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Observation of Rabi-oscillation-driven cyclical noise squeezing in active quantum dot ensembles
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Squeezed light is usually generated using parametric processes in various nonlinear materials. Semiconductor
lasers and optical amplifiers (SOAs) also offer nonlinearities, but they differ in that they add amplified spon-
taneous emission originating from population inversion, which represents a thermal state. Squeezing to below
the vacuum level has been demonstrated in a semiconductor laser, and gain saturation in SOAs can likewise
reduce field amplitude fluctuations to below the vacuum limit. Here, we demonstrate that Rabi oscillations
in room-temperature quantum dot SOAs induced by short resonant pulses cause cyclical noise modification
that repeats with every change of 2π in pulse area. Homodyne measurements reveal in those cases elliptical
Wigner functions corresponding to displaced squeezed thermal states and in some cases those corresponding
to squeezing below the vacuum level. At other pulse areas, the Wigner functions are circular representing
displaced thermal states. This periodic behavior persists over two orders of magnitude in input pulse energy.
Under specific bias and excitation conditions, we further observe a non-Gaussian Wigner function featuring
two bright lobes. Such a Wigner function does not represent any known quantum state. It resembles though a
Schrödinger catlike non-Gaussian state, and we speculate that the accompanying negativity is suppressed due
to an approximately 10 dB optical output loss. This speculation is confirmed by a simulation. Notably, the
emergence of this non-Gaussian state is itself periodic in excitation pulse energy.

DOI: 10.1103/7qbs-778n

I. INTRODUCTION

Squeezed light is a nonclassical state of an optical signal
in which the uncertainty in one quadrature (e.g., the field
amplitude) is reduced at the expense of the other quadrature
(the phase), while obeying the Heisenberg uncertainty [1–3].
Squeezed optical signals allow for improved quantum sens-
ing, computation, and communication [4–9]. Generation of
squeezed light requires a strong nonlinearity, which is most
often implemented in χ (2) or χ (3) materials [10–14].

Strong nonlinearities are also available in optically active
semiconductor devices such as lasers and optical amplifiers.
Such optically active media differ from passive materials in
that they add amplified spontaneous emission (ASE) noise.
The nonlinearity in an active device, and its consequent abil-
ity to squeeze the noise, stems from saturation, which is
determined, in turn, by the medium dynamical properties.
The dynamics of semiconductor devices are fast, and this
has a major impact on the noise properties under saturated
conditions [15–17].
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Squeezing in a dc driven semiconductor laser was demon-
strated by Y. Yamamoto’s group several decades ago [18,19].
Similar squeezing levels were achieved in A. Yariv’s group
by applying a weak dispersive feedback to the laser [20]. A
recent paper [21] reported squeezing in a quantum dot (QD)
laser driven by an ultralow-noise current source. A model
for squeezing in semiconductor lasers was described in Ref.
[22]. The noise of a saturated semiconductor laser and optical
amplifier (SOA) was shown both theoretically and experimen-
tally to exhibit a spectral hole in the spectral vicinity of the
saturating signal [15,23,24]. Clear narrowing of the statisti-
cal distribution of the power spectral density in a saturated
SOA was demonstrated experimentally for continuous waves
(CWs) [25] as well as pulse [26] excitations, and confirmed
by a simulation [27].

Ultrashort pulse propagation in an SOA induces several
nonlinear coherent interactions [28]. Once the pulses are suffi-
ciently intense and their duration is short in comparison to the
semiconductor coherence time (which is roughly 1 ps at room
temperature [29]), they induce coherent interactions such as
Rabi oscillations, which were demonstrated experimentally
mainly in QD SOAs [28,30–32], but also in a quantum cas-
cade laser [33], and were modeled for quantum well SOAs
[34]. This means that as the pulse propagates, the SOA os-
cillates between gain and absorption on the timescale of the
pulse. This leaves a direct imprint on the temporal profiles
of the amplitude and phase of the SOA output pulse. The
carrier density in the SOA also oscillates and this affects
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the amplified spontaneous emission noise accompanying the
pulse.

We demonstrate here, a direct interplay between Rabi os-
cillations and noise in a QD SOA operating at 1550 nm and
at room temperature. To induce Rabi oscillations, we excite
the QD SOA with resonant 100 fs pulses and characterize the
noise of the resulting output pulses using homodyne detec-
tion, where a replica of the excitation pulse acts as the local
oscillator (LO). During the portions of the Rabi cycle when
the quantum dots provide gain, the uncertainty in the field
amplitude is reduced, yielding an elliptical Wigner function.
The Wigner function is a common graphical representation
describing quantum states. It is obtained by a mathematical
analysis of the output of a homodyne measurement. Negative
regions in the Wigner function represent a true quantum state
that cannot be described by any classical probability distri-
bution [35]. We highlight two key results. First, the noise
modification is cyclical with the input pulse excitation energy
repeating with every fourfold increase of the pulse energy,
which amounts to a 2π increase in pulse area, namely, a full
cycle on the Bloch sphere. This periodic behavior extends
over a very wide range of excitation pulse energies, from
1.58 to 158 pJ. Some of these elliptical Wigner functions
represent states that are squeezed to below the vacuum level,
and others describe displaced squeezed thermal states [36].
The latter are elliptical Wigner functions that are placed away
from the origin, where the variance of one quadrature is equal
to or smaller than that of the thermal state. Other pulse areas
yield circular or slightly elliptical Wigner functions describing
displaced thermal states [37] resulting from the addition of the
SOA’s ASE.

Second, in some cases, the obtained Wigner function is
non-Gaussian comprising two separated bright lobes. Such
a Wigner function does not represent any known quantum
state. We speculate that it describes a Schrödinger catlike
non-Gaussian state where the corresponding negativity is not
observable due to a 10 dB output optical loss as predicted
in Ref. [38]. There are various contributions to the total loss
budget. Input coupling and collection to and from the am-
plifier amount to 6.5 dB, which were carefully measured.
Measured propagation losses through the optical system in-
cluding spectral filtering add 1.5 dB. The detector efficiency
stated by the manufacturer (in units of A/W) and confirmed by
measurements is 0.95 (−0.25 dB) at a wavelength of 1550 nm,
corresponding to a calculated photodetection quantum effi-
ciency of approximately 76%. The imperfect overlap between
the interfering beams can only be estimated. It is assumed to
be roughly 0.6, which adds another 2.25 dB. The total loss is
therefore 10.5 dB, but since there are slight uncertainties we
consider this as an upper limit and use 10 dB as the total loss
of the optical system.

Finally, the observation of this non-Gaussian state is also
cyclical, recurring with a 2π increase in pulse area.

II. RESULTS

A. Observation of cyclical noise squeezing

The experimental setup for homodyne characterization
of ultrashort pulses following coherent interaction with a

FIG. 1. Experimental setup for homodyne detection of femtosec-
ond pulses following the interaction with a QD ensemble. The two
small insets show exemplary Wigner functions of a thermal state
(stemming from the spontaneous emission noise) and of a squeezed
state.

room-temperature QD SOA is shown in Fig. 1. A 100 fs laser
pulse is split with one part serving as the LO, while the second
is coupled to a QD optical amplifier. The QD SOA comprises
six layers of high-density, 6 × 1010 cm−2, InAs QDs grown
by molecular beam epitaxy in the Stranski-Krastanow mode.
The optical amplifier was fabricated as a 2 µm wide, 1.5 mm
long ridge waveguide whose end facets were antireflection
coated. Further details of the device fabrication and character-
ization are given in Ref. [39]. The amplifier was operated with
a dc bias of 7 kA/cm2. This bias level is roughly three times
higher than the original device threshold [before antireflection
(AR) coating] and provides a gain of 20 dB. The gain dictates
the effective dipole moment and together with the excitation
pulse electrical field intensity determines the Rabi frequency
and hence nature of the cyclical gain and noise squeezing.

The LO is shot noise limited as shown in Appendix A. Fol-
lowing the interaction with the QD SOA, the transmitted field
(signal) is recombined with the LO, whose relative phase is
controlled via an optical delay line. The resulting interference
is detected by a balanced photodetector, and the difference
signal is recorded using an oscilloscope.

Scanning the LO phase over 2π radians for about one
thousand times yields a histogram of the current uncertainty.
The histogram is transformed into a Wigner function using the
inverse Radon transform [40]. This transform is intended for
CW or narrow-spectrum signal. The spectral width of the 100
fs excitation pulses is roughly 3% of the optical frequency, and
hence, the assumption of a narrow band signal is valid. The
insets in Fig. 1 show, respectively, the Wigner functions of
the ASE noise under linear conditions, namely, with no input
signal, and of a typical squeezed state.

The homodyne system serves also as a cross-correlator
where the LO pulse samples the signal pulses after propagat-
ing through the QD gain medium while the relative temporal
delay between them is scanned. Such cross-correlations for
three different excitation pulse energies are shown in the
left column of Fig. 2. The cross-correlations reveal that the
100 fs excitation pulse broadens to about 1 ps and attains
an amplitude profile resembling the results measured using
cross-correlation frequency-resolved optical gating [30]. Ho-
modyne measurements were performed with the LO sampling
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FIG. 2. Measurements of the homodyne system for three different excitation pulse energies. The left column represents the measured
temporal correlation between the LO and the signal. The middle column represents the histogram of the normalized output current of the
balanced photodetector as a function of the LO phase measured at the vicinity of 0 ps, i.e., the trailing peak, which is indicated by the
dashed line in the correlation graph. The right column describes the corresponding Wigner functions. X and P are the quadratures for which
X 2 + P2 − 1

2 equals the photon number.

the signal at different temporal locations. The center column
of Fig. 2 describes histograms of the normalized output cur-
rent of the balanced photodetector as a function of the LO
phase, measured at the trailing peak (dashed line at 0 ps). The
corresponding extracted Wigner functions are depicted in the
right column, revealing a clear dependence on the input pulse
energy. The circular function at 6.3 and the slightly elliptical
function at 25 pJ represent displaced thermal states. However,
at 12.5 pJ it exhibits a clear elliptical function characteristic
of a displaced squeezed thermal state. At any other temporal
position, the Wigner functions for all excitation pulse energies
exhibit displaced thermal states.

The dependence on pulse excitation energy was examined
in detail with the results shown in Fig. 3. The upper left panel
shows for reference the circular Wigner distributions of the
vacuum and the ASE. Three Wigner functions, measured at
1.56, 6.28, and 9.95 pJ, are basically circular (or are slightly
elliptical) describing displaced thermal states. Their distribu-
tion is equal to or slightly wider than the standard deviation
of the ASE, which is shown in a green circle. The Wigner
functions for 3.96 and 15.8 pJ are elliptical. At 3.96 pJ, the
system yields a displaced squeezed thermal state. Increasing
the input energy by a factor of 4 to 15.8 pJ results in a Wigner

function that is squeezed to below the vacuum level (shown as
a red circle) in a quadrature close to X .

The experiments were repeated at a range of larger input
energies, from 9.95 to 158 pJ, under conditions of somewhat
lower input coupling efficiencies to the QD SOA. The results
are shown in Fig. 4.

The cyclical nature, with the same fourfold periodicity
of the excitation energies, is maintained for 9.95, 35.3, and
125 pJ, yielding elliptical Wigner functions. The narrow axis
in those is similar to the standard deviation of the ASE dis-
tribution (shown in green circles). Therefore, they do not
represent squeezing but rather displaced squeezed thermal
states. The higher energies yield multiple Rabi cycles, each
contributing a different degree of saturation, and hence, the
cumulative effect of the noise modification is less efficient.
Moreover, under high excitation energies, nonlinearities such
as two-photon absorption modify the saturation properties and
hence the nature of the noise modification. The other Wigner
functions in the figure describe once more displaced thermal
states. Some elliptical Wigner functions in Figs. 3 and 4, in
particular, for the higher excitation energies, are tilted. This
means that in addition to the obvious relationship between
the field amplitude and the phase uncertainties, there exists
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FIG. 3. Excitation-energy-dependent Wigner functions. The upper left panel shows the Wigner distributions of the vacuum (red) and the
ASE (green). At 1.56, 6.28, and 9.95 pJ, the Wigner functions are circular. They are equal to or slightly wider than the standard deviation
of a Gaussian distribution fit of the Wigner function describing the ASE (green circle), and represent displaced thermal states. The Wigner
functions at 3.96 and 15.8 pJ are elliptical. The 3.96 pJ case represents a displaced squeezed thermal state. However, at an excitation energy
four times larger, namely, at 15.8 pJ, the state is squeezed in a quadrature close to X .

a nonlinear coupling between them. This is a consequence of
the power dependence of the Henry α parameter [41,42].

The cyclical nature of the squeezing is summarized in
Fig. 5. The red and blue dots represent the low- and high-
energy ranges, respectively. The elliptical Wigner functions
are highlighted by circles. Each Wigner distribution was fitted
to a two-dimensional (2D) Gaussian distribution with six pa-
rameters, and the squeezing ratio shown is the square root of
the ratio between the maximum and minimum eigenvalues of
the covariance matrix. The parameter fitting errors [43] were
propagated to the evaluation of eigenvalues and the squeezing
ratio, and the latter’s error is denoted by error bars.

The noise properties of the output pulse are clearly cyclical
with a periodicity of 4 in the excitation energy or 2π in
the pulse area. The physical explanation to this observation
stems from the point that the excitation pulse duration (100 fs)
is significantly shorter than the room temperature coherence
time (about 1 ps) and the dephasing time (roughly 5 ps) of
the quantum dots. Such conditions drive the quantum dots
into the coherent regime where the pulse area determines the
nature of the optically active transition. As the pulse prop-
agates through the gain medium, the quantum dot ensemble

is driven through successive cycles of stimulated absorption
and stimulated emission, which lead to a periodic dependence
of the output field [28]. Noise squeezing occurs only when
the system exhibits gain (and gain saturation) and hence the
noise accompanying the signal attains the observed cyclical
behavior with excitation energy.

In a separate experiment under different operating condi-
tions and coupling losses, a clear squeezed state was observed
at an input pulse energy of 25 pJ as seen in Fig. 6(a). Fig-
ure 6(b) shows a contour plot of the Wigner (in blue) and
vacuum (in red) distributions. The fact that the local oscillator
was shot noise limited, as described in Appendix A, ensures
that the state is unequivocally squeezed [44].

B. Generation of non-Gaussian state

Under excitation energies of 44.5 and 187 pJ, the ob-
tained Wigner function is non-Gaussian, as seen in Fig. 7.
This Wigner function that comprises two bright lobes does
not represent any known quantum state. We speculate that
it represents a Schrödinger catlike non-Gaussian state. The
pulse energies at which the non-Gaussian Wigner function is

043131-4



OBSERVATION OF RABI-OSCILLATION-DRIVEN … PHYSICAL REVIEW RESEARCH 8, 043131 (2026)

FIG. 4. Wigner functions for large excitation energies. At 9.95, 35.3, and 125 pJ, the Wigner functions are elliptical, while at 25 and
56 pJ they are circular representing displaced thermal states. At 158 pJ, the Wigner function is slightly elliptical. These are equal to or slightly
larger than the uncertainty of the ASE, shown as green circles. The elliptical Wigner functions are displaced squeezed thermal states with their
narrow axis being similar to the ASE shown in green circles.

observed correspond to pulse areas equal to an integer number
n of full Rabi cycles, followed by an additional quarter-cycle
rotation on the Bloch sphere, namely, 2πn + π/2. These
non-Gaussian states also repeat for every fourfold increase in
excitation energy.

In the assumed Schrödinger catlike non-Gaussian state,
the negative regime is omitted. We speculate that this omis-
sion is due to large output losses. We emphasize that this is
a speculation that is not proven unequivocally. However, a
simulation that assumed a Schrödinger cat state that under-
goes a 10 dB loss strongly suppresses the interference fringes
while preserving the bimodal phase-space structure finally
yielding a Wigner function similar to the measured one, as
described in Fig. 7. The non-Gaussian Wigner function is
observed when the quantum dot gain medium is biased to
transparency. Under those conditions, the quantum dots are
prepared in a coherent superposition of optical coherent states
corresponding to the matter’s ground and excited states. This
leads to competing gain and absorption processes. A final
transparent state collapses then into two distinct dynamical
trajectories on the Bloch sphere during the driven evolution,
giving rise to quantum interference between these pathways.
This interference manifests itself in phase space as a split
Wigner function, which in the absence of loss is expected
to exhibit oscillatory fringes and Wigner negativity signifying
quantum interference.

Observation of Wigner negativity requires that optical
losses are smaller than 50%. In the present experiment, the
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FIG. 5. Squeezing level as a function of excitation pulse energy
for the two energy domains. The red dots correspond to Fig. 3, while
the blue dots describe the data from Fig. 4. Each Wigner distribution
was fitted to a 2D Gaussian distribution, and the squeezing ratio
shown is the square root of the ratio between the maximum and
minimum eigenvalues of the covariance matrix. The points represent-
ing elliptical Wigner functions are highlighted by circles. Parameter
fitting errors are marked by error bars. Note that in all cases, the error
bars are rather small.
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FIG. 6. Squeezed state at an excitation of 25 pJ. (a) Squeezed
Wigner function distribution. The red circle represents the vacuum.
(b) Contour plots of the Wigner distributions of vacuum and dis-
placed squeezed states. The full width at half maximum in the X axis
is reduced from 1.43 for the vacuum state to 1.17 for the squeezed
state. This corresponds to approximately 1.5 dB of quadrature-noise
reduction relative to the vacuum reference.

output losses that result from inefficient collection at the gain
medium output, propagation losses, mode-matching losses,
filtering losses, and detection inefficiencies are large, close
to 10 dB, and hence, the negativity cannot be observed
[38,45,46].

The measured non-Gaussian states are shown in Figs. 7(a)
and 7(b). The non-Gaussian function we assume is shown
in Fig. 7(c). The calculated evolution of this state due to
the output optical loss yields the Wigner function shown in
Fig. 7(d), which is consistent with the measured functions.
The details of the calculation are presented in Appendix B.

III. DISCUSSION

In this work, we demonstrated a direct interplay between
Rabi oscillations in a room-temperature QD SOA, induced
by an ultrashort excitation pulse and noise. Specifically, Rabi
oscillations cause cyclical modifications of the output field
amplitude uncertainty. This effect repeats with every fourfold
increase in the excitation pulse energy, equivalent to a 2π

increment in pulse area amounting to a full cycle on the
Bloch sphere. The noise in those cases takes on a value that
is similar to or slightly smaller than the standard deviation
of the ASE level of a linear amplifier. In some cases, it is
actually squeezed to below the vacuum level. This behavior
was observed for 2 orders of magnitude range of excita-
tion energies. Naturally, the conjugate phase quadrature noise
increases correspondingly.

The underlying mechanism of the cyclical noise modifi-
cation arises from the periodic evolution between gain and
absorption in the QD SOA during Rabi oscillations. The field
amplitude uncertainty is reduced during portions of the Rabi
cycle when the QDs provide gain saturation; otherwise, the
output exhibits the noise properties of a displaced thermal
state. However, there are some specific excitation levels that
yield very unique results. A clear squeezed state and a non-
Gaussian Wigner function were demonstrated.

The latter resembles a Schrödinger catlike non-Gaussian
state where the negativity is omitted, possibly due to a large
optical loss between the SOA output facet and the homodyne
system. Simulations including the measured optical loss show

FIG. 7. Non-Gaussian Wigner functions measured at (a) 44.5 pJ
and (b) 187 pJ (a fourfold increase). This Wigner function does
not represent any known quantum state. However, it resembles a
Schrödinger catlike non-Gaussian state except that the negativity
between the two bright lobes is absent, possibly due to the system
optical losses of 10 dB. (c) Simulated Wigner functions of the cat
state |37.9+5i〉+|40.5−1.3i〉

N (where N is a normalization factor) and (d) the
reconstructed state after undergoing 10 dB of coupling loss.

that such loss would strongly suppress the interference fringes
while preserving the bimodal phase-space structure.

Our findings represent a clear manipulation of noise (am-
plifier added ASE and noise carried by the input signal)
via coherent light-matter interactions. This is a fundamen-
tally new regime of amplifier operation that could enable
engineered noise profiles in active photonic devices. Poten-
tial applications include tailored noise suppression in optical
amplifiers for quantum communication systems or enhanced
sensitivity in measurement schemes where reduced amplitude
noise is crucial.

Future research should explore this effect in cavity-based
systems with tailored feedback. Additionally, incorporating
pulse shaping techniques to precisely control and optimize the
temporal dynamics of the Rabi oscillations [47] may enhance
the noise reduction while opening new avenues for deter-
ministic quantum noise engineering on chip-scale photonic
platforms.

ACKNOWLEDGMENTS

The research was partially supported by the Israel Science
Foundation under Grant No. 1487/26 and by the Hellen Diller
Quantum Center at Technion. We thank Prof. Maria Chekhova
for her insightful suggestions and support throughout this
project. This research was supported by a scholarship spon-
sored by the Ministry of Innovation, Science and Technology,
Israel.

DATA AVAILABILITY

There are no publicly available research data or software
supporting this manuscript. Requests for further information
or data should be sent to the authors.

043131-6



OBSERVATION OF RABI-OSCILLATION-DRIVEN … PHYSICAL REVIEW RESEARCH 8, 043131 (2026)

FIG. 8. The blue trace represents the measured shot noise vari-
ance of the LO as a function of its average power feeding the balance
detector system. The green star represents the power under which
the experiments were performed. Since it is within the linear regime,
the LO was indeed shot noise limited. The red trace represents the
background electrical noise of the system.

APPENDIX A: SHOT NOISE MEASUREMENT

The measurements of squeezed states, described in Figs. 3
and 4, rely on the fact that the LO is shot noise limited. To
this end, we have measured the noise variance of the LO as a
function of its average power. The results are shown in Fig. 8.
The average LO power used in the experiments was 5 µW
(marked by a green star). This power is within the linear range
of the curve proving that the LO was indeed shot noise limited.

APPENDIX B: LOSS INFLUENCE ON QUANTUM STATES

A conventional model for optical loss is a beam splitter
(BS) with a reflection coefficient

√
L � sin(θ ), where L is the

coupling loss. A general BS with two input modes and two
output modes is represented as follows:

(
b̂1

b̂2

)
=

(
cos(θ ) ieiφsin(θ )

ie−iφsin(θ ) cos(θ )

)(
â1

â2

)
, (B1)

where â1, â2 are the annihilation operators of the input modes
and b̂1, b̂2 are the annihilation operators of the output modes.

The annihilation operator â and its conjugate creation op-
erator â† satisfy the standard relations:

â|n〉 = √
n|n − 1〉, (B2)

â†|n〉 = √
n + 1|n + 1〉. (B3)

One can set the phase φ = 0 and write the inverse of the BS
matrix: (

â1

â2

)
=

(
cos(θ ) −isin(θ )

−isin(θ ) cos(θ )

)(
b̂1

b̂2

)
. (B4)

Consequently, the input annihilation operators are expressed
in terms of the output operators as

â1 = cos(θ )b̂1 − isin(θ )b̂2, (B5)

â2 = −isin(θ )b̂1 + cos(θ )b̂2. (B6)

Consider an initial state consisting of a Fock state |n〉 in input
mode 1 (ρinit = |n〉〈n|) and the vacuum state in input mode
2. Under the BS operation, the state evolves according to
Eq. (B5):

|n, 0〉 = (â†
1)n

√
n!

|0, 0〉

−→ |�BS〉 = (cos(θ )b̂†
1 + isin(θ )b̂†

2)n

√
n!

|0, 0〉. (B7)

Using Eq. (B3) and applying the binomial expansion, one can
show that the output state is given by

|�BS〉 =
n∑

m=0

√(
n

m

)
cosm(θ )in−msinn−m(θ )|m, n − m〉.

(B8)

The corresponding density matrix is

ρBS =
n∑

m=0

n∑
k=0

√(
n

m

)(
n

k

)
cosm+k (θ )(−1)n−ki2n−m−k

× sinn−m(θ )|m, n − m〉〈k, n − k|. (B9)

To determine the state in port 1 after experiencing an output
loss, we perform a partial trace over the second mode:

ρfinal =
n∑

m=0

(
n

m

)
cos2m(θ )sin2(n−m)(θ )|m〉〈m|

=
n∑

m=0

(
n

m

)
(1 − L)mLn−m|m〉〈m|. (B10)

This resulting density matrix is diagonal in the Fock basis.
Equation (B10) characterizes the action of the amplitude

damping channel Eamp on an initial Fock state |n〉〈n|. The
probability of losing exactly k photons is

Pn→n−k = Tr(ρfinal|n − k〉〈n − k|)

=
(

n

n − k

)
(1 − L)n−kLk . (B11)

To represent this channel via its Kraus decomposition, we de-
fine the Kraus operators M̂k . These operators possess nonzero
elements only on their kth superdiagonal, representing transi-
tions from |n〉 to |n − k〉:

Pn→n−k = Tr(ρfinal|n − k〉〈n − k|)

= Tr

(
N∑

m=0

M̂mρinitM̂
†
m|n − k〉〈n − k|

)

=
N∑

m=0

〈n − k|M̂m|n〉〈n|M†
m|n − k〉

= |〈n − k|M̂k|n〉|2, (B12)
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FIG. 9. Phase-space representation of the state evolution un-
der coupling loss. Wigner functions of the initial cat state
|37.9+5i〉+|40.5−1.3i〉

N (where N is a normalization factor) before dissi-
pative influence (right) and the reconstructed state after undergoing
10 dB of coupling loss (left). A 10 dB loss results in a

√
10 at-

tenuation of the amplitude for each coherent component, leading
to suppression of the quantum interference pattern. Yet, the angular
orientation of the peaks in phase space remains invariant under this
dissipative process.

where N + 1 is the Hilbert space dimension, and in a Kraus
map, the following occurs:

ρfinal =
N∑

n=0

M̂nρinitM̂
†
n , I =

N∑
n=0

M̂†
n M̂n. (B13)

From this relation, the matrix elements are determined up to a
phase:

〈n − k|M̂k|n〉 = √
Pn→n−keiϕn→n−k

=
√(

n

n − k

)
(1 − L)n−kLkeiϕn→n−k . (B14)

This phase may be neglected, as it acts as a global phase
during the mapping of the density matrix. The Kraus operator
is thus written as

M̂k =
N∑

n=k

√(
n

n − k

)
(1 − L)n−kLk|n − k〉〈n|. (B15)

Note that in the limit of total loss (L = 1), the initial state is
mapped entirely to the vacuum state, such that

M̂k (L = 1) = |0〉〈k|. (B16)

The negativity of the original quantum state is diminished
when the loss exceeds 3 dB [46]. The Kraus operators defined
in Eqs. (B15) and (B16) were implemented in a Python-based
simulation to model the dissipative dynamics of the system.
Figure 9 displays the results of this simulation, comparing the
initial cat state with its representation after undergoing 10 dB
of coupling loss.
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