification.
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I. INTRODUCTION

The evolution of a system of interest through an uncharac-
terized quantum channel transforms the state in an undesirable
and seemingly detrimental way. Examples include unknown
rotation of polarization through optical fibers, optical aber-
rations induced by atmospheric turbulence, and fluctuations
of magnetic and electric fields in systems of trapped ions
and cold atoms. Random matrix theory (RMT), which was
originally developed to understand distributions of energy
level spacings of heavy nuclei [1], can be used to successfully
describe the statistical features arising from random evolu-
tions. The breadth of its applications covers many areas of
physics [2–4], all the way to information processing, where
RMT has been insightfully applied to address compressed
sensing [5], random features of large-scale kernel machines
[6], and randomized algorithms for very large matrices [7].
In quantum physics, randomized measurements —a method
of extracting information about the system of interest by
performing measurements in random bases drawn from a cer-
tain ensemble — have benefited from the use of RMT. Such
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an approach has been applied for the detection of entangle-
ment in many-body systems without sharing reference frames
between parties [8–15], the verification of quantum devices
[16–19], and the simplification of state tomography [20–26],
among other tasks, thus consolidating its usefulness in esti-
mating state properties with only a few copies [27–31]. This
is not only remarkable but also a very valuable tool for the
grounding of approaches to the characterization of quantum
states and processes that do not rely on fully tomographic
methods [32,33]. The latter being typically very resource ex-
pensive, set a de facto severe constraint to the scaling up of
quantum technologies and their validation.

In optics, the propagation of light through scattering media
or random interferometric processes is well described via
RMT [34,35], and results in complicated intensity patterns,
known as speckles [36]. They can be observed in interfer-
ograms of high-order intensity correlations, referred to as
coincidence speckle, and embody an interesting effect of
optical coherence [37,38] that stems from the interplay of
interference, indistinguishability, and correlations. Over the
last two decades, substantial endeavours have been devoted
to understanding the evolution of nonclassical lights in com-
plex scattering processes [34,39]. A wide range of topics has
been theoretically investigated, for instance, the degradation
of entanglement due to truncated and multimode detections
[40–44], the transport of quantum noise [45–49], and the dy-
namics of photon statistics in disordered or structured medium
[50–53]. However, only a modest number of experiments have
been carried out in this area [42,54–58]. In particular, one of
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the intriguing predictions in this field is the presence of spatial
intensity correlation averaged over many settings of random
unknown measurements [54,55,59,60]. The spatial intensity
correlations in twofold coincidence speckles result from both
classical and quantum origins [61–63] and depends upon both
the scattering properties of a medium and the state of the
incident light [54,55,60,62,64–67].

For a spatially maximally entangled biphoton state, the
statistical distribution of twofold coincidence speckles has
been applied to predict purity and entanglement dimension-
ality [68]. An experimental demonstration based on the use
of rotating diffusers as reprogrammable random transforma-
tions has been reported in Ref. [58]. In the context of the
boson sampling problem, the statistical moments of two-point
spatial correlations have been recently used to certify the
degree of indistinguishability of many-particle quantum in-
terference [65,67,69]. This has been experimentally applied
to classify the indistinguishability of three-photon interfer-
ence on seven-mode integrated photonic waveguides [70]. The
statistical distribution of two-point spatial correlation [67]
has been used to validate the quantum interference of 50
indistinguishable single-mode squeezed states on a 100-mode
phase-stabilized interferometer by ruling out the plausible
hypotheses of outcome stemming from thermal states and
distinguishable photons [71]. These works pave the way for
the use of random, unknown measurements to estimate and
classify quantum states. However, a handy optical device that
can be implemented across different degrees of freedom of
light, the extension of theoretical studies over various classes
of states, and the limitations of the techniques when noises
such as dark counts and accidental coincidences are presented,
are still lacking.

In this work, we tackle these problems and propose a
simple optical implementation of a reconfigurable random
transformation obtained by randomly sending a state of light
through a multimode fiber using a spatial light modulator. By
changing the length of the fiber to increase dispersions, this
implementation allows exploiting, besides the polarization
and spatial degrees of freedom, also the temporal modes of
light. We employ the proposed apparatus to demonstrate the
use of random photon-counting measurements, second-order
intensity correlations (twofold coincidences), and normalized
second-order intensity correlation between two truncated out-
put modes, to probe the properties of input states for the
purposes of state classification. Various paradigmatic input
states, such as one- and two-photon states, N00N states, and
spectrally entangled biphoton states are used in our experi-
mental demonstration.

We observe the flattening of the statistical distribution
of normalized second-order intensity correlation due to the
presence of two-photon interference, which indicates a good
measure of the degree of indistinguishability as compared
to that computing from the unnormalized two-fold coinci-
dences widely used in previous seminal demonstrations. The
study of statistics of normalized and unnormalized second-
order intensity correlation is also extended to the presence of
spectral-temporal entanglement and dispersions. We demon-
strate that the use of random measurements on the three types
of detected signals reveals useful distinct statistical signatures.
By jointly analyzing statistical moments of these outcomes,

we resolve the properties of the input states, including the
purity, dimensionality, and indistinguishability, which are then
used to classify the states without the need to perform full state
tomography. The simplicity of the setting put forward in this
implementation as well as our study on the accuracy in char-
acterizing the state properties shows the potential of the pro-
posed experiment to embody a valuable tool in the quest for a
resource-effective classification of quantum states of light.

II. IMPLEMENTATION OF RANDOM MEASUREMENT

We implement random transformations by evolving input
states through a spatial light modulator (SLM) and a graded-
index multimode fiber (MMF), acting jointly as a random
interferometer (Fig. 1). In detail, light from two polarization-
maintaining single mode fibers in horizontal polarization is
coupled into the input ports of the interferometer. Each input
port is expanded to have a beam diameter of 6.0 mm and
projected onto the SLM screen (Hamamatsu, X10468-02) that
is split into two parts for each input referred to as SLM1 and
SLM2. On each input, we display a random phase pattern,
constructed from the superposition of gratings with random
orientations and periods to randomly excite different spatial
modes of the MMF (the core diameter of 50-µm and the
numerical aperture of 0.20). 25 random gratings are drawn
from the ensemble of corresponding diffraction-limited spots
on the isometric grid defined over the input facet of the fiber.
Light from two input ports is combined using the half-wave
plate (HWP) and the polarizing beamplitter (PBS) to be a co-
propagating beam on two orthogonal polarizations (horizontal
(H) and vertical (V) polarization). Light from two inputs is
then coupled through the MMF by using the 2f-lens system
with the effective focal length of 15 mm. The 2f-lens sys-
tem consists of 200-mm, 100-mm plano-convex lenses, and
7.5-mm aspheric lens placed on the fiber alignment stages.
The length of the MMF can be selected to adjust the degree of
modal dispersion occurring through the MMF.

Many random transformations can be realized by display-
ing different phase patterns on the SLMs, which controls light
coupling through the MMF propagating onto the large out-
put space defined over polarization, spatiotemporal degrees
of freedom. We here consider the scenario where an input
state from the two single-mode fibers evolves through the
random interferometer, and therefore the dimension of the
input state is smaller than the total number of propagating
(polarization-spatial) modes of the MMF at a given frequency.
Moreover, we study the case where the random measurement
is performed only on two fixed output modes, thus establish-
ing our approach as being of a constrained-resource nature.
Since the random interferometer is sufficiently large, unitary,
and random, the random transformation on two truncated
output spaces can be considered to be efficiently drawn from
an independent and identically distributed complex Gaussian
random matrix [72]. This means that correlations and unitary
constraint presented in a subpart transmission matrix of the
MMF linking to two truncated outputs is negligible, provided
that the number of truncated modes (p = 2) satisfies p �
m1/6 [73] with m ∼ 400 the number of modes propagating
across the optical fiber. The statistical property of the random
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FIG. 1. Concept and experimental scheme: An unknown state of light ρunknown is evolved through a random interferometer and mapped onto
a high-dimensional output that is subjected to a measurement step. The statistical features of the outcomes are used to infer properties of the
state. In the experiment, ground-truth states of light, as listed in Sec. III, have been generated through spontaneous parametric down-conversion
(SPDC) and superluminescent diode (SLD). Such states are randomly launched into a multimode fiber (MMF) using the spatial light modulators
SLM1 and SLM2 that are placed on the Fourier plane of two input orthogonal polarization channels of the MMF. At each setting of random
measurement, randomly generated holograms are displayed on the SLMs, and a state is controlled and evolves through the MMF. We probed
the output states on randomly selected two-mode subspaces assigned at two different diffraction-limited spots on the near-field plane of the
MMF and associated with orthogonal polarizations, labeled |Hi〉 and |Vj〉. Single counts (I), two-fold coincidence counts (C), and normalized
second-order intensity correlation (g(2)) are measured by avalanche photodiodes and a coincidence electronic circuit with the coincidence
window of 2.5 ns. (L: lenses, HWP: half-wave plate, PBS: polarizing beamsplitter).

transformation onto two truncated outputs is provided in the
Supplemental Material S.3 [74] accompanying the article.

For a given measurement setting, single counts at two
outputs I1 and I2, and twofold coincidence counts C are
measured by threshold non-resolved photon-number detec-
tors implemented by avalanche photodiodes (SPCM-AQ4C,
Excelitas) within a coincidence window τC . The normalized
second-order intensity correlation g(2) is determined as g(2) =
C/R, where we have introduced the accidental coincidences
R = τCI1I2. The details of the experimental setting are pro-
vided in Supplemental Material S.2 and S.4 [74].

III. GROUND-TRUTH STATES

We test the ability of our apparatus to perform state clas-
sification with a set of states spanning one and two spatial
modes. The first state we consider is a mixture of two spatial
modes generated by the amplified spontaneous emission of
a superluminescent diode (SLD) passing through a bandpass
filter. The central wavelength and the full width at half maxi-
mum of the incoherent source are λ ± �λ = 810 ± 2.35 nm.
Such incoherent radiation is used as a benchmark classical
state to validate our approach. The remaining ground-truth
states are then prepared from type-II spontaneous parametric
down-conversion (SPDC) by pumping a 9.1-mm-long peri-
odically poled potassium titanyl phosphate crystal (ppKTP)
with a 405-nm continuous-wave laser at 40 mW (DLproHP,
Toptica). The biphoton states are prepared in the single spatial
mode generation, i.e., the pump beam is focused on the crystal
such that the joint-transverse momentum amplitude of the
SPDC source is almost separable and thus efficiently cou-
pled into the two polarization-maintaining single-mode fibers
[75,76]. We prepare the photon pairs in the same horizontal
polarization readily to send to the random interferometer.

The correspondingly generated spatially separable biphoton
states are entangled in frequency and the marginal spectra of
single-photon states are λ ± �λ = 810 ± 1.56 nm (See the
Supplemental Material [74] for the joint spectral amplitude
of the SPDC source). The degree of indistinguishability of
the ground-truth biphoton states is controlled by adjusting
the temporal delay δ between signal and idler photons. A
two-photon Fock state and an N = 2 N00N state (|2H 0〉 +
|02V 〉)/

√
2, where the subscript H and V refer to the input

port of the random interferometer, are generated using Hong-
Ou-Mandel (HOM) interferences through fused fiber optic
coupler [77,78]. The HOM visibilities of the sources before
and after the experiment are provided in the Supplemental
Material S.4 [74]. Finally, a heralded single-photon source is
generated through a heralded approach [79].

By varying the lengths of the MMF, we can spatially
control the temporal mixing of the interferometer, therefore
being able to produce both narrowband and broadband states.
For the bandwidth of our sources, a length of 55 cm and
25 m correspond to narrowband (non-dispersive) and broad-
band (dispersive) regimes, respectively. In the narrowband
regime, all states were tested. In the broadband regime, where
random different spatial modes are allowed to be mapped
to the temporal domain owing to the modal dispersion, only
SLD source, indistinguishable, and distinguishable biphoton
states, were studied. Our experimental characterization has
also shown that the HOM visibility of the sources is preserved
after propagating through the 55-cm long MMF, and persists
when using the 25-m long fiber.

IV. RESULTS AND DISCUSSIONS

Statistical moments and distributions of outcomes from
random measurements can be used to infer various properties
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of the unknown states. Building on the theoretical frame-
work presented in Supplemental Material S.1 [74], here we
demonstrate the use of statistical markers to achieve quantum
state classification. In particular, in Sec. IV A, we demon-
strate recovery of the number of occupied modes, purity, and
entanglement dimensionality for input maximally entangled
two-photon states. We then report the effect of quantum inter-
ference on the normalized second-order correlation function
and propose a figure of merit for measuring the degree of
indistinguishability based on its first two statistical moments
in Sec. IV B. The figure of merit that is the visibility of the
normalized second-order correlation is then studied in the
presence of dispersion and frequency entanglement as dis-
cussed in Sec. IV C. Finally, an example of state classification
based on such properties is given in Sec. IV D.

A. Estimation of state properties by random measurements

Number of occupied modes. The first useful property of
the states that can be used for the classification is the number
of occupied modes (d ), which can be predicted by using
the statistical properties of the measured single count (I ),
typically via the calculation of the intensity visibility, VI :=
Var(I )/I

2 = 1/d , where I is the mean of single count over
many random measurements. In passing, we mention that

√
VI

is referred to as speckle contrast in literature [36,80]. The
probability density function (PDF) of intensity P1(I/I ) and
the estimated values of d well describe all types of ground-
truth states, as reported in the Supplemental Material Fig.
S9 [74]. It is for instance well known that a single coherent
mode will result in a contrast of 1, while the incoherent ad-
dition of d incoherent modes results in a contrast of 1/

√
d

[36,80]. As this is only the first-order intensity correlation, it
cannot be used to distinguish the set of classical states that
contains coherent states and its incoherent mixtures from the
complement of the classical set; it provides only information
about the number of modes that the state occupies [81,82].
The well-known example includes the single-photon state and
coherent state, they both occupy single mode; therefore, hav-
ing VI = 1. In general, additional information on a state can
be extracted by measuring outcomes in high-order intensity
correlation functions [33,83]. In the case of random measure-
ments, inferring the information of a state from the statistical
properties of outcomes from unknown measurements is pos-
sible [68] and the generalization of the theory is still under
development [84].

Purity and entanglement dimensionality. By incorporat-
ing measurements of the second-order intensity correlation
function, one can obtain the purity P of the density ma-
trix ρ of arbitrary monochromatic biphoton states from the
first two statistical moments of intensity I and twofold co-
incidence C [27,68] as P = Trρ2 = VC − 2VI , where VC

is the visibility of twofold coincidence VC := Var(C)/C
2
,

and C is the mean of twofold coincidence over many ran-
dom measurements. In the case of the pure monochromatic
maximally entangled biphoton state, the corresponding en-
tanglement dimensionality (D = d/2) can then be estimated
by Vpure

C = 1 + 1/D, and the PDF of twofold coincidence
P2(C/C) has the analytic form of the K distribution,

FIG. 2. Statistical distributions of twofold coincidences
P2(C/C): The solid curves indicate the PDF of twofold coincidences
P2(C/C) for pure d-dimensional spatially maximally entangled
biphoton states, Eq. (1). The dashed curves represent the PDF
of accidental coincidences P2(R/R), Eq. (2). (a) P2(C/C) for the
group of single-mode states: single-photon and two-photon Fock
states show the same distribution of C/C with d = 1. (b) P2(C/C)
for the group of two-mode states propagating through the 55-cm
long MMF: Indistinguishable biphoton state, N = 2 N00N state,
distinguishable biphoton state, and incoherent source, presents no
statistical difference between their distributions. (c) P2(C/C) for the
group of states propagating through 25-m MMF: Indistinguishable
and distinguishable biphoton states and incoherent states.

which reads

P2

(
C

C

)
= 2d

�(d )

(
d

C

C

) d−1
2

Kd−1

(
2

√
d

C

C

)
, (1)

where � is the gamma function and Kd−1(x) is a modified
Bessel function of the second kind.

In the experiment, we investigated the latter cases of d = 2
monochromatic biphoton states. The results of the measured
visibilities and purity are reported in Table I and the distribu-
tions are shown in Fig. 2(b) for the indistinguishable biphoton
state, N = 2 N00N state, and distinguishable biphoton state,
which present very similar feature. Besides, they almost
overlap with the distribution of the incoherent source that
originates from accidental coincidence P2(R/R), which is

P2

(
R

R

)
= 2

�(d )2
d2d

(
R

R

)d−1

K0

(
2d

√
R

R

)
. (2)

This thereby results in the difficulty in the classification task
on these states using solely the statistics of C, albeit the
ideal simulation results indicate the different distribution of
the three cases at C close to 0 (as presented in Supplemen-
tal Material Fig. S1 [74]). The experimental distribution of
the indistinguishable biphoton state exhibits less probabil-
ity of detecting coincidence counts close to zero than that
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TABLE I. Visibilities and estimated properties of ground-truth states.

State VI VC VC* P d Vg(2)

Monochromatic case
Incoherent source (d = 2) 0.44 ± 0.02 1.14 ± 0.06b − − 2.27 ± 0.07 0.021 ± 0.003
Biphoton state (δ = 0) 0.46 ± 0.02 1.46 ± 0.09 1.38 ± 0.09 0.45 ± 0.11 2.16 ± 0.06 0.178 ± 0.009
Biphoton state (δ > lc)c 0.50 ± 0.02 1.49 ± 0.09 1.34 ± 0.09 0.35 ± 0.11 2.02 ± 0.05 0.096 ± 0.007
N = 2 N00N state 0.45 ± 0.02 1.43 ± 0.09 1.27 ± 0.08 0.38 ± 0.08 2.24 ± 0.01 0.127 ± 0.007
Two-photon state |2V 〉 0.80 ± 0.04a 2.52 ± 0.17 2.39 ± 0.15 0.69 ± 0.22 1.23 ± 0.09 0.105 ± 0.011
Single-photon state |1V 〉 0.81 ± 0.04a 2.37 ± 0.02b − − 1.23 ± 0.07 0.402 ± 0.048

Polychromatic case
Incoherent dispersive source 0.048 ± 0.008 0.09 ± 0.01b − − 20 ± 1 0.0013 ± 0.0012
Biphoton state (δ = 0) 0.068 ± 0.006 0.27 ± 0.02 0.26 ± 0.02 0.12 ± 0.02 14.7 ± 0.2 0.074 ± 0.006
Biphoton state (δ > lc)c 0.073 ± 0.006 0.26 ± 0.01 0.22 ± 0.01 0.08 ± 0.02 13.8 ± 0.3 0.049 ± 0.005

*is for indicating that the values are corrected for accidental coincidences.
aBy subtracting estimated dark counts, VI values are corrected to 0.85 ± 0.06 and 0.9 ± 0.08 for |2V 〉 and |1V 〉, respectively and resulting
accordingly in the corrected d of 1.18 ± 0.09 and 1.11 ± 0.10.
bContribution of accidental coincidences and g(2) = 1.
cδ is the optical delay and lc is the two-photon coherent length.

predicted by the K distribution. We note that this effect was
also present in the experimental data for high-dimensional
entangled biphoton states [58]. We attribute this effect to the
contribution of noise sources in each setting of random mea-
surement, including dark counts, accidental coincidences, and
finite exposure time which usually causes a broadening of the
distribution. As further discussed in Supplemental Material
S.6 and S.7 [74], the contribution of noise sources might
be interpreted as a classical mixture of many pure biphoton
states. In addition, the long tail of K distribution also results
in an unreliable estimation of VC . Both give rise to the un-
derestimation of the measured purity (see Table I). The use of
statistical properties of the coincidences C thus has a practical
limitation in the estimation of purity at low d using only the
first two statistical moments.

B. On the effect of quantum interference
and indistinguishability

Imperfect indistinguishability between photons affects
quantum interference. One may think that the quantum in-
terference might have signatures in the statistical distribution
of twofold coincidences P2(C/C). Unfortunately, as reported
above [Fig. 2(b)], this phenomenon is hardly observed in the
experiment as compared to the ideal simulation [see Sup-
plemental Material Fig. S1(a) [74]]. Here, we demonstrate
nevertheless that the effect of indistinguishability can be
clearly unveiled from the statistical distribution of the nor-
malized second-order correlation function g(2). As presented
in Fig. 3(b), in the cases of indistinguishable photons and
an N = 2 N00N state, we observed a broader and flatter
statistical distribution compared to the one associated with
distinguishable photons. The key reason is that the normalized
second-order correlation function g(2) filters out the effect of
the fluctuation of intensity speckles that are present in the
twofold coincidence speckles. The contribution of two-photon
Hong-Ou-Mandel interference due to random projections, i.e.,
random varieties of HOM dips and peaks, therefore increases
the variance of the distributions. The features are also evident

in the simulated results (see Supplemental Material S.1D [74])
supporting our observation where we found that the distribu-
tion is uniform for the indistinguishable case as compared
to the symmetric negative-log distribution P(g(2)

Dis./g(2) ) for
distinguishable case,

P

(
g(2)

Dis.

g(2)

)
= − log

∣∣g(2)
Dis./g(2) − 1

∣∣
πg(2)

. (3)

Moreover, the variance of the normalized second-order
correlation for the N = 2 N00N state is lower than that for
the indistinguishable biphoton state. This arises from the fact
that the N00N state experiences dephasing effects since the
state is very sensitive to phase fluctuation at the inputs of the
random interferometer that modulates faster than the exposure
time in each random measurement. Consequently, g(2) detects
only the root mean square response of the fast sinusoidal
oscillation arising from interference originating from the use
of a N00N-state. We thus observed a

√
2 reduction of the

variance for N00N states as compared to the case of the
indistinguishable biphotons. The result is observed directly
on the visibility of the normalized second-order correlation

Vg(2) := Var(g(2) )/g(2)
2

where the ratio of the measured vis-
ibility between the indistinguishable biphoton state and the
N00N state is V Indis.

g(2) /VN00N
g(2) = 1.4 ± 0.2 ≈ √

2.
It is important to note that the discrepancy between the

experimental distributions of g(2) and the prediction is due
to the main contribution of dark counts and accidental co-
incidences. This is supported by the simulated results when
the dark counts are added to single counts. As shown in
Fig. 6, the simulated result shows the same tendency of
the reduction in the probability of detecting g(2) at the high
value of g(2) in the indistinguishable case and at around
g(2) in the distinguishable case as experimentally observed
in Fig. 3(b). Because the distributions are still clearly dis-
tinguishable, we consider the effect minor compared to the
statistical distributions of C in the previous section. Therefore,
the results demonstrated the effectiveness of the statistical
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FIG. 3. Statistical distributions of experimental normalized
second-order correlation P2(g(2) ): (a) heralded single-photon state
(light green), incoherent source (dark blue) and the two-photon Fock
state |2〉 (magenta) in the 55-cm long MMF. The first two states
have the means at the accidental coincidence (the white dashed
line, g(2) = 1), while the two-photon Fock state shows g(2) > 1.
(b) P2(g(2) ) for the group of two-mode states in a 55-cm long
MMF: Indistinguishable biphoton state (blue), N = 2 N00N state
(orange), and distinguishable biphoton state (red). Their distribu-
tions are different owing to the presence of quantum interference.
The histogram of indistinguishable biphotons shows the flat dis-
tribution as predicted by the probability density functions (PDF)
P2(g(2) ), represented by the blue solid line. The red curve represents
the prediction for distinguishable biphotons, Eq. (3). (c) P2(g(2) )
for the group of states evolving through the 25-m long MMF:
Incoherent source (light yellow), indistinguishable (green) and dis-
tinguishable (light magenta) biphoton states. The incoherent state
has the means at g(2) = 1, while for the biphoton states (g(2) > 1)
the width of the indistinguishable case is broader than that of the
distinguishable case.

properties of the normalized second-order correlation func-
tion in distinguishing the three types of biphoton states
addressed herein.

C. On the effect of dispersion on spectrally
entangled biphoton states

The next question of interest is to study the statistical out-
comes of unknown states propagating through the 25-m long
dispersive fiber. We launched various states of light, in par-
ticular spectrally entangled biphoton states, through different
spatial modes of the MMF. The modal dispersion of the MMF
causes an input finite pulse to temporally spread [85,86]. In
the spectral domain, this is equivalent to a narrow spectral
response of the optical system, characterized by the spectral
correlation bandwidth �λm, in which a light source with
bandwidth �λs will generate an incoherent sum of speckles
over the number of temporal/spectral modes Nλ = �λs/�λm

[87,88]. The decrease in the outcome visibility of intensity

speckles at the output of the long fiber can thus be used to
estimate the number of occupied temporal/spectral modes.
For spectrally entangled biphoton states, we measured the
spectral incoherent modes of ∼7 which corresponds to the
total number of occupied modes of d ≈ 14 given the two input
modes of orthogonal polarizations (see Table I for the number
of occupied modes).

In Fig. 2(c), the statistical distribution of C/C for the states
transmitting through the 25-m long fiber are reported. We
found that the first two biphoton states show the same dis-
tribution which cannot be described by the PDF of expected
accidental coincidences P2(R/R) for d ≈ 14 predicted from
the visibility of intensity. This is in contrast to the statistical
distribution of the incoherent source that is well predicted
by the accidental distribution of Eq. (2) using the estimated
visibility of intensity of d = 20. In Fig. 3(c), the statistical
distribution of g(2) for the dispersive cases shows that the
statistical distribution of g(2) in the case of the indistinguish-
able biphoton state is broadened, compared to the case of
the distinguishable biphoton state. This is indicated by the
visibility of g(2) = 0.074 ± 0.006 and g(2) = 0.049 ± 0.005
(Table I).

It is noteworthy that the statistical signature of frequency
entanglement in the dispersive case was theoretically pro-
posed but in terms of the means of coincidence rate, C/R
[61,64], in which our experiment cannot provide the conclu-
sive result because of the requirement of the subtle control that
is sensitive to the brightness of the light sources. In terms of
the statistical distributions and Vg(2) , the theoretical prediction
is unknown, to our knowledge.

To understand the experimental results, we discuss the role
of the spectral-temporal correlation of the SPDC source in a
dispersive medium [61,64]. Two-photon quantum interference
of spectrally entangled states is known to result in two types
of dispersion cancellations: non-local and local [89–92]. At
a given setting of a random interferometer, photons from
biphoton pairs propagate and disperse differently through the
fiber with a probability of being detected at two outputs. In the
first case of non-local dispersion cancellation [91], biphoton
pairs propagate to separate paths and end up detected on
two separate outputs, this results in the cancellation of the
dispersion of one path to another path that has the opposite
sign of dispersion, therefore maintaining their twofold coin-
cidences without the HOM interference. Whereas in the case
of local dispersion cancellation [89], the HOM interference
can occur, biphoton pairs that experience different dispersions
have a chance to interfere and exchange their wave functions
(spatial-mode mixing, i.e., a possibility that signal and idler
photons have a possibility to be detected on both outputs).
Two types of paths contribute to such interference: one where
the two paths of a biphoton pair are directly transmitted to the
detectors, and one where they exchange paths. Only relative
differences in dispersion between the paths can contribute to
the distinguishability. Yet, the relative differences are partially
compensated owing to frequency anticorrelation that erases
which-path information [90,92], resulting in the robustness of
quantum interference.

We think that these are the explanation of why we observed
the broadening of the statistical distribution of g(2) in the case
of the indistinguishable biphoton state as compared to the
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FIG. 4. Correlation of twofold coincidences C/C and normalized second-order correlation g(2): for a group of ground-truth state trans-
mitting (a) and (b) through the 55-cm long multimode fiber and (c) through the 25-m long multimode fiber. Each circle on the scatter plots
displays each outcome of random measurements. Note that there is the distribution of data points outside the presented area where C/C > 6
and g(2) > 13.

case of the distinguishable biphoton state in Fig. 3(c) and
consider that the statistical distribution of g(2) is also useful
for probing quantum interference in the presence of dispersion
and spectral-temporal entanglement.

Lastly, we compared the measurements of the normalized
second-order correlation function g(2)/g(2) with the analogous
twofold coincidences C/C as depicted in Fig. 4. We observed
that g(2) is clearly correlated to the two-fold coincidences
C in the case of the spectrally entangled states [Fig. 4(c)],
whereas this is not the case for the other states addressed
here [Figs. 4(a) and 4(b)]. The positive correlation between
the two indicators hence strengthens our claim in the previous
section on the effect of the fluctuation in intensity speckles on
the two-fold coincidence speckles since here the dispersion
causes P1(I/I ) to be a narrow distribution, i.e., low speckle
visibility (see Supplemental Material Fig. S9(c) [74]), while
the dispersion cancellations can maintain the quantum inter-
ferences, hence, resulting in a high speckle visibility in the
normalized second-order correlation function Vg(2) .

As for the aim for classification, the distributions of C/C
in Fig. 2(c) are observed to be identical for different degrees
of indistinguishability and also have a feature similar to the
distribution of accidental coincidences at a lower d (d < 14).
Consequently, the state classification with information solely
estimated from the statistics of twofold coincidences C, which
is commonly used in literature, is not sufficient, and taking
into consideration the information from the g(2) distribution is
beneficial both for the nondispersive and dispersive cases.

D. State classification

In this section, we demonstrate the possibility of clas-
sifying states based on their statistical properties. More
specifically, we are able to retrieve the number d of occu-
pied modes, as well as the distinguishability of the input
photons, through information gathered from the visibility VI

and normalized second-order correlation Vg(2) . In Fig. 5 we
show how different classes of input states can be distinguished
through such figures of merit. We present the visibilities

estimated from 200 random measurements performed on the
same experimental input state. Clearly, VI and Vg(2) can be
used to independently probe the number of occupied modes
and the distinguishability of the input states, respectively.
The technique can also discriminate distinguishable from
indistinguishable spectrally entangled biphoton states. The
overestimation of the number of occupied modes for the
single-photon and two-photon Fock states is due to the pres-
ence of dark counts, an imperfection that can be corrected
(see Table I for the results after subtracting estimated dark
counts). The spreading of Vg(2) values for the single-photon

FIG. 5. Classification of input states from the intensity visibility
VI and the visibility of the normalized second-order correlation Vg(2) .
The clustering patterns clearly show that the different classes of input
states can be separated using only these two statistical features. In
particular, it is possible to discriminate both the distinguishability
and the number of occupied modes of the input states.
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FIG. 6. Simulated statistical distribution of normalized second-
order correlation in the presence of dark counts.

state results instead from accidental coincidences. Better clas-
sification performances could be achieved by incorporating
the constraint g(2) = 1, which would help discriminate single-
and two-photon Fock states.

V. CONCLUSIONS AND OUTLOOK

We have experimentally demonstrated the effectiveness of
a state classifier based on the combined use of SLMs and
a multimode fiber. The scheme performs state classification
using the statistical properties from an ensemble of random
measurements. In particular, intensity and second-order in-
tensity correlations are used to retrieve information about the
number of occupied modes, purity, and indistinguishability
of the input states, without the need to perform full state
tomography. The benefits and limitations of using the sta-
tistical properties of twofold coincidences C and normalized
second-order correlation g(2) are investigated using different
ground-truth states, including spectrally entangled biphoton
states in the dispersive fiber. The investigation of different
classes of input states, having different statistical properties,
is an interesting venue for future research. In addition to the
statistical properties reported here, the optical apparatus also
offers the capability of implementing a reprogrammable linear
optical circuit [93] and can be seamlessly incorporated with an
array of coincidence detectors, hence enabling the implemen-
tation of quantum multioutcome measurements [94–96]. This

allows the feasibility of performing optimal measurements,
thus enabling a direct estimation of the properties of the state,
e.g., purity, dimensionality, and type of entanglement. The
possibility of implementing state tomography in high dimen-
sions will be the subject of future investigations.
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APPENDIX: EFFECT OF DARK COUNTS ON THE
STATISTICAL DISTRIBUTION OF NORMALIZED

SECOND-ORDER INTENSITY CORRELATION

The contribution of dark counts and the corresponding
accidental coincidences to the statistics of the normalized
second-order intensity correlation is numerically studied. The
statistics of dark counts is assumed to follow a Poisson dis-
tribution. As shown in Fig. 6, we set the ratio of the average
dark count to the average total count to be 1/12 and observed
the discrepancy in a similar way as found in the experiment
for different input states transmitting through the 55-cm long
optical fiber [Fig. 3(b)].
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