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Abstract

Superconducting quantum circuits are a key platform for advancing quantum
information processing and simulation. Scaling efforts currently encounter challenges
such as Josephson-junction fabrication yield, design frequency targeting, and
long-range crosstalk arising both from spurious microwave modes and intrinsic
interactions between qubits. We demonstrate a scalable 4x4 square lattice with low
crosstalk, comprising 16 fixed-frequency transmon qubits with nearest-neighbor
capacitive coupling that is implemented in a tileable, 3D-integrated circuit
architecture with off-chip inductive shunting to mitigate spurious enclosure modes.
We report on the design and comprehensive characterization, and show that our
implementation achieves targeted device parameters with very low frequency
spreads, long-range parasitic couplings and simultaneous single-qubit gate errors
across the device. Our results provide a promising pathway toward a scalable
superconducting square lattice topology for quantum error correction and
simulation.

Keywords: Superconducting qubits; Scalable quantum devices; Quantum
algorithms; Quantum computing

1 Introduction

Realizing large-scale superconducting quantum circuits containing individually address-
able, high-coherence qubits remains a significant hardware challenge toward utility-scale
quantum computing [1, 2]. Scalable two-dimensional (2D) lattice architectures enable the
implementation of logical operations using quantum error-correction codes [3-7], such as
the surface code [8, 9], and the simulation of 2D lattice Hamiltonian, including the Bose—
Hubbard model [10], in condensed matter [11-15] and atomic physics [16]. While increas-
ing qubit counts is crucial for realizing practical applications, scaling superconducting
qubits currently introduces significant obstacles related to maintaining overall device per-
formance and integrating high connectivity without introducing additional errors in gate
operations [17]. Although significant efforts have been made to improve fabrication tech-
niques [18-22] and minimize hardware requirements [23-25], scaling superconducting

qubits using simplified architectures is crucial to mitigate fabrication defects [26—29] and
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reduce hardware overhead [30]. Ultimately, a practical superconducting quantum com-
puter must integrate a large number of physical qubits with robust connectivity and fast,
high-fidelity gates for fault-tolerant protocols [26].

Scaling superconducting circuits requires coupling qubits while mitigating parasitic in-
teractions [31]. Superconducting qubits, the most common type of which is the trans-
mon [32], can be capacitively coupled via lithographically defined circuit elements [33].
These couplings must be carefully engineered to support universal two-qubit gates [34],
without introducing additional crosstalk levels that scale up with qubit count. Crosstalk
arising from unwanted interactions between qubits is related to residual inter-qubit cou-
pling [35—-37]. This coupling results in spatially correlated crosstalk which gives rise to an
always-on, state-dependent ZZ shift between qubits [38—40]. On one hand, if the ZZ cou-
pling is sufficiently strong, it can be used for implementing entangling controlled-phase
(CPHASE) or controlled-Z (CZ) gates [41-50]; on the other hand, it constitutes an un-
wanted coherent error that degrades the fidelity of simultaneous single- and two-qubit
gates and, by extension, quantum algorithms [51-54]. These interactions give rise to cor-
related errors, violating the core assumption of independent error channels in quantum er-
ror correction, representing a critical obstacle to building fault-tolerant architectures [55].

As the lateral dimensions of the chip increase, sections of metallization or ground planes
can form low-frequency resonant modes in the electromagnetic (EM) environment, acting
as parasitic coupling channels, that mediate additional unwanted qubit-qubit interactions
[56-58]. Even a moderate increase in the system size can give rise to parasitic paths that
inadvertently couple to the qubits [59]. One approach is to house qubits in 3D cavities
whose fundamental frequencies lie well above the qubit transition energies, thus isolat-
ing the qubits from interfering with the cavity modes [60]. Careful engineering of overall
microwave environment (i.e., planar chip, its enclosure, control and readout channels) is
crucial in engineering architectures [61].

In this work, we present the design and experimental realization of a proof-of-concept,
scalable 4x4 square lattice with fixed-frequency transmon qubits implemented in a
tileable, 3D-integrated circuit quantum electrodynamics (cQED) architecture [25, 59, 60,
62]. In particular, we focus on demonstrating that long-range parasitic couplings can be
strongly suppressed in our lattice, establishing a critical prerequisite for scaling to larger
system sizes. By carefully engineering the device parameters and the microwave environ-
ment, we achieve very low frequency spread relative to the targeted two-band frequency
allocation, long-range crosstalk levels, and simultaneous single-qubit gate errors across
the lattice without canceling always-on qubit-qubit coupling. We report on the detailed
measurements of inter-qubit couplings, coherence times, single- and two-qubit gate er-
rors. The simplicity of our engineering paves the way toward realizing a scalable super-

conducting lattice topology.

2 Methodology
The Hamiltonian that describes a system of 16 transmon qubits in a 4x4 lattice, in the an-
harmonic oscillator approximation, with fixed frequencies w;/27, anharmonicities o;/2m

and statically coupled by an exchange interaction J;; between nearest-neighbour qubits, is
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expressed as [63—65]

ro 15
H i ain N aia A
- = Z (a),» + El(ai' a;— 1)) ala;+ Z]i,,»(aja/ + a,a;) (1)
i=0 i<j
JeN;

where the V; denotes the set of four nearest-neighbor qubits coupled to qubit i. The ZZ
shift, denoted by ¢, quantifies how strongly the frequency of one qubit depends on the
state of its neighboring qubits and normally has a significant additional contribution from
higher-excited states [38—40]. ¢ can be defined in a two-qubit system by the energy differ-
ence

¢ = Epny — Epoy — Eiony + Ejooys (2)

where E;, denotes the energy of the dressed eigenstate |ij), and the labels i and j here refer
to the excitation number in each qubit. ¢ is related to the exchange coupling J; in Eq. (1)
through the following expression [66, 67]

2 (i + )

¢ _(Aij + o) — Ay)’

3)

where Aj; = w; — w; is the detuning between two qubits, with J; <« |A;], and o; and o;
are the two qubits anharmonicities. In practice, residual non-nearest-neighbour couplings
can be mediated between any two qubits in the lattice through different mechanisms. This
long-range interaction can arise due to higher-order virtual processes involving intermedi-
ate qubits and electromagnetic enclosure modes. We denote these non-nearest-neighbor
couplings as 7,,, which represent residual parasitic interactions. To account for these ef-
fects, the Hamiltonian is now extended to include additional terms that captures the con-

tributions of Z, between all non-nearest-neighbor qubits

A 15
H O aia At A At A ~ At ~ ata ~ At
- = Z (a),» + E(ai’ a; — 1)) ajai + E ]i,,»(aja,» + a,-a}) + Z]Lj(“t aj + a;d;) (4)
i=0 i<j i<j
jeN; JjeN;

The Hamiltonian now includes both direct (nearest-neighbor) and indirect (long-range)
couplings. In general, for any pair of qubits in the lattice, the exchange interaction 7;; takes
the form [68]

 2EqEG (B Ey \"* )
Y hEc \2Eq 2Eg
where E;; and Ec, are the transmon Josephson and charging energies, and Ec; = ze—czu is

the charging energy of the fixed coupling capacitance C;; between qubits i and j. The cou-

pling J here suggests that the interaction depends on frequencies of both qubits indirectly

through the dependence on the Josephson energy E; of the transmons, since the Joseph-

«/SEIiECi
h

son energy Ej; is related to each qubit frequency by w,; ~ , for a transmon qubit

operating in the weakly anharmonic regime.
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Figure 1 Design Schematics and images of the fabricated device including enclosure packaging. (a)
3D-integrated coaxial cQED architecture features a transmon qubit with a Josephson junction (JJ) and a
readout resonator on the opposite side of the chip, enabling targeted couplings to off-chip coaxial ports for
control and readout. (b) Extended design presented in this work consisting of 16 coupled qubits with
capacitive arms, and metallic pillars for off-chip inductive shunting on the device enclosure. (c) Optical and
SEM images of the qubits and resonators are shown, including key circuit elements and a single JJ. The device
is fabricated using a double-sided process on a high-resistivity silicon wafer (see supplementary materials)

2.1 Device architecture

We demonstrate a scalable 4 x 4 square lattice of 16 fixed-frequency transmon qubits,
implemented in a 3D-integrated cQED architecture [59, 60, 62]. Each qubit is capacitively
coupled through the substrate to a readout resonator positioned on the opposite side of
the chip, featuring a tileable unit cell (see Fig. 1 (a)). This approach enables individual qubit

control and readout in a compact lattice architecture (see Fig. 1 (b) and (c)). This layout



Alghadeer et al. EPJ Quantum Technology (2026) 13:19 Page 5 of 26

Rs Rs Riz Rz
o 453 (0 | mes  Qn 0666 [ On
9800 8649.5 8755.6 8851.8 89432 5000
48098 48553 7713 4884.0
200
225 056 a1z w74
9600
_ b b i i 4950 & wa e e on s [ o
B 9299.2 9220.6 9112.8 9025.3 2 48075 18248 4835.4 48552 150%
= 9400 s E
> =
g g 196 10373 123 18095 2
< €
] 43;4900 5
@ 9200 R Rs Rip Ris g o anef o hmw 0 22 100 ©
i & ]
9386.0 94742 9535.4 9645.5 SiEER) 4926.5 uolz2
9000 4850 260 s0s6 us10 233

17054 O

o 58.68 [ 13385
48882 48295
8800
9997.4 9908.6. 9802.3 9728.7
4800

10000 Max | 9997.4
Min | 86495

Mean (w | 49003 Mean (w | 48128

s | 72
50001 spread on|  15%

s (0) s
Mean () | 93335

Spread o) | 05%

Frequency (MHz)
Frequency (MHz)
I
&

8
g

QE Qo o f g RO R0 QY Q© o oo o 0 RS @

Q Q3 Qs Q7 Qo Qu Qi3 Q15 Q2 Q1 Qs Qs Qo Q12 Qua Que
Qubit Qubit

Figure 2 Device parameters. (a) Shows distinct resonator frequencies ranging from ~ 8.6 to 10 GHz, and (b)
shows qubits with two-distinct, alternating, frequency pattern in a range between 4.8 and 4.9 GHz with most
qubits operating in the straddling regime. This regime ensures that most qubits remain within a regime
where their interactions can be effectively controlled for tuning up two-qubit interactions

reduces in-plane footprint and routing congestion compared to fully planar architectures
in which both qubits and readout resonators (and associated feedlines) must be routed on
the same chip surface. We implement off-chip inductive shunting on the device enclosure
to mitigate box-mediated residual crosstalk originating from parasitic enclosure modes
[59, 60].

A detailed study of the microwave environment of the package, including cryogenic
transmission measurements of enclosures with and without inductive shunt pillars and
full-wave modeling of the enclosure modes, is provided in Ref. [69]. Each qubit is capaci-
tively coupled to its four nearest neighbors via lithographically patterned capacitive arms,
facilitating interactions characterized by exchange energy rates J;; between each pair of
qubits in Eq. (1). The inductive-shunt pillars are entirely oft-chip components and inter-
face to the device through precision-machined through-wafer holes in the silicon sub-
strate. Each pillar is press-fit into the corresponding enclosure feature and bonded using
indium, providing mechanical stability and a low-resistance electrical contact, while re-
quiring no additional chip-level lithography or metallization beyond the baseline device
process. For a detailed description of the double-sided fabrication flow and materials char-
acterization of this platform (including cross-sectional microscopy and processing-related
defect analysis), we refer the interested reader to Ref. [18]. See supplementary materials

for more details on the fabrication process and experimental setup.

2.2 Basic device parameters

The resonators are designed to have distinct frequencies following a ladder design rang-
ing from ~ 8.6 to 10.0 GHz, targeting well-separated readout frequencies (see Fig. 2(a)).
Each set of 8 qubits is designed with two-distinct, alternating, frequency pattern in a range

between 4.8 and 4.9 GHz, and measured with very low frequency spreads (relative to the
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Figure 3 Relaxation and coherence times. (a) Energy relaxation times (71 )400 averaged from measured traces
following an exponential decay, fitted to S(Af) = a + be 27T _(b) Ramsey coherence times (Tog)400 averaged
from measured traces following a decaying oscillation, fitted to S(At) = a+ bcosQm Af At + q))e’AWZR (0)
Spin-echo coherence times (Tr)400 averaged from measured traces following an exponential decay, fitted to
S(AL) = a + beAYT2¢ Each coupling Jj; across the lattice is shown with the colored bar representing the
coupling strength between qubits. (d) Device schematic illustrating the mapping of each qubit separately
measured for coherence across the lattice

targeted two-band frequency groups) of 0.5% and 1.5%, respectively, for both targeted val-
ues (see Fig. 2(b)). This frequency range allows operating in the straddling regime, where
detunings of qubits remain smaller than their anharmonicities, necessary later for tuning
up two-qubit interactions. We note that only two pairs of qubits, Q15-Q10 and Q15-Q1¢, are
outside the straddling regime due to a higher frequency of Q;5. The average anharmonic-
ity is ()16 = 196.4 MHz across all qubits with a very low frequency spread of 0.6% (see
supplementary materials for more device parameters). The low frequency spreads were
achieved without any further post-fabrication process on the junctions, such as junctions
annealing [70], but only by fine tuning the junctions fabrication parameters which is con-
sistent with our previously reported materials-characterization study [18].

3 Results and discussion

Qubits relaxation and coherence times were measured repeatedly over 12 hours, resulting
in a total of 400 measurements for each 77, Tog and Ty that are then averaged for each
qubit (see Fig. 3). The average qubits relaxation times 7; are shown in Fig. 3(a), and de-
phasing times Ty and T>r were measured using Ramsey and Hahn echo sequences and
shown in Fig. 3(b) and Fig. 3(c), respectively. Relaxation and coherence times averaged
across the lattice are (T7)16 =71 * 5 us, (Tor)16 =51 £ 4 usand (The)16 =78 £ 5 us,
with weighted-standard deviations. While the average 77 ~ 71 us reported here is not yet
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Figure 4 Design of exchange coupling rate J and nearest-neighbor ZZ and J Measurements. (a) Modeling of
the coupling J as a function of capacitive arms overlap obtained by combining a simple impedance formula
[66] with high-frequency structure simulator (HFSS) using terminal simulation. (b) The measured J values for
nearest-neighbour pairs by performing Ramsey measurements between each pair of qubits and observing
state-dependent ZZ frequency shifts in (c). In this first 16-qubit demonstration, we deliberately selected a
conservative design range for the fabricated capacitive arm overlaps. (d) Device map illustrating the
connectivity across 16 qubits

at the upper end of what has been achieved on Al-on-Si platforms, we do not attribute
this primarily to the double-sided fabrication flow [18]. In this work, we also did not apply
additional post-fabrication surface-loss mitigation treatments. Post-fabrication protective
techniques, such as surface encapsulation with metallic layers [71-73], and surface pas-
sivation using molecular self-assembled monolayers [19, 20], offer promising routes to
mitigate oxide regrowth and reduce surface participation, and are expected to further im-
prove coherence beyond the values reported here.

3.1 Crosstalk characterization

We employ two established and complementary methods to quantify direct (nearest-
neighbor) coupling and residual long-range crosstalk in the lattice. One is based on ZZ
measurements using Eq. (3) and the second is based on direct measurements of anticross-
ing between different pairs of qubits using AC-Stark shift [74]. Figure 4 shows both the

Page 7 of 26
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Figure 5 Nearest-neighbor coupling J;; and long-range crosstalkj,,-. Both direct (a) and indirect (b) couplings
are measured using AC Stark Ramsey between each pair of qubit in the three-qubit example. Each qubit is

stark shifted with an additional AC tone until it is in resonance with the other qubit, and the observed
2

J
frequencies are fitted to a simple anticrossing model given by Afac :Aﬁ“/” + C, where Jj; is the exchange

coupling between qubits, A is the detuning between the qubits, and A, 8, and C are fitting parameters

design and measurements of the coupling / between nearest-neighbor qubits. Figure 4(a)
shows how a simple impedance-based model [66] is used combined with HFSS simula-
tions to model J as a function of the capacitive arm overlap.

In this first 16-qubit demonstration, we deliberately selected a conservative design range
for the fabricated capacitive arm overlaps. By contrast, Fig. 4(a) illustrates the broader
simulated design space, which extends beyond 1 MHz for higher coupling parameters
that are feasible within our architecture. In Fig. 4 (b) and (c), the measured ZZ shifts are
used to calculate J values across the device using Eq. (3). The results also highlight each
qubit’s frequency fluctuation, determined by ~ 400 repeated Ramsey measurements over
~ 12 hours, showing a very low frequency instability of about 0.88 KHz as an average of
all frequency fluctuations across the device (see Fig. 4 (c)).

In particular, we observe low ZZ shifts across all qubit pairs except for two notable out-
liers occur for Qg-Q16 (75.8 KHz) and Q14-Q;5 (209.1 KHz), which lie near higher tran-
sitions and near the edge of the straddling regime. The estimated couplings have maxi-
mum and minimum values at 1.064 MHz and 0.401 MHz, respectively. The mean u of
0.623 MHz and standard deviation ¢ of 0.173 MHz lead to a relative spread o /u of about
0.269 in different values of the coupling J across the lattice.

Next, direct measurements of anticrossing between different pairs of qubits using AC-
Stark shift are shown in Fig. 5. This example illustrates both direct and indirect inter-
actions in a simplified three-qubit setting in the lattice. In Fig. 5(a), one qubit is Stark-



Alghadeer et al. EPJ Quantum Technology (2026) 13:19 Page 9 of 26

Table 1 Characterization of the nearest-neighbor J;; couplings from anticrossings using AC-Stark
shift Ramsey compared to estimated coupling values from measuring static ZZ shifts in Fig. 4(c)

Qubits WqA/ZJT WqB/27[ App ZZstatic Jzz Jswap
pair MHz MHz MHz MHz MHz MHz
Q-03 4795.6 4807.5 12.0 0.0081 0.631 0.654
Q3-Qs 4807.5 4824.8 17.2 0.0033 0.401 0.508
Qs —Qn 4824.8 48354 10.7 0.0053 0511 0517
Qi0-Qn 48354 4817.2 18.2 0.0036 0418 0473
Q14 -0Qn 48354 4855.2 19.8 0.0057 0528 0.536
a)
0.3

¢ Af Q10
0.2

0.1

CIEYOU

Q10 Frequency Shift (MHz)
o
o

-0.1 $
=02 J/2n = 0.473 £ 0.003 MHz
—0335 —4 -2 0 2 4 6
Q10 - Q11 Detuning (MHz)
b)
0.4 ¢ Af Q6

Q6 Frequency Shift (MHz)
o
o

-0.4 J/2n = 0.517 + 0.001 MHz
yI— Q10

-6 -4 = 0 2
Q6 - Q11 Detuning (MHz)

Figure 6 Nearest-neighbor coupling J;; from AC Stark-shift Ramsey. A set of three qubits in the lattice is
considered to verify the nearest-neighbor coupling values using AC Stark-shift Ramsey measurements. In (a)
and (b), one qubit is driven with an off-resonant AC Stark tone to tune it into resonance with its nearest
neighbor, and the resulting frequency response is fitted to extract the exchange interaction rate Ji;. The
results in Fig. 7(a) and (b) show coherent SWAP population exchange once the same set of two qubits are
brought into resonance, consistent with the extracted coupling rates here

shifted until it is in resonance with its nearest neighbor, forming an avoided-crossing
from which the exchange coupling J;; is directly extracted by fitting to a simple model.
Table 1 compares the resulting Jswap values for nearest neighbors obtained by perform-
ing AC-Stark shift Ramsey experiments, with those extracted from measuring static ZZ
shifts, Jzz. We confirm these measurements by performing AC-Stark shift on another
set of three qubit in lattice, and observe a swap of population between pairs of nearest-
neighbor qubits (see Fig. 6(a)), and compare the exchange energy rates with those ex-
tracted from AC-Stark shift Ramsey measurements on the same pairs of qubits. We verify
the nearest-neighbor exchange interaction rates using two independent experiments: (i)
AC Stark-shift Ramsey to observe J;; (Fig. 6), and (ii) coherent exchange dynamics ob-
tained by Stark-shifting one qubit into resonance with its neighbor (Fig. 7), and observe

very similar results.
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Figure 7 Nearest-neighbor coupling verification via time-domain SWAP dynamics. Coherent exchange
dynamics are used as an independent verification of the nearest-neighbor exchange interaction rates. In (a),
Q10 s initially excited and Stark-shifted into resonance with Q11, resulting in a coherent swap oscillation
between the two qubits. In (b), the same procedure is repeated for the Q6-Q10 pair; the measured population
dynamics show a coherent exchange of excitation, and the observed SWAP frequency is consistent with the
coupling rate extracted from the corresponding AC Stark-shift Ramsey measurement (Fig. 6)

In addition, in Fig. 5(b), the same measurements are performed on diagonal pairs of
qubits that are not directly connected by a capacitive arm, in which any measurable resid-
ual coupling represents crosstalk in this case. This long-range interaction arises from
higher-order virtual processes or enclosure-mediated parasitic effects. We report a rep-
resentative set of non-nearest-neighbor pairs that could be tuned into resonance within
a moderate AC-Stark drive range, and since all such measurements yield couplings near
our sensitivity limit, we expect other non-nearest-neighbor pairs, subject to the same de-
vice design and microwave environment, to exhibit similarly negligible residual interac-
tions. In Fig. 5(b), we observe no long-range couplings across the lattice as one qubit is
Stark-shifted across multiple adjacent qubits in frequency and space. The same observa-
tion is seen on multiple other cases summarized in Table 2. All measured values represents
the frequency fluctuations from Ramsey as shown in the inset measurements in Fig. 5(b),
which all remain significantly lower than the measured couplings for nearest neighbors,
indicating that parasitic crosstalk is very small in the device. This supports the observation
that the dominant couplings in the device are the deliberately engineered nearest-neighbor
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Table 2 Characterization of the non—nearest—neighbor% crosstalk from anticrossings using AC-Stark

shift Ramsey

Qubits Wq, /210 Wag/ 2T AVY: Std-Dev
pair MHz MHz MHz MHz

Qs — Q> 4795.6 48248 29.2 0.00507
Qs - Q1o 48248 4817.2 7.6 0.01200
Qs -Qn 4855.1 48354 19.7 0.03927
Qg -Q1o 4829.5 4817.2 12.3 0.00807
Qi10-0Qi6 4817.2 47928 243 0.00662

a) Individual (EPG)15=7.3e —04 b) Simultaneous (EPG)16=9.8e — 04

.01

Normalized EPG (1072)
°

c)

Figure 8 Single-qubit gate errors. (a) Individual and (b) four-fold simultaneous error-per physical gate errors
(EPG) with median values across the device compared to coherence-limit physical gate errors (CLG) in (c).
Measurements of EPG is done by randomized benchmarking on XY Clifford decomposition for both
individual and simultaneous measurements across the lattice. Each coupling J;; across the lattice is shown
with the colored bar representing the coupling strength between qubits. (d) Device schematic illustrating the
mapping of each qubits’ subset in (c) when driven simultaneously across the lattice

interactions and that spurious or long-range crosstalk can be kept well near the intrinsic
frequency fluctuation levels of each qubit (see Fig. 4(c)).

3.2 Single-qubit gate errors

Single-qubit gate errors across the device are shown in Fig. 8, evaluated through random-
ized benchmarking (RB) [75, 76]. Figure 8(a) shows the error-per-physical-gate (EPG) val-
ues for individual qubits, while Fig. 8(b) shows simultaneous measurements on four-qubit
sets across the lattice. RB experiments were conducted using an XY -Clifford decompo-
sition for both individual and simultaneous gate errors. The resulting error rates were
obtained by applying a combination of 60 ns duration (consisting of 50 ns Blackman enve-
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lope with 10 ns buffer) of I, X, o physical gates, combined with derivative removal gate
(DRAG) pulse shaping [77] and virtual Z gates [78]. Single-shot readout was performed
during all RB experiments with readout time of 8 us.

For both individual and simultaneous RB, each experiment was performed with 16
different Clifford sequences with total sequence length of 1000 gates and with each se-
quence repeated for N = 10 distinct Clifford gates. Each of the 16 x 10 experiments
was performed on every qubits for both individual and simultaneous RB (see supple-
mentary materials). The EPG values obtained from these experiments are summarized
Fig. 8(a) and (b). To compare the measured gate errors with coherent limits, the coherence-
limited EPG (denoted as CLG) is shown in Fig. 8(c) and calculated using the expression
CLG = (3—exp(—t,/T1) —2exp(—ts/ T2£))/6 [66], where £, is the total duration of each phys-
ical gate (60 ns), and T; and T, represent the relaxation and echo coherence times, re-
spectively. This theoretical limit provides a benchmark to evaluate the fidelity of the single-
qubit gates in relation to the intrinsic coherent errors. We observe very low median gate
errors across the lattice and comparable EPGs on both individual and simultaneous RB ex-
periments except for the pair of qubits Q3-Q, in which both qubits have higher errors due
to the fact that this pair has very low detuning of 2.25 MHz (see Fig. 2(b)). Importantly, we
observe comparable simultaneous (to individual) single-qubit gate errors across the lat-
tice, despite the presence of always-on qubit-qubit coupling. This shows that correlated
errors arising from residual crosstalk remain suppressed in the device, indicating minimal
error propagation between qubits during simultaneous gates operations. While a fully si-
multaneous 16-qubit single-qubit RB experiment would constitute an even more stringent
test, however, since long-range parasitic couplings beyond the nearest-neighbor manifold
are strongly suppressed (Fig. 5) and are near or below our measurement sensitivity, we
expect the difference between 4-qubit simultaneous RB and fully simultaneous 16-qubit

RB to be negligible in this architecture.

3.3 Two-qubit interactions and CZ gates

We implement entangling operations between fixed-frequency transmon qubits in the lat-
tice by using the Stark-induced ZZ by level excursions (siZZle) technique [79, 80] to boost
static ZZ coupling. Here, we use two additional off-resonant drives to induce parametrized
shifts in the energy levels of a two-transmons system as shown in Fig. 10(a). This approach
modifies the native ZZ interaction and can be used to tune up a controlled-Z (CZ) gate
by driving each transmon with a detuned microwave tone. The two simultaneous off-
resonant drives on the two qubits shift the energy levels of the system and, through the
capacitive coupling, modify the effective ZZ rate between the qubits. The modified ZZ
rate vz can be approximated as [81]:

2Japor; 2021 cos(go — 1)
AoaA1a(Dog + o) (Arg +ar)

(6)

Vzz = Vzzs +

where vzz; = ¢ denotes the static ZZ interaction rate in Eq. (3), &g and «; are the anhar-
monicities, / is the effective exchange (hopping) interaction rate, and 29, Q1, Ao, A1,4, Po
and ¢; denote the drive amplitudes, detunings to each qubit, and relative phases of drives,
respectively. In principle, the effective Uz rate can be boosted or canceled depending on
the sign of the additional driving term. The calibration of a CZ gate based on the siZZle
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Figure 9 Two-qubit interactions and CZ gate Calibration. (a) Two-dimensional parameter sweep of Stark
drive frequency and amplitude, showing the response of the control qubit used to infer interaction stability.
(b) Corresponding measurement on the target qubit, capturing the differential phase accumulation due to Z2Z
interaction. These scans are used to map out the interaction landscape and identify regions of coherent
dynamics. (c) Measured modulation of the ZZ interaction rate as a function of the relative phase difference

A = ¢ — ¢ between the two off-resonant drives. (d) ZZ interaction strength as a function of
equal-amplitude off-resonant drives applied to both qubits, used to extract the optimal amplitude

interaction requires optimizing the drive parameters such that the total ZZ-induced phase
accumulation during the gate operation equals 7 /4.

We set the two drive amplitudes to be relatively equal to Qconsror = ¥ Qyarger, for maximum
Vzz while observing a clean interaction, and r here is the ratio between the amplitudes of
the single-qubit X, pulses for the control to the target qubits. We have found this rela-
tion takes into account the asymmetries between the two drive amplitudes, introduced
by cabling or room-temperature electronics. The relative phase between the two drives
was found to be near-optimal in our setup and was set to be A = ¢y — ¢; = 0 during CZ
gate calibration. See supplementary materials for more details about tuning up two-qubit
interactions and calibrating CZ gates. Pulse sequence for siZZle gate calibration is shown
in Fig. 10(a). The siZZle gate is implemented using two off-resonant Stark drives, with
interleaved and final single-qubit 7 pulses to cancel unwanted single-qubit phase accu-
mulation. A dashed line on the single-qubit pulse on the control in Fig. 10(a) denotes that
the experiment is run both with and without exciting the control. The calibration of a
CZ gate based on the siZZle interaction, it requires optimizing the drive parameters such
that the total ZZ-induced phase accumulation during the gate operation equals /4. This
involves first tuning up the frequencies of the off-resonant drives to achieve optimal de-
tunings Ao, and A; 4 from the qubits’ transitions, selecting both optimal amplitudes (2
and ;) and phase difference (A = ¢g — ¢1) between the off-resonant drives to maximize
the Vzz rate, and finally working the gate duration out of the optimal Uz, rate.

To tune the ZZ interaction more precisely, we perform a two-dimensional parameter
sweep over the Stark drive frequency and amplitude shown in Fig. 9, building a coarse
map of the ZZ interaction rates. Although directly measuring the ZZ rate at every point
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Figure 10 Two-qubit interactions and CZ gates Calibration. (a) Pulse sequence implemented to tune up
two-qubit ZZ interactions based on the siZZle technique. Two-qubit ZZ-induced phase accumulation on
target qubit for calibrating a CZ gate on Q, (control) and Q7 (target) as function of AC pulse width is shown in
(b) and as function of gate count is shown in () after setting up an optimal gate duration. Two-qubit
randomized benchmarking and Bell state preparation between Q, and Q; are shown in (d), and between Q;
and Qg are shown in (e). (f) Shows preparation of GHZ state between Q;, Q, and Qg, demonstrating a
multi-qubit entanglement across the lattice

would be ideal, it is experimentally very expensive. Instead, we fix the Stark pulse dura-
tion at 1 us and use the Hamiltonian tomography sequence in Fig. 10(b), recording the
differential phase accumulation on the target qubit on (Y) basis when the control qubit

is initialized in either the ground or excited state. This entire mapping procedure takes
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roughly 12 hours and yields the background for the interaction landscape over a wide
range of parameters. Following this, we analyze both the control qubit (in Fig. 9(a)) and
target qubit (in Fig. 9(b)) dynamics to identify the optimal parameters for high-contrast,
coherent interactions. The calibration procedure begins by selecting an initial set of Stark
drive parameters. Specifically, a drive frequency and amplitude are first selected to observe
an initial ZZ interaction. This assessment is carried out using Hamiltonian tomography
followed by repeated gate tomography, as illustrated in Fig. 10(b) and (c), respectively.
Non-optimal parameters typically lead to unstable or noisy oscillations in the expectation
values. In such cases, the parameters are iteratively adjusted until clean, stable oscillations
are observed. Once stability is achieved, an automated fitting routine is used to extract
the optimal gate duration to proceed to the calibration of a CZ entangling gate used for
tuning up a CNOT gate for preparing Bell and GHZ states [82—-84]. In Fig. 10(b), pulse
width Hamiltonian tomography on the target qubit is shown to extract the ZZ interac-
tion. The duration of the Stark pulse here is swept while monitoring the phase evolution
of the target qubit. In Fig. 10(c), repeated gate Hamiltonian tomography on the target
qubit is shown. This experiment now uses fixed-duration two-qubit pulses and repetition
blocks to more precisely calibrate the accumulated ZZ phase, which can then be used to
implement an entangling gate. States of the control qubit Q, during ZZ-induced phase
accumulation on target qubit Q; (see in Fig. 10(b)) are shown in Fig. 14 in supplementary
materials.

We verified the calibrated CZ gate by interleaving it into a two-qubit randomized bench-
marking (RB) sequence [85, 86], performed on multiple pairs across the lattice as shown
in Fig. 10. The single-qubit gates here were optimally calibrated with 20 ns duration (con-
sisting of 16 ns Blackman envelope with 4 ns buffer) of X, physical gates, combined
with derivative removal gate (DRAG) pulse shaping [77] and virtual Z gates [78]. Single-
shot readout was also optimized during all two-qubit experiments with a readout time
of 3 us. The gate calibration consists of oberving ZZ-induced phase accumulation during
the gate operation on the target qubits as shown in Fig. 10(b) and (c). The performance
of the CZ gates was further complemented by the direct preparation of entangled Bell
states between two qubits (in Fig. 10(d) and (e)), and preparation of GHZ state between
three qubits across the lattice as shown in Fig. 10(f). For the first pair in Fig. 10(d) con-
sisting of Q; (control) and Q7 (target), we achieve CZ gate fidelity of 95.15 + 1.76 % for a
total gate time of 7, = 3.266 us, resulting in an average Bell state fidelity of 93.56% mea-
sured by two-qubit state tomography. For the second pair in Fig. 10(e) consisting of Q;
(control) and Qg (target), we achieve CZ gate fidelity of 96.44 + 1.78 % for a total gate
time of 7, = 2.623 us, resulting in an average Bell state fidelity of 90.0% measured by
two-qubit state tomography. Finally, the prepared GHZ state between Q;, Q; and Qg in
Fig. 10(f) has an average GHZ state fidelity of 83.88% measured by three-qubit state to-
mography.

Finally, we note that demonstrating state-of-the-art two-qubit gate fidelities is not the
primary goal of this work. Rather, we include representative CZ benchmarks to validate
that the low-crosstalk packaging supports coherent entangling operations across the 16-
qubit lattice. The measured CZ fidelities (95.15% and 96.44%) are obtained with total gate
times of 7, = 3.266 us and 2.623 us, respectively, and are therefore largely limited by deco-
herence over the gate duration. In our fixed-frequency, fixed-coupling architecture the ef-
fective siZZle interaction rate is intentionally kept moderate, set by the relatively weak ca-
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pacitive coupling and by choosing conservative off-resonant drive detunings/amplitudes
to maintain interaction stability and suppress leakage. Within our measurement sensitiv-
ity, we did not observe additional dynamic crosstalk signatures during the AC Stark drives
(e.g., resolvable spectator-qubit AC-Stark shifts requiring compensation) beyond the low
intrinsic frequency fluctuations of the device. Improving coherence, increasing the effec-
tive interaction rate, and further pulse-shape optimization are expected to push these CZ
fidelities toward the state-of-the-art in future generations.

4 Conclusion

We have demonstrated a scalable 4x4 square lattice of 16 fixed-frequency transmon qubits
with nearest-neighbor capacitive coupling, implemented in a tileable, 3D-integrated
cQED architecture with a particular focus on suppressing long-range parasitic couplings.
The device achieves well-targeted qubit frequencies with very low spreads across two
distinct frequency groups. We characterized coupling and long-range crosstalk using
both static ZZ shifts and direct anticrossing measurements, confirming that inter-qubit
couplings remain localized, with negligible long-range parasitic interactions. Simultane-
ous randomized benchmarking shows low single-qubit gate errors and comparable to
individual gate errors, with median error rates approaching coherence-limited errors.
These results validate our design approach and present a practical architecture for scal-

ing superconducting quantum circuits with low crosstalk and robust qubit connectiv-

ity.

Appendix: Supplementary materials

Superconducting quantum circuits are commonly fabricated using thin-films of alu-
minum, niobium, or titanium alloys on silicon or sapphire substrates [17]. The most criti-
cal components of these circuits are Josephson junctions, which when shunted with large
capacitors, can form the widely used type of superconducting qubits known as the trans-
mon [87]. The fabrication process of these junctions can vary based on the junction size
controlled by electron-beam lithography exposure dose, oxidation parameters, and metal
evaporation pressure. In our study, we employ a double-sided fabrication on a double-side
3-inch polished intrinsic silicon wafers, involving multiple lithography steps, thin-film de-
positions, and protective resists to ensure high-quality surfaces and interfaces on both
sides during the fabrication process. The qubits and resonators are fabricated on oppo-
site sides of the silicon substrate and capacitively coupled through the bulk substrate. The
coupling strength is primarily determined by the substrate thickness and the geometry of
the capacitive pads of both the qubit and the resonator [62].

A.1 Fabrication process

The detailed steps of the fabrication process are described [18, 86, 88], with relevant design
parameters given in Table 3. Spin-coating a protective photoresist layer on the backside
is critical in double-sided fabrication process to protect the wafer and prevent additional
contamination. The resonators side is patterned first while the qubit side is covered with
photoresist, followed by cleaning the photoresist and spin-coating another protective pho-
toresist layer on the resonators side and patterning the qubits side.
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Table 3 Geometric design parameters of relevant parts of the device shown in Fig. 1

Geometric parameter Symbol Standard value

Spiral line width s 5pm

Al thin film thickness t 100 nm

JJ thin film thickness d (27-30) + 70 nm
Si substrate thickness h 500 pm

A.1.1 Wafer cleaning

The fabrication process starts with cleaning a high-resistivity (> 10K - cm) intrinsic sil-
icon wafer using a 10:1 buffered oxide etch (BOE) solution of hydrofluoric acid and am-
monium fluoride to remove native oxides and contaminants. After etching, the wafers are
thoroughly rinsed with ultrapure deionized water, dried with nitrogen gas, and promptly
transferred (within 5 min) to minimize re-oxidation before thin-film deposition.

A.1.2 Aluminum thin-film deposition

Immediately after water cleaning, the wafer is immediately loaded in Plassys MEB550S2
at ultra-high vacuum (UHV) and is baked up to 200°C for 10 min. After which a layer of
100 nm of aluminum is deposited at rate of 1 nm/s on the substrate through UHV electron-
beam evaporation under controlled temperature and low-pressure conditions, with a base
pressure down to 10~ mbar and an evaporation pressure of around 10~® mbar, ensuring
high purity and uniformity of the thin film. The deposition rate and substrate temperature

are carefully controlled to ensure smooth thin-film growth for optimal grain structure.

A.1.3 Photolithography and micro-scale circuit elements

A positive photoresist AZ 1514 H is spin-coated onto the wafer and then exposed to ultra-
violet light through a chrome photomask that defines the desired circuit patterns. After
development with AZ 726 MIF developer solution, the exposed areas of aluminum are
revealed for etching. The aluminum is then selectively etched away using a wet etching
process to define the circuit elements. An aluminum etchant Alfa Aesar 44581 solution
and water are used to achieve anisotropic etching with optimal selectivity to minimize
remaining aluminum defects. This step creates the micro-scale features of the circuit, in-
cluding capacitors, inductors, and coupling interconnects. Immediately after the etching
process, residual resist is removed using DMSO.

A.1.4 Electron-beam lithography and nano-scale Josephson junctions

For the nano-scale features, high-resolution electron-beam lithography (EBL) is used to
define the Josephson junctions. The junctions are fabricated using the Dolan bridge tech-
nique [89], which involves double-angle evaporation of aluminum to form the tunnel bar-
riers, followed by careful removal of excess aluminum through a lift-off process. A bilayer
resist structure is employed, consisting of a copolymer (MA/MMA) and a polymethyl
methacrylate (PMMA) layer, to create an undercut profile necessary for the shadow evapo-
ration process. After spin-coating the resist, EBL is carried out in a JEOL system at 100 keV,
using aperture Ap4 size 2 nA - 60 um? for small features and Ap8 size 100 nA - 300 pm?
for large features, with doses typically around 1500 1+C/cm?. Following the exposure, the
critical features are then developed using a mixture of IPA/MIBK mixture in a 3:1 ra-
tio.



Alghadeer et al. EPJ Quantum Technology (2026) 13:19 Page 18 of 26

After EBL patterning, the wafer is loaded into the Plassys MEB550S2. Prior to deposi-
tion, an argon (Ar) ion milling is performed for 1 min (voltage 400 V, acceleration volt-
age 90 V/s, current 15 mA) to remove any residual contaminants and native oxides from
the metal and substrate surfaces, ensuring a clean interface for the subsequent aluminum
deposition. The first layer of junction is then deposited at an angle of 60° from normal
incidence, depositing 60 nm of Al at a rate of 0.5 nm/s. Due to the deposition angle, the
effective thickness of the deposited film is approximately 27-30 nm. Following the first
deposition, an in situ controlled static oxidation inside Plassys is performed, typically for
5-10 min at an oxygen pressure of 5-10 mbar, depending on the target junction resistance.
This controlled oxidation forms the thin insulating barrier of aluminum oxide essential for
the tunnel junction. After pumping back down to UHV conditions, the second layer of alu-
minum is deposited at normal incidence (0°), depositing 70 nm of Al at a rate of 0.5 nm/s,
effectively completing the Josephson junction structure. Precise control over the oxidation
parameters, such as oxygen pressure and exposure time, is critical to achieve the desired
tunnel barrier properties and, consequently, the critical current of the junction [89]. Fol-
lowing evaporation, a lift-off process is carried out in a DMSO solution at 80 °C for around
2 hrs and immediately followed by thoroughly rinsing with ultrapure deionized water and
drying using nitrogen gas.

A.15 Post-fabrication milling, dicing and packaging

The wafer is next spin-coated with a protective layer of AZ 1514 H photoresist on both
sides to protect the surfaces during milling and dicing. For milling, a central aperture of
500 pm diameter is drilled with a diamond micro-grinding tool using a Loxham Preci-
sion 116 micro-machining system. These micromachining steps require careful handling
to avoid introducing contamination or mechanical damage on the wafer, which could lead
to additional defects. After milling, the wafer is diced into individual square dies of ap-
proximately 10 mm side length using a Disco DAD3430 dicing saw. A diced chip is then
mounted into a sample holder and prepared to be installed into a cryostat for microwave

measurements.

A.2 Experimental setup

The experimental setup operates at a base temperature of ~ 15mK using a *He/*He di-
lution refrigerator. The control and readout of qubits are facilitated by the wiring con-
figurations shown in Fig. 11. For qubit control, microwave pulses are synthesized directly
using QubiC system [90, 91]. The pulses are carefully shaped for single and two-qubit gates
to align at the desired frequencies. For readout, reflected signals from the resonators go
through amplification and down-conversion and are then captured by Analog-to-Digital
Converters (ADCs) connected to the FPGA for measurements and further data analysis.
The system is equipped with cryogenic attenuators and low-pass filters along the input
lines to minimize thermal noise and spurious signals reaching the qubits. Output lines
are similarly configured with isolators and cryogenic HEMT amplifiers to preserve signal
integrity and maintain high signal-to-noise ratio throughout the measurement chain.

A.3 Additional device parameters

The following are the full datasets used to produce the results presented in the main text
and more device parameters. Additional device parameters are visualized in Fig. 12 and
given in Table 4.
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Table 4 Basic Device Parameters and microwave characterization. w,/2 and wg/27 are frequencies
of the readout resonator and qubit, respectively. Q; is the internal quality factor of the resonator, and
Kext IS the external coupling rate. x is the qubit-resonator dispersive shift, and « is the qubit
anharmonicity. Qubits relaxation and coherence times Ty, Tog and Ty¢ are averaged over 400
repeated measurements

Parameters w/2m wg/2m O Kext X o (1) (Tar) (T2)
Qubits MHz MHz 10* MHz  KHz MHz s S LS

Q 99974  4888.2 117 26 -200.0 -1966 126£18 10712 124+23
Q; 93860 47956 118 13 -2250 1972 89+13 56+15 86+ 12
Q3 9299.2 48075 65 1.8 -2000 -1962 616 44 +5 102+£18
Q4 8649.5 48098 53 28 -200.0 -1986 54+9 39+14 97 +20
Qs 87556 48553 3.1 0.8 -2250 -1964 68+£10 38+4 45+10
Qs 92206 48248 64 0.5 -2250 1940 63«7 49+4 68+ 10
Q7 9474.2 49285 10.8 17 -175.0 -195.6 77£12 45+ 12 82+15
Qs 99086 48295 58 20 -1750  -1972 63«8 32+7 71+8
Qo 98023 49634 78 44 -2500 -1950 24«7 24+5 33+9
Q1o 95354 48172 73 32 -200.0 -1969 51£10 35+9 63+17
Qn 91128 48354 165 14 -1750  -196.1 74+7 49+3 78+13
Q12 88518 47773 114 09 -2500 -1964 92+24 57+ 11 76+15
Q13 89432 48840 167 16 -1750  -1953  102+13 637 107 £22
Qg 90253 48552 93 14 -1750  -1970 56+£12 56+ 10 60+ 15
Q15 96455  5040.2 73 1.7 -2250  -196.1 55+7 58+9 65+9
Qi 97287 47928 246 27 -1750 -1975 60+£6 46+ 4 65+9
Statistics

Max 99974 50402 246 44 -1750  -1940 126 107 124

Min 8649.5 47773 3.1 0.5 -2500 -1986 41 32 45

n (Mean) 93335 48565 10.1 1.9 -2031 -1964 71 51 78

o (Std. Dev) 40712 - 53 0.96 263 1.1 21 17 20
o/v/N(N=16) 1018 - 13 0.2 6.6 0.3 5 4 5

A.4 Single-qubit gate calibration

Randomized benchmarking (RB) [75, 76] experiments were conducted using an XY-
Clifford decomposition for both individual and simultaneous four-qubits gate fidelities.
Detailed single-qubit gate fidelities are given in Table 5 and Table 6, and shown in Fig. 13
with an example of RB measured trace on Q; shown in Fig. 13(d).

A.5 Two-qubit interaction and gate calibration

Figure 14 shows the measured state of the control qubit Q, during the ZZ-induced phase
accumulation used to calibrate the CZ gate with target qubit Q;. During the Hamiltonian-
tomography calibration sequence, we monitor the control-qubit response in both the (X)
(a) and (Y) (b) bases while the Stark drive parameters are applied and the target-qubit
phase evolution is measured (see the corresponding target-qubit data in Fig. 10(b) and
(c)). This measurement serves as a direct diagnostic of drive-induced disturbances on the
control qubit: any significant rotation, loss of contrast, or additional oscillatory structure
would indicate unintended excitation and/or leakage of the control qubit during the in-
teraction. In the operating regime used for the reported CZ calibration, the control-qubit
traces remain stable and consistent with the intended control-state preparation, indicat-
ing that leakage of the control qubit during the ZZ phase-accumulation process is low. We
therefore use this control-qubit monitor as a check to confirm that the chosen Stark-drive
operating point yields coherent interaction dynamics without introducing control-qubit
leakage or spurious drive-induced effects.



Page 21 of 26

13:19

(2026)

Alghadeer et al. EPJ Quantum Technology

£56'66 S0-36/SY ¥0-39%/L Y 9C6'66 S0-306t'L ¥0-361¥'/L 598'66 70-3/9¢°L €0-3€5¢°L oo
1S6'66 G0-3€S8Y ¥0-3868'1 [Y6'66 S0-3210% 70-381€'S €06'66 S0-3lees 0-370L'6 °l0
66’66 S0-36/1°6 #0-3¢CL'S 9C6'66 SO-36v¥ ¥0-39¢¥'L 598'66 50-3£0C8 €0-356¢°L vio
/666 S0-3EV0 ¥0-3058'¢C 60666 G0-390£'9 v0-3¢CL'L 0/866 Y0-3vCCL €0-366C L €0
£96'66 S0-9¢¢6'S #0-30¢/°¢ 996'66 50310’ 70-3€8¢°¢ 8€6'66 S0-318l6 70-3€£19 e}
196'66 SO-Iory ¥0-3L16€ S8'66 70-3185'L €0-3/¥S'L 8166 ¥0-3588¢C €0-31¢8¢ Ho
616’66 S0-366£'6 #0-38€1°G 796'66 S0-390%'9 ¥0-36C9°¢ 7£6'66 70-3691°L 70-41¢99 0o
86866 0-3950°C €0-3¥C0'L €16'66 S0-300%'% ¥0-361L'8 L7866 G0-31€0'8 €0-3165°L 50
956’66 S0-3€9/°¢ #0-390% 77666 S0-30¢r'e ¥0-30€9°G /6866 S0-3¢¥C9 €0-32¢0'L 80
£96'66 G0-3€06% ¥0-36€L'€ £96'66 S0-3196'6 Y0-3CLLE (€666 70-3818'L ¥0-3€£L9 ‘0
£56'66 S0-3¢99% ¥0-3¢/9Y 77866 70-38¥L°L €0-3795°L Sl/66 #0-3960°C €0-3¢S8¢C °0
L76'66 70-3C10°L ¥0-3616'S £56'66 S0-3LE0Y YO-3LLL Y 71666 S0-1/5€/ ¥0-3565'8 0
196’66 S0-3485C°S 70-3Gl6°¢ 8EE'66 €0-39¢es’L €0-4¢C99 56/'86 €0-3£4/LC ¢0-350¢°L o)
o666 §0-490£°9 ¥0-3G4¢€°G (68'86 €0-30829 ¢0-4801°1 986'£6 [dOEVASA C0-3710°¢ €0
£96'66 S0-498C°S #0-3689°¢ 19866 70-318¢°L €0-488¢°L LY¥/'66 0-30¢5°¢C €0-31€S¢C ©
68666 S0-30€/L'L FO3LLLL £66'66 §50-4€6€9 S0-30¥9°9 88666 70-3/91°L 70-3CLCL '0
% 10413 31e0 Jad Joug Wil 'yod % 10413 31e0) |edIsAyd 4ad Jolig % Jjou113 310 ploylD Jad Jou3 SUgND
s lou3 971D 510 odiL 10113 543 5d3 AL 10413 Dd3 Dd3 sio1sweled

syNsal gy sugnb [enpiaipul § 3jqeL



Page 22 of 26

13:19

(2026)

Alghadeer et al. EPJ Quantum Technology

€56'66 S0-36/45Y ¥0-39%/L 866 70-381/°L €0-3195°L SLL66 ¥0-35€L°E €0-9818'¢C °lp
15666 S0-3€98Y 70-38681 0¢6'66 S0-4S6L°S ¥0-3556'/ 55866 50-480%'6 €0-3LstL 5o
6¥6'66 S0-36/416 ¥0-3¢CLl'S 69866 S0-I/69 €0-320¢€°L 9/°66 Y0-3€LC°L €0-3€8€°¢ Yo
1/6'66 SO-3EV0Y #0-3058°¢C Y666 SO-I0'S ¥0-366¥'G 006’66 50-390C6 €0-3€00°L )
€96'66 S0-3¢C6'S ¥0-30C/°¢ 71666 S0-369¢€6 ¥0-38/58 866 ¥0-301/°L €0-359¢°L ao
196’66 SO-Iory 70-3/16°¢ 19866 50-3£0€8 €0-4£8¢€'L YAZA) 70-391G°L €0-36¢5°C 1o
61666 S0-366€6 ¥0-38€1L°S 10666 #0-3985°L ¥0-36/8'6 0¢8'66 ¥0-3768°C €0-3¢08°L 0lp
86866 #0-3950°¢C €0-37C0'L 568'66 SO-3E¥6'9 €0-3/¥0'L 60866 ¥0-3/9C'L €0-3606'L 50
956'66 §0-3€9/°¢ ¥0-390% % 9€6'66 §0-39€8°S ¥0-3C1¥'9 £88'66 #0-3590°L €0-30£1°L 80
£96'66 S0-3€06'% 70-36€L°€ or6'66 S0-3¢el’L ¥0-3CEV'S 106’66 #0-300¢°L 70-3C16'6 o)
£56'66 S0-3¢99% ¥0-3¢L9Y €166 70-3¢eEE €0-30£8¢C L/Y'66 #0-31809 €0-31€CS °0
L¥6'66 #0-3C10°L 70-3616'G 8€6'66 S0-48¢Cy ¥0-3¢€C9 98866 SO-3L1LLL €0-3/¢elL 0
19666 S0-485C°S ¥0-35l6°¢ 988'86 €0-3906'¢ Co-arLLL 9/6'/6 €0-48¢1/ C0-3¥C0C o)
96’66 S0-490£°9 70-3G/¢°G €CE66 €0-329C1 €0-454/°9 £9/'86 €0-3¢lecC c0-3eecL £
€96'66 §0-398C°S ¥0-3689°¢ c06'66 70-3768°L ¥0-389/'6 866 ¥0-395¥°¢€ €0-9¢8/'L ©
68666 S0-30€/'L 7O-3LLLL 196’66 S0-366C°9 ¥0-36l6°¢ 8C6'66 70-367 1L 70-3¢S 1/ '0

% 10113 21e9) Jad Jou3 ‘Wi 'yod % Jj0113 31e9) |edIsAyd Jad o113 % J0113 21e9) paoyD Jad tou3 SUgND

£ 1043 951D 51D £ Jol3 Hd3 5d3 kA 1043 Ddd Jd3 Slolowieled

s1nsal gy 39S Ugnb-Inoy snoaueyNWIS 9 ajqel



Alghadeer et al. EPJ Quantum Technology (2026) 13:19 Page 23 of 26

a) Individual (Ferc)is = 99.93% b) Simultaneous (Feps)1s = 99.90%
99.99

99.70

99.30 0.8

®99.00

0.6
98.70

98.30

98.00

c)

0.8

Population

0 200 400 600 800 1000
Sequence length

Figure 13 Single-qubit gate fidelities. (a) Individual and (b) simultaneous error-per physical gate fidelities
Fepg with median values across the device compared to coherence-limit physical gate fidelities F¢ in (c).
Measurements of each gate fidelity is done by randomized benchmarking on XY Clifford decomposition for
both individual and simultaneous measurements across the lattice with example of RB measured trace on Q;
shown in (d). The coupling across the lattice is shown with the colored bar representing the strength
between each qubit
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Figure 14 Two-qubit interactions and CZ gate Calibration. States of the control qubit Q, during ZZ-induced
phase accumulation on target qubit Q; during (X) measurements in (a) and (Y) measurements in (b), for
calibrating a CZ gate between Q; and Q. See the corresponding (X) and (Y) measurements on the target
qubitin Fig. 10(b) and (c)
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