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Bidirectional and e�cient conversion between
microwave and optical light
R. W. Andrews1,2*, R. W. Peterson1,2, T. P. Purdy1,2, K. Cicak3, R. W. Simmonds3, C. A. Regal1,2

and K. W. Lehnert1,2,3

Converting low-frequency electrical signals into much higher-frequency optical signals has enabled modern communication
networks to leverage the strengths of both microfabricated electrical circuits and optical fibre transmission, enabling
information networks to grow in size and complexity. A microwave-to-optical converter in a quantum information network
could provide similar gains by linking quantum processors through low-loss optical fibres and enabling a large-scale quantum
network. However, no current technology can convert low-frequency microwave signals into high-frequency optical signals
while preserving their fragile quantum state. Here we demonstrate a converter that provides a bidirectional, coherent and
e�cient link between the microwave and optical portions of the electromagnetic spectrum. We use our converter to transfer
classical signals betweenmicrowave and optical light with conversion e�ciencies of∼10%, and achieve performance su�cient
to transfer quantum states if the device were further precooled from its current 4 K operating temperature to temperatures
below 40 mK.

Modern communication networks manipulate information
at several gigahertz with microprocessors and distribute
information at hundreds of terahertz through optical

fibres. A similar frequency dichotomy is developing in quantum
information processing. Superconducting qubits operating at
several gigahertz have recently emerged as promising high-
fidelity and intrinsically scalable quantumprocessors1–3. Conversely,
optical frequencies provide access to low-loss transmission4 and
long-lived quantum-compatible storage5,6. Converting information
between gigahertz-frequency ‘microwave light’ that can be deftly
manipulated and terahertz-frequency ‘optical light’ that can be
efficiently distributed will enable small-scale quantum systems7–9
to be combined into larger, fully functional quantum networks10,11.
However, no current technology can transform information
between these vastly different frequencies while preserving the
fragile quantum state of the information. For this demanding
application, a frequency converter must provide a near-unitary
transformation between microwave light and optical light; that is,
the ideal transformation is coherent, lossless and noiseless.

Certain nonlinear materials provide a link between microwave
and optical light, and these are commonly used in electro-
optic modulators for just this purpose. Although electro-optic
modulators might be capable of quantum-compatible frequency
conversion12,13, such conversion has not yet been demonstrated,
and current electro-optic modulators14–16 have predicted photon
number efficiencies of only a few 10−4 (refs 12,13,15). Other
intermediate objects that interact with both microwave and optical
light can be used to create the nonlinearity necessary for frequency
conversion. Proposed intermediaries include clouds of ultracold
atoms17,18, ensembles of spins19,20 and mechanical resonators21–23.
All converters face the challenge of integrating optical light with
the cryogenic temperatures needed for low-noise microwave signals
and superconducting circuitry. Here, we demonstrate a cryogenic
converter that incorporates a mechanical resonator with optical

light and superconducting circuitry, and use it to transform classical
signals between microwave and optical frequencies.

Early experiments used microwave light24,25 and optical light26
to manipulate mechanical resonators and study the interaction
between light and a vibrating mass27,28. The fields of electro-
mechanics and optomechanics have since evolved at a remarkably
commensurate pace. Both microwave and optical light have
been separately used to cool a mechanical resonator to its
quantum ground state of motion29,30. This same interaction enables
the mechanical resonator to serve as an information storage
medium31,32, and opens up the possibility of high-fidelity frequency
conversion33–37. By combining the technologies of electromechanics
and optomechanics, we simultaneously couple a mechanical
resonator to both a microwave circuit and an optical cavity. This
simultaneous coupling enables information in the microwave
domain to stream through the mechanical resonator and emerge
as optical light, and vice versa. We show that the transformation
is bidirectional and coherent, and further demonstrate a photon
number efficiency of 0.086 ± 0.007 and a transfer bandwidth of
30 kHz. Furthermore, the performance is sufficient for nearly
noiseless frequency conversion if we can further precool the device
from its current 4 K operating temperature to dilution refrigerator
temperatures below 40 mK.

Cavity electro-optomechanics
Our converter consists of two electromagnetic resonators, one at
an optical frequency and one at a microwave frequency, that share
a mechanical resonator. The mechanical resonator is formed by
a thin silicon nitride membrane that is free to vibrate (Fig. 1).
The optical frequency resonator consists of a Fabry–Pérot cavity,
and as the membrane vibrates it moves along the optical intensity
standing wave and modulates the resonant frequency of the
optical cavity38,39. The membrane is partially coated with a thin
layer of niobium (which superconducts at temperatures below
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Figure 1 | Layout and operation of microwave-to-optical converter. a, A
stoichiometric silicon nitride (Si3N4) membrane (light blue) that has been
partially covered with niobium (dark blue) interacts with an
inductor–capacitor (LC) circuit that forms the microwave resonator and a
Fabry–Pérot cavity that forms the optical resonator (mode shown in red).
Propagating light fields are coupled to the microwave resonator with an
inductive coupler, and to the optical resonator with a slightly transmissive
input mirror. b, The membrane is suspended within a silicon frame, and the
microwave circuitry is lithographically patterned on a separate silicon
substrate. The two silicon chips are brought together so that the
niobium-covered portion of the membrane comes to within 500 nm of the
microwave circuitry, thus forming the electromechanical system. The
system is then placed inside the optical resonator. The entire structure is
designed to be cryogenically compatible. c, A frequency domain
representation of the conversion process. A strong microwave pump (blue
arrow) is applied below the microwave resonance (response shown as a
black curve) with detuning1e. Likewise, a strong optical pump (red arrow)
is applied below the optical resonance (response shown as a black curve)
with detuning1o. This enables a signal (green arrow) to be up- or
down-converted in frequency.

about 9 K), and this electrically conductive portion is part of a
capacitor in an inductor–capacitor circuit that forms the microwave
resonator (K.C., in preparation)40,41. As the membrane vibrates, it
modulates the capacitance of the microwave circuit, and thus its
resonant frequency. Even though the electromagnetic resonators
are at vastly different frequencies (7 GHz and 282 THz), the
coupling mechanism is equivalent: a nanometre of membrane
motion shifts the microwave resonant frequency by approximately
4 MHz, and shifts the optical resonant frequency by approximately
40 MHz, giving coupling constants of Ge≈4 MHz nm−1 and Go≈

40MHz nm−1.
During the experiment, a strong pump tone is applied below the

resonant frequency of each electromagnetic resonator. The pumps
enhance the electromechanical and optomechanical interaction,
and the mechanical resonator exchanges information with the
microwave and optical resonators at rates ge = Gexzp

√ne and
go=Goxzp

√no, respectively, where xzp is the zero-point motion of
themechanical resonator and ne (no) is the number of photons in the
microwave (optical) resonator induced by the microwave (optical)
pump. The expressions for ge and go take on this simple form in the
resolved-sideband limit (defined as 4ωm� κe, κo, where ωm is the
frequency of the vibrational mode of the mechanical resonator and
κe and κo are the energy decay rates of the microwave and optical
resonators, respectively); however, these coupling rates can always
be independently adjusted in situ by changing the strength of the
pumps and altering ne and no (ref. 32). This coherent exchange

of information between electromagnetic and vibrational modes is
capable of quantum-state-preserving frequency conversion42,43.

A full description of the system includes the inputs and outputs of
the microwave, optical andmechanical resonators. Of all the energy
leaving the microwave (optical) resonator, only a fraction ηe (ηo)
exits into the propagating mode that we collect. Some energy is
absorbed in the resonators themselves, and the optical resonator
emits light into a particular spatial mode that does not perfectly
match the spatial mode of the incident light field. The fraction of
light we collect can be expressed as ηe=κe,ext/κe and ηo=εκo,ext/κo,
where κe,ext (κo,ext) is the rate at which energy leaves the microwave
(optical) resonator into propagating fields, and ε is the optical mode
matching. If κe� ge and κo� go, the electromagnetic resonators
couple energy and information in freely propagating microwave
(optical)modes to a vibrationalmode of themechanical resonator at
a rate Γe (Γo), which has the simple form Γe=4g 2

e /κe (Γo=4g 2
o /κo)

in the resolved-sideband limit44.
During upconversion, an injected microwave field enters the

converter at a frequency ω above the microwave pump, enters and
exits the mechanical resonator as determined by coupling rates Γe
and Γo, and emerges as an outgoing optical field at a frequency
ω above the optical pump. A frequency-domain representation
of the process is shown in Fig. 1c. Converter performance is
characterized by how efficiently the input microwave field, bin(ω), is
transformed into an output optical field, aout(ω), and vice versa. The
ratio aout(ω)/bin(ω)≡ t1(ω) is one of four transmission/reflection
coefficients that characterize the two-port network formed by the
converter (Fig. 2a). The fields bin(ω) and aout(ω) have units of
(number× sec)1/2, and so the apparent photon number efficiency
for upconversion is given by |aout(ω)/bin(ω)|2=|t1(ω)|2.

During the experiment, the converter is integrated into a larger
network. To predict and measure converter performance, we need
to specify which components are part of the converter, and which
are part of the measurement network. We choose to define the
converter as all the components between the inductive coupler
of the microwave resonator and the input mirror of the optical
resonator (Fig. 2). Converter performance then includes internal
losses in the microwave, optical and mechanical resonators and
imperfect optical mode matching, but excludes losses and gains in
other components that are used in our measurement. With this
definition, the converter is a stand-alone component that can be
readily integrated into other networks. We can predict converter
efficiency using a Hamiltonian that includes radiation pressure
coupling45 to generate Heisenberg–Langevin equations of motion
(Supplementary Information). This analysis predicts

t1(ω)=
√
ΓeΓo

−ı (ω−ωm)+(Γe+Γo+κm)/2
×
√

Aηeηo (1)

where κm is the intrinsic mechanical damping and A=AeAo is the
conversion gain, with Ae=1+ (κe/4ωm)

2 and Ao=1+ (κo/4ωm)
2.

The reverse process, t2(ω), is mathematically identical (Fig. 2a). The
bandwidth of the conversion is set by the total mechanical damping
Γe + Γo + κm. Conversion efficiency is greatest on mechanical
resonance (ω = ωm) and when the coupling rates are matched
(Γe=Γo) and exceed any intrinsic mechanical damping κm; in this
case, the maximum conversion efficiency is ηeηo.

Conversion gain A becomes appreciable when 4ωm<κe,κo (and
also depends on detunings1e and1o; Supplementary Information).
In this parameter regime, the converter begins to act like a linear,
phase-insensitive amplifier, and as such can have an apparent
efficiency greater than unity at the cost of adding noise46. Although
amplification might be beneficial for some applications, ideal
frequency conversion requires unit gain (Ae =Ao = 1) so that
conversion adds as little noise as possible.
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Figure 2 | Measurement network. a, Transmission and reflection
coe�cients are defined between the ports of the microwave and optical
resonators. To isolate the converter performance from the gains and losses
of other components used in our measurement, we measure the forward
and reverse transmission, αt1δ and γ t2β , and the o�-resonant reflections,
αβ and γ δ. This gives t1t2=(αt1δ)(γ t2β)/(αβ)(γ δ), a quantity insensitive
to imperfect measurement of the separate gains and losses α, β , γ and δ.
The o�-resonant reflections are measured by tuning the injected signal
away from the resonator’s central frequency, where the converter acts as a
near-perfect mirror. b, A signal at a frequency ω≈ωm is generated. This
signal is mixed to a higher frequency using either the microwave pump or
the optical pump as a carrier through single-sideband modulation. After
interacting with the converter, the outgoing fields are detected with
homodyne detection (for microwave frequencies) or direct detection with a
photodiode (for optical frequencies). The detected signal (Out) is
compared with the initial signal (Ref) to obtain a magnitude and phase shift.

Bidirectional frequency conversion
By injecting a microwave or optical field and monitoring the
outgoing fields, we measure the transmission coefficients t1 and t2
that give the number efficiency of the converter (Fig. 2b). We
study conversion using three different vibrational modes of the
mechanical resonator, which are shown as membrane-displacement
plots in Fig. 3a. Converter performance using the ωm/2π=560 kHz
vibrational mode is shown in Fig. 3c. By sweeping the frequency
of the injected microwave signal, we confirm that forward
transmission (t1) has the expected Lorentzian lineshape of
equation (1), with a peak at ω=ωm. Reverse transmission (t2) is the
same to within our measurement error, giving an initial indication
that the conversion process is bidirectional. We also monitor
microwave reflection (r1) during upconversion. When conversion
efficiency peaks at ω=ωm, there is a corresponding dip in reflected
microwave power, as seen in Fig. 3c, further demonstrating that
some of the injected microwave signal is indeed being converted.
In addition to the magnitudes of the converted and reflected light,
the measurements also yield phase information. We find that,
up to a frequency-dependent phase shift, the phase is preserved
during conversion, indicating that the conversion between the two
frequency regimes is coherent.

Although it is difficult to independently and accurately calibrate
the quantities t1 and t2, we can readily calibrate their product, as
diagrammed in Fig. 2a. With this method, we can determine t1t2
to about 6% (limited by a combination of standing waves in the
microwave transmission lines and loss of optical phase information
during direct photodetection; Supplementary Information).We find
this calibration procedure appealing because it makes equivalent

use of both the forward and reverse transmission of the converter,
demonstrating and emphasizing its bidirectional nature. The peak
value of the apparent conversion efficiency, plotted as |t1t2|, is shown
in Fig. 3b along with themicrowave reflection, |r1|2, at the frequency
of peak conversion efficiency.

The converter performance for all three vibrational modes is
correctly predicted by linear optomechanical theory with independ-
ently measured system parameters (Supplementary Information).
By changing the microwave pump power while holding the optical
pump power fixed, we vary the ratio Γe/Γo and observe that
maximum conversion efficiency occurs near Γe = Γo, as seen in
Fig. 3b, confirming the impedance matching condition predicted by
equation (1). Furthermore, we can explore the effect of conversion
gain by using different vibrational modes of the mechanical
resonator for frequency conversion. For the ωm/2π = 380 kHz
vibrational mode, ωm/κe ≈ ωm/κo ≈ 0.25 and a photon number
gain of A=3 is expected. This results in an apparent efficiency of
0.25, as seen in the peak value of |t1t2| for this vibrational mode.
For conversion with the higher-frequency ωm/2π = 1.24 MHz
vibrational mode, ωm/κe ≈ ωm/κo ≈ 0.8 and the converter
approaches the resolved-sideband limit. This reduces the photon
number gain to A = 1.4. With this lower gain comes a lower
apparent efficiency, but the absorption of microwave power occurs
nearer the peak in conversion efficiency, indicating more ideal
conversion (Supplementary Information).

The converter reaches nearly unit internal efficiency for
Γe, Γo � κm. For the ωm/2π = 560 kHz vibrational mode, the
converter reaches a matched (Γe = Γo) bandwidth of 30 kHz,
overwhelming the intrinsic mechanical loss by nearly four orders
of magnitude; that is, only about two parts in 104 of the converted
signal are lost through the mechanical decay channel. For this
vibrational mode, we expect the maximum apparent conversion
efficiency to be |t1t2| =Aηeηo= 0.169± 0.012, which corresponds
well to themeasuredmaximum of 0.178±0.011. The true efficiency
ηeηo, which does not include conversion gain A, is limited by
absorption and scattering of light in the electromagnetic resonators
(κe,ext/κe = 0.76 and κo,ext/κo = 0.23), and imperfect optical mode
matching (ε = 0.47). These factors combine to give an expected
efficiency ηeηo = 0.082± 0.006. This corresponds well with the
measured maximum apparent efficiency divided by the expected
gain of 0.086±0.007.

Vibrational noise
Any extraneous vibrations of the mechanical resonator appear as
noise on the converted signal, and can be specified with a signal-
to-noise ratio, defined as SNR=Sin/nvib, where Sin is the spectral
density of the input signal, and nvib is the spectral density of
vibrational noise added during conversion as referenced to the input
of the converter44. In units of quanta of added noise (a quantum
corresponding to one photon per second in a 1 Hz bandwidth),
upconversion adds

nvib=
1

Aeηe

(
κmnenv

Γe
+(Ae−1)+(Ao−1)

)
(2)

for matched coupling rates, where nenv ≡ 1/(eh̄ωm/kBTenv − 1), kB is
Boltzmann’s constant and Tenv is the temperature of the mechanical
resonator’s environment. Any conversion gain adds vibrational
noise given by the last two terms in equation (2). Mechanical
decoherence κmnenv also adds vibrational noise, but the effect of
mechanical decoherence can be reduced by increasing Γe and
Γo. Only with unit gain (ηe � Ae − 1 and ηe � Ao − 1) and
negligible mechanical decoherence (ηeΓe�κmnenv) do vibrations of
the mechanical resonator ‘freeze out’. In addition to low vibrational
noise, noiseless frequency conversion requires unit conversion
efficiency (ηe=ηo=1).
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Figure 3 | Bidirectional and e�cient conversion. a, Contour plot of simulated membrane displacement, normalized to unity, for the three vibrational modes
used for frequency conversion. Outlines of the optical mode (dashed circle) and niobium metallization (dashed bowtie) are shown. b, Apparent transfer
e�ciency (|t1t2|), depicted by blue points, and microwave-power reflection coe�cient (|r1|

2), depicted by red points, as a function of damping ratio for the
three vibrational modes. The measurement error is smaller than the plotted points. The black lines are expected values given independently measured
system parameters. Grey regions express the uncertainty of our system parameters (Supplementary Information). c, Forward transmission (t1), reverse
transmission (t2) and microwave reflection (r1) for the ωm/2π=560 kHz vibrational mode with Γo/2π=2,800 Hz and Γe/2π= 1,300 Hz. Frequency is
relative to the microwave and optical pump frequencies. Electromagnetic resonators are centred at 7.1 GHz and 282 THz, with power decay rates
κe/2π= 1.6 MHz and κo/2π= 1.65 MHz and e�ciencies ηe=0.76 and ηo=0.11 (0.23 from internal resonator loss and 0.47 from optical mode matching).
Pumps are red-detuned with1e≈−ωm and1o/2π=−730 kHz (Supplementary Information).

To characterize noise added by vibrations of the mechanical
resonator, we inject a fixed-frequency signal into the microwave
port of the converter and measure the spectral density of the
output optical field. We measure vibrational noise added during
upconversion (as opposed to downconversion) because near-
quantum-limited photodetection enables us to quickly characterize
noise at optical frequencies. The microwave signal is injected at a
frequency ωm above the microwave pump with matched coupling
rates (Γe≈Γo). As shown in the inset of Fig. 4, the converted signal
power appears on a noise background that is dominated by thermal
fluctuations filtered by the mechanical resonator’s susceptibility.
As we increase the coupling rates Γe and Γo (while keeping the
injectedmicrowave signal power constant), we observe an increased
signal-to-noise ratio (Fig. 4). Fitting the observed signal-to-noise
ratio to linear optomechanical theory for the spectral density of the
injected microwave signal Sin enables us to estimate nvib, the added
vibrational noise.

Vibrational noise is non-zero during 4 K operation because the
mechanical resonator is still ‘hot’ anddriven by thermal fluctuations.

Although this effect can be substantially reduced by increasing Γe
and Γo, lower temperatures are needed to reduce added vibrational
noise to the single-quantum level. Thermalizing the vibrational
modes of the mechanical resonator to a dilution refrigerator
temperature of 40 mK with the achieved Γe =Γo = 2π× 15 kHz
would ideally result in nvib≈ 1. Spurious mechanical modes in the
silicon substrate and mirrors that are another potential source of
noise are also expected to be suppressed at colder temperatures47.
Furthermore, temperatures of Tenv<(2π× 7 GHz)h̄/kB≈ 300 mK
are required to eliminate Johnson noise at microwave frequencies,
which corrupts weak (quantum) signals.

Discussion
We have demonstrated a converter that provides a bidirectional,
coherent and efficient link between the microwave and optical
portions of the electromagnetic spectrum. Three features we
have observed—the bidirectionality of the conversion, its phase-
preserving nature and the absorption of injected signal power
during conversion—provide firm evidence that state transfer
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is occurring, and that we have accessed the beam-splitter
Hamiltonian43 that is fundamentally capable of noiseless state
transfer. The ability to coherently exchange information between
microwave and optical light opens new possibilities for quantum
information, in particular entanglement between microwave and
optical photons36,48–50.

Although the converter functions well, somemodest changes can
significantly improve performance. Removing internal loss in the
electromagnetic resonators will improve ηe and ηo, which currently
limit conversion efficiency. Lower temperatures will improve the
microwave resonator, which at 4 K suffers from thermally excited
quasiparticles that limit ηe. Constructing the optical resonator
with asymmetric mirror coatings will improve ηo by reducing
the amount of light lost through the second mirror. In addition,
more careful placement of the electromechanical system inside the
optical resonator can decrease scattered light and improve optical
mode matching39. Added vibrational noise can be reduced by using
mechanical resonators with higher quality factors (Q≡ ωm/κm).
In particular, the type of silicon nitride membrane we use is
capable of extremely high quality factors of Q>107 (refs 40,47,51),
about two orders of magnitude greater than the quality factors used
in this work. With our modular converter design, improvements to
any single converter component can be carried out independently.
This inherent flexibility will enable us to explore the materials
and methods necessary to fully integrate optical light with
superconducting qubits at millikelvin temperatures.
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