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Control and readout of a superconducting 
qubit using a photonic link

F. Lecocq1,2 ✉, F. Quinlan1 ✉, K. Cicak1, J. Aumentado1, S. A. Diddams1,2 & J. D. Teufel1 ✉

Delivering on the revolutionary promise of a universal quantum computer will 
require processors with millions of quantum bits (qubits)1–3. In superconducting 
quantum processors4, each qubit is individually addressed with microwave signal 
lines that connect room-temperature electronics to the cryogenic environment of 
the quantum circuit. The complexity and heat load associated with the multiple 
coaxial lines per qubit limits the maximum possible size of a processor to a few 
thousand qubits5. Here we introduce a photonic link using an optical fibre to guide 
modulated laser light from room temperature to a cryogenic photodetector6, 
capable of delivering shot-noise-limited microwave signals directly at millikelvin 
temperatures. By demonstrating high-fidelity control and readout of a 
superconducting qubit, we show that this photonic link can meet the stringent 
requirements of superconducting quantum information processing7. Leveraging the 
low thermal conductivity and large intrinsic bandwidth of optical fibre enables the 
efficient and massively multiplexed delivery of coherent microwave control pulses, 
providing a path towards a million-qubit universal quantum computer.

Superconducting circuits have emerged as a leading technology for 
quantum computing8–10, thanks to steady progress in gate and measure-
ment fidelity combined with the capability of lithographically produc-
ing large and complex qubit networks11. However, the demonstration 
of a complete architecture that can truly scale to millions of qubits 
remains an elusive milestone5. Indeed, such quantum processors must 
operate in a cryogenic environment to be superconducting and, more 
importantly, initialized close to their quantum ground state. As these 
processors operate at microwave frequencies on the order of 10 GHz, 
they require a temperature well below 100 mK to eliminate thermally 
activated transitions. This is achieved in commercial dilution refrigera-
tors, whose base temperatures routinely reach below 20 mK. In current 
architectures, the superconducting qubits are controlled and measured 
with microwave pulses generated at room temperature and delivered 
via heavily attenuated coaxial lines; see Fig. 1a. Besides simple space 
limitations, this approach results in considerable heat loads as the 
number of qubits scales, both passive, due to the thermal conductivity 
of the coaxial lines, and also active, due to the signal power dissipated 
in the attenuators. This heat load competes against the limited cooling 
power of the cryostat, typically ~20 μW (ref. 5). Therefore, with current 
technologies one could imagine systems with a few thousand qubits at 
best5, far from the predicted numbers required for compelling applica-
tions of quantum computers1–3.

These crucial challenges have motivated new approaches that seek 
to increase the possible size of superconducting quantum proces-
sors. The development of quantum coherent interconnects, which 
are capable of sharing fragile quantum states between processors in 
separate cryostats, has attracted much research attention but remains 
a long-standing challenge12–16. Concurrently, innovations in classical 
interconnects aim to reduce the heat load associated with interfacing 

with the quantum processor, taking the form of high-density wiring17,18 
or cryogenic electronics19–23. Indeed, even with successful quantum 
coherent interconnects, a scalable technology capable of delivering 
classical signals suitable for high-fidelity qubit operation could be 
instrumental in building a large-scale quantum computer.

Here, we use ubiquitous telecommunication technologies  
and standard radiofrequency–photonics components24, designed 
for room-temperature operation (~300  K), to demonstrate an  
ultracryogenic photonic link (<100 mK). In this unexplored tempera-
ture regime, the photonic link exhibits noise levels approaching micro-
wave vacuum fluctuations, enabling the control and measurement 
of highly coherent quantum states. In our approach, the microwave 
control signals are upconverted to the optical frequency domain 
using electro-optic modulators (EOMs), guided along optical fibres 
to the cryogenic environment of the processor and downconverted 
back to microwave frequencies using high-speed photodetection6, 
see Fig. 1b. The vanishing thermal conductivity of optical fibres at low 
temperature and their large intrinsic bandwidth would enable the deliv-
ery of millions of control signals directly to the millikelvin stage with 
no substantial passive heat load. To evaluate this photonic link, we 
operate a commercial high-speed photodiode at 20 mK to control 
and measure a superconducting transmon qubit. We demonstrate 
the ability to perform high-fidelity single-shot qubit readout and fast 
qubit gates while maintaining quantum coherence. We then exploit 
the extreme noise sensitivity of the qubit to measure the photodiode 
noise at sub-microampere photocurrents, revealing shot-noise-limited 
performance. Finally, we consider the noise and heat dissipation of 
the photodiode together to predict the scalability of our approach, 
charting a path towards scaling well beyond the capability of traditional 
coaxial wiring.
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The optical generation of microwave control signals relies on the 
photoelectric effect in a photodiode25. An incident optical photon 
generates an electron–hole pair in a semiconductor, with a quantum 
efficiency η. The carriers are then swept away to the electrodes of the 
diode owing to a built-in or applied voltage, creating a current pulse. 
Summing over many incident photons yields the photocurrent, I = ℛPo, 
where ℛ = ηe/ħωo is the responsivity, e is the electron charge, Po is the 
incident optical power, ωo is the frequency of the optical photons, and 
ħ is the reduced Planck constant. Full-depth modulation of the optical 
power at a microwave (μ) frequency ωμ that is well within the bandwidth 
of the photodiode results in an oscillating photocurrent at that same 
frequency, with an output microwave power P ZI= ¯μ

1
2

2 where I I=  is 
the average photocurrent and Z is the impedance of the load.

The transmon qubit used in this work consists of a single Josephson 
junction shunted by a capacitor, forming an oscillator that is nonlin-
ear at the single-photon level4,26. Full control over its quantum state 
|ψ⟩ = α|g⟩ + β|e⟩, where |g⟩ and |e⟩ are, respectively, the ground and first 
excited states, is achieved through coherent drives at the transition fre-
quency ωq. The qubit is dispersively coupled to a linear microwave cav-
ity of linewidth κ such that the cavity resonance frequency depends on 
the qubit state, ωg,e = ωc ± χ, with ωc the mean cavity resonance frequency 
and χ the dispersive shift (Methods). A drive at the mean cavity fre-
quency is therefore reflected with a qubit-state-dependent phase shift 
±2arctan(2χ/κ), which is detected by a microwave homodyne set-up.

In this work we perform two separate experiments, in which we 
use a photonic link to generate microwave pulses that either read-
out (Fig. 2a–c) or control (Fig. 2d–f) a transmon qubit embedded in 
a three-dimensional microwave cavity27. A single antenna is used to 
address both the qubit and the cavity. Drives at ωq/2π ≈ 5.1 GHz and 
ωc/2π ≈ 10.9 GHz are physically separated by a microwave diplexer.  
The average qubit relaxation time is T1 ≈ 43 μs and the cavity linewidth 
is κ/2π ≈ 3 MHz. The photonic link consists of a diode laser operating at 

a wavelength of 1,490 nm and a commercial EOM at room temperature, 
connected via an optical fibre to a InGaAs photodiode at 20 mK. For 
comparison, microwave signals can be routed to the quantum circuit 
with full vector control either through the photonic link or through a 
regular coaxial line. Detailed descriptions of the experimental set-ups 
are available in Methods and Table 1.

In the first experiment, signals generated by the photodiode drive 
the microwave cavity—see Fig. 2a. The laser power is suppressed during 
the qubit state manipulation, and then turned on and modulated at 
the cavity frequency ωc to perform the readout. In Fig. 2b we drive the 
cavity into a coherent state of approximately 15 photons, using an aver-
age photocurrent I = 20 nA during the measurement pulse. We show 
the histograms of 4 × 104 measurements of the homodyne signal, inte-
grated over 400 ns, with the qubit initialized in the ground or excited 
state. We resolve two well separated Gaussian distributions correspond-
ing to the ground and excited state of the qubit28. We extract a 
single-shot measurement fidelity of 98%, identical to the fidelity 
obtained using the regular coaxial line (not shown), and mainly limited 
by qubit decay during the measurement. To determine the effect that 
readout with a photonic link may have on qubit coherence, in Fig. 2c 
we compare the qubit coherence time T2 when measured using the 
photodiode or the coaxial line. We show the ensemble average of two 
representative sets of 104 measurements as a function of the delay 
between two π/2 pulses, yielding Ramsey oscillations. In both cases we 
extract the same coherence time T2 = 37 μs from the exponential decay 
of the oscillations. Additionally we do not see any indication that the 
qubit relaxation rate is degraded by stray optical light (see Methods 
and Extended Data Fig. 1).

In the second experiment, signals generated by the photodiode drive 
the qubit—see Fig. 2d. The laser power is modulated at the qubit fre-
quency ωq to control the qubit state, followed by a readout pulse at the 
cavity frequency using a coaxial line. When driven on resonance, the 
qubit undergoes Rabi oscillations between its ground and excited states 
at a frequency ΩR, shown in Fig. 2e as a function of the amplitude of the 
drive at the cavity, using either the photodiode or a regular coaxial line. 
The corresponding average photocurrent is shown on the upper axis. 
For Rabi frequencies much less than the transmon’s anharmonicity, 
δ/2π = 210 MHz, the transmon is well approximated by a two-level sys-
tem, and the Rabi frequency increases linearly with the drive amplitude. 
At higher drive power, the Rabi frequency deviates from the linear 
scaling, as expected from multilevel dynamics29. We note that precise 
matching of the Rabi rates of the photonic link to the coaxial line drive 
is achieved without any signal predistortion to compensate for non-
linearities of the photonic link. A typical Rabi oscillation driven by the 
photodiode is shown in Fig. 2f, with ΩR/2π = 44 MHz and Ī = 4 μA. High 
qubit gate fidelity is expected as the Rabi rate exceeds the decay rate 
of the oscillations by more than three orders of magnitude.

Excess photocurrent noise could potentially limit qubit gate or read-
out fidelity. Predicting the effect of photocurrent noise requires its 
precise measurement in a temperature and photocurrent regime  
previously unexplored for high-speed photodiodes. Here, we exploit 
the qubit–cavity system as a quantum spectrum analyser to measure 
the noise performance of the photodiode with excellent sensitivity. In 
the absence of technical noise, the photocurrent noise is fundamentally 
limited by shot noise25, with a power spectral density given by S eI= 2I . 
This shot noise spectrum is white until the frequency cut-off of the 
photodiode, nominally 20 GHz. In each experiment the microwave 
diplexer ensures that the noise drives only either the cavity or the qubit 
into a thermal state. In Fig. 3a, photocurrent noise leads to an average 
cavity occupancy n. Owing to the dispersive coupling, this results in a 
Stark shift of the qubit frequency as well as qubit dephasing30–32, which 
we experimentally resolve by measuring Ramsey oscillations in the 
presence of a constant laser intensity. As expected with shot noise, the 
cavity occupancy increases linearly with photocurrent with an exper-
imental background of about 1% (Methods). In Fig. 3b, photocurrent 
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Fig. 1 | Photonic link concept. a, Schematic of a typical wiring approach with 
coaxial cabling. Room-temperature microwave signals are routed via heavily 
attenuated coaxial lines to a quantum circuit at the cold stage of a dilution 
refrigerator. The associated heat load consists of the passive load from thermal 
conductivity of the coaxial lines and the active load from the power dissipated 
in the attenuators. b, The photonic link approach. Room-temperature 
microwave signals are modulated onto an array of optical carriers and routed 
directly to high-speed photodetectors at the cold stage of the dilution 
refrigerator, using an optical fibre. The low thermal conductivity of silica 
suppresses the passive heat load, and the active heat load from optical power 
dissipation remains manageable.



Nature  |  Vol 591  |  25 March 2021  |  577

noise leads to depopulation of the qubit ground state, extracted from 
the statistics of 104 projective single-shot measurements. The popula-
tion of the excited states as a function of the photocurrent shows a 
linear behaviour, again in good agreement with shot noise, and a back-
ground qubit occupancy of about 10% (Methods). In Fig. 3c, we use the 
data in Fig. 3a, b, as well as independent calibration of the loss between 
the photodiode and the device for each experiment (see Methods), to 
refer the measured noise back to the output of the photodiode. The 
two datasets show excellent agreement with shot noise predictions, 
both in terms of the noise level and photocurrent dependence.  
In particular, we do not observe any major deviation from shot noise 
that could indicate, for example, excess optical intensity noise (pro-
portional to I 2

), excess thermal noise due to local heating within the 
photodiode, or excess noise from the voltage noise at the microwave 
input of the EOM. At the photocurrents used for the qubit readout 
(I = 20 nA) or control (Ī = 4 μA), we infer that the optical shot noise will 
have negligible impact on measurement and gate fidelity (Methods).

After demonstrating that this photonic link meets the stringent 
requirements for the control and readout of a transmon qubit, we 
describe how this approach can scale to a large number of qubits. The 
number of qubits in a processor is limited by the heat load of the clas-
sical interconnects on the mixing chamber of the dilution refrigerator. 
We estimate the passive heat load of a typical optical fibre to be about 
3 pW, allowing a typical dilution refrigerator with a cooling power of 
20 μW at 20 mK to be wired with millions of optical fibres. In addition, 
each optical fibre has the bandwidth to easily support hundreds of 

qubits33. With negligible passive heat load, the active heat load due 
to the dissipation of optical power during qubit gates becomes the 
limitation. The maximum number of qubits that can be supported by 
photonic links is therefore inversely proportional to the duty cycle at 
which each qubit is driven. In Fig. 4 we compare the total heat load of a 
photonic link to a 20 μW cooling power, yielding a maximum number of 
physical qubits as a function of duty cycle. We assume that each qubit 
is addressed by its own optical fibre and photodiode, and use typical 
values for Rabi rate, pulse shaping and coupling rate to the drive line 
(Methods). In comparison with the photonic link approach, the total 
heat load for a regular coaxial approach is dominated by the passive 
heat load, measured to be 13 nW per 0.086 inch (2.2 mm) diameter 
stainless steel coaxial cable5. Recent milestone experiments9,10 have 
operated at duty cycle of the order of 1% or less, at which the total heat 
load using a photonic link can be greatly reduced compared to the 
coaxial approach. Although the duty cycle of a gate sequence must be 
maximized to avoid the deleterious effects of decoherence, the rate 
at which the sequence is repeated can be reduced without sacrific-
ing fidelity. This could be advantageous for noisy intermediate-scale 
quantum computations (NISQ)34, where operating at a smaller overall 
duty cycle would allow for an increase in the number of qubits that can 
be addressed using photonic links.

Beyond the NISQ era, fault-tolerant quantum computation with 
a million qubits will need to run continuously at the highest duty 
cycle allowed by the quantum and classical hardware, possibly for 
hours or days2,3. Building such a quantum processor will require both 
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Fig. 2 | Qubit readout and control with a photonic link. a, Simplified 
experimental diagram for the qubit readout. A transmon qubit (frequency 
ωq/2π = 5.1 GHz) is dispersively coupled to a three-dimensional microwave cavity 
(frequency ωc/2π = 10.9 GHz). Whereas a single antenna is used to address both 
the qubit and the cavity, drives at ωq and ωc are physically separated by a 
microwave diplexer. Microwave signals generated by the photodetector are 
combined with the cavity drive, enabling the readout of the qubit using either the 
photonic link or a regular coaxial line. The reflected cavity drive acquires a 
qubit-state-dependent phase shift, measured by a high-efficiency homodyne 
detection set-up. b, Histogram of 4 × 104 measurements using a cavity drive 
generated by the photonic link, for the qubit prepared in its ground state (circles) 
or excited state (crosses). We extract a single-shot fidelity of 98% (400 ns 
integration time, average photocurrent I = 20 nA). c, Representative qubit 

Ramsey oscillations measured using either the photonic link (I = 17.5 nA) or the 
regular coaxial line, with the same decoherence time T2 = 37 μs. d, Simplified 
experimental diagram for the qubit control. Compared to a, the microwave 
signals generated by the photodetector are now combined with the qubit drive, 
enabling the control of the qubit using either the photonic link or a regular coaxial 
line. e, Rabi frequency driven by the photonic link or the regular coaxial line, as a 
function of drive amplitude (amplitudes are referenced to the cavity antenna). 
The corresponding average photocurrent is shown on the upper x axis. The lines 
are the theoretical prediction for a two-level system (dashed line) or an 
anharmonic oscillator (solid line). f, Typical Rabi oscillation driven by the 
photonic link, with a Rabi rate more than three orders of magnitude faster than 
the decay rate of the oscillations (Ī = 4 μA, ΩR/2π = 44 MHz). The lines in b, c, f are 
fits to the data. HPF, high-pass filter; LPF, low-pass filter.
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an improvement in cooling power and a reduction of the heat load. 
The coaxial approach would require a reduction of its passive heat 
load by orders of magnitude, and microwave multiplexing, thinner 
coaxial cables or superconducting ribbon cables17,35 are currently being 
investigated. On the other hand, the photonic link approach would 
benefit from any reduction of its active heat load. As an example, the 
large source impedance of a photodiode can be exploited such that an 
increase in system impedance decreases the amount of photocurrent 
required to deliver a given amount of microwave power. This in turn 

reduces the required optical power to drive each qubit, leading to an 
increase in the maximum number of physical qubits (see Fig. 4), albeit 
at the possible expense of gate fidelity (Methods). Additionally, multi-
plexing schemes—such as encoding multiple microwave signals onto 
a single optical carrier or the use of short optical pulses—may likewise 
provide a path to reduce the required optical power even further.

In conclusion, we have experimentally demonstrated an ultracryo-
genic photonic link as a scalable platform for addressing supercon-
ducting qubits. By incorporating high-speed photodetection with a 
superconducting qubit at millikelvin temperatures, we have shown that 
the photonic link is fully compatible with quantum coherent qubit oper-
ation. Furthermore, we have in turn used the qubit to measure the noise 
of the photonic link and showed that the current noise is fundamentally 
set by the shot noise of the light, even at extremely low photocurrents. 
This work highlights the benefits of mature opto-electronic technology 
for quantum applications and will only be enhanced by further opti-
mization of hardware and protocols specifically tailored for cryogenic 
operation. Combined with photonic methods for transmitting the 
qubit state information to room temperature on optical fibre22,23, we 
envision a fully photonic interface with a superconducting quantum 
processor. This promising technology provides a path towards scaling 
superconducting quantum processors to an unprecedented number 
of quantum bits, enabling many of the longstanding promises of the 
quantum revolution.
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Table 1 | Device parameters

Parameter Symbol Value
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Methods

Primer on circuit quantum electrodynamics
Here we briefly review the basic theory for the transmon/cavity  
system, introducing all the notation and assumptions used in this work. 
More detail can be found in refs. 4,28, and a list of parameters is shown 
in Table 1.

The transmon is an anharmonic oscillator of frequency ωq and anhar-
monicity δ. To a good approximation the transmon can be treated as a 
two-level system, forming the qubit. It is coupled to a resonant cavity 
of frequency ωc via the Jaynes–Cummings Hamiltonian,

ħω σ ħω a a ħg aσ a σℋ =
1
2

ˆ + ˆ ˆ + ( ˆˆ + ˆ ˆ ), (1)zqed q c
†

+
†

−

where g is the strength of the exchange interaction, σ σ σˆ = ( ˆ ± i ˆ )/2x y±  
(where σ̂x y z, ,  are the Pauli qubit operators), and â and â† are the cavity 
creation and annihilation operators, respectively. We operate in the 
dispersive regime, where the detuning between the qubit and cavity 
frequencies is large compared to the coupling strength, |Δ| = |ωc − ωq| ≫ g, 
preventing any direct energy exchange between the two systems. In 
this regime, the Hamiltonian becomes

ħω σ ħω a a χσ a aℋ ≈
1
2

ˆ + ˆ ˆ − ˆ ˆ ˆ, (2)z zqed q c
† †

where χ = g2/Δ is the so-called dispersive shift. The cavity resonance 
frequency depends on the qubit state: ωc + χ or ωc − χ for the qubit in, 
respectively, the ground state, |g⟩, or excited state, |e⟩. Conversely the 
qubit frequency is shifted by 2χ per photon in the cavity and we rede-
fined the qubit frequency as ωq ≡ ωq + χ to absorb the Lamb shift. Impor-
tantly, the dispersive approximation is only valid for small photon 
numbers in the cavity, and spurious qubit transitions occur when 
approaching the critical photon number ncrit = Δ2/4g2. Finally, taking 
into account the higher levels of the transmon modifies the expression 

for the dispersive shift, χ =
g
Δ

δ
Δ δ+

2
, and renormalizes slightly the qubit 

and cavity frequencies26.
In our system the cavity and the qubit are coupled to the environ-

ment using a single antenna. The cavity linewidth κ is dominated by the 
coupling to the antenna. Owing to the filtering of the cavity, the qubit 
is only weakly coupled to the antenna, at a rate Γext, much smaller than 
the intrinsic relaxation rate Γint of the qubit.

Qubit readout. The qubit is read out by driving the cavity with an input 
microwave field of amplitude αin and frequency ωd. In the steady state, 
the resulting coherent state, αg,e, depends on the qubit state |g⟩ or |e⟩, 
following the equation of motion:

ω ω χ κ α κ α( − + i /2) = i . (3)g ed c , in∓

The output field, α κ α α= −g eout , in , acquires a qubit-state-dependent 
phase shift that enables qubit-state discrimination. One can show that 
the measurement rate is Γm = κ|αe − αg|2 and is maximized by the distance 
in phase space between the two coherent states36. The qubit measure-
ment fidelity is defined as F = 1 − P(e|g) − P(g|e), where P(x|y) is the prob-
ability of measuring the qubit state x when prepared in the state y. In 
absence of preparation errors and qubit transitions during the meas-
urement, and in the steady state, the measurement fidelity after an 
integration time τ can be written as F ητΓ= erf( /2 )m , where η is  
the microwave measurement efficiency28, and erf denotes the error 
function.

Photon number fluctuations and qubit dephasing. Fluctuations of 
the number of photons in the cavity induce fluctuations of the qubit 
frequency and therefore dephasing. The Stark shift and dephasing rate 
for an average thermal occupancy of the cavity n are, respectively,

Δ β χn

Γ β
χ
κ

n

= 2 ¯,

=
4

¯,
(4)

ϕ

Stark
th

th
2

where β = κ2/(κ2 + 4χ2). Note that these expressions are only valid for 
≪n 1 and more general forms can be found in ref. 37.
Experimentally, we extract the Stark shift from the frequency of 

Ramsey oscillations. The qubit dephasing is extracted from the expo-
nential decay of the Ramsey oscillations, Γ2 = Γ1/2 + Γϕ, and we assume 
it is dominated by photon number fluctuations, Γ Γ=ϕ ϕ

th. The cavity 
occupancy in Fig. 3a is extracted from the measurement of the Stark 
shift.

Qubit control. Under resonant drive, the qubit undergoes Rabi oscil-
lations between the ground and excited states at the Rabi rate 
Ω nΓ= 2 ˙R ext  where n ̇is the number of photons per second at the an-
tenna. When the Rabi rate approaches the transmon anharmonicity, 
ΩR ≈ δ, the transmon dynamics involve higher excited states, leaving 
the computational subspace. A hallmark of this regime is the deviation 
from the linear relation between Rabi rate and drive amplitude29, as 
observed in Fig. 2e. In practice, typical superconducting quantum 
processors operate in the linear regime, ΩR < δ/2.

Primer on photodetection
Here we briefly explain the basic principle of a photodiode, introduc-
ing all the notation and assumptions used in this work. More detail 
can be found in ref. 25.

Photocurrent. The photodiode can be seen as a high impedance cur-
rent source, with an output current I proportional to the incident opti-
cal power Po such that I = ℛPo, where ℛ = ηe/ħωo is the responsivity, e 
is the electron charge, ωo is the frequency of the optical photons and 
η is the quantum efficiency (defined as the probability of generat-
ing an electron-hole pair per incident photon). A perfectly efficient 
photodiode (η = 1) operating at a wavelength of 1,490 nm (ωo/2π ≈ 
201 THz) has a maximum responsivity ℛ ≈ 1.2 A W−1. In practice, the 
quantum efficiency depends on extrinsic effects such as alignment 
and Fresnel reflections, and on the intrinsic efficiency of the detec-
tor. For the photodiode used in this work, we measure a responsivity 
of 0.7 A W−1 at room temperature. At 20 mK the responsivity drops to 
0.5 A W−1, probably caused by a change of the optical alignment owing 
to thermal contractions.

Microwave generation. Microwaves are generated by modulating the 
optical power such that P t P m ωt θ( ) = (1 + cos( + ))o o   where Po is the aver-
age optical power, m is the modulation depth (m ≤ 1), ω is the modula-
tion frequency, and θ is the modulation phase. This induces an oscil-
lating photocurrent I(t) = h(t) * ℛPo(t) where h(t) is the impulse response 
of the photodiode and * denotes convolution. The amplitude and phase 
of the modulation are preserved, enabling vector control of the result-
ing microwave signal. The corresponding microwave power Pμ in a load 
impedance Z is P m I H ω Z= ¯ × | ( )| ×μ

1
2

2 2 2 , where RI P= o is the average 
photocurrent and H(ω) is the transfer function of the photodiode.

Photodiode bandwidth. For the photodiode used here, the response 
function is limited by the resistor–capacitor (RC) time constant, with 
a 3-dB cut-off frequency f3dB ≈ 20 GHz set by the capacitance of the diode 
(Cd ≈ 150 fF) and the impedance of the load (Z = 50 Ω). If the load imped-
ance increased to Z = 10 kΩ and the capacitance remained unchanged, 
this cut-off would be reduced to f3dB ≈ 100 MHz. Crucially, however, 
driving a qubit or a cavity does not require a matched source. The im-
portant parameter is the real part of the admittance of the source, 
Re[Y(ω)], near the qubit resonance frequency38,39. Typically, a transmon 



qubit is connected to a 50-Ω source via a small coupling capacitor Cc, 
ensuring Re[Y(ω)] does not appreciably damp the qubit and is roughly 
constant over the bandwidth needed for fast pulses. Specifically, for 
driving a 6-GHz transmon qubit with total capacitance of Cq ≈ 100 fF, a 
coupling capacitor of Cc ≈ 35 aF would give a coupling of Γ = 1 msext

−1 . If 
using a source with a complex impedance (such as a realistic diode with 
its intrinsic capacitance), one can choose a different coupling capaci-
tor that will achieve the same Re[Y(ω)] at the qubit frequency. For a 
diode with Z = 10 kΩ and Cd = 150 fF, Cc = 150 aF achieves the same cou-
pling Γ = 1 msext

−1 , with a fractional variation of Re[Y(ω)] of 10−4 over 1 GHz 
of bandwidth. This analysis assumes that the electrical length of the 
transmission line between the high-impedance diode and the qubit is 
small (≪1 cm). As the line impedance will be much lower than 10 kΩ, 
longer connections would require precise control of the electrical 
length to avoid standing wave resonances.

Photocurrent shot noise. The probabilistic nature of creating elec-
tron–hole pairs results in photocurrent shot noise with power spectral 
density40 S ω eI H ω( ) = 2 | ( )|I

2.

Other definitions and notation. In the main text we assume m = 1 
and |H(ω)| = 1. We define the microwave photon flux n P ω˙ = /μ ℏ  as  
the number of photons per second and the microwave photon noise 
spectral density n S Z ħω= /I  as the number of photons per second 
per hertz. Because it simplifies notation, it is convenient to define 
Λ = ħω/Z, in units of J Ω−1.

Excess photocurrent noise
Although the photocurrent noise measurements in Fig. 3 are consistent 
with shot-noise-limited photodetection for photocurrents up to 20 μA, 
we estimate here the possible contributions of two other known sources 
of excess photocurrent noise: voltage noise at the microwave input of 
the electro-optic intensity modulator and excess laser intensity noise.

Voltage noise at the EOM input. We consider a lossless EOM  
with an infinite extinction ratio. The output optical power is 
P t P V t V( ) = (1 + sin(π ( )/ ))o o π  where Vπ is the voltage required to go from 
maximum transmission to minimum transmission and V(t) = Vμ(t) + Vdc 
is the input voltage. For a modulator biased at quadrature (Vdc = 0) 
and in the limit of small input voltage (Vμ(t) ≪ Vπ) the output power 
becomes P t P πV t V( ) = ¯ (1 + ( )/ )πo o μ . The noise variance of the optical 
power is then δ P P π δV V⟨ ⟩ = ¯ ⟨ ⟩/ πo

2
o

2 2
μ
2 2, where the angle brackets denote 

the ensemble average. The photocurrent noise variance is then 
RδI δ P I π δV V⟨ ⟩ = ⟨ ⟩ = ¯ ⟨ ⟩/ π

2 2
o
2 2 2

μ
2 2 . In terms of the current noise power 

spectral density, this becomes S ω S ω I V( ) = ( ) π /I
V

V
δ 2 2

π
2 where SV(ω) = 

4kBTNZEOM (kB, Boltzmann constant) is the input voltage noise power 
spectral density set by the noise temperature TN of the input imped-
ance of the EOM, ZEOM.

Excess laser noise. Laser intensity noise is usually given as a frac-
tional variation, termed relative intensity noise (RIN), defined as 

ω S ω PRIN( ) = ( )/P o
2  where SP(ω) is the power spectral density of the 

optical power fluctuations41, in units of W2 Hz−1. The linear relationship 
between optical power and photocurrent leads to a photocurrent 
noise due to RIN given by S ω I ω( ) = RIN( )I

RIN 2 .

Total photocurrent noise. The total current noise emitted by the pho-
todiode is then S ω eI S ω S ω( ) = 2 + ( ) + ( )I I

V
I

δ RIN . At the highest photocur-
rent used in this work, Ī = 20 μA, the photocurrent shot noise is 2eI ≈ 
8 × 10−24 A2 Hz−1. For the voltage noise on the EOM, we measure Vπ = 3.5 V 
and TN = 2.5 × 105 K, set by a power amplifier at the input of the EOM. 
This yields S ω( )I

Vδ  ≈ 3 × 10−25 A2 Hz−1, more than an order of magnitude 
smaller than the photocurrent shot noise. The RIN of readily available 
commercial semiconductor distributed feedback (DFB) lasers is below 
10−14 Hz−1, and can approach 10−16 Hz−1, leading to a current noise 

S < 5 × 10 A HzI
RIN −24 2 −1 . As we do not resolve experimentally any  

deviation from photocurrent shot noise, we conclude that the laser 
RIN is below 10−15 Hz−1.

Finally, we emphasize that our measurement is sensitive only to noise 
above microwave vacuum fluctuations and that any residual thermal 
noise is already included in the qubit Stark shift or qubit population 
at zero photocurrent.

Attenuation between the cavity antenna and photodiode
Here we discuss the procedure to move the reference plane from the 
cavity antenna to the photodiode. As the hardware and frequencies 
differ slightly between the qubit control and readout experiments, 
they require separate in situ calibrations.

Qubit control. We start by calibrating the microwave power at the 
cavity antenna using the coaxial line. From the measurement of the 
power at room temperature and the calibration of the attenuation from 
room temperature to the cavity antenna we can calibrate the x axis in 
Fig. 2e. We then compare to the Rabi rate to extract the coupling rate 
between the qubit and cavity antenna, 1/Γext = 198 μs. We define the loss 
between the photodiode and the cavity antenna, A, so that the power 
at the cavity antenna is AP A ZI= ¯μ

1
2

2 , where A includes the effect of  
explicit loss and the response function of the photodiode. Comparing 
the Rabi rate to the average photocurrent, we find A = 0.034. We then 
extract the current noise spectral density of the photocurrent, SI, using 
the qubit ground-state population Pg measured in Fig. 3b. From detailed 
balance we find (Γint + Γext)n = Γintnint + Γextnext where n = (1 − Pg)/Pg, nint is 
the average photon number in the internal bath extracted from  
the equilibrium population at zero photocurrent, and next = AZSI/ħωq. 
Finally we get:

S
ω

AZΓ
Γ Γ n Γ n= [( + ) − ]. (5)I

q

ext
int ext int int

ℏ

Qubit readout. We fix the photocurrent and use the Stark shift to 
calibrate the intra-cavity photon number30,36 and therefore extract the 
power at the cavity antenna AP A ZI= ¯μ

1
2

2. We find A = 0.065. As the meas-
urement cavity is overcoupled, we can simply extract the current noise 
spectral density of the photocurrent from the cavity occupancy, 
SI = nħωc/AZ.

Effect of photocurrent shot noise on measurement fidelity and 
gate errors
In this section we discuss the effect of the microwave noise induced 
by the photocurrent shot noise of the photodiode. In the context of 
qubit readout, extraneous noise at the cavity frequency (1) dephases 
the qubits coupled to it and (2) reduces the microwave measurement 
efficiency, which in turn impacts the qubit measurement fidelity.  
In the context of qubit control, extraneous noise at the qubit frequency 
induces transitions to the excited states which reduces gate fidelity. To 
simplify the discussion, we consider a photodiode with unity quantum 
efficiency and operating well within its bandwidth, and neglect loss 
between the photodiode and the cavity or the qubit control line.

Qubit readout. Optimal measurement speed and separation in phase 
space between αg and αe is obtained for 2χ = κ and ωd = ωc (refs. 4,28), 
leading to α α α n κ| | = | | = | | = 2 ˙/g e

2 2 2 . The corresponding average photo-
current is I κΛ α= | |. In turn the microwave noise is n e κ Λ α¯ = 2 / | |, 
which induces qubit dephasing according to equation (4), and limits 
the efficiency of the measurement chain to η n= 1/(1 + 2 )̄μ

. For a typical 
experiment operating at |α|2 ≈ ncrit/5 ≈ 10, with κ/2π = 10 MHz, Z = 50 Ω 
and ω/2π = 6 GHz, one obtains I ≈ 7 nA  and n ≈ 0.03. This leads to a 
microwave measurement efficiency limited to ημ ≈ 94%, much larger 
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than the state-of-the-art. Additionally, qubit measurement infidelity 
is typically dominated by qubit relaxation events during the measure-
ment with only a small contribution due to the limited measurement 
efficiency28. We expect therefore that the assignment errors due to the 
photocurrent shot noise will be negligible.

Qubit control. We assume a qubit gate error rate dominated by the 
relaxation rate, Γ↓, and the excitation rate, Γ↑, which are linked by the de-
tailed balance Γ nΓ= ¯↑ ↓. The error probability ϵ for a gate of length τ is:

Γ Γ τ n Γ τϵ = 1 − exp[ − ( + ) ] = 1 − exp[ − (1 + )̄ ]. (6)↑ ↓ ↓

For a π pulse at a Rabi rate ≫Ω n Γ(1 + )̄R ↓ , the error probability 
becomes:

πΓ
Ω

nϵ = (1 + )̄. (7)↓

R

We decompose the qubit relaxation rate into an external contribu-
tion from the coupling to the control line, Γext, and an internal contribu-
tion from all other degrees of freedom, Γint. The Rabi rate is defined as 
Ω nΓ= 2 ˙R ext where n ̇is the photon flux in photon/s at the control line. 
The effective qubit population, n, is linked to the population of the 
internal and external bath, n̄int and n̄ext, by detailed balance so that 
Γ n Γ n Γ n¯ = ¯ + ¯↓ int int ext ext. In the following we will assume that the internal 
bath is cold, n = 0int .

For a photodiode operating well within its bandwidth driving a con-
trol line of impedance Z, the photon flux is set by the microwave power 
generated by the photodiode ħω n ZI=q

1
2

2̇ , and the external bath occu-
pancy is set by the photon shot noise ℏω n eI Z¯ = 2 ¯q ext , leading to:

π Γ
I

Λ
Γ

e
Γ

Λ
ϵ =

2 ¯ + 2 . (8)↓

ext

ext









At low photocurrent, I ω Γ eZΓ¯ /(2 )q ↓ ext≪ ℏ , the microwave noise gen-
erated by the photodiode is negligible, n 1≪ . In this regime the error 
probability decreases as the ratio between Rabi rate and relaxation 
rate increases. By contrast, at high photocurrent, I ω Γ eZΓ¯ /(2 )q ↓ ext≫ ℏ , 
the error probability plateaus as the errors induced by the photocur-
rent shot noise balances the increase in Rabi rate. For a realistic case 
where ωq/2π = 6 GHz, Z = 50 Ω and 1/Γext = 1 ms, the error probability 
saturates at ϵ  = 8  ×  10−5, far below what has been achieved in 
state-of-the-art-systems. As the drive line impedance increases the 
error probability saturates at lower photocurrent, but to a higher value 
(ϵ = 10−3 for Z = 10 kΩ). Note that as qubit coherence improves, the cou-
pling rate to the control line will have to decrease to maintain Γext ≪ Γ↓, 
which reduces the minimum error probability at high photocurrent 
(see equation (8) for ≫ ℏI ω Γ eZΓ¯ /(2 )q ↓ ext ).

Finally, we note that the spectrum of microwave noise induced by 
the photocurrent shot noise on the photodiode is white up to the 
bandwidth of the photodiode. Consequently, when considering an 
architecture where multiple qubits are addressed using a single pho-
todiode, one would have to take into account that driving one qubit 
will subject all the other qubits to the microwave white noise of the 
photodiode.

Heat load estimation
Here we detail the calculations and assumptions used to estimate and 
compare the heat load of the regular coaxial approach and the photonic 
link approach. For simplicity, we focus on the heat load associated 
with the qubit microwave control lines, and neglect here all other heat 
loads, such as those associated with qubit readout and d.c.-flux bias-
ing. For both approaches, the heat can be divided into a passive and 
active heat load. The passive heat load is set by the heat flow through 
the coaxial cables or optical fibres. The active heat load comes from 

the Joule heating in the attenuators in the coaxial approach and from 
the dissipated optical power in the photonic link approach.

Passive heat load. Previous work has investigated the heat load for the 
coaxial line approach5. We focus here on the heat load on the mixing 
chamber of a dilution refrigerator from the 100-mK stage. Although the 
heat load from a 0.086-inch (2.2-mm) diameter stainless steel coaxial 
cable is calculated to be 4 nW, a larger value of Pcoax = 13 nW has been 
measured5. In theory, using thinner cables should reduce the heat load 
as the square of the diameter, but systematic measurements of the 
performance of these cables have yet to be conducted. In comparison, 
we estimate the heat load of an optical fibre to be orders of magnitude 
smaller, at Plink = 3 pW. We assumed a silica core and cladding of 125-μm 
diameter with a coating increasing the diameter to 250 μm. In the ab-
sence of data about the thermal conductivity of the coating at low 
temperature, we assume it is the same as silica, which was measured 
down to 100 mK (ref. 35).

Active heat load. The microwave power required at the qubit control 
line, P t ħω n t( ) = ( )q ̇ , depends on the Rabi rate and coupling rate so that 
P(t) = ħωqΩR(t)2/4Γext where ΩR(t) = ΩRS(t) and S(t) is the time domain 
pulse shape. We define the average power of a pulse of duration τ as 

∫P P t τ ω Ω S Γ¯= ( )/ = ¯ /4
τ

0 q R
2 2

extℏ  with ∫S S t τ= ( )/
τ

0
.

In the coaxial approach, attenuation at the mixing chamber is neces-
sary to reduce the black body radiation from higher temperature stages. 
This leads to an active heat load per control pulse P P A= × (1/ − 1)coax

act  
where A < 1 is the attenuation.

In the photonic link approach, the optical power is fully dissipated 
as heat, leading to an active heat load per control pulse P P Z= 2 /link

act 2R , 
neglecting loss between the photodiode and the control line.

Total heat load. The total heat load strongly depends on the duty cycle 
per qubit D, P P D P= + ×coax,link coax,link

pass
coax,link
act . The total number of qubits 

that can be addressed in both approaches is Ncoax,link = Pcool/Pcoax,link where 
Pcool is the cooling power at the mixing chamber.

In Fig. 4 we use the following parameters: Γext = 1 ms−1, ΩR/2π = 40 MHz, 
ℛ = 1 AW−1, ωq/2π = 6 GHz, Pcool = 20 μW, Pcoax = 13 nW, Plink = 3 pW, A = 0.01 
and S(t) is a cos2 pulse shape leading to S = 0.5.

Experimental details
A detailed experimental diagram is available in Extended Data Figs. 4, 
5. High-efficiency qubit readout is enabled by the use of a low-noise 
parametric microwave amplifier, based on a field-programmable 
Josephson amplifier (FPJA)42, followed by a high-electron-mobility 
transistor amplifier (HEMT). A summary of the various device param-
eters is shown in Table 1.

Photonic link. The photodetector used here is a commercially avail-
able, high-speed photodiode with an InGaAs absorber, packaged with 
a fibre pigtail43. We note that previous experiments6 with a surface illu-
minated modified unitravelling carrier (MUTC) InGaAs photodiode also 
successfully generated microwave signals at 20 mK. We would expect 
MUTC detectors, and probably many others, to exhibit similar overall 
performance as the commercial detector used in this experiment. 
Owing to the bandgap shift of InGaAs as the photodiode is cooled44, 
it is illuminated at a wavelength of 1,490 nm. An external bias tee was 
used to monitor the d.c. photocurrent and apply a voltage bias. For the 
qubit readout experiment (Figs. 2b, c, 3a), no bias voltage was applied. 
For the qubit control experiment (Figs. 2e, f, 3b), a voltage of −2 V was 
applied. In Extended Data Fig. 2 we show the photodiode IV curve at 
20 mK in absence of optical power.

The optical set-up at room temperature uses a commercial semicon-
ductor distributed-feedback 1,490 nm laser. The intensity of the laser 
was modulated by an external LiNbO3 Mach–Zehnder EOM. A second 



EOM, followed by a mechanical attenuator, is used to finely control 
the average optical power and ensure a power on/off ratio in excess 
of 30 dB. Note that EOMs with extinction ratios in excess of 50 dB are 
commercially available.

Similar to any photonic link used for telecommunication applica-
tions at room temperature, the photonic link used here allows for full 
vector control of the microwave signal. We confirm the control over the 
microwave phase by using the photonic link to drive a Ramsey sequence 
where the phase of the second pulse is varied, showing good agreement 
with theory (Extended Data Fig. 3).

In general, the nonlinearity of a microwave photonic link can result 
in spurious tones. The dominant nonlinearity of a Mach–Zehnder-style 
EOM biased at its quadrature point leads to third-harmonic generation, 
which is outside the bandwidth of our system for both control and read-
out microwave frequencies. The photodetector can produce harmonic 
distortion, and mixing products may be produced when photodetecting 
multiplexed microwave signals. Careful measurement of the nonlinear 
mixing products of a similar photodiode operated at cryogenic tem-
perature was previously reported6, where a spur-free dynamic range 
>60 dB for second- and third-order nonlinearities was demonstrated. 
We note that predistortion of the microwave signals can mitigate these 
nonlinear effects, but it was not necessary in this experiment.

Qubit fabrication. The transmon qubit was fabricated using standard 
optical and electron beam lithography techniques on a sapphire sub-
strate. A sputtered and patterned Nb film forms capacitor electrodes, 
and a shadow-evaporated Al–AlOx–Al Josephson junction is produced 
using the Dolan resist bridge technique. An additional evaporated Al 
‘patch’ layer connects the junction electrodes to the Nb capacitor pads 
that previously had its native oxides removed by an Ar ion-mill step. The 
qubit chip was then placed into a machined three-dimensional Al cavity.

Qubit coherence. In general, transmon relaxation rates vary as a 
function of time and are best characterized by their distributions. In 
Extended Data Fig. 1 we compare histograms of the qubit relaxation 
time measured either in the absence of light on the photodiode or with 
approximately 2 μW of optical power, using the set-up from Fig. 2a (read-
out experiment). Both distributions yield an average relaxation time of 
T1 ≈ 43 μs, with no statistically relevant differences. The same relaxation 
time was measured using the set-up from Fig. 2d (control experiment).

The Ramsey oscillations shown in Fig. 2c are representative of a set 
of five Ramsey oscillations performed with both the coaxial line and 
the photonic link, yielding the coherence times of (31, 34, 37, 40, 43) μs 
and (36, 36, 37, 38, 42) μs, respectively.

Qubit and cavity thermal occupancy. In Fig. 3a we measure a back-
ground cavity occupancy of about 1%, corresponding to an effective 

temperature Teff = 115 mK at ωc/2π = 10.866 GHz. In Fig. 3b we measure 
a background qubit occupancy of about 10%, corresponding to an 
effective temperature Teff = 100 mK at ωq/2π = 5.088 GHz. These occu-
pancies, typical in our system, could probably be reduced by increasing 
attenuator thermalization45,46, line filtering47 and device shielding48. We 
emphasize, however, that these occupancies have been verified over 
several cooldowns to be independent of whether or not the photodiode 
is connected.

Data availability
The experimental data and numerical simulations presented here are 
available from the corresponding authors upon request.
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Extended Data Fig. 1 | Relaxation time in the presence of optical light. 
Histogram of 280 measurements of the relaxation time of the qubit with 2 μW 
of optical power applied to the photodiode during the qubit evolution. 
Comparison with data in the absence of optical power confirm that the qubit 
relaxation time is not affected by stray optical photons, with an average 
relaxation time T1 ≈ 43 μs. Data were acquired using the set-up in Fig. 2a.



Extended Data Fig. 2 | Photodiode current–voltage characteristic. 
Measured d.c. current through the photodiode as a function of voltage bias, in 
the absence of optical power. The dark current is below the 10-pA resolution of 
the current meter.
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Extended Data Fig. 3 | Vector control with the photonic link. Ramsey 
oscillation driven by the photonic link, as a function of the phase θ of the 
second π/2 pulse (same set-up as Fig. 2d). Data (dots) follow a clean sinusoidal 
dependence (line). R x

π/2 denotes a π/2 qubit rotation around the x axis and Rθ
π/2 

denotes a π/2 qubit rotation around an axis with a variable angle θ within the x–
y plane. qb, qubit; cav., cavity.



Extended Data Fig. 4 | Dilution refrigerator wiring. Details of the circuitry 
employed in the cryostat for qubit measurement and control experiments.  
The qubit cavity device is placed inside a double layer cryoperm shield. FPJA, 

field-programmable Josephson amplifier (see text); HEMT, high-electron-mobility 
transistor amplifier, LPF, low-pass filter.
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Extended Data Fig. 5 | Simplified room-temperature set-up. The FPJA pump, 
cavity local oscillator (LO) and demodulation LO share a 1-GHz reference clock 
and are locked to all other instruments via a 10-MHz reference clock. A master 
trigger, not shown, is shared via a distribution amplifier. There are slight 
differences in the set-up between the qubit control and measurement 

experiments. Amplification and attenuation levels are slightly different. The 
FPJA pump is pulsed on only during the qubit measurement. AWG, arbitrary 
waveform generator; BPF, band-pass filter; DR, dilution refrigerator; LPF, 
low-pass filter; VNA, vector network analyser.
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