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Practical quantum computers need to continuously exchange data between classical and quantum
subsystems during a computation [1, 2]. Mid-circuit measurements of a qubit’s state are transferred
to the classical electronics layer, and their outcome can inform feedforward operations that close
the loop back to the quantum layer [3–5]. These operations are crucial for fault-tolerant quantum
computers, but the quantum–classical loop must be completed before the qubits decohere, presenting
a substantial engineering challenge for full-scale systems comprising millions of qubits [6–12]. Here
we perform the first mid-circuit measurements in a system of silicon spin qubits, and show that
feedforward operations can be performed without needing to route information to the classical
layer. This in-layer approach leverages a backaction-driven control technique that has previously
been considered a source of error [13–16]. We benchmark our in-layer strategy, together with the
standard FPGA-enabled approach, and analyse the performance of both methods using gate set
tomography [17]. Our results provide the first step towards moving resource-intensive classical
processing into the quantum layer, an advance that could solve key engineering challenges, and
drastically reduce the power budget of future quantum computers [18].

Fault-tolerant quantum computers rely on quantum
error correction (QEC) codes to detect and suppress
errors during computation. To do this, mid-circuit
measurements (MCMs) read out the state of certain
qubits at intervals throughout a computation and
transmit these data to classical processors for decoding.
The outcome of these measurements can then be used for
conditional feedforward operations, which are essential
for magic state distillation, quantum teleportation and
QEC [3, 19–22]. However, these operations introduce
the need for a return data path from the classical to the
quantum layer. This real-time flow of information from
qubits to classical electronics and back again constitutes
mid-ciruit logic, and the ability to execute this is critical
for achieving fault tolerance.

Because these MCMs and feedforward operations
must not introduce errors on the spectator qubits,
the quantum–classical loop must be traversed before
the unmeasured qubits decohere, which is particularly
challenging for systems with short qubit coherence
lifetimes. Unfortunately, such systems also claim the
fastest operation times, a factor that is crucial for the
quantum advantage of future quantum computers.

Silicon spin qubits have relatively long coherence
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times [23–30], and yet their gate operations are more
rapid than most other modalities [31–35]. We show here
that these long coherence times enable us to perform
MCMs — a feat not yet achieved in spin-qubit systems
— as well as real-time feedforward operations. These are
key steps towards a utility-scale quantum computer made
from silicon. However, as with all qubit modalities, the
round-trip routing of information between the quantum
and classical layers poses an increasingly formidable
engineering challenge for data throughput as the systems
scale to millions of qubits [6].

An effect that has previously been considered a source
of error in MCMs [16] presents a powerful solution to
this problem. Namely, spin-qubit readout relies on
spin-to-charge conversion, which involves the movement
of an electron. This changes the local Coulomb
potential, inducing a backaction on the quantum state of
neighbouring qubits, either through Stark shift [16] or by
modifying the exchange coupling between two qubits [14].
This enables a way of controlling spin states that we label
charge-driven spin (CDS) control. By characterizing
and controlling the interaction, we show that it can
be exploited to perform feedforward operations without
needing to route information to a room-temperature
FPGA, which functions as the classical layer in our
experiments. This could be the first step to moving
classical logic into the quantum layer, an approach
that would markedly decrease the data throughput
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Fig. 1 | Characterization of charge-induced backaction. a, Schematic of qubit layout and process of charge-induced
Larmor (qubit) frequency shift. The translucent qubit symbols denote the configuration of the system in the nominal
(NA2,NA1,ND1,ND2)=(3,5,5,3) charge configuration. The solid qubit symbols denote the (NA2,NA1,ND1,ND2)=(4,4,5,3) charge
configuration and the corresponding Stark-shift and exchange-rate modulation of the data qubit pair. b, Phase accumulation
of D1 (blue) and D2 (red) over time tm while in an (NA2,NA1)=(4,4) charge configuration. The corresponding Stark shift
is indicated by linear fit (solid lines), with values of fD1

c = (11.8 ± 0.4) kHz and fD2
c = (4.9 ± 0.6) kHz. The yellow shaded

region denotes the time tm at which D1 accumulates θD1
c = π. c, Schematic diagram of the Ramsey-style measurement used to

characterize the performance of the MCMs (gold, green and grey boxes) in d. From left to right: A1 and D1 are prepared to the
equator with

√
X gates. A1 is measured in the Z basis (via PSB with A2) and a unitary phase θm is applied on D1 conditional

on the A1 measurment outcome due to charge-induced Stark shift (gold box). The A1 measurement result is detected by
sensor SA and transmitted through an analogue-to-digital converter (ADC) to an FPGA (grey box). The FPGA executes a
feedforward operation conditional on the measurement result registered (green box). φ is swept between 0 and 2π so that the
data qubit phase and coherence can be extracted with the Z(φ) –

√
X – Z-measurement operation. d, Coherence vs. phase-

accumulation time of D1 for three MCM methods: phase-accumulation mode (teal), phase-accumulation with FPGA-enabled
phase correction (turquoise) and phase-echoed mode (navy). The vertical axis is the Bloch length on the XY-plane averaged
over 500 shots. The grey curve is a fit of the XY-plane Bloch length in the THahn

2 experiment, representing the upper limit that
D1 coherence can achieve if the charge-induced phase accumulation is not present or is successfully suppressed. The yellow

shaded region corresponds to the shaded region in b), where θc = π. Here this causes a complete loss of visibility.

requirements, and lead to reduced reliance on heat-
generating sensors in the qubit layer, simplifying the
architecture of silicon spin-based quantum computers.

MID-CIRCUIT MEASUREMENTS

Our quantum processor is a four-qubit linear array
made from silicon metal-oxide semiconductor (MOS)
quantum dots, with two data qubits (D1, D2) and
two ancilla qubits (A1, A2) (see Fig. 1a). Two-qubit
gates between all three nearest-neighbour pairs are made
possible by the exchange interaction and controlled by
gate electrodes between each quantum dot, known as J-
gates. This means that the data and ancilla qubits can

be entangled, which is required in order to use MCMs
to perform parity checks or stabilizer measurements [3]
on the data qubits. Independent parity readout of the
(A1, A2) and (D1, D2) pairs is facilitated by Pauli
spin blockade (PSB) (see Methods and Extended Data
Fig. 2b,c). The measurement outcome of the PSB
is detected by sensors in the qubit layer, and then
transmitted to the FPGA. By leaving A2 in its known
initial state, we can read out the state of A1 simply by
measuring the parity of the ancilla pair.

The nominal times used to achieve high-fidelity
readout are longer than T ∗

2 , so we must suppress the
decoherence of the data qubits while we read out the
ancilla. We do so by using a Hahn-echo readout sequence
that applies refocusing pulses on the data qubits during
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the MCM, which extends the coherence limit up to the
THahn
2 times: (76.4± 1.4) µs for D1, and (79.4 ± 1.7) µs

for D2. In this way, we achieve distinguishable readout
of the ancilla, while maintaining coherence of the data
qubit.

Our experiments (see Extended Data Fig. 3 and
Methods) show that odd-parity MCM outcomes
(|A1, A2⟩ = {|↑↓⟩ , |↓↑⟩}) induce a phase rotation on
D1 and D2 that differs from that obtained with even-
parity (|A1, A2⟩ = {|↓↓⟩ , |↑↑⟩}) MCM outcomes. For
odd-parity readout results, the A1 electron moves into
the A2 dot, changing the ancilla pair charge configuration
from (NA2, NA1)=(3,5) to (4,4). This electron movement
changes the Coulomb potential of the D1 and D2
electrons, displacing them slightly. This displacement
results in a change of the local g-factor of the electron
spin, and therefore causes a shift in the Larmor frequency
of the data qubits [36] (see Fig. 1b). This Larmor shift
means that a phase accumulates on D1 and D2 during
the time that the ancilla pair remains in the (4,4) charge
configuration.

We characterize the impact of these charge-induced
Larmor shifts on the data qubits during our Hahn-
echo MCMs by using a Ramsey-style experiment (see
Fig. 1c and Methods). These results show that D1
decoheres faster than predicted by the THahn

2 during an
MCM, owing to this backaction (see Fig. 1d). In a
single measurement, the charge-induced Larmor shift,
fc, imparts a unitary phase onto D1 for odd-parity
outcomes. However, because the measurement outcome
is probabilistic, this manifests as a stochastic phase error
when averaged across shots, degrading the coherence of
the data qubit. The degree of this decoherence changes
as a function of the charge-induced phase, θc. The
impact of this phase is most extreme when θc = π,
which results in complete suppression of D1 coherence.
The change in θc is linearly dependent on the phase-
accumulation time spent in the PSB region (see Fig. 1b
and Extended Data Fig. 3). In the context of an MCM,
this phase-accumulation time is equivalent to the read
time used for the measurement, tm, and hence θc = fctm.
We observe that the charge-induced phase accumulation
extends beyond nearest-neighbour qubits (see Extended
Data Fig. 3). We refer to this readout sequence as the
phase-accumulation readout (see full sequence details in
Methods).

We introduce two techniques to mitigate the impact of
phase error during the measurement. The first method
uses the FPGA real-time logic to apply a conditional
phase rotation based on the measurement outcome. The
phase rotation is pre-calibrated to cancel the readout-
induced phase error (see Methods for further details).
We refer to this readout sequence as phase-accumulation
readout with FPGA-enabled phase correction. As
previously discussed, a feedforward operation of this kind
needs the FPGA logic to execute within the data qubit
coherence, a requirement that demands ever greater data
throughput overheads as the system scales.

The second method addresses this constraint by
cancelling the phase without needing classical logic. This
is achieved by placing the readout pulses symmetrically
around the refocusing π-pulse, so that the phase echoes
out irrespective of the measurement outcome. We refer
to this technique as phase-echoed readout (see Methods
for full sequence details). Both methods are effective
at suppressing this readout phase error, as we see that
the coherence time of D1 during readout matches THahn

2

for both techniques (Fig. 1d). This is confirmed by a
post-selected analysis of the data in Fig. 1d, in which we
extract the phase errors for each ancilla readout outcome
(see Extended Data Fig. 4). We show next that this
phase error mechanism can not only be suppressed, but
also exploited.

IN-LAYER QUBIT OPERATIONS

The charge-induced phase offers a way of performing
feedforward operations without needing to route
information to the classical layer. We refer to
this technique as charge-driven spin (CDS) control.
This involves engineering the phase-accumulation
measurement sequence such that the desired phase (e.g.
a Z(π)) is applied to D1 when A1 is measured in |0〉,
and leaves D1 in its projected state when measured in
|1〉. To use CDS control to perform a feedforward Z(π)
conditioned on the ancilla outcome, we set the read time
to the yellow highlighted region in Figs 1b,d. Because
the phase-accumulation process is mediated directly
via the PSB measurement process, this eliminates the
need for the readout outcome to be transferred to the
classical layer. This in turn means that the operation
can be performed without the sensor. We validate this
operation experimentally by demonstrating the expected
behaviour of the MCM of D1 and how that extends to
both the FPGA-enabled feedforward control and this
new ‘in-layer’ technique.

Our D1 MCM uses a CNOT gate to encode the
ancilla state by entangling D1 and A1. Following
the CNOT gate, we can read out the state of D1 by
projectively measuring A1. X- and Z-basis MCMs can be
performed via X-CNOT and Z-CNOT gates respectively
(see Methods). Given that Z-basis MCMs project D1
to a Z-basis eigenstate, which is not susceptible to
decoherence, we focus on the X-basis MCMs, which are
more susceptible to dephasing noise. To test the MCMs,
we use the circuit shown in Fig. 2a, in which D1 is
prepared in the X-Y basis by sweeping φ between zero
and 2π (Fig. 2b). The D1 output state of the MCM is
measured in the X-basis via a projection gate followed by
a native Z measurement (see Methods).

The action of the X-basis MCM is plotted in Fig. 2c-
d, using phase-accumulation readout (with FPGA-
enabled phase correction), and phase-echoed readout,
respectively. In both cases, the A1 outcome follows the
input D1 state closely, indicating that the MCM correctly
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Fig. 2 | X-basis mid-circuit measurements and corrections a, Experimental circuit for b-f. The MCM tested comprises
an X-basis CNOT (yellow box), an ancilla qubit measurement (gold box), an ancilla readout via sensor (grey box) and a
classical controller/FPGA block (green box). We change the input D1 state by sweeping φ between 0 − 2π. The output D1
state is measured in the X-basis. b, D1 input state, measured by deactivating the MCM. The probability of |−⟩ measurement
is plotted vs. φ (blue trace), as well as the data sensor output (blue histogram) and D1 state classification threshold (dashed
line). c, MCM performed on D1, using the phase-accumulation readout (upwards arrow) with FPGA-enabled phase correction,
with read time tm = 20 µs. The conditional phase operations are ϕ0 = {−0.05π, 0.37π}. The ancilla sensor output (gold
histogram) and A1 state classification threshold (dashed line) is plotted. d, MCM performed on D1 using the phase-echoed
readout method (backwards arrow). No phase correction is applied to the data qubit following readout. e, FPGA-enabled
feedforward Z(π) performed on D1. The FPGA conditionally executes a Z(π) on D1 if the MCM of D1 is |+⟩ (indicated by an
A1 readout of |0⟩). To do this, we set ϕπ = {−0.05π, 1.37π}. This operation corrects D1 to |−⟩ irrespective of the the input
state. f, In-layer feedforward Z(π) performed on D1. Read time is set to tm = 42µs so that the CDS phase induces a Z(π)
when A1 is projected in |0⟩, relative to when it is projected to |1⟩. A fixed phase rotation of ϕr = −0.04π is used to correct for
the residual phase error. The sensor is turned off, resulting in an indistinguishable ancilla readout, demonstrating this is not
controlled via the sensor output and FPGA. D1 |X⟩ projection traces (blue) in c-f are normalized to the D1 THahn

2 visibility
of the corresponding tm used for readout. Data qubit sensor SD output in b is indicative of SD outputs for c-f.

encodes the D1 X-state onto A1. The terminating
D1 measurements also follow the input state, showing
that both methods compensate for charge-induced phase
error.

We demonstrate a feedforward operation in Fig. 2e.
Using phase-accumulation readout, we change the
conditional phase operation performed by the FPGA
such that, instead of just suppressing phase errors, it
performs a conditional Z(π) on D1 if the MCM of D1 is
in the |+〉 state. This stabilizes the D1 output state to
|−⟩ irrespective of the input state. This demonstration
is extended to Z-basis input states, and dephased input
states in Extended Data Fig. 5.

In Fig. 2f, we demonstrate our in-layer feedforward
operation by disabling the ancilla sensor SA, thereby
restricting the quantum–classical loop such that no
information is transmitted to the classical layer. We
then set the read time to 42 µs, such that the phase
accumulated on D1 via CDS control is equivalent to a
Z(π) on D1 when measured as a |+〉 state. The D1 output
state in Fig. 2f is also stabilized to |−⟩. The sensor is
disabled by setting the input tone to zero amplitude,
and the output collected by the analogue-to-digital
converter (ADC) shows a unimodal distribution with no
correlation to the MCM outcome. This demonstrates
that the feedforward operation is applied without using
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the FPGA, or even detecting the MCM outcome with the
sensor.

An alternative implementation for in-layer feedforward
control is to use the CDS control to modulate the
exchange rate between a nearby pair of electrons rather
than modulating Stark shift. Extended Data Fig. 6
shows that the rate at which the relative phase difference
accumulates using this technique is much faster. We
achieve the required relative π-phase shift between the
two cases in as low as 1µs (see Extended Data Fig. 6d),
which is less than the T ∗

2 . This figure also highlights
another benefit, namely that the speed at which the
phase difference accumulates is controlled simply by
changing the initial exchange rate between D1 and D2
when the readout pulse is applied.

TOMOGRAPHIC ANALYSIS

To validate the utility of our approach, we
characterize these operations using gate set tomography
(GST) [37], in which MCMs are modelled as quantum
instruments [17] that extend the quantum process
formalism used for gates. A quantum instrument [17, 38]
is a collection of conditional quantum operations, each
indexed by the measurement outcome and represented
by a Pauli transfer matrix.

We first study a Z-basis MCM performed using
phase-accumulation readout with FPGA-enabled phase
correction (Fig. 3a) and phase-echoed readout (Fig. 3b).
Both techniques produce qualitatively similar quantum
instruments, with any differences likely arising from
variations in the performance of the entangling gate
across experimental runs. We conclude from these
results that the ancilla readout fidelities achieved with
both phase-accumulation and phase-echoed readouts are
comparable.

However, a Z-basis MCM is not susceptible to
dephasing or to the readout-induced phase errors shown
in Fig. 1, which these methods suppress, because the Z-
basis MCM projects the data qubit into a Z-eigenstate.
In order to probe these errors, we show results for
an X-basis MCM for these two techniques in Fig. 3c-
d. Once again, we observe that both techniques
produce nearly identical quantum instruments, which
confirms that phase-echoed readout is equally effective
at cancelling readout-induced phase errors as the FPGA-
enabled technique.

Having shown that the phase-accumulation readout
performs comparably to phase-echoed readout, we
compare FPGA-enabled (Fig. 3e) and in-layer
feedforward operations (Fig. 3f). We note that the
target quantum instrument changes in order to account
for the Z(π) rotation conditioned on the 0 measurement
outcome. The in-layer method produces a quantum
instrument that resembles the target operation as
produced by the FPGA-enabled approach, indicating
that we are indeed performing the desired operation.

However, the fainter XI and XX matrix elements
in the Pauli transfer matrices for both measurement
outcomes in Fig. 3f suggest that the in-layer technique
experiences significantly more dephasing. This result
is unsurprising, because there exists a natural trade-off
between the total MCM time (the sum of reference and
read times, which is equal to 2tm) and the remaining
coherence of the qubit. Fig. 3g highlights this trade-off:
as we increase tm, the charge readout fidelity (grey line)
improves, but the qubit coherence for qubit D1 (blue
line) and qubit D2 (red line) decays as we approach
the T ∗

2 (dashed) or THahn
2 (solid) limit. We choose

to use a read time of tm = 10 µs (this corresponds
to a 20 µs total measurement time in Fig. 3g) for the
tomographic experiments. This is where the qubit’s
THahn
2 coherence crosses the readout fidelity, representing

a suitable balance between the two considerations.
In order to better understand the MCM error, we

perform an error decomposition [39, 40]. This approach
leverages the same circuit used to perform the MCM
readout in this paper and treats all MCM error as
being generated by a two-qubit error process acting
on the data and ancilla qubits. One key consequence
of this approach is that the extracted error channels
correspond to an entire equivalence class of two-qubit
errors (e.g. dephasing in MCM could equally be produced
by depolarizing error). We choose a ‘representative’ term,
which we believe most accurately reflects the physics of
the system.

We plot the Hamiltonian and stochastic parts of
the error decomposition for the FPGA-enabled Z(π)
feedforward operation in Fig. 3h. The Hamiltonian part
of the error is mainly attributable to calibration errors in
the entangling gate. Stochastic errors capture dephasing
effects and what we refer to as pure readout error. Pure
readout error captures classical misassignment errors,
such as a |0⟩ input state being incorrectly read out as
1, while the post-MCM state remains |0⟩, and vice versa.
This error process arises from the incorrect classification
of the readout signal due to finite signal-to-noise ratio.
As expected, we observe two dominant sources of error in
the X-basis MCM: dephasing errors after the entangling
gate (szi) and pure readout errors (six).

We first examine the pure readout errors for the six
scenarios in Figs. 3a-f, which are plotted in Fig. 3i.
With the exception of the in-layer feedforward operation,
we see that the pure readout errors are consistent.
This is because the read time is held constant at tm
= 10 µs for these techniques, and the readout fidelity
is not meaningfully impacted by whether the phase-
accumulation or phase-echoed mode is used. In case of
the in-layer feedforward operation, the readout errors are
reduced because the read time used is 4× as long.

Dephasing errors can only be picked up by the X-basis
operations, so the analysis of the corresponding error
channels for scenarios in Fig. 3c-f is shown in Fig. 3j.
The dephasing error is significantly larger with the in-
layer feedforward operation, which is consistent with
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basis MCM using phase-accumulation readout with FPGA-enabled phase correction (tm = 10 µs). Fidelity estimate F =
0.834± 0.013. b, Quantum instrument estimate of Z-basis MCM using phase-echoed readout (tm = 10 µs). F = 0.838± 0.013.
c, Quantum instrument estimate of X-basis MCM using phase-accumulation readout with FPGA-enabled phase correction
(tm = 10 µs). F = 0.793 ± 0.015. d, Quantum instrument estimate of X-basis MCM using phase-echoed readout (tm = 10
µs). F = 0.790 ± 0.015. e, Quantum instrument estimate of X-basis MCM with Z(π) feedforward operation using FPGA-
enabled conditional operations (tm = 10 µs). F = 0.801± 0.015. f, Quantum instrument estimate of X-basis MCM with Z(π)
feedforward operation using CDS control, i.e. in-layer feedforward operation. (tm = 42 µs). F = 0.592±0.012. All the matrices
here are Pauli transfer matrices of the intended operation conditional on the outcome of the MCM labelled as Q0 and Q1,
referring to even and odd readout outcomes respectively. g, Dependence of coherence and charge fidelity as a function of total
measurement time (reference time + read time = 2tm). This is equivalent to total twait in THahn

2 experiment. h, Hamiltonian
and stochastic error channels for X-basis MCM with FPGA-enabled feedforward Z(π) operation (tm = 10 µs). i, Comparison of
pure readout errors for the Z-basis MCM, X-basis MCM, and feedforward Z(π) operations. j, Comparison of dephasing errors

in X-basis MCM and feedforward Z(π) operations.

error channels in Fig. 3f and the expected behaviour of
the data qubit coherence while idling longer during the
extended read time.

The comparisons between phase-accumulation and
phase-echoed readout techniques show that the two
perform equally well. We can therefore use the
phase-echoed method without compromising the overall

performance, giving us an MCM that does not rely on
the return path of the quantum–classical loop. Our
analysis also shows that the performance degradation
in the in-layer feedforward technique compared to the
FPGA-enabled method is solely due to dephasing. This
is encouraging because, as was previously discussed (see
Extended Data Fig. 6), the rate of phase accumulation
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Fig. 4 | Quantum–classical loop required for mid-circuit logic in a full-scale quantum computer. a, MCMs and
feedforward corrections are expected to be processed in a classical layer, requiring dense cabling to support high-bandwidth
digital signal transmission to and from the quantum layer. b, By using CDS control, feedforward operations are performed
on the data qubits without extracting information from the quantum layer. Combined with charge-shuttling networks, CDS
control could allow for the classical logic required for fault-tolerant operation to be implemented in the quantum layer. Moving
the mid-circuit logic into the quantum layer would reduce the high-bandwidth data transmission from the qubit to classical
layer, as the classical layer is now not required to perform the real-time logic. This would also lower the power dissipation of
the cryo-electronics required at the 4-kelvin stage, and may also relax sensor density requirements at the qubit layer within a

large-scale system.

achieved by CDS control can be improved by modulating
the exchange rate rather than Stark shift. This
can provide a faster and more flexible mechanism to
implement in-layer feedforward operations.

OUTLOOK

We have performed the first MCMs and conditional
feedforward operations in a system of silicon spin
qubits. With foundry-fabricated devices showing
improved coherence times, readout fidelity, and gate
fidelity [41] — all key error mechanisms for MCMs as
identified here using GST — we believe that achieving
MCMs with the performance required for fault-tolerant
quantum computing will soon be demonstrable in silicon
spin qubits.

Our work is a step towards utility scale for
silicon-based quantum computers, a technology that
has already shown promise in terms of industrial
compatibility [41], cryogenic control [42, 43] and high-
temperature operation [44–46]. Our FPGA-enabled and
phase-echoed MCM techniques show that the backaction
induced by ancilla readout [16] does not pose an obstacle
to MCMs of silicon spin qubits. Notably though,

our experiments also show that conditional feedforward
operations can be performed without the need for
classical computation.

This in-layer strategy of feedforward control provides
an enticing possibility to reduce the heat and power
of utility-scale quantum computers. Such computers
are expected to need extensive high-bandwidth cabling
from the cryogenic quantum environment to room-
temperature servers, as well as millions of sensors co-
located with the qubits (Fig. 4a), both of which pose
significant engineering challenges [6]. Efforts to solve this
problem have included cryogenic classical electronics [43]
and measurement-free QEC [47, 48]. However, our work
provides the first step to an alternative approach: moving
the required classical logic into the quantum layer itself.
A practical realization of this idea would require further
innovation, but we envision that, combined with charge
logic solutions, these in-layer operations could enable
more compact and energy-efficient quantum architectures
by alleviating the need for round-trip quantum-to-
classical data transmission (Fig. 4b).

Given the expected scalability for silicon spin
qubits [35, 41, 49], the addition of MCM capabilities
moves us closer to a fault tolerant realization. In
tandem, the demonstration of quantum-layer mid-
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circuit logic now opens the door for the community to
investigate quantum layer dynamical circuit primitives,

and potentially extend this to practical quantum
computing, an exciting outlook for the platform.
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METHODS

Device fabrication and structure

Our device measured in this work is a four-qubit
silicon metal-oxide semiconductor (SiMOS) linear array
fabricated on an isotopically enriched 28Si silicon
substrate with 50 ppm residual 29Si. The quantum dots
are electrostatically defined by multi-level aluminium
(Al) gates and sensed via single electron transistors

(SETs), which are placed at both ends of the array. A
balun microwave antenna [50], parallel to the orientation
of the linear array, generates the AC B1 field necessary
for single-qubit control. Two-qubit control is achieved
by pulsing on the barrier gates (J1, J2, J3) that mediate
inter-dot separation and two-qubit exchange. A scanning
electron microscopy (SEM) image of the device is shown
in Extended Data Fig. 1, and is the same device used in
other measurements [51, 52].

Measurement setup and cryogenics

Measurements are conducted in a BlueFors LD400
dilution refrigerator with a base temperature of 14mK.
The device is housed in a custom enclosure, mounted
on a cold finger at field centre of an American Magnetics
AMI430 6-1-1 vector magnet. A 410mT magnetic field in
the [110] direction is present for all measurements except
where specified.

A Keysight PSG8267D vector signal generator
provides the microwave signals necessary for single-qubit
spin control. I/Q modulation for the microwave source,
and dynamic voltages for gate electrodes are generated
by a Quantum Machines OPX+. DC voltage sources are
supplied using a QDevil QDAC. The dynamic and DC
voltage signals are combined at room temperature using
custom circuitry for delivery to specific gate electrodes
(see Extended Data Fig. 1). All signals are low-pass
filtered at the mixing chamber stage: DC-exclusive gate
electrodes are filtered at 30Hz, and dynamic electrodes
at 400MHz.

The two SETs use RF-reflectometry for sensing [53].
Surface mount inductors of values L1 = 750 nH and
L2 = 680 nH are connected to the drain leads of each,
and a 100 pF grounding capacitor is connected to each
source. The resonant frequencies as a result are f1
= 180MHz and f2 = 210MHz. The amplification
chain comprises a Low Noise Factory LNF-LNC0.2_3A
cryogenic amplifier at the 4K stage, and MiniCircuits
ZX60-P103LN+ and ZFL-1000 amplifiers in series at
room temperature. Generation of outgoing tones, and
demodulation of incoming RF tones is performed by the
OPX+. The directional couplers are Mini-Circuits ZX30-
12-4, mounted on the mixing-chamber plate.

Device configuration and operation

We electrostatically confine electrons under gate
electrodes P1, P2, P3 and P4, and label the
corresponding quantum dots A2, A1, D1, D2
respectively, as per Fig. 1. We use the charge
configuration (NA2,NA1,ND1,ND2) = (3,5,5,3), with
each qubit encoded in the spin state of the unpaired
electron in each quantum dot. SET1(SET2) next to
A2(D2) is used as sensor SA(SD). Native single-qubit
gates are

√
X, which is performed via electron spin
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resonance using an on-chip antenna, and virtual
√
Z,

which is performed by changing the phase of the FPGA-
tracked rotating frame. The native two-qubit control
is the CZ gate, which is performed by applying voltage
pulses to the J-gates. Decoupled-CZ (dCZ) gates are
used so that erroneous phases from gate cross-talk are
cancelled [54].

Readout and initialization

We read out the qubit spin states via parity PSB [55].
This is a spin-selective charge tunnelling process in
which even parity spin states remain in the (5,3) charge
configuration, and odd spin states move to the ground
singlet state in (4,4). This gives a native two qubit ZZ
measurement. The SETs positioned at each end of the
array sense the charge movement. SA is used to read out
the (A1,A2) pair and SD the (D1,D2) pair. This SET
layout allows for independent readout of both double dots
(see Extended Data Fig. 2c).

A single-qubit Z measurement is achieved by
performing a native ZZ measurement against the qubit’s
readout pair, which has been prepared in a known state.
For example, in this work, A2 is always left in its
initialized |1⟩ state, meaning if MZZ(A1, A2) = 0 we
can infer MZ(A1) = 1, and MZZ(A1, A2) = 1 indicates
MZ(A1) = 0. Single qubit state measurements of
D1(D2) are similarly achieved by performing the ZZ-
measurement against D2(D1) which is prepared in |1⟩.
X- and Y-basis measurements are obtained by preceding
the Z-basis measurement with a single-qubit gate that
projects |+X⟩ (|+Y ⟩) to |0⟩, and |−X⟩ (|−Y ⟩) to |1⟩.

All four qubits are initialized to the |1〉 state (spin
down) at the beginning of each measurement shot. To
achieve this, we use an algorithmic initialization via
readout process [46] on both (A1, A2) and (D1, D2) pairs,
giving |A1,A2,D1,D2〉 = |1111〉.

Stark-shift measurement

We use a Hahn-echo-based protocol to measure the
Stark shifts induced by local electrostatic perturbations,
namely voltage pulses applied during mid-circuit readout
and resulting charge movement. The perturbation
is introduced for time tm (representative of the
measurement read time), after the refocusing pulse
(see Extended Data Fig. 3). This suppresses Larmor
frequency noise and extends qubit coherence to THahn

2 ,
allowing us to probe Stark-shift frequencies down to the
order of 1/THahn

2 . Because the perturbation is applied
asymmetrically relative to the decoupling pulse, the
unitary phase induced by the perturbation is preserved.

For each tm, the phase φ is swept between zero and
2π before performing an X-basis measurement. The
data are fitted to a cosine to extract the accumulated
phase resulting from the voltage perturbation, θV . θV

is plotted against tm and fitted linearly to estimate the
Stark shift fV. We measure shifts due to ancilla dot
readout pulses at reference (V A1,A2

ref ), read (V A1,A2
read ), and

idle (Vctrl) voltage levels (see Extended Data Fig. 3b-d).
These results are used to calculate the predicted phase
errors for each readout method plotted in Extended Data
Fig. 4c-e.

Qubit phase contribution during MCM

This section defines data-qubit phases relevant to the
MCM, as used throughout the paper and extended data.
A phase labelled θ indicates a physical phase accumulated
on data qubits, whereas ϕ refers to a virtual phase applied
via the FPGA.

θc Charge-induced physical phase contribution. By
definition, this only contributes to overall data
qubit phase if (A1,A2) are unblockaded under PSB
parity measurement (i.e. odd parity).

θr Residue physical phase contribution. Ideally is
zero, but small Stark shift coming from gate cross-
capacitance and non-linearity of the processes can
give rise to a small θr. This contributes to
overall data qubit phase irrespective of (A1,A2)
measurment outcome.

θm Overall data qubit physical phase due to mid-
circuit measurement. Takes value θM0 for
even readout outcomes, or θM1 for odd readout
outcomes, denoted as θm={θM0,θM1}.

θm =

{
θM0 = θr MZZ(A1, A2) = 0

θM1 = θr + θc MZZ(A1, A2) = 1
(1)

ϕc Conditional FPGA feedforward phase
contritibution applied to data qubit when
ancilla qubits are measured in odd parity. Can
be set to ϕc = −θc to cancel the charge inducaed
phase, or used to perform a feedforward phase
operation.

ϕr Unconditional FPGA phase contribution applied
to data qubit. Used to recover the contribution of
θr by settting ϕr = −θr. As θr is not dependent on
readout outcomes, Z(ϕr) is a fixed operation that
does not depend on MCM outcome.

ϕm Overall FPGA feedforward phase applied on data
qubit. Takes value ϕM0 for even readout outcomes,
or ϕM1 for odd readout outcomes, denoted as
ϕm={ϕM0,ϕM1}.

ϕm =

{
ϕM0 = ϕr MZZ(A1, A2) = 0

ϕM1 = ϕr + ϕc MZZ(A1, A2) = 1
(2)

θT Total phase change on data qubit due to physical
phases and virtual rotations.
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θT = θm + ϕm (3)

The following two definitions refer to specific ϕm used
for standard operations.

ϕ0 Setting of ϕm used for correction of MCM induced
phase error θm on the data qubit:

ϕ0 = {−θM0,−θM1}. (4)

ϕπ Setting of ϕm used for FPGA-enabled feedforward
Z(π) operations:

ϕπ = {−θM0,−θM1 + π}. (5)

MCM Ramsey-style experiment and phase
calibration

The impact of the MCM on the data qubits D1 and D2
is measured by experiment in Fig. 1c, which is similar to
a Ramsey experiment. Instead of just waiting twait, an
MCM is performed on the ancilla between the data qubit
preparation and measurement pulses. We sweep φ from
zero to 2π and the result is fitted to a cosine. This allows
us to measure the decoherence due to idling during the
read time, as well as any coherent phase offset on the
data qubits from measurement backaction. For data in
Fig. 1d a

√
X is applied to A1 before MCM so there

is equal probability of tunnelling to charge configuration
(4, 4), or remaining in (5, 3) during readout. To measure
the D2 data in Extended Data Fig. 4, the preparation
measurement and decoupling pulses in Fig. 1c were
applied to D2 rather than D1.

The same experiment can be used to calibrate the
FPGA phase corrections ϕM0 and ϕM1 for a specific tm.
Rather than prepaing A1 to the equator of the Bloch
sphere, it is prepared to a fully odd or even parity.
|A1,A2⟩ = |↓↓⟩ gives an estimate for ϕM0, and |A1,A2⟩ =
|↓↑⟩ gives an estimate for ϕM1. The obtained calibration
values of ϕM0 and ϕM1 align with the plotted θT for
MZZ(A1, A2) = 0 and MZZ(A1, A2) = 1 in Extended
Data Fig. 4c, which were obtained through post-selected
analysis of data in Fig. 1d.

Dynamically decoupled MCM sequences

In all MCM methods tested, the final ancilla readout
signal is the difference of the SET reference signal taken
in the (3,5) charge configuration, and the read signal
taken in the (4,4) PSB region (see Extended Data
Fig. 2b). The read time tm used for both signals is
selected so that it is long enough to distinguish blockaded
(even parity) from unblockaded (odd parity) outcomes.
During these read times, the data qubit remains idle so
as not to disturb the SET signal. However, this leaves

the data qubit susceptible to decoherence. Dynamical
decoupling pulses are applied to the data qubits during
the MCM to extend their lifetime. Sequence specifics are
described below.

Phase-accumulation readout. The data qubit
refocusing π-pulse is inserted between the reference
period and the read period of the sequence, as plotted
in Extended Data Fig. 4a. Because the voltage sequence
is not performed symmetrically about the refocusing
pulse, the phase accumulations before and after the π-
pulse do not cancel perfectly. The net phase is θD1

m

(θD2
m ) on D1(D2), as defined in equation 1, with the

conditional charge-induced phase θc impacting only the
MZZ(A1, A2) = 1 MCM outcomes. For this readout
scheme, the unconditional residual phase is θr = (fVread

−
fVref

)tm + gVctrl
(tm). A fixed phase correction Z(ϕr) can

be used to cancel θr. Phase error and coherence of D1
and D2 from this readout scheme are plotted in Extended
Data Fig. 4c.

Phase-accumulation readout with FPGA-
enabled phase correction. The gate sequence
used in phase-accumulation readout is also used in
this method. Following readout, however, a real-time
feedforward phase operation is applied to the data
qubit(s), conditional on the registered outcome of the
MCM. The applied phase ϕm is set to the phases defined
by ϕ0 in equation 4, which are pre-calibrated to cancel
the erroneous phase θm imparted on the data qubit(s)
by the MCM. The conditional logic and virtual phase
update associated with the feedforward operation are
executed on a scale of 100s of nanoseconds, having
negligible impact on the overall MCM time.

Phase-echoed readout. In this technique, the
reference and read periods are performed symmetrically
around the decoupling π-pulse, as plotted in Extended
Data Fig. 4b. This symmetry means the phase error θm
is cancelled, regardless of outcome of the (A1,A2) PSB
measurement. There is a small non-zero residual phase
error θm = θr = gVctrl(tm) as seen in Extended Data Fig.
4e. This phase error is not conditional on the outcome of
the measurement, so it can therefore be suppressed with a
fixed Z(ϕr) operation which does not require feedforward
control.

CNOT operations

The Z-basis CNOT (Z-CNOT) and X-basis CNOT (X-
CNOT) are used to entangle the data and ancilla qubits
before the ancilla is read out by the MCM. We use a dCZ
as our standard two-qubit gate, and convert it to a CNOT
operation by applying single qubit gates. The Z-CNOT
flips the state of A1 to |0⟩ if D1 is in |1⟩, and leaves A1 in
|1⟩ if D1 is |0⟩. The resulting entanglement between the
two qubits means the measurement of A1 also projects
D1. The decoupling π-pulse applied to D1 during the
MCM flips its state after encoding by the CNOT. This
means that the MCM outcome corresponds to the final
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output state of D1 (i.e. if A1 is measured in |0⟩, the
output state of D1 is |0⟩, and vice versa).

The X-basis CNOT is performed by concatenating a√
Y before the CNOT and

√
Y

†
after. This modifies the

operation such that the A1 eigenstate is flipped based on
the X-basis state of D1. The overall operation of X-basis
MCM then projects D1 to |+⟩( |−⟩) if A1 is measured in
|0⟩(|1⟩).

Data acquisition and processing

Data acquisition is done via the OPX+ input
channel. Measurement shots are processed during
the measurement through the FPGA on the OPX+,
including sensor current thresholding and real-time logic
for feedforward correction decisions. The measurement
result is then uploaded to the server. The data are
processed in Python.
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Extended Data Fig. 2 | Basic device operation. a, Charge stability diagrams of the isolated quantum dots as a function
of P1, P2 and J1 (sensing A1-A2 transitions), P3, P4 and J3 (sensing D1-D2 transitions), and P2, P3 and J2 (sensing A1-D1
transitions) respectively. PSB readout is performed towards the (4,4) charge transitions for both (A1,A2) and (D1,D2) pairs of
dots. Single qubit ESR control is performed at Vctrl where ∆VJ1 = ∆VJ2 = ∆VJ3 = −100mV to suppress exchange interaction.
D1 and D2 are held at the Vctrl detuning and ∆VJ2 = ∆VJ3 = −100mV when the MCM is performed. b, A closer view of
the Pauli-spin blockade window in the (A1,A2) pair (left) and (D1,D2) pair (right). Colorscale corresponds to the SET signal
difference between an odd and even parity state being measured. The PSB region appears as non-zero (yellow) region. (A1,A2)
plot is the SA signal, and the (D1,D2) plot is the SD signal. c, Sequentially-driven Rabi oscillations on pairs of uncoupled
qubits. The array is initialised in |A2,A1,D1,D2⟩ = |1111⟩. After ESR pulses are applied a parity measurement is performed
in the (A1,A2) dots and (D1,D2) dots using PSB regions in b. Left(right) plot corresponds to thresholded signal from SA(SD).



15

∆𝑓 ൌ 𝑓୚౨೐ೌ೏
ୈଵ ൅ 𝑓ୡୈଵ

∆𝑓 ൌ 𝑓୚౨౛౗ౚ
ୈଵ

∆𝑓 ൌ 𝑓୚౨౛౜
ୈଵ

∆𝑓 ൌ 𝑓୚౨౛౗ౚ
ୈଶ ൅ 𝑓ୡୈଶ

∆𝑓 ൌ 𝑓୚౨౛౗ౚ
ୈଶ

∆𝑓 ൌ 𝑓୚౨౛౜
ୈଶ

𝜃୚ౙ౪౨ౢ
ୈଵ ൌ 𝑔୚ౙ౪౨ౢ

ୈଵ 𝑡୫

𝜃୚ౙ౪౨ౢ
ୈଶ ൌ 𝑔୚ౙ౪౨ౢ

ୈଶ 𝑡୫

a

b

c

d

𝑉ୡ୲୰୪

𝑉 ୔
ଵି

୔
ଶ 𝑡୫

Perturbation:
Idle (∆𝑉 ൌ 0)
|↓↓⟩, |↓↑⟩, |↑↓⟩|↑↑⟩

Perturbation:
Ref. pt. (∆𝑉 ൌ  𝑉ଵ)
|↓↓⟩, |↓↑⟩, |↑↓⟩|↑↑⟩

𝑉୰ୣ୤
୅ଵ,୅ଶ

𝑉 ୔
ଵି

୔
ଶ

𝑡୫

Perturbation: 
Read pt. 
(∆𝑉 ൌ  𝑉ଶ)

|↓↓⟩, |↑↑⟩

𝑉୰ୣୟୢ
୅ଵ,୅ଶ

𝑉 ୔
ଵି

୔
ଶ

𝑡୫

|↓↑⟩, |↑↓⟩

Idle Decouple Perturbation 

�ሺ𝜑ሻ

𝑉୔ଵି୔ଶ ൌ 𝑉ୡ୲୰୪ ൅  ∆𝑉

𝜃 ൌ ∆𝑓 · 𝑡୫

𝑡୫ X𝑡୫

𝑉୔ଵି୔ଶ ൌ 𝑉଴

Measure 
|↓↓⟩

|↑↓⟩
|↓↑⟩

|↑↑⟩

|൅⟩
|൅⟩

Select

|𝐴1,𝐴2⟩ ൌ

|𝐷⟩ ൌ

Extended Data Fig. 3 | Measurement of data qubits phase accumulations. a, Schematic diagram of the experiment
used to measure the phase accumulation on D1 and D2 due to voltage pulses applied to gate electrodes P1, P2 used during
the MCM. b, Measured phase accumulation for D1 (blue) and D2 (red) during standard Hahn-echo experiment during which
voltages remain at Vctrl. The non-linear phase relationship gVctrl(tm) is fitted to quadratic function. c, Stark shift due to
voltage pulse to (A1,A2) reference point (V A1,A2

ref ), measured for all four ancilla pair spin states. Average Stark shift is fD1
Vref

=

(5.9 ± 0.1) kHz; fD2
Vref

= (−5.4 ± 0.1) kHz. These are induced by cross-capacitance of plunger gates P1 and P2 to qubits D1
and D2. d, Stark shift due to voltage pulse to ancilla read point (V A1,A2

read ), measured for all four ancilla pair spin states.
Even parity ancilla measurements give average Stark shift of fD1

Vread
= (9.4 ± 0.3) kHz, fD2

Vread
= (−5.3 ± 0.2) kHz. Odd parity

ancilla measurements are affected by the additional charge-induced Larmor shift fc, giving average values of fD1
Vread

+ fD1
c =

(−2.9± 0.2) kHz, fD2
Vread

+ fD2
c = (−10.0± 0.4) kHz. fc plotted in Fig. 1b is calculated from the difference of these Stark shift

estimates.
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Extended Data Fig. 4 | Characterization of MCM techniques. a, Sequence schematic of phase-accumulation readout
(upwards arrow) with dynamical decoupling on D1. Timing of dynamical decoupling pulse is indicated by blue shaded region.
Interchange D1 with D2 for MCM with D2 decoupling, which was used to obtain D2 (red) data in c,d. Gold outline of θD1

m
phase indicates it is conditional on the (A1,A2) measurment outcome. Pulse lengths not to scale. b, Sequence schematic of
phase-echoed readout (backwards arrow). Black outline of θr phase indicates this is not conditional on the (A1,A2) measurment
outcome. c, Characterization of data qubit phase accumulation and decoherence during the phase-accumulation readout for
various read time tm. Post selected analysis of data from experiment in Fig. 1c is used to obtain total qubit phase θT and
coherence of D1 (blue) and D2 (red). Predicted phase error (calculated from Stark shift measurements in Extended Data Fig. 3),
and THahn

2 visibility plotted for comparison. d, Characterization of phase-accumulation with FPGA-enabled feedforward phase
correction. e, Characterization of phase-echoed readout.
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Extended Data Fig. 6 | CDS modulation of the exchange rate. a, Decoupled-CZ fingerprint map between D1 and
D2, taken using circuit in b. |A1, A2⟩ = |↓↓⟩, so charge configuration remains (NA2,NA1)=(3,5). The total exchange time
(2t) used is 10µs. b, Schematic of circuit used for fingerprint maps in a, c and d. While decoupled-CZ is performed between
qubits D1 and D2, the ancilla pair (A1,A2) is pulsed to the read point V A1,A2

read , changing the charge configuration depending
on the prepared |A1, A2⟩ parity. c, Decoupled-CZ fingerprints for the even parity ancilla readout (left), corresponding to
(NA2,NA1)=(3,5) charge configuration, and odd parity ancilla readout (right), corresponding to the (NA2,NA1)=(4,4) charge
configuration. When D1 and D2 are in the exchange regime, their exchange rate J will change due to the movement of the A1
electron. This movement changes the Coulomb potential of the D1 and D2 electrons, shifting the relative distance between them
and therefore their wavefunction overlap and J . The voltage space scanned corresponds to dotted region in a. d, Decoupled-CZ
oscillation vs VJ3 for even (black) and odd (gold) |A1, A2⟩ preparations at different total wait times. For all times measured

(1 µs, (2 µs, (5µs and (10µs), there is a VJ3 where a π phase difference is achieved.
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