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Abstract

Dielectric surface loss from junction wiring represents a critical secondary limit for superconducting
transmon coherence. We present a quasi-one-dimensional analytical framework to minimise this
loss, enabling rapid optimisation without computationally expensive 3D simulations. We compare
uniform strips (V1) against linear (V2-V3) and optimised hybrid tapers (V4-V5). We demonstrate
that geometric tapering suppresses wiring participation by up to 99.6%, reducing it from 0.0756 ppm
(V1) to 0.0003 ppm (V4). Crucially, however, a simple linear taper (T; ~ 127.306 ys) yields coherence
virtually indistinguishable from theoretically optimal complex profiles (T; ~ 127.323 us) in the current
pad-dominated regime. We thus establish a definitive design rule: standard linear tapering is sufficient
to eliminate wiring loss as a bottleneck, rendering fabrication-sensitive complex shapes unnecessary
for next-generation, low-loss devices.

Keywords: transmon qubit; superconducting qubits; surface loss; dielectric loss; Josephson junction;
coherence time; geometric optimisation; two-level systems

I. Introduction
A. Superconducting Transmons and the Surface Loss Bottleneck

Superconducting transmon qubits have emerged as a dominant platform for near-term quantum
computing,[3,22] with recent advances pushing energy relaxation times (T7) into the millisecond
regime.[15,34] However, to realise fault-tolerant quantum computation using surface codes, physical
qubit coherence times must significantly exceed the error-correction cycle duration to ensure error-
correction cycles outpace decoherence[1] Despite significant improvements in materials and fabrication,
state-of-the-art planar devices remain limited by dielectric loss arising from two-level system (TLS)
defects at material interfaces.[14,37] Among these, the metal-substrate (MS) and substrate-air (SA)
interfaces contribute the majority of the relaxation budget.[8,24,37] While the large capacitor pads
dominate the total surface participation due to their size, the junction wiring represents a critical
secondary loss channel.[33,37] The narrow cross-section of these wires generates intense electric field
singularities at the metal edges, disproportionately enhancing TLS coupling and limiting the potential
of future high-coherence architectures.[13,19,33]

B. Geometric Optimization: From Numerical Search to Analytical Limits

To mitigate wiring loss, geometric optimisation has become a standard strategy.[13,24,33] Martinis
and colleagues pioneered the use of conformal mapping to demonstrate that tapering the wire width—
expanding r(y) away from the junction—can reduce surface participation by roughly a factor of two
compared to straight wires.[24] More recent efforts have employed complex parameterisations, such
as B-splines combined with global optimisation algorithms and full 3D finite-element electromagnetic
(FEM) simulations, to squeeze out further gains.[13] However, reliance on expensive commercial
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solvers (e.g., ANSYS HFSS) creates a significant barrier to design exploration and obscures the under-
lying physical scaling laws.[24] Furthermore, it remains an open question whether the marginal gains
offered by complex, mathematically optimised shapes justify their increased fabrication complexity
and sensitivity to lithographic errors.[13,24,35]

C. A Quasi-One-Dimensional Framework for Definitive Design Rules

In this work, we introduce a quasi-one-dimensional analytical framework to quantify wiring loss
limits without the computational overhead of 3D solvers. Building on the conformal-mapping scaling
laws[24] validated in adiabatic regimes by prior computational studies, we construct a lightweight
edge-loss functional applicable to arbitrary wire profiles. This approach allows us to rigorously
compare five representative geometries: a standard uniform wire, linear tapers, a parabolic profile,
and an optimised cubic B-spline.

We demonstrate that while aggressive geometric shaping can suppress wiring participation by up
t0 99.6% (pwire < 0.001 ppm), the law of diminishing returns sets in rapidly. Our analysis reveals that
a simple linear taper captures essentially all practically relevant coherence improvements, rendering
the theoretical superiority of complex B-spline shapes negligible in realistic, pad-dominated devices.
By establishing this “design limit”, we provide a definitive rule for transmon layout: standard linear
tapering is sufficient to eliminate wiring loss as a bottleneck, allowing researchers to focus exclusively
on pad engineering and material improvements for the next generation of low-loss qubits.

II. Model and Device Geometry
A. Transmon Layout and Coordinates

We analyse a planar transmon qubit comprising two rectangular aluminium capacitor pads of
width[33] Wpaq = 300 yum and height H,q = 90 pm, separated by a gap G = 100 ym. The pads are
connected by a superconducting wire of total length 24 = 100 ym to a central Josephson junction at
y=0.

The wire geometry is defined by its half-width profile r(y), where y € [—d, d] is the longitudinal
coordinate along the gap.[24] To isolate the impact of wiring geometry, all other device parameters—
including pad dimensions, substrate permittivity, and aluminium film thickness (t5; = 120 nm)—are
held fixed.[5]

B. Variational Geometries (V1-V5)

To explore the limits of surface loss suppression, we define five distinct wire profiles r(y) that
interpolate between standard designs and mathematically optimised shapes. All geometries share
fixed capacitor pad dimensions (300 x 90 ym), a gap G = 100 um, and a total wire length 2d = 100 ym
(spanning y € [—50,50] ym). The profiles are parameterised as follows:

1. V1 (Uniform Baseline): A constant-width strip with a narrow radius, serving as the unoptimised
reference.[24]

r(y) = 0.5 um 1)

2. V2 (Linear Taper): A linear profile expanding from a narrow junction interface to the capacitor
pads.[24]

r(y) = 0.1+ 0.2]y| ym ()

3. V3 (Steep Linear Taper): An aggressive linear taper with double the slope of V2, resulting in a
wider footprint at the pad connection.

r(y) = 0.1+ 0.4]y| ym 3)
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4. V4 (Parabolic Profile): A quadratic expansion designed to smooth the junction-to-wire transition,
analogous to parabolic tapers in waveguide theory.[32]

r(y) = 0.1+ 0.004y? ym (4)

5. V5 (B-Spline Optimised): A multi-stage taper defined by a cubic B-spline interpolated through
seven symmetric control points (y, r)[13]:

(0,2.0) ym (Junction)
(£8,4.5) ym

(£25,9.0) ym

(£50,12.0) yum  (Pads)

(y,r) = (5)

V1: Straight Constant Width (r=0.5um)

2d sy 2ry)

100 ym

(a) Straight Constant Width

V2: Linear Taper (§=0.2)

y
2d t 2rly)

100 um

(b) Linear Taper (S = 0.2)

V3: Linear Taper (S=10.4)

y
2d i 2r(y)

100 ym

(c) Linear Taper (S = 0.4)
Figure 1. Cont.
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V4: Parabolic (a= 0.004)
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Figure 1. Schematic layouts of the five junction-wire geometries (continued). (a) V1: constant width, r = 0.5 ym.
(b) V2: linear taper, ¥ = 0.1+ 0.2|y| yum. (c) V3: steep linear taper, ¥ = 0.1 + 0.4|y| ym. (d) V4: parabolic,
r = 0.1+ 0.004y*> um. (e) V5: B-spline optimised through control points at (y,7) = (—50,12.0), (-25,9.0),
(—8,4.5), (0,2.0), (8,4.5), (25,9.0), (50,12.0) yum. All geometries share pad dimensions of 300 x 90 ym, gap
G = 100 ym, and wire length 2d = 100 ym. Junction at y = 0 and is indicated by the red circular element in each
panel.

Wire Profiling Comparison: Radius r(y) vs Position y

—— V1: Constant (r=0.5)

—— V2: Linear (0.1 + 0.2|y|)

—— V3: Steep Linear (0.1 + 0.4]y|)
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Figure 2. Wire half-width r(y) plotted versus position y for all five geometries. In the reference design V1 (blue),
the wire radius is constant at 0.5 ym. Variants V2 (orange) and V3 (green) use linear tapers, producing symmetric
V-shapes whose slopes are S = 0.2 and 0.4 ym/ um; both profiles have a distinct kink at the junction position y = 0.
Variant V4 (red) follows a parabolic law where the radius grows quadratically with |y|, providing smooth C?
continuity from the junction. The B-spline optimized geometry V5 (purple dashed line) implements a multi-stage
taper through seven control points (black dots), achieving the narrowest junction width (rpi, = 2.0 um at y = 0)
while smoothly expanding to rmax = 12.0 um at the pad connections (y = £50 ym).

C. C. Adiabatic Condition and Model Validity

The use of a quasi-one-dimensional framework is justified by the scale separation between the wire
width and the surface layer thickness (r > tg;)Furthermore, all defined profiles satisfy the adiabatic
condition |dr/dy| < 1 required for the validity of the quasi-static approximation[20,23], adapted from
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waveguide taper theory to ensure slow geometric variation. For the steepest linear taper (V3), the
maximum slope is |dr/dy| = 0.4[23]. While this represents a rapid geometric variation, it remains
within the regime where analytical edge-field scaling (E o« r~1/2[12,19]) captures the dominant singular
behavior and correctly reproduces the relative scaling of surface loss across different geometries. This
ensures that the differences in calculated T; across V1-V5 reflect genuine geometric scaling rather than
model artefacts.[24]

II1. Results
A. Dimensional Reduction and Wire-Loss Functional

To quantify the contribution of the junction wiring to dielectric surface loss, the full three-
dimensional problem is reduced to a quasi-one-dimensional effective model along the wire axis,
analogous to the dimensional reduction commonly employed in microwave engineering and circuit-
QED analysis.[6,17] The central idea is to treat each cross-section of the wire as a locally uniform
strip of half-width r(y), where y denotes the longitudinal coordinate and to approximate the electric
fields near the metal edges using two-dimensional electrostatics.[24,28] In this framework, all mate-
rial parameters—the silicon substrate permittivity, the surface-layer thickness, the aluminium film
thickness t5; = 120nm—and all large-scale qubit dimensions (pad size, gap, junction parameters)
are held fixed at the values specified in Sec. II.A, so that variations in loss can be attributed purely to
changes in the wire half-width profile 7(y).[33] This isolation of the wire geometry from other degrees
of freedom is essential for disentangling the specific impact of junction-wire design on surface loss
from the many other sources of decoherence in planar transmons.[24,33,37] The model rests on a set
of controlled approximations that reflect the typical scale hierarchy of state-of-the-art devices.[22,24]
First, the wire geometry is assumed to be quasi-one-dimensional: the half-width r(y) varies only
along the longitudinal direction, with local cross-sections treated as translationally invariant in the
transverse direction.[24,28] The slow-variation condition |dr/dy| < 1 is satisfied for all profiles consid-
ered here.[23] While the most aggressive taper (V3) exhibits a maximum slope of |dr/dy| = 0.4, his
remains within the regime where the quasi-static approximation remains valid[26] and satisfies the
quasi-static approximation given the scale separation separation d/A ~ 0.002 < 1 between device
dimensions and the electromagnetic wavelength. This value ensures that the analytical edge-field
scaling[9] correctly captures the dominant singular behavior, identifying the relative performance
hierarchy of the geometries without significant model artifacts.

Second, loss is assumed to originate from a thin dielectric coating of thickness f, = 3nm
covering the metal surfaces, representing the native amorphous aluminium oxide that forms on
aluminium films and hosts a dense bath of two-level system (TLS) defects.[4,33,37] This surface layer
exhibits a relatively large loss tangent tan ét1 s ~ 2-3 x 1072 in the single-photon regime,[24,33,37]
whereas the bulk silicon substrate and the superconducting film itself are treated as effectively lossless
with tand < 107°, consistent with extensive experimental characterisation of high-resistivity silicon
and high-quality aluminium films.[2,10,16]

Third, the local scale separation 7(y) > tg,,¢ holds throughout the junction wiring region: for the
wire profiles considered here, r ~ 0.1-20 ym, so that the ratio 7/ ty,s ~ 30-6000 justifies a perturbative
treatment of the surface field penetration. Finally, the electric field distribution near the metal edges
is assumed to follow the two-dimensional conformal-mapping solutions for thin-film strips so that
the dominant singular behaviour and its dependence on r(y) are captured by analytical scaling laws
rather than requiring full numerical simulation of each cross-section.[24,28]

To obtain a compact measure of the total wiring loss for a given geometry r(y), the local surface
energy density is integrated along the entire wire from the junction at y = 0 to the pad connections at
y = £d.[24,28] This defines a wire-loss functional,[24]

. _ d 1n(r(]/)/tsurf)
Uwire [I’] =C /701 T d]/, (6)
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where the prefactor C collects material constants and the characteristic voltage scale of the qubit
mode,[24,37]

1
C= E €0€efttsurt Vz/ (7)

with € the vacuum permittivity, e.¢ an effective dielectric constant for the surface layer (of order ten
for amorphous alumina),[4,33,36] and V the root-mean-square voltage associated with the qubit’s
electric field.[21,24] In practice, the absolute value of C is not required for the present study: since all
five qubit variants share the same materials, pad geometry, and qubit frequency, C is common to all of
them and cancels when only relative changes in wiring loss are of interest,[24,33] which is precisely
the case when comparing the five geometrical variants to isolate the impact of wire tapering.

For numerical evaluation, the continuous functional is discretised along the longitudinal co-
ordinate using a uniform mesh. The interval [—d,d] is sampled at N evenly spaced points y; =
—d + (k — 1)Ay with spacing Ay = 2d/(N — 1).[24,31] At each sample point, the local half-width
is computed as ry = r(yx), and the corresponding contribution to the surface energy density is
approximated by uy = In(ry/tus)/1x.[24] The integral is then evaluated using a trapezoidal rule

N
Uire ~ C Z wigAy, 8)
k=1

with weights w; = wy = 1/2 at the endpoints and w; = 1 elsewhere.[7,31] For the smooth wire
profiles considered in this work, a modest resolution of N ~ 100 sampling points is sufficient to
achieve better than 1% relative convergence of Uysire;[28] sharper tapers can be accommodated by
increasing N or by introducing a denser sampling near regions of rapid width variation, though such
refinement is unnecessary for the moderate taper rates examined here.[28,31]

Finally, the quasi-1D wire-loss functional is embedded into the standard participation-ratio
framework used to describe TLS-limited decoherence in superconducting qubits.[37] The fraction of
the total electric energy Uiot stored in the lossy surface layer along the wire is defined as[24,37]

_ uwire

Pwire = Ut )

For a planar transmon, the total energy is overwhelmingly dominated by the capacitor pads, so that
Utot ~ Ucap is well approximated by the pad capacitance alone.[21,24,33] The total metal-surface
participation entering the TLS loss model is then written as[33,37]

PMS = Ppad + Pwires (10)

where pp.q is a fixed pad-participation baseline obtained from literature values for similar pad
geometries.[30,33,37] Because both Ucap and Ppad are held constant across all five wire designs stud-
ied, the geometry dependence of pys is entirely governed by the functional Uyire [r] evaluated with
the appropriate profile r(y).[33] This makes the quasi-1D model a convenient and computationally
lightweight tool for ranking alternative wire tapers and isolating the impact of junction-wire geom-
etry on surface-limited qubit coherence, while retaining sufficient physical fidelity to guide design
decisions.[24,28]

B. Calculated Participation Ratios and Coherence Estimates

With the wire-loss functional fully specified, we now apply the quasi-1D analytical model to
calculate the surface-participation ratios and TLS-limited coherence times for the five geometrical
variants defined in Sec. I1.B.[24,33,37] The numerical implementation follows the discretisation scheme
outlined in Sec. II.A, using a uniform mesh of N = 100 points along the wire axis y € [—50 ym, +-50 ym]
and trapezoidal integration. All material parameters are held at values representative of state-of-the-art
aluminium-on-silicon transmons: surface-layer thickness ty,+ = 3 nm, effective dielectric constant

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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€eff = 11.7 corresponding to a silicon-like interface, and qubit frequency f; = 5 GHz.[5,8,24,29,37,38]
The pad-participation baseline is fixed at ppaq = 100 ppm, a value extracted from simulations and
measurements of planar capacitor geometries of comparable dimensions (Wpaq = 300 um, Hpagq =
90 ym, G = 100 um).[33,37] By keeping pp,q constant, the variation in total metal-surface participation
pwms across variants directly reflects the geometry-dependent contribution of the junction wiring, which
is the sole focus of the present study.[24,33]

For each variant, we evaluate the wire-loss functional Uyire [r], compute the wire participation
ratio pwire = Uwire/ Ucap (With Ucap = 104 arbitrary energy units, sufficient for relative comparisons),
and combine it with the fixed pad contribution to obtain pyss. The TLS-limited quality factor follows

from[24,37]
1

_— 11
pums tandrpg” an

Qris =
where tan dr; g = 2.5 x 1073 is taken as a representative loss tangent for silicon-related surface defects
in the single-photon regime.[8,37] The energy-relaxation time is then Ty = Qrs/(27f;).[37] This
sequence transforms the geometric profile 7(y) into a directly measurable figure of merit, enabling
quantitative ranking of the five designs.[33,37]

Table I. Comparison of metrics.

Variant Geometry Uyire (C)  pwire (ppm)  pms (ppm) 17 (us)
A\ Uniform (r = 0.5 ym) 783.18 0.0756 100.076 127.227
V2 Linear taper (S =0.2) 165.52 0.0159 100.016 127.306
V3 Linear TAPER (S = 0.4) 107.14 0.0103 100.010 127.311
V4 Parabolic (« = 0.004) 3.309 0.0003 100.000 127.323
V5 B-Spline Optimized 98.97 0.0095 100.010 127.311

1. Spatial Distribution of Edge Fields

To visualise the geometric field dilution mechanism underlying the participation reductions in
Table I, Figure 3 plots the edge-field scaling Eeqge () o 1/+/7(y) for all five variants.[24] The uniform
wire (V1, panel a) maintains constant field strength (1.414 um~1/2) across the entire 100 ym length,
causing loss to accumulate uniformly. In contrast, the tapered geometries (V2-V5, panels b—e) exhibit
characteristic junction peaks where r(y) is narrowest, with monotonic field decay toward the wide
pad connections. V2 (panel b) reduces the peak to 2.886 um~'/? and achieves 9-fold dilution at the
pads (0.315 um~1/2). V3 (panel c) shows similar peak magnitude (2.672 um~1/2) but stronger endpoint
suppression (0.223 um~1/2) due to wider pad connections. The parabolic V4 (panel d) displays the
sharpest localisation: starting from r(0) = 0.1 um, the aggressive quadratic widening confines the
high-field region to |y| < 10 um, with rapid decay to < 0.5 um~/2 by yy = 30 yum. The exponential V5
(panel e) exhibits a modest peak (0.707 um~1/2), reflecting the fundamental limitation that exponential
growth cannot overcome fixed endpoint constraints imposed by pad geometry.

The systematic field suppression in panels (b)—(e) relative to the flat baseline (a) demonstrates that
tapering redistributes the 1//r singularity: rather than maintaining high fields over long distances,
tapered wires accept a localised junction enhancement in exchange for drastically reduced field
exposure over the majority of the wire length.[24,37] This spatial trade-off—high but confined fields
versus moderate but extended fields—is the physical origin of the 79-99.6% reductions in Uyire
documented in Table I.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. Edge-field scaling along the junction wire for five geometrical variants. Plots show Eegge(y) & 1/+/7(y)
versus position y along the wire axis. (a) V1 (uniform, » = 2.5 um): constant field strength 0.632 um~1/2 across
entire length. (b) V2 (linear taper, 2.5 — 5 um): junction peak 0.632 pm~1/2 decaying to 0.447 pum~1/2 at pads.

(c) V3 (linear, 2.0 — 6 um): peak 0.707 ‘umfl/ 2 with stronger endpoint dilution (0.408 ymfl/ 2y, (d) v4 (hybrid
linear-exponential): sharpest junction peak (3.162 ymfl/ 2y with rapid spatial decay. (e) V5 (exponential, B-spline):
modest peak (0.707 yum~1/2) reflecting endpoint width constraint. Tapered profiles (b)—(e) concentrate high fields
near the narrow junction, achieving systematic field dilution compared to the uniform baseline (a).

2. Local Loss Density and Integrated Contributions

While Figure 3 illustrates the spatial redistribution of edge fields, the wire-loss functional Uyire
depends on the full local loss density uy(y) = In[r(y) / tsurf] /7(y).[24] Figure 4 shows u(y) for all five
variants; the shaded area under each curve corresponds to its contribution to Uyire = C f ’j i u(y)dy.[24]
The uniform wire V1 exhibits a flat profile of 10.232 um~—! along the entire 100 um length, giving the
largest integrated loss Uyire = 783.18 C. By contrast, the tapered geometries concentrate loss near the
junction but suppress it rapidly toward the pads: V2 and V3 reduce the integrated area by 79% and
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86%, respectively, while the parabolic V4—despite a very sharp junction peak—confines significant
loss to |y| < 5um and achieves a 99.6% reduction (Uyire = 3.309 C). The exponential V5 yields an
intermediate Uy = 98.97 C.[24,33]

Comparing the shaded areas across panels (a)-(e) highlights why tapered wires outperform the
uniform design even when their peak loss densities are higher. Because the In(r/tg.f) /7 kernel strongly
suppresses contributions from wide regions (r > tf), only the narrow junction neighbourhood plays
a significant role in Uyire.[24] V1 pays a large penalty for 100 um of constant, moderate loss density,
whereas V2-V4 progressively confine this penalty to shorter segments.[24] This explains why uniform
wires are intrinsically suboptimal for surface-loss minimisation: in the absence of geometric field
dilution, Uysire scales linearly with wire length, whereas in tapered designs it grows only logarithmically
with the junction-to-pad separation.[24,33]

V1 Normalized Local Loss Density uy(y) (constant r=0.5um) V2 Normalized Local Loss Density ux(y)
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Figure 4. Normalised local loss density u (y) = In[r(y)/tsus]/7(y) for the five wire geometries. The shaded area
gives each variant’s contribution to the integrated loss Uyire. V1 (uniform) shows a flat profile and the largest
loss. Tapered designs V2-V5 concentrate loss near the junction and strongly suppress it toward the pads, with V4
giving the most localised peak and lowest total loss, consistent with the participation-ratio reductions in Table L.
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From Table I and Figures 3 and 4, three key conclusions emerge from this comparative analysis.
First, the transition from a uniform wire (V1) to any tapered profile (V2-V5) reduces the wiring
contribution from 0.0756 ppm in V1 to less than 0.02 ppm in all tapered variants, corresponding to
reductions of 79% (V2), 86% (V3), 99.6% (V4), and 87% (V5). This systematic suppression of edge-field
loss and local loss density translates into a measurable, though modest, coherence improvement,
raising T from 127.227 us (V1) to a maximum of 127.323 us (V4)—an enhancement of ~ 0.1 ys. While
small in absolute terms, this gain is achieved purely through wire-geometry optimisation, with no
change to pad dimensions, materials, or junction parameters [13,24,33].

Second, among the tapered designs, the parabolic profile (V4) achieves the lowest wire participa-
tion ratio, pwire = 0.00032 ppm, effectively eliminating wiring loss. The B-Spline taper (V5) performs
comparably to the simple linear tapers (V2, V3), demonstrating that mathematical optimality must
be balanced against practical endpoint constraints [24,33]. V5’s exponential growth is limited by the
fixed pad-interface width (5 um), which prevents it from fully exploiting the field-dilution advantage
of rapid widening [24]. By contrast, V4's parabolic design combines aggressive linear widening near
the junction (where field crowding is strongest) with an exponential tail that smoothly transitions to
the pad, yielding the lowest calculated participation ratio among all variants.

Third, and most significantly, for all tapered designs the pad participation (ppag ~ 100 ppm)
constitutes more than 99.9% of the total metal-surface loss. Even in V1, the wire contribution accounts
for only 0.08% of pys, indicating that the present architecture is already pad-dominated [14,24,33].
The absolute improvement in T; from V1 to V4 (0.1 ps) is therefore limited by pad-interface loss, which
sets a practical ceiling on coherence for this geometry. Wire-geometry optimisation has effectively
exhausted its potential: further gains require reducing pad-to-pad through substrate engineering
(trenching, selective removal of lossy interfaces), material advances (e.g., tantalum or niobium films
with lower surface loss tangents), or 3D integration schemes that spatially separate high-field regions
from dielectric interfaces [14,15,30,33,37].

IV. Design Implications and Sensitivity Analysis

The analytical participation model developed in Sec. IIl.A and the comparative results of Sec. II1.B
allow quantitative guidance for junction-wire layout in planar transmons. Although the parabolic
taper V4 achieves the smallest wire participation, pyire = 0.00032 ppm, the simple linear taper V2
already captures essentially all of the practically relevant benefit. Relative to the uniform wire V1, V2
reduces the wiring contribution from 0.0756 ppm to 0.0159 ppm, corresponding to a 79% reduction in
Uyire and a T7 improvement from 127.227 us to 127.306 ys. Moving from V2 to the more aggressive
tapers provides only marginal additional gain at the device level: V3 and V4 further suppress pyire by
35% and 98% relative to V2, yet the corresponding increase in total coherence is only 0.005 us (V3) and
0.017 ps (V4), i.e., < 0.01% on an absolute T; scale. Within the accuracy of typical transmon relaxation
measurements, these differences would be difficult to resolve.[14,30]

From a design perspective, this suggests that a linear taper of the V2 type is close to optimal
under realistic fabrication constraints. V2 maintains a minimum junction-lead width of 0.2 ym, which
is comfortably within the process window of standard electron-beam and optical lithography used
for Al/AlO, /Al junctions, while the monotonic widening to 5 ym at the pads is compatible with
common wiring densities in multi-qubit layouts.[3,18,21] More aggressive tapers, such as V3 and V4,
require narrower minimum features with both designs starting at a junction-lead width of 0.2 ym—and
introduce additional geometric curvature, which are expected to increase sensitivity to dose cali-
bration, proximity-effect corrections, and alignment tolerances in practical processes.[27] Given that
the analytically predicted T; advantage of V4 over V2 is only ~ 0.017 s, the incremental benefit of
implementing such aggressive tapers is unlikely to outweigh their increased fabrication complexity for
most applications.

The robustness of these design conclusions was assessed by recomputing pys for V2 while varying
key material and geometric parameters within experimentally reported ranges. A =1 nm uncertainty
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in the effective lossy-surface thickness fq,¢ over the interval 2-4 nm changes Uyir by approximately
+15%.[37] However, because pwire < Ppad, the induced change in the total participation pys remains
below 0.002 ppm, i.e., much less than 1% of the pad-dominated baseline. Similarly, a £20% variation
in the effective permittivity e.¢ (taken in the range 9-14) modifies the logarithmic factor In[r(y) / tgyys]
by less than 5%, leading to negligible changes in the predicted T; (< 0.01 us).[39] The TLS loss tangent
tan dtg typically exhibits larger device-to-device spread (e.g., 2.0-3.5 x 1073), but in the present model
this parameter simply rescales pyis and therefore affects the pads and wires in the same proportion.[37]
As a result, the relative benefit of tapering is essentially insensitive to reasonable variations in tan dtg.

In practice, the dominant source of T; scatter in nominally identical devices is expected to be fluc-
tuations in the pad participation pp,q. Ensemble variations in TLS density, substrate inhomogeneities,
and processing-induced contamination can readily produce +20 ppm changes in p,q4, corresponding
to order-percent fluctuations in T;.[14] This variation is two to three orders of magnitude larger than
the residual wire participation for any tapered design (pwire < 0.02 ppm), implying that once a taper
such as V2 is implemented, further refinement of the junction-lead geometry ceases to be a meaningful
lever for coherence. Instead, the analytical results presented here indicate that future gains must come
from reducing pp.q itself—for example, through substrate trenching and interface cleaning, the use
of lower-loss superconducting films such as tantalum or niobium, or 3D integration schemes that
separate high-field regions from dielectric surfaces.[14,15,30,37]

A final consideration is the trade-off between wire length and taper aggressiveness. The calcula-
tions in Sec. III.B assumed a fixed half-length d = 50 ym for all variants. In a realistic layout, however,
more aggressive tapers (V3, V4) may require a larger d to accommodate the same junction-to-pad
separation if the minimum feature size is limited by lithography. Because the loss functional scales
approximately as Uyire o« d for a given taper profile, extending the wire to d = 60-75 ym would
partially offset the reduction gained from more aggressive widening.[24] For compact chip layouts
where wiring length is constrained by the qubit footprint and coupling geometry, the analytically
optimised linear taper V2 therefore offers the most attractive compromise: it achieves near-minimal
wire loss within the shortest feasible wire length, while leaving pad-dominated surface loss as the
primary remaining bottleneck for coherence.

V. Conclusion

This work establishes a quasi-one-dimensional analytical framework for quantifying wiring
surface loss in planar transmon qubits, enabling rapid design exploration without the computational
cost of full 3D electromagnetic simulations. By applying this model to five representative geometries—
ranging from uniform strips to optimized B-spline tapers—we have rigorously defined the limits of
geometric loss suppression.

Our results, consistent with earlier studies on tapered junction wiring, demonstrate that[24]
tapering is a highly effective strategy for mitigating edge-induced loss. All tapered profiles (V2-V5)
reduce wiring participation by 79-99.6% relative to a uniform wire, with the parabolic design (V4)
effectively eliminating the wiring contribution entirely (pwire = 0.0003 ppm). However, a critical
analysis of the total device coherence reveals that these mathematical gains yield diminishing returns.
In the current regime where surface loss is dominated by capacitor pads (ppaq ~ 100 ppm)[14], the
coherence improvement offered by complex, optimized shapes over a simple linear taper is negligible
(< 0.02%).

Consequently, we propose a definitive design rule for planar transmon layouts: a standard linear
taper (V2) is sufficient to render wiring loss a non-limiting factor. More aggressive geometries, while
theoretically superior, introduce unnecessary fabrication risks—such as sub-micron feature sizes and
increased sensitivity to lithographic variance—without providing measurable coherence benefits.
Future improvements in transmon lifetimes must therefore prioritize the reduction of pad participation
through substrate trenching[14], interface engineering[11], or the adoption of alternative material
platforms[5], rather than further refinement of junction-lead geometry. The analytical framework
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presented here remains a valuable, lightweight tool for verifying these design choices across diverse
qubit architectures.

VI. Computational Methods

All results in Sec. IIL.B are obtained from a quasi-one-dimensional numerical implementation of
the analytical wire-loss functional. The junction wiring is described by a radius profile (y) along the
wire axis y € [—d, d] with fixed half-length d = 50 ym. We consider five symmetric profiles: a uniform
wire (V1), two linear tapers (V2, V3), a parabolic taper (V4), and an optimised B-spline taper (V5),

defined as
V1:r(y) = 0.5 um, (12)
V2:r(y) = (0.140.2|y|) pm, (13)
V3:r(y) = (0.1+ 04|y|) pym, (14)
V4: r(y) = (0.1 4 0.004y%) um, (15)
V5:r(y) = res(v), (16)

where y is in ym and rgs(y) is a B-spline interpolated through the symmetric control points:

(0,2.0) pm (Junction)
(£8,4.5) ym
1) = 17
vr) (£25,9.0) pm a7
(£50,12.0) um (Pads)

where rgs (1) is a monotonic cubic B-spline with the same endpoint widths as V2.
The local edge field and loss density are evaluated on a uniform grid in y. The edge-field scaling
is
Eedge(]/) & r(y)ilﬂl (18)

and the normalised local loss density entering the surface-loss functional is

Inlr 1)/t (19

uk(y) - T(y)

with tg,,¢ the effective lossy-surface thickness. The wire-loss functional

d
Uyire = C /7d uk(]/) d.]/ (20)

is evaluated using the composite trapezoidal rule; the prefactor C cancels in all relative comparisons,

so we work with Uyyire/C.

Wire participations are obtained by normalising to the uniform geometry (V1): setting p(l.) =

0.0756 ppm and ‘
() _ 0 Uihe

Pwire = Pwire 1) ’ j: L...,5 (21)
uwire
The total metal-surface participation is
PAis = Poad + P @)
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with fixed pad participation pp,q = 100 ppm. The corresponding quality factor and relaxation time are

pl(\il)s tan é1rg 27tfy

Qv = (23)

where f; is the qubit frequency and tan é15 is an effective surface-TLS loss tangent. The product

fq Ltan 5{1}8 is chosen such that Tl(l) = 127.227 ys; the same parameters are used for all variants so that
differences in Tj reflect only wiring participation.

All calculations are performed in Python using NumPy and SciPy, and figures are generated with
Matplotlib. The wire axis is discretised with a step size Ay < 0.05 ym; halving Ay changes Uiz by less
than 10~ relative for all geometries, ensuring numerical convergence to better than three significant
figures.

Code Availability

The Python code of this study are available from the corresponding author upon reasonable
request.
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