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Teleportation-based squeezer for bosonic cluster states
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The one-way quantum computation utilizing bosonic modes of light offers unmatched scalability of light
modes, and it has seen rapid experimental development recently. Scalability requires robust and low-error gates
and measurements. Squeezing gate is one of the necessary Gaussian operations. We find the optimal squeezing
gate in cluster-state architecture. Our approach newly uses amplitude transmission coefficients of unbalanced
beam splitters and homodyne detection with subsequent unity-gain feedforward to squeeze the input state. The
approach outperforms the current method based on optimally rotated homodyne detection but fixed balanced
beam splitters. The performance of both cluster-state squeezers is evaluated for Gaussian and non-Gaussian
input states. We use different metrics to benchmark the quality of squeezed output states. The result opens a road
to low-noise squeezing gates in experimentally achievable cluster states.

DOI: 10.1103/78tf-57jf

I. INTRODUCTION

Quantum computing takes advantage of the inherent prop-
erties of quantum systems to find solutions to problems
untractable by classical computation [1,2]. Many platforms
are investigated for achieving the goal [3–6]. Among them,
the one-way computation [7,8] utilizing bosonic modes of
light offers unparalleled scalability of the number of modes
[9–13]. The actual processing of bosonic modes requires two
fundamental kinds of quantum resources.

The first resource is the non-Gaussian states, used for
encoding the information [14,15], error correction [16], and
as a resource for non-Clifford gates [14,17]. Non-Gaussian
states are defined as those states that cannot be expressed as
mixtures of Gaussian states. Negativity in the Wigner func-
tion is sufficient to claim non-Gaussian nature, and it is also
a necessary condition for achieving universality in quantum
computing [18]. Preparation of non-Gaussian states for trav-
eling modes of light is a challenging task that is steadily being
addressed by tailored optical circuits employing photon num-
ber resolving detectors for probabilistic generation [19,20].
Hand in hand with the advancement of state preparation tech-
niques follows the design of different ways to detect and verify
the non-Gaussian nature of the states [21,22].

The second resource, required for efficient quantum com-
putation with bosonic modes of light, encompasses the set
of Gaussian operations necessary for the realization of the
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Clifford gates [23]. In the resource theory of non-Gaussianity
[24], Gaussian operations are considered to be “free,” but
in practical scenarios they have associated costs in the form
of loss and added noise [25,26]. The quintessential example
of such added noise can be found in quantum teleportation
[27–30]—the fundamental Gaussian channel representing the
basic way to propagate a quantum state through the opti-
cal cluster. The complete set of Gaussian operations can be
simplified to phase shift, displacement, beam splitter, and
squeezing, which together can be used to create an arbitrary
Gaussian operation [31]. The first three of the four listed
operations require only linear optics and can be readily incor-
porated in the cluster without incorporating significant losses
[12,13]. The squeezing, however, is an active operation that
needs to be realized either in an active medium [32] and then
injected into a cluster state, or by a measurement-induced
procedure [33] directly in a cluster state. In both cases, it
is impossible to achieve infinite squeezing, which results in
undesired decoherence.

In this paper, we study several ways in which squeez-
ing can be implemented as a part of the teleportation
protocol in cluster-state architecture. We compare the dif-
ferent approaches and optimize over the free parameters
of the circuits for several levels of finite resources and
realistic imperfections. We evaluate the performance of
the measurement-induced squeezing for Gaussian and non-
Gaussian states, for which we study how their non-Gaussian
nature diminishes during the protocol. We are focused on the
non-Gaussian nature, rather than the nonclassicality of the
states, because the squeezing operation is, in itself, nonclas-
sical. Nonclassical states are those that cannot be expressed as
mixtures of coherent states [34], and squeezing does produce
them. Measures of nonclassicality based on the P function do
not yield relevant information; we use the Wigner function
description instead.

In Sec. II, we describe several ways to perform
teleportation-based squeezing and use Heisenberg formalism
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to derive the formulas for noise added during the protocols
and the expressions for characteristic and Wigner functions of
the transformed states. We also discuss the metrics used for
the evaluation of the test states—the vacuum and the single
photon state. In Sec. III, we then show the numerical analysis
results for the various protocols and test states, focusing on
preserving non-Gaussian features of the transformed quantum
states. Section IV then concludes the article.

II. TELEPORTATION-BASED SQUEEZER

A field of traveling light can be modeled by a harmonic
oscillator described by quadrature operators x̂ and p̂ with
[x̂, p̂] = i. We aim to implement phase-sensitive amplification
described by the following input-output relations:

x̂out = sx̂in, p̂out = 1

s
p̂in, (1)

where s > 0 is the squeezing parameter. The parametric
amplification can synthesize squeezed states [35] with uncer-
tainties below the shot noise limit in one quadrature, at the
expense of higher uncertainty in the other quadrature. Equa-
tion (1) describes the squeezing operation. A squeezer is a
device that creates squeezed states. To implement the squeez-
ing operation in a measurement-based quantum computation
using cluster states, we can incorporate the squeezing into a
single step of a teleportation protocol [36]. Such a generalized
quantum teleportation protocol is schematically depicted in
Fig. 1. The quantum resource of the teleportation protocol is
a two-mode squeezed vacuum state (TMSV) that is created
by mixing two orthogonally squeezed vacuum states on a
beam splitter with transmission coefficient t1 [37]. The first
mode of this entangled state then interacts with the input state,
described by quadratures x̂in and p̂in, on another beam splitter
with transmission coefficient t2. The resulting modes A and
B are measured by a pair of homodyne detectors generating
classical signals that drive displacement feedforward opera-
tion on the second mode of the resource TMSV state. The
gain in the feedforward is always set to unity. The homodyne
detector HDA measures fixed quadrature x̂A. The homodyne
detector HDB measures p̂B. The generalized scheme also in-
volves three phase-shift gates with parameters φ, ζ , and ε.
In a regular teleportation protocol, it holds t1 = t2 = 1√

2
and

φ = ζ = ε = 0. When φ is nonzero, HDB measures rotated
quadrature p̂B cos φ + x̂B sin φ.

Quantum circuit in Fig. 1 can be modified to realize the
squeezing operation in two ways. The approach typical for
the cluster states keeps t1 = t2 = 1√

2
but allows for nonzero

values of φ, ζ , and ε (see Appendix B). We are going to call it
the phase-shift squeezer (PS-sq). Having a nonzero value of φ

effectively implements the shear gate [36,38–41], which can
be converted to the desired axis-aligned squeezing by properly
adjusting the correcting phases ζ and ε [42,43], together with
the feedforward operation (see Appendix B). For the case of
an ideal scenario with an infinitely squeezed resource state,
the realized transformation is described by Eq. (1), with the
squeezing parameter

sPS =
√

1

2
(2 + l2 − l

√
4 + l2), (2)

FIG. 1. Quantum circuit of teleportation-based squeezer. HDA—
homodyne measurement in x quadrature, HDB —homodyne mea-
surement in p quadrature, BS(t1)—beam splitter with transmission
coefficient t1, for generation of TMSV state. BS(t2) with transmission
coefficient t2 mixes the input state with one mode of the TMSV. D
—feedforward displacement, displaces the second mode of TMSV
according to homodyne measurements. The gain of feedforward is
always set to unity. The gray dashed line indicates classical com-
munication. The quadratures x̂in, p̂in and x̂out, p̂out describe the input
and output states, respectively. The quadratures x̂s1 , p̂s1 and x̂s2 ,
p̂s2 correspond to oppositely squeezed vacuum states. The overall
homodyne detection efficiency is denoted as ηH and includes also
mode matching at the BS(t2). The excess noise in the antisqueezed
quadrature in the preparation of the squeezing resource is considered
due to the overall outcoupling efficiency of squeezers, denoted as
ηS . It effectively also includes the mode matching at the BS(t1).
The phase shift PS(φ) adjusts the phase of measured mode B and
enables squeezing in output mode if φ �= 0. Beam splitters BS(ti)
with variable transmission coefficient ti also contribute to squeezing
in the output mode if t2

i �= 1/2. The auxiliary phase shift PS(−ζ ) and
PS(−ε) compensate the rotation caused by PS(φ).

where

l = 2 tan φ. (3)

We can see that the PS-sq can realize arbitrary squeezing
with sPS ∈ (0, 1]. The orthogonal squeezing could be easily
realized by applying a π/2 phase shift to the state.

The second approach toward teleportation-based squeezer
keeps the phases equal to zero, but varies the transmission
coefficients t1 and t2 of the used beam splitters. We will call
this approach beam splitter-based squeezer (BS-sq). Again, in
the lossless case, the operation realizes the squeezing gate (1)
with the squeezing parameter

sBS = r1r2

t1t2
. (4)
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Note that, unlike the PS-sq scheme, the same value of sBS can
be reached by different values of t1 and t2, which opens up the
avenue for optimization. We maximize the fidelity between
the output state and the squeezed state for various resources,
efficiencies, and input states. The minimization with respect to
total added noise is discussed in Appendix E. We also discuss
the optimization with respect to the minimum of the Wigner
function later in the text. The coefficients t1 and t2 are, from
now on, called the optimization parameters.

Finally, both approaches can be combined into a single
general scheme, BSPS-sq, that applies both squeezing and
shear operations. After suitable phase corrections ζ and ε,
which are generally different than those in the case of PS-sq,
the squeezing-gate parameter s in Eq. (1) can be found to be
(see Appendix C)

sBSPS = 1

g
√

2
(1+g4+k2−

√
(1 − g4)2+2(1+g4)k2 + k4)1/2,

(5)

where

g = r1r2

t1t2
, k = 1

t2
2

tan φ. (6)

Again, please note that the same value of sBSPS can be reached
by different values of optimization parameters t1, t2, and φ.
The PS-sq is a special case of the BSPS-sq when g = 1. The
BS-sq can also be obtained from BSPS-sq when k = 0, then
sBSPS = g.

The infinitely squeezed vacuum states in modes s1 and
s2 used to create the entangled resource are an idealization
useful for showing the action of the gate, but they are non-
physical. In realistic scenarios, they need to be replaced by
states with finite squeezing and purity. As is illustrated in
Fig. 1, such states can be modeled as pure squeezed states
with variances var(x̂s j ) and var( p̂s j ) = (4var(x̂s j ))

−1
that are

also subject to lossy channels with intensity transmissivity
ηS . The channels can be modeled by beam splitters with the
transmission coefficients

√
ηS and vacuum in the idle mode. In

the context of teleportation, the channel adds excess noise into
the quadratures of the teleported state. The variances are often
expressed in decibels relative to the variance of the input state.
In current-day experiments, 10–15 dB of squeezing before the
lossy channel can be considered available [44,45]. Realistic
homodyne detectors with limited quantum efficiency ηH are
another source of imperfections. Such imperfections, too, can
be simulated as variable beam splitters with transmission co-
efficients

√
ηH placed just before homodyne detectors HDA

and HDB.
When we take into account all the imperfections discussed

above, the quadrature operators of the transformed state have
the following form:

x̂out = sx̂in + N̂xout ,

p̂out = 1

s
p̂in + N̂pout . (7)

The general squeezing parameter s stands for the individual
squeezing parameters sBS, sPS, and sBSPS described above and
as summarized in Table I. The operation still transforms mean
values ideally (1), but now it also contains noise operators

TABLE I. Overview of types of squeezers, corresponding
squeezing parameters, and optimization parameters. In the case of
PS, there is no need for optimization because of only one free
parameter φ.

Teleportation squeezer PS BS BSPS

Squeezing parameter s sPS sBS sPSBS

Optimization parameters φ t1, t2 φ, t1, t2

N̂xout and N̂pout . They can be calculated from the rotated noise
operators N̂ (ζ )

xout
and N̂ (ζ )

pout
:

N̂xout = N̂ (ζ )
xout

√
1 − g2s2

1 − s4
+ N̂ (ζ )

pout

√
g2s2 − s4

1 − s4
,

N̂pout = N̂ (ζ )
pout

√
1 − g2s2

1 − s4
− N̂ (ζ )

xout

√
g2s2 − s4

1 − s4
. (8)

The fractions in the upper equation are obtained from the
trigonometric functions cos ζ and sin ζ , which are a conse-
quence of the action of auxiliary phase rotation PS(−ζ ). The
rotated noise operators represent the expression of quadrature
operators:

N̂ (ζ )
xout

= 1

t1

(√
ηSx̂s1 +

√
1 − ηSx̂0

s̃1

) +
√

1 − ηH

ηH

g

r2
x̂0

Ã,

N̂ (ζ )
pout

= − 1

r1

(√
ηS p̂s2 +

√
1 − ηS p̂0

s̃2

)

+
√

1 − ηH

ηH

1

g

{
1

t2
p̂0

B̃ + k
(
t2x̂0

B̃ + r2x̂0
Ã

)}
. (9)

The modes denoted with a tilde are the auxiliary vacuum
modes simulating the added noise from the imperfect detec-
tors and imperfect preparation of the squeezed resource state.
To quantify the added noise, it is appropriate to find the vari-
ances of the output quadratures var(x̂out) and var( p̂out). The
noise operators commute with the input quadratures. Thus,
for the variance, it holds var(x̂out) = s2var(x̂in) + var(N̂xout ),
similarly for var( p̂out). The noise variances var(N̂xout ) and
var(N̂pout ) are equal to

var
(
N̂xout

) = (1 − g2s2)

1 − s4
var

(
N̂ (ζ )

xout

) + (g2s2 − s4)

1 − s4
var

(
N̂ (ζ )

pout

)
,

var
(
N̂pout

) = (1 − g2s2)

1 − s4
var

(
N̂ (ζ )

pout

) + (g2s2 − s4)

1 − s4
var

(
N̂ (ζ )

xout

)
,

(10)

where the rotated noise variances var(N̂ (ζ )
xout

) and var(N̂ (ζ )
pout

) are

var
(
N̂ (ζ )

xout

) = 1

t2
1

(
var

(
x̂s1

)
ηS + 1

2
(1 − ηS )

)
+ 1 − ηH

ηH

g2

r2
2

1

2
,

var
(
N̂ (ζ )

pout

) = 1

r2
1

(
var

(
p̂s2

)
ηS + 1

2
(1 − ηS )

)

+ 1 − ηH

ηH

1

g2

1

2

(
1

t2
2

+ k2

)
. (11)
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The covariance between the two noise operators can be
calculated as

covar
(
N̂xout , N̂pout

)
= 1 − 2g2s2 + s4

1 − s4

(
1 − ηH

ηH

)
k

2

+ 2(1 − g2s2)(g2s2 − s4)

1 − s4

(
var

(
N̂pout

) − var
(
N̂xout

))
.

(12)

Note that while the covariance is zero in the cases where
phase shift φ = 0, it attains positive values in the cases where
φ �= 0 with realistic detectors (ηH < 1). Complete derivation
of Eqs. (7)–(12) can be found in Appendix C. Due to gener-
ally nonzero covariance, noise has to be considered carefully.
Therefore, the variances and covariances of the noise operator
can be formally formulated in the form of a noise matrix �.
We define the matrix as follows:

� =
(

var
(
N̂xout

)
covar

(
N̂xout , N̂pout

)
covar

(
N̂xout , N̂pout

)
var

(
N̂pout

)
)

. (13)

For comparison, we also consider a scenario in which
the teleported state is directly squeezed with the help of the
measurement-induced scheme [33]. In this scheme, the input
state is mixed with a third squeezed state on a beam splitter
with the transmission coefficient t0. The additional mode is
then measured, and the obtained value is again used to drive
displacement feedforward operation. The output mode is once
again equal to Eq. (7). The squeezing parameter s is

sBAS = t0. (14)

We call this approach basic squeezing (BAS-sq). The added
noise is the sum of the noise from the basic squeezing circuit
and from the quantum teleportation circuit: N̂xout = N̂xbas +
N̂xtel , analogically for p̂out. The variances are

var
(
N̂xbas

) = r2
0

(
var

(
x̂s0

)
ηS + 1

2
(1 − ηS )

)
,

var
(
N̂pbas

) = 1

2

r2
0

t2
0

1 − ηH

ηH
. (15)

The variance of var(N̂xtel ) and var(N̂ptel ) are obtained as in
Eqs. (10) and (11) but with t1 = t2 = 1/2 and φ = 0. The
covariance is zero. The � is then a diagonal matrix.

To see the practical impact of the imperfections in the
squeezers, we need to analyze them in the context of specific
quantum states. We consider the vacuum state as a stand-in
for an arbitrary coherent state that allows testing basic noise
properties [30], and a single photon state that showcases the
influence of imperfections on the non-Gaussian nature of
the state. Non-Gaussian states with negativity in the Wigner
representation are necessary for achieving an advantage in
quantum computing [18]. These effects can be evaluated from
the Wigner and characteristic functions of the transformed
states. The characteristic function is practical for the evalua-
tion of fidelity [46], while the Wigner function and its negative
regions can be used for recognizing non-Gaussian behavior
[18,47]. The negativity of the Wigner function is only a suf-
ficient indicator of the state’s non-Gaussianity. Its vanishment

marks the transition into a classically simulable regime [18],
in which the squeezing gate is no longer considered to be of
sufficient quality. Combining these approaches helps to avoid
unnecessary numerical errors that arise when computing in the
Fock basis [48]. The variance matrix of non-Gaussian states is
not sufficient to describe their nature.

The Wigner function of the transformed state Wout(x, p)
is equal to the convolution of the squeezed input Wigner
Ws,in(x, p) function with added noise G(x, p) [28,29]:

Wout(x, p) = (Ws,in ∗ G)(x, p). (16)

The Wigner functions of squeezed vacuum (in = 0) and single
photon states (in = 1) are [49]

Ws,0(x, p) = 1

π
e− x2

s2 −s2 p2

, (17)

Ws,1(x, p) = 1

π

(
2

x2

s2
+ 2s2 p2 − 1

)
e− x2

s2 −s2 p2

. (18)

The parameter s is the squeezing parameter defined in Eq. (7).
The added noise is Gaussian

G(x, p) = 1

π
√

det �
e−(x,p)�−1(x,p)T

, (19)

with a covariance matrix defined in Eq. (13).
The characteristic function of the transformed state χout(ξ )

is equal to the product of the squeezed input characteristic
function with added noise G(ξ ) [46,50]:

χout(ξ ) = χs,in(ξ )G(ξ ). (20)

The characteristic functions of squeezed vacuum and sin-
gle photon states are

χs,0(ξ ) = e−1/2|α|2 ,

χs,1(ξ ) = e−1/2|α|2 (1 − |α|2), (21)

where

α = ξ cosh(log s) − ξ ∗ sinh(log s). (22)

The characteristic function of Gaussian noise can be obtained
as

G(ξ ) = e−(Reξ,Imξ )�(Reξ,Imξ )T
. (23)

The ξ is a complex number.
Now, we can define metrics for studying the three

squeezers—PS-sq, BS-sq, and BSPS-sq, and for BAS-sq.
The used metrics are fidelity [51], minimum of the Wigner
function [47], total noise, entanglement-breaking bound, and
genuine non-Gaussianity (GnG) [21]. For PS-sq, we directly
evaluate the performance. For BS-sq and BSPS-sq, which
allow achieving the desired squeezing for whole sets of pa-
rameters, we optimize over these sets to obtain maximal
fidelity of the squeezed state. The fidelity is defined as the
integral of the product of characteristic functions of the ideally
squeezed and transformed quantum states:

F = 1

π

∫
G(ξ )|χs,in(ξ )|2d2ξ, (24)

where the particular characteristic functions are given by Eq.
(21).

The minimum of the Wigner function is relevant only for
a single photon state, where it can be used to determine
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non-Gaussianity. Thanks to the symmetry of the state, the
minimum is the value of the Wigner function at the origin
W (0, 0). This can be numerically obtained from Eq. (16).

To analyze the added noise, we have to do two things. We
define the total noise as the noise added to the input state
before the squeezing. This corresponds to the reparametriza-
tion of Eq. (7). We simply factor out the s and 1

s . Therefore,
N̂xout → 1

s N̂xout and N̂pout → sN̂pout . We reparametrize the noise
matrix:

�′ = � � M, M =
(

1
s2 1
1 s2

)
. (25)

where symbol � denotes elementwise product [52]. The total
noise is defined as the sum of eigenvalues of �′,

NT =
n∑

i=1

λi, λi ∈ spec(�′). (26)

The eigenvalues can be used to define a new, diagonal, noise
matrix with determinant NP,

NP =
n∏
i

λi, (27)

which can be used to define the entanglement-breaking bound
(E-breaking):

NP � 1. (28)

This is a sufficient condition for breaking correlations be-
tween quadratures when teleporting one mode of the TMSV
state. The bound represents, up to Gaussian processing,
adding two units of vacuum noise to both quadratures of
a single mode, which removes quadrature correlation when
applied to one mode of the maximally entangled state.

For the computation of GnG, it is necessary to find the
density matrix in a Fock basis. GnG requires knowledge of
photostatistics. The density matrix of the teleported state is
defined as follows:

ρ̂out =
∫∫

G(x, p)D̂Ŝρ̂inŜ†D̂†dxd p, (29)

where Ŝ ≡ Ŝ(− log s) and D̂ ≡ D̂(x, p). The squeezing oper-
ator is defined as [42,49]

Ŝ(r) = e
i
2 r(x̂ p̂−p̂x̂). (30)

The parameter r is a general parameter. The displacement
operator is defined as [42,49]

D̂(x0, p0) = ei(p0 x̂−q0 p̂). (31)

In the next section, we analyze PS-sq, BS-sq, and BSPS-sq
to find the superior teleportation-based squeezer in continuous
variables (CV) teleportation.

III. RESULTS

In the following, we shall compare the three teleportation-
based squeezers, PS-sq, BS-sq, and BSPS-sq. We will employ
teleportation-based squeezers to squeeze two kinds of input
states, the vacuum state and the single photon state, and com-
pare the results for various levels of parameter squeezing s and
available resources. Here, the squeezing parameter s stands

for the individual squeezing parameters sBS, sPS, and sBSPS,
and its value will be the same for all the squeezers. In the
case of BS-sq and BSPS-sq, in which the squeezing parameter
can be obtained by a set of optimization parameters t1, t2, and
φ, those will be optimized for the best performance given by
fidelity with the ideally squeezed state, with no noise terms.
The numerically obtained optimal parameters can be found in
Appendix D. We plot the fidelity, the Wigner negativity, total
added noise, and product of variances. The optimization with
respect to total noise can be found in Appendix E. There, we
compare the two fidelities and the total noise. The different
resources consist of squeezed vacuum states with variances
of the squeezed quadrature reduced by 3, 6, and 9 dB below
the level of vacuum fluctuations. We will consider the same
resource squeezing in all relevant quadrature operators x̂s1

and p̂s2. We also compare the lossless scenario, in which the
resource states are pure and detectors have unit quantum effi-
ciency, to realistic scenarios, in which the resource squeezed
states undergo losses with ηS = 0.8 and the detectors have
limited quantum efficiency ηH = 0.9. All functions depend
on 10 log10(s2). The results for BAS-sq can be found in Ap-
pendix F. We can already see from Eq. (15) that this approach
introduces even more noise in the form of noise operators N̂xbas

and N̂pbas and thus is not relevant in the current analysis, but
it gives us hints what should we expect when we add another
homodyne detector and nonideal source of squeezing.

The obtainable fidelities for the considered scenarios are
shown in Fig. 2. We can see that, even though the specific
values differ, the qualitative behavior is the same across all the
scenarios. The quality of the operation depends on the squeez-
ing parameter s and diminishes as it increases. The quality
of the operation strongly depends on the resource squeezing,
but we can see that BS-sq consistently outperforms PS-sq and
matches the BSPS-sq method. In the realistic case, we can see
that BS-sq with lower resource squeezing outperforms PS-sq
with higher resource squeezing. This concerns the case where
10 log s2 = −7 dB and PS-sq with 9 dB of resource squeezing
and BS-sq with 6 dB of resource squeezing. We use the form
of the common logarithm log, which is shorthand notation for
logarithm to the base 10, log10.

To demonstrate how the squeezing operation affects neg-
ativity of the Wigner function of the single photon case,
Fig. 3 shows the values of the Wigner functions at the origin,
W (0, 0). We stress that we used optimization of fidelity, and
we plot minima of states given by the optimized parame-
ters computed in the previous step. We can again see that
the qualitative behavior is consistent with the behavior of
fidelities in Fig. 2. The BS-sq scheme outperforms the PS-sq
scheme in all relevant scenarios [W (0, 0) < 0], even though
the differences begin to smear in the realistic scenario. We
can also see that 3 dB of resource squeezing in the lossless
case and 6 dB of resource squeezing in the realistic case are
insufficient to preserve the state’s negativity. The minimum
of Wigner negativity could be subject to optimization instead
of fidelity, leading to suboptimal fidelity. We could obtain the
output states with the same or lower negativity as in the case
of fidelity optimization, but we would not have guaranteed
similarity of the output states with the squeezed input states,
specifically for the low source squeezing, where the negativity
is suppressed with added noise. Therefore, the fidelity of
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FIG. 2. The comparison of fidelities for a given squeezing-gate parameter s. (a) Vacuum state in the lossless scenario; (b) vacuum state in
the realistic scenario with ηS = 0.8 and ηH = 0.9; (c) single photon state in the lossless scenario; and (d) single photon state in the realistic
scenario with ηS = 0.8 and ηH = 0.9. The different lines distinguish different protocols, PS-sq (full lines with squares) and BS-sq (dashed
lines with circles), and three different squeezing levels of the resource squeezed states, 9 dB (blue), 6 dB (brown), and 3 dB (yellow). The lines
for BSPS-sq overlap with the lines for BS-sq.

the output state with the squeezed input state would go to
zero.

The behavior of both fidelity (Fig. 2) and Wigner function
negativity (Fig. 3) is related to the behavior of total noise
[Eq. (26)], as shown in Fig. 4. After the correction for the
squeezing s, we can see that the total noise added during the
protocol monotonically increases with the squeezing param-

eter s. The correction for the squeezing is a necessary step.
Without it, the total added noise is lower for the PS-sq, which
adds the same noise into both quadratures (see Appendix E).
After the correction, however, the initially asymmetrical noise
of BS-sq gets compensated and ends up being lower. Note
that the noise added during the squeezing depends on the
initial state. This is because the parameters were optimized
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FIG. 3. The comparison of values of W (0, 0) for the given target squeezing s of the single photon state for teleportation-based squeezer.
(a) Lossless scenario and (b) realistic scenario with ηS = 0.8 and ηH = 0.9. The different lines distinguish different squeezers, PS-sq (full lines
with squares) and BS-sq (dashed lines with circles), and three different squeezing levels of the resource squeezed states, 9 dB (blue), 6 dB
(brown), and 3 dB (yellow). The lines for BSPS-sq overlap with the lines for BS-sq.

for maximal fidelity. In fact, the total noise provides a partial
explanation of the behavior of fidelity in Fig. 2. We have found
a counterexample where the rule, the less the total noise, the
higher the fidelity, does not hold. The counterexample was
obtained by the minimization of total added noise. We also
performed the optimization with respect to added noise. We
obtained qualitatively similar results as in the case of opti-
mization to fidelity when considering fidelity (see Fig. 9).

The entanglement-breaking bound is easily visible in
Fig. 5; it is the red line because Fig. 5 shows the prod-
uct of variances. Every studied case is under the threshold,
but the realistic case of PS-sq approaches the threshold for
target squeezing 10 log s2 ≈ −9 dB. This indicates that the
distribution of noise in the PS-sq case is more even in both
quadratures than in the case of BS-sq.

Finally, we can also evaluate the non-Gaussianity of the
squeezed single photon state with the help of the first order
of GnG. Interestingly, while BS-sq offers higher fidelities for
given s (see Fig. 2), it also leads to quicker loss of non-
Gaussianity certified by GnG (see Fig. 11). This implies that
the squeezed states produced by BS-sq contain higher contri-
butions of the vacuum state in their photostatistics. The BS-sq
has no advantage when GnG is used for the non-Gaussian
certification of the teleport-squeezed single photon states.

The poor performance of BAS-sq is caused by the ad-
ditional resource of squeezing and an additional homodyne
detector, both of which contribute to extra noise in the output
state. See Appendix F, where we compare BAS-sq with PS-sq
in fidelity and in the minimum of the Wigner function.

From a theoretical point of view, the squeezing parameter
s defined in Eqs. (1) and (7) can be relaxed: s → s + 
s in
one quadrature and left unchanged in the second one. This

relaxation would lead to optimization of fidelity between the
mixed state and the teleported squeezed state, which is an
ill-defined procedure. The relaxation of the squeezing param-
eter s remains open and can be considered with the close
connection to the potential experiment.

The optimization with respect to added noise was per-
formed and led to qualitatively the same results as in the case
of maximization of fidelity (see Appendix E). The conclusion
holds for the case of maximization of fidelity and for the
case of minimization of total noise. The optimized added
noise can be used as a baseline for evaluating non-Gaussian
features of other non-Gaussian states [53,54]. The optimiza-
tion with respect to the minimum of the Wigner function
is not universal in the sense of Gaussian and non-Gaussian
input states. The optimization does not work, especially for
low-resource squeezing, namely, the optimization finds such
parameters of the BS squeezer that the resulting state has low
fidelity with the target squeezed state. The next step should
aim for the experimental realization of the squeezing gate in a
cluster state using the experimentally obtainable unbalanced
beam splitters [15,55]. Hand in hand with the experiment,
the analysis can be extended to relax the strict conditions on
amplitude transmission coefficients: t1 → t1 + 
t and t2 →
t2 + 
t . The analysis of the multiteleportation channel can
also be considered, but it is expected that the accumulated
noise will suppress every quantum feature of the input state
[56].

IV. CONCLUSION

We compared different squeezing gates that can be used
in bosonic cluster-state computation. The squeezer based
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FIG. 4. The comparison of total noise NT (noise added before squeezing) for a given squeezing parameter s. (a) Vacuum state in the lossless
scenario; (b) vacuum state in the realistic scenario with ηS = 0.8 and ηH = 0.9; (c) single photon state in the lossless scenario; and (d) single
photon state in the realistic scenario with ηS = 0.8 and ηH = 0.9. The different lines distinguish different protocols, PS-sq (full lines with
squares) and BS-sq (dashed lines with circles), and three different squeezing levels of the resource squeezed states, 9 dB (blue), 6 dB (brown),
and 3 dB (yellow). The lines for BSPS-sq overlap with the lines for BS-sq.

on variable beam splitters, BS-sq, outperforms the squeezer
based on variable phase shift, PS-sq, in ideal and realistic
scenarios, and it matches the fully general BSPS-sq scheme
in performance. We used vacuum and single photon states
as specific examples of Gaussian and non-Gaussian states,
respectively. BS-sq outperforms the PS-sq, regarding both

fidelity and negativity in the Wigner function of the teleport-
squeezed state. In both fidelity and negativity, the advantage
of BS-sq can be seen for a high level of target squeezing
given by parameter 10 log s2 ≈ −9 dB. For this regime, the
case of the vacuum state, BS-sq gains around 16% of fi-
delity performance in a realistic scenario. In the case of a
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FIG. 5. The comparison of the product of variances of noise operators NP for a given squeezing parameter s.(a) Vacuum state in the lossless
scenario; (b) vacuum state in the realistic scenario with ηS = 0.8 and ηH = 0.9; (c) single photon state in the lossless scenario; and (d) single
photon state in the realistic scenario with ηS = 0.8 and ηH = 0.9. The different lines distinguish different protocols, PS-sq (full lines with
squares) and BS-sq (dashed lines with circles), and three different squeezing levels of the resource squeezed states, 9 dB (blue), 6 dB (brown),
and 3 dB (yellow). The lines for BSPS-sq overlap with the lines for BS-sq. The value of 1 corresponds to the entanglement-breaking bound,
which is denoted by the red full line.

single photon state, the resource squeezing plays a significant
role. The fidelity is generally lower for the same resource
squeezing compared to the vacuum state. However, the gain
of the fidelity performance of BS-sq is up to 8% for resource
squeezing of 9 dB and up to 2% for 3 dB of resource squeezing
under realistic conditions. The single photon is more fragile to

losses; therefore, for low-resource squeezing, the negativity
of the Wigner function is lost during the teleportation for
every teleportation-based squeezer. If the resource squeezing
is >6 dB, the negativity can survive for a small amount of
teleportation-based squeezing; the differences between PS-sq
and BS-sq are negligible. The advantage of BS-sq in terms of
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fidelity and negativity performance lies in the broader param-
eter space compared to PS-sq.

PS-sq requires only the application of three phase-shift op-
erations, rather than two variable beam splitters of the BS-sq
protocol. This simplification is paid for by worse perfor-
mance. Fortunately, since both protocols merge in the limit of
infinite resources, the deficiency of the protocol can be com-
pensated for by using more strongly squeezed resources. Still,
for near-term experimental tests, especially in scenarios where
the squeezing does not need to be controlled dynamically,
squeezing by BS-sq is bound to provide better performance.
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APPENDIX A: QUADRATURE TRANSFORMATIONS

We introduce Gaussian unitaries, which were used in the
derivation of relations between input and output quadratures
[29,42,49]. The beam splitter unitary is defined

B̂(θ ) = ei�(q̂1 p̂2−p̂1q̂2 ). (A1)

A beam splitter transformation transforms quadratures as fol-
lows: x̂1 → t x̂2 + rx̂1, the same holds for p̂1 and x̂2 → t x̂1 −
rx̂2 analogously for p̂2. The parameter t2 = cos2(�) is called
transmissivity, and reflectivity is defined as r2 = sin2(�).

The phase rotation operator is defined as

R̂(φ) = eiφn̂, (A2)

where n̂ = â†â is a number operator. The quadratures are
rotated: x̂ → x̂ cos φ − p̂ sin φ and p̂ → p̂ cos φ + x̂ sin φ.

We define squeezing operator Ŝ(r) as

Ŝ(r) = e
i
2 r(x̂ p̂−p̂x̂). (A3)

If we substitute the general variable r with the parameter s in
the following way: r = − ln s, the squeezing operator scales
the quadratures: x̂ → gx̂, p̂ → 1

g p̂.

The quadratic phase operator P̂(k) is defined as follows:

P̂(k) = e
i
2 kx̂2

. (A4)

The shearing operator transforms the quadratures in the fol-
lowing way: x̂ → x̂ and p̂ → p̂ + kx̂.

The displacement operator is defined as

D̂(x0, p0) = ei(p0 x̂−q0 p̂). (A5)

APPENDIX B: DECOMPOSITION OF SHEAR GATE AND
PRODUCT OF SHEAR AND SQUEEZING

The shear gate in Eq. (A4) can be decomposed as follows:

P̂(k) = R̂(ζ )Ŝ(ξ )R̂

(
ζ − π

2

)
, (B1)

where

e−2ξ = 1
2 (2 + k2 − k

√
4 + k2), (B2)

cos (α) = 1√
e−2ξ + 1

. (B3)

The product of squeezing and shear gates can be similarly
decomposed as

Ŝ(r)P̂(k) = R̂(ζ )Ŝ(ξ )R̂(ε), (B4)

where

e−2ξ= 1

2e−2r
(1+e−4r+k2 −

√
(1 − e−4r )2+2(1+e−4r )k2+k4)

(B5)

and

cos(ζ ) =
√

e2ξ − e−2r

e2ξ − e−2ξ
, cos(ε) = −

√
e−2ξ − e2r

e−2ξ − e2ξ
. (B6)

For e−2r = 1 cosine of the angel ε is − cos (ε) = sin(ζ ), the
angel itself is ε = ζ − π

2 . Therefore, we reproduce the decom-
position (B1).

APPENDIX C: DETAILS ON TELEPORTATION-BASED
SQUEEZER

We start with the simplified scheme in Fig. 1. The com-
ponents PS(−ζ ), and PS(−ε) are ignored as well as losses
represented by BS(

√
ηS). We derive relations between input

and output quadratures. Due to the mentioned simplifications,
we denoted the output quadratures with a zeta index x̂(ζ )

out and
p̂(ζ )

out. The detectors HDA and HDB measure

q̂A ≡ √
ηH x̂A +

√
1 − ηH x̂0

Ã,

q̂B ≡ (√
ηH x̂B +

√
1 − ηH x̂0

B̃

)
sin (φ)

+ (√
ηH p̂B +

√
1 − ηH p̂0

B̃

)
cos (φ), (C1)

where q̂A are q̂B the measured quadrature. Due to phase shift,
PS(φ), the detector HDB measures rotated quadrature by the
angle φ. The output quadratures are

x̂′
out = t1x̂s1 − r1x̂s2 + j1q̂A,

p̂′
out = t1 p̂s1 − r1 p̂s2 + j2q̂B + j3q̂A, (C2)

where ji, i ∈ 1, 2, 3 are teleportation gains. ji are set as fol-
lows:

j1 = r1

t1t2
, j2 = t1

r1r2

1

cos φ
, j3 = t1

r1t2
tan φ. (C3)
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FIG. 6. The covariance of covar(N̂xout , N̂pout ). Panel (a) shows on the left lossless case of vacuum state, ηS = 1, ηH = 1, where the
covariance is zero for all the cases. On the right, there is a realistic case ηS = 0.8, ηH = 0.9, it is not zero for the case k �= 0 and ηH < 1.
Panel (b) shows the same, but for the case of a single photon state. The different lines distinguish different protocols, PS-sq (full lines with
squares) and BS-sq (dashed lines with circles), and three different squeezing levels of the resource squeezed states, 9 dB (blue), 6 dB (brown),
and 3 dB (yellow). The lines for BSPS-sq overlap with the lines for BS-sq.

We obtain a unity-gain generalized teleportation scheme. Af-
ter the substitution, we get the output quadratures

x̂(ζ )
out = gx̂in + N̂ (ζ )

xout
,

p̂(ζ )
out = 1

g
p̂in + k

g
x̂in + N̂ (ζ )

pout
, (C4)

where g and k are

g = r1r2

t1t2
, k = 1

t2
2

tan φ. (C5)

The parts of transformations that are ∝ x̂in and ∝ p̂in are
obtained by shearing and squeezing the input state quadratures
[cf. Eqs. (A3) and (A4)]. The noise term N̂ (ζ )

xout
is composed
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FIG. 7. The variance of noise operators. Panels (a) and (b) shows the variances for vacuum state. Panels (c) and (d) shows the variances
for single photon state. Each panel is divided into the lossless case: ηS = 1, ηH = 1, and the realistic case ηS = 0.8, ηH = 0.9. The different
lines distinguish different protocols, PS-sq (full lines with squares) and BS-sq (dashed lines with circles), and three different squeezing levels
of the resource squeezed states, 9 dB (blue), 6 dB (brown), and 3 dB (yellow). The lines for BSPS-sq overlap with the lines for BS-sq.

of two parts: The first part is ∝x̂s1 and is a consequence
of the finite source squeezing. We include the losses that
are simulated by BS(

√
ηS) by the reparametrization x̂s1 →√

ηSx̂s1 + √
1 − ηSx̂0

s̃1
. The mode denoted by the tilde s̃1 (or

s̃2) is the auxiliary vacuum mode. We also introduce an im-
perfect homodyne detector; the efficiency of such a detector
is again simulated by an added beam splitter BS(

√
ηH ). The

same holds for N̂ (ζ )
pout

. Specifically,

N̂ (ζ )
xout

= 1

t1

(√
ηSx̂s1 +

√
1 − ηSx̂0

s̃1

) +
√

1 − ηH

ηH

g

r2
x̂0

Ã,

N̂ (ζ )
pout

= − 1

r1

(√
ηS p̂s2 +

√
1 − ηS p̂0

s̃2

)

+
√

1 − ηH

ηH

1

g

{
1

t2
p̂0

B̃ + k
(
t2x̂0

B̃ + r2x̂0
Ã

)}
. (C6)

As above, the modes with tilde Ã (or B̃) are auxiliary vacuum
modes coming into the BS(

√
ηH ).

The quadrature transformation in Eq. (C4) is equivalent
to a series of Ŝ(− log g) and P̂(k) acting on input quadra-

tures plus noise. This squeezing and shear gate sequence can
be decomposed as a series of rotations and squeezing [see
Eq. (B4)]. We want to compensate for any rotation in the
output quadrature to get axis-aligned squeezing. Therefore,
we introduce auxiliary phase rotations PS(−ζ ) and PS(−ε).
These rotations compensate the rotation operators in Eq. (B4),
and we get the final input-output relations:

x̂out = sx̂in + N̂xout ,

p̂out = 1

s
p̂in + N̂pout , (C7)

where

s = 1

g
√

2
(1 + g4 + k2 −

√
(1 − g4)2 + 2(1 + g4)k2 + k4)1/2.

(C8)

The noise operators are rotated by the −ζ :

N̂xout = N̂ (ζ )
xout

cos (−ζ ) − N̂ (ζ )
pout

sin (−ζ ),

N̂pout = N̂ (ζ )
pout

cos (−ζ ) + N̂ (ζ )
xout

sin (−ζ ). (C9)
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FIG. 8. The optimized t2
1 and computed t2

2 from Eq. (C5) for BS-sq in panels (a) and (c). The optimized t2
1 and t2

2 for BSPS-sq in panels (b)
and (d). φ can be computed using Eq. (C5). Panels (a) and (b) are for the vacuum state, panels (c) and (d) are for the single photon state. The
left panels always show the ideal case, ηS = 1, ηH = 1. On the right, there are always realistic cases for them; it holds ηS = 0.8, ηH = 0.9. The
dashed lines marked with circles depict BS/BSPS-sq. The full line corresponds to PS-sq. The colors indicate the amount of source squeezing
9, 6, and 3 dB, in order blue, brown, and yellow.

If we substitute the expression for cos (ζ ) from Eq. (B5) and
find the variance, we reproduce Eqs. (8) and (9):

var
(
N̂xout

) = (1 − g2s2)

1 − s4
var

(
N̂ (ζ )

xout

) + (g2s2 − s4)

1 − s4
var

(
N̂ (ζ )

pout

)
,

var
(
N̂pout

) = (1 − g2s2)

1 − s4
var

(
N̂ (ζ )

pout

) + (g2s2 − s4)

1 − s4
var

(
N̂ (ζ )

xout

)
,

(C10)

where the rotated variances are

var
(
N̂ (ζ )

xout

) = 1

t2
1

(
var

(
x̂s1

)
ηS + 1

2
(1 − ηS )

)
+ 1 − ηH

ηH

g2

r2
2

1

2
,

var
(
N̂ (ζ )

pout

) = 1

r2
1

(
var

(
p̂s2

)
ηS + 1

2
(1 − ηS )

)

+ 1 − ηH

ηH

1

g2

1

2

(
1

t2
2

+ k2

)
. (C11)

The formula for the covariance covar(N̂xout , N̂pout ) of noise
operators can be obtain in similar fashion:

covar
(
N̂xout , N̂pout

) = 1 − 2g2s2 + s4

1 − s4

(
1 − ηH

ηH

)
k

2

+ 2(1 − g2s2)(g2s2 − s4)

1 − s4

× (
var

(
N̂pout

) − var
(
N̂xout

))
. (C12)

Note that the covariance of the teleported quadratures is not
zero for k �= 0 and ηH < 1 due to noise terms N̂xout and N̂pout .
This can be seen in Fig. 6. The covariance for the input
vacuum state is shown in the left figure. On the right is the
covariance for the input single photon state. The covariance
does not depend on the input state as expected. The noise
matrix � can be defined as in Eq. (13). Due to generally
nonzero off-diagonal elements, the matrix can be diagonal-
ized: � → �diag. Its diagonal elements �

diag
1,2 can be plotted

(see Fig. 7). However, the sum of these elements does not
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FIG. 9. The differences of fidelities 
Fid and total noises 
 obtained from two different optimizations. Panels (a) and (b) represent
differences for the input vacuum state, and panels (c) and (d) are differences for the input single photon state. The colors indicate the amount
of source squeezing 9, 6, and 3 dB, in order blue, brown, and yellow.

explain the behavior of fidelity—Trace of the diagonalized
matrix is not always lower for the BS-sq than for the PS-sq.
Therefore, the reparametrization given by Eq. (25) is needed.

APPENDIX D: NUMERICAL OPTIMIZATION
OF FIDELITY FOR BS-sq AND BSPS-sq

In this section, we show the parameters of variable beam
splitters obtained from numerical optimization. To compare
individual squeezers, we must fix the squeezing parameter s;
therefore, we get the condition on optimization parameters.
We optimize the parameters t1 for the BS-sq. The parameter t2
is given by the condition on s. We optimize t1 together with
t2 for the BSPS-sq to achieve the highest possible fidelity.
The parameter φ is given by the condition on s. The fidelity
is defined in the main text. The BSPS-sq shows the same
behavior as BS-sq because we get φ ≈ 0 in all cases. The
squares of optimized parameters for given s are shown in
Fig. 8. The left column of double panels shows optimized t2

1
and given t2

2 in the case of BS-sq. The right column shows
optimized t2

1 and t2
2 for given φ. The curves have quantita-

tively similar shapes. The minor inconsistencies are caused by
different numerical approaches in optimizations: We compute
the fidelity and choose the maximum value for every t1 in the

case of BS-sq. In the case of BSPS-sq, we used the differential
evolution algorithm implemented in SciPy [58] to scan the
parameter space of t1 and t2. The first row of double panels is
for the vacuum input state, the second row is for the single
photon input state. In every block, there are two panels, each
corresponding to lossless and realistic cases.

APPENDIX E: NUMERICAL OPTIMIZATION
OF TOTAL NOISE FOR BS-sq

We also performed optimization of parameters t1 and t2
with respect to the minimum of total noise NT . The total noise
is defined in the main text. We define


Fid = FNT − FF . (E1)

Fidelity FNT is the fidelity obtained from optimizing the pa-
rameters to a minimum of total noise, and fidelity FF is the
fidelity obtained from optimizing parameters to maximal fi-
delity, as discussed in the main text. We also define


 = NT,NT − NT,F . (E2)

Total noise NT,NT is the minimized total noise, and NT,F is the
total noise obtained from the maximization of fidelity. Fig-
ure 9 shows differences between fidelities 
Fid and between
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FIG. 10. The comparison of fidelities, added noise, and minimum of the Wigner function for BAS-sq. (a), (aa) Vacuum states in the lossless
scenario; (b), (bb) vacuum states in the realistic scenario with ηS = 0.8 and ηH = 0.9; (c), (cc), and (ccc) single photon states in the lossless
scenario; and (d), (dd), and (ddd) single photon states in the realistic scenario with ηS = 0.8 and ηH = 0.9. The different lines distinguish
different protocols, PS-sq (full lines with squares) and BAS-sq (dotted lines with crosses), and three different squeezing levels of the resource
squeezed states, 9 dB (blue), 6 dB (brown), and 3 dB (yellow).

total noises 
. Figures 9(a) and 9(b) are the differences when
vacuum state is injected. Figures 9(c) and 9(d) correspond to
single photon input state. The negativity of differences implies
that optimization with respect to total noise gives lower values
of NT,NT than NT,F and lower values of fidelity FNT than FF ,

which is the exact opposite of the case in Figs. 2 and 4. There-
fore, the behavior of total noise does not immediately explain
the behavior of the fidelity in the sense that the less total
noise, the higher the fidelity, mainly in non-Gaussian states.
Due to a small absolute value of difference in fidelities 
Fid,
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FIG. 11. The comparison of GnG regimes is shown for fidelity. (a) Lossless scenario; (b) realistic scenario with ηS = 0.8 and ηH = 0.9.
The different areas distinguish GnG regimes, PS-sq and non-Gauss regime (light red), PS-sq and not witnessed regime (white), BS-sq and
non-Gauss regime (light green), BS-sq and not witnessed regime (white). The thick borderline indicates the iterated GnG boundary for every
given resource squeezing. The thickness denotes numerical precision. In the realistic case, there is a third type of region—not computed.
This area requires nontrivial computational power. The colored crosses and circles denote a specific states of 9 dB of source squeezing:
crosses— 10 log s2 = −5 dB, circles—10 log s2 = −9 dB. The color indicates affiliation to the squeezer type: BS-sq— green, PS-sq—red.
Their photostatistics are shown in panels (d) and (e). Their certification of GnG witness is shown in panel (c). The blue curve is the first order
of genuine non-Gaussianity, and it was first computed in Ref. [21].

the fidelities FNT and FF have similar behavior. Therefore, the
optimization to minimize total added noise performs similarly
to the maximization of fidelity.

APPENDIX F: DETAILS ON BAS-sq

The BS-sq has only one free parameter t0, which comes
from the unbalanced beam splitter in measurement-induced
squeezing [33]. The output state is squeezed input with addi-
tional noise N̂xbas and N̂pbas . This noise is added to the noise
from the teleportation gate itself. Naturally, this leads to even
worse performance in fidelity and in the minimum of the
Wigner function (see Fig. 10). The poor performance of BAS-
sq is caused by the additional resource of squeezing and an
additional homodyne detector, both of which contribute to
additional noise in the output state. We compare BAS-sq with
PS-sq in fidelity, at the minimum of the Wigner function, and
at the total added noise.

APPENDIX G: DETAILS ON GENUINE
NON-GAUSSIANITY

Figures 11(a) and 11(b) show the fidelities of single photon
states squeezed by the BS and PS squeezers with continuous
levels of resource squeezing. The fidelities are divided by the
GnG witness—the GnG border, and two regions are created:
non-Gaussian and not witnessed. The thickness of the border
denotes numerical precision. When the specific state with
the specific fidelity is witnessed by the first order of GnG
[21], it is in the non-Gaussian region. The example can be
seen in panel (c). We take four states with a common source
squeezing of 9 dB. The differences between them are given
by the squeezing parameter s: 10 log s2 = −5 dB, −9 dB, and
by the squeezing method (squeezer). These states have corre-
sponding fidelity on the right side of panel (a). The red cross
and red circle correspond to the PS-sq. The green cross and
circle represent BS-sq. While BS-sq offers higher fidelities
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for given s, it also leads to quicker loss of non-Gaussianity
certified by GnG. This implies that the squeezed states pro-
duced by BS-sq contain higher contributions of the vacuum
state in their photostatistics, as can be seen in Figs. 11(d)
and 11(e). Two photostatistics are plotted. Panel (d) shows
the photostatistics of the states marked with crosses (higher
values of the squeezing parameter s). Panel (e) shows the
photostatistics of the states marked with circles (lower values
of the squeezing parameter). However, from the analysis of
the minimum of the Wigner function, we know that BS-sq
generally outperforms PS-sq, but PS-sq outperforms BS-sq in
non-Gaussianity certified by GnG. This indicates that the GnG

could be improved when the distribution of noise is taken into
account. In the realistic case of panel (b), there is a third area
that is out of computational power—not computed. This area
is limited by the fidelity curve computed for 20 dB of resource
squeezing. In fact, the same value of source squeezing was
used in the lossless case, but in panel (a) there is a cut at
F = 0.72. We conclude: If one wants to use the GnG metric
to certify the non-Gaussianity of the output squeezed single
photon state, the BS-sq has no advantage. In the following
research, the larger subset of non-Gaussian states should be
considered before any general conclusion regarding the GnG
metric in the case of teleportation-based squeezers.
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