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Parallel Gate Fidelity of Flip-Flop Qubits in Small 1D- and
2D-Arrays in a Noisy Environment

Marco De Michielis,* Davide Rei, and Elena Ferraro

The long coherence time of donor atom nuclear spin states and of its bounded
electron in 28Si can be exploited to define a qubit. This work is focused on a
type of donor- and quantum dot-based qubit, the flip-flop (FF) qubit, that
leverages antiparallel electron-nuclear spin states of a 31P donor atom
controlled by an electric field. It can provide long-range inter-qubit
interactions in the order of some hundreds of nanometers, thus relaxing the
common constraints and tolerances on inter-qubit distances in donor-based
qubits. Simulation results of linear array (LA) and square array (SA) of four FF
qubits are presented to study the effect of noise, idle qubits, and
simultaneous gating (parallel gating) on gate fidelity. The impact of noise and
qubit mutual coupling for both considered types of array are presented and
the obtained fidelity results are compared.

1. Introduction

There is a large number of promising semiconductor qubit hold-
ers reported in literature[1–4] and the FF qubit has gained interest
in the last few years among those based on a synergy of donor
atoms and quantum dots in silicon.[5–10]

The FF qubit is constituted by a 31P donor atom embedded in a
28Si bulk and displaced at a distance from the Si/SiO2 interface. A
metal gate deposited on top of the SiO2 generates an electric field
that controls the position of the donor bounded electron between
the donor location and the Si/SiO2 interface.
FF qubits have been proposed and studied for their long range

dipole-dipole interactions[5] also because this can relax the com-
mon stringent requirements on precise qubit positioning and
consequent inter-qubit distances. This opens up the possibility
of scaling up the system in one and two dimensions enabling
the exploitation of quantum error correction (QEC) codes with
higher code-word distances thus with a reduced logical qubit er-
ror rate.

M. De Michielis, D. Rei, E. Ferraro
CNR-IMM
Unit of Agrate Brianza
Via C. Olivetti 2, Agrate Brianza, MB 20864, Italy
E-mail: marco.demichielis@cnr.it

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/qute.202300455

© 2024 The Authors. Advanced Quantum Technologies published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly
cited.

DOI: 10.1002/qute.202300455

In general, a 1D qubit register, due to
its almost mono-dimensional spatial dis-
tribution, is easier to fabricate than a
2D one and leaves free space along the
other in-plane dimension to integrate de-
vices needed for qubit initialization and
readout.[11] However, the expected qubit
density in 1D lattices is limited by the
maximum array length achievable. This
limit can be partially overcome by inter-
connecting different 1D qubit arrays with
T-sections as proposed in ref. [12] for a dif-
ferent qubit type.
There are different QEC codes that can

be implemented on a 1D array of qubits
but the common need of SWAP chains to
move qubit states between distant qubits
in a linear-nearest-neighbor qubit array

impacts all the qubits, negatively affecting the system fault-
tolerance.[13] Using segmented 1D arrays of qubits can ease
achieving a fault-tolerant system.[14]

On the other hand, 2D qubit registers could reach an higher
qubit density than 1D ones, opening up the creation of logical
qubits based on a larger number of physical ones. However, high
qubit spatial densities entails tight spatial constraints on the po-
sitioning of qubit initialization/readout devices and routing of
metal gates for control signals. Sparse 2D array solutions can be
employed to mitigate this issue but at the expense of a qubit den-
sity reduction.[15]

Most importantly, 2D qubit arrays are open to the implementa-
tion of topological quantum error correction codes[16] where the
surface codes[17] are currently the most promising candidates for
a large-scale fault-tolerant quantum computer due to their high
error threshold. The surface code implementation prescribes the
simultaneous application of CNOT operations for both X and Z
stabilizers on the whole 2D array. A reliable assessment of the
gate fidelity reduction induced by the parallel gating needs to be
accounted for a correct estimation of the surface code error.
Noise effects on FF qubits simultaneously operated and dis-

placed in a LA have already been simulated in ref. [7] but there
are no references in literature on 1D and 2D arrays of noisy and
mutually disturbed FF qubits, so this motivate the present simu-
lation study.

2. Results

We simulated two types of arrays made up of four FF qubits, one
with qubits displaced in a linear way and the other one in a square
lattice. The qubits are noisy and theymutually disturb each other.
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Figure 1. Scheme of the LAcomposed by four FFqubits equally displaced,
where r0 is the inter-qubit distance. Only the first neighbor inter-qubit
interactions are included in the model and they are sketched in green.

We took into account the charge noise by modeling it as 1/f noise
with an amplitude 𝛼ΔEz as specified in the Experimental Section.
Noises are considered not correlated between qubits thus each
qubit in the array is affected by a different noise instance. As a
figure of merit to compare the different cases, we used the en-
tanglement fidelityF, or equally the entanglement infidelity 1 − F
(see Experimental Section).

2.1. Linear Array

In a LA the qubits are displaced on a regular linear lattice with an
inter-qubit distance r0 as shown in Figure 1.
In this study r0 is set to 360 nm and for this type of array

only the first neighbour inter-qubit interactions are included in
the model.
The Hamiltonian ĤLA describing a LA of four FF qubits is:

ĤLA =
4∑
i=1

Ĥi +
3∑
i=1

Ĥi,i+1
int (1)

where the Hamiltonian Ĥi of the single FF qubit is:

Ĥi = ĤB0
+ ĤA + ĤOrb (2)

where

ĤB0
= 𝛾eB0

[
𝕀̂ +

(
𝕀̂
2
+
d eΔEz
2h𝜖0

𝜎̂z +
Vt

2𝜖0
𝜎̂x

)
Δ𝛾

]
Ŝz − 𝛾nB0Îz (3)

ĤA = A
(
𝕀̂
2
−
d eΔEz
2h𝜖0

𝜎̂z −
Vt

2𝜖0
𝜎̂x

)
S ⋅ I (4)

describe the Zeeman splitting caused by a constant magnetic
field B0 (Equation (3)) and the hyperfine interaction (Equation
(4)), respectively. In particular, in Equation (3), Δ𝛾 takes into ac-
count the variation of the electron gyromagnetic ratio 𝛾e (27.97
GHzT-1) between the nucleus and the interface, while 𝛾n = 17.23
MHzT-1 is the constant nuclear gyromagnetic ratio. S (I) are the
electron (nuclear) spin operators with ẑ component Sz (Iz) and
B0 = 0.4 T. Moreover, Vt is the tunnel coupling between the
donor and the interface potential wells, ΔEz = Ez − E0z where E

0
z

is the vertical electric field at the ionization point, i.e., the point
in which the electron is shared halfway between the donor and

Figure 2. a) FF qubit scheme where a 31P donor atom is embedded in a
28Si bulk, positioned at a distance d from a Si/SiO2 interface and under the
application of a constant magnetic field B0. An electric field Ez, generated
along the ẑ-axis by an external gate voltage applied to themetal gate on the
top, controls the system states by moving the electron position between
the nucleus (state |d⟩) and the quantum dot at the interface (state |i⟩).
b) Waveforms of the control signals applied to the metal gate to generate

the single-qubit gates Rz(−
𝜋

2
), Rx(−

𝜋

2
) and the two-qubit

√
iSWAP gate.

The Rz gate requires the application of an electric dc signal (in blue). Rx
operations requires the simultaneous application to the qubit under ma-
nipulation of both the dc signal and the ac one (where its envelope signal is
reported in red), the last one being in resonance with the FF qubit energy.
In this way Rx is performed by means of an Electric Dipole Spin Resonance

(EDSR) method. Regarding the
√
iSWAP gate, the same dc signal has to

be applied to both qubits (1 and 2) under manipulation. After that, a re-
phasing gate Rz(𝜃) has to be applied to qubit 1 to complete the operation
as reported in the last line of Table 1.

the interface, 𝜀0 =
√
V2
t + (deΔEz∕h)2 is the energy difference be-

tween the orbital eigenstates, where h is the Planck’s constant, d
is the distance from the interface, hereafter d = 15 nm, and e is
the elementary charge.
In Equation (4), the hyperfine coupling A is a function of the

vertical electric field Ez applied by the gate and, in order to ob-
tain its functional form, the results reported in ref. [5] are fitted
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Table 1. Parameters and values of the control sequences to generate Rz(−
𝜋

2
), Rx(−

𝜋

2
) and

√
iSWAP gates. All the presented gates have the same adiabatic

factor K, defined as in ref. [8], and set to K = 19.

Operation Vt
[GHz]

ΔEidle
[kV m−1]

ΔEint
[kV m−1]

ΔEct
[kV m−1]

𝜏1
[ns]

𝜏2
[ns]

T
[ns]

TONEac
[ns]

max(Eac(t))
[kV m−1]

Rz(−
𝜋

2
) 11.29 10 1.3 0.290 2 16 0.08 – –

Rx(−
𝜋

2
) 14.00 10 4.3 0 0.2 0.5 94.5 90 0.5492√

iSWAP 11.30 10 1.3 0 2 20 200 – –

(Rz(𝜃)q1 ) 11.30 10 1.3 0 2 20 9.8 – –

with the function A0∕
(
1 + exp

(
cΔEz

))
, where A0 = 117 MHz is

the bulk value of A, obtaining the fit parameter c = 5.174 ⋅ 10−4

mV-1.[8]

The orbital part ĤOrb, which gives a treatment of the electron
position between the interface and the donor as a two level system
allowing a full quantummechanical description of the system, is
given by

ĤOrb = −
𝜖0

2
𝜎̂z −

d eEac(t)cos(𝜔Et + 𝜙)
2h

(
d eΔEz
h𝜖0

𝜎̂z +
Vt

𝜖0
𝜎̂x

)
(5)

where Eac(t) is the time dependent amplitude of an oscillating
electric field with pulsation 𝜔E and phase 𝜙.
In Equation (1), Hij

int is the interaction Hamiltonian between
qubits i and j defined as:

Ĥij
int =

1
4𝜋𝜑0𝜑r r3

[
pi ⋅ pj −

3(pi ⋅ r)(pj ⋅ r)

r2

]
(6)

where 𝜑0 is the vacuum permittivity, 𝜑r is the material dielec-
tric constant (equals to 11.7 for silicon), r is the vector distance

between the two qubits and pi(j) =
ed
2

(
𝕀̂i(j) + 𝜎̂idz,i(j)

)
is the dipole

operator of the qubit to whom is associated the position operator

𝜎̂idz =
d eΔEz
h𝜖0

𝜎̂z +
Vt

𝜖0
𝜎̂x (7)

whose eigenstates |i⟩ and |d⟩, see Figure 2a, indicate if the elec-
tron is localized near the interface or the donor, respectively and

𝜎̂z = |g⟩ ⟨g| − |e⟩ ⟨e| (8)

𝜎̂x = |g⟩ ⟨e| + |e⟩ ⟨g| (9)

are the Pauli matrices and |g⟩ (|e⟩) is the electron ground (ex-
cited) state.
The quantum gates included in this study, namely Rz(−

𝜋

2
),

Rx(−
𝜋

2
) and

√
iSWAP, constitute a universal set of quantumgates

with control sequences of ΔEz(t) and Eac(t) signals derived as
done in ref. [8]. The typical signal waveforms to generate those
gates are reported in Figure 2b and the corresponding parame-
ters are reported in Table 1.
The noise is included by adding a time variable signal to the

ideal gate control one as specified in the Experimental Section.
These noisy quantum gates are applied to one, two or four qubits
depending on the type of operation, that is a one- or a two-qubit

gate, and on the particular effect to investigate, namely idling
qubits effect on a single gate or parallel gating implications for
two simultaneous gates. Therefore different configurations of
manipulated qubits are achievable in a LA of four FF qubits as
reported in Table 2.

2.1.1. Effects of Idle Qubits

We present simulation results useful to investigate the effects
of idling qubits on the gate infidelity. Figure 3a,b illustrate the
infidelity 1 − F versus the noise amplitude 𝛼ΔEz when a single
qubit gateRz(−

𝜋

2
) andRx(−

𝜋

2
), respectively, is applied to one qubit

while the other ones are idling, namely for c1 and c2 configura-
tions. The infidelity for Rz(−

𝜋

2
) in the best configuration, that cor-

responds to c1 in which the operated qubit is disturbed by only
one idle qubit, assumes values from 6.6 ⋅ 10−5 (F = 99.993%) to
1.3 ⋅ 10−4 (F = 99.987%) when noise goes from 0 to 100 Vm-1,
while the Rx(−

𝜋

2
) gate in the same configuration gives higher

results ranging from 5.8 ⋅ 10−4 (F = 99.94%) to 1.6 ⋅ 10−3 (F =
99.84%).

Figure 3c shows the same for
√
iSWAP gates operated on two

qubits while the other two are idling (c12 and c23 configurations).
Moreover in the figure we added the simulated infidelities of

new
√
iSWAP gates, named configuration-optimized gates, that

are gates obtained with control sequences manually searched to
minimize the infidelity by taking into account the idling qubit ef-

fects. The configuration-optimized sequences for
√
iSWAP gates

on a LA for configurations c12 and c23 are reported in Table 3.

Table 2. Correspondence between configurations and operations in the LA.
Configurations in brackets are equivalent to themain one due to geometric
symmetries of the array. c1 and c2, apply for one-qubit operations whereas
c12, c13, c14, and c23 apply for two simultaneous one-qubit gates. c12 and
c23 configurations are considered for single two-qubit gates and c12-34
configuration is assumed only for two simultaneous two-qubit gates.

Configuration Operation(s)

c1 (c4) Op. ⊗ 𝕀⊗ 𝕀⊗ 𝕀

c2 (c3) 𝕀⊗Op. ⊗ 𝕀⊗ 𝕀

c12 (c34) Op. ⊗Op. ⊗ 𝕀⊗ 𝕀

c13 (c24) Op. ⊗ 𝕀⊗Op. ⊗ 𝕀

c14 Op. ⊗ 𝕀⊗ 𝕀⊗Op.

c23 𝕀⊗Op. ⊗Op. ⊗ 𝕀

c12-34 Op. ⊗Op. ⊗Op. ⊗Op.
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Figure 3. a) Rz(−
𝜋

2
) infidelity versus noise amplitude 𝛼ΔEz . The quantum gate is disturbed by noise and by idle qubits, where c1 and c2 represent the two

configurations considered. b) Same as case a) but for the Rx(−
𝜋

2
) gate. c)

√
iSWAP infidelity comparison for both c12 and c23 configurations between

standard (solid lines) and configuration-optimized sequences (dashed lines).

The optimized sequences provide a gain of around two orders
of magnitudes in the infidelity that for the c23 configuration in
the zero noise case gives a value of 3.2 ⋅ 10−4 (F = 99.97%).

2.1.2. Effects of Simultaneous Gating

In order to perform many operations during a gate time, si-
multaneous gating is considered and it reasonably produces an
overall increased gate infidelity with respect to the not simulta-
neous case. Figure 4a shows, on the left, the 1-F as a function
of 𝛼ΔEz for the different configurations (c12, c13, c14, and c23)
of the Rz(−

𝜋

2
) gate. On the right side of the figure, we reported

how the infidelity is reduced when the active inter-qubit distance
r is increased to r0, 2r0, and 3r0 and the noise is switched off.

Table 3. Parameters and values of the sequences for optimized LA c12 and

LA c23
√
iSWAP gates. All the remaining parameters maintain the same

values reported in Table 1.

Operation T [ns]√
iSWAP c12 204

(Rz(𝜃)q1 ) 4√
iSWAP c23 205.5

(Rz(𝜃)q2 ) 0.1

As it can be seen, the different configurations cij have different
r = (j − i)r0. The c14 configuration gives the better infidelity val-
ues: 2.6 ⋅ 10−4 (F= 99.97%) in the zero noise case and 5.1 ⋅ 10−4 (F
= 99.95%) in correspondence to 𝛼ΔEz = 100Vm-1. The same study
is repeated for the Rx(−

𝜋

2
) gate in Figure 4b with infidelity values

from 1.5 ⋅ 10−3 (F = 99.85%) for the zero noise case to 4 ⋅ 10−3 (F
= 99.60%) for the higher noise case in the c14 configuration. In
Figure 4c, the gate infidelity as a function of noise amplitude is

presented for two simultaneous c12-optimized
√
iSWAP gates.

In this case the infidelity is more affected by the parallel gating
and in the zero noise case gives a value of 1.2 ⋅ 10−2 (F= 98.84%).

2.2. Square Array

In a SA the four qubits are displaced on a bi-dimensional lattice
with a step r0 as shown in Figure 5. Differently from the LA case,
all the inter-qubit interactions are included in the model for a SA
case. The Hamiltonian describing a SA of four FF qubits is:

ĤSA =
4∑
i=1

Ĥi +
3∑
i=1

4∑
j=i+1

Ĥi,j
int (10)

where Ĥi and Ĥij
int are defined in Equations (1) and (6), respec-

tively. The configurations studied in the SA are fewer than those

Adv. Quantum Technol. 2024, 2300455 2300455 (4 of 9) © 2024 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 4. a) Two simultaneous Rz(−
𝜋

2
) infidelity versus noise amplitude (left) for c12, c13, c14, and c23 configurations. c2 is shown only for comparison

with the one-qubit gate. The effect of the distance r between the manipulated qubits on the infidelity is also presented (right) when noise is switched off.

b) Same as the previous panel but for the Rx(−
𝜋

2
) gate. c) Two simultaneous c12-optimized

√
iSWAP infidelity versus noise amplitude in a LA.

of the LA, as clearly shown in Table 4, due to the enhanced geo-
metric symmetries of the SA with respect the LA.

Figure 5. Scheme of four qubits displaced in an equally spaced SA with a
lattice step r0. All the inter-qubit dipole–dipole interactions are included in
the array model and highlighted in green.

2.2.1. Effects of Idle Qubits

The simulation results useful to investigate the effects of idling
qubits in a SA on the gate infidelity are hereafter reported.
Figure 6a,b illustrate how the infidelity is affected by noise when
one-qubit gates are operated whereas Figure 6c shows the same

when a standard and optimized
√
iSWAP, with sequence pre-

sented in Table 5, are applied to qubits one and two while the
remaining ones are idling.
The configuration c1 presented, due to the higher symmetry of

the SA with respect to the LA, is exactly equivalent to all the other
possible configurations when the idle qubits effect is included.
From a quantitative point of view the obtained infidelity goes
from 4.1 ⋅ 10−4 (F= 99.96%) to 6.3 ⋅ 10−4 (F= 99.94%) forRz(−

𝜋

2
)

and from 2.1 ⋅ 10−3 (F = 99.79%) to 4.1 ⋅ 10−3 (F = 99.59%) for

Rx(−
𝜋

2
). The infidelity for the

√
iSWAP in the zero noise case is

4.2 ⋅ 10−4 (F = 99.96%).

Table 4. Correspondence between configurations and operations in the SA
of four qubits. c1 applies for one-qubit operations whereas c12 and c13
arises for two simultaneous one-qubit gates. Only c12 is considered for a

single
√
iSWAP and c12-34 is assumed for two simultaneous

√
iSWAP.

Configuration Operation(s)

c1 (c2,c3,c4) Op. ⊗ 𝕀⊗ 𝕀⊗ 𝕀

c12 (c34,c14,23) Op. ⊗Op. ⊗ 𝕀⊗ 𝕀

c13 (c24) Op. ⊗ 𝕀⊗Op. ⊗ 𝕀

c12-34 Op. ⊗Op. ⊗Op. ⊗Op.

Adv. Quantum Technol. 2024, 2300455 2300455 (5 of 9) © 2024 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 6. a) Rz(−
𝜋

2
) infidelity versus noise amplitude with the gate disturbed also by idling qubits. b) Same as case a) but for the Rx(−

𝜋

2
) gate. c) Infidelity

of an optimized
√
iSWAP gate as a function of 𝛼ΔEz and affected by idle qubits. The counter-intuitive initial fidelity decrease can be due to the statistical

error of 100 run noises.

2.2.2. Effects of Simultaneous Gating

Similarly to what done for the LA case, simultaneous gating ef-
fects on the gate infidelity are presented in Figure 7a,b for the SA
configuration c12 and c13 of one-qubit gates. In both cases the
c12 configuration gives the better infidelity values ranging from
9.3 ⋅ 10−4 (F = 99.91%) to 1.6 ⋅ 10−3 (F = 99.84%) for Rz(−

𝜋

2
) and

from2.7 ⋅ 10−3 (F= 99.73%) to 5.4 ⋅ 10−3 (F= 99.46%) forRx(−
𝜋

2
).

Figure 7c reports the simulation results for the two
√
iSWAP

gates showing an infidelity in the zero noise case of 2.2 ⋅ 10−2 (F
= 97.81%).

2.3. Comparison Between Infidelities in LA and SA

We collect the infidelity results from both the LA and SA sets,
when no noise is present, to compared them in Figure 8.

Table 5. Parameters and values of the sequence for a SA c12-optimized√
iSWAP. All the other parameters assume values reported in Table 1.

Operation T [ns]√
iSWAP c12 203

(Rz(𝜃)q1 ) 0.1

Figure 8a focus on the LA-SA infidelity comparisons of three dif-
ferent configurations for the Rz(−

𝜋

2
) gate: a configuration repre-

sentative of the idling qubit effects (c1); and the best and worst
configurations, namely the configurations allowing for lower and
higher infidelities, respectively, when parallel gating arises. A
similar comparison is provided for the Rx(−

𝜋

2
) gate in Figure 8b.

For the same purpose Figure 8c shows a LA-SA infidelity com-
parison for the c12 and c12–34 configurations.

3. Discussion

First of all, we discuss infidelity results on LA. When investigat-
ing the effect of idle qubits for one-qubit operations, Figure 3a,b
show that c2 infidelity is always higher than c1. This is because
the qubit under manipulation in c2 is affected by two nearest
neighbor idle qubits, while only one nearest neighbor qubit dis-
turbs the active one in c1. Specifically, c1 includes a qubit posi-
tioned on the first edge of the LA. In correspondence to 𝛼ΔEz = 50
Vm-1, that is a realistic noise amplitude for the FF qubits, the infi-
delity is equal to 8.8 ⋅ 10−5 (F= 99.991%) forRz(−

𝜋

2
) and 9.4 ⋅ 10−4

(F = 99.91%) for Rx(−
𝜋

2
). For a two-qubit operation, namely the√

iSWAP gate, Figure 3c highlights that a
√
iSWAP on c23 has

a higher infidelity compared to c12. This is due to each qubit un-
der manipulation being disturbed by one nearest neighbor idling
qubit. In contrast, c12 has a qubit located on one edge of the

Adv. Quantum Technol. 2024, 2300455 2300455 (6 of 9) © 2024 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 7. a) Two simultaneous Rz(−
𝜋

2
) infidelity versus noise amplitude for c12 and c13 configurations. c1 is shown for comparison. b) Same as above

but for the Rx(−
𝜋

2
) gate. c) Two simultaneous c12-optimized

√
iSWAP infidelity versus noise amplitude.

LA. To achieve a 99% fidelity at low noise values, configuration-

optimized
√
iSWAP gate sequences are required, even if its F is

strongly deteriorated to 90 % when 𝛼ΔEz = 50 Vm-1. Considering
the effects of parallel gating, the right panels of Figure 4a,b point
out that c14 has a gate infidelity closer to c2. This is because the
active FF qubits in c14 are displaced by r= 3r0, and only two idling
FF qubits affect the active ones. Both qubits in c14 are positioned
on the edges of the LA. Focusing on the case in correspondence
to 𝛼ΔEz = 50 Vm-1, the infidelities reported are equal to 3 ⋅ 10−4

(F = 99.97%) for Rz(−
𝜋

2
) and 1.9 ⋅ 10−3 (F = 99.81%) for Rx(−

𝜋

2
).

On the other hand, c23 is the worst configuration as the oper-
ated qubits are closer (r = r0) and disturbed by two idling ones,
without any edge qubits present. Figure 4c indicates that a high

infidelity of parallel
√
iSWAP (c12-34) is inevitably present even

for low level of noise.
After discussing the results on a LA of four FF qubits, we

shift our focus on the SA results. Regarding the gate fidelity
degradation induced by idling qubits, Figure 6a,b simply illus-
trate that 1 − F(Rz(−

𝜋

2
)) < 1 − F(Rx(−

𝜋

2
)) corresponding to infi-

delities respectively equal to 4.3 ⋅ 10−4 (F= 99.96%) and 2.4 ⋅ 10−3

(F = 99.76%), while Figure 6c emphasizes the importance of
configuration-optimized sequences in restoring acceptable gate
fidelities at least for low noise levels. At the selected noise value of
𝛼ΔEz = 50 V/m the infidelity of

√
iSWAP is deteriorated to 0.06 (F

= 94%). For the one-qubit operations depicted in Figure 7a,b, par-
allel gating yields 1 − F(c13) > 1 − F(c12) due to enhanced inter-
qubit coupling primarily caused by idle qubits rather than gated

ones. Specifically, each qubit under manipulation in c13 exhibits
strong coupling with two idle qubits, whereas each gated qubit
in c12 is mainly affected by one idle qubit. The infidelities ob-
tained in this case in correspondence to the best configuration
and to 𝛼ΔEz = 50 Vm-1 are 1.1 ⋅ 10−3 (F = 99.89%) for Rz(−

𝜋

2
) and

3.4 ⋅ 10−3 (F = 99.66%) for Rx(−
𝜋

2
). Notably, Figure 7c demon-

strates a high infidelity of parallel
√
iSWAP (c12-34) even at low

noise levels. A comparison of the infidelity results obtained in
LA and SA, as shown in Figure 8, reveals that SA exhibits higher
infidelity than LA for both the effects of idle qubits and paral-
lel gating in almost all considered configurations (except for c12,
which are similar in Figure 8c). This overall trend stems from a
higher qubit packing in SA compared to LA, leading to increased
inter-qubit couplings.
The simulation results show that the infidelities obtained by

applying simultaneously gates, in particular the
√
iSWAP ones,

to the four FF qubits affected by a reasonable noise level (50
Vm-1) are not sufficiently small to successfully implement the

Surface Code. In fact, the infidelities of the reported
√
iSWAP

gates result in an average gate error exceeding 1%, a value that
represents the error threshold for a fault-tolerant implementa-
tion of the Surface Code.[17] A strategy to mitigate the effects of
a full simultaneous gating could be to apply a partial time se-
rialization, alternating one gate from the Z- and then one gate
from the X-stabilizer circuit in order to increase the distance be-
tween the qubits simultaneously manipulated but at the cost of a
doubling of each stabilizer execution time. However full simul-

Adv. Quantum Technol. 2024, 2300455 2300455 (7 of 9) © 2024 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 8. Comparison between gate infidelities in LA and SA without noise. a) Infidelities of Rz(−
𝜋

2
) gate(s). c1 configuration for idle qubit effects along

with best configurations, namely c14 for LA and c12 for SA, and the worst ones, as c23 for LA and c13 for SA, for parallel gating are shown. b) Same as

case a) but for Rx(−
𝜋

2
). c) Same as above but for optimized

√
iSWAP operation(s). c12 configuration is selected to compare the effects on gate infidelity

due to idle qubits coupling whereas c12–34 is chosen to show the detrimental action of parallel gating on gate infidelity.

taneous applications of presented gate sequences still appear to
be usable in Noisy Intermediate-Scale Quantum (NISQ) appli-
cations, i.e., in relatively shallow quantum circuits not equipped
with QEC.
We anticipate that lower infidelities for parallel gates could

be achieved by searching for configuration-optimized sequences
including the simultaneous manipulation of qubits. This ap-
proach would entail designing distinct control sequences for dif-
ferent configurations, levels of parallelism, and array types. The
exploration of optimized gate sequences for arbitrary arrays will
be part of our future work.

4. Conclusion

We have simulated LA and SA of four FF qubits affected by elec-
tric noise including interactions with idling qubits and driven by
simultaneous gating to study their effects on the entanglement
gate fidelity.
The analysis of the results on the LA revealed that configura-

tions with the manipulated qubit positioned on an array edges
experienced lower infidelity, attributed to the reduced number of

neighboring idle qubits. The
√
iSWAP gate showed poor robust-

ness to electrical noise and exhibited higher infidelity, especially
when operating on qubits in the middle of the array. This differ-

ence vanishes when optimized sequences for the
√
iSWAP gate

are exploited. Parallel gating effects showcased the importance
of which qubits are simultaneously manipulated, with qubit con-
figurations closer to the array edges generally exhibiting lower
gate infidelities.
Shifting the focus to the SA, simulation results revealed that

gate fidelity degradation induced by idle qubits was more pro-
nounced than in the LAParallel gating showed increased inter-
qubit coupling with idle qubits, resulting in higher infidelity, es-

pecially evident for
√
iSWAP gates.

Upon comparing the fidelity results between the two array
types, we consistently observed higher infidelity in the SA for
each considered configuration. This can be attributed to the
denser qubit packing of the SA, which results in increased inter-
qubit couplings leading to unwanted interactions.

5. Experimental Section
The entanglement fidelity F[18–20] was a figure of merit that did not de-

pend on the initial condition chosen for the qubit and is given by

F = tr[𝜌RS𝕀R ⊗ (U−1
i Ud)S𝜌

RS𝕀R ⊗ (U−1
d Ui)S] (11)

where Ui (Ud) is the ideal (disturbed) quantum gate and 𝜌RS = |𝜓⟩⟨𝜓|,
where |𝜓⟩ = 1√

2
(|0⟩⊗2n + |1⟩⊗2n) for a n-qubit gate, with n = 1, 2, and 4,

represents a maximally entangled state in a double state space generated
by two identical Hilbert spaces R and S.

Adv. Quantum Technol. 2024, 2300455 2300455 (8 of 9) © 2024 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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In the disturbed quantum gate Ud the 1/f noise model was included.
In this model the power spectral density was inversely proportional to
the frequency and was given by S(𝜔) = 𝛼ΔEz∕(𝜔t0), where 𝛼ΔEz was the
noise amplitude, that did not depend on 𝜔, and t0 was the time unit. As
done in ref. [21], the 1/f noise in the frequency domain was generated
as n(𝜔) = m(𝜔)−1∕2ei𝜑(𝜔), where m(𝜔) was generated from a standard
Gaussian white process and𝜑(𝜔) = [0, 2𝜋] was a phase factor chosen uni-
formly. Then, the inverse Fourier transform was calculated and the result
was multiplied by 𝛼ΔEz to obtain the noise in the time domain.

For each gate under study, 100 instances of the 1/f charge noise were
generated in the time domain and added to the ideal sequence signals
generating the operation for each qubit. Finally, an average of the resulting
entanglement infidelities was performed.
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