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Unconditionally teleported quantum gates
between remote solid-state qubit registers

Mariagrazia Iuliano , Nicolas Demetriou, H. Benjamin van Ommen ,
Constantijn Karels , Tim H. Taminiau & Ronald Hanson

Quantum networks connecting quantum processing nodes via photonic links
enable distributed and modular quantum computation. In this framework,
quantum gates between remote qubits can be realized using quantum tele-
portation protocols. The essential requirements for such non-local gates are
remote entanglement, local quantum logicwithin eachprocessor, and classical
communication between nodes to performoperations based onmeasurement
outcomes. Here, we demonstrate an unconditional Controlled-NOT quantum
gate between remote diamond-based qubit devices. The control and target
qubits are Carbon-13 nuclear spins, while NV electron spins enable local logic,
readout, and remote entanglement generation. We benchmark the system by
creating a Greenberger-Horne-Zeilinger state, showing genuine 4-partite
entanglement shared between nodes. Using deterministic logic, single-shot
readout, and real-time feed-forward, we implement non-local gates without
post-selection. These results demonstrate a key capability for solid-state
quantum networks, enabling exploration of distributed quantum computing
and testing of complex network protocols on full-stack systems.

Quantum networks can connect separate quantum processors to
unlock capabilities and applications that do not have a classical
counterpart. Examples range from long-range secure communication
and distributed quantum computing to enhanced quantum sensing1,2.
In particular, distributed quantum computing exploits quantum links
between small quantumprocessors to build larger networks that allow
the system to scale in size or distance3,4. Key to such modular archi-
tectures are non-local quantum operations, which can be performed
using quantum teleportation protocols5,6. Quantum gate teleportation
(QGT) poses stringent requirements on the qubit platform, including
distribution of remote entanglement, executing local operations
within amulti-qubit register and performing non-local feed-forwarded
operationswithin the coherence timeof its qubit register. To avoid low
gate success probabilities and ensure scalability, QGT should run
unconditionally on the outcomes of the mid-circuit measurements of
the teleportation protocol. This implies that once entanglement is
shared between the processors, the gates should operate
deterministically.

Pioneering experiments have demonstrated probabilistic remote
QGT in purely photonic systems7,8 as well as with photonic systems
combinedwith quantummemories9–11. These demonstrations are readily
extensible to longer distances, but could not achieve unconditional
operation as they inherently rely on post-selection. Unconditional (and
even fully deterministic) QGT has recently been achieved within a single
cryogenic system with superconducting qubits12,13, within a segmented
ion trap system14 and between nearby trapped ion systems15.

Here, we implement unconditional QGT between solid-state
qubits across an extensible optical link. In particular, we employ
Nitrogen-Vacancy (NV) spin qubits in diamond. This platform has
previously enabled heralded entanglement generation over 10 km
distance using 25 km of deployed fiber16, as well as the realization of
basic network protocols on a three-node network17,18.

We first generate a 4-qubit Greenberger-Horne-Zeilinger state
using two independently controlled two-qubit registers. Each register
consists of an NV center electron spin qubit and a 13C nuclear spin
qubit, housed in separate cryostats (Fig. 1a). We then perform the
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teleportation of a Controlled-NOT quantum gate between the two
remote nuclear spin qubits. In both cases, we exclude post-selection
and data filtering, unconditionally accepting all intermediate mea-
surement outcomes, and use real-time feedforward operations within
the registers’ coherence time. This demonstration of unconditional
QGT ismade possible by several innovations compared to previous NV
center network experiments17–19, including tuning of the optical tran-
sition frequency at high-magnetic-field, different tailored control
methods for the nuclear spin qubits in the two nodes: dynamical
decoupling (DD)20 and dynamical decoupling-radio frequency21,22

(DDRF), in combination with remote entanglement generation and
node synchronization, and improvednuclear spin qubit phase tracking
strategies (see Sec. 2.3) during network activity.

Results
We employ two setups (Alice and Bob) hosting diamond NV centers
that are physically separated by 2m of optical fiber in a lab and cooled
down to TAlice= 3.9 K, TBob= 3.4 K (Fig. 1b). The electron spin qubits,
referred to hereafter as communication qubits, are manipulated using
microwave (MW) pulses delivered on-chip via gold striplines. Initi-
alization and single-shot readout of these qubits are performed via
spin-selective optical transitions23.

Nuclear spin control
In addition to the communication qubit, each node employs a
hyperfine-coupled 13C nuclear spin as a data qubit. The Hamiltonian
that describes the interaction between the electron spin qubit and the
nuclear spin qubit is approximated by20:

H =ωLIz +AkSzIz +A?SzIx ð1Þ

where ωL=γBz is the Larmor frequency of the nuclear spin in the
externalmagneticfieldBz. The externalmagneticfield forAlice (Bob) is
189mT(31mT). Si and Ii are the spinoperators for the electron spin and
the nuclear spin, respectively. A∥ and A⊥ are the parallel and perpen-
dicular hyperfine coupling parameters (more details in the Supple-
mentary Note 2).

We optimize the control of the data qubits by using two different
techniques. At Alice, we use the DDRF method21,22, in which the data
qubit is directly driven via phase-controlled RFpulses, interleavedwith
Dynamical Decoupling sequences to protect the communication qubit
from decoherence. Bob’s data qubit, instead, is manipulated using

tailored DD sequences, therefore achieving control via the commu-
nication qubit dynamics20,24,25. For Alice, the highmagneticfield regime
provides significant advantages in qubit control. In this regime, the
DDRF technique enables control of nuclear spins with small A⊥

(compared to ωL). The DDRF gates bring versatility and multi-qubit
control while showing similar gate fidelity as the DD gates used on this
qubit in ref. 18. Here, we exploit the feature that the gate duration is
easily adaptable to timing constraints set by the other node, con-
tributing to optimized experimental rates and higher overall system
fidelity. Additionally, when DDRF is combined with remote entangle-
ment generation (see Sec. 2.3 and Supplementary Note 3), this enables
less complex and more efficient phase tracking of the data qubit.

In Fig. 2a and b, we show the gate sequences to initialize and read
out the data qubits. The sequences are control technique-indepen-
dent, unless otherwise specified. Both the initialization and read-out
sequences are assisted by the communication qubit. The Z-gates on
the data qubit for Alice are performed by updating the phase on the
local oscillator of the RF field, and for Bob by either waiting a certain
amount of time or playing a specific DD sequence based on the phase
we want to imprint. In Fig. 2c, we show the measured fidelity of each
data qubit with the ideal state for initialization in six unbiased states
along the Bloch sphere: ± Z, ± X, ± Y. We achieve average fidelity,
corrected for known tomography errors on the communication spin17,
of 85(1)% for Alice and 96(1)% for Bob.

The main sources of infidelity are pulse errors on the commu-
nication qubit, leakage of laser light causing communication qubit
dephasing, errors in themapping of the state of the data qubitonto the
communication qubit, and the imperfect decoupling of the commu-
nication qubit from the surrounding nuclear spin bath.

Remote entanglement generation
For the generation of remote entanglement, the emission of indis-
tinguishable photons from the remote communication qubits is cri-
tical. We introduce DC Stark tuning26 on both setups to achieve
indistinguishability in photon frequency, together with charge
repumping using 575nm light on resonancewith the Zero-Phonon Line
of the neutral charge state (NV0) to counteract ionization. The novelty
of DC Stark tuning at highmagnetic field is enabled by efficient charge
repumping using a high-power 575nm pulse (see Supplementary
Note 1) together with operating in favorable strain conditions.

Remote entanglement between the two nodes is generated
using photonic number-state encoding27–29. The experimental

a

●

●

b

●

=

’

Fig. 1 | Experiment and resources overview. aC-NOTquantumgate teleportation:
we use two separated nodes based on NV-center defects in diamond. Each node is
composed of two qubits: one communication qubit (in purple), obtained via con-
trolling the electron spin of the NV, and one data qubit (in yellow), made by con-
trolling a single 13C nuclear spin. To realize a non-localC-NOTgate between the data
qubits, a teleportation protocol is used, including the generation of remote
entanglement, local operations and feed-forward operations. b Concept of the

control setup for the two-qubit register on each node, separated by 2m of optical
fibers. The qubits are manipulated via microwaves (MW) in GHz range, and addi-
tionally radio-frequency (RF) waves for Alice’s data qubit (inMHz range), sent along
a gold stripline. Preparation, readout and entanglement generation require optical
control via red (637nm) and yellow (575nm) lasers, whose outputs are combined in
a single excitation optical path. A DC voltage is applied to use the Stark effect for
tuning the emitted photon frequency of the two nodes.
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sequence, depicted in Fig. 3a, involves the generation of electron
spin-photon entangled states at each node, in the form offfiffiffi
α

p j0icj1ip +
ffiffiffiffiffiffiffiffiffiffiffi
1� α

p
j1icj0ip, where jiic and jiip are the communication

qubit and photonic qubit states, respectively, and α is a parameter
set in experiment. The spontaneously emitted photons travel
towards a mid-point station, composed of a 50:50 in-fiber beam-
splitter, whose output ports are connected to Superconducting
Nanowire Single-Photon Detectors (SNSPDs). The detection of a
single photon heralds, in a perfect scenario, the two-qubit state
ðj01ic ± eiϕj10icÞ=

ffiffiffi
2

p
, with probability (and hence state fidelity) of 1-α.

Here ϕ is the optical phase difference between the two paths at the
beam splitter, which is actively stabilized before entanglement
generation17. The sign of the entangled state depends on which
detector clicked.

In Fig. 3a we report the measured values of the entangled state
correlators along with their simulated values for the states Ψ+ and Ψ−.
We obtain state fidelities of 77(2)% and 76(2)% for Ψ+ and Ψ− respec-
tively, with an average α=0.045 between the two setups. For compar-
ison, the average simulated state fidelity is 79%. Detailed explanations
about the protocol, the source of errors and the simulated values are
discussed in ref. 29.

Data qubit coherence during networking
The data qubits, encoded in nuclear spins, possess a long intrinsic
coherence time (tens of milliseconds for the current devices). How-
ever, during entanglement attempts, the coherence of the data qubit
undergoes a faster decay due to its coupling to the communication
qubit whose state cannot be perfectly tracked in entanglement

Fig. 2 | Data qubit preparation. a Data qubit initialization sequence. ± Z initi-
alization with the electron spin qubit in j0i deterministically enables the initi-
alization inoneof the twoeigenstates. The initializationgate is completedwhen the
electron spin qubit is optically reset to the state j0i. Initialization of any state jϕi on
the equatorial plane is obtained by adding an unconditional gate for Alice along a

tailored combination of bx and by axes when initialized in j0i, or using a conditional
gate and a phase gatewith an arbitrary angle θ for Bob.bReadout of the data qubit.
The state of the data qubit is mapped on the communication qubit and then
optically readout. cMeasuredfidelitywith the ideal state for a setofunbiased initial
states along the Bloch sphere. Error bars represent one standard deviation.

Fig. 3 | Network activity characterization. a Remote entanglement generation
and entangled state fidelity. At each node, a single attempt includes a reset pulse to
initialize the communicationqubit in j0i, aMWα-pulse, whichbrings thequbit in an
unbalanced superposition state; a short (1 ns) optical π-pulse that excites the
population in the j0i state to the excited state, enabling spontaneous emission of a
single photon; a MW π-pulse played at a time τ after the α-pulse and τ before the
next reset pulse in the subsequent attempt, hence a distance τ − t from the end of a
single attempt, with t indicating the time necessary to reset the electron spin state.
The total duration of a single attempt is 8.392 μs (details in the Methods section),

which is repeated N times. Lower panel shows measured and simulated correla-
tions. b Characterization of the nuclear spin dephasing during entanglement
attempts. During each entanglement attempt, the nuclear spin gains a determi-
nistic phase, which we correct based on the number of repetitions N before
entanglement is heralded. Additional stochastic phases, e.g. due to the spin reset,
cause decoherence. The plot shows the state fidelity of the nuclear spin state,
initialized in a superposition state, for different numbers of entanglement
attempts. The dashed grey line represents the chosen timeout for entanglement
generation Nmax=50. Error bars represent one standard deviation.
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attempts30. The dephasing timeunder network activity is parametrized
by the number of entanglement attempts N1/e after which the fidelity
contrast of the state stored in the data qubit has decreased by 1/e.
During an entanglement attempt, the time that the communication
qubit is in j0i versus j1i is not deterministic, decomposing the total
phase acquired by the data qubit in a static offset plus stochastic
variations. Therefore, real-time tracking of the phase becomes critical
(Fig. 3b) and N1/e is thus affected by the accuracy of the nuclear spin
evolution phase tracking.

For Alice, the phase tracking is executed on the local oscillator of
the data qubit RF driving field, updating the phaseof the next RF pulse.
The average phase picked up during a single entanglement attempt is
calibrated beforehand. For Bob’s data qubit, the rephasing after
entanglement attempts is achieved via an XY8 DD sequence on the
electron spin, in which the inter-pulse delay is tailored to result in the
specific phase we want to imprint on the nuclear spin evolution18.
Additionally, it is important to protect the communication qubit dur-
ing this process and therefore it is key to avoid inter-pulse delays for
which the communication qubit couples to other nuclear spins in its
environment. The optimized inter-pulse delays are also calibrated
beforehand and compiled in a look-up table for the control device
(details in Supplementary Note 3).

In Fig. 3bwe report the fidelity of the input state on the data qubit
as a function of the number of entanglement attempts while employ-
ing the above-mentioned rephasing techniques. We extract the para-
meter N1/e by fitting the data to the exponential decay curve
A � e�ðn=N1=eÞd +0:5, where A is related to the initial fidelity and d is the
exponential decay. We obtain a N1/e of 391(31) (479(19)) for Alice (Bob)
with d of 2.4(7) (1.1(1)) and A equals 0.32(2) (0.46(1)). Based on these
results, we set the timeout for the entanglement generation to 50
attempts before re-initializing the data qubit. The choice of the time-
out is a trade-off between the experiment rates and corresponding

fidelities. We note that the coherence time during entanglement
attempts may be further prolonged by introducing dynamical decou-
pling pulses for the data qubit, as shown in refs. 18,19.

4-qubit GHZ state
Next, we combine all the above techniques for the creation of a 4-qubit
GHZ state distributed over 2 nodes. Besides demonstrating the gen-
eration of a crucial resource state for quantum information
protocols31, this experiment serves as a systembenchmark for the non-
local C-NOT gate, as it utilizes the same gate set for local operations,
together with fixed sequences for initialization, remote entanglement
generation, rephasing of the data qubit after entanglement using real-
time feedforward, mid-circuit readout of the communication qubit
and data qubit readout.

The circuit diagram in Fig. 4a shows the gate sequence for the
creation of the state ΨGHZ = 1=

ffiffiffi
2

p
ðj0iAd j1iAcj1iBcj0iBd � j1iAd j0iAc

j0iBcj1iBdÞ, with A (B) indicating the node Alice (Bob) and c (d) the
communication (data) qubit in each node. The initializationof the data
qubit is achieved via the circuits shown in Fig. 2a. To ensure that both
nodes enter the remote entanglement generation sequence at the
same time, the initialization of the two data qubits is synchronized by
delaying the start of the initialization of the fastest node. After suc-
cessful entanglement generation, Bob’s data qubit is rephased based
on the number of entanglement attempts used. In case the generated
remote entangled state isΨ−, themidpoint communicates this to Alice
where an extra phase gate is added in real time to the tomography
pulses of the data qubit. Effectively, this ensures that the remote
entangled state is Ψ+ irrespective of the photon detection pattern.
Next, Ψ+ is transformed into Φ+ by a Pauli correction gate applied at
Alice. Subsequently, local operations on the qubit registers are per-
formed that entangle the data qubits with the communication qubits.
Phase gates on the data qubits at the end of the protocol are compiled

Fig. 4 | Realization of a remote 4-qubit GHZ state. a Circuit diagram. The data
qubits are initialized using the sequence in Fig. 2a. After heralding entanglement, a
rephase gate is played on Bob’s data qubit. Subsequently, a set of local operations
completes the generation of the GHZ state. Dashed gates represent gates that are
not individually executed, but are compiled in the readout sequence. To measure
the correlators in (b), we first measure the electron spin state, using single-qubit
gates for the measurement basis selection and a non-destructive optical readout

(highlighted inmagenta). Everyoutcome is accepted. If the outcome is j1i, aπ-pulse
flips the state to ensure the assisted-readout always starts with the communication
qubit in j0i. During the readout of the electron spin qubit, the data qubit picks up
anotherphase θ0 depending on themeasurement outcome,whose rephasing is also
compiled in the subsequent assisted-readout. b GHZ correlator results and corre-
sponding simulated values. Error bars represent one standard deviation.
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into the final tomography pulses. Experimental details of the tomo-
graphy are discussed in the Methods section.

In Fig. 4b we report the measurement results of the 4-qubit cor-
relators, along with the predicted values from simulations using
measured parameters. This data as well as data presented below is
corrected for known tomography errors (see Supplementary
Notes 4 and 5 for details). We obtain a state fidelity FGHZ=64(4)%, in
good agreement with the value predicted from simulations of
Fsim
GHZ=66%. The observed value of FGHZ exceeding 0.5 proves the gen-

eration of genuine four-partite entanglement across the two nodes32.
We emphasize that this state is generated without any post-selection,
constituting to the best of our knowledge the largest heralded GHZ
state across optically connected solid-state network nodes demon-
strated so far.

The GHZ state fidelity is mainly limited by imperfections in the
remote entangled state generation and initializationof the data qubits.
Separately, incorrect state assignment of the communication qubit
measurement outcome in the tomography leads to a wrong rephasing
sequence applied to the data qubit. We estimate that this occurs for
~5% ( ~9%) of the measured j1i outcomes for Alice (Bob), causing
tomography errors that reduce the observed state fidelity by ~ 7%. We
thus estimate that the actual GHZ state fidelity is about 71%.

C-NOT gate teleportation
We realize a C-NOT gate between the data qubits of the two remote
nodes, using the gate circuit shown in Fig. 1a. Compared to the GHZ
state generation, we add real-time feed-forwarded operations

based on the exchange of classical information between the nodes.
In Fig. 5a, we report the circuit diagram presented in Fig. 1a
translated into native gates of our platform. Note that of the local
operations (gates depicted with a purple boundary), the single-
qubit gates on Alice’s data qubit are executed right after the initi-
alization and right after the mid-circuit measurement. This compi-
lation optimizes the synchronization between the nodes taking into
account the different gate durations on the two nodes. This syn-
chronization is required not only during the entanglement
attempts (as in the GHZ case) but also when exchanging classical
information for the real-time feed-forward operations.

We first reconstruct the classical truth table of the C-NOT gate. For
this, the initial states prepared on each data qubit are the two eigen-
states j0i and j1i. On Bob’s side, this results in the qubit not being
subjected to additional dephasing during the entanglement attempts. In
contrast, on Alice’s side the data qubit is in a superposition state during
the network activity, due to the local gate being executed before the
entanglement generation as discussed above; therefore, the dephasing
mechanisms and the phase tracking reported in Fig. 3b are relevant.

The results of the truth table measurements are displayed in
Fig. 5b. For comparison, we include in Fig. 5c the simulated truth table.
The results show the correct gate action with the four two-qubit fide-
lities being above 70% on average, in reasonable quantitative agree-
ment with the simulations.

Subsequently, we show the quantum-coherent nature of the non-
local C-NOT gate by generating an entangled state between the data
qubits. Specifically, we prepare Alice’s data qubit in jX i and Bob’s data

Fig. 5 | Non-local C-NOTgate. aCircuit diagram using native NV gates. The gates in
purple compile a local C-NOT gate. For Alice, the first (last) unconditional gate for
the local operations is executedbefore the entanglement generation (after themid-
circuit readout) for synchronization purposes. The dotted gates represent the
phase acquired by the data qubit during entanglement or during the readout of the
communication qubits, and are followed by the respective rephasing gates. The
feed-forward operation (dashed gates) is compiled in the readout sequence. The
magenta mid-circuit measurement indicates a non-destructive readout.

b Measured classical truth-table. The initial states on the data qubit are the
eigenstates andwe report the non-local two-qubit statefidelity. As expected,we see
a bit-flip in Bob’s state when Alice’s input state is j1i. c Simulated classical truth
table. dGeneration of an entangled state via the non-local C-NOT gate. We prepare
the data qubits in jXiA and j1iB, to obtain the entangled state Ψ+. The histogram
shows the correlator expectation values together with their simulated values. Error
bars represent one standard deviation.
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qubit in j1i. Application of the non-local C-NOT generates the two-
qubit entangled state Ψ+ in the ideal case. We analyze the resulting
state by measuring the two-qubit correlators 〈XX〉, 〈YY〉 and 〈ZZ〉. The
experimental results are shown in Fig. 5d, together with the simulated
values. We then extract the state fidelity FΨ+ =(1+〈XX〉+〈YY〉-〈ZZ〉)/4,
where 〈ii〉 represents the measured correlator. We find a state fidelity
FΨ+ = 63(4)%, in good agreement with its simulated value of Fsim=65%,
demonstrating entanglement between the remote data qubits.

The main sources of error for the experiments in this section are
the sameas in theGHZ state generation. In addition,wrong assignment
of themid-circuit readout results in awrong feed-forwardoperationon
the data qubit and an error to the gate. To quantify the corresponding
infidelity, we simulate the scenario of accepting only j00ic mid-circuit
readout results.We find that, in this case, the expected average fidelity
for the classical truth table outcomes is 90%, while the expected
entangled state fidelity reaches 76%33, indicating that an improved
readout would yield significant gains in gate performance.

Discussion and outlook
This work demonstrates the realization of heralded genuine four-partite
entanglement and the implementation of an unconditionally teleported
quantum gate, adding key capabilities for solid-state quantum network
testbeds that open up several new avenues. Taking the current platform
as a basis, the number of data qubits per node can be further increased.
In particular, the DDRF control method, integrated here with a network
link, enables extension to multi-qubit control21, enabling the generation
of larger resource states that could be used, for instance, for exploring
error correction on a distributed processor34.

Another interesting direction is towards fully deterministic non-
local gate operation, without imposing a timeout on the entanglement
generation attempts and re-initializing the data qubits when the
entanglement generation does not succeed within the timeout. This
requires an active link efficiency exceeding one35, meaning that the
data qubit coherence time under network activity has to exceed the
time required to generate one (or more) entangled states. The active
link efficiency can be improved both by extending the data qubit
coherence and by enhancing the remote entanglement generation
rate. For the former, recent experiments on a weakly coupled 13C
nuclear spin35 as well as on a data qubit encoded in a pair of nearby 13C
nuclear spins36 promise orders of magnitude improvement in coher-
ence under networking activity. Integrating such data qubits into non-
local protocols directly benefits from the phase tracking developed
here. For entanglement generation, both cavity enhancement37,38 and
employing more efficient communication qubits39–44 can lead to sub-
stantial rate enhancements. The techniques andmethods developed in
the current work can aid and accelerate the development of other
communication qubits, such as the DDRF techniques pioneered on the
current platform being adopted to diamond group-IV qubits45.

Following earlier integration tests of this platform with software
control layers46,47, the current work also impacts quantum network
stack development. Both the 4-qubit GHZ resource state and the non-
local gate operations expand the set of network protocols that can be
explored and tested using higher layers of the stack. Scaling the
number of available qubits and enabling more complex applications
also opens the way to experimentally investigate optimal network
synchronization and classical communication strategies, as well as
network application compilers48–50.

Methods
Experimental setup
The setup utilized in this work is based on the setup of Bob andCharlie
nodes in refs. 17,18. More details are included in the Supplemen-
tary Note 1.

Remote entanglement generation duration
As shown in Fig. 3a, the duration of a single remote entanglement
attempt is 8.392 μs. The length of a single entanglement attempt L is
set by the required decoupling time τ, the duration of the reset pulse
treset, and the time t necessary to reset the electron spin state. treset
includes the actual on-time of the laser field and the response time of
the acousto-optical modulator to make sure that the reset pulse is
completely off when the first microwave pulse is applied. This con-
strains L = 2τ + treset − t and L must be the same for both nodes.
Consequently, a free parameter for each node is τ. Given that Bob
experiences a lowermagnetic field compared to Alice, itsminimum τ is
~ 3.0μs, which effectively sets the minimum allowed duration as L ≥ 2τ.
Additionally, τ must be chosen to avoid undesired coupling to sur-
rounding nuclear spins. As a result, forAlice the value of τ is adapted to
fulfill the duration L set by Bob.

Qubit readout
The tomography basis-selection on the electron spin is executed via a
single MWpulse with axis and angle depending on the chosen readout
basis, while the optical readout is performed using long weak laser
pulses ( ~ 0.1 nW for up to 190 μs) with a dynamical stop on the laser
field when a single photon is detected. This method ensures a non-
destructive readout, crucial for avoiding additional dephasing on the
data qubit. Both outcomes, j0i and j1i, are accepted, but for outcome
j1i, the communication qubit is afterward flipped to ensure it is always
in the j0i state for the assisted-readout of the data qubit. During the
readout of the communication qubit, the data qubits are picking up a
phase depending on the outcome of the readout and its duration. This
phase is also compiled in the communication qubit-assisted readout
for the data qubit tomography. For the final readout on the commu-
nication qubit, after mapping the state of the data qubit on it, we use a
shorter and higher power pulse ( ~ 1nW for up to 40 μs), without
dynamical stop.

GHZ state fidelity
The 4-qubit GHZ state fidelity, provided that themeasured correlators
Ci signs are in accordance with the expected state, is calculated as:

FGHZ =
P16

i = 1jCij
16

ð2Þ

while the error is propagated as:

σGHZ =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX16

i= 2
σ2
Ci
+ 2 �

X8

i= 2

X8
j =2

j≠i

CovðCi,CjÞ
vuut

0
BB@

1
CCA=16 ð3Þ

where the covariance term takes into account the full correlations
among the Z terms, as they are directly extracted from the 〈ZZZZ〉
measurement.

Data availability
The data generated in this study have been deposited in the 4TU.R-
esearchData database.
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