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Abstract

Quantum communication protocols require efficient detection schemes to maximize the infor-
mation transfer rate between the sender and the receiver. To this aim, we have demonstrated that
weak-field receivers, merging wave-like and particle-like features, can be considered as a valid
alternative to already existing receivers, such as optical homodyne detection. To better empha-
size the potential of our receiver, in this work we consider a proof of concept for quaternary com-
munication based on coherent states with the same amplitude and different phase values. We
show that the encoding in phase requires a fine control of phase noise, which is obtained through
a feedback system. The results achieved in terms of mutual information and secret key genera-
tion rate encourage further increase of the alphabet towards an approximately continuous phase
modulation.

1. Introduction

We are currently living what is called second quantum revolution, in which quantum resources offer an
advantage over classical ones in various contexts. Among them, it is worth mentioning the field of quan-
tum communication, which is aimed at devising secure communication protocols between two parties,
usually called Alice and Bob, in the possible presence of an eavesdropper, usually called Eve, who can be
easily detected [1].

In the optical framework and in the context of continuous variables, the encoding of information
to be shared involves the different degrees of freedom of light [2, 3]. Amplitude and phase of quantum
states of light are particularly exploited thanks to the availability of receivers that are sensitive to these
quantities [4—6]. In particular, interferometric schemes, such as optical homodyne detection schemes
[7, 8], in which photon-number-resolving (PNR) detectors are employed could be highly desirable since
they give access to both wave- and particle-like properties of light [9, 10].

Quite recently, we have developed a hybrid PNR detector that is endowed with such properties and
we have demonstrated that it could be exploited for continuous-variable quantum key distribution (CV-
QKD) protocols [11, 12]. The proof-of-principle test has been performed by considering the benchmark
case of a binary communication, that is encoding information in two coherent states with the same
amplitude and a w-difference in phase [13-15].

However, in a realistic scenario CV communication requires the use of a larger alphabet, involving a
discrete number of elements belonging to two complementary variables. Previous works have shown that
a suitably shaped 16-state constellation embedded with probabilistic amplitude shaping can well approx-
imate a continuous modulation [16, 17]. This kind of encoding can be achieved by either quadrature

© 2026 The Author(s). Published by IOP Publishing Ltd
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amplitude modulation (QAM) or amplitude-phase-shift keying (APSK), that both require joint modula-
tion of the amplitude and phase of the encoded coherent states [18-21].

It is worth noting that, when the encoding procedure involves a discrete phase modulation [22], it
is highly required that the phase noise sources, both due to the laser source and the environment (air,
acoustic vibrations, ...), are properly monitored and possibly reduced as much as possible. To deal with
such an issue, in this work we consider a compact experimental scheme, whose noise level is controlled
by means of a Red Pitaya device. In particular, we characterize the noise spectrum in order to identify
and decrease its possible sources. We apply the featured setup to the study of the paradigmatic case of
quadrature phase-shift keying (QPSK) [23], where four coherent states [24, 25] with the same amplitude
and a different, equally spaced, phase are employed.

As for the receiver, we exploit the aforementioned weak-field (WF) homodyne detector [11, 12]
based on a pair of Silicon photomultipliers (SiPMs), which are PNR detectors [26, 27]. Here we intro-
duce a detailed description of the receiver, including a comparison to standard homodyne detection,
and we provide a comprehensive overview of the type of measurement it enables to perform. Moreover,
concerning the application to the detection of QPSK coherent states, we show that our receiver is capa-
ble of revealing an increase of the value of mutual information (MI) shared by the two communicat-
ing parties [28]. This result encourages the further enlargement of the encoding alphabet to phase-shift-
keying (PSK)(M) and QAM(M) coherent-state constellations, with M = 2K k> 2.

The paper is structured as follows: in section 2 we describe the kind of encoding we intend to per-
form and present the model of the receiver we are exploiting. In section 3 we introduce the experimental
realization of the scheme focusing on the noise characterization and the preliminary measurements of
the four coherent states with different phase values. In section 4 we discuss how these results could be
useful to realize a quantum optical communication protocol. Finally, in section 5 we discuss our results
and draw some final remarks.

2. Theory

2.1. M-ary coherent state constellations

As explained in the Introduction, in the case of discrete-modulation quantum optical communications,
classical information is encoded in a constellation of quantum CV states of radiation [29-33]. Their
arrangement in phase space is generally arbitrary. In order to improve the performance of the commu-
nication protocol, quantified in terms of MI, it makes sense to choose a constellation geometry that sat-
isfies some symmetry [1], e.g. the geometrically uniform symmetry (GUS), being adopted in various
quantum communication systems [34]. By definition, a constellation of M states

{‘\I]O>ﬂ|\Ijl>7‘\112>ﬂ"'ﬂ|qu—1>} (1)

has a geometrically uniform symmetry when

o the M states |U;) can be obtained by a single reference state |¥) through the unitary transformation
|W,) = U¥|W,), being k= {0,1,...,M—1}

e The symmetry operator is the Mth root of the identity operator, i.e. UM = 1.

A practical example of GUS is provided by PSK of order M [PSK(M)], where Alice prepares M coherent
states |ay) with the same amplitude « and different phases ¢, being equally spaced such that A¢ =
k41 — O = 27 /M [24, 25]. The uniform symmetry is then guaranteed by the phase-shift operator U=
exp(27i/M). Thus, the constellation can be expressed as {|ce'®)};—o 1, where

b=t o @

and each state is sent with the same prior probability gy = 1/M. In turn, the reference phase ¢, repre-
sents a free parameter whose value can be chosen to maximize the performance of the specific protocol
under investigation. For instance, in the case of single-quadrature detection, e.g. homodyne detection of
quadrature X/p, the most informative arrangement is obtained for the choice ¢9 = 7/2M, such that the
projections of the states on the X-axis and P-axis exhibit four distinct peaks as shown in figure 1 for the
QPSK case (M =4).
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Figure 1. Sketch of the QPSK constellation analyzed in this work, with the reference phase ¢po = 7/2M (M = 4).

2.2. WF homodyne receiver
Unlike the conventional detection strategies based on homodyne measurements of either quadrature X
or p [23, 34], here we establish a suitable non-Gaussian receiver based on the WF homodyne detec-
tion scheme presented in [11] and schematized in figure 2(a). That is, the incoming signal mode a,
[a,a’] =1, is mixed at a balanced beam splitter (BS) of transmissivity 7 = 1/2 with a local oscillator
(LO) mode b, [b,b] = 1, excited in the coherent state |z), z € C. Subsequently, we implement PNR
detection on both the output branches ¢ = (a+b)/v/2 and d = (b — a)/+/2, corresponding to measure
the two Hermitian operators N, = c'c and N; = d'd. Eventually, the measurement outcome is a pair of
integer numbers n = (n,m), n,m € N. The WF scheme has been proved to approach homodyne detec-
tion in the limit of high-intensity LO [35], whilst in the opposite regime of finite LO, |z|* < oo, it pro-
vides a genuinely hybrid non-Gaussian receiver that addresses both the particle- and wave-like proper-
ties of the input field. For the sake of simplicity, in the following we assume a real LO amplitude, z > 0,
thus probing quadrature %, whereas, to obtain WF measurement of an arbitrary quadrature operator
%p = cosfx+sinfp, 0 < 0 < m, it is sufficient to suitably phase-shift the LO beam so that z = |z|e?’.
The probability of retrieving outcome (n,m) for an arbitrary input state |®), then reads p,, =
(1] (M| Uay(T)| @4 |2) 5] = |0 (Vnm|®)a|?, where Uy (7) = exp[d(atb — ab')], § = arccos(1/7), is the BS
operator and the pedices denote the mode over which projection is performed. In turn, WF measure-
ment is described by the positive-operator-valued measure (POVM) I1,.,,; = |m) a{®pm|, with:

Wamba = (b{m| U (7) |2)) " [1)a (3)

that represents a 1-rank POVM, as the measurement vectors |),,,,,) are non-normalized and non-
orthogonal with one another, i.e. (Vum|Vnm’) 7 Onn O -
After cumbersome calculations reported in appendix, the measurement vectors can be re-expressed

as:
n+m
[Yum) =Y Cs(n,m) 5), (4)
s=0
with
6722/2 \/» n—m +
Cs(n,m) = T 7%
(n,m) — (V7)
S - n—s
(n—s)!\/;!( T) x
Fi(—ml+nl+n—s1—r1) if 0<s<n,

(5)

/i s—n
(mn—s) (s—m) /! (_ T(I_T)) x
JFi(l+ss—m—nl+s—nl1—71) it n<s<n+m,

2Fi(a,b,c,z) being the Gaussian hypergeometric function [36]. Equation (4) further shows the POVM
elements to get finite stellar rank < n+ m [37]. Furthermore, it is useful to re-parameterize the coeffi-
cients Cy(n,m) in terms of the difference and sum photocurrents A = n —m and o = n+ m, respectively,
so that in the limit z > 1 we find (see appendix)

3
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Figure 2. (a) Sketch of the WF measurement; (b) non-Gaussianity as a function of the amplitude of the LO. Different colors
correspond to different values of (1, m) measured by the two detectors.
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thus retrieving standard homodyne detection, namely projective measurement onto states |x) =
T1/4e=%/2 S Hy(x)/v/255!]s), being the eigenstates of quadrature % associated with eigenvalue x =
A/(v/22) [35, 38]. In the previous expression, Hy(y) is the s-order Hermite polynomial. In contrast, the
measurement remains non-Gaussian for any finite LO z < 0o, as depicted in figure 2(b), where we plot
the non-Gaussianity measure

nG=S5 [ﬁ;&ﬂ s [ﬁnm} : (7)

as a function of the LO amplitude z, where S[p] = —Tr[plog, p] is von-Neumann entropy, II,,,, =
[Vnm) (Ul / (V| ¥nm) is the normalized POVM element, and 1'% is the Gaussian POVM element
with the same covariance matrix as ﬁﬂm [39]. As we can observe, nG is nonzero for all pairs (n,m) and
becomes a decreasing function of the LO amplitude for large z, making non-Gaussianity vanish in the
limit z>> 1.

As a final comment, we also underline that the WF detection scheme can be further generalized
by considering a tunable transmissivity 7 < 1 of the BS in figure 2(a). This choice allows WF to also
retrieve direct detection (or two-mode multiplexed photo-detection) in the limits z=0 and 7 =1
(7 =1/2), respectively, thus providing a unified setup that can be properly optimized according to the
use cases. Application of this generalized receiver to quantum communications has been conducted in
[22], showing improvement over the Shannon capacity, achieved by conventional Gaussian detection, for
energy-modulated constellations of coherent states. On the other hand, for PSK(M) signals, the homo-
dyne detection limit (7 = 1/2,z>> 1) remains the relevant benchmark, as information is only encoded
on the relative phase of the coherent pulses. In light of this, in the rest of the paper we will only con-
sider the balanced configuration 7= 1/2.

2.3. Coherent-state-based quantum communication employing WF receiver

As a suitable test of the above-proposed receiver, we now address application of WF detection to
coherent-state-based quantum communication. In particular, we consider the use of the QPSK con-
stellation {|cy) }« of figure 1 for a quantum optical communication protocol over a pure-loss channel.
That is, the sender (Alice) encodes a classical symbol k=0,...,M — 1 (M = 4) on the coherent pulse
| = ce!?*), being then sent to the receiver (Bob) through a quantum channel of transmissivity T < 1.
In turn, the received pulses still constitute a QPSK constellation {|\/T el?) o, m—1 that preserves
the GUS, albeit with rescaled signal amplitudes. After the signal transmission stage, Bob implements
WF measurement of quadrature X on his rescaled pulses, being sufficient for the protocol evaluation,
given the phase-shift symmetry of the considered constellation. As shown in the setup of figure 2(a), the
encoded coherent state |c) is mixed at the balanced input BS of a Mach—Zehnder interferometer with a

4
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mesoscopic LO prepared in the coherent state |z), with amplitude z > 0. At the two outputs of the inter-
ferometer Bob measures the conditional photon-number distributions

Pu(jaxfon) = exp (—ue) (®)

by SiPM-based PNR detectors, where p; assumes different expressions for either the reflected or the
transmitted BS branch, i.e.

1
u,(:) =3 (ch2 +2 426 ﬁakz) (9)

yo 1
/L,E) =3 (Toz2 +22 -2 ﬁakz) (10)

& €]0,1] being the spatial overlap between signal and LO, namely the interference visibility.

As we have already proved in [11, 12] for binary PSK (BPSK) protocols, corresponding to M = 2, if
Bob is endowed with the WF X receiver described above, having access to both the single PNR detector
outputs (n,m) on the transmitted and reflected arms of the output BS, the MI shared by the legitimate
parties is equal to:

I(A;B) = H(B) — H(B|A) = H|[pwr (n,m)] quH[pWF n,mlog)], (11)

where g = 1/M is the prior probability, Hp(x)] = — > p(x)log, p(x) is the classical Shannon entropy of
p(x), and the conditional probability of Bob retrieving the outcomes (1, m) given the state |ay) sent by
Alice, is equal to

() (r)
e M —Hyg A\ ™
PWF (T’I,m|ak> :Pn (,u](:)aak) P (H](c)7ak) W (/J’](:)) ( ]E)) ) (12)

while the overall Bob’s probability distribution reads

M—1

pwe (m,m) =Y qepw (n, mla) (13)
k=0

Equation (11) can be compared with the MI obtained in the standard scenario of homodyne detec-
tion by Bob, in which

Iup (A;B) Z aH [prp (x|ak)] — log2 (271' ea(z)) , (14)

where e is the Euler’s number,

2
1 (x— 20005V Tcos (d)k))
pup (x|ow) = Wexp
0

15

is the conditional homodyne distribution, and 03 is the shot-noise variance, hereafter expressed in shot
noise units, namely 03 =1 [34].

Comparison between the WF and standard homodyne receivers for both BPSK (M = 2) and QPSK
(M = 4) is observed in figure 3, in which we plot the MIs (11) and (14) computed for a realistic choice
of the signal and LO amplitudes as a function of the channel losses, equal to —10log,,(T) dB. As it can
be noticed, in both cases the results obtained with the WF receiver are almost indistinguishable from
those achieved with the standard homodyne detection. Moreover, the values of MI reached with the qua-
ternary communication are larger than those achievable with a binary communication in the low-loss
region, as shown in the inset of figure 3. In fact, in the asymptotic limit Ta?> > 1, the MI of a PSK(M)
protocol saturates to log, (M), corresponding to the maximum Shannon entropy of the source [40],
so that a realistic QPSK protocol can guarantee larger MI than BPSK for low channel losses and large
enough signal energy. Hence, in the following we present the results of a proof-of-principle experiment
by focusing on this range of losses affecting the signal.

5
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Figure 3. Mutual information as a function of the losses affecting the signal arm in the case of WF receiver (solid curves) and
standard homodyne one (dashed curves). The blue curves refer to QPSK encoding (quaternary communication), while green
ones to BPSK (binary communication). The inset displays an enlargement of the low-loss region. The values of the parameters
are: avax = 2.04,z=3.53,and { = 1.
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Figure 4. Sketch of the experimental setup. BS: beam splitter, VND: variable neutral density filter, M: mirror, SiPM: Silicon pho-
tomultiplier, PD: amplified photodiode.

3. Proof-of-principle experiment

3.1. Experimental setup

As already anticipated in the Introduction, the encoding in phase requires a thorough analysis of the
phase noise introduced by the light source and the environment. The setup used to perform such an
investigation is shown in figure 4. The picosecond pulses at 515 nm of a solid state laser operating at
0.5 MHz (mod. BDS-SM-515-FBC-101, Becker-&-Hickl) are sent to a Mach—Zehnder interferometer,
included in a box made of rigid polystyrene + sound-absorbing foam to reduce phase noise caused by
air currents and acoustic noise. The reflected and the transmitted outputs of the input BS form the sig-
nal and the LO, respectively. Two variable neutral density filters are placed in the two arms to finely tune
the mean value of light separately. The right-angle prism in the signal arm is mounted on a micromet-
ric stage to enable the optimization of the interferometer, while that in the LO arm is mounted on a
piezoelectric movement connected to a feedback system to preserve the setup stability. In particular, we
use a Red Pitaya device, connected to a computer, to monitor the fringe stability [41] using a propor-
tional integral (PI) control [42, 43]. The input signal of the feedback system is given by the output of
an amplified photodiode placed on a side output arm of the interferometer, as shown in figure 4. At
the two outputs of the interferometer, the light is enlarged by divergent lenses and selected by irises to
intercept only a very small portion of the interference pattern. Then, at each output the collected light
is delivered to a SiPM detector through a multi-mode fiber (1 mm core fiber). The adopted model of
SiPM (S13360-1350CS, Hamamatsu Photonics) is a matrix of 667 cells having a pixel pitch of 50 pum
and operated in the Geiger—Miiller regime with a common output. Each detector output is amplified by

6



10P Publishing

Quantum Sci. Technol. 11 (2026) 035016 S Cassina et al

Phase (rad)

Phase (rad)

—n/2 T T T T
0 20 40 60 80 100

Time (s)

Figure 5. Temporal trace of the extracted phase in two conditions: (a) unlocked interferometer with box open; (b) fast lock
engaged and box closed. Horizontal dashed lines represent a deviation of =7 /4 with respect to the desired phase, correspond-
ing to 0 rad in this figure.

a fast-inverter amplifier (the amplification gain is equal to 17 dB), synchronously integrated by a boxcar-
gated integrator over a 10 ns long gate centered around the peak, digitized and acquired at a repetition
rate of 5 KHz. The short integration window is adopted to reduce the contributions of dark counts and
optical crosstalk, which generally affect the SiPMs. Indeed, by performing a dark measurement of 10°
samples, we experimentally get a value of about 0.3% of dark counts for the two employed detectors,
while the contribution of crosstalk effect is below 1%. It is important to notice that the adopted boxcar-
gated integrators represent the main limitation in terms of bandwidth (100 MHz) and noise, not allow-
ing the reliable detection of light with mean number of photons lower than 0.5 [44]. Reversely, the max-
imum detectable mean number of photons is equal to ~15. This means that, for smaller energy values
or larger ones, a different acquisition system should be used.

3.2. Lock characterization

The primary purpose of the feedback loop is to eliminate slow drifts of the interferometric phase, which
would otherwise prevent stable operation of the receiver over the timescales required for data acquisi-
tion. To characterize the lock performance, we extract the phase from the photodiode output signal by
normalizing the fringe intensity between its minimum and maximum values and applying an arccosine
transformation. The resulting phase time series is then analyzed both in the time domain, through the
Allan deviation [45], and in the frequency domain, through the amplitude spectral density (ASD).

The piezoelectric actuator employed in the feedback loop has a mechanical response limited to
approximately 10 Hz, which sets an upper bound on the bandwidth of perturbations that can be actively
corrected. We test two feedback configurations: a slow lock, in which only the integral gain is active with
a value chosen to compensate for the drift, and a fast lock, in which a proportional term is added to
minimize the residual phase noise within the actuator bandwidth. In addition to the active stabilization,
we evaluate the effect of a closed box placed around the interferometer, designed to shield the setup
from air currents and, to some extent, from environmental acoustic noise. Both feedback configurations
are tested with the box either open or closed, resulting in a total of four operating conditions.

In figure 5 we show two representative temporal traces of the extracted phase, corresponding to the
two extreme operating conditions. In panel (a) we present the unlocked interferometer with the box
open: the phase exhibits both fast fluctuations and a pronounced slow drift. On the other hand, in panel
(b) we show the phase recorded with the fast lock engaged and the box closed. In this case the drift is
fully suppressed, while the residual fluctuations show a similar amplitude.

The effect of the different operating conditions on the phase stability is first assessed through the
overlapping Allan deviation. The Allan deviation o(7) is a statistical measure, widely used in frequency
metrology, that quantifies the stability of a signal as a function of the averaging time 7 [45]. For a phase
time series ¢(f), it is defined as 0*(7) = 3755 ((¢(t+ 27) — 2¢(t+ 7) + ¢(1))*). When plotted on a log-log
scale, the Allan deviation provides a direct visualization of the dominant instability mechanisms at each
timescale: a decreasing o (7) indicates that the noise averages down with longer integration, as expected

7
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Figure 6. Graph of the overlapping Allan deviation curves for the four operating conditions: blue, lock off and box open; red,

lock off and box closed; green, lock on and box open; purple, lock on and box closed. Solid lines are obtained as the averages of
10 independent measurements of Allan deviation, while shaded regions represent the corresponding standard deviation.
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Figure 7. Graph of the ASD for three operating conditions: blue, lock off and box open; green, lock on and box open; purple,
lock on and box closed.

for uncorrelated perturbations, while an increasing o(7) signals the onset of drift or other long-term sys-
tematic effects. The minimum of the curve identifies the optimal averaging time, beyond which further
integration tends to worsen rather than improve the phase estimate.

The Allan deviation measured with lock on or off and box open or closed in the four operating
conditions is shown in figure 6. Comparing the curves reveals that neither the fast lock alone nor the
box alone is sufficient to completely suppress the long-term fluctuations: only the combination of the
fast lock with the closed box yields a monotonically decreasing Allan deviation over the full range of
observed averaging times, indicating effective drift removal and reduced environmental coupling. The
slow lock provides some degree of compensation of drifts, but its peformance is overall lower than the
one of the fast lock, thus it is not considered anymore from now on.

The frequency content of the phase noise is further investigated through the ASD, which repre-
sents the square root of the power spectral density of the phase fluctuations and is expressed in units
of rad/v/Hz. The ASD provides a decomposition of the total phase noise into its spectral components,
allowing one to identify the frequencies at which specific perturbation sources contribute most signif-
icantly. The ASD measured in the different operating conditions is shown in figure 7. The ASD cor-
responding to lock off and box closed is very similar to the one of lock off and box open, and is not
plotted to improve the clarity of the figure. Two prominent spectral features are observed: a broad peak
around 20 Hz and a contribution near 200 Hz. We attribute the former to mechanical vibrations trans-
mitted through the floor to the optical table. This assignment is supported by the observation that
deflating the pneumatic legs of the optical table leads to an increase of the 20 Hz peak, while the 200 Hz
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Figure 8. Photon-number difference for detected photons in the cases of | + ) (blue dots) and | — &) (red dots) for two
different choices of the mean value of signal: in panel (a) () = 4.13, while in panel (b) (msg) = 1.78. In both panels
(mro) = 12.5. Colored dots: experimental data; colored solid lines: theoretical expectations according to equation (8).

feature remains unchanged. The latter contribution is tentatively attributed to acoustic noise in the lab-
oratory environment. While the box does not produce a significant reduction of this spectral feature—
consistent with the fact that it is not airtight and is primarily designed to shield the setup from air cur-
rents rather than to provide acoustic isolation—its origin is consistent with the frequency range typ-
ical of environmental acoustic noise. When the fast lock is engaged, the ASD shows a clear reduction
of the spectral density below 10 Hz, in agreement with the actuator bandwidth and consistent with the
improvement observed in the Allan deviation at long averaging times.

Opverall, the feedback system fulfills its primary function of eliminating the interferometric drift,
while the residual phase noise is determined by environmental perturbations that lie beyond the actu-
ator bandwidth. The RMS phase noise, evaluated from the temporal traces, decreases from 0.30 rad in
the unlocked condition to 0.25 rad with the fast lock and closed box. The latter value is substantially
smaller than the /2 phase separation between adjacent states in the quaternary encoding, ensuring that
the phase noise does not significantly affect the discrimination between the four coherent states. Hence,
in the following we implement a proof-of-principle experiment in which the 4-state encoding is obtained
with the system locked and taking into account the corresponding phase noise.

3.3. Phase characterization

As discussed in section 2, the WF receiever is used to detect coherent states with the same amplitude
and different phases by measuring the number of photons at the two outputs of the interferometer. To
prepare the QPSK encoding, we first align the two SiPMs on the fringes corresponding to one of the
states | == ) and save a measurement in both conditions. In particular, for each experimental configu-
ration, 2 - 10° consecutive pulses are acquired. By applying the self-consistent method [46] to the two
outputs of the detection chain, it is possible to reconstruct the statistical properties of light in terms of
detected photons. For instance, we can calculate the mean values of the maximum and minimum values
of both states and estimate the imperfect overlap by using equations (9). Moreover, these values allow
us to determine the expected intensity values corresponding to the desired phase shifts, corrected for the
imperfect visibility. To set the phase shifts (and also to swap from |+ &) to | — «)), we properly change
the setpoint and sign of the PI controller. Since this procedure alone is not enough to obtain the exact
desired values, small mechanical adjustments in the setup are also required for each state. As anticipated
in section 2, in this work we aim at comparing the results obtained using | & ), shifted by 7, and the
four states generated by applying to state |+ «) the shifts ¢g =7/8, ¢y =7/8+7/2, ¢ =7/8+37/2,
and ¢3 = —m/8. The procedure described above is repeated for a fixed choice of the LO intensity, set
roughly equal to (mro) = 12.5, and different values of the signal intensity. This variation is obtained by
rotating the neutral density filter (VND in figure 4) on its arm, taking care to always work within the
homodyne limit [11, 12].

For instance, in the two panels of figure 8 we show the reconstructed photon-number difference for
detected photons in the case of |+ «) and in the case of | — ) for two different choices of the mean
value of signal. We can notice that the lower the mean value, the larger the superposition and thus
the harder the discrimination. Moreover, in both panels the distribution corresponding to state | — «)
(shown in red) is slightly higher than the distribution corresponding to state | + ) (shown in blue) as a
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Figure 9. Photon-number difference for detected photons in the case of the QPSK encoding for two different choices of the mean
value of signal: in panel (a) (mg) = 4.13, while in panel (b) (mgg) = 1.78. In both panels (m10) = 12.5. Blue dots correspond
to ¢, red dots to ¢1, green dots to ¢, and purple dots to ¢3. Colored dots: experimental data; colored solid lines: theoretical
expectations according to equation (8).

consequence of the fact that the maximum intensities measured by the two SiPMs are not exactly equal
because of slightly differences in the efficiency of the two detection chains. The theoretical expectations
according to Skellam distribution in equation (8) are properly superimposed on each experimental dis-
tribution. The agreement between them is proved by the high values of the fidelity parameter, which is
defined as f ="' _ pn(m)pexp(m), where p(m) and pey,(m) are the theoretical and experimental dis-
tributions, respectively, and the sum extends up to the maximum number of detected photons, 1, above
which both pg(m) and pex, (m) become negligible. Indeed, values of f larger than 0.999 can be obtained.

The same analysis has been performed for the other 4 phases, as shown in the two panels of figure 9
for two different choices of the mean value of signal. In the figure, the experimental data are represented
as dots, while the theoretical expectations are displayed as solid lines. Also in this case, according to the
high values of the fidelity parameter, the experimental data are in agreement with theory. By comparing
figures 8 and 9, it is evident that increasing the number of phase shifts the overlap between two curves
increases. This behavior is more evident in panel (b), where the mean value of the signal is lower than
in panel (a). While this translates into a difficulty in properly discriminating between two states [47], on
the other hand it increases the MI between Alice and Bob, i.e. the two parties communicating with each
other.

3.4. Evaluation of MI

In order to prove this statement, we perform an analysis of the MI as a function of the losses affect-
ing the signal, by keeping fixed the value of LO at the homodyne limit. In particular, we directly com-
pare the results of MI obtained by considering our WF receiver for BPSK (binary communication)

and QPSK (quaternary one). At the same time, we present a comparison with the standard homo-
dyne receiver. The analyzed dataset is composed of seven different signal intensities, each of which has
been acquired through four repetitions of 5- 10* measurements. The average values of MI are shown

in figure 10 as a function of losses introduced in the signal arm. The binary encoding is represented by
the green dots, while 4-state encoding by the blue dots. We calculate the theoretical WF behavior, intro-
ducing the phase noise that characterizes our setup in the model, and assuming an imperfect overlap
ranging from £ =1 (solid upper curve) and & = 0.845 (solid lower curve). We can observe that all the
data fall within the bands delimited by these curves. Moreover, for loss values lower than 2 dB, the MI
obtained by the 4-state encoding is higher than the one obtained with the binary encoding, as already
shown in figure 3. Such a behavior is expected also in the case of standard homodyne detection, which
is shown in figure 10 as dashed curve for both the encodings. In addition, a direct comparison between
the WF receiver and the standard homodyne one proves that, being all the other parameters the same,
the photon-number resolution can be more advantageous in the case of imperfect overlap, at least in the
explored region of low losses.
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Figure 10. Mutual information as a function of the losses affecting the signal for BPSK (green) and QPSK (blue) encodings. Dots:
experimental data, solid curves: theoretical expectation in the case of WF receiver, dashed curves: theoretical expectation in the
case of standard homodyne receiver. For both the theoretical expectations the upper curve refers to £ = 1, while the lower curve
to & = 0.845. The colored bands identify the region between these two conditions.

4. Application to CVQKD

The results obtained from the proof-of-principle experiment prove that classical information encoding
over larger alphabets enables the possibility to reach higher values of MI even in the presence of single-
quadrature detection schemes. This suggests to also possibly address the application of the proposed
QPSK-WEF protocol for other quantum communication tasks, e.g. CVQKD, where, now, Alice’s and Bob’s
goal is to share a common secure random key rather than transmitting a classical message [34].Given
the non-Gaussianity of the receiver, evaluating unconditional security for CVQKD represents nontriv-
ial task, as the Gaussian-attack optimality theorem [34, 48, 49] does not hold and nonconvex numerical
optimization approaches should be adopted [50]. However, as a fundamental test, here we consider the
same above-described quantum optical communication setup, addressing CVQKD over a wiretap com-
munication channel, where a third party, Eve, is performing beam-splitting attacks to collect the channel
losses [16, 51]. Although being a restricted eavesdropping scenario, it represents a feasible attack strat-
egy, being still of interest for several practical implementations, e.g. long-distance fiber-optical links and
free-space channels [52]. This approach becomes also particularly valuable in specific scenarios where

a single system can jointly support both the functionalities of classical optical communication and CV-
QKD [53, 54]. In more detail, here we assume that Eve has only access to the fraction of the coherent
signals {|v/1 — Tou) k=o,... m—1 lost during channel transmission and that she performs collective attacks
based on joint collective measurements over many stolen signals in the reverse reconciliation scenario
[11]. Under all these conditions, the key generation rate (KGR) reads

KGR =1I(A;B) — x (B;E), (16)

X(B; E) being the Holevo information between Bob and Eve, namely the maximum information that
can be extracted from the ensemble of eavesdropped signals according to quantum mechanics laws [34],
and equal to x(B;E) = S(E) — S(E|B), where S(E) and S(E|B) are the unconditional (conditional) von
Neumann entropies S[p] = —Tr[plog,(p)] at Eve’s side, respectively. After straightforward calculation, we

find S(E) = S[pz), where pg = Sy gl /T — Tay)(v/1— Tey|, and

S(E|B) = ZPWF (n,m) S [pE\(n,m)} y (17)

with the pwg(n,m) in equation (12), and

M—1
PE|(n,m) = m kz:; gk pwr (1, m|a) ‘V 1— Tak> <v 1-— Tak‘ (18)

being the corresponding conditional state received by Eve [9, 12]. In figure 11 we compare the KGR in
both the BPSK and QPSK cases as a function of the losses affecting the signal. It is well evident that,
for the selected feasible values of signal and LO amplitudes, 4-state modulation outperforms the binary

11



10P Publishing

Quantum Sci. Technol. 11 (2026) 035016 S Cassina et al

10° 4
1071 4
1072 4
1073 4

1074 4

KGR

10—5 4
1076 4

1077 4

1078

0 2 4 (‘5 8 10 12 14 16
Losses (dB)

Figure 11. KGR as a function of the losses on the signal for BPSK (green curve) and QPSK (blue curve) modulation. The KGR is
calculated in the case of collective attacks in the reverse reconciliation scenario.

case at all values of losses, even in the regimes where the MI exhibits an opposite behavior. Incindentally,
QPSK significanlty increases the KGR for high losses, thus reinforcing the need of larger coherent-state
constellations in view of practical long-distance communication protocols. Moreover, as already noticed
in [12], a realistic implementation of CVQKD protocols requires random-data encoding in datasets with
large enough size so as to avoid unwanted KGR drop due to finite-size effects. This requirement is par-
ticularly important in high-loss regime, and further implies the need of a fast acquisition system. Taking
into account the recovery time of SiPMs (which is on the order of 5-10 ns) the maximum acquisition
rate is set to 200 MHz, unless active quenching systems are exploited to further increase that rate [55].

Thus, work is now in progress to develop a new detection chain capable of operating at higher fre-
quencies and also less noisy than the one used in the proof-of-principle experiment. Furthermore, to
improve the effectivness of the receiver in the case of a larger alphabet it would be advisable to imple-
ment a double WF receiver [56] based on the use of four SiPMs instead of only two in order to perform
for the first time WF double-homodyne detection, thus jointly probing the two orthogonal field quadra-
tures %, p. This choice would make the receiver more versatile and fast, paving the way for efficient non-
Gaussian quantum communication protocols in all energy regimes [22].

5. Conclusions

In this work, we have proposed a non-Gaussian quantum receiver that implements WF homodyne mea-
surement with SiPM-based PNR detectors and mesoscopic LO. The receiver jointly probes both the
particle- and wave- like properties of the signal, encompassing both the traditional homodyne mea-
surement (in the limit of high-intensity LO) and the direct detection, i.e. photon counting, (as LO
approaches 0). Therefore, from both theoretical and practical sides, it represents an alternative technol-
ogy to conventional homodyne, thanks to the use of efficient and compact PNR detectors in place of
conventional p—i—n photodiodes.

At first, we have performed a comprehensive theoretical study of the proposed measurement, prov-
ing it to be described by a non-Gaussian 1-rank POVM, that asymptotically approaches conventional
Gaussian detection in the limit of large LO. Thereafter, we have investigated its application to quantum
communications, namely to detect QPSK encoding of coherent states. The adopted PSK encoding has
also suggested a study of the phase noise sources that have been characterized and partially reduced by
means of a feedback system. Moreover, we have reconstructed the shared MI between the users from the
experimentally measured PNR statistics and demonstrated a larger amount of shared information with
respect to the BPSK scheme for low channel losses even in the presence of single-quadrature WF detec-
tion. Finally, we have also addressed the WF performance in a CVQKD scenario under beam splitting
attack, obtaining analogous conclusions.

Our results show a WF receiver with finite LO to approach a homodyne receiver, that provides the
benchmark case study for PSK protocols, proving PNR-based detectors as a feasible alternative. The
increase of the encoding alphabet, even though it requires precise control of the phase value, represents
a crucial step towards the implementation of both quantum optical communication and CVQKD, where
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QPSK is shown to significantly outperform BPSK. Furthermore, our WF scheme provides a more gen-
eral setup for higher-order constellations beyond PSK, e.g. QAM and APSK, where a hybrid receiver,
that jointly probes signal amplitude and phase, is expected to surpass the homodyne performance and
bring a genuine quantum advantage. Alternatively, the WF receiver also candidates as a more power-
ful and robust strategy for noisy non-Gaussian channels, as discussed in [6, 15, 57], where it has been
demonstrated that non-Gaussian measurements based on PNR detection of coherently displaced signals
are a key ingredient to optimize communication over phase noise channels. Work is now in progress to
improve the repetition rate at which the receiver can operate and to reduce the noise of the source as
well as of the acquisition system in order to make the WF detection system more reliable and effective.
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Appendix. Explicit derivation of the weak-field (WF) measurement
positive-operator-valued measure (POVM)

In this appendix we report the detailed calculation to obtain the Fock-state expansion of the WF
measurement vectors in equation (5). At first, we start from equation (3) and evaluate the quan-
tity ,(m|Uup(7)|2)p. By recalling the Baker—Campbell-Hausdorff formula for the BS operator in anti-

normal order Uy (7) =e™V 1%T“bf(\ﬁ)‘ﬁ"_mbe =74t [58, 59], and the properties e_ln(V)m’\zﬁ, =
e_zz/2+zz/(2'yz)|z/7)b and e~ In(Ma'ageln(ma'a — ~ 5 \we obtain:

=72 /2

vmlrm

o (| Uss () |2 = ()" (2= v/ (T=7)a) &V T (A1)

and then:

[mm)a = (o{m|Uas (7) |2)s) )
—2/2 m
S n—m 1—7
- (V7)) eV e (zf T fT)aT) In)a. (A2)
Finally, after expansion of the Newton binomial and subsequent cumbersome calculation, we re-express
the measurement vectors as:

— n+m m
e—Z/2

_ sy i+ )
[Vm) = N (\F) ZZ+Z Z |:]'(m—])'(1’l—|-]—5)'

s=0 j=0 s=nj=s—n

gin—s TN
x (_ 7'(1—7')) - s) (A3)

where the pedix a has been omitted for simplicity. Evaluation of the sum over index j then yields
equation (5).

In the high local oscillator (LO) limit z — oo it is also useful to introduce the difference and sum
photocurrent operators:

A=ctc—dd=apf —a'b,
6=cct+dd=a'at+b'b, (A.4)

from the output branches operators ¢ = (a+b)/v/2 and d = (b — a)/+/2 introduced in section 2.2, and
re-parameterize the coefficients Cy(n,m) in terms of the outcomes A =#n —m and o = n+ m. Moreover,
for a macroscopic LO, the two photon-number-resolving detectors are likely to retrieve large values of
both n and m, therefore we may extend the sum in equation (4) to ) .~ and safely consider condition
0 < s< nin equation (5) to be satisfied for all s, while coefficients for # < s < n+ m vanish. In turn, for
large z, the expression of C;(n,m) reduces to:

e—7/2,0—s (g)! (M)[
Cs(n,m) ~ X 2 2
" AR A a8 (B )
x2F1<A2_J,1+UJ;A,1s+J§A,;>. (A.5)

We further note that if (b'b) = 2 > (a'a), the sum photocurrent operator acts as a c-number & = 22,
implying its outcomes o = 1+ m to behave as continuous random variable peaked around z* and
independent of the signal mode, so that condition z — oo is equivalent to take the limit ¢ — co in
equation (A.5). Under such limit, we perform further simplifications. First of all, thanks to Stirling
approximation, the factorial terms become:

(A.6)

and

(ﬂ)! c+A\ o+ A o+ A AN
ey () () ()6 w
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where we keep only the leading-order terms o< A/4/c, and neglect the ones that scale as O(A /o).
Thereafter, we manipulate the hypergeometric function. First, we use the Pfaff transformation
2Fi(a,b,c,z) = (1—2z) % Fi(a,c—b,x,z/(z— 1)) to obtain:

A—o o+ A c+A 1 Ao A—o o+ A

2F1( ) ,1+ ) ,1—5+2,2>_2 2 2F1<2,—571—S+2,—1>, (AS)
where the argument —s guarantees the function to be a finite polynomial of order s. Then, by invoking
the Szeg6 limit theorems, we prove that the former hypergeometric function asymptotically converges to
the Hermite polynomial of order s in the rescaled (continuous) variable

£ (A.9)
X = 5 .
V20
that is:
A— A 2\*/?
2F1< 7 15+ 2t ,—1> — <> H,(x) . (A.10)
2 2 oc—o00 \ O

Accordingly, equation (A.5) is simplified to:

—2/2 s .2\ °/2 s/2
Cs (n,m) ~ e(g)| (2) (%) e—xz/z%. (A.11)
2/" .

Finally, given that o &~z in the limit z — oo, we have 0/z> ~ 1 and x ~ A/v/222, and we perform
Gaussian approximation of the Poisson-like term e=%/2(22/2)7/2/(c/2)! to finally get:

e~ (7=2)"/(42) [e=2/2 1, (x)

771/4(222)1/2 /4 /25 x:A/(\/Ez)’

Cs(n,m (A.12)

that yields equation (6).
In summary, in the limit of high-intensity LO, the WF detection measurement vectors approach:

A

that reproduce homodyne detection through measurement of the rescaled difference photocurrent A,
while the sum photocurrent o turns out to be signal-mode independent, carrying information on the
sole LO beam, and thus behaving as a (continuous) Gaussian classical random variable of mean z* and
variance z°. In turn, the normalization condition for the WF POVM in this limit becomes:

2
(0722

e 42 1

|wﬂm> ~ (27‘(‘22)1/4 (222)1/4

2\2

(o=

/do’dA‘l/}nm><¢nm| :/]RdUEZWZ;Z)Zl/Z (A.14)
A A A
X/Rd(ﬁ) \x: ﬁz><x: v (A13)

where we used the identity resolution [ dx|x) (x| =L
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