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Quantum teleportation uses a shared entangled resource, local operations, and a digitally error-corrected
classical channel to transfer quantum states between distant parties. We introduce a hybrid teleportation-direct
transmission protocol for state transfer that still exploits entanglement, but replaces classical communication and
digital error correction with an analog feedforward through a noisy quantum channel. We show that quantum
teleportation outperforms this protocol if the communication channel reduces the entanglement of all bipartite
states having the same amount of entanglement as the resource; otherwise, the hybrid protocol is optimal.
We apply our result to the state transfer of a uniformly distributed coherent-states codebook, highlighting
experimentally relevant scenarios where our protocol is most effective. Our findings are directly relevant to
both optical and superconducting microwave channels, where analog feedforward techniques have been recently

implemented.
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I. INTRODUCTION

Quantum teleportation allows two parties situated in dis-
tant locations, Alice and Bob, to transfer an unknown quantum
state using entanglement, local operations, and a classical
communication channel as resources [1-3]. The protocol con-
sists of four steps: (i) A third party (Charlie) prepares an
entangled pair and sends one share to Alice and the other
to Bob; (ii) Alice performs a joint (Bell) measurement of the
unknown state and her part of the entangled state; (iii) Alice
sends the measurement results to Bob via a classical com-
munication channel; (iv) Bob performs a local operation on
his part of the entangled state, depending on Alice’s classical
message. Since the early theoretical proposals, experimental
implementations of quantum teleportation have been demon-
strated on several quantum platforms [4,5]. The performance
dependence on steps (i), (ii), and (iv) has already been well
studied in the literature: The protocol is limited by the amount
of preshared entanglement, the quantum memory of Bob, the
fidelity of the Bell measurement at Alice, and the noise of the
decoding operation at Bob [4—6]. Usually, step (iii) is treated
as noise free, as one can perform digital error correction,
which means that the classical information can be transmitted
virtually without errors. Nevertheless, a fundamental question
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remains: Is quantum teleportation always the best choice for
state transfer, or can alternative strategies surpass it over noisy
quantum channels?

In this paper, we answer this question in a continuous-
variable setting. We investigate an analog protocol that
leverages the quantum nature of the communication channel
by replacing digital error correction in quantum teleportation
with an analog error correction scheme. In this approach,
the Bell measurement is replaced by an encoding operation
implemented via a quantum-limited two-mode squeezer. The
encoded output is then transmitted directly to Bob, who ap-
plies a decoding operation to retrieve the unknown quantum
state (see Fig. 1). For infinite encoding squeezing, the analog
protocol is equivalent to quantum teleportation, and we call it
“analog quantum teleportation.” When no encoding is applied,
the protocol represents direct state transfer. For finite encod-
ing squeezing, it is a hybrid teleportation-direct transmission
protocol (HTDT).

We first frame the problem within the broader context of
Gaussian channel simulation, where quantum teleportation
corresponds to the case of noisy simulation of a phase-
insensitive channel [7,8]. Here, the goal is to reproduce the
effect of a given channel with minimal added noise. We
identify a necessary and sufficient condition for HTDT to be
optimal, based solely on the communication channel param-
eters and the entanglement of the resource, quantified by the
logarithmic negativity [9,10]. We showcase the performance
of the protocol for a codebook of uniformly distributed coher-
ent states, considering both cases in which the entanglement
distribution channel is effectively noiseless compared to the
communication channel, and the “fair” case where all chan-
nels have the same loss rate. In both scenarios, our HTDT
protocol can offer a significant advantage over quantum tele-
portation when entanglement resources are finite.
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FIG. 1. Sketch of quantum teleportation and the analog protocol.
Both protocols leverage an entangled resource state, distributed by
Charlie, to transfer a state from Alice to Bob obliviously. In the
analog protocol, we exploit the quantum description of the commu-
nication channel G to implement an optimal encoding and decoding
scheme, which replaces the measure and feedforward operations of
quantum teleportation.

So far, analog feedforward has mainly been regarded as a
technical tool to speed up protocol implementations [11,12],
as the absence of measurements avoids analog-to-digital and
digital-to-analog conversions and reduces the waiting time
at Bob’s side. Recent experiments in the optical [13,14] and
microwave [15-17] regimes have demonstrated analog feed-
forward in the strong-squeezing limit to implement quantum
teleportation. In this paper, we study scenarios in which
the optimal encoding squeezing is finite, corresponding to
an HTDT protocol, and provide its optimal value. This re-
sult is relevant for solid-state quantum technologies, such
as superconducting quantum circuits connected via cryolinks
[18,19], enabling kilometer-scale state transfer and outper-
forming quantum teleportation for realistic parameters, with
direct applications in modular quantum computing [20,21]
and quantum communication [22].

The paper is organized as follows: In Sec. II we introduce
the Gaussian formalism for continuous-variable quantum me-
chanics; in Sec. III, we describe our analog protocol and prove
a necessary and sufficient condition for HTDT to outperform
quantum teleportation; in Sec. IV, we discuss the transfer of
a uniformly distributed codebook of coherent states, consid-
ering both the case of lossless entanglement distribution and
the “fair” case in which the entanglement distribution and
communication channels have the same loss rate; finally, in
Sec. V we conclude.

II. GAUSSIAN FORMALISM

An m-mode bosonic system [23] is described by the self-
adjoint canonical operators %; and p;, with j=1,...,m,

satisfying the canonical commutation relations. If we define
P = (X1, P1s--es Xm,s ﬁm)T, the canonical commutation rela-
tions read as [F, 7] =2, where Q = @'}1:1 ioy is the
symplectic form. Here and in the following, oy, oy, o are the
Pauli matrices. Gaussian states pg are fully characterized by
their first-moments vector v = Tr[pg#] and their covariance
matrix I with components I' jy = Tr[pg{?; — v}, 7x — v¢}]. In
this representation, the Robertson-Schrodinger uncertainty re-
lation I" 4+ i©2 > 0 must be satisfied.

In the following, we consider the entanglement resource
to be a two-mode Gaussian state with null first moments and
covariance matrix

al, —co,

Pas = <—c0Z bll, >’ M
witha,b > 1 and 0 < ¢ < /ab — 1 — |a — b|. This state can
be generated using two-mode squeezing operations applied
to uncorrelated thermal states [15,17,24-26]. The entan-
glement can be quantified using the logarithmic negativity
En(pag) =1n ||p£‘}3||1 [9,10], where pap is the density matrix
of the resource state and 7, denotes the partial trans-
pose. For two-mode Gaussian states, this corresponds to
Exn = max{0, —In (v_)}, where v_ is the lowest symplec-
tic eigenvalue of the partial transposed covariance matrix
(I, & 0,)'ap(Ir & o) [27]. Other measures of entanglement
can be considered to quantify the teleportation resource [8].
However, here we consider the logarithmic negativity as it will
give a simple optimality condition for the analog protocol.

Gaussian-preserving channels are defined by two real
matrices X and Y acting on the first-moments vector and
covariance matrix as

v—Xv, I'—>XI'XT 4v. (2)

The complete positivity condition is ¥ + i > iXQXT [23].
For single-mode Gaussian channels, this condition reduces to
Jdet(Y) > |1 —det(X)|and Y > 0.

Throughout this work, we consider the case in which Alice
and Bob share a Gaussian communication channel G, which
can be decomposed as

Glpl = W(EIUpU YW, 3)

Here, U, W are two unitary matrices and £ is the Gaussian
channel in the canonical form [28,29]. Since the unitaries U
and W can be reversed in the encoding and decoding stages,
we can restrict the analysis to channels in their canonical form.
Indeed, in the following, we focus only on nondegenerate
channels, i.e., those channels that do not erase the information
carried on one quadrature. Specifically, we consider phase-
insensitive channels defined by

X =xlh

where x > 0 is the transmissivity and y is the added noise
[30]. The complete positivity condition for this channel is
y > |1 —x|. If y > e 2" (1 + x), then applying the channel to
a part of any state with logarithmic negativity larger than
2r will necessarily reduce the entanglement at the output.
A particular case is r = 0, for which y > 1 + x means the
channel is entanglement breaking.

Y =yl, 4)
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FIG. 2. Analog scheme for quantum state transfer. Alice aims to
transfer an unknown state pr to Bob using the preshared entangled
state pap as a resource. She applies a two-mode squeezing operation,
parametrized by the linear gain d > 1 [see Eq. (5)], to her share of
pap and the state pp (with first moment vr and covariance matrix
I't). She transmits the mode with first moment Jd vt to Bob through
the communication channel G, while discarding the other mode,
which corresponds to its complex conjugate. Finally, Bob performs
a decoding operation using his part of the entangled state, obtaining
Pout> Which is a “noisy” version of the state pr. For infinite d, this is
an analog quantum teleportation protocol. For d = 1, it is direct state
transfer. For intermediate values of d, it is an HTDT protocol.

III. ANALOG PROTOCOL

A. Gaussian channel simulation

Alice aims to transmit to Bob a quantum state obtained
by applying a phase-insensitive Gaussian channel with gain
g and noise G to an unknown input state pr, characterized
by first and second moments vr and I'r, respectively. She
shares with Bob an entangled state pap with covariance matrix
(1). The first-moment vector and the covariance matrix of
the initial three-mode state are then v = (v1, 0, 0, 0, 0)4 and
I' = T't @ C'ag. The analog protocol consists of three steps
(see Fig. 2): (i) Alice applies an encoding operation to ot
and her part of the entangled state; (ii) Alice transmits the
encoded signal to Bob through the Gaussian communication
channel, defined in (4); (iii) Bob applies a decoding operation
to retrieve a “noisy” version of pr.

The role of the encoding operation is to partially correct the
noise added by the communication channel G. The encoding
operation (labeled TMS in Fig. 2) is defined as

o _ Vdl,  Jd—Tlo.
T \Vd =10, dl,

where d > 1, and corresponds to a two-mode squeezing act-
ing only on Alice’s mode. If d is infinite, measuring the
quadratures X and p on one of the outputs of the encoding op-
eration is equivalent to a Bell measurement. Alice’s encoded
system consists of two modes with first moments Vdvr and
A/d — lo,vr. We discard the complex-conjugate mode (the
one affected by o), and transmit the other mode to Bob via
the channel (4).

Finally, as a decoding operation, Bob performs a beam-
splitter operation on his part of the entangled mode and the

)a Yenc = Oa (5)

received mode. This operation is defined by the matrices

% ﬁ]lz V1 =1l
dee = —/1 =1l \/?]Iz
with 0 < 7 < 1. Itcan be implemented, e.g., with a directional

coupler in a microwave experiment [15,17,31]. One of the two
outputs is

)7 Ydec = 07 (6)

Vout = «/EUTy

where g = dxt is the total gain of the overall channel, and
8 8
G=< ——) +<1——)b
8= a)" dx

DD o

is the total added noise. Notice that, since 0 <t < 1, we
must have 0 < g/dx < 1 and, consequently, the squeezing
parameter should satisfy the relation d > max{g/x, 1}.

In practice, the analog protocol simulates the action of a
phase-insensitive Gaussian channel with gain g and noise G
onto the state pr. We point out that Eq. (7) can be interpreted
as follows: For a given channel gain g, which can be modu-
lated via d and t, the analog protocol will provide a noise G
given in (8). This result can be generalized to the simulation
of a generic nondegenerate Gaussian channel by exploiting
the decomposition given in Eq. (3).

Fow = gl'r + G, (N

B. Analog protocol: A hybrid approach

In the limit d — oo, we get G = ga+b —2,/gc = Gy,
which matches the added noise in quantum teleportation for
simulating a phase-insensitive channel with gain g [7]. In this
limit, it is an analog quantum teleportation protocol, i.e., a
quantum teleportation scheme that employs analog error cor-
rection to mitigate communication-channel losses. Ford = 1,
it reduces to direct state transfer. For intermediate values
of d, the protocol is a hybrid of teleportation and direct
transmission (HTDT). To illustrate this, consider a quantum
teleportation protocol that uses only Alice’s discarded mode
(see Fig. 2), where Alice performs a heterodyne measurement
on this mode and sends the result to Bob, who then applies
an appropriate unitary operation to realize an overall channel
with gain g (i.e., to simulate a channel with gain g). The
resulting noise Ggis is given by

g gd g
d—1 d—1+d—1' ©)
For any choice of g and triplets (a, b, c), we have that
G/Ggs — 1 for d - o0, G/Ggs — 0 for d — 1, and
G/Ggs < 1forl <d < oo.

In the limit d — o0, the discarded and transmitted modes
become perfectly correlated. A heterodyne measurement on
the discarded mode collapses Alice’s transmitted mode onto a
coherent state whose amplitude is equal to the complex con-
jugate of the measurement outcome multiplied by a known,
large gain factor. This measurement also projects Bob’s mode
onto the target state up to a displacement determined by the
complex conjugate of the measurement outcome. Notice that
since the measurement on the discarded mode acts as a Bell
measurement on the unknown input state and Alice’s share of

Ggis = a+b—2c
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the entanglement resource, and its outcome is correlated with
the transmitted mode, it constitutes a quantum nondemolition
(QND) measurement in the Bell basis.

When the discarded mode is measured, there are two ways
to transmit the resulting information to Bob. In standard
teleportation, one would transmit the measurement outcome
through a classical channel, and the performance is charac-
terized by Ggis. In the analog protocol, instead, the collapsed
transmitted mode itself is sent through the quantum channel,
with overall noise G = Gq. Since Ggis — Gq in the limit
d — oo, the two approaches are equivalent. The only dif-
ference is the way classical information is transmitted: The
analog protocol transmits the information using an amplified
coherent state, with the amplification serving as analog error
correction against the channel noise.

It is essential to note that the analog scheme remains deter-
ministic: in practice, no measurement on the discarded mode
is actually required, and simply tracing it out is sufficient.
However, the measurement-based picture is conceptually use-
ful, as it clarifies why the protocol reduces to quantum
teleportation in this limit. The underlying concept is referred
to in the literature as “all-optical quantum teleportation” [11]
or “analog feedforward” [12]. Experimental implementations
of this limit include Refs. [13,14] in the optical regime and
Refs. [15-17] in the microwave regime.

For 1 < d < oo, the correlations between the discarded
and transmitted modes are not perfect, so the measurement
on the discarded mode only partially determines the state of
the transmitted mode. The information obtained from mea-
suring the discarded mode is less strongly correlated with
Bob’s state, resulting in a larger noise Ggis. Here, G/Ggis < 1
indicates that the analog protocol is a hybrid of quantum
teleportation and direct transmission. In the limit d — 1, we
have that G/Ggs — 0, and the protocol realizes purely direct
transmission of the unknown state.

C. Performance analyses

We aim to identify the regimes in which HTDT outper-
forms quantum teleportation, whether digital or analog, in
simulating a phase-insensitive channel. Such performance is
quantified by the amount of added noise G, i.e., the less noise,
the better the simulation. Optimizing G with respect to the
triplet (a, b, ¢) and the squeezing parameter d is challenging.
There are trivial examples, such as the g = x case, for which
G = Gy + (y — Gg)/d. This expression is linear in 1/d and
is therefore minimized by d =1 or d — oo depending on
whether G is greater or smaller than y. In this example, the
problem reduces to optimizing Gg;.

Another simple case is when there is no preshared entan-
glement between Alice and Bob. We fix Alice and Bob’s states
to be pure, i.e., (a, b, c) = (1, 1,0). The encoding operation
corresponds to a quantum-limited phase-insensitive amplifi-
cation of the state pt. The protocol is implemented by sending
the amplified state directly through the communication chan-
nel, obtaining

. (10)

—(I+x
=1 [0

SHis

This can be optimized over d with the constraint
d > max{g/x, 1}. Since (10) is linear in 1/d, Gf is minimized
ford — oo if y > 1 + x (i.e., if the channel is entanglement
breaking), or by d = max{g/x, 1} if y < 1+ x. This case
represents direct state transfer enhanced by local encoding
and decoding operations. Notice that G, can be lower than
G if the transmissivity of the communication channel is
large enough and the added noise is sufficiently small. In fact,
while G is limited by the entanglement, G is limited by the
communication channel parameters.

Let us now consider the case in which Alice and Bob share
some entanglement, which we take as the resource state. For
the moment, we do not consider how this entanglement is
generated or distributed by Charlie. Given a fixed logarithmic
negativity of the resource state, Exr(pag) = 2r, one can derive
a necessary and sufficient condition for the figure of merit G
to be minimized at a finite value of d.

Theorem 1. Consider a Gaussian communication channel
G with transmissivity x > 0 and added noise y, as described
in Eq. (4), and assume that Alice and Bob share an entangled
resource with logarithmic negativity 2r. HTDT outperforms
quantum teleportation, optimized over the set of resource
entangled states, in the task of simulating Gaussian phase-
insensitive channels with gain g € [tanh(r), coth(r)], if and
only if y < 2" (1 + x).

Proof. An optimization of Gy, considering as entangle-
ment resource a state with logarithmic negativity 2r, has been
found in [7]. We first set ¢ = \/(a — e=2")(b — e~2") in order
to have Enr(pag) = 2r, obtaining

Gu=1lga—ge™™) —(b—e )P +G,  (1D)

where G, = e 2" (1 + g). Then, we fix a such that Gy = Gy
which is the boundary of the channels accessible by quantum

teleportation. Overall, we get the triplet

b+ e’zr(g— 1) bh—e ¥
a=— c=—,
g NG
2r —2r __ -1
Sestem eIl (12)
g+1—erlg—1|

where b > b* is needed to satisfy the constraint that pap is
physical, and the solution holds when tanh(r) < g < coth(r)
[7]. Notice that b = b* corresponds to the optimal pap with
minimal energy.

Let us now consider the noise G in (8) with generic param-
eters. On the one hand, if we set the logarithmic negativity of
oap to 2r, Eq. (8) can be written as

1 1 2
_ _ 5 2 2 % _ _ i 2 2 %
G‘[(g d) @=e) (1 dx) b—e™) }
+ =401+ Gy (13)

Therefore, if y > e=2"(1 4+ x) we have G > G, for any choice
of a, b, and d, and quantum teleportation with the set of
parameters in (12) is optimal.

022452-4



HYBRID ANALOG TELEPORTATION-DIRECT ...

PHYSICAL REVIEW A 113, 022452 (2026)

On the other hand, we can expand G to the first order in
1/d for d — oo, obtaining

G=Gyt & 1of ! (14)
—eT g T N\a)

G':—g(a+é)+m+g. (15)
x x x

The condition G’ < 0 computed using any triplet in Eq. (12)
is sufficient for G < Gy, to hold for a finite d. Such condition
is equivalent to y < e~ 2" (1 + x). [ ]

Notice that G’ < 0 in Eq. (15) gives a sufficient condition
for the analog protocol to be optimal for any fixed a, b, and c,
not necessarily optimized for teleportation. This condition is
equivalenttoy < ax +b —c(g+x)/./8.

This result can be generalized to situations where the
communication channel is described by Eq. (3) that have
a canonical form given in (4). It depends uniquely on the
structure of the communication channel, and establishes that
a necessary and sufficient condition for quantum teleportation
to be optimal in the task of simulating Gaussian channels is
that the communication channel reduces entanglement when
applied to a part of any bipartite entangled state with logarith-
mic negativity 2r. The result can be rephrased as addressing
the following question: Given a communication channel that
cannot be simulated with quantum teleportation, can it be used
to implement a target channel that is also not simulatable with
teleportation and differs from the original communication
channel?

IV. OPTIMAL QUANTUM STATE TRANSFER

A. Gaussian codebooks of coherent states

We consider quantum state transfer of a Gaussian dis-
tributed codebook of coherent states |w). The fidelity
averaged on the codebook can be computed as F=
Jo Ze 9 (| poua)d?e with A > 0. Using Eq. (7), we
obtain F = 21/[2(1 — /2)* + A(1 + g+ G)] [7]. This ex-
pression shall be optimized with respect to the gain g and
the overall noise G. However, it is clear that for a fixed g,
a lower G is beneficial. For the sake of the discussion, let
us consider the A — O limit, i.e., the limit of a uniformly
distributed codebook. In this case, F is zero for g # 1, while
itis2/(2+ G) forg = 1.

In the following, we focus on the case of the quantum-
limited attenuator as a communication channel, defined by
Eq. (4) with 0 < x < 1 and y = 1 — x. This channel plays a
crucial role in, e.g., superconducting microwave technology,
where the communication can be implemented with a cryo-
genic link [18,19].

B. Noiseless entanglement distribution

We first considered the case in which the entanglement
distribution channel is different from the communication
channel. In general, these channels need not coincide, as
the entanglement distribution channel may rely on dedicated
infrastructure and therefore be less noisy. For instance, in
an optical implementation, entanglement may be distributed
through optical fibers, where power loss rates can be as low as

x=tanh(r)
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Teleportation
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FIG. 3. Average fidelities, optimal encoding, and no-cloning
threshold. (a) Average fidelity 7 of HTDT optimized over d (red),
quantum teleportation (blue), and entanglement-free case (green), for
the state transfer of a codebook of uniformly distributed coherent
states. We consider a quantum-limited attenuator with transmissivity
X as a communication channel, and the optimal triplet for quantum
teleportation (a, b, ¢) = [cosh(2r), cosh(2r), sinh(2r)] as resource.
In (b), we plot the infidelities ratio § = (1 — Fer)/(1 — F o), show-
ing the advantage of the quantum teleportation (blue) and HTDT
(red) over the entanglement-free case. (c) Plot of the optimal d for
HTDT, i.e., dop = [x — tanh?(r)]/[x? — tanh?(r)]. In (a) and (c) we
set 2r = In(2) ~ 0.693, such that F gt = % matches the no-cloning
threshold [33]. Changing r results in qualitatively similar plots.
(d) Plot of the logarithmic negativity 2r needed to reach the no-
cloning threshold for the optimal analog protocol (continuous) and
quantum teleportation (black dashed) protocols.

10~* dB/m [32], while communication occurs in free space,
resulting in substantially larger loss rates. In this scenario, the
shared entanglement between Alice and Bob is only mildly
affected by losses, whereas the communication channel can
experience significant attenuation.

We set g=1 and consider the triplet opti-
mizing Gg with minimal energy, ie., (a,b,c)=
[cosh(2r), cosh(2r), sinh(27)] [see Eq. (12)]. Note that,
while choosing a nonpure state satisfying Eq. (12) [i.e.,
a = b > cosh(2r)] leaves G4 unchanged, this choice affects
the performance of the analog protocol in the regime where
a finite d is optimal, in the sense that the entanglement-free
protocol can become optimal for finite transmissivities.
Nevertheless, the region where the analog protocol with finite
d encoding is optimal is still given by the Theorem 1 in
Sec. III C.

The resulting average fidelity for quantum telepor-
tation is F q = 1/(1+¢e7?). For the analog protocol
optimized over d, we obtain Fan=F q for x < tanh(r)
and  Fan =2x/[1 +x(2—x)— (1 —x)>cosh(2r)] for
x > tanh(r). This shall be compared with the average
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(Daps Xap)

Dc, xc)

FIG. 4. Alice-Bob-Charlie configuration. We consider a config-
uration in which Charlie is equidistant from Alice and Bob, i.e.,
Dcp = Dcg = Dc. All channels have the same loss rate y, so that
Xca = Xcg = xc. The quantity ¢ denotes Charlie’s distance from the
Alice-Bob axis.

fidelity of the entanglement-free case, i.e., F of = 1/(2 —X).
Notice that Fer < Fan always holds, and the equality is
achieved at x = 1. However, F of 1 larger than F gt @S so0n as
x>1—e7.

We plot these fidelities in Fig. 3 for 2r = In(2), which
makes quantum teleportation reach the no-cloning threshold
F q = % [33]. Figure 3(a) illustrates how the analog protocol
with finite d (i.e., HTDT) outperforms quantum teleportation
for x > tanh(r), while Fig. 3(c) plots the optimal value of d.
In Fig. 3(d), we show the entanglement required by our analog
protocol to reach the no-cloning threshold. Here, we iden-
tify the % <x< % region, where the needed entanglement is

2r = 2arcsinh[\/x(l —2x)/2(1 — x)?], as transitional to the
region where entanglement is no longer necessary.

C. Noise in entanglement distribution

We now discuss the effect of noise and dissipation on
entanglement distribution. As in the previous section, we fo-
cus on the task of state transfer of a uniformly distributed
codebook of coherent states, where having g = 1 and a sym-
metric entangled state between Alice and Bob is optimal. We
assume that both the distribution and communication channels
are quantum-limited attenuators (or pure-loss channels) with
the same power loss rate y (expressed in dB/m), so that
the power transmission between nodes X and Y at distance
Dxy (expressed in m) is xxy = 10~ 100xv (see Fig. 4). In this
setting, the triangle inequality is equivalent to xap > XcaXcB-
We consider Charlie to be equidistant from Alice and Bob, so
that we have a symmetric entangled state at the level of Al-
ice and Bob. More general configurations require specialized
treatment, where an optimization over Charlie’s resources is
performed.

Let us consider Charlie to generate a pure state with en-
tanglement 2rc. The logarithmic negativity between Alice
and Bob is obtained by computing the smallest symplectic
eigenvalue of the state distributed from Charlie to Al-
ice and Bob through the attenuator channels, obtaining

2r = —log(1 — xc + xce™%c), where xca = xcg = xc. No-
tice that the entanglement saturates at 2r = — log(1 — xc) for
2rc > 1.

2re=1.4 2re=1.7 2re=2.1 2re=2.4

\ N

0 130 130 130 1.3
he [10°m] he [10°m)] he [10°m] he [10°m)]

0.82

FIG. 5. Average fidelity versus Charlie’s position. We plot the
average fidelities for the analog protocol optimized over the en-
coding squeezing (red), quantum teleportation (blue), and the
entanglement-free case (green) for various values of Charlie’s log-
arithmic negativity (2r¢). The results are shown for the configuration
in Fig. 4 (Dca = Dcg = Dc) as a function of Charlie’s vertical
position (h¢), for parameter values y = 103 dB/m, xag = 0.7
(corresponding to Dap =~ 1.5km), and a symmetric pure state at
Charlie. The red curves are optimized for a finite encoding squeezing,
so HTDT always outperforms quantum teleportation in the shown
regimes.

Using the Theorem 1 derived in Sec. III C, we obtain the
condition 2r¢c < —log(1l — XC(ZI"T%) for an analog protocol
with finite encoding squeezing (i.e., HTDT) to outperform
quantum teleportation. Since xc < /xap always holds, we
have that for 2rc < —log(l — %) an HTDT protocol is
optimal for any position of Charlie.

Let us now consider typical values of the attenuation
coefficient and entanglement in realistic platforms. In super-
conducting microwave technology, niobium-titanium coaxial
cables exhibit power losses as low as y = 10~ dB/m at
frequencies around 5 GHz [15,16]. While we focus on the
microwave superconducting case, a similar analysis can be
carried out for optical fibers, which can exhibit even lower loss
rates, ¥ ~ 10~* dB/m [32], allowing for significantly longer
transmission distances. In Fig. 5, we plot the average fidelities
for the optimized analog protocol, quantum teleportation, and
the entanglement-free case for Dag >~ 1.5km. Notice that,
since the entangled state shared by Alice and Bob is not pure,
a protocol that uses no entanglement at all can outperform the
analog protocol that relies on entanglement. There is a wide
range of entanglement values for which HTDT is optimal.
Of particular interest is the case 2rc =~ 2.1, corresponding
to the logarithmic negativity reported in recent microwave
experiments [34]. Here, HTDT still significantly outperforms
teleportation, and the optimal amplification is d ~ 3.1 for
hc ~ 0 m (Charlie located exactly midway between Alice
and Bob). This value is experimentally achievable without
introducing significant additional noise [24,35,36]. For larger
values of 2rc, the advantage of HTDT over quantum telepor-
tation (d — 00) gradually diminishes.

V. DISCUSSION

In this work, we studied an analog protocol for simulating
nondegenerate Gaussian channels. The protocol interpolates
between quantum teleportation and direct transmission, re-
alizing a hybrid teleportation—direct transmission (HTDT)
scheme for intermediate values of the encoding parameter.
We derived a necessary and sufficient condition under which
this hybrid setup is optimal (see Theorem 1 in Sec. IIIC).
Our result is relevant as it mitigates noise in cases where
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entanglement resources and/or losses in the communication
channel are limited. In this context, we have demonstrated that
an HTDT protocol can enhance the average fidelity achievable
with quantum teleportation. This has been proved both in the
case when the entanglement distribution channel is virtually
noiseless (see Sec. IVB), and in the “fair” case where all
channels have the same loss rate (see Sec. IV C). We have
shown that for distances between Alice, Bob, and Charlie on
the order of kilometers, HTDT outperforms quantum telepor-
tation using experimentally achievable parameters.

Taken together, these results demonstrate the overall prac-
tical relevance of the proposed hybrid protocol, even under
equivalent channel conditions. They directly connect our
analysis to existing microwave and optical quantum com-
munication platforms, where analog feedforward has already
been demonstrated experimentally [13—17]. In particular, our
treatment explicitly includes superconducting microwave im-
plementations, where cryogenic links operating at 20 mK
[18,19] realize quantum-limited attenuating channels. Such
cryogenic interconnects are a key technological element in
modular quantum computing architectures based on supercon-
ducting qubits, making our framework naturally applicable in
this context.

Finally, although this work has focused on continuous-
variable systems, the result may also be extended to
discrete-variable settings. The encoding operation in our ana-
log protocol can be viewed as a quantum nondemolition
(QND) measurement in the Bell basis [37,38] (see Sec. III B).
In the discrete regime, a comparable QND measurement in
the Bell basis, appropriately optimized for the specific noise
characteristics, should be implemented on Alice’s side.
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