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Fluxonium qubits combine long coherence times with strong anharmonicity, making them a
promising platform for scalable superconducting quantum processors. Recent experiments have
demonstrated high-fidelity operations in multi-qubit processors while suppressing stray qubit inter-
actions using fluxonium—transmon—fluxonium (FTF) architectures. However, scaling such systems
to larger arrays is constrained by a trade-off between achievable coupling strength, crosstalk sup-
pression and qubit—qubit spacing required for wiring in a two-dimensional architecture. Multimode
couplers, such as the double-transmon coupler (DTC), provide a promising pathway to overcome
this limitation by enabling stronger interactions without compromising qubit spacing and isolation.
Here, we develop a quantitative design framework for fluxonium-based quantum processors employ-
ing DTCs. Central to this work is a frequency-partitioned architecture that places qubit transitions,
tunable-coupler excitations, and resonator modes in well-separated spectral regions. This struc-
tured allocation reduces parameter interdependence and enables the concurrent optimization of gate
operations, readout, and qubit reset. By formulating device design as a multi-objective optimiza-
tion problem under realistic experimental constraints and fabrication-induced disorder, we develop
a tractable sequential workflow and determine a feasible parameter regime that simultaneously
supports high-fidelity single- and two-qubit gates, fast qubit reset, and robust dispersive readout.
Within this framework, we further identify key design principles for scalable operation, including
strong qubit—coupler capacitive coupling to suppress leakage during microwave-activated gates, and
a large frequency detuning between the coupler’s on- and off-modes to mitigate spectator-induced
crosstalk during parallel operations. These results establish a system-level architectural method-
ology that links circuit parameters to processor-level performance, and provide an experimentally

actionable pathway toward scalable fluxonium quantum processors.

I. INTRODUCTION

Achieving scalable superconducting quantum compu-
tation is essential for fault-tolerant quantum informa-
tion processing. Over the past decade, this effort has
largely converged on architectures based on transmon
qubits [1], whose relative simplicity, robust design, and
ease of integration have enabled landmark demonstra-
tions of quantum advantage [2, 3] and the implementa-
tion of quantum error-correction protocols [4-7]. Despite
this progress, scalability remains fundamentally limited
by the competing demands of strong, controllable interac-
tions and strict qubit isolation in multi-qubit systems. In
transmon-based architectures, weak anharmonicity com-
bined with dense capacitive coupling gives rise to spectral
crowding and drive-induced crosstalk that intensify with
increasing system size. While tunable couplers [8] miti-
gate static interactions, high-fidelity parallel operations
rely on extensive multi-qubit calibration to compensate
for spectator-dependent errors [9, 10]. This reliance in-
troduces a calibration overhead that scales unfavorably
with system size, reflecting a fundamental constraint on
scalable operation.

Alternatively, fluxonium qubits [11] operate in a dis-
tinct regime characterized by exceptionally large an-

* dengchunging@quantumsc.cn
T jinlijing@quantumsc.cn

harmonicity, strongly suppressed low-frequency charge-
dipole matrix elements, and intrinsically enhanced re-
silience to environmental noise. These properties en-
able long coherence times [12, 13] and intrinsically sup-
press unwanted interactions within the computational
subspace. Recent experiments have demonstrated high-
fidelity two-qubit gates between fluxonium qubits medi-
ated by transmon-based couplers [14]. However, it re-
mains unclear whether these coupling strategies can be
extended beyond few-qubit demonstrations toward scal-
able quantum processor architectures. Although one-
dimensional chains have recently been realized [15], gen-
eralization to two-dimensional grids introduces new ar-
chitectural constraints, including increased qubit spacing
for control wiring and the simultaneous need to preserve
strong, tunable interactions among neighboring qubits
without incurring additional crosstalk or calibration over-
head.

These considerations motivate an alternative archi-
tectural paradigm beyond single-mode coupler designs.
Here we pursue this direction by integrating fluxonium
qubits with a double-transmon coupler (DTC). The DTC
mediates long-range, tunable interactions while intrin-
sically suppressing microwave leakage and spectator-
induced crosstalk, and it further preserves effective iso-
lation between computational and noncomputational
modes [29-35]. When combined with the distinctive
spectral structure of fluxonium qubits, this architecture
enables structured frequency allocation, reduces param-
eter interdependence, and improves robustness against
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Architecture Coupling and Gate Advantages Bottlenecks

F-F Capacitive; Long coherence; low leakage Always-on ZZ interaction; high
iISWAP, CR [16-18] wiring density

F-F Inductive or Long coherence; low leakage Flux crosstalk; high wiring density
Inductive + Capacitive;
CR, CZ [19-23]

F-R-F Resonator mediated; Long-range coupling; low wiring Always-on interaction
MAP, RIP [24, 25] overhead

F-T¢—-F Grounded transmon mediated; Strong, tunable coupling Microwave crosstalk, high wiring
MAP [14, 26, 27] density

F-Tp—F Floating transmon mediated; Reduced spectator crosstalk Weak coupling strength
MAP [28]

F—-DTC—F Double-transmon mediated; Strong, controllable interaction; Multi-parameter optimization; de-

(this work)  MAP

intrinsic suppression of microwave
and spectator induced crosstalk

sign complexity (central focus of
this work)

TABLE I. Comparison of representative fluxonium-based multi-qubit architectures. Architecture components are abbreviated
as follows: F, fluxonium; R, resonator; T, grounded tunable transmon; Tr, floating tunable transmon; and DTC, double-
transmon coupler. Gate schemes are abbreviated as follows: CR, cross-resonance; CZ, controlled-Z; MAP, microwave-activated

controlled-phase; and RIP, resonator-induced phase.

fabrication-induced disorder, thereby offering a viable
route toward scalable multi-qubit quantum processors.

Despite these advantages, the rich spectral structure of
fluxonium qubits, together with their pronounced sensi-
tivity to circuit parameters, renders systematic device-
level design inherently nontrivial. In contrast to all-
transmon architectures, where frequency allocation for
qubits and couplers is carried out in a relatively straight-
forward manner, fluxonium-based systems incorporating
multi-mode couplers require a more globally constrained
design strategy in which qubit and coupler spectra are
strongly interdependent. Previous studies have primar-
ily focused on suppressing spectator-induced crosstalk
and enabling high-fidelity two-qubit gates [34]. However,
several practical considerations that become increasingly
relevant in large-scale implementations, such as active
reset protocols, high-fidelity qubit readout, and realis-
tic fabrication-induced parameter variations, are often
not explicitly incorporated. To address these limita-
tions, we develop a quantitative theoretical framework
that directly connects microscopic Hamiltonian parame-
ters to experimentally relevant performance metrics un-
der realistic measurement and fabrication constraints.
Within this framework, we derive explicit design crite-
ria for leakage suppression, crosstalk mitigation, and dis-
order robustness, and identify regimes in which these re-
quirements can be simultaneously satisfied at the system-
design level, thereby providing concrete guidance toward
scalable fluxonium-based quantum architectures.

The remainder of this paper is organized as follows. In
Sec. II, we critically examine existing fluxonium-based
multi-qubit coupling schemes and identify the key limi-
tations that constrain scalability. We then propose the
double-transmon coupler as an architecture capable of

satisfying both the strong coupling needed for fast two-
qubit gates and the isolation requirements for scalabil-
ity. In Sec. III, we introduce the Hamiltonian of the
Fluxonium-DTC-Fluxonium system and formulate the
parameter design as an inverse problem, linking device
parameters to a target set of criteria inspired by DiVin-
cenzo’s standards. In Sec. IV, we develop a systematic,
metrology-informed design framework that explicitly in-
corporates practical calibration protocols into the opti-
mization of circuit parameters. We conclude in Sec. V.

II. FLUXONIUM-DOUBLE TRANSMON
COUPLER-FLUXONIUM ARCHITECTURE: A
SCALABLE BUILDING BLOCK

To realize scalable fluxonium-based quantum proces-
sors, the elementary building block must ensure robust
inter-block isolation, thereby suppressing spurious inter-
actions and preserving the integrity and independent con-
trollability of each subsystem. Specifically, such plat-
forms should satisfy three critical criteria: (1) suppressed
microwave driving crosstalk, ensuring that high-fidelity
parallel gate operations can be executed without exten-
sive calibration overhead or complex pulse-shaping tech-
niques; (2) minimized flux-bias crosstalk, guaranteeing
that tuning a specific element into an operational regime
remains strictly localized and does not degrade the coher-
ence or performance of adjacent qubits; and (3) negligible
spectator-induced crosstalk, ensuring that targeted gate
operations remain entirely decoupled from the states or
dynamics of neighboring qubits. An additional require-
ment is that the spacing between neighboring qubits must
not be excessively reduced, as overly compact layouts in-
troduce substantial routing complexity. This constraint



becomes particularly critical in large-scale quantum pro-
cessors, where wiring congestion and layout limitations
can significantly hinder scalability. Various multi-qubit
architectures have been proposed in the literature, which
can be broadly classified into three main categories: di-
rect coupling [16-23], single-mode couplers [14, 20, 24—
28, 36, 37], and double-mode couplers [34, 38-42]. A
comparative summary of these architectures and their
key characteristics are presented in Table I. In the fol-
lowing, we critically assess these existing paradigms and
propose that the double-transmon coupler (DTC) pro-
vides a uniquely favorable solution, capable of simulta-
neously meeting the stringent requirements stated above.

For direct-coupling architectures, the candidate
schemes are purely capacitive [16-18], purely galvanic in-
ductive [21-23], or a hybrid galvanic-capacitive approach
[19, 20]. Purely capacitive coupling is generally insuffi-
cient as there exists an always-on residual ZZ interac-
tions [16-18]. By contrast, purely galvanic or hybrid ap-
proaches can achieve the sufficiently strong qubit-qubit
interactions and high on-to-off ratios. A galvanic connec-
tion naturally leverages the large superinductance of flux-
onium qubits to realize strong coupling, and such schemes
have proven effective for mitigating nearest-neighbor ZZ
interactions [19, 23]. By confining both single- and two-
qubit operations entirely to the computational subspace,
this approach exploits the intrinsically long coherence
times of fluxonium and suppresses leakage errors due to
its large anharmonicity. However, galvanically connected
unit cells present significant design challenges: apply-
ing a local flux bias inevitably introduces long-range flux
crosstalk across the multi-qubit device [39]. Furthermore,
the extended galvanic network introduces stray harmonic
modes that can strongly couple to the qubits, leading to
dephasing via photon shot noise [23].

Architectures employing single-mode couplers utilize
either fixed-frequency [24, 25] or tunable elements [14,
26-28, 36, 37]. Fixed-frequency couplers, such as lin-
ear resonators [24, 25], offer an extended physical length
that compensates for the compact footprint of fluxo-
nium qubits, thereby reducing wiring density. Neverthe-
less, the always-on effective coupling mediated by the
resonator might lead to detrimental spectator-induced
crosstalk, especially when the resonator is populated with
a large photon number during parallel two-qubit gate op-
erations, which remains unstudied in the literature. Al-
ternatively, tunable couplers, such as flux-tunable trans-
mons [14, 26-28, 36, 37, 43], facilitate active switch-
ing of the inter-qubit coupling. These tunable trans-
mons are typically configured as either grounded or float-
ing. To suppress spurious ZZ interactions responsible
for spectator-induced crosstalk in the operational sub-
space, grounded couplers rely on a direct inter-qubit ca-
pacitance to offset the effective coupling mediated by
the coupler itself [8]. Consequently, this direct capaci-
tive channel introduces a critical trade-off by exacerbat-
ing microwave driving crosstalk between adjacent qubits.
Conversely, while floating couplers can suppress the resid-

ual ZZ interaction without a direct capacitive path [44],
maintaining a large F;/E¢ ratio to mitigate charge noise
results in a comparatively weaker effective interaction be-
tween the qubits; this is because, with floating-type cou-
plers, the qubit-qubit coupling is inherently mediated by
the coupler’s differential mode [14].

To overcome these limitations, we turn to double-mode
couplers as a fundamentally more versatile approach. In
particular, we consider a hybrid architecture in which
qubits are capacitively coupled to a double-transmon el-
ement with intrinsic inductive coupling [29-35]. The
double-transmon coupler (DTC) operates by tuning to a
specific flux bias at which the inter-qubit couplings medi-
ated by its two normal modes are equal in magnitude and
opposite in sign, thereby canceling each other [32]. From
a circuit perspective, this cancellation of the two coupling
paths is equivalent to turning off the inductive coupling,
as the flux-dependent effective inductance of the shared
Josephson junction within the DTC diverges to infinity at
this bias point. This divergence creates an effective open
circuit that prevents current flow through the junction,
thereby nullifying the coupling path between the adja-
cent qubits [45]. Conversely, the interaction is effectively
“turned on” by flux biasing the DTC away from this can-
cellation point. In the active regime, the couplings medi-
ated by the two normal modes are no longer equal, and
the detuning between the qubit and coupler modes de-
creases, strongly enhancing the net effective inter-qubit
coupling.

The ability to switch the qubit—qubit interaction on
and off via flux tuning provides key advantages for scal-
ability in the DTC architecture. Although originally de-
veloped for transmon qubits [29-33, 35], the DTC can
be repurposed as a highly effective tunable coupler for
fluxonium systems [34]. The alternating capacitive and
galvanic connections naturally mitigate the long-range
flux crosstalk inherent to purely galvanic designs, while
the absence of direct inter-qubit capacitive paths simul-
taneously suppresses microwave driving crosstalk. In the
ideal limit of vanishing parasitic intra-coupler capaci-
tance, the DTC can, in principle, achieve an infinitely
large on—off ratio through destructive interference be-
tween coupling pathways mediated by its two normal
modes. In the activated regime, the large charge-dipole
matrix elements of fluxonium plasmon transitions enable
strong microwave-driven interactions, providing an effi-
cient mechanism for implementing microwave-activated
phase (MAP) gates [14]. Finally, the extended physi-
cal footprint of the double-transmon increases the spa-
tial separation between fluxonium qubits, further easing
wiring constraints. Consequently, this architecture si-
multaneously fulfills the key criteria outlined above, es-
tablishing a promising route toward scalable fluxonium-
based quantum processors.

While these advantages are substantial, this architec-
ture imposes additional constraints on system-level de-
sign. Compared with single grounded transmon cou-
pler schemes, the effective coupling between the qubit



(a) : : :
1 1 1

v [l % T T,

T
4did— 4y

"4
;.

1=

-

Ec, Ec,, Ej,,

Fluxonium j

hSH
(g )3

E;., Ec, Ec, Ej, Ep

k

Coupler ¢ Fluxonium £k

FIG. 1. (a) Schematic of a large-scale grid of fluxonium qubits (red circles) connected via double-transmon couplers (blue). (b)
Detailed circuit diagram of a pair of fluxonium qubits, indexed j and k, coupled by a DTC, labeled ¢ = (4, k).

mode and DTC’s differential mode, relevant for two-qubit
gate operations, is generally reduced. Nevertheless, this
reduction can be mitigated by suppressing capacitance
loading in the fluxonium circuit [46]. In addition, param-
eter design in the F-DTC-F system remains challenging
due to the complexity of the underlying four-mode en-
ergy spectrum, particularly when practical constraints
from measurement and fabrication are taken into ac-
count. Consequently, developing a systematic and physi-
cally transparent framework for parameter design in such
systems constitutes the central objective of this work.

III. MODEL AND PROBLEM FORMULATION
A. System Hamiltonian

We investigate a scalable multi-qubit architecture
comprising fluxonium qubits interconnected via double-
transmon couplers (DTCs), as illustrated in Fig. 1(a).
The total Hamiltonian of the multi-qubit device is mod-
eled as

Hiotal = Hsys + H, + Hyg, (1)
where Hgys describes the system of fluxonium qubits,
DTCs, and their mutual interactions; H, accounts for the
readout and reset resonator modes as well as the interac-
tion with qubits or DTCs; and H, represents the exter-
nal microwave drives. In particular, the system Hamilto-
nian includes the bare component terms and the coupling
terms, given by

sys §

+ZH EC 17ECL-127EJC,17EJC»,Q?EJCJQ)JC,12) (2)

int
ZH%,

o (Ec;, By, EL))

where Hy,, H., and Hy int represent the Hamiltonians of
the j-th ﬂuxonlum the c—th DTC, and the interactions

between them, respectively. For clarity, we index the
DTCs as pairs ¢ = (j, k), indicating that the j-th and
k-th fluxonium qubits are coupled via the c-th DTC,
cf. Figs. 1(a) and (b). Defined by the charging E¢;,
Josephson F,, and inductive E,; energies, the Hamilto-
nian of the j-th fluxonium is
Er; 1 2

H, =4Ec, n — Ej, cos (/5] 2’ <¢j — ¢ext,-) , (3)
where 7; and QAS]- are the charge and flux operators while
Pext; is the flux bias through the qubit loop, cf. Fig. 1(b).

The Hamiltonian H,. for the c-th DTC, defined by the
charging energies F¢, ,,, Josephson energies £, . of the
m-th transmon (m = 1,2), inter-transmon Josephson en-
ergy F,_,, and capacitive coupling J. 12, is given by

2
H. =" [4Fc. i,

m=1

By 08 (be2 = o -

+ Je,12Mte,1 70,2,

- EJc,m COs (Qgc,m + 5c,m¢cxtc):|

Cenzfext, )

(4)

where 7., and qgc,m are the charge and phase oper-
ators, respectively, and ey, is the external flux bias
threading the loop formed by the Josephson junctions
[cf. Fig. 1(b)]. The external flux is distributed across the
three junctions (associated with Ej, ,, Ej.s and Ej,,)

according to the coefficients C’pm and Cp 12, which are
defined in Table V. This specific parameterization en-
sures that the time derivative of the external flux van-
ishes in the Hamiltonian [31]. Furthermore, it accurately
captures the quantum dynamics when a time-dependent
external flux is applied [47], which facilitates the deriva-
tion of the flux-noise-induced relaxation rates detailed in
Appendix D4a. For simplicity, we assume symmetric
Josephson junctions for the DTC throughout this work,
setting £, , = E;_,. However, the DTC retains its fun-
damental capability to selectively enhance or nullify ef-
fective inter-qubit interactions even in the presence of up
to 10% junction asymmetry [34]. We explicitly demon-
strate this robustness in Secs. IVC1 and IV D, where



Parameter Description
|k;) Bare state |k) of the j-th qubit

Ey; Energy of bare state |k) of the j-th qubit

wk; = Ex; /I Angular frequency of bare state |k) of the j-th
qubit

W1 Transition frequency w; — wi between bare
states of the j-th qubit

|7ck) Composite eigenstate of fluxonium qubits j, k

and the intervening DTC ¢. For example,
|101) corresponds to both qubits in |1) and
the DTC in |0).

|jc1keal) Composite eigenstate of three fluxonium
qubits (j,k,!) and the intervening DTCs
(c1,¢2)

Wk Angular frequency of eigenstate |k)

Wi, Transition frequency w; — wy between eigen-
states |k) and |I)

qﬁcxtj External flux bias of the j-th fluxonium

QDext, External flux bias of the c-th DTC

w—, Frequency of the DTC differential mode,
which equals wo,1, (wo,2.) at @ext. > Pofr,
(< ¢offc)

Wi, Frequency of the DTC common mode, which
equals to wo2, (wo1.) at Pext. > Gorr, (<
¢oﬁc)

Poff, DTC “turn-off” flux bias (effective coupling
vanishes)

Pon,, DTC “turn-on” flux bias (maximum effective
coupling); occurs at resonance wi,2; = Won,

Won(off),, Frequency of the DTC mode at flux bias

¢0n(off)c

TABLE II. Nomenclature for derived spectral properties and
external control parameters used throughout this work. The
notations for bare state energies and transition frequencies
apply analogously to the c-th double-transmon coupler (DTC)
by substituting the qubit index j with the coupler index c.

non-uniformities in E¢,,, and Ej, , are introduced via
random parameter perturbations.

The interaction between the j-th fluxonium and the
c-th DTC is mediated by their mutual capacitance, de-
scribed by the Hamiltonian

(1;]1?6 = Jj,cﬁjﬁc,m; (5)
where J; . is the capacitive coupling strength, f1; denotes
the charge operator of the j-th fluxonium, and 7., de-
notes the charge operator of the m-th mode of the c-th
DTC. In this work, we restrict our analysis to nearest-
neighbor capacitive couplings for simplicity, neglecting
parasitic interactions between non-adjacent DTCs. Con-
sequently, in the setup depicted in Fig. 1(b), the coupling
Jj,c corresponds specifically to the interaction between
the j-th fluxonium and the adjacent transmon of the c-
th DTC.

Qubit readout and active reset are mediated by res-
onators capacitively coupled to the fluxonium qubits, de-

scribed by the Hamiltonian
Hy, [h= wyal ar, + gr, (R + jchiem) (@l +ar,), (6)

where w;.; is the resonator frequency and g,, denotes the
capacitive coupling strength between resonator r; and
the j-th fluxonium. The resonator field decay is dom-
inated by the coupling quality factor @; to the feed-
line (overcoupled regime), yielding a photon decay rate
kj = wy,; /Q;. The coefficient o . quantifies the parasitic
capacitive coupling between the resonator and the adja-
cent DTC. To differentiate the readout and reset systems,
we reserve unprimed variables for the readout resonators
and use primed notation for all active reset parameters,
e.g. w;j and g’rj to designate the angular frequency and
capacitive coupling strength of the j-th reset resonator,
respectively.

Having established the static properties, we next pro-
ceed to the dynamic analysis of the system. Particularly,
single- and two-qubit gates are performed by applying
microwave drives to the fluxonium qubits. This driving
is modeled by the Hamiltonian

Hq(t) = Qa, () (7 + Vjcfie,m) » (7)

where Qg (t) represents the time-dependent microwave
pulse applied on the j-th fluxonium, and the term
Qq, (t)vj,c accounts for the parasitic drive on the adja-
cent coupler. Note that 7;. denotes the ratio of the
microwave-drive mutual capacitances to the DTC and
the qubit, and plays a non-negligible role in practical
device design. Similar to «; ., this parasitic drive is in-
trinsic to the device geometry. Yet, rather than being
detrimental, a carefully optimized ;. can enhance gate
performance by suppressing leakage transitions. While a
detailed optimization is outside the scope of this work,
we incorporate realistic values for ;. derived from elec-
trostatic simulations of the layout.

Having defined the underlying circuit Hamiltonians in
terms of fundamental design parameters, specifically the
constituent charging, Josephson, and inductive energies,
alongside the inter-element coupling strengths, we obtain
the relevant energy spectra and eigenstates by diagonaliz-
ing these governing equations. To provide a clear logical
foundation for the subsequent analysis, Table II formal-
izes the nomenclature for these derived spectral prop-
erties and external controls used throughout this work.
Because the characterization of the tunable-coupler ar-
chitecture involves multiple levels of physical abstrac-
tion, we organize these quantities into three distinct cat-
egories. First, we define the uncoupled properties of the
system, establishing the notation for the bare states |k;),
eigenenergies Ej,, and transition frequencies wy;, ex-
tracted from the isolated fluxonium and DTC Hamiltoni-
ans. Second, we specify the composite eigenstates (|jck),
|je1kesal)) and their corresponding eigenvalues (wy) and
transition frequencies (wy;) of the interacting multi-body
system, which are essential for describing the targeted



Performance Metric Definition / Description Requirement

1. Single-qubit fidelity (Fiq) See Appendix D5 Fiq > Fiy

2. Two-qubit gate characteristics Leakage n (cf. Appendix B 2) and n<n,
two-qubit gate fidelity Faq (cf. Appendix E 2) Foq > F3y

3. Spectator crosstalk (¢) Frequency shifts of transitions relevant ¢< "

to the MAP gate due to residual coupling

with spectator qubits (cf. Appendix C 1)

4. Qubit readout

number nqit and SNR condition |2x|/k

5. Qubit reset

6. Decoherence induced by resonator mode

energy relaxation via the Purcell effect

Dispersive shift x, critical photon

Reset duration t¢reset and
reset fidelity Freset
Dephasing via photon shot noise and

|X| ~ X*v Nerit Z n:rih
12x[/r ~ (12x]/r)"
trcsct < t:esety

Freset > Fr*eset

T;hot > (T;hot)*’
TlPurcell > (TlPurcell)*

TABLE III. Summary of multi-qubit performance metrics and target requirements. Asterisks (*) denote the target or optimal

parameter values required for high-fidelity operation.

two-qubit gate dynamics and tracking parasitic crosstalk
channels. Third, to simplify the discussion of the cou-
pler’s functionality, we analyze the lowest two excited
states of the DTC in terms of its differential and common
modes (with frequencies w__ and wy ), noting that their
assignment as the first or second excited state depends on
the applied flux bias. Adopting this mode-based frame-
work is instrumental in deriving the effective inter-qubit
interactions mediated by the DTC (see Appendix A),
yielding crucial insights for mitigating spectator-induced
crosstalk. Finally, we detail the external control vari-
ables, encompassing the operational flux biases (don.,
¢or,) and their corresponding mode frequencies (wop,,
woft,) for the DTC “turn-on” and “turn-off” configura-
tions that dictate the effective inter-qubit coupling net-
work.

Notably, fluxonium qubits exhibit a highly structured
energy spectrum that enables a natural separation be-
tween protected computational states and strongly cou-
pled excited transitions. In this work, we operate at
the half-flux sweet spot (¢ext,; = ), where the com-
putational subspace is defined by the two lowest lev-
els, {|0),]1)}. At this bias point, charge matrix ele-
ments within the computational subspace are strongly
suppressed, resulting in reduced dielectric loss and cor-
respondingly enhanced energy relaxation times (77) [48].
In contrast, higher-lying plasmon transitions retain large,
transmon-like dipole matrix elements. We exploit this
separation by utilizing the plasmon transitions to medi-
ate capacitive coupling to the double-transmon couplers
(DTCs), as well as to enable efficient interactions with
readout and reset resonators.

B. Criteria for Evaluation Based on DiVincenzo’s
Requirements

To benchmark the performance of our multi-qubit de-
vice, we define a set of criteria inspired by DiVincenzo’s
standards [49]. For a viable general-purpose proces-
sor, the composite system formed by fluxonium qubits
and DTCs should demonstrate the benchmarking met-
rics listed in Table III.

While specific target thresholds depend on the in-
tended application, ranging from near-term algorithms to
fault-tolerant error correction, we adopt the following rig-
orous baseline standards for this work: single- and two-
qubit gate fidelities of Fy, > 99.99% and F3, > 99.9%;
reset metrics of tf.. < 300 ns and Fl., > 99%; a
leakage probability of n* < 1073; readout parameters of
2x* ~ 2 MHz, (|2x;|/k;)" ~ 1, and n;, 2 50; resonator-

crit ~

induced decoherence limits of (T(;h"t) > 10 ps and

TPureell)™ > 10 ps; and a spectator crosstalk limit of
(* < 10 kHz. These thresholds are carefully chosen
to guarantee high-fidelity operation. Specifically, the
leakage limit (n* < 1073) strictly bounds the leakage-
induced gate infidelity; as shown analytically in Ap-
pendix E2c, this leakage rate contributes an error of
2.5 x 1074, safely within the overall two-qubit gate er-
ror budget of 1 — Fy, = 1073, The readout require-
ments are established based on the optimization criteria
detailed in Sec. IV F. To ensure that resonator modes do
not excessively degrade coherence, the Purcell relaxation
target is set to (TlP “rce”)* > 10 ps, which is sufficient
to maintain both single-qubit and MAP-gate fidelities
above 99.9% (cf. Appendices D5 and E2a). Although a
direct analytical estimate for the MAP gate fidelity un-
der photon shot noise is unavailable, we use the single-
qubit gate fidelity as an indicative benchmark: the target

*
dephasing time (T ;hOt) > 10 ps corresponds to a neg-



ligible shot-noise-induced single-qubit infidelity of 10~
(F1q = 99.999%). Finally, the acceptable limit for spec-
tator crosstalk (¢* < 10 kHz) is derived from qubit dy-
namics simulations that evaluate the resulting two-qubit
gate performance (see Appendix C2). These simulations
demonstrate that coherent errors induced by a 10 kHz
crosstalk strength remain negligible, on the order of 107°.
In contrast to prior studies that often isolate specific
gate metrics or assume ideal operating conditions, our ap-
proach explicitly incorporates practical device-level reali-
ties. Specifically, we account for crucial measurement and
calibration trade-offs, for instance, balancing fast, high
signal-to-noise ratio (SNR) readout against the preserva-
tion of qubit coherence, alongside fabrication-induced pa-
rameter variations across the device. Satisfying the com-
prehensive criteria outlined in Table III under these re-
alistic experimental limitations makes identifying a glob-
ally optimal parameter set, which encompasses 16 dis-
tinct circuit parameters, significantly more challenging.
By addressing these multi-objective constraints simulta-
neously, we provide a robust and experimentally viable
framework for scalable fluxonium quantum processors.

C. Problem Formulation

The characterization of the multi-qubit architecture
relies on a comprehensive set of bare circuit elements,
operational parameters, and inter-element couplings.
For notational convenience, we organize these into spe-
cific parameter vectors corresponding to their respective
Hamiltonians: the fluxonium parameters from Eq. (3),
xq, = {Ec,,E;,,EL;}; the DTC circuit parameters
from Eq. (4)7 Xe = {ECC,mmEJC,mvEJC,lm Jc,lQ}; the
fluxonium-DTC coupling parameters from Eq. (5), x4 =
{Jj}; the resonator parameters from Eq. (6), x, =
{wr,,9r;, a5, Q5}; and the external drive parameters
from Eq. (7), xq = {7j,c}. To bridge these formal def-
initions with practical physical intuition, we refine our
treatment of two specific subsets. First, while the DTC
is technically governed by the bare elements in x., it
is physically more intuitive to characterize its operation
using derived frequencies. Therefore, we alternatively
parameterize the DTC set as x. = {Won,,Woft, }, COITE-
sponding to the “on” and “off” configurations defined in
Table I1. Second, regarding the external drive, we explic-
itly exclude the time-dependent microwave drive €4, (t)
from the parameter space. Because g4, (t) encompasses
both the applied pulse envelope and the carrier frequency,
its rigorous optimization entails advanced quantum opti-
mal control and pulse shaping techniques (such as DRAG
pulses [50]) that fall outside the primary architectural
scope of this study.

Consequently, the overall performance of the multi-
qubit architecture is fully characterized by the aggregate
parameter set x = Uie{q)ww)d} x;. Given x, the full
system Hamiltonian can be constructed. From this, both
the static and dynamical properties of the system are ob-

tained, enabling the evaluation of the performance met-
rics defined above. Our objective is to identify an optimal
configuration x* that satisfies the performance metrics
outlined in Table III, thereby enabling the DTC-based
fluxonium device to execute fast, high-fidelity parallel
gates as well as efficient reset and readout operations.
Furthermore, acknowledging that fabrication imperfec-
tions are inevitable, we investigate the robustness of key
performance metrics against parameter variations. This
analysis imposes additional constraints on x, ensuring
that device performance remains robust in the presence
of fabrication uncertainties.

For a given circuit topology, e.g., Fig. 1(a), a specific
hardware configuration is represented by the aggregate
parameter vector x € &', where X denotes the allow-
able parameter space. The system’s performance is eval-
uated against M distinct metrics, which are summarized
in Table ITI. To simplify the problem formulation, we as-
sume without loss of generality that the objective is to
minimize every metric. Consequently, performance tar-
gets that inherently require maximization, such as single-
and two-qubit gate fidelities (Fiq, Faq), are recast as in-
fidelities (1 — F'). We define a vector-valued objective
function f(x) that maps a parameter configuration to its
corresponding metric values, formulated as the following
multi-objective optimization problem:

min f(x) = [f1(x),..., fu(x)]", (8)

xeX

where each scalar function f;(x) evaluates the value of the
i-th performance metric. Because it is generally impossi-
ble to find a single parameter set x that simultaneously
minimizes all competing metrics, our goal is to identify
a Pareto-optimal parameter vector x*, cf. Fig. 2(a). For-
mally, x* is Pareto optimal if there exists no x € X that
satisfies f;(x) < fi(x*) for alli € {1,..., M}, with strict
inequality for at least one such ¢ [51]. Physically, this im-
plies that improving any single performance metric nec-
essarily comes at the expense of degrading another.

Ideally, identifying the optimal parameter vector x*
would rely on a fully automated, global optimization rou-
tine requiring minimal user intervention. However, eval-
uating specific multi-qubit performance metrics stated
above, such as spectator-induced crosstalk, driven leak-
age probabilities, and comprehensive system decoherence
rates, is highly computationally intensive. This immense
computational overhead severely restricts the sampling
rate, rendering brute-force searches or high-dimensional
global optimizations computationally intractable across
the vast available parameter space X.

To circumvent this bottleneck, we have developed a
systematic workflow (Fig. 2(b)) that semi-decouples the
optimization of these various metrics, despite their in-
herent physical interdependence on shared subsets of x.
Particularly, we adopt a two-phase optimization strategy.
First, frequency allocation is performed to delineate the
feasible parameter regime at the level of the system’s en-
ergy spectrum. Building upon this, the search space is
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FIG. 2. (a) Schematic of a multi-objective optimization workflow mapping a feasible set of input parameters x to an optimal
Pareto front via an optimizer evaluating multiple objective functions f(x). (b) Optimization workflow for the DTC-based
fluxonium multi-qubit architecture. In the decision blocks, starred parameters (e.g., F7, n*) indicate the threshold values
determining whether the design parameters meet the target specifications. We explicitly evaluate the robustness of key charac-
teristics exhibiting non-trivial sensitivity to fabrication variances, including frequency allocation (Step 0), leakage n (Step 4),

and spectator crosstalk ¢ (Step 7).

further reduced by ordering parameter selection accord-
ing to the underlying physical hierarchy. This hierarchi-
cal approach progressively lowers the effective dimension-
ality of the optimization problem. In the next section, we
detail this protocol and demonstrate its systematic con-
vergence to a robust, high-fidelity operating regime.

IV. PRACTICAL PARAMETER DESIGN:
METROLOGY AND IMPLEMENTATION

To systematically generate a set of optimal parameters
x*, we introduce a metrology and workflow that itera-
tively refines key parameters until specific design criteria
are met, as illustrated in Fig. 2(b). Steps 0-1 introduce
a frequency allocation scheme and set feasible ranges for
parameters, ensuring that frequency collisions do not oc-
cur. Steps 2-3 optimize the single-qubit parameters x,

according to the criteria defined in Performance Metric



1 of Table III. Next, Steps 4-6 optimize x,. by char-
acterizing two-qubit gate properties, specifically leakage
1 and gate fidelity Fbqy, to ensure the targets in Perfor-
mance Metric 2 of Table III are met. Following this,
Steps 7-8 update the DTC parameters in x. (i.e. wos,)
to minimize spectator-induced crosstalk (, as required
by Performance Metric 3. Finally, Steps 9-14 verify the
properties of the readout and reset resonators to satisfy
the requirements listed in Performance Metrics 46 of
Table III.

The workflow in Fig. 2(b) is structured hierarchically,
prioritizing the definition of circuit parameters, which re-
quires navigating complex inter-dependencies, before tar-
geting isolated features where parameter tuning is decou-
pled from the rest of the system. Specifically, Steps 0-1
establish the baseline configuration and valid frequency
landscape, while Steps 2—-15 refine each parameter subset
through detailed simulations and analysis. In the follow-
ing subsections, we detail the execution of this workflow
to derive the optimal parameter configuration x*.

A. Frequency allocation scheme and parameter
feasible range

Leveraging the rich spectral structure of fluxonium
qubits, we propose a frequency-allocation scheme ordered
from lowest to highest operating frequencies. The hier-
archy and underlying rationale for each spectral band
are as follows: (1) The single-qubit transition satisfies
wo,1; < w;j at half qubit flux (¢exs;, = 7), ensuring that
active reset can be executed by flux-biasing the qubit into
resonance with the reset resonator. (2) The qubit-reset
mode occupies the spectral gap wo,1; < w;j < wi,2;; this
placement prevents the reset resonator from degrading
the two-qubit MAP gate fidelity via photon shot noise
or Purcell relaxation. (3) The DTC “turn-on” frequency
is tuned to resonance, won, = wi2,, facilitating strong
effective coupling between neighboring fluxonium qubits
for fast MAP gate operations. (4) The DTC “turn-oft”
frequency is biased such that w1z, < wor, < wog3;,
which maintains sufficient detuning between the ”on”
and “off” states to suppress spectator crosstalk, while
avoiding excessive detuning that would increase flux-
noise sensitivity at the operational point. (5) Finally, the
readout frequency is positioned in the upper spectrum,
wo3; < Wry, < Wi, enabling qubit measurement via
dispersive coupling between the resonator mode w,.; and
the wo 3, and wy 4, transitions. Crucially, this highest fre-
quency band is explicitly chosen to avoid spectral overlap
with all other control operations. By assigning distinct
frequency bands to separate functional roles, this strate-
gically interleaved allocation significantly reduces param-
eter interdependence. In large-scale quantum processors,
this isolation benefits both calibration and fabrication by
enabling relatively independent tuning procedures and
enhancing robustness against fabrication-induced varia-
tions. Next, we introduce feasible parameter ranges as

bounds for the optimization process shown in Fig. 2(b).
The ranges identified in the subsequent analysis are sum-
marized in Table IV.

The initial stage in the device design is determining
the feasible set of fluxonium parameters Xj, as these
values fundamentally govern single-qubit coherence and
gate performance. We adopt a baseline charging energy
of Ec,/h ~ 1 GHz, consistent with standard literature
[14, 52, 53]. We then adopt typical literature values for
the Josephson and inductive energies, setting Ej,/h €
[2,9] GHz and Er,/h € [0.5,1] GHz [11, 14, 22, 48, 54~
57].

Next, we determine the parameter ranges for the DTC,
X.. Leveraging transmon anharmonicity and sensitivity
to charge noise, the individual charging energies are cho-
sen from common literature values, yielding E¢, , /h €
[0.15,0.35] GHz [1, 2, 58]. To mitigate sensitivity to
charge noise, the individual Josephson-junction energies
of the transmons in the DTC are constrained such that
E;. ../Ec.,, > 30 [1]. The inductive coupling between
the two transmons in the DTC is set to be smaller than

Circuit Parameter Feasible Optimized
element range X value x*
Fluxonium  Ec,/h 1.10 1.10
Ey,/h [2.00,9.00]  4.65
B, /h (0.50, 1.00]  0.65
DTC Ec,.,./h [0.15,0.35]  0.30
(bare Ej.,./h Ej.../Ec,., 1130
parameters) > 30
EJC,12/h [07 EJc,m,} 1.30
Jeaz/h [0, 0.20] 0.14
DTC Won, /2T wi,2; 4.23
(derived Woft, /27 wo,1, = wo,2,  5.79
parameters) at doft,
Drive Yie 0.35 0.35
Coupling Jg,.c/h [0, 0.70] 0.50
Readout  w,, /27 [7.20,8.20]  7.50
Resonator  gr; /h [0.03, 0.20] 0.13
Q; (2000, 5000] 3000
Reset wy., /27 [2.00, 4.00] 3.45
Resonator g, /h < 0.20 0.05
Q, [100, 3000] 400

TABLE IV. Summary of feasible parameter ranges and op-
timized values for the F-DTC-F architecture. All parameters
are expressed in units of GHz, with the exception of the di-
mensionless resonator quality factors Q; and Q}. Note that
the DTC operational frequencies are derived quantities: won,
is strictly determined by the optimized fluxonium plasmon
frequency, whereas wog, is derived from the coupler circuit
parameters at the turn-off flux ¢og.. .



their individual Josephson-junction energies. This main-
tains a proper DTC energy spectrum, which comprises
a flux-tunable differential mode and a nearly constant
common mode. Optimizing x. requires satisfying the
following condition: at the coupler turn-on flux, the cou-
pler frequency is resonant with the fluxonium plasma fre-
quency at the flux sweet spot (¢exi; = ), such that
Won, = wi,2;. This resonance mediates a strong effec-
tive fluxonium-fluxonium coupling, enabling a fast, high-
fidelity two-qubit MAP gate (see Appendix B). To sup-
press sensitivity to flux noise, we design this interaction
to occur near the coupler’s flux sweet spot (¢ext, = 7),
where the transition frequency is first-order insensitive
to flux fluctuations. We designate this operating point
as the “on” state, ¢on., With a corresponding coupler
frequency won,. Note that while one could alternatively
set ¢on, = 0, that regime is beyond the scope of this
work. At Gext, = Gofr,, the coupler “off” frequency wo,,
where the effective inter-qubit coupling vanishes in the
limit J. 12 = 0, is higher than w,y,, and coincides with a
degeneracy between two DT'C normal modes. To provide
a more physically intuitive framework for the parameter
optimization workflow depicted in Fig. 2(b), rather than
directly tuning the bare circuit elements (Ec, ., E, .,
Ej. .,, and J.12), we optimize the derived DTC opera-
tional frequencies (won, and weg,) to optimize the multi-
qubit characteristics. Nevertheless, we note that this
frequency-based approach is mathematically and phys-
ically equivalent to optimizing the underlying bare cir-
cuit parameters of the coupler. For completeness, both
of them are included in Table I'V.

For the resonator parameters, we delegate qubit read-
out and reset operations to dedicated resonators. The
feasible ranges for these resonator frequencies, denoted
as X, and X/, respectively, depend on the final optimized
fluxonium parameters x7. To demonstrate the execution
of the frequency-allocation scheme defined above, we use
a representative set of fluxonium parameters (Ec, /h =
1.1 GHz, E;;/h = 4.65 GHz, Er, /h = 0.65 GHz), which
yields the energy spectrum shown in Fig. 3(a). This al-
lows us to identify optimal ranges for the readout res-
onator frequency, w,, /27 € [7.2,8.2] GHz, and the reset
resonator frequency, wy. /2 € [2,4] GHz, which satisfy
the spectral hierarchy established earlier. Note that for
the reset resonator, the bounding condition w}j < wo,1,
must hold specifically at zero qubit flux (¢ext, = 0). Ad-
ditionally, we aim to bias the DTC at the turn-off flux
bofr, during qubit readout to minimize calibration over-
head. However, at a specific collision flux ¢, (indi-

ext

cated by the yellow vertical line in Fig. 3(a)), Chigher—
energy transitions of the DTC, specifically wo3_, wo4_,
and wy 5_, may cross the upper fluxonium transition w14,
potentially destabilizing the readout. Therefore, further
tuning of x. is required to ensure ¢og, # ¢ry;. . For the
readout resonator, the acceptable parameter ranges for
the quality factor (); and the qubit-resonator coupling
strength g,, are defined to ensure the resonator remains
in the dispersive regime without severely sacrificing read-
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FIG. 3. (a) Frequency allocation scheme: bare frequencies

of the fluxonium qubit, biased at half and integer qubit flux
¢ext;, and DTC transitions as a function of the coupler flux
bias ¢ext.. (b) Robustness analysis: statistical distribution of
bare frequencies under stochastic parameter fluctuations (100
randomized samples). Sensitivity is modeled using a 5% per-
turbation for fluxonium E;, Er, and DTC E;/h < 5 GHz,
and a 2% perturbation for all Ec and DTC E;/h > 5 GHz.
The notation wy,i,, (¢ext,a) refers to the transition frequency
between states |k) and |I) at flux bias ¢ext, for component o
(where o = j for the fluxonium and « = ¢ for the DTC). w,.
denotes the higher energy manifold of the DTC. w, and w:«j
indicate the readout and reset resonator frequencies, respec-
tively. Vertical colored regions indicate key operating points:
dofr, is the bias where effective coupling vanishes, and @y,
denotes the bias where the resonance between the coupler’s
higher-excited manifold and the fluxonium wi,4; transition
occurs. Results are computed based on optimized parameters
listed in Table I'V.

out speed. This guarantees an optimal signal-to-noise ra-
tio (SNR) via a sufficient photon loss rate. Similarly, the
valid parameter ranges for the reset resonator’s quality
factor Q; and coupling strength g;], are established to
facilitate sufficiently fast qubit reset without degrading
qubit coherence.

Regarding the drive parameters, active optimization
typically involves advanced control strategies, such as se-
lectively canceling the effective drive on unwanted tran-
sitions within the MAP gate scheme [14] or actively mit-
igating microwave crosstalk [59]. However, because such
dynamic drive optimization falls outside the primary ar-
chitectural scope of this work, we do not treat ;. as a
free parameter. Instead, we adopt a fixed, realistic para-
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sitic drive ratio of ;. = 0.35, which is extracted directly
from electrostatic simulations.

Finally, we constrain the fluxonium-DTC coupling
strength J; . to the maximum value permitted by the
specific device geometry shown in Fig. 1(a). Based on
electrostatic simulations of this architecture, we estimate
this upper bound to be J;./h ~ 700 MHz.

Notably, during parameter optimization, we perform
a robustness check on the candidate parameter set x to
ensure the absence of frequency collisions prior to eval-
uating the metrics defined in Table III. This verification
is essential for practical device design, as fabrication-
induced variations are unavoidable. Specifically, the fol-
lowing conditions are verified:

/ .
L4 wrj < WO,IJ- at (bextj = 07

e No frequency collisions occur within the set
/.
{wo,aj,w1,4j7w1,2j,woffc,wrj7wrj},

e The operating range for the “off” bias ¢og, does not
overlap with any collision flux ¢, , where wp m, =
wi 4, for m € {3,4,5}.

To illustrate this frequency-allocation scheme and the
associated robustness checks, we use the final optimized
parameter set x* as a representative example. Fig-
ure 3(a) details the relevant frequencies, while Fig. 3(b)
shows the frequency dispersion under the parameter vari-
ations specified in the caption. It is evident that the

optimized parameters listed in Table IV satisfy the cri-
teria outlined above across the considered range of vari-
ations. The successful completion of this check corre-
sponds to Steps 0-1 in the optimization workflow de-
picted in Fig. 2(b). Although not explicitly illustrated
in the flowchart, we emphasize that whenever a parame-
ter is updated, such as during the rejection iterations in
Steps 3, 6, 8, 15 in Fig. 2(b), the robustness checks of
Step 2 are strictly re-evaluated to guarantee the absence
of frequency collisions. We also note that the proposed
frequency-allocation scheme is not unique. Alternative
architectural choices, such as utilizing a single shared res-
onator for both qubit readout and reset, would result in a
different parameter landscape and necessitate reordering
the frequency-allocation workflow.

Beyond avoiding spectral collisions, a critical advan-
tage of this preliminary frequency allocation is that it
systematically decouples the physical design constraints.
By assigning distinct spectral bands to all essential quan-
tum operations, the architecture structurally simplifies
the device design. Consequently, what would otherwise
constitute a highly complex, multi-parameter, multi-
target simultaneous optimization problem is reduced to a
tractable sequential workflow. This spectral partition en-
sures that the parameter subsets governing specific oper-
ations, such as qubit reset, single and parallel MAP gate
executions, and readout, can be optimized largely inde-
pendently, minimizing the risk of competing constraints.



In the following subsections, we detail the optimization
workflow through which the optimal solution x* is ob-
tained from the feasible parameter space X.

B. Qubit coherence and single qubit gate

As a first step, we examine the average single-qubit
gate fidelity (see Appendix D for details) as a function
of Ey and Ey, in the presence of flux noise and dielec-
tric loss, for E¢,/h = 1.1 GHz, as shown in Fig. 4(a).
These calculations assume realistic noise parameters: a
1/f flux-noise amplitude of A = 3.7udy and a di-
electric loss tangent of tand, = 1.84 x 1076 (evalu-
ated at w/2m = 300 MHz using the scaling tand.(w) =
4 x 1075 x [w/ (27 x 6 GHz)]>2¢ [60]). To ensure high-
fidelity operation (F1, > 99.99%), we restrict the remain-
ing parameters to £, /h € [4.5,9.5] GHz and Er,/h €
[0.3,0.65] GHz. The relaxation times limited by dielec-
tric loss and flux noise are primarily governed by the
qubit transition frequency wo,1, [13], which is jointly
determined by E; and Ey, as shown in Fig. 4(b)-(d).
Provided the fluxonium parameters remain within these
bounds, different combinations of the full parameter set
x can lead to equally optimal single-qubit performance
metrics, corresponding to different solutions along the
Pareto front shown schematically in Fig. 2(a). Conse-
quently, we select a priori a set of fluxonium parameters
x; = {E¢. ,E; , E] } based on the coherence constraints

J J J
shown in Fig. 4(a) and detailed in Table IV. This analysis
corresponds to Steps 2-3 of the optimization workflow in
Fig. 2(b).

C. Two-qubit gate characterization
1. Leakage minimization

In addition to decoherence, the primary limitation of
MAP gate operation arises from driven leakage transi-
tions, particularly when short gate times are used to mit-
igate decoherence. For a given parameter set x,Ux.UX¢c,
7;8,ka denotes the probability of a leakage transition
|k) — |a) induced while driving the target MAP tran-
sition |j) — |B) (see Appendix B2 for details). To quan-
tify MAP gate’s robustness against leakage, we define the
metric

77 = min [ max n; . 9
7= i <k¢j,a77jﬂ7/m> 9)

This quantity represents the worst-case leakage proba-
bility associated with the best available MAP transition;
essentially, it identifies the optimal parameter set by min-
imizing the maximum leakage. Ideally, we seek to mini-
mize this leakage probability for a fixed gate time t,.
The most straightforward strategy is to engineer x.
such that the DTC “turn-on” frequency is resonant with
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FIG. 5. Robustness of MAP gate leakage estimates (77) against
fabrication uncertainty. Simulations use the parameters from
Table IV with a gate time of t; = 50 ns. Parameter variations
are modeled as follows: 5% for fluxonium E;, Er, and DTC
junctions with Ey/h < 5 GHz; and 2% for all Ec and DTC
junctions with Ej/h > 5 GHz. The color scale indicates
the percentage of samples (out of 100 randomized instances)
yielding a leakage 77 below the threshold n*.

the fluxonium plasmon frequencies, i.e., Won, = w12, =
w1,2,,, as implemented in Table IV (cf. Fig. 3(a)) [61]. Un-
der this on-resonance condition, the DTC mode and flux-
onium plasmon transitions are strongly hybridized, re-
sulting in the strong state-dependent noncomputational
transitions necessary for MAP gate operation. However,
due to inevitable fabrication variances, perfect resonance
is impossible to guarantee. Nevertheless, the impact of
frequency detuning caused by parameter variations can
be mitigated by increasing the fluxonium-DTC coupling
strength J; ..

As derived in Appendix B 1, a larger coupling J; . in-
creases the detuning between the target MAP transi-
tion and nearby leakage transitions. Furthermore, the
analysis in Appendix B2 demonstrates that the leak-
age probability 1z o scales inversely with these detun-
ings. This theoretical prediction is confirmed by the ro-
bustness analysis in Fig. 5, which presents the statistics
of 7 under parameter variations. Notably, Fig. 5 indi-
cates that to ensure 77 < 1073 across all sampled varia-
tions of x, the coupling strength J; ./h must be at least
500 MHz. Conversely, if a weaker coupling is chosen (e.g.,
Jjc/h =~ 300 MHz), the majority of sample instances
yield leakage probabilities an order of magnitude higher,
reaching levels of ~ 1072, This analysis concludes Steps 4
and 6 of the optimization workflow outlined in Fig. 2(b).
It is important to note that coupling strengths of J; ./h ~
500 MHz are attainable within realistic device designs.
Achieving this target, however, requires deliberate sup-
pression of capacitance loading, which is often regarded
as a challenge for fluxonium qubits due to their limited
capacitance budget, particularly in high-connectivity ar-
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FIG. 6. Estimated MAP gate infidelity as a function of the
DTC flux bias ¢ext,, showing individual contributions from
higher-level dephasing I'y (solid lines), higher-level relaxation
I'; (dashed lines), and leakage out of the computational sub-
space 7 (dotted lines). Calculations are performed using the
parameters from Table IV with a gate time t;, = 50 ns.
Blue, red, green, and orange curves correspond to MAP gates
implemented by driving the |000) — [010), |101) — |201),
[101) — ]102), and |101) — |111) transitions, respectively.
The simulation assumes realistic noise parameters: a 1/ f flux-
noise amplitude of Ae = 3.7 u®( and a dielectric loss tangent
of tan d. = 3.8 x 107°, evaluated at w/2m = 4 GHz using the
scaling tan d.(w) = 4 x 107° x [w/ (2w x 6 GHz)]°*¢ [60].

chitectures. Nevertheless, our recent study shows that
this constraint does not pose a fundamental obstacle
to extending fluxonium systems to two-dimensional lat-
tices [46].

2. Two-qubit gate fidelities

During MAP gate operation, the device is subject to
various noise channels, primarily flux noise and dielec-
tric loss. The theoretical framework for estimating gate
fidelities is detailed in Appendix E. Figure 6 presents
the estimated MAP gate fidelities with various selected
energy transitions calculated using the parameters from
Table IV.

The results indicate that the gate infidelity is domi-
nated by energy relaxation. An analysis of the specific
decay rates reveals that the primary contributor to infi-
delity for the |000) — |010) transition is dielectric loss
from both fluxonium qubits and the DTC. Conversely,
for the remaining transitions, dielectric loss in the fluxo-
nium qubits is the dominant mechanism. This distinction
arises because the excited state of the former corresponds
to an excitation of the DTC mode, whereas the latter in-
volve excitations of the fluxonium plasmon modes.

Furthermore, the contribution from pure dephasing in-
creases as the operating point moves away from the DTC
sweet spot at @ext, = m. This trend is attributed to the
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increased sensitivity to flux noise caused by the steeper
dispersion of the DTC’s flux-tunable mode, as illustrated
in Fig. 11. Notably, the dephasing-induced infidelities
presented here are estimated using an undriven (Ramsey-
like) model (see Appendix E2b), which does not fully
capture the dynamics of the driven transitions during the
MAP gate operation. Because driven systems generally
exhibit enhanced resilience to low-frequency dephasing
noise [62], and an exact analytical formulation for this
driven multi-level evolution is highly complex, we expect
the true dephasing-induced gate infidelities to be lower
than the values plotted in Fig. 6. Consequently, our un-
driven model serves as a conservative upper bound for
the expected error. Finally, within the range of ¢exs,
shown in Fig. 6, leakage-induced infidelity remains neg-
ligible, consistent with the conclusions of the preceding
subsection.

In summary, the parameters listed in Table IV yield
two-qubit gate fidelities exceeding 99.9%. This result
confirms the successful completion of Steps 5-6 in the
optimization workflow outlined in Fig. 2(b).

D. Parallel gates: spectator-induced crosstalk

To ensure the high-fidelity execution of parallel gate
operations, target gates must remain strictly robust
against crosstalk induced by spectator qubits. The
double-transmon coupler (DTC) emerges as a highly
promising architecture to achieve this requisite isolation;
its “turn-off” mechanism (detailed in Appendix C) the-
oretically yields an infinite on-off ratio in the ideal limit
of vanishing inter-transmon capacitive coupling.

Realizing this ideal isolation, however, presents a sig-
nificant parameter-allocation challenge when accounting
for realistic fabrication uncertainties. Guided by the ap-
proximate form of the effective fluxonium-fluxonium cou-
pling (detailed in Appendix A), a robust design strategy
must ensure a large detuning between the DTC mode
frequency at the turn-off flux, wog,, and the fluxonium
plasmon frequencies w1 2;,w1,2,. Physically, the effec-
tive inter-qubit coupling arises from two distinct path-
ways: inductive coupling and parasitic capacitive cou-
pling. While the inductive contribution can be dynam-
ically tuned off, the capacitive coupling remains inher-
ently fixed by the static system parameters. Conse-
quently, residual interactions arising from this parasitic
capacitive coupling cannot be eliminated through tuning
the inductive coupling and must instead be suppressed
by increasing the detuning between the qubit’s plas-
mon and DTC modes. Satisfying the condition g¢inq <
lwi,2,, — Wot,| is particularly critical given the strong
fluxonium-DTC coupling (Jg../h ~ 500 MHz) required
to execute the MAP gate (see Sec. IV C). Without suf-
ficient detuning, inevitable parameter variations across
the device can lead to unintended resonances between
Woff,c and w12, w12, thereby compromising the DTC
“turn-off” mechanism and degrading the isolation of the
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FIG. 7. Robustness analysis of spectator-induced crosstalk ¢
under fabrication uncertainty. Curves of different colors corre-
spond to distinct selected energy transitions. Simulations use
the parameters from Table IV with random variations mod-
eled as follows: 5% for fluxonium FE;, Fr, and DTC junctions
with Ej/h < 5 GHz; and 2% for all Ec and DTC junctions
with F;/h > 5 GHz. Statistics are compiled from 100 ran-
domized samples. The colored vertical lines indicate the 95th
percentile (the threshold below which 95% of the samples fall).

architecture.

The primary observable consequence of this degraded
isolation is spectator-induced crosstalk, which occurs
when the effective inter-qubit coupling is not perfectly
nulled. We quantitatively define this crosstalk as the
frequency shift of a target MAP transition conditioned
on the quantum states of adjacent spectator qubits
(see Appendix C). Physically, this spectral shift ren-
ders the targeted two-qubit operation inadvertently de-
pendent on the spectator dynamics, manifesting as an
unwanted controlled-controlled-phase operation or con-
ditioned leakage acting on the active qubit pair. Such
residual entanglement fundamentally limits the fidelity
of simultaneous gate executions. To evaluate the efficacy
of our proposed parameter allocation, Fig. 7 presents a
robustness analysis of spectator-induced crosstalk during
a MAP gate, utilizing the optimized system parameters
detailed in Table I'V.

We observe that the designed detuning of (wog, —
wi;)/2m = (Wof, — w12, )/2m ~ 1.8 GHz, as shown in
Fig. 3(a), is sufficient to maintain crosstalk below 10 kHz
across all sampled parameter variations. This 10 kHz
threshold serves as a strict benchmark, selected to guar-
antee that the MAP gate infidelity induced by specta-
tor crosstalk is bounded to < 1075, cf. Appendix C2.
Conversely, we demonstrate that a large frequency sep-
aration is essential for robust isolation: as illustrated in
Fig. 12, reducing the detuning to ~ 0.8 GHz results in
an order-of-magnitude increase in crosstalk due to the
increased likelihood of frequency collisions. This proce-
dure enables the optimization of key DTC parameters,
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namely, wog,. This analysis concludes Steps 7-8 of the
optimization workflow outlined in Fig. 2(b).

Notably, the above discussion focuses on nulling
spectator-induced frequency shifts on transitions rele-
vant to MAP gate operations. Equally important is
the suppression of such shifts in qubit frequencies within
the computational subspace, which is essential for high-
fidelity parallel single-qubit gates. However, this partic-
ular type of crosstalk is inherently mitigated in the MAP
gate scheme due to the large ratio of the charge dipoles
in the plasmon to the fluxon transitions, i.e., (1|7;|2) >
(0|n;]1) and large detuning between coupler frequen-
cies in the activated regime and fluxon frequencies,
i.e. Won, > wo,1, - Consequently, the ZZ and XX in-
teractions within the qubit computational subspace re-
main negligible, obviating the need for active mitigation
protocols.

E. Qubit reset

Due to the long coherence times of fluxonium qubits
in the computational subspace and their relatively low
transition frequencies (hundreds of MHz), active reset is
crucial to prevent thermalization. In this work, we im-
plement active reset using dedicated low-frequency res-
onators (~ 3.5 GHz). The resonator frequency is chosen
to be high enough that the reset fidelity Freser [64] is
not limited by the thermal photon population, yet low
enough to minimize the impact of the Purcell effect and
photon shot noise on the MAP gate fidelity.

The coupling strength g;j between the qubit and the
resonator must balance the robustness of the reset op-
eration against flux variations (characterized by the no-
tation 6¢¢., [63]) with the decoherence induced on the
qubit plasmon transitions. A larger coupling strength
g;j enhances robustness against flux noise but reduces
both the Purcell relaxation time 771" and the pho-
ton shot-noise dephasing time T;hl"; of the plasmon tran-
sitions. Similarly, the resonator’s coupling quality fac-
tor Q;- must balance the reset duration t,est against in-
duced decoherence. A lower quality factor Q; enables
faster reset but increases the decoherence rate on the
plasmon transitions. Consequently, determining the op-
timal reset parameters x, = {w; , g, ,Q}} is a multi-
objective optimization task targeting five benchmark
metrics: {treset,(ngt’j,Freset,Tllf ilgcell,T;?fz‘“ )

We define the reset fidelity Fieset as the probability
of the fluxonium qubit returning to its ground state |0)
after applying a flux bias to bring the qubit transition
frequency wo1; into resonance with the reset resonator
frequency w... Figure 8(a) presents the calculated reset
fidelity Fieset, obtained by simulating the dynamics of
the fully coupled fluxonium-DTC-resonator system (gov-
erned by the Hamiltonian introduced in Sec. IIT A). Fig-
ure 8(a) demonstrates that a reset fidelity of Fyeset > 99%
within a duration of t..set ~ 300 ns can be achieved us-
ing g,,/2m = 50 MHz and Qj = 400. At this oper-
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FIG. 8. (a) Reset infidelity 1 — Fleset as a function of reset duration reset. The marker symbols and colors indicate the
corresponding fluxonium-resonator coupling g{ﬂj, resonator quality factor Q}, and 6¢% ; [63]. (b) Purcell relaxation time and

(c) photon shot-noise dephasing time for the fluxonium plasmon transition wi,2;, plotted as functions of Q}; and g,'qj .In panels
(b—c), regions with coherence times above specific thresholds are highlighted.

ating point, the reset protocol demonstrates robustness
against flux variations up to a value 5y, /2T ~ 4% 1074,
ensuring reliable operation under realistic experimental
conditions. Furthermore, the reset duration can be ac-
celerated to treset ~ 200 ns by decreasing the quality
factor to Q% = 200 while maintaining the identical ef-
fective coupling and flux-noise robustness. Furthermore,
this configuration maintains sufficiently long coherence
time for MAP gate fidelity > 99.9%, with estimated lim-
its of Tfi‘?e“ > 5 ps and Tg}}%t > 100 ps, as shown in
Fig. 8(b) and (c). This concludes Steps 9, 10, 11 and 15
in the optimization flow in Fig. 2(b).

F. Qubit readout

Qubit readout plays a central role in superconducting
quantum processors and requires careful balancing mea-
surement speed, state distinguishability, and the preser-
vation of qubit coherence. Key system variables, such as
the dispersive shift |2y|, the cavity decay rate k, and the
readout photon number, must be simultaneously engi-
neered to maximize the signal-to-noise ratio (SNR) while
mitigating measurement back-action. While the ultimate
choice of parameters is strongly dictated by specific ex-
perimental architectures and objectives, here we establish
a generalized baseline that ensures robust readout per-
formance, deferring highly specialized optimizations for
ultra-fast or ultra-high-fidelity integration to application-
specific designs.

Specifically, we target a parameter regime character-
ized by a dispersive shift of |2x|/27 ~ 1 MHz, a ratio of
|2x|/k = 2, and a critical photon number n; 2 50. The
first condition facilitates sufficiently fast state discrimi-
nation without unnecessarily compromising the intrin-
sic qubit coherence. The second condition strictly max-
imizes the readout SNR [65], yielding a high readout fi-
delity that is fundamentally independent of all other sys-
tem parameters. Finally, maintaining a large ne;; 2 50
ensures projective, near—quantum-nondemolition (QND)

readout by avoiding the resonance between multi-photon
transitions of the resonator and noncomputational tran-
sitions of the fluxonium. Enforcing this bound ensures
that a nominal steady-state readout drive of ng,ive 2 10
(Ndrive & Nerit/D) safely restricts measurement-induced
transition probability to < 1% [66].

With the optimized fluxonium parameters detailed in
Table IV, Fig. 9 demonstrates that a qubit-resonator cou-
pling of g,,/2m = 130 MHz and a resonator frequency
of w,,/2m =~ 7.55 GHz successfully secure this target
parameter regime. To evaluate the cavity decay rate
Kk, we assume a realistic quality factor of @; = 3000.
Specifically, this configuration yields a dispersive shift of
|2x|/27 ~ 2.55 MHz, a decay ratio of |2x|/x = 1, and
a critical photon number of ng;it & 75 (indicated by the
yellow dot in Fig. 9), comfortably satisfying the disper-
sive readout conditions established above.

Beyond dispersive readout performance, Purcell relax-
ation arising from the qubit-resonator coupling consti-
tutes a prominent decoherence channel. We quantify its
impact on two-qubit MAP gate fidelity by analyzing the
extent to which Purcell decay damps the higher-level aux-
iliary states involved during gate operation. While plas-
mon transitions in typical fluxonium systems can cou-
ple strongly to the readout resonator and lead to en-
hanced relaxation of highly excited states, our architec-
ture strategically mitigates this effect. In our engineered
parameter regime, the state-dependent dispersive shift
is primarily governed by the wo,3; and w14, transitions,
whereas the plasmon transition w12, used for the MAP
gate remains far detuned from the readout resonator fre-
quency. As a result, Purcell-induced decay of the relevant
gate states is strongly suppressed, rendering its impact on
two-qubit gate fidelity negligible. The analyses presented
above conclude Steps 12-15 of our systematic parameter
optimization flow in Fig. 2(b).
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FIG. 9. (a) The dispersive shift |2x|/2m, (b) the critical
photon number ngit, and (c) the signal-to-noise ratio (SNR)
condition |2x|/k as a function of the readout resonator fre-
quency wr/27 and the qubit-resonator coupling strength g, .
The resonator decay rate is defined as k = wr, /Q;, with the
quality factor fixed at @Q; = 3000. White contour lines and
shaded bands delineate the boundaries of the target require-
ments (e.g., |2x|/2m ~ 2 MHz, nerie > 50, |2x|/k = 1). The
yellow dot marks a specific optimized parameter instance at
(wr; /27, gr, /27) = (7.55 GHz, 130 MHz) that simultaneously
satisfies all three performance metrics.

V. CONCLUSIONS AND OUTLOOK

In this work, we have presented a comprehensive de-
sign strategy for scalable fluxonium-based quantum pro-
cessors using double-transmon couplers. By leveraging
the rich energy structure of fluxonium qubits, we intro-
duce a frequency-allocation scheme that separates qubit
transitions, coupler modes, and resonator bands into dis-
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tinct spectral regions. A central result of this work
is that such frequency separation transforms an other-
wise highly complex, multi-parameter, multi-objective
optimization problem into a structured, sequential de-
sign workflow. By assigning single- and two-qubit con-
trol, readout, and reset operations to largely independent
spectral bands, the corresponding parameter sets can be
optimized in a nearly decoupled manner. This signifi-
cantly reduces the effective dimensionality and computa-
tional complexity of the design problem, while preserving
global consistency across system-level performance met-
rics. Building on this principle, we have developed a sys-
tematic design framework that identifies feasible param-
eter regimes for fluxonium-based, DTC-coupled multi-
qubit quantum processors. Specifically, we identified key
benchmarking metrics to guide this optimization: single-
qubit gate fidelity (Fi4); leakage (1) and environmental
noise-induced decoherence for two-qubit gates; the dis-
persive shift (), critical photon number (ne;), and SNR
condition (|2x|/x) for qubit readout; reset fidelity (Freset)
and duration (tyeset); and spectator-induced crosstalk (¢)
during parallel operations. Optimization based on these
benchmarks enables high-fidelity, shallow-depth circuit
execution. Furthermore, the framework incorporates ro-
bustness analysis to mitigate sensitivity to fabrication-
induced parameter variations, a primary limitation to
performance uniformity in large-scale quantum proces-
sors. Consequently, our work bridges microscopic Hamil-
tonian design and system-level performance in a quanti-
tative and predictive manner.

Although this study focuses on the DTC architecture,
the proposed framework is readily generalizable to other
coupling schemes in fluxonium-based multi-qubit archi-
tectures, such as tunable transmon couplers [14, 20, 26—
28, 36, 37] and resonator-based couplers [24, 25], pro-
vided that analogous benchmarking criteria are estab-
lished. More broadly, this work represents a step to-
ward systematic, and ultimately automated, parameter
design for quantum devices. By ensuring that architec-
tural choices are driven by rigorous performance metrics,
we can significantly accelerate the development of ro-
bust quantum processors, paving the way for automated,
model-driven quantum processor design.

Appendix A: Effective system Hamiltonian

1. DTC Hamiltonian in the harmonic oscillator
basis

The DTC Hamiltonian H. can be alternatively ex-
pressed in the harmonic oscillator basis by introducing
the operators [31]

(ﬁj = _i¢zpf,j (dj - &;)7 (Ala‘)
(A1b)

oy = Tape 3 (6 + af),
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%\/hwc’m/ (Etl]c,m + Ef]c,lQ)
Nzpf,c,m % V th,m/(SECc,m)

E{]C,m EJc,n Cos ¢extc

Ej,., N e
Ec e?/(2Cs, )

C? Ce1Ce2+ Ce1Cc 12 + Ce2Ce 12
és,m Ce.mCe,12/C?

Ce12/We,1Wc,2

ge,cap 2\/(Cc,1+cc,12)(Cc,2+Cc,12)
' 4B, 15y FCciFPlos

Jc,ind FLQ\/W

V(Ejl»,)n ECC,TYL /(12h)

TABLE V. DTC Hamiltonian parameter definitions. C¢ m
denotes the capacitance of m-th transmon, C. 12 is the mutual
capacitance between 1-st and 2-nd transmon.

with the definitions of the phase (number) zero-point
fluctuations ¢,pr (n4pe) given in Table V. This results
in the approximated DTC Hamiltonian (in the small
E‘JC’12 /Ejm llmlt)

2
- b e .
H./h =~ E [Wcmai,nac,n - Vé,n (ac,n -

n=1
+ g P | PN |
Geyind | Qc,1 — A q ) | Qc,2 — Qg o

+ Ye,cap (dc,l + a:[;,l) (dc,z + &272) ’

where higher-order inductive couplings and qubit nonlin-
earities v(P) for p > 6 have been neglected. In Eq. (A2),

Wen (V£47)L) denotes the frequency (nonlinearity) of mode
n, and geind (gecap) represents the inductive (capaci-
tive) coupling between modes 1 and 2 of the ¢-th DTC,
cf. Table V for the explicit form of the parameters. The
DTC eigenenergies as a function of flux bias ¢exs,, cal-
culated using the parameters in Table IV, are shown
in Fig. 10. The lowest eigenenergy manifold comprises
a nearly constant-frequency mode and a flux-tunable
mode, with frequencies denoted as w, and w__, respec-
tively. The same spectral feature is also evident in the
DTC energy spectrum shown in Fig. 3 of the main text.
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FIG. 10. Normal modes of a DTC vs. flux bias ¢ext.. The
DTC parameters are taken from Table IV.

2. Effective fluxonium-fluxonium interaction

It is instructive to derive the effective interaction be-
tween neighboring fluxonium qubits, indexed j and k,
mediated by the intervening DTC ¢ = (j, k). Given the
strong anharmonicity of the fluxonium spectrum, we re-
strict our analysis to the relevant two-level subspaces of
the qubits and the DTC, assuming couplings to other
energy levels are negligible. While approximate, this
projection onto specific target subspaces yields valuable
physical insight into the effective inter-qubit coupling
mechanism.

Consider the relevant energy levels {|a), |b)} for the j-
th and k-th fluxoniums and the two modes of the DTC,
with frequencies wa b, , Wa by, We,1, and we 2, respectively.
For simplicity, we assume degenerate modes in the DTC,
i.e. wepn = we. Neglecting higher-order terms, the sub-
system Hamiltonian is given by

2

~ E 5% § At o4

Ha,bjyk ~ (wa,bm /2)0-a,bm + Wele pnGe,n
me Gk} n=1

2
+ 3 D Guven (9L, e+ hc)

me{j,k} n=1
+ gc,ind(dql - di,l)(&cﬁ —a 2)

;
C

+ ge,cap(@e,1 + di@)(&cﬂ + AZ,Q)?

(A3)

where 67, = |by) (bm| = |am)(am| and 0ap,, = |am)(bm|
(O';bm = |bim){am|) are the Pauli-z operator and lowering
(raising) operator in the m-th qubit subspace spanned
by {lam), |bm)}, respectively, dcn (af,) is the anni-
hilation (creation) operator for the n-th mode of the
c-th coupler whose frequency is w.,, and Jab,,.cn
(am|{0c,n|Hsys|bm )| 1le,n) is the coupling matrix element.
An effective Hamiltonian can be derived by perform-
ing a Schrieffer-Wolff transformation to eliminate the
direct fluxonium-DTC coupling. Assuming the detun-



ing Agp,, = Wa,p,, — We is much larger than the cou-
pling strength gqs the effective Hamiltonian be-
comes [31, 34]

eff _ z : ~ 1 ~
Ha,bjﬁk - {wavbmaﬂ,b"LJa»bm,]

me{j,k}

+ 950 (654,600, +1c.),

miCn?

(A4)

where the effective coupling strength is expressed as

eff gaybjyclg&bkv% Ge,cap — Ye,ind
ga,b ~ D) E P}

A
a,bm (A5>
_ Yc,cap + gc,ind:|
wcAmbm .

m=j,k

In the absence of parasitic capacitive coupling, i.e.,
Jecap = 0, the effective interaction can be fully sup-
pressed by tuning the external flux of the DTC such that
the inductive contribution vanishes, gcina = 0. At this
operating point, the cancellation is exact and indepen-
dent of both the qubit parameters and the specific transi-
tions involved, reflecting perfect destructive interference
between the common and differential modes of the DTC.
In the presence of finite capacitive coupling, the total ef-
fective coupling includes an additional contribution that
cannot be nullified for all potential transitions through
tuning the flux alone. As a result, the location of the
turn-off point depends on both the qubit parameters and
the selected energy levels.

Appendix B: Microwave-activated-phase (MAP)
gate realization

1. DTC “turn-on” mechanism and MAP gate
protocol

The effective interaction between neighboring fluxo-
nium qubits, j and k, is mediated by the intervening DTC
¢ = (J, k). Since the physical coupling between the fluxo-
niums and the DTC is capacitive, achieving a significant
effective coupling strength requires exploiting the large
charge matrix elements associated with the fluxonium
plasmon transitions. Consequently, strong inter-qubit
coupling is realized by tuning the flux-dependent mode of
the DTC into resonance with the fluxonium plasmon fre-
quencies, i.e., w12, & w2, ~w_ . Near this degeneracy
point, the interaction shifts from a virtual, dispersive me-
diation to a resonant hybridization, effectively “turn-on”
the coupler. We denote the DTC flux bias ¢ext, at which
this degeneracy occurs as ¢on,, and the corresponding
DTC mode frequency as won,. When the DTC is biased
to this “on” state, the effective fluxonium-fluxonium cou-
pling g‘f‘g induces a level repulsion between the plasmon
states. This interaction manifests as distinct shifts in the
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transition frequencies (cf. Table II for definition of wy)

2 [(w201 — wi01) — (w200 — W100)] ® A — Gest, (Bla)
2 [(w102 — wi01) — (Woo2 — woo1)] = —A + Get,  (Blb)

[(wi11 — wi01) — (w200 — wi00)] ® w-, —w12,, (Blc)
where

(B2a)
(B2b)

geff = 4(9??2)2 + AQ?

A= (w1,2j - w1,2k) .

From Eq. (Bl), it can be deduced that for degenerate
plasmon frequencies and DTC normal mode, specifically
when A =0 and w_, = W12, = W12, the effective cou-
pling g‘fff2 leads to splitting between the three eigenstates
|201), |102), and |111). The resulting splitting between
these transition frequencies enables frequency-selective
addressing. By applying a microwave drive resonant with
a specific transition, while remaining off-resonant to oth-
ers, we can selectively rotate the system. A controlled-
phase (CZ) gate is realized by applying a drive pulse of
duration t, sufficient to perform a 27 rotation on the
targeted pair of states. This cyclic evolution returns the
population to the computational subspace while accumu-
lating a geometric conditional phase of 7 [14].

2. Leakage estimation

Here, we adopt the parameters from Table. IV as an
example to illustrate the discussion on leakage in the
MAP gate scenario. At the operating point of the MAP
gate (¢on, &~ m), a manifold of eight transitions arises, as
shown in Fig. 11(a). Since any of these eight transitions
can be utilized to perform the MAP gate operation, we
must select the one that yields the smallest leakage er-
ror. To estimate this error, we employ time-dependent
perturbation theory and assume the leakage probability
during the gate operation significantly smaller than one.
Consider a cosine envelope microwave drive whose fre-
quency wy is in resonance with the transition frequency
of |7) — |8), i.e. wq = wj g, if there exists another tran-
sition |k) — |a) whose frequency wy o is close to w; g, a
leakage transition will be driven. The probability of the
leakage state |3), denoted as 73k, at the end of the
pulse is given by

1 N 2 1
tg njg Djgka 1 — [tgAjp ka/(2m)]?

Here, t4 is the gate duration, while n;s = (j|n.s|3) and
Nka = (k|Nefr|a) represent the microwave drive strengths
on the “intended” and “leakage” transitions, respectively.
The effective charge transition operator is defined as
et = 75 +Yj.cfe,1 (see Eq. (7) for the definition of ~; ),
and Ajg ko = |wa — wi| — |ws — wj| denotes the detun-
ing between the frequencies of the intended and leakage
transitions.

M8, ka = (B3)
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FIG. 11. (a) Transition frequencies of all eight candidate tran-
sitions for the MAP gate operation. (b) The effective drive
strength of the transition |k) — |I), denoted as (k|feg|l) at
coupler sweet spot, i.e. ¢on, = m. The label of each vertical
line denotes the final state of the transition |k) and the cor-
responding transition frequency. The results are computed
with parameters in Table IV.

Using Eq. (B3), one can judiciously choose the “best”
transition to perform the MAP gate. For instance, as
shown in Fig. 11(b), although the transition |101) —
|201) yields the largest detuning from the nearest leakage
state (A101.201 = 96 MHz), the transition |101) — [102),
despite having a smaller detuning (63 MHz), may yield
lower overall leakage. This is due to a more favorable ra-
tio of matrix elements, specifically a relatively larger in-
tended charge transition (101|feg|102) compared to the
values of (k|fi.g|a) of its nearest leakage transitions. The
relationship between the leakage probability and the re-
sulting leakage-induced MAP gate fidelity is presented
explicitly in Appendix E2c.
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Appendix C: Spectator induced crosstalk
1. Definition and “turn-off” mechanism

To quantify the isolation between qubits, we first define
a metric for spectator-induced crosstalk. We consider a
composite system of three fluxonium qubits (g1, ¢2,¢3)
connected via DTCs. We focus on a scenario where a
MAP gate is applied to the active pair (g2, g3) by driving
a transition between states |A) and |B), while ¢; serves
as a spectator. The magnitude of the frequency shift in-
duced by the spectator is tunable via the flux bias of the
intervening coupler, gext._, ,- We define the frequency
shift (;;, a—p as the variation in the target transition en-
ergy (A — B) when the spectator ¢; changes from state
1 to state j

Gij,A—B(0ext,12) = |(EjoB — Ejoa) — (Eiop — Eioa)|

(C1)
where Ejop denotes the eigenenergy of the system state
adiabatically connected to the bare state |k)q, ®[0)cy, ®
|A)active- Here, k € {i,j} represents the state of the
spectator ¢p, the coupler ¢1o remains in its ground state,
and the active subsystem corresponds to |A)active €
{14), 1B)}.

For robust parallel gate operation, the spectator qubit
may occupy any state in the subspace {|0),|1),]2)}. Con-
sequently, we define the system crosstalk ¢ as the worst-
case frequency shift, minimized over the DTC flux bias

= min max i . C2
¢= juin <i,jeo,1,2 i;éjC”’AHB(qbeXt’”)) (©2)

Minimizing this crosstalk requires effectively isolating
the qubit pairs. In architectures using DT C-coupled flux-
onium qubits, this isolation is achieved by biasing the
coupler at a specific “turn-oft” flux ¢og,, where the two
normal modes of the DTC are degenerate (w_, = w4 ).
At this operating point, the effective inductive coupling
ge,ina becomes zero (cf. Eq. (B1)). Consequently, in the
ideal limit of vanishing capacitive coupling between the
transmons within the DTC (i.e., J.12 = 0), the total
effective coupling between neighboring fluxonium qubits
vanishes. This ensures that the state of a spectator qubit
induces zero frequency shifts on its neighbors.

When a non-zero capacitive coupling (J. 12 # 0) is
present, the cancellation of the total effective coupling be-
comes frequency-dependent. Specifically, “turn-off” the
interaction for transitions at different frequencies requires
slightly different coupler flux biases. For non-degenerate
qubits, this frequency dependence prevents the simulta-
neous cancellation of all interaction terms, giving rise to
residual crosstalk. Nevertheless, for small capacitive cou-
plings, an inspection of Eq. (B1) reveals that this resid-
ual crosstalk can be effectively mitigated through param-
eter engineering. By ensuring a large detuning A be-
tween the fluxonium plasmon frequencies and the DTC
normal mode frequencies at the turn-off flux, such that
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FIG. 12. (a) Frequency allocation and (b) robustness anal-
ysis of spectator-induced crosstalk ¢. The results are ob-
tained using the optimized parameters from Table IV, but
with modified DTC junction energies: Ej.,, /h = 11.3 GHz
and Ej¢,,/h =1.3 GHz.

A > ge cap, the frequency shifts induced by the spectator
are suppressed.

This design consideration is particularly critical when
evaluating crosstalk robustness against parameter varia-
tions. In the presence of fabrication uncertainties, insuf-
ficient detuning can lead to specific variation instances
where the DTC’s nearly flux-independent mode w_ col-
lides with the fluxonium plasmon frequency, thereby am-
plifying residual crosstalk. For example, Fig. 12 illus-
trates a scenario where the worst-case crosstalk ¢ is ap-
proximately an order of magnitude larger than that ob-
tained with our optimal parameter set P* (cf. Fig. 7).
This degradation arises obviously because the smaller
design value of A in Fig. 12 increases the likelihood of
frequency collisions under random parameter variations.

2. Effect of crosstalk on MAP gate fidelities

The impact of crosstalk on two-qubit gate fidelity is
highly sensitive to the specific system parameters and
the chosen gate scheme. To determine the maximum
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FIG. 13. Crosstalk-induced reduction in MAP gate fidelity,
denoted as OF, evaluated in the absence of relaxation and
pure dephasing. The fidelity reduction is plotted as a func-
tion of the crosstalk strength, (. Results are calculated using
the optimized parameters from Table IV, with an asymmetry
introduced between the interacting fluxonium Josephson en-
ergies (Ej, /h = 4.65 GHz and Ej,/h = 4.5 GHz).

tolerable crosstalk that our DTC-coupled fluxonium ar-
chitecture can withstand before MAP gate performance
degrades, we evaluate the system using the optimized
parameters detailed in Table IV. Figure 13 illustrates
the crosstalk-induced infidelity, dF, as a function of the
crosstalk strength (. We observe that the architecture
demonstrates strong resilience: for a crosstalk strength
of ¢/2m < 10 kHz (100 kHz), the induced infidelity re-
mains tightly bounded at 6F < 107° (< 1074).

Appendix D: Single-qubit coherence time and
average gate fidelity

1. Relaxation rate I'y

Consider a Hamiltonian parameterized by an external
parameter A\, H(\), we assume that the overall parameter
can be decomposed into an externally controlled value
and a small noise term, i.e. A = A\, + A\, with A\, < A..
A Taylor expansion of the Hamiltonian yields [1]

H— H+ Anﬁf\l), (D1)
where
- oH
A = — D2
e
The depolarization rate is then
92 . 2
P = o |HADD] Sy@i).  (03)

where wy,; = (E; — Ej)/h is the frequency difference be-
tween state |k) and |I) and Sg(w) is the noise spectrum.
For 1/f noise, Sp(w) = 27(A% Jw).



2. Pure dephasing rate I'y

For 1/f noise spectrum, the first and second-order de-
phasing rate are [52, 67]

Owy,.1
Fé,kz = AAW? (D4a)
2 62wk,l
FQ,M = Aimv (D4b)

3. Estimates for fluxonium single-qubit relaxation
(T1) and pure dephasing time (7})

a. Fluz noise

Assuming the flux noise exhibits a 1/f character, the
relaxation rate (at the half-integer flux) between state |4)
and |j) of the fluxonium qubit are [52, 60]

7TEL

I =8 <M,) MO Salwr).  (DB)

The dephasing rate directly follows from Eq. (D4).

b. Dielectric loss

The relaxation rate attributed to dielectric loss in the
fluxonium qubit is given by [60]

ie 1 i 2 ﬁwk’l
Ftli,k'll = E ’<k|¢‘l>’ hwil tandc coth (21631163) y
(D6)

where tan §. is the effective loss tangent, and Teg is the
effective temperature.

c. Purcell relaxation

Consider the j-th fluxonium is dispersively coupled to
a resonator of frequency w,, with coupling strength g, ,
the Purcell relaxation between two state |k;) and |I;) is
[68]

(D7)

urce K \/§
Fll:),kl 1l = 5 — 7\/714 + \V A2 + (HA)2,

where A = A% + 4g72,j —k*/4and A = wyy, — w,, .

d. Photon shot noise

The fluxonium qubits in this architecture are suscep-
tible to dephasing from photon number fluctuations in
the reset resonator. This susceptibility is exacerbated
by the reset resonator’s relatively low frequency, w;j,

which leads to a relatively higher thermal population.
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For the undriven reset resonator, the dephasing rate be-
tween states |k;) and |I;) is [69]

4X2

Lop =n——n, (D8)

defined by the dispersive shift x, n = x2/(k® +
4x?) and the mean thermal photon number 7 =
(exp(hw!. /kpTeg) — 1)L

4. Estimates for DTC relaxation (71) and pure
dephasing time (T})
a. Fluz noise

From Eq. (4), the Hamiltonian derivative with respect
to external flux is

F(1) _ 2T
(3] q>0

2
Z EJc,m sin (¢c,m + Oc,m¢ext,c)
m=1 (D9)

EJC‘IQ sin (4270,2 - Qgc,l - 5c,12¢extc)} .

The relaxation rate can then be estimated with Eq. (D3).

b. Dielectric loss

The MAP gate operation exploits the coupling between
the flux-tunable mode of the DTC, w,_, and the fluxo-
nium plasmon modes, wy2;. In this configuration, the
primary relaxation channel arising from dielectric loss
is associated with the flux-tunable mode, which corre-
sponds to the differential mode of the DTC. To quantify
this loss, we first evaluate the effective capacitance con-
nected to the differential mode.

Expressing the DTC Hamiltonian in terms of node

voltages gz'Scym and node fluxes g{)c,m, we write H =T+ U,
where

Do\ [ Com Cerz (5 ¢ \2
T:(%:> [Z 2 fm t 212 (‘ﬁ“’l_%ﬂ)]’

m=1

2 ~
U=-— mzz:l Ey, ., cos (qbc,m + Cc,md)extc)

- EEIC112 COSs (Q?)C,Z - Qgc,l - 56,12¢extc) .
(D10)

Assuming symmetric junction parameters E Jeq = Ej.,
and capacitances C. ;1 = C. 2, we rewrite the Hamiltonian
in the common and differential bases, defined as ¢, =

((lgc,l + (ch,2)/2 and qgc,d = ((lgc,l - (ch,2)/27 respectively.



This yields

U=-2Ey,, cos (Qgc,c + 5c,1¢extc>

- EJC,12 COS (2QEC,d - 5c,12¢extc) 5

o \° [(Cor +Ce2 2o (D11)
T= o : : ¢c c
27 2 ’
C.1+C. -
+ (122 + 2Cc,12) sz,d] .
where ®y = h/2e. From the kinetic energy term, we

identify the effective capacitance of the differential mode
as Ceg = (Cen + Cr2)/2 + 2C,12. Consequently, the
dielectric loss rate is estimated as

. Ceg
diel __ &
FLkl - (26)2

. 2 Ty
2 —_
‘ (K| pe,all) ‘ hwi; ; tan d. coth (QkBchf )
(D12)

5. Average gate fidelity

Given a pure dephasing time Ty (with 1/f noise spec-
trum) and relaxation time 77, the average gate fidelity is

[70]
ty 1 (g
3T, 3\ T,

Appendix E: Multi-qubit coherence time and
average two-qubit gate fidelity

Fig=1- (D13)

1. Relaxation rate I'1 and pure dephasing rate I'y

The relaxation rate for the multi-qubit composite sys-
tem is derived by generalizing Eq. (D3). This derivation
involves replacing the bare states |i) and |j) with the
dressed eigenstates of the composite system and promot-
ing the local operators, such as the phase operator ngS in
Egs. (D5), (D6), and (D9), to the full composite Hilbert
space. Similarly, the pure dephasing rate is determined
using Eq. (D4), where wy,; represents the transition fre-
quencies of the composite system.

2. Gate error modeling

In this section, we present analytical estimates of
MAP gate fidelities in the presence of incoherent errors.
We model the operation of a two-qubit gate as a com-
pletely positive trace-preserving map K acting on an in-
put density state p, such that p’ = K(p). To derive the
gate fidelity, we express K in the Kraus representation,
K(p) = >, KipK ,1, satisfying the completeness relation
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>k K;Kk = I. The average state fidelity is given by

Tr (Z M,ij> + )T (M)
k

k

1

Fy=———
7 n(n+1)

)

(E1)
where M = PUJK;CP. Here, Uy represents the ideal
unitary operator, P is the projection operator onto the
computational subspace, and n is the dimension of the
subspace.

a. Relazxation involving higher-energy levels

In the MAP gate scheme, the dynamics involve five
relevant states: the four computational states C =
{]000), |001), |100),|101)} and a higher-energy auxiliary
state |3). Following the formalism in Ref. [14], we model
|7) and |8) decay into each other at the same rates I'y un-
der driven evolution and set the ideal evolution as Uy = I.
The fidelity is given by

16 + e "1ts 4 3e~T1to/2
= %0 :

F (E2)

b. Dephasing of higher energy levels

For the dephasing analysis, we confine the dynamics to
the subspace spanned by the four computational states
and the auxiliary state. The pure dephasing rate I'g
between a pair of states |k) and |l) is estimated as de-
scribed in Sec. E 1. This dephasing induces a quantum
operation p’ = Ky(p), where the density matrix elements
pr1 = (k|p|l) evolve as

(E3a)
(E3b)

P%,z;ﬁk = exp [—(F@kztﬂ Pkl
PZ,k = Pk,k-

Here, the Gaussian decay profile arises from the assump-
tion of 1/f noise. The evolution can be alternatively
expressed as a Hadamard product, p/ = p o D, where
D is the decoherence matrix with off-diagonal elements
Dy = exp|—(Ty it)?] and diagonal elements Dgg = 1.
To obtain the Kraus representation of Ky, we diagonal-
ize D such that D = )" /\mvmv;fn, where A, and v,,
are the eigenvalues and eigenvectors, respectively. The
Kraus operators are then given by

Kp.m = diag(y/Amtm). (E4)

As in the relaxation analysis, we simplify the fidelity
estimation by assuming an effective identity operation
(Up = I) and applying Eq. (E1).

c. Leakage infidelity

In the MAP gate scheme, the dynamics involve the
four computational states C = {]|000), |001),]100), |101)}



and the higher-energy auxiliary states |3) and |a). The
gate is realized by driving the transition between |101)
and |8) to induce a geometric phase. To model the gate
error, we consider a representative scenario where a par-
asitic leakage transition occurs between |100) and the
auxiliary state |a). We note that while we focus on this
specific transition for concreteness, the derivation below
can be generalized to any analogous leakage path origi-
nating from a computational state.

At the end of the operation, the state [101) ac-
quires the target m phase, while a non-negligible leak-
age population is mixed into |«a). Expressed in the basis
{]000), |001), |100), |101), |} }, the effective unitary oper-
ator is

10 0 0 0
01 0 0 0
U=|00vI—n 0 —iyq |, (E5)
00 0 -1 0
00 —iym 0 yI—7

Treating this leakage as a coherent error channel, the
process is described by a single Kraus operator K = U.
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We define the ideal CZ unitary operator, extended to
include the identity operation on the leakage subspace,
as

Uy = |000)(000| 4 [001)(001| -+ [100)(100]
(E6)
— [101){101] + [a)(al,

Using Eq. (E1), we obtain the gate fidelity estimate

1 3
Fel——np— —n

4 80 (E7)

While multiple leakage paths may exist in a realistic de-
vice, we consider only the dominant path yielding the
largest leakage estimate.
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