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Encoding information onto optical fields using electro-optical modulation is the backbone8

of modern telecommunication networks, offering vast bandwidth and low-loss transport via9

optical fibers [1]. For these reasons, optical fibers are also replacing electrical cables for10

short range communications within data centers [2]. Compared to electrical coaxial ca-11

bles, optical fibers also introduce two orders of magnitude smaller heat load from room to12

milli-Kelvin temperatures, making optical interconnects based on electro-optical modulation13

an attractive candidate for interfacing superconducting quantum circuits [3–5] and hybrid14

superconducting devices [6]. Yet, little is known about optical modulation at cryogenic tem-15

peratures. Here we demonstrate a proof-of-principle cryogenic electro-optical interconnect,16

showing that currently employed Ti-doped lithium niobate phase modulators [7] are compat-17

ible with operation down to 800mK—below the typical operation temperature of conven-18

tional microwave amplifiers based on high electron mobility transistors (HEMTs) [8, 9]—and19

maintain their room temperature Pockels coefficient. We utilize cryogenic electro-optical20

modulation to perform spectroscopy of a superconducting circuit optomechanical system,21

measuring optomechanically induced transparency (OMIT) [10–13]. In addition, we encode22

thermomechanical sidebands from the microwave domain onto an optical signal processed23

at room temperature. Although the currently achieved noise figure is significantly higher24

than that of a typical HEMT, substantial noise reduction should be attainable by harness-25

ing recent advances in integrated modulators [14–17], by increasing the modulator length,26

or by using materials with a higher electro-optic coefficient [18, 19], leading to noise lev-27

els on par with HEMTs. Our work highlights the potential of electro-optical modulators28
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for massively parallel readout for emerging quantum computing [3–6] or cryogenic classical29

computing [20] platforms.30

300K

3K

Ti+
LiNbO

3

Au

15mK

0.8K

3K

50K

A
tt

.

DUT

HEMT

Pre-Amp.

300K
f
MW

A
tt

.

DUT

PM

Pre-Amp.

f
opt

+f
MW

f
opt
−f

MWf
MW

f
MW

a b

c d

Coaxial cable

P
heat

= 1mW

Optical fiber

P
heat

= 10μW

e

Au pad

Coplanar

waveguide

LiNbO
3
 Chip

Ferrule

Fiber

Glue

MW port

FIG. 1. Principle of a cryogenic electro-optical interconnect for readout of superconducting devices. a,

Simplified schematic of a conventional readout of a device under test (DUT) in a dilution fridge using a cryogenic

HEMT amplifier. The dashed box indicates an optional quantum-limited pre-amplifier not used in this work. The

devices are interrogated by input microwave signals that are attenuated to reduce thermal noise, and amplified using

an HEMT amplifier at 3K. b, Principle of a cryogenic electro-optic readout scheme using an electro-optical phase

modulator. The DUT is interrogated using the same microwave input line, but the microwave signals are converted

to the optical domain at 3 K, reducing thermal load. c, Conducted heat through a typical cryogenic coaxial cable and

optical fiber, between room temperature and 3K. d, Schematic cross-section of a z-cut LiNbO3 electro-optic phase

modulator. e, Microscope photo of the commercial phase modulator used in the experiment, showing the coupling

region between fiber and LiNbO3 chip.

Optical modulators are ubiquitous in our information society and encode electrical signals in31

optical carriers that can be transported over fiber. Initially only used for long-haul communi-32

cations, optical fiber links are now also replacing electrical cables for short range communica-33

tions within data centers [21–23]. This is motivated by the high power consumption of electri-34

cal interconnects that spurred the development of optical interconnects based on silicon photon-35
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ics [22]. Such interconnects may also be used in the future for on-board chip-to-chip communica-36

tion [24, 25].37

A similar challenge is foreseeable in superconducting quantum circuits, where recent ad-38

vances [3–5] have highlighted the potential associated with scaling superconducting qubit tech-39

nology [26]. Currently, significant efforts are underway to scale the number of qubits [27]. As40

a result, one of the challenges that future progress in superconducting circuits will face is to41

massively increase the number of microwave control and readout lines while preserving the base42

temperature and protecting qubits from thermal noise.43

Figure 1a shows a prototypical measurement chain of a single superconducting device-under-44

test (DUT) that operates at the 15mK stage of a dilution refrigerator. Coaxial cables are used to45

transmit output signals to the room temperature as well as to send control signals to the cold stages46

of the fridge. To read out GHz microwave signals, a high electron mobility transistor (HEMT) am-47

plifier with low-added-noise [nadd ∼ 10 quanta/(s · Hz)] is typically employed that operates at48

the 3K stage and amplifies the DUT output signal for further processing outside the cryostat. Al-49

though HEMTs are not quantum-limited [8, 9], the development of Josephson junction-based pre-50

amplifiers [28–31] that operate at the 15mK stage have allowed near-quantum-limited microwave51

amplification.52

The presence of coaxial cables introduces additional heat load from room temperature into53

the cold stages of the refrigerator, which poses significant barrier to the scalability of such sys-54

tems [27]. In contrast, optical fibers have superior thermal insulation, reducing the heat load55

per line by two orders of magnitude (Fig. 1c). Optical fibers additionally exhibit ultralow signal56

losses, ∼ 0.2 dB/km, compared to ∼ 3 dB/m at GHz frequencies for coaxial lines (compensated57

by the HEMT amplification). Note also that thermal noise is completely negligible at optical58

frequencies. Optical fibers could therefore provide a solution to scaling the number of lines with-59

out the concomitant heating. For this approach, a critical component are transducers that con-60

vert input microwave signals to the optical domain, which are compatible with low temperature61

operation and are sufficiently efficient to ensure low noise conversion of microwave to optical62

signals. Indeed, substantial efforts are underway to create quantum-coherent interfaces between63

the microwave and optical domains [32]. To date, quantum coherent conversion schemes based64

on piezo-electromechanical [33, 34], magneto-optical [35], and optomechanical [36–40] coupling65
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have been developed. In addition, schemes based on cavity electro-optics [41] have been demon-66

strated using bulk [42–44] or integrated [45–47] microwave cavities coupled via the Pockels effect67

to an optical cavity mode. Yet, all these schemes have in common that they transduce narrowband68

microwave signals to the optical domain. While this ability is critical for future quantum networks,69

an optical replacement for the currently employed HEMT amplifiers may be required for scaling70

control lines. One route is therefore to use broadband optical modulators as already used today71

in telecommunication networks. While this approach may yield lower conversion efficiency com-72

pared to systems employing narrowband resonant cavities, continued improvements in design, and73

new material systems, can render it competitive, especially given its relative simplicity.74

Here we explore this potential and replace the HEMT amplifier with a LiNbO3-based optical75

phase modulator (PM), the workhorse of modulator technology, in order to directly transduce the76

DUT microwave output signal onto sidebands around the optical carrier field (Fig. 1b), detectable77

using standard homodyne or heterodyne detection schemes at ambient temperatures. To illustrate78

the principle of the readout, we consider the operating principle of a PM. Optical PMs are based on79

the Pockels effect (Fig. 1d) and induce a phase shift on the input optical field Ein(t), proportional80

to the voltage V (t) applied on the input microwave port of the device,81

Eout(t) = Ein(t)e
−iπV (t)/Vπ ≈ Ein(t)[1− iπV (t)/Vπ], (1)

where the half-wave voltage Vπ is the voltage at which the phase shift is π, and typical V (t) ≪ Vπ82

is assumed. The relation between microwave (field operator b̂) and optical (field operator â) photon83

flux spectral densities [48], S̄bb and S̄aa respectively, can be written as (see Appendix)84

S̄aa[ωopt ± ωMW] = G× (S̄bb[ωMW] + nadd) (2)

where ωMW and ωopt are the microwave signal and optical carrier frequencies, nadd is the added85

noise of the transducer (referred to the input), and the transduction gain G is the number of trans-86

duced optical photons per microwave input photon, given by (see Appendix):87

G = Popt
ωMW

ωopt

π2Z0

2V 2
π

(3)
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FIG. 2. Cryogenic characterization of a LiNbO3 phase modulator. a, Experimental setup for low temperature

characterization of the phase modulator. b, plot of Vπ vs. frequency at 800mK. c, Characterization of Vπ at 5GHz

vs. temperature from room temperature to 800mK. d, Measurement of heating due to optical dissipation when the

phase modulator is mounted on the 800mK flange. Plot of the steady state temperature vs. input laser power of the

3K, 800mK, and 15mK flanges. e, Experimental setup for phase shift keying detection. RF signal from waveform

generator is directly applied on a phase modulator. After homodyne detection the electrical signal is recorded on a fast

oscilloscope. f, Eye-diagram of an optical signal phase-modulated at a rate of 5GBaud, the bit error ratio is 5×10−5.

where Popt is the power of the optical carrier at the output of the PM, and Z0 its input microwave88

impedance. In this experiment, we employ a commercial (Thorlabs LN65S-FC), z-cut travel-89

ing wave Ti-doped LiNbO3 PM with specified bandwidth of 10GHz and Vπ = 7.5V at 10GHz90

(Fig. 1e). We use a 1555 nm fiber laser as the optical source. The typical incident optical power91

on the PM is 15mW. The optical transmission of the PM was reduced during the first cooldown,92

and measured at 23%. Additional details on the cryogenic optical setup are given in the Appendix.93

Previous works investigated the temperature dependence of the electro-optic coefficient and94

refractive index of congruent LiNbO3 at low frequencies down to 7K [49]. Commercial x-cut LN95

modulators were also tested down to 10K, showing a slight change in Vπ from its room tempera-96

ture value [50, 51]. Ref. [52] discusses the behavior of LiNbO3 modulators with superconducting97

electrodes down to 4K.98

To date, however, such modulators have not been used in a dilution refrigerator to directly read99

out a superconducting device.100
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Characterization.101

To characterize the electro-optic behavior of the device at cryogenic temperatures, we mount102

the PM on the 800mK flange of the dilution fridge. We directly drive the microwave port of the PM103

at frequency ωMW using a microwave source outside the fridge, generating sidebands around the104

optical carrier frequency (Fig. 2a). The half-wave voltage Vπ is determined from the modulation105

depth MD, defined as the ratio of the power in one of sidebands to the power in the carrier,106

Vπ = π

√

Z0PMW

2MD
, (4)

where PMW is the power at the microwave input port of the PM. We measure MD by beating the107

output optical signal with a local oscillator (LO) with frequency ωopt+ωMW/2+δ, generating two108

closely-spaced beatnotes at ωMW/2± δ, due to the carrier and the high-frequency sideband. Using109

Eq. (4) we extract Vπ by sweeping the microwave power and measuring MD. Figure 2c shows Vπ110

at 5GHz monitored as the fridge is cooled down from room temperature to 800mK, and Fig. 2b111

shows Vπ at different frequencies at 800mK. Importantly, Vπ does not change substantially from112

the room temperature value.113

To investigate the effect of heating caused by optical dissipation in the PM, we measured the114

steady state temperature of different flanges of the dilution fridge when the PM is mounted on the115

800mK flange. The results are shown in Fig. 2d. In the Appendix, by comparing to a calibrated116

heater, we show that these temperature increases can be attributed to optical power loss within117

the PM package (and not, e.g, light leakage into the fridge volume). This allows quantitative118

comparison with, e.g., heat dissipation due to a HEMT, and suggests reduced heat load in high119

optical transmission devices.120

To further assess the performance of the PM at 800mK, we also performed a basic telecommu-121

nication experiment shown in Fig. 2e. An arbitrary waveform generator (AWG) directly drives the122

PM with a pseudo-random bit sequence at a rate of 5GBaud. We beat the optical phase-modulated123

carrier output with its reference arm, effectively forming a Mach-Zehnder interferometer whose124

average transmission is tuned to the quadrature point by adjusting the laser frequency, and detect125

the electrical signal on the oscilloscope. Figure 2f shows an eye diagram obtained from 8 × 105126
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FIG. 3. Electro-optic readout of a coherent microwave spectrum of a superconducting electromechanical

system. a, Experimental setup. Left: dilution fridge, right: optical setup. b, Electromechanical system used as a DUT.

c, optical micrograph of the LC resonator. d, Modal diagram of the electromechanical system. e, scanning electron

micrograph of the mechanically compliant capacitor. f, coherent measurement of the electromechanical resonance for

increasing microwave pump powers of (−20, 0, 5, 10, 15, 20) dBm at the source, from bottom to top respectively. The

probe power is −20 dBm at the source. By increasing the pump power, the optomechanically induced transparency

window emerges, and at stronger pump powers the modes get strongly coupled, leading to an avoided crossing effect.

Blue lines correspond to HEMT readout and orange dots to optical readout. g, the frequency scheme for microwave

tones, optical tones, and measured signal after heterodyning. h, high resolution measurement of the transparency

window highlighted in f with the gray box. i, level scheme of the optomechanical system. The pump tone is tuned

close to red sideband transitions, in which a mechanical excitation quantum is annihilated (mechanical occupation

nm → nm − 1) when a photon is added to the cavity (optical occupation np → np + 1), therefore coupling the

corresponding energy eigenstates. The probe tone probes reflection in which the mechanical oscillator occupation

is unchanged. The pump tone modifies the response of the cavity and creates a transparency window appears on

resonance (OMIT).

samples. The open eye diagram features no error bits, hence the upper bound on bit error ratio127

is limited by total amount of measured samples and can be estimated to be 5 × 10−5 with 95%128

confidence level [53]. These measurements clearly demonstrate that the cryogenic modulator still129

functions at 800mK.130
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Optical Readout of Coherent Microwave Spectroscopy131

Having established the cryogenic modulation properties, we next carry out a cryogenic inter-132

connect experiment, where the microwave output of a DUT is read out optically. As an example133

system we employ a superconducting electromechanical device in the form of a mechanically-134

compliant vacuum gap capacitor parametrically coupled to a superconducting microwave res-135

onator (Fig. 3a–e). These devices have been employed in a range of quantum electromechanical136

experiments, such as cooling the mechanical resonator to its quantum ground state [54], strong137

coupling between mechanical and microwave modes [13], squeezing of mechanical motion [55],138

and demonstration of the quantum entanglement in the mechanical motion [56, 57], as well as139

implementing mechanically mediated tunable microwave non-reciprocity [58] and quantum reser-140

voir engineering [59]. The microwave resonance (frequency ωc ≃ 2π × 8.2GHz and linewidth141

κ ≃ 2π × 3MHz) is coupled to the mechanical resonance (frequency Ωm ≃ 2π × 6MHz and142

linewidth Γm ≃ 2π × 10Hz) of the capacitor via electromechanical coupling [60] (Fig. 3d). The143

electromechanical coupling rate is g = g0
√
n̄cav, where g0 ≃ 2π × 150Hz is independently char-144

acterized [61] and n̄cav is intracavity microwave photon number, proportional to the microwave145

pump power. The system is inductively coupled to a microwave feed-line, enabling us to pump146

and read out the microwave mode in reflection.147

To demonstrate the electro-optical readout technique, we perform two-tone spectroscopy and148

measure optomechanically induced transparency (OMIT) [10–12] (Fig. 3i) on the electromechan-149

ical sample, by applying a microwave pump tone on the lower motional sideband (red-detuned150

by Ωm from the cavity resonance) and sweeping a second probe tone across the resonance. The151

strong pump damps the mechanical motion, resulting in a wider effective mechanical linewidth,152

Γeff = Γm+4g2/κ. The microwave pump modifies the cavity response due to the electromechani-153

cal coupling, resulting in a transparency window of width Γeff that appears on resonance, which we154

observe by the probe (Fig. 3g). We performed an OMIT experiment for different pump powers and155

observed the mechanical resonance via the transparency feature. In order to electro-optically read156

out the coherent response, the optical output is detected in a balanced heterodyne detector, using a157

frequency-shifted local oscillator (Fig. 3g). Note that this scheme allows resolving spectroscopic158

features finer than the laser linewidth (Fig. 3h). To compare the optical and HEMT readouts, the159
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FIG. 4. Electro-optic readout of an incoherent microwave spectrum of a superconducting electromechanical

system. a, Frequency-domain picture: a microwave tone pumps the electromechanical system on the upper motional

sideband, inducing a parametric instability and generating mechanical sidebands equally spaced around the tone by

the mechanical resonance frequency Ωm. The phase modulator transfers the microwave spectrum on the optical

signal, which is subsequently mixed with a local oscillator (LO) and detected via heterodyne detection. b, Level

scheme showing electromechanically induced parametric instability. A blue-detuned pump photon scatters into an

on resonance photon and generates a phonon in the mechanical oscillator and causes anti-damping. At pump power

above a certain threshold induces instability in the mechanical oscillator. c, Measured power spectral densities of

the microwave pump (central peak) and mechanical sidebands detected by the HEMT (blue) and optical (orange)

readouts. d, Enlargement of the gray-shaded area in c, showing the power spectral densities of the on-resonance

mechanical sideband.

reflected signal is split and measured simultaneously using both techniques (Fig. 3a). Figure 3f160

shows the OMIT results, with excellent agreement between the optical and HEMT readouts. At161

high pump powers, when g ∼ κ, we observe mode splitting as a result of strong coupling and162

mode-hybridization between the mechanical and microwave modes [13].163

Optical Readout of an Incoherent Microwave Spectrum164

Next, we employ our scheme to directly read out optically the power spectral density of a165

microwave signal emitted by the DUT. For this, we drive the mechanical oscillator into self-166

oscillation by pumping the system on its upper motional sideband, ωpump = ωc + Ωm, inducing167

a parametric instability [60, 62–64]. The output microwave spectrum features strong sidebands168

around the microwave pump, at integer multiples of the mechanical frequency (Fig. 4a,b). Fig-169

ure 4c shows these mechanical signals obtained simultaneously using both our optical readout and170
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the HEMT amplifier. We use the known properties of the HEMT to estimate the transduction gain171

G [Eq. (2)] of our optical readout. The blue trace in Fig. 4c shows the HEMT output referred back172

to its input using its known added noise, nHEMT
add ≃ 8 quanta/(s · Hz), characterized independently.173

This calibration yields the HEMT input signal S, which is equal to the PM microwave input. The174

noise in the optically detected spectrum, referred to the optical output of the PM, is dominated by175

the optical shot noise, 1 quanta/(s · Hz), for our G ≪ 1. In this calibration, we can obtain G from176

the optical spectrum containing the transduced microwave signal GS. The orange trace in Fig. 4c177

shows the optical noise spectrum referred to the microwave input, and Fig. 4d shows a zoom-in178

of a single sideband. In this calibration, the signal areas in both measurements are equal to S.179

Further explanation of this calibration is given in the appendix. This yields G = 0.9 × 10−7, in180

good agreement with the theoretical value Gtheory = 3.5 × 10−7 obtained from Eq. (3) using the181

measured output optical power, Popt = 1.1mW (optical efficiency of 5%, including losses in fiber182

connectors and heterodyne detection setup). We note that the frequency widening of the optically183

detected sidebands, observed in Fig. 4d, is due to fluctuations in the LO frequency, caused by184

the limited bandwidth of the locking setup in conjunction with using a minimal resolution band-185

width (RBW) of 1Hz in the spectrum measurement. The integrated sideband power, however, is186

conserved. Improving the LO locking setup can reduce this effect.187

The added noise in the transduction process is (see Appendix)188

nadd =
1

2G
+ nMW

th +
1

2
, (5)

where nMW
th is the average occupation of the thermal photonic bath due to the microwave fields.189

This gives nadd ≈ 6 × 106. The noise floor of the optical measurement in Fig. 4c is 60 dB above190

the HEMT readout. This is due to the very small gain G ∼ 10−7, caused by the large Vπ and the191

limited optical power. However, there is much room for improvement in these parameters. Ref. 18192

reported a Vπ-length product of 0.45V cm in a BaTiO3-based modulator, thus Vπ ∼ 50mV can193

be realized in a ∼ 10 cm device, possibly using low-loss superconducting electrodes [47, 52].194

The optical power can be increased arbitrarily in principle, however one needs to consider optical195

losses (mainly at the fiber-to-chip interfaces) that lead to heating. Considering a device with an196

improved optical transmission of 66% [65] and incident power of 15mW, yields Popt ∼ 10mW.197
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This scenario achieves G ∼ 5 × 10−2 [Eq. (3)], with nadd ≈ 20 at 3K, competitive with HEMT198

performance, while the heat load of 5mW is half that of a typical cryogenic HEMT.199

It is worth mentioning that many experiments utilize a near-quantum-limited pre-amplifier at200

the 15mK stage (Fig. 1a,b). In this case, the noise added in the second amplification stage, referred201

to the input, is ∼ (GPAG)−1 (see Appendix), where GPA ∼ 103 is the pre-amplifier gain [28–31].202

Thus, G & G−1
PA suffices to preserve near-quantum-limited amplification (See Appendix).203

Conclusions204

We have demonstrated the viability of LiNbO3 devices, currently-employed in the telecommu-205

nication market, as electro-optical interconnects in cryogenic platforms used in superconducting206

quantum technologies, in particular as viable alternative to HEMT amplifiers with the potential207

of reduced heat load. By interfacing a commercial PM to a circuit-electromechanical system that208

was previously used to perform quantum experiments, we implemented an electro-optical readout209

of this system. In addition, we quantified the gap between conventional microwave amplifiers and210

the electro-optical alternative. It is feasible that this gap be closed in the near future, by improved211

devices with lower Vπ, resulting in a near-quantum-limited broadband microwave-to-optical inter-212

connect.213

Appendix214

Quantum mechanical model for a phase modulator. In the following, we derive a simple215

quantum description of the phase modulator to establish the quantum limits in transducing the216

input microwaves. The central assumption is that the linear regime stays valid, for sufficiently217

low input microwave powers. As such, the scattering equations linking inputs to output should be218

identical in both quantum and classical cases. We can use the known classical regime as a starting219

point, with the output optical field amplitude âout expressed as a function of the input optical field220

âin as221

âout = e−iπV/Vπ âin ≈ (1− iπV/Vπ)âin, (A.1)
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where V is the classical voltage applied at the input and the half-wave voltage Vπ is the voltage at222

which the phase modulator applies a phase shift of π. For the quantum model, the classical fields223

are replaced by their quantum equivalent. The microwave input becomes V̂ =
√
~ωMWZ0(b̂ +224

b̂†)/
√
2 with b̂ the annihilation operator for the microwave field at frequency ωMW traveling on a225

transmission line of impedance Z0. The optical input is âin = αe−iωoptt + δâin, where α is the226

amplitude of the coherent carrier field of frequency ωopt, with |α|2 = Popt/~ωopt, and δâin carries227

the quantum fluctuations of the input optical field. Inserting the expressions in Eq. (A.1), we can228

compute δâout = âout − αe−iωoptt, the quantum fluctuations of the output optical field, given by229

δâout = δain − i
√
Ge−iωoptt(b̂+ b̂†) (A.2)

with the transduction gain G given by Eq. (3).230

To understand the implications of Eq. (A.2) for the quantum noise in the transduction, we231

compute the power spectral density of the output optical field,232

Sout
δa†δa[ωopt + ωMW] = S in

δa†δa[ωopt + ωMW] +G(Sb†b[ωMW] + Sbb† [−ωMW]). (A.3)

The first term corresponds to the added quantum noise due to the input optical field. The second233

term contains contributions from the microwave frequency ωMW, including both the signal and234

noise. The third term contains added microwave noise at frequency −ωMW, composed of thermal235

and quantum noise components, respectively nMW
th + 1/2. Thus Eq. (A.3) can be simplified to236

Sout
δa†δa[ωopt + ωMW] = GSb†b[ωMW] +G

(

nMW
th +

1

2

)

+
1

2
. (A.4)

We emphasize two limiting cases. When G ≪ 1, as in our experiment, the added noise is domi-237

nated by the input optical quantum noise, the last term in Eq. (A.4). In the opposite limit, G ≫ 1,238

the added noise is dominated by the microwave input noise, and the signal-to-noise ratio is inde-239

pendent of G. In any case, the added noise referred to the input is given by Eq. (5).240

Calibration of the transduction gain. Figure 5 illustrates the procedure of experimentally241

characterizing the transduction gain of our electro-optic transducer. The microwave signal is split242

equally into two parts S, fed to the HEMT amplifier and the PM respectively (Fig. 5a). The HEMT243
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added noise is characterized independently to be nHEMT
add = 8quanta/(s · Hz). We infer S from244

the spectrum of the HEMT amplified signal, referring the noise floor to nHEMT
add (Fig. 5b). In the245

PM branch, the added noise of the transduction is given by Eq. (5). The spectrum is detected using246

a balanced heterodyne detector, which adds 1/2 quanta/(s · Hz) of noise (Fig. 5c). We can safely247

neglect G(nMW + 1/2) and consider the noise floor of the spectrum referred to the input of the248

heterodyne detector, i.e. 1 quanta/(s · Hz). This allows us to calculate GS, and finally obtain G249

with knowledge of S from the HEMT measurement.250

When using a quantum-limited pre-amplifiers before the electro-optical transducer (not done251

in our experiment), we can model the readout chain as shown in Fig. 6b. The total added noise of252

the readout chain is253

ntotal
add = nPA

add +
nadd

GPA

≃ nPA
add +

1

2GPAG
(A.5)

Therefore when G ≃ 1/GPA, the total added noise will be dominated by nPA
add ∼ 1 quanta/(s · Hz) [28–254

31] and the readout will be near-quantum-limited.255

Experimental details and heating measurements. We use a fiber-coupled lithium niobate256

PM from Thorlabs, model LN65S, used as-is with no modifications. Note that the minimum spec-257

ified operating temperature is 0 ◦C. The device sustained several cooldown-warmup cycles with258

reversible behavior in its optical transmission. We measured 25% reduction in the optical trans-259

mission at cryogenic relative to room temperature. The PM metallic box was tightly clamped to the260
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flange of the 800mK or 3K stage. We use a Bluefors LD-250 dilution refrigerator. The approxmi-261

ate available cooling powers of the {15mK, 800mK, 3K} stages are {12µW, 30mW, 300mW}.262

Figure 2c shows the variation of Vπ from room temperature to 800mK, obtained during a263

cooldown of the dilution fridge and measured using the default thermometer on the 800mK flange,264

located next to the heat exchanger, about 10 cm from the PM. In order to rule out possible tem-265

perature gradients, we mounted a calibrated thermometer next to the PM and monitored both266

thermometer readings during cooldown. Figure 7a shows the measured relative temperature dif-267

ference, which is less than ∼ 5% throughout the cooldown. Note that this excludes pulse precool-268

ing and mixture condensation period when the temperature is unstable (shown for completeness269

in Fig. 7a).270

Figure 2d shows the temperature increase of the 15mK, 800mK, and 3mK stages of the dilu-271

tion fridge as a function of the optical power incident on the PM, which is mounted on the 800mK272

stage. We performed a simple measurement to verify that this temperature increase can be ascribed273

to light absorbed in the PM body (and not, e.g, light leakage into the fridge volume), correspond-274

ing to the optical transmission (insertion loss) of the PM. We used the calibrated 120Ω still heater275

built in the 800mK stage to apply heat directly, we then repeated the measurement using optical276

input to the PM as the heating source (as in Fig. 2d). Figure 7a,b compares the results of this mea-277

surement, showing temperature increase in the 3K and 800mK stages (the latter recorded with the278

two separated thermometers) vs. dissipated power. In the case of optical heating, the dissipated279

power is computed directly from the incident power on the PM and its measured transmission of280

23%.281

Figure 7b,c shows the result of this measurement. The optical heating shows a temperature282

increase of 13.3mK/mW (6.5mK/mW) at the 800mK (3K) stage (Fig.7a), while the resistive283

heating shows a temperature increase of 14.1mK/mW (8.3mK/mW) at the 800mK (3K) stage284

(Fig.7b). Thus heating due to operation of the electro-optical interconnect is very similar to local-285

ized, resistive heating.286
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Figures

Figure 1

Principle of a cryogenic electro-optical interconnect for readout of superconducting devices. a, Simpli�ed
schematic of a conventional readout of a device under test (DUT) in a dilution fridge using a cryogenic
HEMT ampli�er. The dashed box indicates an optional quantum-limited pre-ampli�er not used in this



work. The devices are interrogated by input microwave signals that are attenuated to reduce thermal
noise, and ampli�ed using an HEMT ampli�er at 3K. b, Principle of a cryogenic electro-optic readout
scheme using an electro-optical phase modulator. The DUT is interrogated using the same microwave
input line, but the microwave signals are converted to the optical domain at 3 K, reducing thermal load. c,
Conducted heat through a typical cryogenic coaxial cable and optical �ber, between room temperature
and 3K. d, Schematic cross-section of a z-cut LiNbO3 electro-optic phase modulator. e, Microscope photo
of the commercial phase modulator used in the experiment, showing the coupling region between �ber
and LiNbO3 chip.

Figure 2

Cryogenic characterization of a LiNbO3 phase modulator. a, Experimental setup for low temperature
characterization of the phase modulator. b, plot of Vπ vs. frequency at 800mK. c, Characterization of Vπ
at 5 GHz vs. temperature from room temperature to 800mK. d, Measurement of heating due to optical
dissipation when the phase modulator is mounted on the 800mK �ange. Plot of the steady state
temperature vs. input laser power of the 3K, 800mK, and 15mK �anges. e, Experimental setup for phase
shift keying detection. RF signal from waveform generator is directly applied on a phase modulator. After
homodyne detection the electrical signal is recorded on a fast oscilloscope. f, Eye-diagram of an optical
signal phase-modulated at a rate of 5 GBaud, the bit error ratio is 5x10-5.



Figure 3

Electro-optic readout of a coherent microwave spectrum of a superconducting electromechanical system.
a, Experimental setup. Left: dilution fridge, right: optical setup. b, Electromechanical system used as a
DUT. c, optical micrograph of the LC resonator. d, Modal diagram of the electromechanical system. e,
scanning electron micrograph of the mechanically compliant capacitor. f, coherent measurement of the
electromechanical resonance for increasing microwave pump powers of (—20; 0; 5; 10; 15; 20)dBm at the
source, from bottom to top respectively. The probe power is —20 dBm at the source. By increasing the
pump power, the optomechanically induced transparency window emerges, and at stronger pump powers
the modes get strongly coupled, leading to an avoided crossing effect. Blue lines correspond to HEMT
readout and orange dots to optical readout. g, the frequency scheme for microwave tones, optical tones,
and measured signal after heterodyning. h, high resolution measurement of the transparency window
highlighted in f with the gray box. i, level scheme of the optomechanical system. The pump tone is tuned
close to red sideband transitions, in which a mechanical excitation quantum is annihilated (mechanical
occupation nm  nm 1) when a photon is added to the cavity (optical occupation np  np + 1), therefore
coupling the corresponding energy eigenstates. The probe tone probes re�ection in which the mechanical
oscillator occupation is unchanged. The pump tone modi�es the response of the cavity and creates a
transparency window appears on resonance (OMIT).



Figure 4

Electro-optic readout of an incoherent microwave spectrum of a superconducting electromechanical
system. a, Frequency-domain picture: a microwave tone pumps the electromechanical system on the
upper motional sideband, inducing a parametric instability and generating mechanical sidebands equally
spaced around the tone by the mechanical resonance frequency Ωm. The phase modulator transfers the
microwave spectrum on the optical signal, which is subsequently mixed with a local oscillator (LO) and
detected via heterodyne detection. b, Level scheme showing electromechanically induced parametric
instability. A blue-detuned pump photon scatters into an on resonance photon and generates a phonon in
the mechanical oscillator and causes anti-damping. At pump power above a certain threshold induces
instability in the mechanical oscillator. c, Measured power spectral densities of the microwave pump
(central peak) and mechanical sidebands detected by the HEMT (blue) and optical (orange) readouts. d,
Enlargement of the gray-shaded area in c, showing the power spectral densities of the on-resonance
mechanical sideband.



Figure 5

Illustration of the gain characterization procedure. a, Propagation of the DUT signal through the system.
b, Power spectral density of the HEMT output. c, Power spectral density of the optical heterodyne
detector.

Figure 6

Schematic signal �ow when pre-ampli�er is used.



Figure 7

Heat dissipation and temperature gradients. a, Relative temperature difference between PM box and heat
exchanger, on 800mK �ange during a cooldown. The gray datapoints correpsond to speci�c periods of
pulse precooling and mixture condensation, where the temperature is unstable. b, Measurement of
heating due to optical dissipation when the phase modulator is mounted on the 800mK �ange. c,
Measurement of heating using a calibrated resistive heater mounted on the 800mK �ange.
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