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Abstract: The successful implementation of quantum communication protocols relies on the
proper encoding of information in the degrees of freedom of the employed optical states. Particular
interest is devoted to amplitude-phase-shift keying coherent states, which can provide robust
solutions in satellite communication systems and guarantee high values of channel capacity. In
this work, we implement a sum-frequency-based photon-number-resolving detector, capable of
revealing discrete amplitude modulation of coherent states produced at telecom wavelengths. The
detection is performed in the visible spectral range and in the photon-number-resolving domain,
thus encouraging the use of more complex alphabets in which both amplitude and phase vary.
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1. Introduction

The realization of communication protocols, such as those devoted to quantum key distribution
(QKD), is based on the use of a proper encoding alphabet and an efficient receiver able to decrypt
a key or decode a message [1-5]. In the case where the encoding is performed with coherent
states [6—8], information can be carried out by their intensity and phase. These quantities can be
modulated either in a continuous (or at least approximately continuous) [9-11] or in a discrete
way [12-15], depending on the specific protocol and on the adopted receiver. For instance, one
of the commonly used encodings is represented by phase-shift keying (PSK), which employs
an alphabet with N coherent states |ag) = |ae’®* /MKy with relative phases (27/N)k and fixed
amplitude a [16-20]. More complex variations are given by PSK signals with different amplitude
levels, usually called amplitude-phase-shift keying (APSK), which have long been recognized
to be a robust constellation of states to deal with nonlinear amplifier distortions in satellite
communication systems [21-25]. Moreover, in the framework of continuous variable (CV) QKD,
a suitable probabilistic amplitude shaping of a finite set of symbols allows to approximate at
will the optimal channel capacity [26]. The typical receiver employed to detect such states is
represented by optical homodyne detection [3,27,28]. However, also direct detection schemes
with partial photon-number-resolving (PNR) capabilities can be employed to this aim [29].
Among them, we have recently realized a homodyne-like detection scheme based on Silicon
photomultipliers (SiPMs) that can be of use to discriminate binary PSK coherent states [30] as
well as to implement CV-QKD protocols [31].

The main limitation of the current PNR detectors is given by their sensitivity, which is mainly
confined in the visible spectral range, while quantum communication protocols exploit the
infrastructure of optical fibers working in the C-band of wavelengths [32-35]. That is why we
have recently developed a sum-frequency-based PNR detector that exploits the up-conversion
process to convert telecom wavelengths into visible ones, and SiPMs to guarantee PNR capability.
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The same idea has been already explored with the old generation of SiPMs, affected by a
non-negligible optical cross talk, to convert light from the near infrared to the visible spectral
range [36,37], and, more recently, with a different model of SiPMs from mid-infrared wavelengths
to near-infrared ones [38]. Our recent work [39] has been devoted to prove the capability of
our detection system of studying the stability condition of a telecom light source produced
by white light continuum (WLC) followed by an optical parametric amplifier (OPA), showing
that the Poissonian character of the source is attained only by exceeding the critical power for
self-focusing by a few times [40]. Fixed the suitable condition, in this proof-of-principle work
we focus on the possibility to modulate the telecom light source and reveal the effect of such a
modulation by measuring the up-converted beam. In particular, we operate a discrete amplitude
modulation and reconstruct the statistical properties of the modulated light in terms of detected
photons. This characterization represents a crucial and fundamental step towards the realization
of a detection scheme more suitable for quantum communication applications. In fact, in this
work we simply consider a direct detection scheme, in which we can have access both to the
photon-number distributions of the single outputs and to the photon-number correlations between
the two outputs. Viceversa, the application of the receiver to quantum communication protocols
requires the implementation of a homodyne-like interferometric scheme [31] operating at telecom
wavelengths. This also implies the production of a low-intensity local oscillator (LO) that should
be converted as well from telecom wavelengths to the same wavelength as the signal states. In
view of the future exploitation of the receiver, the results achieved so far seem really promising
and suggest the implementation of more complex modulations of both amplitude and phase in
order to take full advantage of the versatility of the detector.

2. Theoretical description

The implemented detection system is based on the realization of a sum-frequency process
according to a collinear interaction geometry and under parametric approximation. This means
that one of the two beams interacting in the nonlinear crystal is considered as an undepleted pump
beam, while the other beam is evolving as well as the generated one [41]. Under this assumption,
the intensity of the generated beam is directly proportional to the one of the other evolving beam
interacting in the nonlinear medium. A more complex dependence should be considered if the
phase-matching condition is not completely satisfied. In that case the sum-frequency generation
process produces a less efficient up-converted beam, in which the intensity of the generated beam
is modulated by a sinc?(x) function [41].

The proportionality between up-converted and input beams is also responsible for the con-
servation of the statistical properties, especially in terms of photon-number distributions. This
means that if the input beam is described by a Poissonian distribution, the same holds for the
up-converted one [42,43]. More interestingly, a proper amplitude modulation of the input beam
leads to an amplitude-modulated up-converted beam. Having at our disposal a detection system
based on PNR detectors, these features can be deeply investigated by considering the recon-
struction of photon-number distributions, as well as studying their moments and photon-number
correlations obtained by dividing the up-converted light at a balanced beam splitter (BS) [44].
These characterizations represent a first and necessary step to prove the reliability of the detection
system in view of its applications in the quantum communication context, even though to this
aim the experimental scheme will be more complex. In fact, it will involve a Mach-Zehnder
intereferometer, in which the signal state will be mixed with a low-intensity LO that will be
converted as well as the signal from telecom wavelengths to visible ones. In particular, in this
work we are interested in studying the statistical properties that emerge from a discrete modulation
of the input beam, that is combining together two or more Poissonian distributions according
to a scaling configuration [45,46]. In particular, if we consider the Poissonian distribution for
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a linear combination of this kind of distribution with different weights reads as

m!

P exp (~m), @

N
Pmod(m) = Zpi
=1

where p; is the weight of the i-th Poissonian distribution with mean value (m;), N is the total
number of discrete modulation steps adopted, and Zfi 1 pi = 1. The presence of an amplitude
modulation introduces photon-number correlations by dividing the light at a BS. This behavior
can be investigated by calculating the first two moments of the distributions in Eq. (2), which can
be expressed as

<mm0d> = Z m Pmod(m) 3
m=0

<m12nod> = Z mz Prnod(m)- (€]
m=0

From their combination, it is possible to calculate the variance of the distribution a'rio 4(m) =
(m2 ) — (mmoa)* and hence the Fano factor, which is defined as Finoa(m) = 072, (m)/ (Mmoa)-

Indeed, it is possible to demonstrate that the photon-number correlation coefficient, defined as

Fmy. ) = ((my = (my))(my - <m2>)>7 )

Vo2(my) o3(my)

in which m; and m;, are the number of photons detected at the two BS outputs, can be expressed
in terms of the Fano factor of the light impinging on the BS [47]. In the case of a balanced BS
and the amplitude modulated light statistically described by Eq. (2),

Fmod_1
Frmod + 1’

L(my,my) = (6)
in which Fyoq is the Fano factor corresponding to the light impinging on the BS. The calculation
of the correlation coefficient allows us to better investigate the statistical properties of the
modulated light since it is based on the first two moments of the investigated distributions. In
particular, as shown hereafter it is sensitive to the number of modulation steps we consider and
also to their weights.

3. Experimental setup

The setup we realized to investigate the possibility to detect an amplitude modulated light beam
at telecom wavelengths thanks to the sum-frequency-based PNR detector is shown in Fig. 1(a).
Since we do not have at our disposal a pulsed light source at telecom wavelengths, light pulses at
1550 nm are obtained by sending the sub-picosecond pulses (~ 190 fs) at 1038 nm of an amplified
Yb:KGW laser operated at 3 kHz to a yttrium aluminium garnet (YAG) plate to produce WLC
both in the visible spectral range and in the near infrared (up to 1600 nm). Then the pulses
at 1550 nm are amplified thanks to an OPA pumped by the second harmonic of the laser. An
amplification gain of ~ 10* is obtained by means of a slightly noncollinear interaction geometry
between the pump beam and the infrared one in a S-Barium-Borate crystal (BBO, cut angle =
23.4°, 3 mm long) [39]. A typical spectrum of the amplified light beam at 1550 nm, obtained
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Fig. 1. (a) Schematic of the experimental setup. WLC: white light continuum, SHG:
second-harmonic generation; OPA: optical parametric amplifier; POL: polarizer; DM:
dichroic mirror; BBO: -Barium-Borate crystal; M: mirror; HWP: half-waveplate; PBS:
polarizing cube beam splitter; SiPM: Silicon photomultiplier. (b) Typical pulse height
spectrum of a SiPM in the case of Poissonian light with mean value (m) = 5.85.
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Fig. 2. (a) Spectrum of the amplified WLC in the infrared region in the presence (blue
curve) and in the absence (orange curve) of a 12 nm wide bandpass filter. The dashed
black curve corresponds to 1550 nm. (b) Spectrum of the up-converted light, in which the
generation of the sum frequency at 621.7 nm is highlighted by the black dashed line. The
spectrum has been obtained using a 10 nm wide bandpass filter centered at 620 nm in front
of the spectrometer.

by means of a fiber spectrometer (mod. MiniSpectrometer TG-NIR: C11482GA, Hamamatsu
Photonics) placed beyond the BBO crystal, is shown in panel (a) of Fig. 2.

The light beam at telecom wavelengths is suitably filtered by means of a 12 nm wide bandpass
filter centered at 1550 nm and transmitted through a dichroic mirror that is used to reflect a portion
of the fundamental beam at 1038 nm in order to make the two beams almost collinear beyond the
mirror itself. A convergent lens with a focal length of 50 mm focuses the two beams in a further
BBO crystal (cut angle = 23.4°, 3 mm long), where they interact to produce by sum-frequency
generation an up-converted beam at 621.7 nm. The second-order nonlinear interaction is obtained
in a quasi-collinear interaction geometry by micrometrically adjusting the temporal delay of the
beam at fundamental wavelength. A typical spectrum of the up-converted light beam at 621.7 nm,
obtained by means of a fiber spectrometer (mod. AvaSpec-ULS2048x64-EVO, Avantes) placed
beyond the BBO crystal, is shown in panel (b) of Fig. 2. The light beam at 621.7 nm passes
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through a prism, which is used to spatially separate it from the light beams at 1038 and 1550
nm, and then is separated at a polarizing cube beam splitter (PBS) preceded by a half-waveplate
(HWP) to obtain two replicas and thus study photon-number correlations. The choice of using a
PBS combined with an HWP instead of a BS allows us to fine-tune the balance between the two
output signals. At each PBS output, an achromatic doublet, preceded by a 10 nm wide bandpass
filter centered at 620 nm, focuses light into a multimode fiber, which delivers it to the detector.
Specifically, we employ two SiPMs (mod. MPPC S13360-1350CS, Hamamatsu Photonics),
which are detectors endowed with an outstanding PNR capability working at room temperature,
as shown in Fig. 1(b). They are constituted by a matrix of 667 squared cells, with a pixel pitch of
50 pum, operated in the Geiger-Miiller regime with a common output. Ideally, the number of
fired cells corresponds to the number of incident photons. Deviations from ideality is due to a
non perfect quantum efficiency (~ 25% at the investigated wavelength) and to other drawbacks,
such as optical cross talk and dark counts, which, however, are small in this model of SiPMs
compared to previous generations or other models with a larger value of pixel pitch. Both effects
have been made negligible during the acquisition stage [48—50]. Indeed, the two detector outputs,
after being amplified, are synchronously integrated over a 10 ns gate centered around the output
peak. This reduces the contribution of cross talk effect below the 1% and that of dark counts to
0.3% [31]. It is important to notice that the adopted boxcar-gated integrators represent the main
limitation in terms of bandwidth (100 MHz) and noise, not allowing the reliable detection of
light with mean number of photons lower than 0.5. This means that for smaller energy values
a different acquisistion system should be used. This choice may also be desirable in view of
practical applications to quantum communication, where faster acquisition systems are typically
needed. For instance, a recent advance in high-speed PNR detection technologies is reported
in Ref. [51]. As already mentioned in the Introduction, the investigation performed in this
work is aimed at showing that the detection apparatus including sum-frequency and SiPMs is
able to reveal the amplitude modulation introduced on the beam at telecom wavelengths. This
is obtained by placing a polarizer in front of the dichroic mirror (POL in Fig. 1) and rotating
it in steps of 10°. For each angle, a sequence of 200,000 shots, specifically 4 repetitions of
50,000 shots each, is measured by the two SiPMs. We notice that the choice of reconstructing
amplitude-modulated states represents a good test of the reliability of the receiver because their
photon-number distribution is not trivial. Furthermore, it could be useful for the realization of
communication protocols, such as the one presented in [52], in which the encoding of a given
alphabet of symbols is performed not in single shots but instead in a given data sample each. In
this case, the PNR capability of our receiver allows us to discriminate whether the analyzed data
set corresponds to a single symbol or a combination of two or more symbols.

4. Experimental results and discussion

The mean value of light at 1550 nm is shown as a function of the rotation angle of the polaroid
in panel (a) of Fig. 3. Each experimental point (dots + error bars) is obtained with the
MiniSpectrometer setting the exposure time to 1 ms and acquiring 1000 consecutive traces. The
procedure is repeated three times to properly calculate error bars. The fitting function given by
Malus law is also shown in the same panel as a solid curve. In panel (b) of the same figure, we
show as dots + error bars the sum of the mean values of the light at 621.7 nm measured by the
two SiPMs as a function of the same rotation angle. In this case, the fitting function, shown as a
solid curve, is given by a sinc?(x) function, thus proving that the deviation from the Malus law is
due to the phase mismatch effect. Indeed, the non-perfect extinction ratio of the polaroid (<200:1
at 1550 nm) and the use of an interaction configuration with focused beams make the evolution
of the generated beam at 621.7 nm more critical than expected under ideal conditions of perfect
phase matching. In this regard, an interaction geometry involving collimated light beams could
enable a more successful achievement of phase-matching conditions, thus making it possible to
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realize and properly detect phase encoding in addition to amplitude encoding. Apart from these
small discrepancies, the beam at 1550 nm and that at 621.7 nm follow the same trend, starting
from a maximum value and decreasing to a minimum one. Despite the fact that the data shown
in the two panels of the figure are presented on the same scale, it is important to emphasize that
the global efficiency of the detection system is around 10%, a value definitely lower compared
to what has been recently achieved in all-fiber systems [53]. This is mainly due to the chosen
tight focus configuration and to the quantum efficiency of the employed SiPMs, which is ~ 25%
at 621.7 nm. Thus, possible improvements to the efficiency of the receiver could be obtained
both changing the interaction geometry and adopting new generations of SiPMs with a higher
quantum efficiency in the explored spectral range.
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Fig. 3. (a) Normalized intensity of light at 1550 nm as a function of the rotation angle of
the polaroid. (b) The same as in (a) for light at 621.7 nm (SFG). In both panels the solid
curve is the fitting function, which in (a) is proportional to a cos? (x) function, while in (b) to
a sinc?(x) function.

The statistical distribution of red light for each choice of the rotating angle « is Poissonian,
as shown in Fig. 4, where the reconstructed experimental distributions for detected photons
in the case of @; = 0.7 rad and @, = 2.1 rad are shown together with the corresponding
theoretical expectations. The Poissonian character of the experimental distributions is quantified
considering the fidelity parameter, which is defined as f = ZZ:O VP (M)pexp(m), in which
pin(m) and pexp(m) are the theoretical and experimental distributions, respectively, and the sum
extends up to the maximum number of detected photons, /71, above which both py,(m) and pex, (1)
become negligible. The high values of f are indicated in the caption of the figure. In addition,
the calculation of the correlation coefficient in Eq. (5) returns values below 1.5% for all the
considered mean values shown in Fig. 3, thus proving that for each step of modulation the
statistical distribution is Poissonian.

Conversely, if two modulation choices are considered together, the measured photon-number
distribution changes. As an example, in Fig. 5(a) we show the experimental distributions in
the case in which the data corresponding to @; = 0.7 rad and @, = 2.1 rad are considered
as a unique dataset. As mentioned in Section 2, when a communication protocol in which
discrete amplitude modulation is considered, it is useful to investigate the case in which the two
modulation amplitudes are chosen with different weights. In particular, the data are shown as a
function of pj, which is the weight corresponding to the dataset taken at @. In the figure the
different colors correspond to different weights, assuming that the total number of acquired data
is always the same, namely 200,000. As it can be noticed, all the distributions exhibit two peaks:
the first one is connected to the original Poissonian distribution with the lowest mean value, and
the second one to the original Poissonian distribution with the highest mean value. The different
weights determine an increase of either the first or the second peak. All the experimental data
are well superimposed on the corresponding theoretical expectations according to Eq. (2). The
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Fig. 4. Detected photon-number distributions at two different modulation values, namely
at ¢y = 0.7 rad (in blue) and a» = 2.1 rad (in red). Dots + error bars: experimental data;
solid curves: theoretical expectations according to Eq. (1). The fidelity values to Poissonian
distributions are f = 0.99995 for a; and f = 0.99991 for a;.

agreement between data and theory can also be investigated in terms of the correlation coefficient:
in Fig. 5(b) we show its experimental values as a function of p;. Concerning the behavior, it
is worth noting that the absolute values of I depend on the mean values of the two original
distributions, but also on their weights. In fact, explicitly stating these parameters, the correlation
coeflicient reads as

({mu) — <mL>)2P1P2

I= . (7
[((mu) = (m))? pip2] + 2 ((mudpy + (mYp2)

that can be further simplified by taking into account that p, = 1 — p;. Note that, in the expression,
(my) and (mr ) correspond to the original distributions with the highest and lowest mean value,
respectively, before the division at the BS. Instead, it is interesting to notice that the position, i.e.
the value of p;, corresponding to the maximum value of I' depends only on the ratio r between
the mean values of the two original distributions, namely:

_ VrE- 1)
Plmax = W ®)

where r = (my)/(my). Let’s consider the case in which the two distributions have mean values
(myg) =2-7.54 = 15.08 and (m =) =2 -0.59 = 1.18 before being divided at the BS. For this
choice, we obtain a theoretical behavior of I as a function of p; characterized by a decreasing
trend with a maximum value at p; ~ 0.21 (see Fig. 5). Note that when the weight corresponds to
having only one of the two original Poissonian distributions, the correlation coefficient drops to
0. The theoretical expectations according to Eq. (6) are shown as open circles in the same plot.

The good results obtained considering only two modulation values suggest further studies.
That is why in the following we consider the case of more than 2 modulation amplitudes. In
particular, we investigate the case of an even number of modulation values, namely 2, 4, 6 and 8.
This means that we consider more than two datasets as a unique one. For simplicity, in this case
we assume that all the datasets mixed together have the same weights. The experimental statistical
distributions are shown in Fig. 6(a) together with their theoretical expectations according to Eq. (2).
We can notice that the larger the number of modulation values the flatter the corresponding
distribution. Indeed, a continuous modulation would lead to an amplitude-averaged distribution,
similar to what could be obtained by averaging the phases of a coherent state [54,55]. This also
explains why the correlation coefficient is a decreasing function of the number of modulation
values, nmod. The larger the number, the lower the value of I'. The experimental data, shown as
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Fig. 5. (a) Detected photon-number distributions obtained as a combination of two

modulation values with different weights. Dots + error bars: experimental data; solid curves:
theoretical expectations according to Eq. (2). The different colors refer to different weight
values of the state corresponding to @q: purple to p; = 0.1, blue to p; = 0.25, light blue
top; = 0.5, green to p; = 0.75, and red to p; = 0.9. The fidelity values are greater than
0.9999 in all cases. (b) Correlation coeflicient I" as a function of the weight p;. Dots + error
bars: experimental data; open circles: theoretical expectations according to Eq. (6).
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Fig. 6. (a) Detected photon-number distributions obtained as a combination of an even
number of modulation values with the same weights. Dots + error bars: experimental data;
solid curves: theoretical expectations according to Eq. (2). The different colors refer to
different number of modulation values, n,,0q: blue to nyeq = 2, light blue to nyeq = 4,
green to 1,04 = 6, and red to nyq = 8. The fidelity values are larger than 0.9999 in all
cases. (b) Correlation coefficient I" as a function of n,,q. Dots + error bars: experimental
data; open circles: theoretical expectations according to Eq. (6).

dots + error bars in Fig. 6(b), are almost superimposed on the theoretical expectations, shown
as open circles. Possible discrepancies could be ascribed to the non perfect division of light at
the BS. However, note that the percent errors are within 2.5%. Concerning the absolute values
of I, we notice that the irregular trend as a function of n,q must be ascribed to the irregular
spacing between the mean values of the original states used to build the amplitude-modulated
ones. This fact can be investigated by considering what happens if the modulation is built by
using a linear variation of the mean value with equal spacing. The theoretical expectation is
shown in Fig. 7(a) for different values of npyeq, and setting (my) = 1 and (myg) = 15. In this
case, the decreasing behavior as the values of npo4 increase (up to 1000) is very regular and
already reaches an asymptotic value at tens of modulation values. In particular, the behavior
corresponding to the first part of the curve (7meq < 8) is shown in the inset of panel (a), while in
panel (b) of the same figure we show that the absolute values of I" also depend on the energy of
the states involved in the modulation. In fact, the larger the energy, the larger the values of the
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correlation coefficient. The achieved results prove that the modulation of the beam at 1550 nm
can be properly revealed by our sum-frequency-based PNR detector, thus encouraging the further
exploitation of the detection apparatus in more complex encoding alphabets. In particular, it
would be interesting to modulate the beam at telecom wavelengths both in amplitude and phase
in order to build a constellation of APSK coherent states.
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Fig. 7. (a) Theoretical expectation of the correlation coefficient I" as a function of 7,04
for (my) = 1 and (myg) = 15 and assuming a linear variation of the mean values of the
states used to build the amplitude-modulated states. Inset: Enlargement of the behavior for
values of n,04 < 8. (b) The same as in (a) for different energy values of the involved states.
Red dots: (mp) = 0.5 and (my) = 7.5; blue dots: (my) = 1 and (myg) = 15; green dots:
(mp) =2 and {(my) = 30.

5. Conclusions

In this work we have shown the potential of a sum-frequency-based PNR detection system to
reveal the amplitude modulation of a light field at telecom wavelengths. In particular, we have
studied the statistical features of the modulated states in terms of photon-number distributions
and photon-number correlation coefficient. The agreement with the theoretical expectations
suggests the implementation of more complex modulation alphabets, such as the APSK states,
and the realization of detection schemes involving more than two detectors, such as in the case
of the HYNORE receiver, which is quasi optimal in the case of state discrimination problems
[56]. The PNR capability of the implemented detection system is also crucial for other kinds of
quantum communication protocols, such as for those devoted to QKD [11,57].
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