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Control architectures that reduce hardware overhead while maintaining high-fidelity operations
are essential for the continued scaling of superconducting quantum processors. Here we experi-
mentally realize a unified control architecture for fluxonium qubits, in which both transverse (XY )
and longitudinal (Z) operations are implemented through a single flux-control channel driven by
a single arbitrary waveform generator channel. This architecture imposes competing requirements
on the shared control channel, which must simultaneously support low-frequency flux transmission
for reset operations while strongly attenuating broadband noise near the qubit transition frequency.
We address this challenge through frequency-selective cryogenic filtering together with compensated
waveform synthesis that corrects the pulse distortion introduced by the filtered control line. Ex-
perimentally, this approach preserves coherence times above 100 µs while enabling active reset with
approximately 98% fidelity and 20-ns single-qubit gates with fidelities exceeding 99.99%. We further
demonstrate FPGA-native instruction-level waveform synthesis based on reusable pulse primitives
for unified flux control. These results establish unified flux control as a scalable architecture for
fluxonium qubits that reduces control hardware overhead while preserving high-fidelity operation.

I. INTRODUCTION

Superconducting quantum circuits are among the lead-
ing platforms for quantum information processing, with
rapid advances in coherence [1–5], gate fidelity [6–10],
and processor scale [11–15]. As these systems continue
to scale, however, the complexity of the control archi-
tecture itself increasingly becomes a limiting factor. In
most superconducting platforms, universal qubit control
relies on multiple physically distinct channels: trans-
verse (XY ) operations are implemented using microwave
charge drive, while longitudinal (Z) control is realized
through low-frequency flux bias [16–18]. This separation
requires duplicated electronic sources, filtering stages,
and calibration abstractions. Several approaches have
attempted to reduce wiring complexity by integrating
microwave and flux pathways within a shared on-chip
structure [19, 20]. However, these approaches still rely
on multiple independent control sources operating across
different spectral regimes. As a result, the underlying
control paradigm remains fundamentally multi-channel,
inherently limiting further architectural simplification.

Unlike superconducting qubits based on plasmon-like
excitations in circuits such as the transmon, flux-like
qubits such as fluxonium derive their qubit transitions
from fluxon tunneling. In these systems, both transverse
and longitudinal control can be implemented through the
same inductive flux degree of freedom [9, 21–23]. Ac-
cordingly, transverse rotations are driven by modulated
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ac flux signals, while longitudinal operations are imple-
mented through quasi-dc flux bias. Ultimately, univer-
sal single-qubit control can be collapsed into a single in-
ductive channel. This unified control channel enables
architectural simplification while remaining compatible
with the operating regime in which fluxonium qubits have
demonstrated long coherence times [3–5] and high-fidelity
gate performance [8–10, 21, 23–27].

However, consolidating universal control into a shared
physical channel introduces nontrivial engineering chal-
lenges. The same line must simultaneously preserve
strong low-frequency transmission for large flux excur-
sions and active reset [27–29], while strongly attenuating
broadband noise near the qubit transition frequency to
protect coherence [30, 31]. In practice, the required line
response is difficult to realize: the channel must be nearly
transparent near dc while providing spectrally flat atten-
uation around the qubit transition frequency (hundreds
of MHz). Residual amplitude/phase ripple then distorts
the microwave flux modulation and degrades XY -control
fidelity. Approaches exploiting higher-order nonlinear
processes have recently been explored to partially relax
this filtering constraint by enabling control at subhar-
monic frequencies through filtered lines [32, 33]. How-
ever, these schemes generally require higher-order nonlin-
ear processes and introduce additional calibration com-
plexity, including amplitude-dependent frequency shifts
and reduced effective coupling strengths.

In this work, we experimentally realize a unified con-
trol architecture for fluxonium qubits through a joint
design of cryogenic filtering and compensated waveform
synthesis. We first show that frequency-selective cryo-
genic filtering preserves long coherence while maintaining
the flux tuning range required for flux-controlled reset.
We then introduce a bounded inverse-filtering framework
that compensates waveform distortion, enabling high-
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contrast Rabi oscillations, active reset, and single-qubit
gate fidelities above 99.99% within a unified flux control
channel. Building on this calibrated control layer, we
further implement FPGA-native instruction-level wave-
form synthesis based on reusable pulse primitives, en-
abling complex control sequences to be dynamically gen-
erated within the same unified control framework. To-
gether, these results establish flux control as a unified
architecture for fluxonium qubits.

II. UNIFIED FLUX CONTROL
ARCHITECTURE

In this section, we present the unified control architec-
ture for the fluxonium qubit. As depicted in Fig. 1(a),
unlike conventional architectures that require separate
charge and flux lines, our design utilizes a single unified
flux line to mediate all necessary control signals. The
system is governed by the fluxonium Hamiltonian,

H0 = 4EC n̂
2 +

1

2
EL(ϕ̂− ϕext)

2 − EJ cos(ϕ̂), (1)

where EC , EL, and EJ are the charging, inductive, and
Josephson energies, respectively, and ϕext = 2πΦext/Φ0

is the reduced external magnetic flux. The control sig-
nals are synthesized by an arbitrary waveform genera-
tor (AWG) at room temperature, attenuated by a total
factor of α inside the dilution refrigerator, and induc-
tively coupled to the qubit through a mutual inductance
M . Consequently, the total external flux can be decom-
posed into a static bias and time-dependent control com-
ponents,

Φext(t) = Φdc + δΦdc(t) + Φac(t). (2)

Fig. 1(b) illustrates the fluxonium spectrum together
with the corresponding unified control protocol. The
qubit is typically biased at the half-flux sweet spot (Φdc =
0.5Φ0), where first-order sensitivity to flux noise van-
ishes. At this operating point, the |g⟩ → |e⟩ transi-
tion frequency is strongly suppressed and typically lies
in the 200–400 MHz range. As indicated by the dashed
arrows in Fig. 1(b), the shared flux-control line simul-
taneously supports universal control by applying both a
microwave component Φac(t) for resonant XY rotations
and a baseband component δΦdc(t) for dynamically shift-
ing the qubit to higher frequencies during initialization.
When the readout cavity frequency is designed below the
maximum qubit transition frequency, dynamic flux tun-
ing can further bring the qubit close to resonance with
the cavity, enhancing qubit–cavity interaction and en-
abling accelerated reset. In this way, universal single-
qubit control is implemented within a single flux control
framework.

For the spectrum shown in Fig. 1(b), we adopt de-
vice parameters of EJ/h = 4.5 GHz, EC/h = 1.1 GHz,
and EL/h = 0.5 GHz, together with a readout resonator

frequency fr = 4.98 GHz. These values are consistent
with experimentally realized fluxonium devices and re-
flect typical operating conditions in our setup. However,
implementing universal control through a shared flux-
control line introduces an intrinsic bandwidth-distortion
tradeoff. From the linear expansion of the inductive en-
ergy [34], the effective Rabi drive strength ΩR is directly
proportional to the total line transmission factor α:

ℏΩR =

∣∣∣∣2πEL
M

Φ0

α

Z0

∣∣∣∣V0|⟨0|ϕ̂|1⟩|, (3)

where V0 is the room-temperature drive amplitude and
Z0 is the line impedance. At the same time, wide-
band noise from room-temperature electronics propa-
gates through the same control line and induces qubit re-
laxation through environmental voltage fluctuations [35].
Within a Fermi’s Golden Rule treatment, the correspond-
ing relaxation rate Γline

1→0 = 1/T line
1 scales quadratically

with the line transmission factor α,

1

T line
1

=
1

ℏ2

(
2πEL

M

Φ0

α

Z0

)2

|⟨0|ϕ̂|1⟩|2Sawg
V V (ωge), (4)

where Sawg
V V (ωge) denotes the effective voltage-noise spec-

tral density at the AWG output. The detailed calculation
is summarized in Appendix A.

To quantify this tradeoff, we assume a mutual induc-
tance of M = 2 pH and a typical commercial AWG with
active wideband noise characterized by a power spectral
density of −130 dBm/Hz. Fixing the maximum AWG
output amplitude at V0 = 0.5 V, we evaluate the re-
sulting coherence limit together with the achievable con-
trollability for gate operations and initialization across
different attenuation factors. The resulting tradeoff de-
fines a central constraint of the unified architecture, as
summarized in Fig. 1(c). In the high-coherence regime
(heavy attenuation, α ≈ −80 to −50 dB), the qubit
maintains coherence times exceeding 102 µs, but only
weak drive amplitudes reach the device, resulting in slow
gate operations. Conversely, in the strong-reset regime
(light attenuation, α ≈ −30 to −20 dB with maximum
δΦdc/Φ0 ≥ 0.3), large flux excursions become accessible
for rapid modulation and reset, but coherence is strongly
degraded by broadband noise injection. These results
highlight that realizing this unified architecture requires
careful engineering of the attenuation chain, strictly ne-
cessitating the deployment of frequency-selective filter-
ing to suppress Sawg

V V (ωge) while maintaining high signal
transparency at baseband frequencies.

III. EXPERIMENTAL DEMONSTRATION OF
UNIFIED FLUX CONTROL

We now implement unified flux control using
frequency-selective filtering to resolve the coherence-
versus-control trade-off identified in the previous section.
The detailed cryogenic setup is provided in Appendix B.
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FIG. 1. Unified Flux Control Architecture. (a) Circuit schematic of a fluxonium qubit coupled to a single unified flux
line. The control signals undergo a total attenuation of α before coupling to the qubit via a mutual inductance M . (b) Energy
spectrum of the fluxonium and the readout cavity as a function of the external static flux Φdc. The dashed arrows illustrate the
multiplexed control protocol at the half-flux sweet spot (Φdc = 0.5Φ0): a microwave pulse Φac drives the transverse |g⟩ → |e⟩
transition for single-qubit gates, while a baseband pulse δΦdc longitudinally tunes the qubit frequency toward the cavity for rapid
initialization. (c) Calculated Rabi frequency ΩR/2π (blue, left axis) and the T1 relaxation limit induced by room-temperature
wideband noise (orange, right axis) versus the total line attenuation α. The top axis indicates the corresponding maximum
achievable DC flux excursion. The shaded areas denote the “High Coherence” regime (blue) and the “Strong Reset” regime
(red), illustrating the strict necessity for frequency-selective filtering in the single-port design.

For a fluxonium qubit with transition frequency fq =
208 MHz, the control line incorporates a Gaussian low-
pass filter with a 3-dB cutoff frequency of fc ≈ 92 MHz
and transfer function Hgauss(f) = exp[−(fσ)2/2], pro-
viding approximately 18 dB attenuation at the qubit
frequency. Combined with the 30 dB cryogenic atten-
uation and cable losses, the total attenuation exceeds
50 dB, strongly suppressing broadband noise from room-
temperature electronics. Under these conditions, the
qubit remains within the high-coherence regime, with
measured coherence times of T1 = 110 µs, TR

2 = 128 µs,
and T echo

2 = 133 µs. A detailed coherence analysis is
provided in Appendix C.

The same filtering, however, inevitably distorts short
control pulses because of its finite bandwidth and associ-
ated phase dispersion. To compensate for this effect, we
apply a pre-distortion procedure that reshapes the input
waveform such that the combined response of the con-
trol line is approximately flat over the qubit operation
band. Instead of implementing a direct reciprocal filter,
which would diverge at high frequencies, we construct a
bounded inverse filter that selectively compensates atten-
uation near the qubit frequency while remaining stable
elsewhere. The inverse filter is defined as

Hinv(f) =
Hqubit

max[Hgauss(f), 10−Gmax/20]
×W (f), (5)

where Hqubit = Hgauss(fq) sets the normalization at
the qubit frequency. The maximum gain is capped
at Gmax = 50 dB to avoid numerical divergence and
AWG saturation, while the Gaussian window W (f) =
exp[−(fσw)

2/2] suppresses compensation outside the

target bandwidth with a 3-dB cutoff near 1 GHz.
The resulting compensation procedure is illustrated in

Fig. 2(a). The upper panel compares the bounded in-
verse filter Hinv(f) (blue), the Gaussian line response
Hgauss(f) (orange), and the resulting effective transfer
function Hprod(f) = Hgauss(f)Hinv(f) (green). The com-
pensated response remains approximately flat around fq
while preserving strong attenuation outside the opera-
tional band. In the time domain, shown in the lower
panel of Fig. 2(a), the pre-distorted waveform generated
by the AWG contains additional high-frequency com-
ponents that counteract the filtering-induced distortion,
thereby recovering the intended pulse shape at the qubit.
We first implement this compensation entirely in soft-
ware, without additional hardware modifications.

The necessity and effectiveness of the pre-distortion
procedure are verified experimentally through the Rabi
measurements shown in Fig. 2(b). Without pre-
distortion, the oscillations exhibit strongly reduced con-
trast and fail to achieve complete population inversion,
particularly for short pulses with broad spectral con-
tent. With pre-distortion enabled, high-contrast sinu-
soidal Rabi oscillations are recovered, confirming that
accurate single-port control can be maintained despite
the strong low-pass filtering. We next demonstrate the
active-reset protocol enabled within the same unified con-
trol framework. Following the operating principle illus-
trated in Fig. 1(b), a quasi-dc flux excursion of ∆Φdc ≈
0.298Φ0 is applied to bring the qubit close to resonance
with the readout cavity, where it remains for approxi-
mately 5 µs to enhance energy relaxation. Fig. 2(c) shows
the rotated readout histograms together with Gaussian
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FIG. 2. Experimental Demonstration of Unified Flux Control. (a) Frequency- and time-domain illustration of the
pre-distortion procedure. Top: the bounded inverse filter Hinv(f) (blue), the Gaussian low-pass transfer function Hgauss(f)
(orange), and the resulting effective response Hprod(f) = Hgauss(f)Hinv(f) (green). Bottom: comparison between the target
input waveform (blue) and the pre-distorted waveform generated by the AWG (orange). (b) Rabi oscillations measured without
pre-distortion (top, blue) and with pre-distortion (bottom, orange). Pre-distortion restores high-contrast oscillations and enables
nearly complete population transfer. (c) Histograms of the rotated readout signal together with Gaussian fits for the |g⟩ (blue)
and |e⟩ (orange) state references, used to estimate the residual excited-state population after the reset protocol. (d) Standard
randomized benchmarking and interleaved randomized benchmarking for 20-ns single-qubit gates. Black circles: reference RB;
orange squares: interleaved I gate; blue diamonds: interleaved Xπ/2 gate; green triangles: interleaved Xπ gate. The extracted
gate fidelities are all at or above 99.99%.

fits for the |g⟩ (blue) and |e⟩ (orange) state references [25].
From the overlap analysis, we extract a residual excited-
state population of approximately 2%, corresponding to
an initialization fidelity near 98%. Although the present
protocol is not optimized for speed, substantially faster
initialization should be achievable with optimized flux
trajectories and device parameters.

Finally, we benchmark single-qubit gate performance
within the unified flux-control architecture. We employ
standard cosine pulse envelopes and follow a calibration
protocol identical to that described in Ref. [25]. Using
a gate duration of 20 ns, we perform standard random-
ized benchmarking (RB) together with interleaved ran-
domized benchmarking (iRB) [36], as shown in Fig. 2(d).
The black circles denote the reference RB sequence, while
the orange squares, blue diamonds, and green triangles
correspond to interleaved benchmarking of the I, Xπ/2,
and Xπ gates, respectively. The extracted fidelities for
these representative single-qubit gates are all at or above
99.99%. Furthermore, as detailed in the Appendix D, we
have systematically benchmarked multiple qubits across
various operating frequencies, all of which consistently
exhibit fidelities at the 99.99% level. These comprehen-
sive results demonstrate that high-fidelity quantum op-

erations can be robustly achieved across different device
parameters within the unified single-port architecture.

IV. INSTRUCTION-LEVEL WAVEFORM
SYNTHESIS FOR UNIFIED FLUX CONTROL

While software-level pre-distortion establishes the fea-
sibility of unified flux control, scalability ultimately re-
quires elevating waveform generation from stored data
to dynamic synthesis. Precomputing and storing fully
distorted waveforms is intrinsically non-scalable, as it
ties control complexity directly to memory resources and
limits runtime flexibility. A more general approach is
to treat control waveforms as compositions of reusable
waveform primitives, generated and conditioned during
execution.

Guided by this principle, we implement an FPGA-
based control architecture in which the AWG operates
as an instruction-driven waveform synthesizer, as shown
in Fig. 3(a). Instead of uploading explicit waveforms, the
host provides a compact sequence of operations that ref-
erence a minimal set of reusable waveform primitives to-
gether with timing and frequency parameters [37]. Rep-
resentative primitives, including baseband flux edges and
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FIG. 3. Instruction-level Waveform Synthesis for Unified Flux Control. (a) Control architecture. A host PC sends
instruction sequences via PCIe to the AWG, where waveform primitives are stored in onboard memory. The FPGA performs
real-time modulation of the XY envelope at frequency ωd, applies digital filtering to the Z and XY paths (5-tap IIR and
16-tap FIR, respectively), and routes the resulting composite (XY+Z) waveform to a single DAC channel. (b) Waveform
synthesis process. Left: stored primitives, including baseband flux edges and a resonant cosine envelope. Middle: assembled
and modulated waveforms prior to filtering. Right: output waveforms after digital compensation. (c) Measured AWG output
for a composite (XY+Z) waveform. (d) Randomized benchmarking of a fluxonium qubit using this control scheme. The
extracted single-qubit gate fidelity is 99.957%. Inset: distribution over repeated runs.

resonant cosine envelopes, are shown in the left panel
of Fig. 3(b). During execution, the FPGA dynami-
cally assembles and modulates these segments to syn-
thesize the target control signals, as illustrated in the
middle panel of Fig. 3(b). In particular,the resonant en-
velope is modulated by a carrier e−iωdt matched to the
selected qubit, thus decoupling logical operations from
their physical waveform representations. Within this
framework, compensation of control-line distortions is in-
corporated directly into the synthesis process. The Z and
XY paths are conditioned independently through em-
bedded digital filters: a 5-tap infinite impulse response
(IIR) filter suppresses long-timescale distortions associ-
ated with slow flux-line dynamics, while a 16-tap fi-
nite impulse response (FIR) filter performs dynamic pre-
distortion of the microwave-modulated component [38].
Detailed characterization of these channel distortions is
provided in the Appendix E. The conditioned baseband
and microwave-modulated components are then summed
and emitted as a single composite waveform (XY+Z)
through one digital-to-analog converter (DAC). The re-
sulting filtered waveforms are shown in the right panel of
Fig. 3(b). In this way, control is implemented through
dynamic signal synthesis rather than stored waveform re-
play.

Experimentally, the synthesized output waveform,

including simultaneous baseband and microwave-
modulated components (i.e., XY+Z), closely matches
the designed structure [Fig. 3(c)], with the specific FIR
coefficients detailed in Appendix F. To further validate
the generality of this approach, we benchmark single-
qubit gates on a separate fluxonium qubit operated
at 202MHz in a different cooldown, with measured
coherence times of T1 ∼ 40µs and TR

2 ∼ 13µs and a gate
duration of 28 ns. Randomized benchmarking yields a
best gate fidelity of 99.957% [Fig. 3(d)], approaching the
coherence limit.

Notably, long gate sequences are synthesized dynami-
cally from short primitive segments: in our implemen-
tation, sequences exceeding 50 µs in duration require
storing less than 100 ns of waveform data. This ab-
straction leads to a substantial reduction in memory re-
quirements. Rather than storing fully synthesized ana-
log waveforms for every operation, the complete set of
single-qubit controls can be generated from only a small
library of reusable primitives. Higher-level operations,
such as virtual-Z phase updates, are resolved directly at
the instruction level without additional waveform stor-
age. Consequently, the program description (number
of instructions and associated parameters) scales with
the instruction set rather than with the stored waveform
volume, enabling efficient and flexible programmability.
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Critically, the entire synthesized control stream is deliv-
ered through a single DAC channel, providing a direct
hardware-level reduction in per-qubit control overhead.

V. CONCLUSION AND OUTLOOK

We have introduced and experimentally validated a
unified flux control architecture for fluxonium qubits.
The central challenge of this architecture is to reconcile
three competing requirements within a single physical
control channel: suppression of room-temperature wide-
band noise to preserve coherence, sufficient low-frequency
transmission for large flux excursions and active reset,
and accurate microwave delivery for high-fidelity gate
operations. Our results show that these competing re-
quirements can be resolved through the joint design of
frequency-selective filtering and compensated waveform
synthesis.

Specifically, frequency-selective filtering enables oper-
ation in the high-coherence regime while preserving the
low-frequency control range required for initialization,
and compensated pulse synthesis corrects the distortion
of short microwave pulses introduced by the line re-
sponse. Furthermore, to reduce electronics overhead,
we implement instruction-based waveform generation on
FPGA, where a compact set of reusable waveform prim-
itives replaces stored waveform replay. Together, these
elements establish a unified control framework that re-
duces wiring and electronics overhead while preserving
coherence and enabling high-fidelity control.

This reduction in control hardware is a direct con-
sequence of a fluxonium-specific feature: owing to its
transition frequency in the hundreds-of-megahertz range,
the microwave-modulated component for resonant driv-
ing and the baseband component for flux tuning can be
synthesized and delivered as a single composite (XY+Z)
waveform from one AWG/DAC channel per qubit with
only moderate bandwidth requirements. By contrast, the
few-gigahertz transition frequency of the transmon im-
poses a much larger bandwidth requirement, typically
forcing the use of separate channels for low-bandwidth Z
control and high-bandwidth microwave XY drive, com-
bined only at room temperature. This makes the trans-
mon control stack intrinsically more hardware-intensive,
whereas fluxonium allows a substantially smaller room-
temperature electronics footprint per qubit.

More broadly, this work identifies a general design
principle for unified flux control: passive spectral shaping
and active waveform synthesis can be used as complemen-
tary tools to protect coherence while recovering control-
lability. This strategy is not tied to a specific filter im-
plementation, but can be adapted to different qubit fre-
quencies, device parameters, and line responses. A nat-
ural next step is the extension to multiplexed and multi-
qubit fluxonium processors. There, the same frame-
work could support shared-line operation through car-
rier multiplexing and instruction-level waveform synthe-

sis. While larger systems will impose tighter require-
ments on spectral isolation, cross-talk suppression, and
calibration stability, our results suggest that simplified
wiring can remain compatible with high-fidelity control.

VI. DATA AVAILABILITY STATEMENT
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available from the corresponding author upon reasonable
request.
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Appendix A: Flux line setup

We decompose the external magnetic flux into a static
bias and a small time-dependent component,

Φ(t) = Φdc + δΦ(t). (A1)

The static flux bias sets the operating point of the qubit
and is incorporated into the Josephson term. Applying
a phase-translation operator, the fluxonium Hamiltonian
is then written as

H0 = 4EC n̂
2 +

1

2
ELϕ̂

2 − EJ cos(ϕ̂− ϕdc), (A2)

where ϕdc = 2πΦdc/Φ0. The time-dependent flux δΦ(t)
is coupled inductively through the superinductor. Intro-
ducing the reduced flux

δϕ(t) = 2π
δΦ(t)

Φ0
, (A3)

the inductive term becomes

1

2
EL

(
ϕ̂− δϕ(t)

)2

. (A4)

Expanding to first order in δϕ(t), we obtain

1

2
EL

(
ϕ̂− δϕ(t)

)2

=
1

2
ELϕ̂

2 − ELϕ̂ δϕ(t) +O(δϕ2).

(A5)

The linear term defines the drive Hamiltonian,

∆H(t) = −ELϕ̂ δϕ(t). (A6)
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The flux modulation is generated by a drive current Id(t)
through a mutual inductance M , leading to

δϕ(t) = 2π
MId(t)

Φ0
. (A7)

Substituting this into the drive Hamiltonian yields

∆H(t) = −EL · 2πMId(t)

Φ0
ϕ̂. (A8)

1. Rabi Drive Strength from Room-Temperature
Voltage

To connect the drive Hamiltonian to the room-
temperature control electronics, we express the drive cur-
rent Id(t) in terms of the voltage generated by the ar-
bitrary waveform generator (AWG). Let Vawg(t) be the
room-temperature voltage signal. The control line in-
cludes a series of attenuators with a total voltage atten-
uation factor α (where α < 1) and a characteristic line
impedance Z0 (typically 50 Ω). The effective current
reaching the flux bias line at the base temperature is

Id(t) =
αVawg(t)

Z0
. (A9)

Substituting this into the drive Hamiltonian, we obtain

∆H(t) = −
(
2πEL

M

Φ0

α

Z0

)
Vawg(t) ϕ̂. (A10)

For a resonant AC drive Vawg(t) = V0 cos(ωdt), where
ωd is close to the qubit transition frequency ωge between
the ground state |0⟩ and the first excited state |1⟩, we
can apply the rotating-wave approximation (RWA). The
effective drive strength, defined as the Rabi frequency
ΩR, is determined by the transition matrix element of
the phase operator ⟨0|ϕ̂|1⟩:

ℏΩR =

∣∣∣∣2πEL
M

Φ0

α

Z0

∣∣∣∣V0 |⟨0|ϕ̂|1⟩|. (A11)

This equation directly relates the room-temperature
drive amplitude V0 to the resulting Rabi frequency, pro-
viding a deterministic calibration for the transverse con-
trol.

2. Relaxation Time Degradation Induced by
Room-Temperature White Noise

In addition to the coherent drive, the physical con-
nection to room-temperature electronics introduces wide-
band noise, which can stimulate spurious transitions and
degrade the qubit relaxation time T1. The noise current
on the flux line is characterized by its quantum noise
spectral density SII(ω). According to Fermi’s Golden

Rule, the transition rate from |1⟩ to |0⟩ induced by the
flux line noise is given by

Γline
1→0 =

1

ℏ2

(
2πEL

M

Φ0

)2

|⟨0|ϕ̂|1⟩|2SII(ωge). (A12)

Assuming the dominant noise source originates from the
room-temperature electronics (e.g., AWG voltage white
noise or thermal noise at 300 K) that propagates down
the control line, the effective voltage noise spectral den-
sity at the AWG output is denoted as Sawg

V V (ω). After
passing through the attenuation chain, the current noise
spectral density at the qubit plane becomes

SII(ωge) =
α2

Z2
0

Sawg
V V (ωge). (A13)

Substituting the current noise spectral density into the
transition rate, the noise-induced relaxation rate Γline

1→0 =
1/T line

1 is

1

T line
1

=
1

ℏ2

(
2πEL

M

Φ0

α

Z0

)2

|⟨0|ϕ̂|1⟩|2Sawg
V V (ωge). (A14)

This result highlights a fundamental physical trade-off
in the unified control architecture: while increasing the
effective coupling (by increasing M or decreasing the at-
tenuation α) enhances the Rabi frequency ΩR for faster
gate operations, it simultaneously quadratically increases
the qubit’s susceptibility to room-temperature wideband
noise, thereby suppressing the T1 limit. This strictly
necessitates the deployment of frequency-selective filter-
ing to suppress Sawg

V V (ωge) while maintaining high trans-
parency at low frequencies. To evaluate the specific im-
pact of room-temperature electronics, we model the wide-
band fluctuations as frequency-independent white noise.
The effective voltage noise spectral density Sawg

V V (ω) at
the input of the control line is typically dominated by
two sources: the Johnson–Nyquist thermal noise at room
temperature (Trt = 300 K) and the intrinsic noise floor of
the AWG. The double-sided thermal noise spectral den-
sity is given by

Sth
V V (ω) = 2kBTrtZ0, (A15)

where kB is the Boltzmann constant. In practical exper-
imental setups, the active noise floor of the AWG is often
significantly higher than the 300 K thermal background.
If the AWG exhibits a constant white noise power spec-
tral density Pnoise (in W/Hz), the corresponding double-
sided voltage noise spectral density becomes

Sawg
V V (ω) =

1

2
PnoiseZ0. (A16)

Substituting this effective Sawg
V V (ωge) back into the tran-

sition rate equation allows us to quantitatively predict
the Purcell-like T1 degradation induced by the specific
unified-drive electronics. It is important to note that in
our main text analysis, we exclusively consider the input
noise from the AWG, as the technical noise floor of the
room-temperature electronics overwhelmingly dominates
the standard Johnson-Nyquist thermal noise.
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Appendix B: Experimental Setup

The cryogenic wiring is detailed in Fig. 4. The device
is mounted at the 15mK base stage of a dilution refrig-
erator, enclosed within multiple layers of magnetic and
infrared (IR) shielding. The setup consists of standard
readout input/output lines and two flux lines: a unified
dynamic control line and a static DC-flux line. The read-
out input line is thermalized with 80dB of distributed
attenuation, while the output line features cascaded iso-
lators and a high-electron-mobility transistor (HEMT)
amplifier at 4K to optimize the signal-to-noise ratio and
protect the qubit from back-action.

The unified dynamic control line mediates both the
transverse microwave drive (XY control) and the dy-
namic longitudinal tuning (Z control). To balance drive
strength and coherence, this line is equipped with 30 dB
of cryogenic attenuation. Crucially, a Gaussian low-pass
filter with a 92MHz 3-dB cutoff is installed at the 4K
stage to strictly suppress wideband noise near the qubit
transition frequency.The static DC-flux line is heavily
low-pass filtered to set the baseline operating point (e.g.,
the half-flux sweet spot). The dynamic and static flux
signals are subsequently combined via a cryogenic bias-
tee at the base stage before coupling to the qubit. No-
tably, this dedicated DC-flux line is used here for exper-
imental convenience; in future scaled-up architectures, it
can be entirely replaced by a global magnetic field bias,
leaving the unified dynamic line as the sole local routing
overhead per qubit.

Appendix C: Coherence Analysis

To characterize the decoherence mechanisms of the
unified single-port architecture, we measure the energy
relaxation time T1 and the pure dephasing time Tϕ of
the fluxonium qubit as a function of the external mag-
netic flux Φext. During these measurements, the qubit
is idled at various flux biases using the dynamic Z-
control channel, while all microwave excitation and read-
out operations are performed at the half-flux sweet spot
(Φext = 0.5Φ0).

For each flux bias Φext, the measured excited-state
population Pe(t) is first fitted using a double-exponential
relaxation model. This model accounts for deviations
from a simple single-exponential decay, which can arise
from quasiparticle-related relaxation dynamics [39, 40].
The fitted population decay is described by

Pe(t) = A exp(−t/Texp) exp {nqp [exp(−t/Tqp)− 1]}+B,
(C1)

where Texp and Tqp are characteristic relaxation times,
nqp is the quasiparticle density parameter, A is the initial
amplitude, and B accounts for the measurement baseline.
Because the decay is non-exponential, we do not report
a single fitted rate parameter. Instead, we define an ef-
fective relaxation time T1 as the time at which the fitted
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FIG. 4. Cryogenic Setup. Schematic detailing the low-
temperature wiring inside the dilution refrigerator for unified
control.

relaxation curve reaches the 1/e population level relative
to its initial amplitude. This approach provides a con-
sistent metric for energy relaxation across the entire flux
tuning range.

To extract the pure dephasing time Tϕ, we per-
form Ramsey, Hahn echo, and Carr-Purcell-Meiboom-
Gill (CPMG) measurements. The envelope of the state
projection signal Penv(t) in these transverse relaxation
measurements is fitted to a mixed exponential-plus-
Gaussian decay function [27, 41, 42]:

Penv(t) = C exp

(
− t

2TDE
1

)
exp

[
− t

Tϕ,exp
−

(
t

Tϕ,G

)2
]
+D.

(C2)
Here, the term exp[−t/(2TDE

1 )] represents the fixed re-
laxation contribution, where TDE

1 denotes the relaxation
time scale derived directly from the double-exponential
(DE) fit to the T1 data, rather than the effective 1/e
time. The pure dephasing is then characterized by both
an exponential time constant Tϕ,exp and a Gaussian time
constant Tϕ,G. Away from the sweet spot, low-frequency
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1/f flux noise becomes the dominant dephasing chan-
nel, which manifests as a Gaussian decay profile. There-
fore, in our analysis, we extract the Gaussian component
Tϕ ≡ Tϕ,G as the relevant pure-dephasing time.

As shown in Fig. 5(a), the effective energy relaxation
time T1 is generally maintained between 100 and 200 µs
near the half-flux sweet spot. When the flux is tuned
away from this optimal point, T1 exhibits noticeable fluc-
tuations and several sharp, precipitous drops (e.g., near
Φext/Φ0 ≈ 0.55). These narrow-band suppressions of the
relaxation time are characteristic signatures of resonant
interactions with randomly distributed two-level system
(TLS) defects in the device environment [3, 25, 43, 44].

The flux dependence of the extracted pure dephasing
time Tϕ is presented in Fig. 5(b). At the half-flux sweet
spot (Φext = 0.5Φ0), the qubit transition frequency is
first-order insensitive to flux variations (dωge/dΦext = 0),
leading to a strongly peaked Tϕ that exceeds 100 µs.
As the flux bias moves away from the sweet spot, the
qubit frequency becomes highly sensitive to local mag-
netic flux fluctuations, causing Tϕ to drop rapidly to the
single-microsecond regime. This steep decline is primar-
ily driven by the aforementioned low-frequency 1/f flux
noise [45, 46]. By employing dynamical decoupling tech-
niques, the low-frequency phase accumulation can be ef-
fectively mitigated. As shown in Fig. 5(b), increasing
the number of refocusing π pulses in the CPMG(N) se-
quences progressively filters out the low-frequency noise
components, significantly extending Tϕ away from the
sweet spot.

To further identify the physical origins of decoherence,
we perform independent fits to the flux-dependent T1 and
Tϕ data using a comprehensive noise model. The result-
ing fit curves are shown as solid lines in Fig. 5. We first
fit the pure dephasing data to a model dominated by low-
frequency 1/f flux noise and a frequency-independent
white noise floor, yielding a 1/f flux noise amplitude of
AΦ ≈ 8.11 ± 0.09 µΦ0 and a white flux noise amplitude
of Aw ≈ 4.18 ± 0.27 nΦ0/

√
Hz. Using the extracted 1/f

flux noise intensity as a fixed parameter, we then fit the
relaxation data to a model incorporating dielectric loss
from TLS, 1/f flux noise, and an additional free static
noise term. This procedure yields an effective dielectric
loss tangent of tan δC ≈ 13.7 × 10−6. These quantita-
tive results confirm that the qubit coherence is governed
by the interplay between TLS-induced dielectric loss and
magnetic flux fluctuations.

Appendix D: Summary of All Tested Devices

The same approach has also been tested on multi-
ple additional devices, as summarized in Table I. De-
vice A corresponds to the qubit discussed in the main
text. Devices B, C, D, and E all support high-fidelity
control, with extracted single-qubit gate fidelities above
99.97%. Devices F and G were not fully benchmarked
by randomized benchmarking, but both support stan-
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FIG. 5. Coherence vs. Flux. (a) Energy relaxation time
T1 as a function of the external flux. (b) Pure dephasing time
Tϕ extracted from Ramsey, Hahn echo, and CPMG sequences
with varying numbers of refocusing π pulses as a function of
the external flux.

dard gate operations and exhibit coherence times with
T1 > 100 µs. Device H, with a substantially higher qubit
frequency, can still be operated under the same control
architecture, but the 92 MHz low-pass filter requires sig-
nificantly longer pulses, with gate durations extended to
about 200 ns. Taken together, these results indicate that
a single 92 MHz low-pass filter is sufficient to support
high-fidelity control for fluxonium qubits with transition
frequencies below approximately 300 MHz.

More broadly, these results clarify both the applicabil-
ity and the limitation of the present design. For qubits
in the sub-300 MHz range, strong low-pass filtering can
simultaneously preserve long coherence and support ac-
curate compensated control. At higher qubit frequencies,
the same filtering strategy remains conceptually valid,
but maintaining short and high-fidelity gates requires
correspondingly larger filter bandwidth. This does not
alter the main conclusion of this work. Rather, it re-
inforces the central design principle: unified single-port
control is enabled not by a specific cutoff frequency, but
by the joint use of frequency-selective filtering and wave-
form compensation.
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TABLE I. Results of all tested devices.
Device fq(MHz) Fidelity (%) Tg (ns) T1(µs) TR

2 (µs) T echo
2 (µs)

A 208 99.990 20 110 128 133
B 205 99.974 20 65 21 34
C 232 99.986 20 95 82 118
D 285 99.970 40 53 30 34
E 267 99.974 30 52 23 46
F 233 N/A 20 140 28 28
G 164 N/A 20 151 30 79
H 378 N/A 200 214 68 131

Probe ZDelay

Ref Z

Repeat N times

separation

(a)

(b)

FIG. 6. Distortion Characterization in the Unified
Single-port Architecture. (a) Long-tail response of the
Z control channel, measured by converting the phase accu-
mulated during a delayed probe window into the equivalent
normalized residual Z-pulse tail. The dashed line is an ex-
ponential fit used for IIR-based compensation. (b) Assess-
ment of residual microwave intra-quadrature distortion using
alternating Yπ and Xπ pulses. The dashed line is a single-
exponential fit with a characteristic decay time of 1.37 ns,
indicating that the residual tail is sufficiently short that no
further correction is applied.

Appendix E: Distortion characterization

To assess the dominant waveform imperfections in the
unified single-port architecture, we separately character-
ize the settling dynamics of the low-frequency Z channel
and the residual temporal distortion in the microwave
control channel. The corresponding measurements are
summarized in Fig. 6. For the Z channel, the dominant
imperfection is a long-tail response following the falling
edge of a nominally rectangular flux pulse. Such settling
behavior may arise from impedance mismatch, surface-
related relaxation, or effective LR-type filtering in the
flux-control path, and it can introduce unwanted phase
accumulation in subsequent qubit operations. To quan-
tify this effect, we use the qubit as an in-situ detector.

As shown in Fig. 6(a), a long reference Z pulse is first
applied to generate a well-defined falling edge. After a
variable delay, a short probe pulse shifts the qubit to a
flux-sensitive point, where the residual tail accumulated
during the probe window is converted into a measurable
phase shift through a Ramsey-type sequence [25]. In
the present analysis, rather than deconvolving the full
flux-distortion waveform from the measured phase, we
directly convert the phase into the equivalent residual
Z-pulse tail normalized to the reference-pulse amplitude.
The vertical axis in Fig. 6(a) therefore directly represents
the relative settling tail, denoted as “Tail over Ref”.

The extracted Z-pulse tail is well described by a multi-
exponential relaxation model. From the fit, we obtain
three settling times of approximately 34 ns, 170 ns, and
996 ns, with corresponding normalized amplitudes of
−1.74%, −1.89%, and −1.58%, respectively. These re-
sults indicate that the Z-line distortion contains both
intermediate and long-timescale components, consistent
with slow settling processes in the flux-control path. The
extracted parameters provide a compact description of
the low-frequency response and directly motivate the use
of IIR-based compensation for the Z channel.

Microwave pulse distortions can in general be divided
into intra-quadrature distortion and cross-quadrature
distortion. For an ideal resonant drive, the effective
Hamiltonian in the rotating frame is

Hideal(t) =
Ω(t)

2
σx, (E1)

where Ω(t) is the target pulse envelope. Intra-quadrature
distortion corresponds to residual errors that remain in
the same quadrature channel, leading to

Hintra(t) =
Ω(t) + δΩx(t)

2
σx, (E2)

which mainly gives rise to coherent over- or under-
rotation without changing the nominal rotation axis. By
contrast, cross-quadrature distortion introduces an or-
thogonal component,

Hcross(t) =
Ω(t)

2
σx +

δΩy(t)

2
σy, (E3)

thereby tilting the effective rotation axis in the rotating
frame.

In our experiment, qubit control is implemented us-
ing direct microwave flux drive. The flux-drive operator
predominantly couples the |g⟩ ↔ |e⟩ transition, while
its coupling to higher transitions is strongly suppressed.
As a result, temporal waveform imperfections are ex-
pected to remain predominantly within the effective con-
trol quadrature. Nevertheless, a residual tail left by a
preceding pulse can still appear as a small orthogonal
correction during the following operation and therefore
can be detected through its induced phase shift.

To characterize this effect, we employ alternating Yπ

and Xπ pulses, as shown in Fig. 6(b). Physically, a dis-
torted Yπ pulse leaves a weak temporal tail that persists
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into the subsequent Xπ pulse. The effective Hamiltonian
during the Xπ operation can therefore be written as

Heff =
Ωx(t)

2
σx +

δΩy(t− td)

2
σy, (E4)

where td is the delay between neighboring pulses. The
residual tail tilts the effective rotation axis and produces
a small coherent phase shift,

ϕs ≈
δΩy

Ωx
. (E5)

This phase accumulation can be measured in a Ramsey-
type interference experiment by scanning both the pulse
separation and the phase of the final analysis pulse.

As shown in Fig. 6(b), the measured phase is well de-
scribed by a single-exponential decay with a characteris-
tic time of only 1.37 ns. This timescale is much shorter
than the gate duration relevant for the present experi-
ment, indicating that the residual microwave tail is al-
ready weak and rapidly decaying. Accordingly, we do
not apply any further correction based on this measure-
ment. Instead, this experiment serves only as an assess-
ment of the residual microwave distortion level, rather
than as an input for determining the FIR coefficients.
Taken together with the Z-channel measurement, these
results indicate that the dominant correctable settling er-
ror in our setup arises from the low-frequency flux path,
while the residual microwave tail is sufficiently short that
no additional correction is required.

Appendix F: FIR coefficient synthesis for microwave
compensation

The FPGA FIR coefficients are synthesized directly
from the compensated transfer function Hinv(f) obtained
in the main text. First, the target gain profile is sampled
on a dense frequency grid from dc to the Nyquist fre-
quency,

G(f) = |Hinv(f)|. (F1)

The sampled frequency response is then used as the de-
sign target for a 16-tap linear-phase FIR filter using
frequency-domain synthesis. Since an even number of
symmetric taps is adopted, the filter belongs to the Type-
II FIR class, whose response is constrained to vanish at
the Nyquist frequency. Accordingly, the target gain at
the Nyquist frequency is explicitly set to zero before the
synthesis procedure.

After obtaining the floating-point FIR coefficients hi,
the coefficients are normalized to the maximum absolute
value and quantized into signed 16-bit integers for FPGA
implementation,

h
(int16)
i = round

(
hi

max |hi|
× 32767

)
. (F2)

(a)

(b)

FIG. 7. FIR Coefficient Synthesis and Measured
Waveform Reshaping. (a) Measured output waveforms
with the FIR block disabled (top) and enabled (bottom).
The 16-tap FIR coefficients are generated from the target
bounded inverse transfer function by frequency-domain sam-
pling, linear-phase filter synthesis, and 16-bit quantization
for FPGA implementation. With FIR enabled, the waveform
is visibly reshaped and shifted in time, reflecting the causal
group delay and spectral reweighting introduced by the dig-
ital filter. (b) Measured spectra of the corresponding wave-
forms with FIR off (blue) and FIR on (orange). The FIR-on
waveform exhibits reduced low-frequency spectral weight and
enhanced higher-frequency components around the qubit con-
trol band, consistent with the intended pre-compensation of
the downstream low-pass response.

The final FIR coefficients used
in the experiment are hFIR =
[−300, 145, 977, 3351, −682, −9355, −25925, 32767,
32766, −25925, −9355, −682, 3351, 977, 145, −300].

The effect of this digital filter is shown in Fig. 7.
In the time domain, enabling the FIR block visibly re-
shapes the output waveform and introduces a tempo-
ral shift relative to the FIR-off case. This shift is the
expected consequence of causal digital filtering and re-
flects the finite group delay of the FIR process. At the
same time, the envelope is redistributed in a way consis-
tent with pre-compensation. In the frequency domain,
the FIR-on waveform exhibits suppressed low-frequency
spectral weight and relatively enhanced higher-frequency
components around the qubit control band. This spec-
tral redistribution is precisely the intended function of
the digital compensation: rather than simply amplify-
ing the entire waveform, the FIR selectively suppresses
the slowly varying part of the signal while boosting the
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faster components needed to counteract the downstream
low-pass response. In this way, the FIR block provides

a hardware-compatible implementation of the compen-
sated microwave waveform synthesis discussed in the
main text.
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