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Transduction of quantum signals between the microwave and the optical ranges will unlock powerful hy-
brid quantum systems enabling information processing with superconducting qubits and low-noise quantum
networking through optical photons. Most microwave-to-optical quantum transducers suffer from thermal noise
due to pump absorption. We analyze the coupled thermal and wave dynamics in electro-optic transducers that
use a two-step scheme based on an intermediate frequency state in the THz range. Our analysis, supported by
numerical simulations, shows that the two-step scheme operating with a continuous pump offers near-unity
external efficiency with a multiorder noise suppression compared to single-step transduction. As a result,
two-step electro-optic transducers may enable quantum-noise-limited interfacing of superconducting quantum

processors with optical channels at MHz-scale bit rates.
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I. INTRODUCTION

Superconducting qubits are prime candidates for scalable
quantum information processing, while optical photons of-
fer long-distance transmission of quantum states in ambient
conditions. Faithful conversion of quantum states between
microwave and optical frequency ranges, called quantum
transduction, is instrumental in bridging the gap between
these complementary functionalities. For example, optical
interconnects transmitting information between individual su-
perconducting quantum processors will enable distributed
quantum computing. Conversely, superconducting quantum
processors integrated into quantum optical networks will
equip the latter with deterministic quantum gates and error
correction [1].

The key figures of merit for a microwave-to-optical quan-
tum transducer are the conversion efficiency 7, added noise
n,, and bandwidth Aw [2—4]. Limits on 1 and n,, are dictated
by the error-correction thresholds, while Aw must accom-
modate the qubit decoherence rates that are typically in the
kHz range [1,5]. In recent experiments, microwave-to-optical
quantum transduction has been realized with optomechanical
[6-9], spin wave [10—12], atom-assisted [13—15], and electro-
optic (EO) [16-25] interfaces. However, no platform to date
has reached quantum-limited microwave-to-optical transduc-
tion, i.e., combine a near-unity efficiency with added noise
below the single-photon level (n, < 1), at MHz bandwidths.

EO microwave-to-optical transducers stand out thanks to
their integration-friendly architectures and bandwidths of tens
of MHz, comparable with the inverse gate times. They are
realized by combining nonlinear optical materials with three-
dimensional (3D) [18-21] or planar [22-25] superconducting
microwave resonators. A strong optical pump p, propagating
in the nonlinear material mediates the interaction between
a microwave mode s, and an optical sideband mode s, as
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shown in Figs. 1(a) and 1(b). Due to weak nonlinearities in
the optical range and the large wavelength mismatch, pump
powers exceeding 1 W are typically required for efficient
EO conversion. Even the absorption of a minute fraction of
pump photons leads to a prohibitively strong thermal mi-
crowave photon generation and excess losses in optical and
microwave modes, affecting both n and n,,. Recent works on
mm-wave superconducting circuits suggest that they can be
a viable stepping stone for microwave-to-optical transduction
[15,26,27]. Most recently, mm-wave-to-optical transduction
using neutral atoms has shown attractive noise and effi-
ciency figures of merit [15]. Here we show that transducing
photons from the microwave to the optical range through
an intermediate high-frequency state can help overcome
the fundamental limitations of single-step EO transducers.
Specifically, we analyze a scenario where the microwave pho-
ton is first upconverted to an intermediate frequency by using
kinetic inductance nonlinearity in niobium nitride (NbN),
and then it is upconverted to the optical range through the
second-order optical nonlinearity in lithium niobate (LN). By
studying the noise scaling as a function of the intermedi-
ate frequency w; and waveguide dimensions, we show that
this two-step transduction reduces the thermal noise by or-
ders of magnitude while maintaining near-unity conversion
efficiency. We confirm the model validity by numerically
simulating the transduction from 8 GHz to 200 THz through
an intermediate frequency state in a NbN-based two-step
transducer. The proposed approach promises transduction
with quantum-limited performance at MHz-scale conversion
rates.

II. HEAT SCALING IN ELECTRO-OPTIC TRANSDUCERS

First, we analyze the noise and efficiency scaling laws
of single-step EO transduction mediated by electro-optic

©2024 American Physical Society
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FIG. 1. (a) Single-step EO quantum transduction in the frequency domain. (b) Schematic of an EO transducer model consisting of a LN
optical resonator with coupling parameter 1—R, cross-section diameter w, and length L, integrated with a superconducting NbN resonator. The
heating ATgo is caused by optical pump absorption in LN. The thermal transport is assumed to be radial. (c) The microwave mode occupancy
and (d) the external conversion efficiency as a function of w and L for w, = 2m x 8§ GHz, 1 —R = 1073, and base temperature Tzo = 10 mK,
at unity cooperativity. The red dot marks the numerically simulated geometry for microwave-to-optical transduction.

nonlinearity (x®). Specifically, we calculate the thermal
microwave mode occupancy, n , 1, and the external trans-
duction efficiency, 1, in integrated resonators according to
a simple analytical model (see Table I for a summary of
notations). We consider a microwave NbN resonator, inter-
acting with an optical LN resonator in a nonlinear region
of round-trip length L and width w. The pump signal p,
(at wp, = 27w x 200 THz) mixes with s, (at w, = 27w X
8 GHz) to obtain the sideband s, as in Figs. 1(a) and
1(b). We initially assume unity electro-optic cooperativity
[Ceo = 4gto|Pol’/(kuko) = 1], where ggo, |pol*, Ky, are K,
are the EO coupling rate, number of pump photons, and
loss rates for microwave and optical modes, respectively (see
Appendix A). The losses in all of the modes consist of inter-

nal (absorption) and external (outcoupling) loss rates: «, =
Kui+ Kues Ko = Koi + Koo, and K, = k), + k), [17]. To gain
additional insight, we assume unity spatial overlap between
the modes p,, s,, and s, in analytical calculations, but take
the finite overlap into account in the numerical simulations
presented below. Explicit values and expressions of all the
geometric and material parameters involved are given in Ap-
pendixes A and B. The coupling coefficient, 1 — R = 1073
of the optical resonator is chosen so that the transducer is
overcoupled but remains in the resolved-sideband regime, i.e.,
Kp,/wu < 0.01. Additional results for 1 —R = 10"% and 10™*
are available in Appendix C.

Under the boundary condition Cgo = 1, the external
efficiency simplifies to 17y =k ¢ko.e/(K,ko). The thermal

TABLE I. Summary of parameters used in the transducer analysis.

Symbol Quantity Symbol Quantity

S Microwave signal w, Microwave frequency

Do Pump signal (optical) Wy, Pump frequency (optical)

So Sideband signal (optical) w, Optical sideband frequency

S; Intermediate signal o Pump frequency (intermediate)

Di Pump signal (intermediate) w; Intermediate frequency

Ky Microwave loss rate Nyt Single-step occupancy

Kp, Pump loss rate (optical) n Single-step efficiency

Ko Sideband loss rate (optical) My Two-step occupancy

K Intermediate loss rate 2 Two-step efficiency

Kp; Pump loss rate (intermediate) Txa Kinetic inductance step base temperature
8Eo Electro-optic step coupling rate Tro Electro-optic step base temperature
gx1 Kinetic inductance step coupling rate ATxiEo Pump-induced heating
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FIG. 2. (a) Two-step transduction using the kinetic inductance and electro-optic nonlinearities. (b) The intermediate frequency mode
occupancy and (c) the external conversion efficiency as a function of w and L for w; = 27 x 600 GHz, 1 — R = 107>, and base temperatures
Tx1 = Teo = 10 mK at unity cooperativity. The red dot marks the numerically simulated geometry for two-step transduction via 600 GHz.

microwave mode occupancy is calculated by assuming the
microwave mode is coupled to the cryostat environment
with base temperature Tpo and the bath of the active
medium (LN) at a temperature Tgo + ATgo heated by
pump absorption. The thermal Bose-Einstein occupation fac-
tors due to the cryostat environment [ng(Tgo)] and the
bath [np(Tszo + ATro)] add up to the total thermal mi-
crowave mode occupancy n,; = ng(Teo + ATgo)ky.e/K, +
ng (Teo)k,,i(Teo + ATeo) /K, [28,29].

n,1 and n; are thus determined by active medium tempera-
ture Tgo + ATgo through the strongly temperature-dependent
microwave losses and the Bose-Einstein occupation factor.
The heating ATgo is induced by the pump photons with total
energy | p0|2ha)pn uniformly distributed over the transducer
volume and absorbed at a rate «,;. We assume radial heat
transfer from the transducer’s nonlinear region to the cladding
material, which is a good approximation when L > w. In
this model, we describe the heat transport with a common
thermal conductivity value g (Tgo + ATgo) equal to that of
LN. We calculate the heating in the regime of continuous wave
(cw) pumping guaranteeing maximum conversion bandwidth,
which leads to ATgo = | p0|2hwp0/<p,i/g[hL. Under the Cgo =
1 constraint, ATgo obeys the following steady-state equation
[30,31]:

k. (Tgo + ATeo )k, hwp,kp, i
4g, gun(Teo + ATeo)L

This implicit equation highlights the difficulty of achiev-
ing quantum-limited performance. Heating leads to excess
microwave loss «,, which, through the Cgo =1 constraint,
requires a higher pump power, leading to even more heating.
Low operating temperatures present an additional challenge
as the thermal conductivities of most materials vanish (see
Appendix B). Figures 1(c) and 1(d) plot n; and n ,; as a
function of transducer dimensions w and L, at Tgo = 10 mK.

ATgo = (D

Figure 1(c) indicates that the region of highest efficiency for
the single-step transducer strongly overlaps with the region
of high thermal noise population. In agreement with previous
works [18-25], the heating caused by the optical pump is
reduced in longer resonators, but so is the external efficiency.
Narrowing w improves the coupling rate ggo, reducing the
optical pumping requirements, and exponentially suppress-
ing the noise photon population. However, in practice, w
cannot be reduced much below the pump wavelength w ~
2w c/ninwp, Without causing a significant pump spillage into
the superconductor, where nyy is the LN refractive index
at w,, .

III. TWO-STEP QUANTUM TRANSDUCTION

The above analysis suggests that, by substituting the
temperature in the Bose-Einstein occupation factor n =
(efion/th(Teo+ATeo)] _ 1)™! yging Eq. (1), the noise photon pop-
ulation scales exponentially with the ratio w, /w,,. Thus the
noise can be significantly reduced by introducing an interme-
diate mode s; with a frequency w; such that v, < w; <K ,,
and performing the transduction in two steps [s,, to s;, then s;
to s,, Fig. 2(a)]. The fundamental advantage of this scheme
comes from its intrinsic resources for minimizing thermal
noise. Specifically, the first step (s, — s;) is pumped by pho-
tons of relatively low energy fiw,, < fiw),,, which minimizes
the associated heating. The second step (s; — s,) starts from
a frequency w; > w,,, making it less sensitive to the heating.
In addition, the coupling rates of both steps increase with
w;, reducing the pump intensity requirement compared to the
single-step transduction.

Superconductor-insulator-superconductor  (SIS) mixers
[32-36] and kinetic inductance (KI) nonlinearity have
been proposed to enable quantum-limited frequency
conversion between the microwave and 0.1-1 THz ranges
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FIG. 3. (a) Cross section and top view of simulated second-step transducer, consisting of a superconducting NbN resonator whose capacitor
rings are placed around a LN ring resonator. The NbN resonator also contains a larger inductive ring whose radius is determined by the operating
wavelength. Cross-sectional profiles for (b) s; and p, fields and (c) ATge. Colors in (b) represent the electric field norm corresponding to an
optical pump in linear scale, and the arrows represent intermediate-frequency electric field strength and direction. Colors in (c) represent the
temperature distribution in logarithmic scale. Analytical and numerical calculations of (d)—(f) mode occupancy and (g)—(i) external conversion

efficiency of the EO step at 10 mK, 1 K, and 4 K.

[26,27,37-40]. Here we consider a Kl-based mixer to
implement the first step (s, — s;) and an EO mixer as
described earlier to implement the second step (s; — s,),
as shown in Fig. 2(a). Similarly, the intermediate pump p;
l[at @, = (w; —w,)/2 =27 x 296 GHz] and s, interact
to generate the intermediate-frequency signal s;. The
cooperativity of the KI-mediated interaction is defined
as Cgy = 4g%(1|pi|4/K,LKi, where k, and «; are the loss
rates of the microwave mode and the intermediate mode,
respectively, and gg; is the KI coupling rate (Appendix A).
We analyze the cascaded performance of the two steps under
the boundary condition Cg; = Cgo = 1, where we redefine
Cro = 4840 pol* /Kiko.

To directly compare the performance of the two-step trans-
ducer to that of a single-step one, we first consider the base
temperatures of the two steps to be equal: Tx; = Tgo = 10
mK. The estimated temperature increase in the KI step (ATky)
minimally affects the noise and efficiency of the two-step
scheme, as demonstrated in Appendix D. Therefore, by lock-
ing in the parameters of the first step [Fig. 8(a)], we focus our
comparison on the performance of the second step.

In Figs. 2(b) and 2(c) we plot the efficiency 7, and ther-
mal mode occupancy n,, of the two-step transducer with
w; = 600 GHz, assuming unity cooperativity, as a function of
the length L and the width w of the second-step converter.
The second-step coupling parameter 1-R is again fixed to
1073 to satisfy kp,/w; < 0.01. In the region of the red dot in
Figs. 2(b) and 2(c), we observe a multiorder reduction in noise
photon occupancy 7, , and a higher efficiency compared to
those of a single-step transducer [Figs. 1(c) and 1(d)], mainly
conditioned by a strong increase in ggo. The wide region of
quantum-limited performance allows a vast design freedom in
terms of L, w, and 1—R (see Appendix C).

To validate the analytical results, we performed finite el-
ement simulations of interacting resonator modes and heat
transfer in the performance-limiting EO step as a function of
the intermediate frequency w; using COMSOL MULTIPHYSICS
with material properties listed in Appendix B. In our numer-
ical models, we integrate a LN ring resonator with parallel
electrodes of a NbN superconducting resonator in a triply
resonant setup [22-25,41,42], as illustrated in Figs. 3(a)-3(c).
To select parameter values, we note that the device perfor-

mance favors smaller interaction region dimensions w and
L (Figs. 1 and 2). In practice, lower limits on w and L are
dictated by optical diffraction and bending loss-limited optical
quality factor, respectively [43—46]. Considering these limits,
we choose parameters listed in Table II for our numerical
simulations, as they maximize the device performance in the
resolved-sideband limit. The simulated optical resonators are
placed 0.5 um below the superconducting electrodes, and the
electrode gap is set to 2 um to minimize pump mode overlap
with the superconductor.

Numerical results in Figs. 3(d) and 3(g) (dots) confirm the
analytical trends described by Eq. (1) (solid lines). At low
w;, the discrepancy between the numerical and analytical data
in Figs. 3(d) and 3(g) (between solid lines and dots) can be
explained by imperfect mode overlap between modes s; and
Po. The analytically estimated pump photon number |p,|> on
the order of 10* increases to 10% in numerical calculations
that account for the mode overlap. This has a strong impact
on device performance: for example, at w; = 2w x 10 GHz
the efficiency drops over 3 times, while the added photon
noise increases by almost two orders. At higher intermediate
frequencies w; > 2w x 100 GHz, the performance is intrin-
sically less sensitive to heating, and, additionally, the mode
overlap in numerically simulated devices improves. As a re-
sult, both analytical and numerical models match in predicting
an improved device performance by several orders of magni-
tude with optical pump powers in the mW range.

Moreover, the loss rates listed in Table II indicate that the
bandwidth of the second step, given by min(k;, k,), increases
by up to two orders of magnitude at higher w;. The transduc-
tion response is therefore limited by the KI-based transducer
bandwidth, which is in the range of 10 MHz [26,27]. As a
result, the two-step scheme is capable of transducing at rates
much faster than qubit decoherence rates [5].

Since w; can be chosen to be much higher than w,, one
can operate the EO transduction step at higher base tempera-
tures than the KI step. Thus the EO step can be placed away
from the mK cryostat chamber, isolating the latter from all
optical signals, and suppressing numerous deleterious optical
absorption-related effects [47,48]. Numerical and analytical
simulations at Tgo = 1 K and Tso = 4 K [Figs. 3(e) and 3(h)
and Figs. 3(f) and 3(i), respectively) confirm this hypothesis:
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TABLE II. Key parameters of numerically simulated resonators in the second transduction step.

w; L w
Intermediate frequency Resonator length

Resonator width

9.5 GHz 27 x 100 um
19 GHz 2w x 100 um
39.2 GHz 27 x 50 um
108.3 GHz 27 x 15 um 2 um
294 GHz 27 x 15 um
622.4 GHz 2w x 10 pm
863.2 GHz 27 x 10 pm

8E0 Ko Ki
EO coupling rate Optical loss rate Loss rate at w;
1.93 kHz 80.97 MHz 1.77 MHz
5.17 kHz 80.97 MHz 4.86 MHz
13.2 kHz 80.97 MHz 18.62 MHz
50.65 kHz 139.86 MHz 0.11 GHz
198.66 kHz 139.86 MHz 0.97 GHz
487.85 kHz 0.88 GHz 2.42 GHz
665.88 kHz 0.88 GHz 3.81 GHz

at w; > 300 GHz, the two-step transducer can still maintain
nearly quantum-limited efficiency and noise performance.
The impact of pump-induced heating on device perfor-
mance can be partially alleviated by reducing the cooperativ-
ity. Figure 4 plots mode occupancy and external efficiency for
cooperativity values between 1072 and 0.5. In Appendix E,
we also estimate the fidelity [49-51] and quantum channel ca-
pacity [52-56] based on these figures. Two-step transduction
features a multiorder noise suppression at all cooperativities,
but its practical advantage is the most significant for coopera-
tivities above 0.1 where the channel capacity is nonzero.

IV. DISCUSSION

THz-mediated transducers promise a coherent transfer of
quantum states between stationary qubits and generating en-
tanglement with rates higher than the qubit decoherence rates,
which enables modular quantum computing and network ar-
chitectures [1]. The attainable performance is characterized
by a near-unity fidelity and quantum channel capacity on the
order of 10.

Two-step transducers can be further improved through op-
timized choices of materials, design, and operating regime.
Using superconducting materials with critical temperatures
higher than that of NbN may help further reduce losses at the
intermediate frequency, and allow higher base temperatures,

(@ 10
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FIG. 4. Analytical and numerical calculations of (a) mode occu-
pancy and (b) external conversion efficiency of the EO step at 10 mK
for lower Cgo values of 1072, 0.1, 0.3, and 0.5.

associated with more efficient cooling [57]. In addition, the
nonlinear interaction rates can be enhanced by dc-biasing
the KI step (three-wave mixing) [39] and using materials
with stronger EO nonlinearity than LN [58,59]. Alternative
transducer designs such as photonic crystal cavities [60] cou-
pled to Fabry-Perot [61] or antenna-based cavities [62] can
be explored to improve resonator loss and interaction rates.
While we have only analyzed the scaling of thermal noise
in the resolved-sideband regime, alternative transduction pro-
tocols can be employed to analyze transducer performance
beyond this condition to access even higher conversion
bandwidth [50].

There has been an increased interest recently in supercon-
ducting quantum devices operating in the mm-wave and THz
ranges for detection, spectroscopy, and quantum information.
Our analysis of the second step suggests that it can be di-
rectly used to connect high-frequency superconducting qubits
via optical channels [63,64]. Moreover, the recent advances
in superconducting mm-wave and THz couplers and waveg-
uides can be leveraged in the future to efficiently interface
both transduction steps [40,65]. Beyond quantum transduc-
tion protocols, low-noise superconductor-based electro-optic
interfaces will find applications in high-bandwidth wireless
communications [66], sensing [62], dark matter detection
[67], and astrophysics [34,68].
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APPENDIX A: DEFINING NONLINEAR
INTERACTIONS AND LOSSES

The interaction between microwave, optical pump, and the
optical sideband (as demonstrated in Fig. 1 of the main text)
can be described by the beam-splitter interaction Hamiltonian
(under rotating wave approximation in the resolved-sideband
regime) [16]:

o N
HEC = Bl polgeo (s s + 5o ), (A1)
where sy, po, and s, are the annihilation operators for the

microwave (intermediate), optical pump, and optical sideband
modes. The nonlinear coupling rate ggo can be calculated by
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[17]
_ ha)ﬂ(,-)a)pna)o X(z) fx(z) dVE:EM(l)EPU
8EO 8808'“(,‘)81,080 1—[ f dV|E|2’
J={u(@), po,0} all J

(A2)
where frequency w,,(;), wp,, @,; relative permittivity &,,(), &p,,
€03 and electric field distributions E,;, Ej,, E, are defined
for each mode, i.e., microwave (intermediate), optical pump,
and optical sideband. The subscript w(7) is used to distinguish
the lowest-frequency mode depending on the transduction
scheme, i.e., single-step (microwave) or two-step (intermedi-
ate). Furthermore, efficiency of the electro-optic transduction
is given by [16,17]

_ 4C Ku(i),ex Ko,ex
(14+C) Kuiy Ko

n (A3)

Here the internal efficiency is defined by the cooperativity
parameter Cgo [17]:

2
_4giolpol
Ku@iKo '

Cro (A4)

where «,, kp,, K, are the loss rates of each corresponding
mode. The loss rate for each mode is determined by the
external loss rate and the internal loss rate, i.€., k; = Kjex +
Kj,in, Jj = {u@), p,, o}.

The kinetic inductance (KI) based upconversion is a four-
wave mixing process, where the pump mode is chosen such
that @; = 2w, + w,. Similar to HEC, we can define the
interaction Hamiltonian as follows [26]:

HE = Rpil*gxi(s)s, + sis),). (AS)
where the new terms p; and s; are the annihilation operators
for intermediate pump and intermediate state modes. The

resulting cooperativity and coupling strength are given by
[26,27,69]

4¢%Ipil*
C = J8ulP (A6)
K Ki
3 hwp, /0,0;
= —_—— A7
8KI 3 Lkl*z (A7)

Here I, and L give the scaling current and kinetic inductance,
respectively, which are defined by material- and geometry-
dependent parameters in Eq. (A8):

TNoAY
I = | —%u's, (A8a)
lip
hp L
Ly=——. A8b
k T Ay w't ( )

The length and strip width of the kinetic inductance res-
onator used in this step are denoted by L" and w’, respectively.
In addition, ¢, Ag, Ny, and p are the superconductor thickness,
gap energy, electron state density, and normal resistivity of the
superconducting materials. To maximize the KI nonlinearity,
t is taken as 20 nm in agreement with [27,69].

The internal loss rate of the superconducting resonators is
dominated by the superconductor losses:

(o]
Kutini = Oty - (A9)

The complex conductivity (o = o7 — iop) of supercon-
ducting NbN is modeled as a function of frequency and
temperature by using material parameters and fitting relations
from [70-75] (see Appendix B). The external loss rate is
determined by the device geometry [70,76,77].

wA 2
Ku(iye = wu(i)(z) , (A10)

TABLE III. Material parameters used in analytical and numerical calculations.

Parameter

Value

Absorption coefficient (o) of LiNbO3
Refractive index of LiNbO;

Nonlinear coefficient r33 in LiNbO;
Thermal conductivity of SiO,

Heat capacity of SiO,

Thermal conductivity of NbN

Heat capacity of NbN

Thermal conductivity of LiNbO;
Heat capacity of LiNbO;

Critical temperature of NbN (7;)
Gap energy of NbN at (Ag)
Electron state density of NbN (Ny)

0.84 cm™' at 200 THz [80]
2em~'—5cm~! up to 1.2 THz [81,82]
2.3 at 200 THz [80]

4.9-5upto 1.2 THz [81]

31pm V- [83]

0.0000 Wm~' K~! at 10 mK [84]
0.01Wm 'K "at1K[84]
0.1Wm™ 'K~ at4 K [84]
0.00001Jkg~' K~ at 10 mK [84]
0.001Jkg ' K~"at 1 K [84]
0.01Jkg 'K~ ! at 4 K [84]
0.005Wm~'K~! at 10 mK [85]
SWm™'K~!' Tat 1 K[85]
S50Wm™'K~! Tat4 K [85]

(0.0283T +0.001273) T kg~ ' K~! [86]
AT3Wm~' K~ [87]

2.705 x 107473 Jkg~' K~! [87]

16 K [88]

2.075kp T, [75]

1.6 x 107 J-'m3 [75]
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FIG. 5. (a) Real and imaginary parts of complex conductivity from 1 mK to 10 K for NbN [70-75].

where L and w are the length and gap distance of the super-
conducting device. Furthermore, the loss rate of the optical
resonators is calculated through

Kppi = (Alla)
ng
1—R
e = =Ry (A11b)
ngL

where ¢ is the speed of light, o is the absorption coef-
ficient, ng is the optical group index, L is the effective

optical path length, and 1-R is the optical coupling coefficient
[46,78,79].

APPENDIX B: MATERIAL PARAMETERS

Listed below in Table III and Fig. 5 are the specific values
used in the analytical and numerical analyses presented in
the main text. 01(7T, ) and 0>(T, @) maps and the g (T)
dependence were used to solve Eq. (1) in a self-consistent
manner. In addition, heat capacity values of LN, SiO,, and
NbN are used in the numerical calculations of heat transfer.
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FIG. 6. Extended single-step transduction calculations of mode occupancy and external conversion efficiency for 1 — R= 1072 (a,b) and 1
— R = 107* (c,d). The shaded regions in (a,b) are no longer strictly in the resolved-sideband regime.
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1 — R =10"* (¢), (d). The shaded regions in (a), (b) are no longer strictly in the resolved-sideband regime.

APPENDIX C: TRANSDUCTION PERFORMANCE APPENDIX D: PUMP-INDUCED HEATING

FOR1—-R=10"2 AND 10~*

In this section, we analyze the heating ATgo and ATk;
Here we calculate the figures of merit for single-step trans- in the two steps caused by continuous pump absorption as-

duction (Fig. 6), and two-step transduction via w; = 2w x 600 suming w; = 21w

x 600 GHz (Fig. 8). The heating in the KI

GHz (Fig. 7), for 1 — R values of 1072 and 10~*. These cal- step ATkp is several orders of magnitude below the base
culations show that the improved performance of the two-step temperature Tx; = 10 mK. As a result, the first conversion
transducers extends over a wide device parameter space. has negligible effect in the two-step transducer perfor-

mance and can perform with n ~ 0.99 and n,, < 10~° with

(@) ATk (K (b) ATEgo (K)
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1077
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FIG. 8. (a) ATx; depending on wr and L'. Inset is the kinetic inductor geometry with 20 nm thickness. The red dot marks a device design

that is estimated to perform with 7 ~ 0.99 and n,, <« 107°. (b) ATgo depending on w and L.
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FIG. 9. (a) Transduction fidelity for a coherent state with |a|* = 1. (b) Lower-bound and (c) upper-bound quantum channel capacity. The
straight lines (markers) indicate values estimated based on analytically (numerically) calculated transduction parameters.

parameters marked with the red dot (L’ = 100um, w’' =
1 um) in Fig. 8(a).

APPENDIX E: TRANSDUCTION FIDELITY
AND QUANTUM CHANNEL CAPACITY

In order to compare the performance of two-step transduc-
tion by combining the noise and efficiency figures of merit,
we use the design points selected for numerical simulations in
Table I of the main text. To estimate the fidelity, we assume an
initial coherent state |«|> = 1 transduced with efficiency 7 and
thermal mode occupancy n,,. The fidelity for this transduction
can be expressed through [49-51]

1 _ 2l (=g

F=—7— ¢ Hinm (El)
I+ —=nn,

Figure 9(a) shows the fidelities for various cooperativ-
ity values, calculated from the analytical (straight lines) and
numerical simulation (markers) results. Higher intermediate
frequencies result in higher fidelities, reaching over 90% for
numerically simulated structures for w; > 40 GHz.

We also calculate the upper- and lower-bound estimates on
the quantum channel capacity for a thermal-attenuator chan-
nel with attenuation coefficient  and mean occupancy #,,. For
the lower-bound estimation, we use the derivation provided in

[52,56]

QO = max {logz[(l i U)i| — h(n,), 0}, (E2)

where h(x) = (x + Dlog,(x + 1) — xlogxx.  Similarly, we
consider derivations from data processing [53], degradable
extensions [54] and two-way quantum capacity [55] for the
upper-bound estimation [56]:

Qv = min{Qpp, OpE, O1w}, (E3a)

_ n—(1 _n)nu

Opg = max {logz[ﬁ} + (1 = | — h(nny). 0}’

(E3b)

(E3c)

Opg = max{—log,[(1 —m)n™] — h(n,), 0}. (E3d)

The resulting bounds are plotted in Figs. 9(b) and 9(c),
respectively, with a trend for improving channel capacity
with increasing intermediate frequency. Moreover, at lower
cooperativities, the channel capacity vanishes as the overall
conversion efficiencies fall below 0.5, indicating that a coop-
erativity of at least 0.17 should be maintained.
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