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Stabilizing Rabi oscillations in a superconducting
qubit using quantum feedback
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The act of measurement bridges the quantum and classical worlds
by projecting a superposition of possible states into a single (proba-
bilistic) outcome. The timescale of this ‘instantaneous’ process can
be stretched using weak measurements1,2, such that it takes the form
of a gradual random walk towards a final state. Remarkably, the
interim measurement record is sufficient to continuously track and
steer the quantum state using feedback3–8. Here we implement
quantum feedback control in a solid-state system, namely a super-
conducting quantum bit (qubit) coupled to a microwave cavity9. A
weak measurement of the qubit is implemented by probing the
cavity with microwave photons, maintaining its average occupation
at less than one photon. These photons are then directed to a high-
bandwidth, quantum-noise-limited amplifier10,11, which allows real-
time monitoring of the state of the cavity (and, hence, that of the
qubit) with high fidelity. We demonstrate quantum feedback control
by inhibiting the decay of Rabi oscillations, allowing them to persist
indefinitely12. Such an ability permits the active suppression of deco-
herence and enables a method of quantum error correction based
on weak continuous measurements13,14. Other applications include
quantum state stabilization4,7,15, entanglement generation using
measurement16, state purification17 and adaptive measurements18,19.

Feedback protocols in classical systems, from antilock brakes to pace-
makers, use the outcome of a measurement to stabilize the system about
a desired state. The operation of such feedback protocols is predicated on
the idea that measurement does not alter the state of the system. This is
no longer true in quantum mechanics, where measurement is necessarily
invasive1. In the Copenhagen interpretation, a quantum object can exist
simultaneously in more than one eigenstate of the measurement operator
until observed—Schrödinger’s celebrated ‘dead-and-alive’ cat being
the quintessential hypothetical example20. The reality of the situation
is established by the act of measurement, which forces the system
‘instantaneously’ into one of these eigenstates in a probabilistic fashion
(the ‘measurement back-action’). Therefore, this back-action must be
accounted for when developing a feedback protocol to stabilize a
quantum system, such as a qubit.

One solution is to use weak measurements1,2, where the rate (Cmeas) at
which information is extracted is deliberately limited, thereby slowing
down the qubit’s random walk towards an eigenstate. Integral to this
scheme is a detector with efficiency gdet 5 Cmeas/CQ < 1, where CQ is the
ensemble-averaged dephasing rate due to measurement back-action21.
The high detector efficiency allows us to track the qubit continuously,
and steer it to a desired state using real-time feedback.

The experimental set-up is shown in Fig. 1. Our quantum system
(Fig. 1b) is an anharmonic oscillator realized by a capacitively shunted
Josephson junction, dispersively coupled to a three-dimensional
microwave cavity22. We use its two lowest energy levels to form a qubit
(transmon23) with a transition frequency of v01/2p5 5.4853 GHz. The
cavity resonant frequency with the qubit in the ground state is vc/
2p5 7.2756 GHz. The strongly coupled output port sets the cavity line-
width k/2p5 13.4 MHz, and control and measurement signals are
injected via the weakly coupled input port (Fig. 1a, b). The qubit–cavity

coupling results in a state-dependent phase shift (Dw 5 2tan21(2x/k)
5 12u, x/2p5 0.687 MHz) of the cavity output field9,24, with the state
information contained in one quadrature of the signal. The cavity
output is sent to a near-noiseless (gdet < 1) phase-sensitive parametric
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Figure 1 | Experimental set-up. a, Signal generation set-up. One generator
provides the Rabi drive at the a.c. Stark-shifted qubit frequency (v01{2x�n),
and the output of another generator at 7.2749 GHz is split to create the
measurement signal, paramp drive and local oscillator. The relative amplitudes
and phases of these three signals are controlled by variable attenuators and
phase shifters (not shown). I, in-phase component; Q, quadrature component;
LO, local oscillator; RF, radio frequency. b, Simplified version of the cryogenic
part of the experiment; all components are at 30 mK (except for the high-
electron-mobility transistor (HEMT) amplifier, which is at 4 K). The combined
qubit and measurement signals enter the weakly coupled cavity port, interact
with the qubit and leave from the strongly coupled port. The output passes
through two isolators (which protect the qubit from the strong paramp drive),
is amplified and then continues to the demodulation set-up. The coherent state
at the output of the cavity for the ground and excited states is shown
schematically before and after parametric amplification. c, d, The amplified
signal is homodyne-detected and the two quadratures are digitized (c). The
amplified quadrature (Q) is split off and sent to the feedback circuit (d), where it
is multiplied with the Rabi reference signal. The product is low-pass-filtered
and fed back to the IQ mixer in a to modulate the Rabi drive amplitude.
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amplifier10,11 (paramp), which boosts the relevant quadrature to a level
compatible with classical circuitry. The paramp output is further amp-
lified and homodyne-detected (Fig. 1c) such that the amplified quad-
rature (Q) contains the final measurement signal.

We obtain Rabi oscillations with the cavity continuously excited at
vr/2p5 7.2749 GHz (vr < vc 2 x) with a mean cavity photon occu-
pation (�n) that controls the measurement strength (see Supplementary
Information, section II, for calibration of �n). The Rabi drive at the a.c.
Stark-shifted25 qubit frequency (v01{2x�n) is turned on for a fixed
duration, tm. The amplitude is adjusted to yield a Rabi frequency of
VR/2p5 3 MHz. First we average 104 measurement traces to obtain a
conventional ensemble-averaged Rabi oscillation trace (Fig. 2a). Even
though the qubit is continuously oscillating between its ground and
excited states, the oscillation phase diffuses, primarily owing to measure-
ment back-action. As a result, the averaged oscillation amplitude decays
over time, but the frequency domain response retains a signature of these
oscillations26. We Fourier-transform the individual measurement traces
and plot the averaged spectrum (Fig. 2b, blue trace). A peak, centred at
3 MHz and with a full-width at half-maximum of C/2p, is observed and
remains unchanged even when tm is much longer than the decay time of
the ensemble-averaged oscillations. A plot of C/2p for different mea-
surement strengths (in units of �n) is shown in Fig. 2c. As expected in the
dispersive regime, C and �n are linearly related25. The vertical offset is
dominated by pure environmental dephasing, Cenv/2p, but has contri-
butions from qubit relaxation (T1) and thermal excitation into higher
qubit levels; more details can be found in Supplementary Information,
sections II and IV(C).

The ratio of the height of the Rabi spectral peak to the height of the
noise floor has a theoretical maximum value of four27, corresponding
to an ideal measurement with overall efficiency g 5 1. For our set-up,
this efficiency can be separated into two contributions as g 5 gdetgenv.
The detector efficiency is given by gdet 5 (112nadd)21, with nadd being
the number of noise photons added by the amplification chain. The

added noise is referenced to the output of the cavity and includes the
effect of signal attenuation between the cavity and the paramp. The effect
of environmental dephasing, Cenv, is modelled using genv 5 (11Cenv/
CQ)21. The best measurement efficiency we obtain experimentally is
g 5 0.40, with gdet 5 0.46 and genv 5 0.87; more details can be found
in Supplementary Information, section III.

We now discuss the quantum feedback protocol, which is motivated
by the classical phase-locked loop used for stabilizing an oscillator. The
amplified quadrature is multiplied by a Rabi reference signal with fre-
quency V0/2p5 3 MHz using an analogue multiplier (Fig. 1d). The
output of this multiplier is low-pass-filtered and yields a signal propor-
tional to the sine of the phase difference, herr, between the 3-MHz
reference and the 3-MHz component of the amplified quadrature.
This ‘phase error’ signal is fed back to control the Rabi frequency VR

by modulating the Rabi drive strength with an upconverting IQ mixer
(Fig. 1a). The amplitude of the reference signal controls the dimension-
less feedback gain, F, through the expression Vfb/VR 5 2Fsin(herr),
where Vfb is the change in Rabi frequency due to feedback. Figure 2d
shows the ensemble-averaged, feedback-stabilized oscillation, which
persists for much longer than the original oscillation in Fig. 2a. In fact,
within the limits imposed by our maximum data acquisition time of
20 ms, these oscillations persist indefinitely. The red trace in Fig. 2b
shows the corresponding averaged spectra. The needle-like peak at
3 MHz is the signature of the stabilized Rabi oscillations.

To confirm the quantum nature of the feedback-stabilized oscillations,
we perform state tomography on the qubit28. We stabilize the dynamical
qubit state, stop the feedback and Rabi driving after a fixed time (80ms 1

ttomo after starting the Rabi drive), and then measure the projection of
the quantum state along one of three orthogonal axes. This is done using
strong measurements (by increasing �n) with high single-shot fidelity11.
This allows us to remove any data points where the qubit was found in
the second excited state (Supplementary Information, section IV(C)).
By repeating this many times, we can determine ÆsXæ, ÆsYæ and ÆsZæ,
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Figure 2 | Rabi oscillations and feedback. a, We average 104 measurement
traces using weak continuous measurement and simultaneous Rabi driving to
obtain ensemble-averaged Rabi oscillations that decay in time as a result of
ensemble dephasing. b, Averaged Fourier transforms of the individual
measurement traces from a. The spectrum shows a peak at the Rabi frequency
(blue trace) with a full-width at half-maximum of C/2p. The grey trace shows
an identically prepared spectrum for the squeezed quadrature (multiplied by 20
for clarity), which contains no qubit state information. c, C/2p plotted as a
function of cavity photon occupation, �n (measurement strength), showing the

expected linear dependence. The vertical offset is dominated by pure
environmental dephasing, Cenv/2p, but has contributions from qubit relaxation
(T1) and thermal excitation into higher qubit levels. d, Feedback-stabilized,
ensemble-averaged Rabi oscillations, which persist for much longer times than
those without feedback (a). The corresponding spectrum, shown in b, has a
needle-like peak at the Rabi reference frequency (red trace). The slowly
changing mean level in the Rabi oscillation traces in a and d is due to the
thermal transfer of population into the second excited state of the qubit. See
Supplementary Information, section IV(C), for more details.
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the three components of the Bloch vector for the ensemble qubit state.
Figure 3a shows a plot of the Bloch vector components for different
time points (ttomo) over one oscillation period (2pV0). The Y and Z
components are well fitted by a sinusoidal function, whereas the X
component is nearly zero as expected for a coherent Rabi oscillation
about the X axis. The imperfect efficiency of the feedback process is
reflected in the non-unit amplitude of these oscillations. This feedback
efficiency, D, is given by the time-averaged scalar product of the
desired and actual state vectors on the Bloch sphere (Supplementary
Information, section IV(A)). In our experiment, the measurement is
weak enough that the stabilized oscillations are sinusoidal and D is
approximately equal to the amplitude of these oscillations.

In Fig. 3b, we plot D (red squares) versus the dimensionless feedback
gain, F. We find a maximum value of D 5 0.45 for the optimal choice of
F. Ideally, feedback efficiency improves with measurement strength
(genv R 1) but requires correspondingly larger feedback loop bandwidth.
Thus, in the presence of finite feedback bandwidth and loop delay,
there exists an optimal measurement strength, which for our experi-
ment was CQ/2p5 0.134 MHz. The dashed black line in Fig. 3b is a plot
of the theoretical expression for D, given by

D~2
1
g

F
C=V0

z
C=V0

F

� �{1

ð1Þ

and is derived using a simple analytical theory based on the Bayesian
formalism for the qubit state trajectory (Supplementary Information,
section IV(A)). This expression does not account for finite feedback
bandwidth, loop delays in the circuit or qubit relaxation. The maxi-
mum value, Dmax~

ffiffiffi
g
p

, is obtained for an optimal feedback gain of
Fopt~

ffiffiffi
g
p

C=V0. A value of Dmax , 1 implies that the stabilized state is
a mixed state; this occurs for g , 1, implying that we have incom-
plete information about the qubit state. To account for the finite loop
delay (250 ns), feedback bandwidth (10 MHz) and qubit relaxation
(T1 5 20ms), we performed full numerical simulations of the Bayesian
equations for qubit evolution (Supplementary Information, section
IV(B)). The results are shown as a black solid line in Fig. 3b and agree
well with our experimental data.

In our experiment, even though the system being controlled is
quantum and subject to measurement back-action, we essentially treat
it as a classical oscillator and successfully apply a feedback protocol
based completely on classical intuition. This can be done because the
feedback signal achieves near-perfect cancellation of the random mea-
surement back-action for optimal F. Although it is not true in general,
in this particular scheme improvements in the feedback efficiency from
full reconstruction of the quantum state8 are small. Furthermore, it is
possible to approach a pure state with D 5 1 by ensuring that g 5 1 and
eliminating feedback loop delay.

We have demonstrated a continuous analogue feedback scheme to
stabilize Rabi oscillations in a superconducting qubit, allowing them to
persist indefinitely. The efficiency of the feedback is limited primarily
by signal attenuation and loop delay, and could be improved in the
near future with the development of on-chip paramps and cryogenic
electronics to lessen the effects of attenuation and delay, respectively.
We anticipate that our present technology can be extended to entangled
qubits to provide another route to quantum error correction based on
weak continuous measurements13,14. Such methods might be advant-
ageous in architectures where strong measurements can cause qubit
state mixing29. This development may be the start of a new era of
measurement-based quantum control for solid-state quantum
information processing4,7,15–19.

METHODS SUMMARY
The transmon qubit was fabricated on a bare, high-resistivity Si wafer using
electron-beam lithography and double-angle aluminium evaporation with an
intervening oxidation step. The qubit is a single Josephson junction connecting
two rectangular paddles (420mm 3 600mm) that provide the shunting capacitance
and coupling to the cavity. The cavity was machined out of 6061 aluminium alloy.
The quality factor of the cavity was adjusted by controlling the length of the centre
conductor of the SMA coaxial connector protruding into the cavity volume. These
lengths were chosen to give strong coupling at the output port and weak coupling
at the input port, resulting in a net power transmission on resonance of 220 to
230 dB. Qubit rotations around the X and Y axes of the Bloch sphere for state
tomography were performed using resonant microwave pulses. The strong mea-
surement used in state tomography was implemented with a 800-ns read-out pulse
with an amplitude corresponding to a mean cavity occupation of �n<11.
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