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The coherent transduction between microwave and optical frequencies is critical to interconnect
superconducting quantum processors over long distances. However, it is challenging to establish
such a quantum interface with high efficiency and small added noise based on the standard direct
conversion scheme. Here, we propose an electro-optic transduction system based on continuous-
variable quantum teleportation. Reliable quantum information transmission can be realized with
an arbitrarily small cooperativity, in contrast to the direct conversion scheme which requires a
large minimum cooperativity. We show that the teleportation-based scheme maintains a significant
rate advantage robustly for practical thermal noise and all values of cooperativity. We further
investigate the performance in the transduction of complex quantum states such as cat states and
Gottesman-Kitaev-Preskill(GKP) states and show that a higher fidelity can be achieved with the
teleportation-based scheme. Our scheme significantly reduces the device requirement, and makes
quantum transduction between microwave and optical frequencies feasible in the near future.

I. INTRODUCTION

Quantum networks [1-5] have been envisioned as high-
performance quantum processors interconnected by effi-
cient quantum communication channels. Quantum pro-
cessors require strong nonlinear interaction at single-
quanta level, which can be readily realized with Joseph-
son effect at microwave frequencies in superconducting
circuits [6-9]. However, the high attenuation and ther-
mal noise at room temperature prevent the direct trans-
mission of quantum states at microwave frequencies over
long distances. In contrast, optical photons are the ideal
candidate to transmit quantum information over long
distances with the near-zero thermal noise and low at-
tenuation at room temperature [10-14]|. However, it is
challenging to develop high-fidelity deterministic quan-
tum gates due to the weak optical nonlinearity. The
complementary characteristics of microwave and optical
photons calls for a hybrid quantum platform where quan-
tum information is processed by superconducting circuits
and transmitted with optical photons. Therefore, an ef-
ficient scheme to interconvert quantum states between
microwave and optical photons is of paramount impor-
tance [15-26].

The coherent conversion of quantum states between
microwave and optical frequencies have been proposed
using various platforms [27]|, including nanomechan-
ics [28, 29], electro-optics [19, 30-32], magnons [33, 34|,
rare-earth-ion crystals [35], and cold atoms [36]. Re-
gardless of the physical implementations, an interac-
tion Hamiltonian performing beam-splitter operations
in the frequency domain is used in all schemes to di-
rectly transduce quantum states between microwave and
optical frequencies. However, it is still challenging to
realize a transduction system with high efficiency and
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low added noise, which are required for high-fidelity
quantum state conversion. Other than direct transmis-
sion, quantum communications can also be realized ef-
ficiently with shared entanglement and classical com-
munication [22, 37-43]. A recent study [22] proposed
a scheme to establish time-bin entanglement and per-
form teleportation to transfer time-bin encoded qubits
between microwave and optical frequencies. However,
unlike direct conversion, the simple time-bin entangle-
ment is incapable of transducing complex quantum states
such as cat states and Gottesman—Kitaev-Preskill (GKP)
states [44], which are important for robust quantum oper-
ations against loss and noise [6, 44-51]. The probabilistic
nature of time-bin entanglement generation also renders
difficulty in achieving a high conversion rate. This issue
can be resolved by using continuous-variable quantum
teleportation [38-40, 43].

In this paper, we propose a transduction scheme to en-
able the conversion of complex quantum states between
microwave and optical frequencies based on continuous-
variable quantum teleportation. We use cavity electro-
optic system as the physical implementation of our pro-
posed scheme, due to its straightforward interaction. To
begin with, we show that direct conversion completely
fails such a task at small cooperativity due to zero quan-
tum capacity [52-54]. On the contrary, our teleportation-
based scheme demonstrates appreciable rates of quantum
state conversion under the same condition and provides
a strict rate advantage in a wide range of device param-
eters. In particular, our system can work at an operat-
ing temperature of 0.2 Kelvin, with robust performance
against thermal noise. This is achieved by the elimi-
nation of intermediate excitations, in contrast to other
systems. We further consider the transduction perfor-
mance of three states that are widely used in quantum
information processing, the coherent state, cat state and
finite-squeezed GKP state [44], where large advantages
can be found under practical experimental conditions.
All required operations in the teleportation-based trans-
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duction scheme can be readily realized in both microwave
and optical domains, making efficient microwave-optical
transduction possible with current experimental condi-
tions.

II. CAVITY ELECTRO-OPTICS

Superconducting cavity electro-optics [19, 30-32, 55]
is one of the most promising platforms for on-chip
microwave-optical transduction. The interaction is sim-
ple, as it directly converts quantum states and eliminates
noisy intermediate excitations in other platforms. For a
more complete comparison between the state-of-the-art
platforms, please refer to Ref. [27]. Such a system can
be realized with the setup shown in Fig. 1(a). The op-
tical cavity consists of materials with y(?) nonlinearity,
and is placed between the capacitors of a LC microwave
resonator. The electric field across the capacitor changes
the refractive index of the optical cavity, thus modulat-
ing the optical resonant frequency. Reversely, modulated
optical fields can generate microwave field due to the op-
tical mixing (rectification) in x(?) material. The interac-
ton Hamiltonian of cavity electro-optics has the standard
three-wave mixing form

H = ih(gatomt — g*abfm), (1)

with two optical modes (@ and b) and one microwave
mode (m). Here g is the coupling coefficient and 7 is the
Planck’s constant. If the optical mode @ is coherently
pumped, a beamsplitter interaction Hamiltonian can be
realized between the optical mode b and the microwave
mode m for direction conversion. If the optical mode b
is coherently pumped, a two-mode-squeezing interaction
Hamiltonian can be realized between the optical mode a
and the microwave mode m for entanglement generation
(see Appendix B). The optical (microwave) modes have
intrinsic, coupling, and total loss rates Yoi, Yoc, and v, =
’70i+700 (’Ymiy Ymc and Ym = 7mi+7mc) respectively. The
extraction efficiency for the optical (microwave) mode is
defined as (o = Yoc/Yo (Cm = Yme/Ym). The interaction
cooperativity is defined as C' = 4N g? /Yo Ym, with N the
total intra-cavity pump photon number. The stable oper-
ation of entanglement generation requires C € [0, 1) [31].

The optical thermal noise is neglected in our analysis
due to its small occupation even at room temperature.
The microwave thermal noise has non-zero mean occupa-
tion number n;, following the Bose-Einstein distribution.

III. DIRECT CONVERSION

In the direct conversion (DC) approach, the transduc-
tion device implements an interaction Hamiltonian with
a beam-splitter form. Therefore, the direct conversion
process can be modeled as a bosonic thermal-attenuator
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Figure 1. (a) Schematic of the teleportation based transduc-
tion scheme. The dashed box indicates the entanglement gen-
eration between the microwave mode m and the optical mode
@, in a three-wave mixing described by Hamiltonian in Eq. (1)
jointly with optical pump mode b. (b) Entanglement gener-
ation between microwave and optical domains. Purple indi-
cates the optical pump, blue indicates the microwave modes
and red indicates optical modes. LO: local oscillator. Mod.:
modulator. PDC: parametric down conversion.

described by the input-output relation

b= \/mpom +

with the overall transduction efficiency [31]
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The quantum channel described by Eq. (2) can have a
nonzero quantum capacity only when npc > 1/2 [56],
which places a threshold for the cooperativity,

C > =14 4¢uCo — V8mCo(2(mbo — 1) > 3 —2v2. (5)

Even the minimum value is beyond the state-of-the-art
experimental demonstrations [19, 32], therefore forbids
the reliable transduction of quantum states. We empha-
size that this requirement for direct conversion is essen-
tial and cannot be circumvented by error-correction ef-
forts [45, 51].

IV. TRANSDUCTION WITH QUANTUM
TELEPORTATION

To go beyond direct conversion, we propose to realize
the transduction between microwave and optical frequen-
cies with continuous-variable quantum teleportation. In



this case, the transduction device is used for two-mode-
squeezing generation between the optical and microwave
modes (Fig. 1). The intuition behind this teleportation-
based transduction is that classical communication can
boost the quantum information transmission rate beyond
the unassisted quantum capacity [57, 58].

For the transduction from microwave to optical fre-
quencies, the microwave input mode ¢, and the mi-
crowave mode m of the entangled state are interfered
on a 50/50 beamsplitter. The beamsplitter outputs are
measured along conjugate quadratures with homodyne
detection. While a continuous-wave pump can be used
to generate the two-mode squeezing, the local-oscillator
needs to match the input signal mode to avoid extra
noise. We consider perfect homodyne in our analyses; the
effect of loss in homodyne can be effectively taken into
account by adding loss on the input state and additional
loss contribution to the entangled microwave mode. The
measurement results are used to perform displacement
operation on the optical mode a of the entangled state
with a scaling factor k. Then the output optical mode
Cout Will be in a state close to the input microwave state
¢in (see Appendices C and D). The scaling factor x can be
optimized to achieve the best performance. When x < 1,
the overall channel is a thermal-attenuator described by
the input-output relation
1 — k2é, (6)

Cout = KCin +
When k > 1, it is a thermal-amplifier:

Cout = Kéim + VK2 — 16T, (7)
The thermal mode é has the mean photon number

uk? — 2k +w 1

Npp = — =
w 21 — &2 2’ ®

with the constants

8Cm [C + nin(l - gm)}

u=1+ (1 _ C>2 ’ (ga)
o — AVCGCL+C + 2nin (1 = Gn)] (9b)
(1-0) ’
1, 8CG [+ nin (1 = G
w=1+ 1-0) . (9c)

Here we assume signals are on resonance with the op-
tical and microwave cavities. When x = 1, the channel
reduces to an additive white Gaussian noise channel with
a variance (u +w — 2v)/2.

V. QUANTUM CAPACITY

We first compare the quantum capacities of the two
schemes, which provide the ultimate bound of quantum
information rates. We begin with the ideal case with

ideal extraction efficiencies ((, = (m = 1 ) at zero tem-
perature. Therefore, the thermal noise at microwave
frequency vanishes and the quantum capacity of direct
conversion can be calculated exactly [59]. However, the
teleportation-based scheme can still have non-zero noise
due to finite two-mode squeezing at C' < 1. As the exact
solution to quantum capacities for thermal-attenator and
thermal-amplifier with non-zero noise is unknown, we cal-
culate the lower bounds [60] and upper bounds [58, 61]
of quantum capacities instead (Appendix E).As shown
in Fig. 2(a), the upper (solid) and lower bound (dashed)
coincide exactly for the direct conversion (blue), while
a small gap persists for the teleportation scheme (red,
see Fig. 8).The teleportation scheme has a quantum ca-
pacity strictly higher than the direct conversion regard-
less of cooperativity value C. Especially, the quantum
capacity for direction conversion is zero when coopera-
tivity is below the threshold (Eq. (5)). In contrast, the
teleportation scheme shows non-zero quantum capacity
with an arbitrarily small cooperativity. In Fig. 2(c), we
show the quantum capacity lower bound of the telepor-
tation scheme with cooperativity C' = 0.1, which has
been experimentally demonstrated [19, 32]. With non-
ideal extraction efficiencies, the quantum capacity only
decreases gradually, showing the robustness of the tele-
portation scheme.

Next we consider the practical case with non-ideal ex-
traction efficiencies at finite temperature. In this case,
the thermal noise at microwave frequency needs to be
considered. We assume the microwave resonator fre-
quency 8 GHz and ambient temperature 0.2 Kelvin.
Therefore, the thermal noise occupation is n;, = 0.2.
We use (, = 0.95 and {, = 0.9, which are experimen-
tally feasible [62, 63]. The quantum capacity lower bound
of the teleportation scheme still has non-zero values re-
gardless of the cooperativity C'. In contrast, the quan-
tum capacity upper bound of direction conversion is zero
when cooperativity is below the threshold (Eq. (5)). Es-
pecially, we find that the lower bound of the teleporta-
tion scheme is higher than the upper bound of the direct
conversion in the low cooperativitiy region, meaning the
teleportation scheme strictly outperforms the direction
conversion. We also show the quantum capacity of the
teleportation scheme with different extraction efficiencies
using the condition C' = 0.1 and n;, = 0.2. Again, di-
rect transmission has zero quantum capacity in this case.
Compared with the ideal ny, = 0 case (Fig. 2(c)), the
quantum capacity drops due to the thermal noise con-
tamination (Fig. 2(d)). Therefore, a higher microwave
extraction efficiency is needed to achieve the same quan-
tum capacity.

VI. QUANTUM STATE TRANSFER

While quantum capacity shows the ultimate quantum
information rate, the transduction performance can vary
depending on different quantum states. Here, we con-
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Figure 2. Quantum capacity comparison. (a)(b) Capacity
bounds versus cooperativity C' with extraction efficiencies (a)
G =1, ¢u =1 and (b) (o = 0.9,{m = 0.95. The noise is
irrelevant in (a) and ni, = 0.2 in (b). The thresholds of the
direct conversion in Eq. (5) are indicated by the vertical black
dashed lines, with values around (a) 3 — 2v/2 ~ 0.172 and
(b) 0.216. We combined multiple different upper bounds (see
Appendix E). (c)(d) Contours of the capacity lower bound
for the teleportation-based (TP) transduction scheme, with
C = 0.1 and (c) nin = 0 (d) nin = 0.2. In these two cases, the
capacity of the direct conversion (DC) scheme is all zero.

sider the quantum states that are important for quantum
communication and computation, including the coherent
state |a), the cat state |caty) x (Ja) + |—a)), and the
finite-squeezed GKP states [44, 64],

)G O</dQO“3XP [—
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]f)(a) k) axp k= 0,1,
(10)
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20Gkp

where D(a) is the displacement operator and k) axp =
Yo oo Wm(2n 4 k), is the perfect GKP state. The

n=—o0
variance o p characterizes the GKP noise due to finite-
squeezing (see Appendix H).

For the coherent state and cat state, we directly com-
pare the Uhlmann fidelity F (p, o) = (tr, /ﬁa\/ﬁ)2 [65,
66] between the input and the output states (Ap-
pendix F). In the teleportation-based transduction
scheme, the fidelity will depend on the homodyne mea-
surement results. To represent the typical cases, we con-
sider the fidelity of the output state averaged over the
measurement outcome. We will optimize « to obtain the
best fidelity.

For GKP states, as we want the phase space grid size
to be invariant, we transform the overall channel to an
additive noise channel. To do so, in the direct conversion
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Figure 3. Fidelity for coherent state |c), cat state Ny (|a) +
|—a)) (with @ = 2) and GKP state transduction. The
GKP state has a finite squeezing noise ogkp = 0.22 (10dB).
(a){m = 1 and (, = 1, nin is irrelevant. (b) {m = 0.95,
Co = 0.9 and nin = 0.2. The black dotted horizontal line
indicates the fidelity threshold of 2/3.

scheme, we apply a quantum limited amplifier with gain
1/npc prior to transduction. For the teleportation based
scheme, we apply a quantum-limited amplifier with gain
1/k prior to transduction when x < 1, and an attenuator
with transmissitivty 1/k post transduction when x > 1.
Then, the transduction process is converted to an ad-
ditive white Gaussian noise channel (see Appendix G).
Note that here the additive noise level is not the same as
the original noise Npt or Nrp.

Although GKP states and cat states both have certain
intrinsic error-correction capability. However, as this pa-
per addresses a practical state transduction protocol to
produce complex quantum states in the optical domain,
we cannot directly assume the capability to perform error
correction operations in the optical domain. For exam-
ple, in the GKP error correction procedure, a standard
approach after the noise channel would require two an-
cilla GKP states [45, 51]. In this case, these ancilla GKP
states in the optical domain will need to be produced in
the same transduction protocol from the microwave do-
main GKP states; otherwise one can produce the complex
quantum states directly without the transduction. Con-
sequently, the GKP ancilla will have the identical noise
to the GKP state being transduced, and therefore cannot
further decrease the additive noise in the GKP state in
error correction [45, 51]. For the reason above, we do not
apply error correction operations at the output side and
adopt the fidelity to directly characterize the quality of
the complex states being produced.

First we consider the ideal case of (,, = 1, (, = 1.
We plot the fidelity for the coherent states, cat states,
and GKP states with different cooperativity values in
Fig. 3(a). The teleportation-based transduction scheme
(dashed) provides consistent advantages over the direct
transduction scheme (solid) for all three states. As co-
operativity C' approaches unity, the fidelity approaches
unity and the gap vanishes as expected. We also indi-
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Figure 4.  Performance of quantum state transfer: (a)(b)
fidelity for coherent state | = 2), (c)(d) fidelity for cat state
|caty) with o = 2 and (e)(f) fidelity for GKP state. The GKP
state has a finite squeezing noise cgxkp = 0.22 (10 dB). The
left column is for direct conversion, while the right column is
for teleportation based transduction. We choose C' = 0.1 and
nin = 0.2 to represent state-of-the-art experimental condition.

cate the no-cloning threshold of 2/3 [67] as black dotted
horizontal lines in Fig. 3.

With non-ideal extraction efficiencies ((,, = 0.95,
¢o = 0.9) and non-zero noise ny, = 0.2, the GKP fidelity
with the teleportation scheme (green dashed) is always
higher than the direct conversion scheme (green solid),
as shown in Fig. 3(b). For coherent and cat states, the
teleportation scheme offers a better fidelity over the di-
rect conversion when the cooperativity is small. Indeed,
at the C — 0 limit, as the direct transmission scheme
simply outputs noise independent of the input, while the
teleportation scheme always produces output containing
some information about the input from the quadrature
measurements. When the cooperativity is high, however,
direction conversion offers a better fidelity. In particu-
lar, at the limit of C — 1 (see Appendix D), although
the transmissivity of the teleportation-based scheme x
can be tuned close to unity, the additive noise mixed
in is larger than that of the direct conversion scheme.
When « is small, the states are close to vacuum, and a

lower transmissivity does not affect the fidelity as much
as higher noise, which caused the behavior when C' is
large. However, when o takes larger values, the fidelity
is mainly determined by the transmissivity and the tele-
portation scheme will offer a better fidelity, as verified in
Appendix F.

Finally, we vary the extraction efficiencies (,, and (,
for the practical experimental setting of C' = 0.1 and
ny, = 0.2. As we expect, at relatively low cooperativity,
the teleportation based transduction provides a better
performance over the direct transduction for all values
of extraction efficiencies. As shown in Fig. 4(a)(b), the
fidelity of the coherent state is much higher with the tele-
portation based scheme in (b) compared with the direct
conversion in (a). For the cat state and GKP state, sim-
ilar advantage can be seen in Fig. 4(c)-(f), despite the
overall fidelity of both schemes to be lower.

Overall, the fidelity of coherent-state transduction is
much higher than those for cat states and GKP states.
The reason behind is that a coherent state has a positive
Wigner function concentrated around the origin in phase
space, which is more robust to loss and noise; while GKP
states and cat states have negative and positive part of
the Wigner function; without the error-correction proce-
dure in the optical domain, they do not benefit from the
non-Gaussian nature of the states [72].

VII. DISCUSSION

We have proposed a microwave-optical transduction
scheme based on continuous-variable teleportation. The
scheme overcomes the low-cooperativity obstacle in the
direct conversion scheme and provides appreciable advan-
tages in the quantum capacity and state transfer perfor-
mance. While the analysis is based on cavity electro-
optics, the scheme also applies to other transduction
systems with intermediate excitations [22, 68]. Addi-
tional noise terms introduced by intermediate excitations
needs to be considered in that case, while the parameters
will also change. Although electro-optics platforms cur-
rently achieve the best efficiency across integrated plat-
forms [19, 27], however, as the development of technolo-
gies is a dynamical process, we do not imply that one
wants to rule out any other platforms at this stage. More-
over, the teleportation scheme can also be used for quan-
tum state transduction between different optical frequen-
cies, e.g. diamond color centers for quantum memories
and telecom band for long-distance communications. In
this case, thermal noise vanishes for both input and out-
put frequencies, corresponding to the ideal case in our
analysis (Fig. 2(a) and Fig. 3(a)). Therefore, appreciable
advantage can be obtained by using teleportation-based
transduction scheme regardless of device cooperativity
and extraction efficiency. In terms of applications, beside
error correction, our transduction scheme can be applied
to sensing protocols like microwave quantum illumina-
tion [69] and ranging [70, 71].
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Appendix A: Preliminary
1. Wigner function

Below we introduce the basic notations and definitions,
which are similar to the formalism in Ref. [73]. Readers
can also refer to Ref. [74] for a review of Gaussian quan-
tum information. Let H denote an infinite-dimensional
Hilbert space. We consider n bosonic modes associated
with tensor product of n Hilbert space H®", which have n
pairs of independent annihilation and creation operators
(&md;) satisfying [di,d;-] = 0;;. We define the quadra-
ture operators as gy = (G +d};)/ﬂ, P = i(&,ﬂ —a)/V2
for unit A = 1. The vector quadrature operator is defined
as & = (G1,P1, -, Gn,Pn) " which satisfies the commuta-
tion relation [#;, ;] = i€2;;, with matrix

ﬂz@w, w= <01 (1))
k=1

An n-mode displacement operator ﬁ(a) is defined as
D(a) = exp(a’al — (a*)Ta), where a = (ay, .. )T
is a vector of n complex numbers and @ = (a1, ...,a,)T,
at = (dJ{7 ...,af)T.  Alternatively, one can express
the displacement operator in the Weyl form ﬁ(a) =
exp(izTQE) = D(¢), where the 2n dimensional vector
€ = V2(Re(ay),Im(aq), . ..,Re(ayn),Im(ay)). The Weyl
operator satisfies:

Tr[exp(—i:&TQ&) eXp(iC&TQ&)] = (2m)"6(&1 — &),
(A2)

(A1)

'7a’ﬂ

/ d*"¢ exp(iz"Q€) Aexp(—izTQE) = (2m)"Tr(A)I.
(A3)

With the above relations, we have the following transform
pairs:

X(&; p) = Tr[pexp(i@' Q€)],

p= (27]1:)n /d2n£ X (& p) exp(—izTQE),

(A4)

(A5)

W(wsh) = oo [ 7€ (&) exp(—ia™ ). (40
1

(&) = e [ e Wesp)ep(ia™0g), (A7)

(2m)"

where x(&; p) and W (x; p) are the characteristic function
and Wigner function of state p.

The following are well-known properties of Wigner
function that we will utilize in our calculations:

[ e wiwip =1 (A8)
W(z; p1 @ p2) = W(x1; p1)W (x2; p2), (A9)
Tr(p6) = (27r)"/d2":c W (x; p)W (x;6), (A10)

W(a:A;TrB(ﬁAB)):/deB W(CCA,CL’B;,@AB). (All)

2. Gaussian states and unitaries

A quantum state is Gaussian if its Wigner function
W (x) has the Gaussian form

1 1 T 1 _
W(x) = (277)”|V|% exp 2(3; )V i (x—x)|,
(A12)
where € and V are the mean and covariance matrix of
state p:

& = Tr[pdl, (A13)

Vij = s To[pldi — i, &5 — 5] (Al4)
Here we give two examples of Gaussian state relevant
to our calculations. A thermal state has & = 0, V =
(1/2+4 N)Io, where N is the mean photon number of
the thermal state and Iy is a k by k identity matrix.
A vacuum state |0) is a thermal state with N = 0. A
coherent state is defined by displacing the vacuum state
as |a) = D(a)0). It is also a Gaussian state with & =
\/ﬁa, V = 12/2
A Gaussian unitary is generated by a Hamiltonian in
a second-order polynomial of @ and a'. It is fully char-
acterized by a symplectic matrix S and a vector d. Thus
we denote it as Ug 4. In the Heisenberg picture, it trans-
forms the vector quadrature operator linearly via
T — Sz +d. (A15)
A Gaussian state is mapped to another Gaussian state
under the transform Ug 4, with the mean and covariance
matrix transformed as
z—>8Sz+d V- SVST (A16)
One can also show that, for any quantum state p, its
Wigner function transforms as

W(a';Us,apUs o) = W [S™! (2’ — d); ] (A17)

under the Gaussian unitary.



Appendix B: Analysis of the interaction Hamiltonian

Inside the cavity, the x(?) nonlinear material immers-
ing in a strong classic pump field will proceed typical
interaction between the optical and microwave fields.
In general, a spontaneous parametric down-conversion
(SPDC) process will be triggered when the pump fre-
quency is equal to the sum frequency of the optical and
microwave fields. While if the pump frequency matches
the frequency differences between the two fields, the in-
teraction will act as a frequency-domian beamsplitter.

As depicted in Fig. 1, the entanglement between the
optical and microwave fields can be generated from an
SPDC process by pumping a triple-resonance device [19].
This electro-optical system with coupling strength gg is
modelled by the total Hamiltonian

H = hwoa'a + hwpmtm + ih(gga’m’ — gham), (Bl)

where a () is the annihilation operator for optical (mi-
crowave) field with resonance at frequency w, (w,). The
intra-cavity pump power and the phase-matching condi-
tion have been absorbed into the coupling strength gg.

The output fields can be derived by solving a group
of Heisenberg-Langevin equations in the Fourier domain
with the input—output relations [22, 75]

0 = Ga + Kaiy, (B2)
aons = —KTa + aiy,. (B3)
Here we use the matrix form to represent the dynamics
in the Fourier domain with optical frequency detuning

Ap = w — w, and microwave frequency detuning A, =
w — wWy,. The notations are defined as the following

a = (a,a’,m,m"HT, (B4)
ain = (@i, aby, @@, a1 gy, i, @t O)T, - (BS)
-2 +iA, 0 0 —igE
G_ 0 —2 —iA, i9E 0
0 —igE -L +iA, 0
igE 0 0 —l; — iAe
(B6)
’YPC O ’Ypi 0 0 O O O
K — 0 Ve O i O 0 0 0
0 0 0 0 Yec 0 Vei 0
0 0 0 0 0 Ve 0 e
(B7)
The output fields then relate to the input fields by
Qout = Sqlin = (KTG?lK + Ig)din. (B8)

By defining quadrature observables and the transform

matrix as
©-50 )@ o

ane(L) o

we get the input-output quadrature relation

)A(out = Sz&in = QSaQil)A{ina

Xin = (dfn,pfn’(jﬂ(i)’ﬁ%(i)

(B11)

6 90,400, 52)TL (B12)
Then, the input-output relation of the covariance matrix
is derived as
Vout = S: VinSy, (B13)

in which the input covariance matrix Vj, contains vac-
uum noise from the optical modes and the input mi-
crowave mode while the dissipation microwave mode is
contaminated by the thermal noise of population nj,,

Vin = Diag(Ig, (nin + 1/2)12) (B14)
Taking the input covariance matrix into consideration
and assuming zero detune for both optical and microwave
modes A, = A, = 0, the covariance matrix of two output
fields finally shows in the form as

w 0 0 —wv
1{0 w —v 0
Vom = 210 —v w 0 |°

—v 0 0 wu

(B15)

where we reprint the parameters in Eq. (9) of the main
paper as follows,

8§m [C + nin(l B Crn)]

u=1 + (1 — 0)2 , (B16a)
 AVGGCL + C 4 204 (1 — )]

o — iocp , (B16b)
_ 1 80C [1+ nin (1 — )]

w=1%+ (1 — 0)2 (B16C)

Appendix C: Continuous-variable teleportation

Here we consider teleportation utilizing the entangled
state pap between the microwave domain (A) and opti-
cal domain (B) as shown in Fig. 5. To make the anal-
yses more convenient, we apply a 7/2-phase rotation to
the microwave mode to convert the covariance matrix of
(B15) to a standard form

- 1 UIQ ’UZQ
Vm,o - 5 <’UZ2 U)IQ) ) (Cl)
where Z; = Diag(l,—1) is the Pauli-Z matrix. Note

that we have re-ordered the microwave mode as the first
mode and the optical mode as the second mode above,
compared with the covariance matrix of Eq. (B15).

As shown in Fig. 5, in a continuous-variable telepor-
tation scheme, to transmit an input state p'" from the
microwave domain to the optical domain, one performs



~out

Entangled states

Figure 5. Schematic of the continuous-variable teleportation.

a balanced beamsplitter on the microwave subsystem A
of the entangled state and the microwave input state
p™. Then the position quadrature §_ and the momen-
tum quadrature p, of the beamsplitter outputs are mea-
sured by homodyne. The rescaled measurement result
& = v/2(q_, —py) is then utilized to perform a displace-
ment of amount —x& on the optical subsytem B of the
entangled state to produce the optical output p°t. Here
we have added a factor of v/2 in & because the balanced
beamsplitter introduces a 1/4/2 factor in quadratures.

In the following, we present the detailed calcula-
tion of the Wigner function of the output. We la-
bel the pre-shared entangled state’s Wigner function as
WAB (x4, xp) and input state’s Wigner functions as
Win(z;,). The Wigner function of system AB and in-
put is a direct product W (s, )WAB (x4, z5). Then
a 50/50 beam splitter (BS) is applied to transform the

quadeatures
T4 _ i I2 12 Tin
€T_ \@ 7I2 I2 A ’

The transform of Wigner function is obtained from

Eq. (A17): W“’(%)WAB(%,:BB). Then one
gets measurement results from homodyne detection & =

V2(q—,—p4)T. At Bob’s side, the Wigner function of
system B is obtained by tracing out ¢4 and p_. Thus,

(C2)

~ in/ 4+ — 49— P+ — P-—
R T
4+ +q- py +p—

V2 V2

x WAB( ,ZR),

where ¢ is a constant that normalizes W (zp|Z). With

the substitution of & = ('”\;ﬁq’ , p+\;§p, )Y, W(zp|Z) can

be written as

W(xp|Z) = c/d% WAP (Zy(x + &), 2] W (x).
(C3)

Suppose we perform a displacement D(—ff:i:) at Bob’s
side to recover the input state, then the Wigner function
of the output state is obtained from property (A17) as

Wout(wBli) —

c/de WAB [Zy(x + &), x5 + kZ] W™ (x). (C4)

To understand the recovery of the input state, we first
consider the ideal infinite entangled limit, where the
Wigner function WAB (x4, x5) = §(x4 — Zoxp). In this
ideal case, we may take x = 1 and the output Wigner
function

Wt (zg) = /d2m5 [Zy(x — xp)| W™ (x) = W™ (zp).

is independent of . However this may not be true for
the general Gaussian entangled state. To prepare our
calculation, we note that the inverse of the matrix in
Eq. (C1) can be written as:

2 wly —vZ
—1 2 2
Vino = uw — v2 (-UZ2 uly ) ’ (C5)

m,o

We consider W4B given by Eq. (A12) with a zero mean
and the above V1. Then Eq. (C4) gives

W (zp|E) = c exp[

L (xp + mﬁ:)z} /dQsc (C6)

w

w v v o2
(C7)
We can obtain the normalize constant ¢ from Eq. (A8)
as

U 1
m(uw —v?) [ d?x exp [—1(x + )] Win(x)

CcC =

. (C8)
The probability density function (PDF) of getting the
results & is given by:

Ty +x_ in/ L+ — L—
7 YW 7
_ / Pa WA Zy(x + 2)] W™ (z)

P(&) = / dgy dp_ WA )

?1u / Pz exp {—i(m+i)2} W (x).  (C9)

Note in the second line the Jacobian for the change of
variables has unity determinant. The average state is
then
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Figure 6. Schematic of an thermal-attenuator/amplifier chan-
nel. The thermal state p;, has mean photon number N. 7 is
the attenuator transmissivity and G is the amplifier gain.

Appendix D: Thermal-amplifier and
thermal-attenuator channels

1. Wigner function transforms

In this section, we first derive the Wigner function
input-output relation for thermal-amplifier and thermal-
attenuator channels, as shown in Fig. 6. Then, we show
that the quantum teleportation process reduces to a
thermal-amplifier or a thermal-attenuator, via compar-
ing the results with Eq. (C10).

We assume that the Wigner function of input state is
Win(z), the other input is a thermal state with mean
photon number N and the Wigner function of output
state is WO (xp). By utilizing the Gaussian unitary
transform property in Eq. (A17), we obtain for the
thermal-attenuator channel £, y with transmissivity 7

J

|1 — K% (1+2Nyp) =

“—2( 1 )2 (C10)

uk? — 20K +w TmLrsl

[

and noise N

. (x— Lap)?
Weut (g o</d2m W™ (x)exp|— il .
2 S IR Ty

(D1)

While for the thermal-amplifier Ag y with gain G and
noise NV

_ L

(z \@:1:3)2 ]

out 2 in
%% (:cB)oc/d:cW (x) exp A1aMG-1)/C
(D2)
Now the channel model of the teleportation can be ob-
tained from comparing the above with Eq. (C10). If
Kk < 1, the continuous-variable teleportation channel T
reduces to a thermal-attenuator channel £, y with:

n=r> (D3)

1+2N:un2—2vﬁ+w
1— k2

(D4)
Otherwise, the continuous-variable teleportation channel
7T may be modeled as a thermal-amplifier Ag y with:

G = x?, (D5)

142N = uk? —22’()Ii+w
Kk —1

(D6)
When « = 1, it is an additive noise channel with the
noise variance ux? — 2uk + w.

The above can be summarized as

if Kk <1:
T2 Nop = { Lotee MR <1,

AK2,NTP if K > 17 (D7)
with Nrp defined in Eq. (8); the full expression in terms
of (,, (m and C'is given by:

8
L g {1 i (= o)) [Go = 260/CCGon + 7G|

(1= C) [~Gu® + 5/ TG = (L 1in (1= ) o] }

In the limit of C — 1, the first term in the bracket di-

(D8)

[
verges unless (o — 26v/CColm + K2Cm = 0. So we need



Kk = \/Co/Cm. Substituting x into Eq. (D8), it simplifies
to

|1 = k?|(1+2Ngp) =
Co 8<o [1 + (]- - Cm)nin} .

1+2>2+ D9
e 1+ V0?2 (b9)
When C' =1, we finally get
1
|1 — K?[(1+2Np) =14 (C +2nin (1 — () — 2) :
(D10)

For direct conversion, at the high cooperativity limit
(C — 1), from Egs. (3) and (4) of the main paper we
have bc = CmCo and (]- - nDC)NDC = (]- - Cm)Conin'
With the parameters in Fig. 3(b), we have x ~ 0.973,
|1 — 52’(1 + 2N7p) =~ 0.165 for teleportation and npc =
0.86, (1 — npc)Npc = 0.009 for direct conversion.

When C' = 0, we finally get

|1 = &*[(1+2N7p) =1+ &% [1 + 8nin (1 = Cu)m) »

(D11)
while 7pc = 0 and Npc = 0. In this limit, in the direct
transmission case the output is entirely independent of
the input as the transmissivity is zero. In the telepor-
tation case, the protocol reduces to performing a hetero-
dyne measurement on the input and displace accordingly.
Despite the large noise in the output, the teleportation
scheme has an output classically correlated to the input,
and therefore has better fidelity.

2. Concatenation of a thermal-amplifier and a
thermal-attenuator

In this section, we address how to transform a thermal-
amplifiers/attenuator to an additive white Gaussian
noise channel described by

1 a2 .
Ny2(p) = —5 | dae 8 D(a)pDT(a).  (D12)
o
where o? is the noise variance, via the approach in

Ref. [76]. For a thermal-attenuator, we apply an am-
J

max [— log, L&f mn™N] —g(N),0]
1 1 ) _g(N)70:|

Qrros(n, V) =

max |log, =

10

plifier before the channel

£n>ﬁth : A1/7I70 = N0'2(777ﬁth)’ (D13)

where o2(n,7,) = (1 —n) (g, +1). For a thermal-

amplifier, we append a pure loss channel afterwards
Li/c0 Aca, = (D14)

o2 (G,fitn)s

where 02(G, fign) = (1 — 1/G) (g, + 1).

Appendix E: Bounds on quantum capacity

For direct conversion, we hope to evaluate the quantum
capacity of the thermal-attenuator channel with param-
eters in Egs. (3) and (4) of the main paper. For telepor-
tation, we hope to evaluate the quantum capacity maxi-
mized over k. Depending on the choice of «, the channel
is either a thermal-attenuator or thermal-amplifier.

The quantum capacity lower bound of direct conver-
sion

Qb = Qu (e, Npc) (E1)

and the quantum capacity lower bound of teleportation
LB
r(FP ) = ml?x QLB(KJ2, NTP) (E2)

have the same functional form [60]

Qui(k, N) = max [log (|1—kk|) () ,0} . (E3)

where the function g(z) = (z+1)logy(z+1) — xlog,  is
the von Neumann entropy of a thermal state with mean
occupation number z. Note that when & — 1 and (1 —
k)N — Nada, we have

QLB(k7N) = —IOgQ(Nadd) — 1/111(2) (E4)

We will utilize upper bounds derived from two-way
assisted quantum capacity [58] and the degradable ex-
tensions [61]. Combining the thermal-attenuator and
thermal-amplifier results, we have

1(3UCB) = min[Qrros(Mpc, Npc), @pe (e, Npe)]-
(E5)
Here the functions
if np < 1;
ifn>1, (E6)

10g2 (1/Nadd) — 1/111(2) + Nadd/ln(Q). if n=1, (1 — 77)N — Nadd-
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max |log, (ﬁ)—|—h[(1—77)(2N—|—1)+77]—h[n(?N—f—l)—i—l—n],O] ifn<1;

Qpe(n, N) =

2 N UB
—— Qpron(x™, N1p) QpE(K™, N1p) ------ Q'
TP
()
< ] 24
S /
<12 /| 20
=] / .
S
R AR
z 12
g 1 0.8
g 0.4
50 0
C 0 02 04 06 08 10 0 02 04 06 08 10

Cooperativity C
Figure 7. Different upper bounds for (a){, = 1, (m = 1, and
(b) ¢ = 0.9, (m = 0.95, and ni, = 0.2.

Here we have defined

W) = <x42r1>10g2(x42r1) (x21)10g2(x21).

For the teleportation case, we will consider the same
values of k¥ that maximizes the quantum capacity lower
bound

K* = arg max Qus (K%, Nrp) (E8)

when we evaluate the corresponding quantum capacity
upper bound

Q’(TI{DB) = min[QPLOB (5*2, NTp), QDE(H*Q, NTP)]- (E9)

The capacity upper and lower bounds with x* are pre-
sented in Fig. 2 of the main paper. We also present dif-
ferent upper bounds in Fig. 7. In Fig. 8, we present ad-
ditional data for Fig. 8(a)(b): the optimum ~* that max-
imizes the lower bound and the difference QS%B) — %,B)
between the upper bound and lower bound for the tele-
portation scheme. Indeed, as discussed in Appendix D,
at the limit of C' — 1, we need k = \/{,/(m so that Npp

does not diverge.

Appendix F: Fidelity evaluations

For a pure input state [f“, we can also obtain the fi-
delity F (/3“‘, ﬁout) = tr (/31“,60‘”) between the input p™
and the output state p°* from their Wigner function

Feon / deg W (@)W (z5).  (F1)

max |log, (ﬁ>fl/ln2+2h <\/1+(n1)2N2),0]
max [log, () = 1/I2+ 2k (T + NZyg) 0]

ifp>1;

ifn=1,(1 =n)N — Nada-
(E7)

3.0

2.0

@ |10
0 02 04 06 08 L0 0O 02 04 06 08 L0
Cooperativity C

e (c) (d)
0 02 04 06 08 10 0 02 04 06 08 10
Cooperativity C

Figure 8. Optimum k and difference between upper bound
and lower bound. The black dashed lines are k = \/(o/Cm-
(a)(c) (m =1 and { = 1. (b)(d) ¢m = 0.95, (o = 0.9 and
Nin = 0.2.

For direct conversion, the fidelity can be evaluated
from the Wigner function relation in Eq. (D1), with pa-
rameters in Egs. (3) and (4) of the main paper. For tele-
portation based transduction, the fidelity can be eval-
uated from the Wigner function relation in Eq. (C10).
Note that the average fidelity is equal to the fidelity of
the average state.

1. Coherent state

A coherent state |«) is determined by a complex num-
ber « = agr + ‘oy. Let us use the notation a« =
V2(ag,ar)T, then its Wigner function is

in 1 —(xe— a)?
W (o)) = —e (@—v20)° (F2)

In the case of direct conversion (a thermal-attenuator
characterized by npc and Npc), we get

2 2
r_ 1 exp{ 2a%(1 — /mpC) }
1+ Npc(1 —npc) 1+ Npc(1 —npc)
(F3)
The average fidelity between input and output states in
the case of teleportation is given by:

20 (k — 1)?
A (kyu,v,w) }7 (F4)

_F:

2
A (K, u,v,w) exp{—
where we define A (k,u,v,w) = (u+1)x? — 2vk +w + 1.
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2. Cat state

The cat states are defined as |caty) = Ny (Jo) £]—a)),

where Nx = (2 & 26*20‘2)*1/2 are normalization con-
stants. The corresponding Wigner functions and the fi-
delity between the input and output are obtained simi-
larly:

s 1 _ _ 2 _ 2 2
W (x; |caty)) = Ni; [e (@=v20)" | o=(@+V2e)® 4 9o cos[2V2(—qag —l—paR)]} , (F5)
4Ni 2a2(1-b)2 _ 2a2(14b)2 _ 2a2(24a) 202 (a+2b?) _ 2a%[2a+(14b)?) _ 2a2[2a4(1-b)?]
F=—"— (e t+atp2 L 1tatt? £ e 1+a+t? £ 2¢  1+atp? Lo I+a+d2 +e 1+a+b2 , (F6)
1+a-+02
[
— Coherent state, DC  — Cat state, DC GKP state, DC tion to Obtain the additive noise Variance
--- Coherent state, TP --- Cat state, TP GKP state, TP
1.0 2 o 4C[n1n(1 - Cm) - Cm]Co
___________ opc =1 5 . (G1)
e [ R (1+0)
) 0.8 ',"
z S — For the teleportation based transduction approach, we
E need to consider different values of x to obtain the mini-
5 04 R~y mum additive noise. When x < 1, we can amplify prior
Aol . . L. . .
to transduction to obtain an additive noise variance
0.2
(@) () 2 1 2
0 oip == [(u—1)r* =20+ 1+w 2
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0 TP 2 [( ) + + ] ’ (G )

Cooperativity C

Figure 9. Fidelity for coherent state |a), cat state Ny (|a) +
|—a)) and GKP state, with finite squeezing noise cgxp. We
choose (m = 0.95, (o, = 0.9 and nin, = 0.2. (a) @ = 2 and
ockp = 0.4 (2.2 dB of squeezing) (b)a = 8 and ogkp = 0.1
(17.0 dB of squeezing). Dashed lines are for teleportation
(TP) based transduction and solid lines are for direct conver-
sion (DC).

where a = (1 + 2Npc)(1 — npc) and b = /7 for direct
conversion; a = ux?—2vk+w and b = & for teleportation.

In the main paper, we conclude that when « is large,
the crossover of performance in Fig. 3(b) will not happen.
Here we verify it with & = 8 in Fig. 9(b). Indeed, we see
the teleportation scheme (dashed) is consistently better
than the direct transducrion scheme (solid).

Appendix G: Additive noise analyses

We can utilize the channel concatenation relations in
Appendix D2 to convert the transduction channels to
additive white Gaussian noise channels.

For the direct conversion case (DC), considering the
transmissivity in Eq. (3) and noise Eq. (4) of the main
paper, we can amplify accordingly before the transduc-

where u, v, w are defined in Egs. (9) of the main paper.
Here “TP” stands for teleportation. In this case, o4p is
minimized when x = min[l,v/(u — 1)]. Similarly, when
Kk > 1, we can append a pure-loss channel after transduc-
tion to obtain an additive noise variance

1
0”2[‘P:§

1 1
(w—l)ﬁ—%;—i-l—i—u ; (G3)

which is minimized when x = max[1, (w — 1)/v].

The comparison between direct conversion and tele-
portation based schemes can be done by considering
Eq. (G1) and Egs. (G2) and (G3). The results are in
Fig. 10.

We find that the teleportation based transduction pro-
vides a lower additive noise level in the entire parameter
region. In particular, at the large cooperativity limit of
C — 1, we have v/(u—1) = (w—1)/v = \/(5/Cm- If

Cm > Co, we take k = v/(u — 1) and

2 1_Co+nin(1_<m)

ore = 1+ nin(]- - Cm) (G4)
While if ¢, < (5, we take K = (w —1)/v and
1 in 1- m
U%P - (1 i Zinzg - Cfn)) (G5)

We can verify that in both cases, 0% > o4p for C' = 1.
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Figure 10. Contour plots of the additive noise variances for
cooperativity C = 0.1 and (a)(b) nin = 0 and (¢)(d) nin = 0.2.
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where N is the normalized constant, A = 1 — 46 and
I’ = 2y/7. The output Wigner function is obtained using
Eq. (C10). Then the fidelity between the input and the

3 (ot gr) || 32 v ()]}
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Appendix H: GKP fidelity evaluation

An ideal GKP state is a sum of equal weighted eigen-
state of position or momentum quadrature. For the qubit
case, up to normalization, we have:

0)grp = Z |\/E2n>(p (H1)
Dexp = >, WVa(l+2n)),. (H2)

A GKP state with finite-squeezing can be modeled as an
ideal GKP state with a Gaussian envelope of variance
0% xp- As shown in Ref. [73], the state is further reduced
to an ideal GKP state with additive noise ogkp when
ogkp < /7, via random shifts. The level of squeezing
equals 1/A, where

1—e A

—_ H
14+e 4 (H3)

_ 2
= OGKP-

We calculate the squeezing in dB by 10log;(1/A). The
explicit Wigner function of |0) for d = 2 dimension GKP
code words with variance ogxp = o is given by [77]:

+

(H4)

n—=——oo

output states is given by Eq. (A10). We set x to con-
vert the overall channel to an additive noise channel and
evaluate the fidelity numerically.

[1] H. J. Kimble, The quantum internet, Nature 453, 1023
(2008).

[2] J. Biamonte, M. Faccin, and M. De Domenico, Complex
networks from classical to quantum, Commun. Phys. 2,
53 (2019).

[3] S. Wehner, D. Elkouss, and R. Hanson, Quantum inter-
net: A vision for the road ahead, Science 362 (2018).

[4] W. Kozlowski and S. Wehner, Towards large-scale quan-
tum networks, in Proceedings of the Sixth Annual ACM
International Conference on Nanoscale Computing and
Communication (2019) pp. 1-7.

[5] B. Zhang and Q. Zhuang, Entanglement formation
in continuous-variable random quantum networks, npj
Quantum Inf. 7, 33 (2021).

[6] P. Campagne-Ibarcq, A. Eickbusch, S. Touzard, E. Zalys-

Geller, N. E. Frattini, V. V. Sivak, P. Reinhold, S. Puri,
S. Shankar, R. J. Schoelkopf, et al., Quantum error cor-
rection of a qubit encoded in grid states of an oscillator,
Nature 584, 368 (2020).

[7] C. S. Wang, J. C. Curtis, B. J. Lester, Y. Zhang, Y. Y.
Gao, J. Freeze, V. S. Batista, P. H. Vaccaro, 1. L.
Chuang, L. Frunzio, et al., Efficient multiphoton sam-
pling of molecular vibronic spectra on a superconducting
bosonic processor, Phys. Rev. X 10, 021060 (2020).

[8] S. S. Elder, C. S. Wang, P. Reinhold, C. T. Hann,
K. S. Chou, B. J. Lester, S. Rosenblum, L. Frunzio,
L. Jiang, and R. J. Schoelkopf, High-fidelity measurement
of qubits encoded in multilevel superconducting circuits,
Phys. Rev. X 10, 011001 (2020).

[9] R. W. Heeres, P. Reinhold, N. Ofek, L. Frunzio, L. Jiang,



M. H. Devoret, and R. J. Schoelkopf, Implementing a uni-
versal gate set on a logical qubit encoded in an oscillator,
Nat. Commun. 8, 1 (2017).

[10] C. H. Bennett and G. Brassard, Quantum cryptogra-
phy: Public key distribution and coin tossing, Theoreti-
cal Computer Science 560, Part 1, 7 (2014).

[11] A. K. Ekert, Quantum cryptography based on bell’s the-
orem, Phys. Rev. Lett. 67, 661 (1991).

[12] N. Gisin, G. Ribordy, W. Tittel, and H. Zbinden, Quan-
tum cryptography, Rev. Mod. Phys. 74, 145 (2002).

[13] F. Xu, X. Ma, Q. Zhang, H.-K. Lo, and J.-W. Pan, Se-
cure quantum key distribution with realistic devices, Rev.
Mod. Phys. 92, 025002 (2020).

[14] S. Pirandola, U. L. Andersen, L. Banchi, M. Berta,
D. Bunandar, R. Colbeck, D. Englund, T. Gehring,
C. Lupo, C. Ottaviani, et al., Advances in quantum cryp-
tography, Adv. Opt. Photonics 12, 1012 (2020).

[15] N. Lauk, N. Sinclair, S. Barzanjeh, J. P. Covey,
M. Saffman, M. Spiropulu, and C. Simon, Perspectives
on quantum transduction, Quantum Science and Tech-
nology 5, 020501 (2020).

[16] D. Awschalom, K. K. Berggren, H. Bernien, S. Bhave,
L. D. Carr, P. Davids, S. E. Economou, D. Englund,
A. Faraon, M. Fejer, et al., Development of quantum in-
terconnects (quics) for next-generation information tech-
nologies, PRX Quantum 2, 017002 (2021).

[17] A. Vainsencher, K. Satzinger, G. Peairs, and A. Cleland,
Bi-directional conversion between microwave and opti-
cal frequencies in a piezoelectric optomechanical device,
Appl. Phys. Lett. 109, 033107 (2016).

[18] K. C. Balram, M. 1. Davango, J. D. Song, and K. Srini-
vasan, Coherent coupling between radiofrequency, optical
and acoustic waves in piezo-optomechanical circuits, Nat.
Photonics 10, 346 (2016).

[19] L. Fan, C.-L. Zou, R. Cheng, X. Guo, X. Han, Z. Gong,
S. Wang, and H. X. Tang, Superconducting cavity
electro-optics: a platform for coherent photon conver-
sion between superconducting and photonic circuits, Sci.
Adv. 4, eaar4994 (2018).

[20] L. Shao, M. Yu, S. Maity, N. Sinclair, L. Zheng, C. Chia,
A. Shams-Ansari, C. Wang, M. Zhang, K. Lai, et al.,
Microwave-to-optical conversion using lithium niobate
thin-film acoustic resonators, Optica 6, 1498 (2019).

[21] X. Han, W. Fu, C. Zhong, C.-L. Zou, Y. Xu, A. Al Sayem,
M. Xu, S. Wang, R. Cheng, L. Jiang, et al., Cavity piezo-
mechanics for superconducting-nanophotonic quantum
interface, Nat. Commun. 11, 1 (2020).

[22] C. Zhong, Z. Wang, C. Zou, M. Zhang, X. Han, W. Fu,
M. Xu, S. Shankar, M. H. Devoret, H. X. Tang, et al.,
Proposal for heralded generation and detection of entan-
gled microwave-optical-photon pairs, Phys. Rev. Lett.
124, 010511 (2020).

[23] M. Mirhosseini, A. Sipahigil, M. Kalaee, and O. Painter,
Superconducting qubit to optical photon transduction,
Nature 588, 599 (2020).

[24] M. Forsch, R. Stockill, A. Wallucks, I. Marinkovi¢,
C. Gértner, R. A. Norte, F. van Otten, A. Fiore, K. Srini-
vasan, and S. Groblacher, Microwave-to-optics conver-
sion using a mechanical oscillator in its quantum ground
state, Nat. Phys. 16, 69 (2020).

[25] W. Jiang, C. J. Sarabalis, Y. D. Dahmani, R. N.
Patel, F. M. Mayor, T. P. McKenna, R. Van Laer,
and A. H. Safavi-Naeini, Efficient bidirectional piezo-
optomechanical transduction between microwave and op-

14

tical frequency, Nat. Commun. 11, 1 (2020).

[26] N. Fiaschi, B. Hensen, A. Wallucks, R. Benevides, J. Li,
T. P. M. Alegre, and S. Groblacher, Optomechanical
quantum teleportation, Nat. Photon. 15, 817 (2021).

[27] X. Han, W. Fu, C.-L. Zou, L. Jiang, and H. X. Tang,
Microwave-optical quantum frequency conversion, Op-
tica, 8, 1050 (2021).

[28] R. W. Andrews, R. W. Peterson, T. P. Purdy, K. Cicak,
R. W. Simmonds, C. A. Regal, and K. W. Lehnert, Bidi-
rectional and efficient conversion between microwave and
optical light, Nat. Phys. 10, 321 (2014).

[29] J. Bochmann, A. Vainsencher, D. D. Awschalom, and
A. N. Cleland, Nanomechanical coupling between mi-
crowave and optical photons, Nat. Phys. 9, 712 (2013).

[30] M. Tsang, Cavity quantum electro-optics, Phys. Rev. A
81, 063837 (2010).

[31] M. Tsang, Cavity quantum electro-optics. ii. input-
output relations between traveling optical and microwave
fields, Phys. Rev. A 84, 043845 (2011).

[32] Y. Xu, A. A. Sayem, L. Fan, S. Wang, R. Cheng, C.-L.
Zou, W. Fu, L. Yang, M. Xu, and H. X. Tang, Bidi-
rectional electro-optic conversion reaching 1% efficiency
with thin-film lithium niobate, Nat. Commun. 12, 4453
(2021).

[33] R. Hisatomi, A. Osada, Y. Tabuchi, T. Ishikawa,
A. Noguchi, R. Yamazaki, K. Usami, and Y. Nakamura,
Bidirectional conversion between microwave and light via
ferromagnetic magnons, Phys. Rev. B 93, 174427 (2016).

[34] L. A. Williamson, Y.-H. Chen, and J. J. Longdell,
Magneto-optic modulator with unit quantum efficiency,
Phys. Rev. Lett. 113, 203601 (2014).

[35] J. G. Bartholomew, J. Rochman, T. Xie, J. M. Kindem,
A. Ruskuc, I. Craiciu, M. Lei, and A. Faraon, On-chip
coherent microwave-to-optical transduction mediated by
ytterbium in yvo 4, Nat. Commun. 11, 1 (2020).

[36] M. Hafezi, Z. Kim, S. L. Rolston, L. A. Orozco, B. Lev,
and J. M. Taylor, Atomic interface between microwave
and optical photons, Phys. Rev. A 85, 020302 (2012).

[37] C. H. Bennett, G. Brassard, C. Crépeau, R. Jozsa,
A. Peres, and W. K. Wootters, Teleporting an unknown
quantum state via dual classical and einstein-podolsky-
rosen channels, Phys. Rev. Lett. 70, 1895 (1993).

[38] S. L. Braunstein and H. J. Kimble, Teleportation of
continuous quantum variables, Phys. Rev. Lett. 80, 869
(1998).

[39] S.Pirandola and S. Mancini, Quantum teleportation with
continuous variables: A survey, Laser Phys. 16, 1418
(2006).

[40] S. Barzanjeh, M. Abdi, G. J. Milburn, P. Tombesi, and
D. Vitali, Reversible optical-to-microwave quantum in-
terface, Phys. Rev. Lett. 109, 130503 (2012).

[41] M. Zhang, C.-L. Zou, and L. Jiang, Quantum transduc-
tion with adaptive control, Phys. Rev. Lett. 120, 020502
(2018).

[42] H.-K. Lau and A. A. Clerk, High-fidelity bosonic quan-
tum state transfer using imperfect transducers and inter-
ference, npj Quantum Inf. 5, 1 (2019).

[43] A. Rueda, W. Hease, S. Barzanjeh, and J. M. Fink,
Electro-optic entanglement source for microwave to tele-
com quantum state transfer, npj Quantum Inf. 5, 1
(2019).

[44] D. Gottesman, A. Kitaev, and J. Preskill, Encoding a
qubit in an oscillator, Phys. Rev. A 64, 012310 (2001).

[45] K. Noh, S. M. Girvin, and L. Jiang, Encoding an oscilla-


https://doi.org/http://dx.doi.org/10.1016/j.tcs.2014.05.025
https://doi.org/http://dx.doi.org/10.1016/j.tcs.2014.05.025
https://doi.org/10.1103/PhysRevLett.67.661
https://doi.org/10.1103/RevModPhys.74.145
https://doi.org/10.1103/RevModPhys.92.025002
https://doi.org/10.1103/RevModPhys.92.025002
https://doi.org/10.1103/PhysRevA.81.063837
https://doi.org/10.1103/PhysRevA.81.063837
https://doi.org/10.1103/PhysRevA.84.043845
https://doi.org/10.1103/PhysRevA.64.012310

tor into many oscillators, Phys. Rev. Lett. 125, 080503
(2020).

[46] C. Flihmann, T. L. Nguyen, M. Marinelli, V. Negnevit-
sky, K. Mehta, and J. P. Home, Encoding a qubit in
a trapped-ion mechanical oscillator, Nature 566, 513
(2019).

[47] A. Grimm, N. E. Frattini, S. Puri, S. O. Mundhada,
S. Touzard, M. Mirrahimi, S. M. Girvin, S. Shankar, and
M. H. Devoret, Stabilization and operation of a kerr-cat
qubit, Nature 584, 205 (2020).

[48] F. Rozpedek, K. Noh, Q. Xu, S. Guha, and L. Jiang,
Quantum repeaters based on concatenated bosonic and
discrete-variable quantum codes, npj Quantum Inf. 7,
102 (2021).

[49] K. Fukui, R. N. Alexander, and P. van Loock, All-optical
long-distance quantum communication with Gottesman-
Kitaev-Preskill qubits, Phys. Rev. Research 3, 033118
(2021).

[650] W.-L. Ma, S. Puri, R. J. Schoelkopf, M. H. Devoret,
S. Girvin, and L. Jiang, Quantum control of bosonic
modes with superconducting circuits, Sci. Bull. 66, 1789
(2021).

[51] J. Wu and Q. Zhuang, Continuous-variable error correc-
tion for general gaussian noises, Phys. Rev. Applied 15,
034073 (2021).

[62] S. Lloyd, Capacity of the noisy quantum channel, Phys.
Rev. A 55, 1613 (1997).

[63] P. W. Shor, The quantum channel capacity and coherent
information, in lecture notes, MSRI Workshop on Quan-
tum Computation (2002).

[64] I. Devetak, The private classical capacity and quantum
capacity of a quantum channel, IEEE Trans. Inf. Theory
51, 44 (2005).

[65] W. Fu, M. Xu, X. Liu, C.-L. Zou, C. Zhong, X. Han,
M. Shen, Y. Xu, R. Cheng, S. Wang, et al., Cavity
electro-optic circuit for microwave-to-optical conversion
in the quantum ground state, Phys. Rev. A 103, 053504
(2021).

[66] F. Caruso and V. Giovannetti, Degradability of bosonic
gaussian channels, Phys. Rev. A 74, 062307 (2006).

[67] C. H. Bennett, D. P. DiVincenzo, and J. A. Smolin, Ca-
pacities of quantum erasure channels, Phys. Rev. Lett.
78, 3217 (1997).

[68] S. Pirandola, R. Laurenza, C. Ottaviani, and L. Banchi,
Fundamental limits of repeaterless quantum communica-
tions, Nat. Commun. 8, 15043 (2017).

[69] M. M. Wolf, D. Pérez-Garcia, and G. Giedke, Quan-
tum capacities of bosonic channels, Phys. Rev. Lett. 98,
130501 (2007).

[60] A. S. Holevo and R. F. Werner, Evaluating capacities
of bosonic gaussian channels, Phys. Rev. A 63, 032312
(2001).

15

[61] M. Fanizza, F. Kianvash, and V. Giovannetti, Estimat-
ing quantum and private capacities of gaussian channels
via degradable extensions, Phys. Rev. Lett. 127, 210501
(2021).

[62] J. Majer, J. M. Chow, J. M. Gambetta, Jens Koch, B.
R. Johnson, J. A. Schreier, L. Frunzio, D. I. Schuster, A.
A. Houck, A. Wallraff, et al., Coupling superconducting
qubits via a cavity bus, Nature 449, 443 (2007).

[63] Y. Zhang, M. Menotti, K. Tan, V. D. Vaidya, D. H.
Mahler, L. G. Helt, L. Zatti, M. Liscidini, B. Morrison,
Z. Vernon, Squeezed light from a nanophotonic molecule,
Nat. Commun. 12, 2233 (2021).

[64] B. M. Terhal, J. Conrad, and C. Vuillot, Towards scal-
able bosonic quantum error correction, Quantum Sci. and
Technol. 5, 043001 (2020).

[65] A. Uhlmann, The “transition probability” in the state
space of a*-algebra, Rep. Math. Phys. 9, 273 (1976).

[66] R. Jozsa, Fidelity for mixed quantum states, J. Mod. Opt.
41, 2315 (1994).

[67] F. Grosshans and P. Grangier, Quantum cloning and
teleportation criteria for continuous quantum variables,
Phys. Rev. A 64, 010301 (2001) .

[68] H.-K. Lau and A. A. Clerk, Ground-state cooling and
high-fidelity quantum transduction via parametrically
driven bad-cavity optomechanics, Phys. Rev. Lett. 124,
103602 (2020).

[69] S. Barzanjeh, S. Guha, C. Weedbrook, D. Vitali, J. H.
Shapiro, and S. Pirandola, Microwave quantum illumina-
tion, Phys. Rev. Lett. 114, 080503 (2015).

[70] Q. Zhuang, Quantum Ranging with Gaussian Entangle-
ment, Phys. Rev. Lett. 126, 240501 (2021).

[71] Q. Zhuang and J. H. Shapiro, Ultimate accuracy limit
of quantum pulse-compression ranging, arXiv:2109.11079
(2021).

[72] R. Takagi and Q. Zhuang, Convex resource theory of non-
Gaussianity, Phys. Rev. A 97, 062337 (2021).

[73] K. Noh and C. Chamberland, Fault-tolerant bosonic
quantum error correction with the surface-gottesman-
kitaev-preskill code, Phys. Rev. A 101, 012316 (2020).

[74] C. Weedbrook, S. Pirandola, R. Garcia-Patron, N. J.
Cerf, T. C. Ralph, J. H. Shapiro, and S. Lloyd, Gaussian
quantum information, Rev. Mod. Phys. 84, 621 (2012).

[75] C. Cui, C. N. Gagatsos, S. Guha, and L. Fan, High-purity
pulsed squeezing generation with integrated photonics,
Phys. Rev. Research 3, 013199 (2021).

[76] K. Noh, V. V. Albert, and L. Jiang, Quantum capacity
bounds of gaussian thermal loss channels and achievable
rates with gottesman-kitaev-preskill codes, IEEE Trans.
Inf. Theory 65, 2563 (2019).

[77] T. Matsuura, H. Yamasaki, and M. Koashi, Equivalence
of approximate gottesman-kitaev-preskill codes, Phys.
Rev. A 102, 032408 (2020).


https://doi.org/10.1103/PhysRevLett.125.080503
https://doi.org/10.1103/PhysRevLett.125.080503
https://doi.org/10.1103/PhysRevResearch.3.033118
https://doi.org/10.1103/PhysRevResearch.3.033118
https://doi.org/10.1103/PhysRevApplied.15.034073
https://doi.org/10.1103/PhysRevApplied.15.034073
https://doi.org/10.1103/PhysRevA.101.012316
https://doi.org/10.1103/RevModPhys.84.621
https://doi.org/10.1109/TIT.2018.2873764
https://doi.org/10.1109/TIT.2018.2873764
https://doi.org/10.1103/PhysRevA.102.032408
https://doi.org/10.1103/PhysRevA.102.032408

	Deterministic microwave-optical transduction based on quantum teleportation
	Abstract
	Introduction
	Cavity electro-optics
	Direct conversion
	Transduction with quantum teleportation
	Quantum capacity
	Quantum state transfer
	Discussion
	Acknowledgments
	Preliminary
	Wigner function
	Gaussian states and unitaries

	Analysis of the interaction Hamiltonian
	Continuous-variable teleportation
	Thermal-amplifier and thermal-attenuator channels
	Wigner function transforms
	Concatenation of a thermal-amplifier and a thermal-attenuator

	Bounds on quantum capacity
	Fidelity evaluations
	Coherent state
	Cat state

	Additive noise analyses
	GKP fidelity evaluation
	References


