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In this short review we describe the process of designing a superconducting circuit device for
quantum information applications. We discuss the factors that must be considered to implement a
desired effective Hamiltonian on a device. We describe the translation between a device’s physical
layout, the circuit graph, and the effective Hamiltonian. We go over the process of electromagnetic
simulation of a device layout to predict its behavior. We also discuss concerns such as connectivity,
crosstalk suppression, and radiation shielding, and how they affect both on-chip design and enclosure
structures. This paper provides an overview of the challenges in superconducting quantum circuit
design and acts as a starter document for researchers working on any of these challenges.

I. INTRODUCTION

Superconducting circuits are a leading quantum com-
puting technology, combining strong couplings and
long-lived coherence with flexible engineering and
scalability[1]. By carefully arranging of capacitors, in-
ductors, transmission lines, and Josephson junctions, ex-
perimenters create circuits with coherent quantized en-
ergy levels, often called artificial atoms. While every
atom of a particular isotope is completely identical, ar-
tificial atoms are extremely customizable. Their behav-
ior is determined by the circuit graph, which shows the
arrangement of each circuit element and the and con-
nections between them; the circuit element parameters,
i.e., the exact values of the inductances, capacitances,
impedances, antenna couplings, etc.; the layout, i.e., the
physical geometry of superconducting metal, insulating
substrate, dielectric layers, etc.; the embedding struc-
ture, i.e., the physical enclosure that houses a circuit and
routes signals to it; and the materials used in fabricating
the circuit as well as the fabrication processes that affect
surface and interface layers. Each of these aspects must
be carefully engineered to create the desired behavior.

The design problem in superconducting quantum de-
vices can be stated succinctly: given some desired behav-
ior, how can we create a physical device that will produce
this behavior? In this short review we discuss the various
concerns in designing superconducting quantum circuits.

The review is structured according to the typical work-
flow of a design loop. It begins with a brief description
of the physics of superconducting quantum circuits at an
effective Hamiltonian level. We then discuss depictions
of these circuits as being composed of lumped elements
in a particular circuit graph, and how these depictions
can be used to design the desired effective Hamiltonian.
We follow this by discussing how a physical device layout
is designed and how the layout can effect behavior. We
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then discuss simulations that can be used to predict de-
vice behavior given a layout. We describe how the device
can change between layout and fabrication. And finally
we close the loop by describing how measured device be-
havior can be used to improve the next round of designs.
Throughout each discussion we describe how the steps in-
teract with each other. The goal of this review is not to
provide a comprehensive, detailed description of each as-
pect of design—in many cases these articles have already
been written, and we refer the reader to them throughout
the text. Instead this review is intended as an overview
that can be used as an introduction to superconducting
device design for new researchers in the field, and a cen-
tralized reference that they can use to find more detailed
resources on each aspect of the problem.

II. SUPERCONDUCTING QUBITS

Here we give a brief introduction to the behavior of
superconducting circuits. More comprehensive reviews
can be found in references [1–8].
The fundamental building block of a superconducting

circuit is the parallel LJC subcircuit, with an inductor
(with inductance L), Josephson junction (with critical
current I0), and capacitor (with capacitance C) in paral-
lel. See Fig. 1 for a diagram. This produces the Hamil-
tonian

Ĥ = 4Ec (n̂− ng)
2 − EJ cos ϕ̂+

EL

2

(
ϕ̂− ϕext

)2
. (1)

Here n̂ is the charge number operator, ng is a con-
stant that accounts for the effect of voltage bias across

the capacitor, ϕ̂ is the dimensionless gauge-invariant
node flux (that is, the phase difference across the
junction/inductor–see Section IIIA), and ϕext is the di-
mensionless external flux threading the junction-inductor
loop ϕext = Φext

2φ0
, where φ0 ≡ ℏ/2e is the reduced

magnetic flux quantum. The behavior of this subcir-
cuit can be entirely captured by the component energies
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FIG. 1. Diagram of an inductor (left, orange), Josephson
junction (center, red), and capacitor (blue, right), forming a
parallel LJC circuit. Each element has an associated energy.
Tiling LJC subcircuits in series and parallel allows one to
build up an arbitrary circuit.

Ec ≡ e2/2C, EJ ≡ φ0I0, and EL ≡ φ2
0/L, along with

the environmental bias variables ng and ϕext. Note that
a time-dependent ϕext can lead to another term, but we
will ignore this for simplicity [9–11].

Varying the ratios of the energies produces different
qubit types, including the ubiquitous transmon (EL = 0,
EJ ≫ Ec) and the many varieties of fluxonium (Ec ∼
EJ ≫ EL), as well as harmonic oscillators (EJ = 0).
Subcircuits such as this can be placed in series or par-
allel to generate an arbitrary lumped element circuit—
omission of an element can be represented as setting its
energy to 0.

This circuit Hamiltonian description is accurate and,
as we will see, is the level at which device designers must
work. Unfortunately it is often quite inconvenient to
work with when designing quantum architectures, algo-
rithms, and gates, and for most quantum information
science theory. Instead, the circuit Hamiltonian is typ-
ically reduced to an effective Hamiltonian description,
treating the circuit as a set of modes of oscillation which
are best described as qubits, qudits, harmonic oscillators,
and weakly anharmonic oscillators. These modes are cou-
pled, typically with couplings that are weak enough that
the original modes still form a useful basis. As an illus-
trative example, consider a single transmon coupled to a
linear LC resonator via a coupling capacitor as in Fig. 2.
The circuit-level Hamiltonian is

Ĥ = 4EC,T n̂
2
T − EJ cos ϕ̂T + 4EC,Rn̂

2
R +

1

2
ELϕ̂

2
R (2)

+ 2e2Cc

(
n̂T

CT
− n̂R

CR

)2

where the T and R subscripts refer to transmon and res-
onator circuit elements and operators, respectively, and
the charge number operators nT , nR are the charge dif-
ferences from the highlighted nodes to ground. This can

CT JT CR LR 

CC nT nR 

FIG. 2. Circuit diagram of a transmon (left) capacitively
coupled to a linear LC resonator (right). The node charges nT

and nR are indicated by the nodes at which they are defined.

be represented by an effective Hamiltonian:

Ĥ = ωRâ
†â+ ωT b̂

†b̂+
η

2

[
(b̂†b̂)2 − b̂†b̂

]
(3)

+ g(â− â†)(b̂− b̂†).

Here â is the lowering operator for the resonator mode,

b̂ is the lowering operator for the transmon mode, ωi

are the mode transition frequencies from ground to first
excited state (when uncoupled), η = ω12,T − ω01,T is
the transmon anharmonicity, g is a coupling strength be-
tween the modes, and we have set ℏ = 1. The mapping
between circuit and effective Hamiltonian can be com-
puted numerically, but is approximately

ωR =
√

8ELE′
C,R

ωT ≈
√

8EJE′
C,T − E′

C,T

α ≈ −E′
C,T

g ≈ Cc

CT

√
e2ωr

CR

(
EJ

8EC,T

)1/4

(4)

where E′
C,i = e2/2(Ci+CC). Note that these approxima-

tions are valid in the usual transmon limit EJ >> EC,T

and the weak coupling limit Cc << CT , CR [12].
A common simplifying assumption is to treat the trans-

mon as a qubit and drop the non-excitation-conserving
couplings ab and a†b† (i.e., take the rotating wave ap-
proximation), in which case one recovers the well-studied
Jaynes-Cummings Hamiltonian [13]:

Ĥ = ωRâ
†â− ωT

2
σ̂z − g(âσ̂+ + â†σ̂−).

This depiction is conceptually simple, but is often not
accurate enough for, e.g., designing gate schemes [14–
16], understanding measurement-induced state transi-
tions [17, 18], or interpreting spectroscopic results [19, 20]
(see below). One message we hope the reader takes away
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from this review is: do not neglect the higher transmon
levels or the non-rotating-wave-approximation terms un-
less you are certain they will not affect the result!

This circuit—a nonlinear mode that functions as a
qubit, coupled to a linear harmonic oscillator—is the es-
sential building block of circuit quantum electrodynam-
ics (cQED), which is the architecture upon which al-
most all superconducting quantum circuits are based [7].
Typically these circuits are implemented in the regime
|∆| ≡ |ωR − ωT | ≫ |g|. In this case one can diagonalize
into resonator-like and transmon-like normal modes with
self-Kerr (i.e., anharmonicity) terms ηi and cross-Kerr
(i.e., dispersive) terms χ in their energies:

Ĥ = ω′
Râ

†â+ ω′
T b̂

†b̂

+
ηR
2

[
(â†â)2 − â†â

]
+

ηT
2

[
(b̂†b̂)2 − b̂†b̂

]
+ χâ†âb̂†b̂. (5)

This is often the description that maps best onto experi-
mental spectroscopic measurement. Using such measure-
ments, one can extract the parameters of the the original
effective Hamiltonian Eq. (3) using analytical expressions
for the energies (derived in 2nd-order perturbation the-
ory):

ω′
R ≈ ωR + g2

(
1

∆
− 1

Σ

)
(6)

ω′
T ≈ ωT − g2

(
1

∆
+

1

Σ

)
(7)

ηR ≈ 0 (8)

ηT ≈ η (9)

χ ≈ g2
(

η

∆(∆− η)
+

η

Σ(Σ + η)

)
(10)

where Σ ≡ ωR + ωT . Note that the Σ terms arise due to
the non-excitation-conserving couplings ab and a†b†, and
are omitted in many analyses. However, they often can
be significant, especially when computing the Lamb shift
χL ≡ ω′

R−ωR. A typical parameter regime is ωR/2π ≈ 7
GHz, ωT /2π ≈ 4 GHz, and so ommitting the Σ term
overestimates χL by approximately 25%. Again, these
expressions were derived perturbatively, and a fuller an-
alytical or numerical treatment is required to capture fea-
tures such as the small inherited resonator self-Kerr term
ηR [21], the precise value of the transmon self-Kerr ηT
[12], and higher-order nonlinearities. These features are
quite crucial when fine-tuning gate parameters or using
the transmon to control a cavity qubit encoding [22–25].
However, the goal of this section is merely to give an
overview of the physics of these circuits, so we neglect
these higher-order effects.

C1 
C3 

C2 

C4 

C5 
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L2

Φ2Φ1

FIG. 3. An arbitrary circuit graph. Nodes (black dots) are
connected by branches which may be inductive, capacitive, or
Josephson elements. Each loop has an independent bias flux;
each capacitive branch also has a bias voltage, which we omit
for simplicity. From the set of capacitive branches one can
define a spanning tree and thus define the node fluxes and
charges.

III. CIRCUIT GRAPH AND PARAMETERS

It is possible to perform an electromagnetic simula-
tion of a device layout and directly extract its energy
spectrum and eigenstates, leading directly to an effec-
tive Hamiltonian description [26] (see Section VE for an
in-depth discussion). However, if one wishes to analyti-
cally derive the eigenstates and energies, develop a fun-
damentally new type of qubit, or sweep over a variety of
device designs, such simulations are not appropriate. In-
stead, researchers describe the device by its circuit graph,
treating it as a set of lumped capacitors, inductors, and
junctions between circuit nodes. A general example is
shown in Fig. 3. This circuit graph description provides
a useful middle step between the physical layout and the
diagonalized Hamiltonian. This is an artificial creation,
as only the device layout and the behavior it implements
are actually physical. However, the circuit graph is such
a useful tool that we will treat it as if it were physical.

A. From Graph to Hamiltonian

A circuit graph represents the device as if it were made
of a finite number of nodes connected by branches, with
each branch formed by a zero-size linear capacitor, linear
inductor, or Josephson junction. More than one branch
may connect a pair of nodes, and branches may couple
to each other via mutual inductance. Again this is an
approximation; in reality, every part of the device cou-
ples to every other part, and all device components have
nonzero size. However, it is generally accurate enough to
take the approximation that capacitances below a certain
level, inductances above a certain level, and junction crit-
ical currents below a certain level can be neglected. Sim-



4

500 μm 

(b) (c)(a)

Φext

Φext

FIG. 4. (a) Scanning electron microscope image of a superconducting device. False color highlights indicate two CPW resonators
(red and teal), a tunable coupler (blue), a fixed-frqeuency transmon (purple), and coupling capacitors (yellow). The blue line
at the top is a transmission line throguh, while the unhighlighted line to the left is a fast flux line inductively coupled to the
coupler’s SQUID. (b) Intermediate depiction of the device, showing circuit elements and their arrangement. (c) Circuit graph
of the device, with nodes indicated.

ilarly, components whose dimensions are much smaller
than the wavelength at the frequency considered can be
treated as having zero size.

To see how to use the circuit graph, it is helpful to be-
gin by treating the circuit purely classically. Each branch
b has a classical current ib(t) flowing through it and volt-
age difference vb(t) across it. We can consider the circuit
as having no voltage, no current, and no external bias
or driving fields at t = −∞, and then adiabatically turn
on these fields. In this picture it is possible to transform
from branch current and voltage to branch charge and
flux, which are required for a Hamiltonian description:

Qb(t) =

∫ t

−∞
ib(t

′)dt′ (11)

Φb(t) =

∫ t

−∞
vb(t

′)dt′ (12)

As described in Section II, we can quantize a circuit by
writing its Hamiltonian in terms of charge and flux op-
erators defined at each node. It is therefore required
to transform from branch coordinates to node operators.
This can be a complex procedure, which is well described
in [27, 28] (an alternative approach using loop fluxes is
described in [29]); here we give a brief summary.

First, we must write a circuit graph so that any con-
nected nodes always have a capacitive branch between
them, as in Fig. 3. This is physically accurate, as any
parts of a physical device that are close enough to cou-
ple inductively or through a junction will also have some
stray capacitance. From this graph of N nodes we de-
fine the N × N capacitance matrix C with off-diagonal
elements −Cmn, the negative of the capacitance between
nodes m and n. The on-diagonal elements are defined so
that each row and column sums to 0, and the matrix is
symmetric by default.

We then define a spanning tree of capacitances, which
connects every node to ground through a path of only
capacitive couplings without forming any loops. This
means that every node has a single unique path to ground

through a series of capacitive branches. Summing the
branch fluxes from ground to the ith mode thus defines
the node fluxes ϕi; any external bias flux threading a
loop is taken to add on branches which are not part of
the tree. We can then use node fluxes as our coordinates
and write the potential energy in terms of these coordi-
nates. For instance, an inductor Lij connecting nodes i
and j will contribute energy E = (ϕi−ϕj+ϕext,ij)

2/2Lij ,
where ϕext,ij is the bias flux assigned to this branch of the
loop. Likewise, the energy contribution from a Josephson
junction depends on the difference in node fluxes across
it (plus any bias flux assigned to that part of a loop).

Since we are using node fluxes as our coordinates, we
can write the “kinetic” energy in terms of the node fluxes’
time derivatives. The energy contribution from a capac-
itor connecting nodes i and j is then E = C(ϕ̇i− ϕ̇j)

2/2,
i.e., it depends on the difference of these node flux time
derivatives across it. Combining the kinetic and potential
energies we can write the Lagrangian L. From this we
can define the node charges as the canonical momenta,
qn ≡ ∂L/∂ϕ̇n, and write the classical Hamiltonian in
terms of node charges and fluxes, plus bias voltages and
fluxes. At this point we change charge/flux coordinates
to operators and obtain the quantum Hamiltonian as in
Eq. (2).

This process sounds daunting even when summarized.
Luckily, the procedure is quite straightforward, if com-
plicated, and has been both written about in great detail
[27, 28] and has been integrated into open-source codes
like scqubits, SQCircuit, and CircuitQ [30–32]. A user
can input an arbitrary circuit, follow the procedure, and
obtain a numerical solution of the eigenstates and ener-
gies. In practice, this requires truncating the charge and
flux basis states so that the Hilbert space is finite and
can be diagonalized numerically. However, for a circuit
with any significant complexity, a complete numerical so-
lution can be computationally infeasible even when bases
are truncated. One solution is to perform hierarchical di-
agonalization [28, 31, 33]. In this approach, a designer
uses their knowledge of a circuit to divide it into sub-
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circuits, each of which has well-defined eigenstates that
can be easily solved. The subcircuits are described us-
ing a basis of these eigenstates, which again is truncated
at some finite dimension. The subcircuits are then cou-
pled together and solved using the product space of these
subcircuit basis states. This is similar to a perturbative
approach but has the advantage of easily handling de-
generate states.

For ease of computation it is highly advantageous to
have a Hamiltonian that is mostly diagonal—that is, a
Hamiltonian with few nonzero off-diagonal matrix ele-
ments. A major speedup can be achieved by moving
from charge and flux variables based on the circuit nodes
to charge and flux variables that can be quantized into
an approximately diagonal Hamiltonian for a subcircuit.
This is analogous to transforming to coordinates that rep-
resent normal modes of oscillation in a classical system.
Rigorous recipes for this procedure have been developed
and are implemented in open-source codes SQCircuit and
scqubits [28, 31, 33].

In addition to the challenge of solving an arbitrary cir-
cuit, it is typically desirable to have an effective quan-
tized Hamiltonian written in terms of oscillator cre-
ation/annihilation operators and Pauli matrices, as in
Eq. (3). Such an effective Hamiltonian is more amenable
to analytical theory and is usually more useful for quan-
tum gate design and error correction architecture design.
One solution is to use knowledge of the intended design
to build up subcircuits that are weakly coupled—for in-
stance, the coupled transmon and oscillator in Fig. 2 can
be solved as an arbitrary circuit, but it is easier to recog-
nize the transmon and oscillator modes and then add in
the coupling in terms of these mode operators. Another
approach is to exactly diagonalize the Hamiltonian, then
write it in its eigenbasis with a set of Kerr, cross-Kerr,
and higher-order terms as in Eq. (5). This approach has
the advantage of directly giving the energy spectrum, but
is less useful if environmental conditions (flux or charge
biases or drive tones) will be changed, as these can com-
pletely change the mode structure.

B. From Layout to Graph

The task of mapping a physical device layout to a cir-
cuit graph requires first defining features that can be con-
sidered as the branches and nodes of the circuit graph.
For instance, consider the device shown in Fig. 4 [34]. We
treat the entire ground plane as a single node, treat each
interdigitated coupling capacitor as a capacitive branch,
treat each “cross” feature as one node of a capacitive
branch and the groundplane as the other node, treat
bond pads as 50 Ω resistors, etc. Care must be taken to
account for the finite size of each feature, which manifests
as self-inductance of capacitor pads and self-capacitance
of inductive traces. Distributed-element resonators can
be turned into lumped effective models [35, 36], with the
caveat that this transformation might require frequency-

dependent effective capacitances and inductances.
There is no rigorous protocol for making these deci-

sions. Device designers use intuition and experience to
determine which components can be treated as lumped
elements and which require modeling as distributed
structures, which couplings are likely to be significant
and which can be ignored, and which nonlinearities are
significant and must be included (e.g., spurious Joseph-
son junctions). Luckily, it is straightforward to check
if a circuit graph is accurate enough once it is defined
and the device has been simulated. As described in Sec-
tion V, a simulation can give the inductance and capac-
itance matrices for the circuit graph, but it can also di-
rectly given the diagonalized energy levels of the effective
Hamiltonian. Solving the circuit Hamiltonian and then
comparing to the directly-simulated energies can help a
designer determine if the circuit graph requires revision.
Care must be taken to determine whether discrepancies
between the two approaches are due to improper defi-
nition of the circuit graph or inaccurate simulation of
the eigenenergies and/or circuit element parameters—see
Section VD.

IV. DEVICE LAYOUT

In the end, a device designer must produce a physical
design layout that can be fabricated. This is perhaps the
most challenging step of the design process. Given a fab-
rication process, the layout determines the effective cir-
cuit graph, including undesired stray couplings, and the
values of each of the capacitive, inductive, and Josephson
branch elements. It also determines couplings to lossy el-
ements and drive lines, setting limits on coherence and
gate speed. Here we discuss several concerns that go into
creating a layout.

A. Circuit Parameters

The first priority in layout design is to create a de-
vice with the correct circuit parameters–capacitances, in-
ductances, transmission line resonances, distributed cou-
plings, and Josephson energies. Josephson energy is the
most straightforward to design for—one simply designs
a Josephson junction with a junction area that gives the
correct critical current, given the critical current density
of a fabrication process. Edge effects in junctions may
mean that the critical current does not precisely scale
with area for small junctions, but these can generally
be accounted for phenomenologically once a fabrication
process is well-characterized.
Capacitance between co-planar structures cannot be

easily computed analytically, nor can inductance of any
but the simplest structures, nor can distributed cou-
pling strength. These can be simulated quite straightfor-
wardly, as described in Section V. A designer can deter-
mine capacitance and inductance values after making a
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design and conducting a (computationally-intensive) sim-
ulation for these parameters. Distributed-element behav-
ior can also be simulated, although typically this requires
a different solver (see Section V). Simulations can be
time-consuming, so it is preferable to minimize the num-
ber of times a design must be modified and re-simulated.
Fortunately, the scaling of most parameters can be eas-
ily approximated, at least over a small range of variation.
Capacitance between two features roughly scales linearly
with the area of the smaller feature (i.e., the overlap area)
and the inverse of the center-to-center distance [20]. In-
ductances roughly scale linearly with the length; mutual
inductance roughly scales with the overlap length and the
inverse of center-to-center distance. Resonant frequencies
of transmission-line resonators scale roughly linearly with
length, provided one takes into account any inductive or
capacitive loading with a lumped-element model.

One must also take into account any kinetic induc-
tance expected in the superconducting film. This typi-
cally manifests as an additional inductance per square—
that is, for a trace of width w and length l, the inductance
scales as l/w. The inductance per square depends on de-
tails of fabrication such as film material, film thickness,
and growth conditions. Kinetic inductance can be ac-
counted for in simulations (see Section VC) but requires
careful modification of standard simulation modalities.

In practice, a device is almost never designed from
scratch. A designer takes components from previous de-
vices and combines them to form a new design, adjusts
the component sizes and arrangement based on their best
guess of the correct scaling, then simulates. Based on
this simulation the designer refines the geometry based
on quasi-linear scaling, simulates again, and repeats until
parameters are within tolerance.

B. Crosstalk

Crosstalk, generically, refers to any unwanted change
in the behavior of one part of a device (e.g., a qubit)
due to some operation on some other part of the device
(e.g., a gate on a nearby qubit). Classical crosstalk, also
called microwave crosstalk, refers to unwanted stray cou-
plings of electromagnetic fields between different circuit
elements [37–41]. For example, a drive line for one qubit
can also drive nearby qubits, causing unwanted rotations
of those qubit states. This may be modeled as an unde-
sired branch between two nodes in a circuit graph. As
discussed in Section III, in principle any two areas on
a circuit couple capacitively and inductively. In prac-
tice, these couplings can be ignored if they are below
some level. When they are significant, couplings cause
crosstalk between different circuit elements. Classical
crosstalk is a problem of improperly translating a de-
sired circuit graph to a layout, and so must be addressed
by changing the layout or calibrating the crosstalk into
control schemes. The latter can be challenging: cali-
bration of crosstalk between n subsystems is a problem

which scales as n2 if crosstalk is linear and n! if nonlin-
ear interactions are taken into account. Luckily, classical
crosstalk is usually represented well by a sparse matrix
[38, 40–42].

Layout design can address classical crosstalk in several
ways. The simplest is to move elements further apart,
reducing coupling. This is effective, but adds bulk to the
circuit and can make it difficult to also have desired cou-
plings. Another approach is to use some aspect of the
geometry to suppress coupling of nearby elements. For
instance, two co-planar waveguide (CPW) transmission
lines that cross each other at right angles without touch-
ing will nominally have 0 coupling. Finally, the field from
an element may be confined by shielding it with some
metal. This is one purpose of air-bridge crossovers, which
connect two metal sections while bridging over anything
in between [43–49]. These crossovers are quite effective at
confining field, as they can transform a CPW (typically
used for routing signals and for distributed-element res-
onators) into something more like a coaxial cable [43]. It
is therefore standard practice to place them everywhere
on the chip possible. Unfortunately crossovers require
several steps of fabrication and so may be lossy (see be-
low), limiting their placement near qubits. Another ap-
proach to field confinement is to use a “flip-chip” ge-
ometry, where two substrates are bonded together with
a ∼ 1 µm gap between them [50]. The device is then
laid out in two planes on the faces of these substrates.
This geometry makes it easier to bring coupling struc-
tures close together with vacuum in between, allowing
them to be smaller [51]. More importantly, it confines
field by providing more nearby metal for field lines to
terminate in [52]. Both these effects suppress long-range
couplings and reduce classical crosstalk.

Importantly, any attempt to reduce classical crosstalk
will affect circuit parameters—it is impossible to modify
the geometry in such a way that it only reduces some
stray coupling. It is crucial to include crosstalk suppres-
sion in the design process from the beginning, optimizing
it in parallel with changing geometries to match target
circuit parameter values.

Quantum crosstalk refers to any unwanted coupling be-
tween two quantum degrees of freedom that is a byprod-
uct of an intended coupling. Essentially, it is a failure
to translate a desired effective Hamiltonian to a circuit
graph, even if that circuit graph is then perfectly imple-
mented in a layout. It is therefore a problem that should
be addressed at the circuit graph design level when possi-
ble. For example, transmons which are capacitively cou-
pled to allow for interactions in the qubit space (the low-
est 2 energy levels) also have interactions with higher
levels. The dominant effect of these higher level interac-
tions is “ZZ crosstalk”, an unwanted shift of the energy of
the |11⟩ state [53]. This crosstalk can be addressed with
quantum control [54–56]. However, it is often preferable
to suppress it as much as possible with design. This can
be done by using multiple coupling paths (see Fig. 5),
where two transmons are directly coupled and also both
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FIG. 5. Circuit diagram of a typical multi-path coupling
between two transmon qubits. Combining a direct capacitive
coupling with an intermediate coupling resonator (purple) al-
lows the designer to cancel the effective ZZ interaction in-
duced by the transmons’ higher excited states.

couple to an intermediate system (usually a linear res-
onator or a tunable transmon) [57–59]. The multiple
couplings allow fine-tuning of the Hamiltonian and sup-
pression of ZZ crosstalk while maintaining the desired
coupling. Again, such a modification to the device de-
sign must be included from the beginning so that circuit
parameters can be correctly matched.

C. Connectivity

While crosstalk—unwanted couplings—must be sup-
pressed, a device layout must still produce the desired
couplings between subcircuits. Consider a subcircuit con-
sisting of a tunable transmon qubit in a large processor
architecture. The transmon must be capacitively coupled
to a charge drive line; inductively coupled to a flux drive
line; capacitively coupled to each desired nearby trans-
mon, tunable coupler, bus coupling resonator, etc; and
capacitively coupled to its readout resonator. However,
the transmon must not couple to other drive lines, res-
onators, or couplers. This quickly becomes an issue as the
number of subcircuits grows—how does one route a sig-
nal from one part of a chip to another without coupling
to anything in between? As discussed in Section IVB,
crosstalk suppression can be achieved by routing signals
on CPW lines that use airbridge crossovers to cross each
other at right angles; by using airbridge crossovers to con-
fine field under the crossovers; and by using a flip-chip
geometry to further confine field. A flip chip structure
also allows designers another degree of freedom, as ele-
ments can be put on separate layers to reduce crowding,
with indium bump contacts between the chips to form su-
perconducting links [50, 60]. Recent work has focused on
extending to full 3D integration, using superconducting
through-silicon vias (TSVs) to connect layers on oppo-
site sides of a silicon substrate [61–63]. This allows much
more flexibility in device design, although the technology
has yet to see wide use publicly.

Another consideration is the capacitance budget of a
subcircuit. Each capacitive coupling between a subcir-

cuit and its neighbors adds in parallel to the subcircuit
capacitance(s), which must be reduced to compensate
and maintain a constant total. Eventually the coupling
capacitances dominate the total capacitance, and it be-
comes impossible to increase a coupling without weaken-
ing all others. This is especially a concern in subcircuits
such as fluxonium qubits, where the charge coupling ma-
trix elements are quite weak [64] and so coupling capac-
itances must be large [65, 66]. A similar problem can
occur with inductive couplings. One alternative is to use
galvanic coupling, where two subcircuits share a linear or
nonlinear inductive element (i.e., an inductor or Joseph-
son element). By using a SQUID as the galvanic coupler,
it is possible to tune the coupling rapidly in-situ [67, 68],
and the galvanic coupling budget is generally quite large.
These concerns exist in the context of quantum error

correction (QEC) architecture design. In general, the
more connected the qubit graph, the easier QEC is to
accomplish. That is, if each qubit can be made to run
high-fidelity two-qubit gates with a greater number of
other qubits, then fault-tolerant QEC can be achieved
with fewer resources (qubits and operations) and at a
higher gate error rate [69]. At some point it becomes im-
practical to add more fixed couplings. Directly coupling
two distant qubits together then requires some long-range
controllable interaction such as controlled transmission of
microwave photons [70–72], resonant couplings between
modular elements [73], or measurement-based remote en-
tanglement [74–76].

D. Interface Losses

It has now been well established that interface layers
between substrate and metal (superconductor), between
substrate and vacuum, and between metal and vacuum
can all act as dielectrics that are many orders of magni-
tude more lossy than crystalline silicon/sapphire dielec-
tric substrates [77, 78]. The decay rate Γ of a qubit as
limited by dielectric losses is

Γ = βωq

∑
i

Pi tan δi (13)

where ωq is the qubit frequency, Pi ∈ [0, 1] is the par-
ticipation ratio of a dielectric material (the fraction of
total electric field energy that is in this material), tan δi
is the microwave loss tangent of that material, and β is
a dimensionless prefactor indicating the strength of the
charge decay matrix element. For a harmonic oscillator
β = 1 and for a transmon β ≈ 1.
Much of the progress in the increasing qubit energy

relaxation times (T1) can be attributed to reducing the
lossiness of these interfaces—reducing tan δi, a fabrica-
tion challenge [79]—and to designing qubits that reduce
the participation ratio of these layers—reducing Pi, a de-
sign challenge. The general approach to reducing inter-
face participation ratio is to move capacitive elements
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(b)

(a)

FIG. 6. Diagram of the electric field distribution between two
capacitor plates that are close together (a) or far apart (b).
For the same total field energy, the close-together plates con-
centrate more field in surface and interface layers (purple, red,
blue), which may be much lossier than the substrate (green)
or vacuum.

farther from each other while increasing their area. This
keeps the capacitance constant while decreasing the con-
centration of electric field energy in interface layers. See
Fig. 6. Increasing element size almost uniformly reduces
dielectric loss [80]. This was the principle behind the de-
velopment of the 3D transmon [81], which at the time of
its invention was 1-2 orders of magnitude more coherent
than typical small-element planar transmons. The trade-
off is that this increased size in turn means larger stray
couplings at larger distances, making it harder to sup-
press crosstalk in a large planar circuit. Making circuit
elements larger also adds bulk, which can be a significant
consideration when more than a few qubits are placed on
a chip.

Another method to reduce interface losses is to de-
sign the geometric features with smaller perimeters, fewer
sharp corners, and fewer narrow sections, all of which
can increase the participation of lossy surface layers
[82]. Similarly, metal films incorporating oxide layers
(for junction fabrication) may be lossier than single-layer
films [83]. These films are typically only present in the
connection between Josephson elements and larger-scale
features; reducing the lengths of these connectors can re-
duce the loss.

E. Radiation

A circuit may couple to the external electromagnetic
field via antenna modes. Devices that are meant to be
embedded in 3D cavities are typically designed with large

antenna structures to provide dipole coupling to one or
more cavity modes. This coupling can be modeled sev-
eral ways, as discussed in Section VE. Typical design
rules for microwave antennae apply, including matching
the antenna length to the wavelength (or some integer
divisor), loading the ends with capacitive structures, and
avoiding spurious antenna resonances at unwanted fre-
quencies.
In planar circuit devices, radiation is almost always an

undesired loss mechanism. Small feature sizes and robust
waveguide designs typically do an excellent job suppress-
ing radiation in the microwave regime. However, qubit
geometries can make excellent antennae for mm-wave
radiation [84]. This can lead to resonant absorbption
of pair-breaking radiation [85], generating quasiparticles
and inducing them to tunnel across Josephson junctions
[86] or trap in internal junction Andreev bound states
[87–89]. This radiation can reach the device either by
propagating through free space (if the device is not prop-
erly enclosed, see Section IVF) [90] or by propagating
down microwave lines [91]. Care must be taken to en-
sure that the qubit structure does not act as a resonant
antenna at frequencies that are poorly-shielded or poorly-
filtered. In general it is preferable to push the antenna
resonances to higher frequency, as it is easier to attenu-
ate the higher-frequency radiation. This means making
capacitive structures smaller and closer together, which
is in tension with the need to minimize coupling to lossy
interfaces discussed in Section IVD.

F. Enclosure and embedding

Here we briefly discuss the requirements for enclosing
and embedding a superconducting device. For a compre-
hensive review of enclosure and embedding designs, see
[92].
A superconducting circuit must be enclosed in a con-

ductive cavity to prevent radiative coupling of both mi-
crowave and mm-wave radiation, as discussed above.
This cavity will have its own resonant modes. When
the circuit is designed to couple only to other circuits in
plane (or on an adjacent plane, as in a flip-chip geom-
etry), any coupling to cavity modes will be a potential
source of loss or crosstalk. The typical approach is to
make the cavity dimensions as small as possible and thus
push mode frequencies higher, but this becomes infeasi-
ble as the chip size grows. Flip-chip geometries with in-
dium bump bonds can make an effective cavity between
the chips, greatly reducing volume and increasing mode
frequencies.
Off-resonant coupling is also a potential problem. Cav-

ities are often made of normal metals (e.g., gold-plated
copper) to aid with thermalization and to allow exter-
nal flux biasing. In this case radiative coupling to the
cavity walls can be a source of loss even if no energy
enters a cavity mode, simply because conduction in the
cavity walls is lossy. Solutions include moving the cavity
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walls further away from the chip [92], at the expense of
lower cavity mode frequencies; making the cavity from a
superconducting material or coating the backside of the
chip with superconductor, at the expense of thermaliza-
tion, flux biasing, and quasiparticle poisoning suppres-
sion [93]; and changing the on-chip design to confine the
field more closely, at the expense of increased coupling to
lossy interfaces.

In the case where the cavity is being used for bosonic
qubit encoding, the cavity modes are deliberately de-
signed to be lower frequency, with at least one mode
engineered to have an ultra-high quality factor Q and
thus long-lived coherence. Usually, one or a few qubits
are coupled to the high-coherence mode(s) and used to
control it (them). Each qubit may also be coupled to
a low- or moderate-Q cavity mode to perform readout,
or to a planar resonator for the same purpose [94]. Mi-
crowave connectors with conducting pins that protrude
into a cavity can act as antennae, coupling in charge drive
signals and coupling out readout signals. Flux biases and
flux drive tones are more difficult to bring into the cavity,
as the physical structure is typically superconducting (to
enable high Q) and thus expels magnetic field. Recent
work has focused on this problem, either by designing
special “magnetic hose” structures into the cavity [95] or
by carefully designing the cavity to allow partial trans-
mission of magnetic flux [96, 97].

Signals must also be brought to larger planar devices.
In this case the typical approach is to use solder con-
nections or wirebonds to connect a microwave coaxial
connector to a microwave circuit board. This board uses
normal-metal waveguide traces to bring the signals close
to the chip, where wirebonds connect the waveguides to
on-chip lines. Again the embedding board must be co-
designed with the chip and enclosure to reduce radiative
coupling to lossy elements. Connectivity can be a chal-
lenge, as typical devices only have wirebond pads avail-
able around the edges. 3D integration can solve this issue
by using a fabricated interposer chip between the embed-
ding board and the device, with the interposer routing
signals through lines that are more compact and lower-
loss than the embedding board, but without the strict
coherence requirements on the quantum device [50]. To
the best of our knowledge this has not been demonstrated
publicly, but the recent devlopment of TSVs makes it a
possibility.

V. ELECTROMAGNETIC SIMULATION

Electromagnetic (EM) simulations are essential in the
design process of superconducting quantum circuits, pro-
viding detailed insights into the circuit’s electromagnetic
behavior. These simulations help verify that the de-
vice layout accurately reflects the desired Hamiltonian
description while also identifying potential issues, such
as unwanted modes or parasitic couplings, that could de-
grade performance. Through this process, one can op-

timize the design layout before fabrication, reducing the
need for costly fabrication iterations - significantly saving
time and resources.

A. Simulation tools

EM simulation tools solve Maxwell’s equations numer-
ically to provide detailed information about the electro-
magnetic fields and circuit parameters within the sim-
ulated device layout. These solvers can compute im-
portant quantities such as inductances, capacitances,
impedance, and field distributions, all of which are key
inputs for analyzing the electromagnetic properties of
quantum circuits. Commercial finite element method
(FEM) solvers like ANSYS HFSS/Q3D and COMSOL
Multiphysics are the most commonly used in the commu-
nity [98–100]. They offer robust features, user-friendly
interfaces, stable software, and comprehensive support,
making them suitable for handling a wide range of com-
plex simulations. These solvers are particularly useful for
investigating coupling effects, wave propagation, and en-
ergy dissipation mechanisms in complex circuit layouts.
Open-source alternatives such as Palace and ElmerFEM
are also gaining traction [100, 101], providing flexibility
for customization, free access, OS-agnostic compatibility,
and native high performance computing (HPC) features
(in the case of Palace), which can be particularly advan-
tageous for specialized quantum applications.
Recognizing the unique requirements of superconduct-

ing quantum circuits, quantum-specific electronic design
automation (EDA) tools have also started to emerge.
For example, Keysight’s EMPro and Quantum Ckt Sim
[102, 103] provide a quantum device layout generation
library and a tailored simulation environment, including
advanced features such as flux quantization in supercon-
ducting loops, specifically designed to meet the needs of
quantum circuit modeling.

B. Finite-element simulations

FEM solvers function by first breaking space up into
discrete elements. When expressed on this discrete mesh,
Maxwell’s equations transform from differential equa-
tions to discrete difference equations. A solution to these
difference equations on the mesh can be readily computed
(although the computation may be time-consuming).
Each mesh element is treated as if the field distribution
across the element is either constant or changing with
some low-order polynomial dependence on position (de-
pending on solver settings) [104, 105]. After a solution is
computed, a new, finer mesh is generated based on the
solver’s best estimate of where the prior mesh was too
coarse, as shown in Fig. 7. A solver’s mesh refinement al-
gorithm is often proprietary, but a simple rule is to divide
an element more finely if it has a large local field concen-
tration or gradient. After mesh refinement a solution is
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(a) (b) (c)

0.3 mm

FIG. 7. (a) Typical finite-element mesh that is seeded at the
start of a simulation. Here the simulation is of a transmon
with a central cross capacitor, an outer ground plane, and a
“claw” coupling capacitor. The Josephson junction is mod-
eled as a lumped element inductor (small green square at top
of cross). During the solving, each mesh element is treated
as having a single value of electric and magnetic field (or a
spatial dependence given by a low-order polynomial), leading
to a very inaccurate solution. (b) Mesh after several rounds of
refinement. The refinement algorithm has correctly created a
fine mesh on the transmon cross and coupling claw, but has
not yet sufficiently refined the mesh on the ground plane. (c)
Final mesh after solution convergence. The mesh elements are
very small in any area where fields may be changing quickly.

computed again. The process is repeated until some sim-
ulated quantities of interest (such as mode frequencies or
scattering parameters) change by less than a user-defined
threshold from one iteration to the next. Depending on
the solver, a user may also mandate multiple iterations
below the convergence threshold, a minimum/maximum
number of iterations, nonuniform convergence criteria,
and other customizations.

Commercial software tools such as ANSYS use differ-
ent back-end solvers for simulations aimed at extracting
different quantities. A solution may give eigenmode fre-
quencies and quality factors, showing the field distribu-
tions at those frequencies; it may give capacitance and
inductance matrices between different geometric struc-
tures by solving electrostatic behavior; or it may give
frequency-dependent scattering parameters. Each anal-
ysis requires a separate solver optimized for a specific
computation. Choosing the right solver is essential for
obtaining the correct quantities to analyze device behav-
ior, as explained in Section VE.

C. Kinetic inductance

While commercial simulation tools are capable of ac-
curately simulating geometric inductance and other elec-
tromagnetic properties, they do not natively account for
kinetic inductance Lk. Kinetic inductance arises in su-
perconductors due to the inertial mass of mobile charge

carriers. (Normal metals do not experience significant
kinetic inductance since their charge transport is mostly
diffusive—any inertial effects are swamped by rapid scat-
tering.) This additional inductance beyond the geometric
inductance becomes significant in quantum circuits oper-
ating at high frequencies or using superconducting ma-
terials with high disorder or low charge carrier density.
To model kinetic inductance, we use the Mattis-Bardeen
theory which describes the complex conductivity of su-
perconductors at non-zero frequencies [106]. For super-
conducting systems in the regime T ≪ Tc and ℏω ≪ ∆
(where Tc is the critical temperature and ∆ is the super-
conducting gap), the kinetic inductance of a small wire
at frequency ω can be expressed as:

Lk(ω) =
l

wtσ2ω
≈ 0.18 · lℏρn

wtkBTc
(14)

where l, w, and t are the length, width, and thickness
of the conductor, ρn is the normal-state resistivity of
the material, σ2 ≈ kBTc

0.18ℏρnω
is the imaginary part of the

complex conductivity, and kB is Bolztmann’s constant
[107, 108]. The key insights from this model are that
materials which are poor normal conductors will have
high superconducting-state kinetic inductance, and that
this inductance is non-linear with respect to current. To
incorporate this kinetic inductance into EM simulations,
one must modify the material properties to reflect its
complex conductivity. In COMSOL, for example, this
is done by updating the conductivity to account for the
frequency-dependent σ2 term, which is proportional to
α/ω, where α depends on Tc and ρn. By including this
imaginary component in the simulation, the solver can
accurately model the kinetic inductance’s contribution
to device performance. This method can be also be ap-
plied in open-source tools such as Palace, allowing for
precise simulations of quantum circuits that incorporate
high-kinetic-inductance materials.

The solvers discussed above were designed for normal
conductors; any superconducting effects must be tacked
on. Recent work has focused on developing simulation
techniques that are built up from first principles and
incorporate superconductivity from the beginning [109].
DEC-QED (discrete exterior calculus quantum electro-
dynamics) focuses in particular on 3D structures. By ex-
pressing the solution in terms of gauge-invariant fluxes,
DEC-QED is able to accurately capture superconduct-
ing effects such as flux quantization, and is well-suited
to modeling radiation and coupling effects [110]. Solvers
incorporating these recent developments may provide sig-
nificant advantages in accurate modeling of crosstalk,
where the Meissner effect can significantly change cou-
plings.
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D. Simulation accuracy

The accuracy of EM simulations is highly dependent
on key simulation hyperparameters, such as mesh density,
convergence criteria, and solver tolerances. To achieve re-
liable results, we recommend setting the initial seed mesh
element sizes so that there are at least 3 elements across
any dimension of a metal feature or gap between features.
For instance, a CPW trace with a width of 10 µm and
gap of 6 µm should have an initial seed mesh with ele-
ments no longer than 3.3 µm on the trace and 2 µm in
the gap. This rule ensures that the solver can recognize
the difference between the edges and center of a feature,
and therefore can easily recognize gradients between cen-
ter and edges. Once the seed mesh is fine enough, the
solver will automatically refine it further when needed.
For Josephson junctions, a stricter seed mesh size of less
than one-tenth of the junction dimensions is needed to
capture field details essential for accurate energy partic-
ipation analysis [20, 26, 36, 111, 112]. Of course it is al-
ways more accurate to use a finer seed mesh, but this ac-
curacy must be balanced against the computational cost
to generate and solve this finer mesh (i.e., the time re-
quired). The mesh sizes stated above seem to be a good
compromise that ensures accuracy without being overly
computationally intensive [20].

Simulation convergence is determined by the change in
some quantity (such as mode frequency) from one iter-
ation to the next. A change in this quantity indicates
that mesh refinement is significantly changing the solu-
tion, and that further refinement would likely further im-
prove accuracy. Once the change between iterations is
below some threshold, the convergence criteria are met
and the simulation can end. The convergence threshold
must be set to a low enough tolerance that the simula-
tion accurately reproduces all quantities of interest, but
high enough that the simulation finishes in a reasonable
amount of time. Empirically we have found that a con-
vergence threshold of less than .05% change between it-
erations is good enough for most purposes [20].

Sometimes the refinement of a solution from one itera-
tion to the next does not appreciably change the conver-
gence quantity, but does reveal new locations where the
mesh is too coarse. This can result in a false convergence,
where additional iterations (with finer meshing) would
result in an appreciably different solution. See Fig. 8.
To avoid this issue, each simulation should undergo a
minimum of one extra pass after the convergence thresh-
old is met—when possible, two or three extra passes are
preferred [20]. The tradeoff is, again, computational cost
and speed, as these later iterations have the finest meshes
and thus are the most time-consuming.

Unfortunately, most commercial solvers do not allow
the user to pick which quantity is used to test conver-
gence. This may prove to be an advantage for open-
source solvers: advanced users can modify the back-end
code and customize the convergence criteria. For ex-
ample, a user may wish to tune the bandwidth κ of a

FIG. 8. Example of a typical simulation convergence. Each
iteration refines the solution, leading to a change in the solved
mode frequencies. When this change is below some threshold
for some number of consecutive iterations, the convergence
criteria is met and the simulation is finished. Here we set the
convergence criteria to be a mode frequency change less than
0.5% for 3 iterations in a row. The shaded region shows the
iterations where the frequency convergence has been satisfied.

readout resonator to an accuracy within 5%. Ordinary
eigenmodal simulations converge based on the changes in
resonant frequencies ∆f . In practice we have found that
this level of κ requires setting ∆f < 0.05% for robust-
ness, but a coarser threshold may be sufficient in some
situations. Unfortunately, it is not known if a coarser
threshold will work before the simulation is done, and
so best practice is to use a threshold that is always fine
enough. A user could instead explicitly make conver-
gence depend on κ, ensuring that the desired accuracy is
achieved while minimizing computational cost.

For complex layouts, it is generally better to simu-
late smaller sections instead of attempting to simulate
the entire layout at once, which may be computationally
prohibitive. These sections can then be turned into ef-
fective lumped circuit models [36] or effective quantized
Hamiltonians and then combined. For example, for a
design with a transmon capacitively coupled to a CPW
cavity, one could simulate the transmon and coupling ca-
pacitor, then separately simulate the cavity and coupling
capacitor. See Fig. 9 for an illustration. This modular
approach allows for the extraction of accurate circuit pa-
rameters within each section and makes the simulations
manageable in terms of both time and computational re-
sources. The results from these smaller simulations can
later be combined during the quantum analysis stage to
construct the full system’s Hamiltonian. This method is
particularly useful for large-scale designs with repeated
subsystems, where simulating the entire structure at once
would be impractical and computationally expensive to
achieve the necessary level of accuracy. However, this
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FIG. 9. Partitioning of a qubit-cavity system (center) into
two overlapping sections. On the left, the qubit and cou-
pling capacitor, with a stub to connect to the resonator, are
simulated. On the right, the meandering CPW cavity with
coupling capacitor and co-linear coupling to a feedline are sim-
ulated. The feedline is terminated with lumped 50 Ω resistors
(not shown) to represent the external microwave environment.
We can use the results of both simulations to turn the sub-
systems into lumped-element models, then combine them to
solve the Hamiltonian.

approach may not capture all important effects in lay-
outs where components are closely spaced. In such cases,
cross-talk or hybridization of electromagnetic modes be-
tween neighboring elements may not be fully accounted
for, potentially limiting the accuracy of the final analysis.
Therefore, careful consideration should be given when
applying this method to designs with tightly packed ele-
ments or strong mode interactions. The designer should
make the simulation sections large enough that couplings
outside the edges are negligible, or overlap them to en-
sure that boundary effects do not dominate.

Balancing accuracy and computational resources is
crucial in EM simulations. Higher accuracy, achieved
through finer meshes and stricter solver settings, comes
at the cost of increased simulation time and memory us-
age. To optimize this trade-off, it is essential to conduct
convergence studies, refining mesh sizes and solver tol-
erances until further iterations result in no significant
changes in Hamiltonian parameters. For an example
of how the number of required consecutive passes be-
low threshold can affect accuracy, see Fig. 10. Addition-
ally, properly defining boundary conditions (open, closed,
or lossy), material properties (using cryogenic dielectric
constants), and simulation volumes, accounting for fab-
rication effects (see Section VI), and selecting the appro-
priate solver and methodology are critical for accurately
modeling the physical environment of the device, as er-
rors in these factors can compromise the reliability of the
simulation results.

FIG. 10. Demonstration of the dependence of simulation
results on hyperparameters. Here we vary the number of
consecutive passes that must satisfy the convergence thresh-
old before the simulation can terminate. We compare the
simulated resonant frequency (purple circles, left axis) and
linewidth (orange squares, right axis) of a CPW resonator
to the experimentally-measured values (dashed lines). In
both cases the simulations saturate by 4 converged passes,
but a small systematic error remains (0.3% for frequency and
8% for linewidth) that can be attributed to fabrication and
impedance variation effects.

E. From EM Simulations to Quantum Analysis

After completing EM simulations, the resulting data
must be translated into quantum circuit parameters to
construct the system’s Hamiltonian. Typical solvers
will provide either: inductance and capacitance matri-
ces, along with field distributions for static fields; mode
eigenfrequencies and quality factors, along with field dis-
tributions at those frequencies; or scattering parame-
ters as a function of frequency, along with field distri-
butions as a function of frequency. In each case the
data can be used to calculate a Hamiltonian, although
in practice the electrostatic and eigenmodal simulations
are preferred. Because the data provided are different,
each simulation technique is better suited to a different
analysis methods. Three common methods for perform-
ing this translation from simulation to Hamiltonian are
the Energy Participation Ratio (EPR) method [26], the
Lumped-Oscillator Model (LOM) [36], and the Black-
Box Quantization (BBQ) approach [113]. The EPR
method uses eigenmodal simulation data, LOM uses elec-
trostatic data, and BBQ uses both. Here we give brief
overviews of each method.
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1. Energy participation ratio analysis

The EPR method [26] is based on breaking the Hamil-
tonian into two parts: a linear part composed of oscillator
modes and a nonlinear part consisting of the nonlinear
inductive contributions from the Josephson elements.

Ĥ = Ĥlin + Ĥnl (15)

Ĥlin =

M∑
m=1

ωmâ†mâm (16)

Ĥnl =

N∑
n=1

−

(
E(J)

n cos ϕ̂n +
ϕ̂2
n

2

)
(17)

ϕ̂n =

M∑
m=1

smn

√
pmnωm

2E
(J)
n

(
âm + â†m

)
(18)

Here ωm is the frequency of the mth mode, M is the total
number of modes considered, âm is the lowering operator

for the mth mode, E
(J)
n is the Josephson energy of the

nth junction, and ϕ̂n is the phase operator across that
junction. The inductive energy participation ratio pmn

is the fraction of the inductive energy in the mth mode
that is stored in the nth junction (when only that mode is
excited). The sign parameter smn = ±1 indicates which
direction current flows across the nth junction in the mth
mode relative to the first junction (one can pick sm1 = 1
arbitrarily). Both pmn and smn can be directly computed
from the FEM simulation field output, at which point the
Hamiltonian can be solved numerically.

The EPR method’s main advantages are its ease of use
and its generality. It directly translates from eigenmodal
simulation results to an effective diagonalized Hamilto-
nian with mode frequencies, self-Kerr terms, and cross-
Kerr terms (similar to Eq. (5)). There is thus a direct
translation between a physical layout and the observed
spectrum. The pyEPR package [114] provides a simple
Python API for running these calculations, and can be
easily used by a designer who has no expertise in the
physics behind the EPR method. EPR can capture an
entire system’s behavior at once, reducing the number
of required simulations. It makes few assumptions and
adapts well to complex circuits with multiple nonlinear
elements, making it a versatile tool in quantum circuit de-
sign. EPR can also be used to compute the loss caused by
dissipative elements. However, it can be computationally
demanding for large systems, as it requires simulation of
a subsystem large enough that all relevant junctions are
included for each mode. Additionally, there is some evi-
dence that EPR analysis can be more vulnerable to inac-
curate simulation [20, 112]. This is likely because EPR
depends on accurate simulation of the field strength in
each Josephson element, typically the smallest features
in the design. The simulation may finish based on the
solver’s convergence criteria while the junction fields are
not yet accurately modeled. Modifying the solver to ex-
plicitly consider junction field in its convergence criteria

may solve this issue (see Section VD for more discussion).

2. Lumped oscillator model analyis

LOM analysis uses the circuit graph representation of
the device layout, treating it as a network of lumped
capacitors, inductors, and junctions. Any distributed el-
ement (such as a CPW resonator) is approximated as an
equivalent lumped circuit. An electrostatic simulation
of the geometry then provides the capacitance and in-
ductance matrices. Using the methods described in Sec-
tion IIIA, the resulting graph can be turned into a quan-
tum Hamiltonian. Importantly, LOM analysis allows the
physical layout to be divided into sections, each of which
can be simulated independently to extract inductances
and capacitances. Care must be taken to define these
section boundaries so that there is no significant induc-
tive or capacitive coupling across section boundaries, or
to overlap sections to properly capture all couplings. Of-
ten it is useful to also define subsystems made of multiple
sections. These subsystems are expected to implement a
few, well-understood modes, and to be only weakly cou-
pled to each other. The user can then solve and truncate
the eigenstates of these subsystems, then couple them
together and solve the whole Hamiltonian. LOM anal-
ysis is more flexible than other analysis techniques as it
gives a circuit graph that can then be manipulated to test
other possible designs. It requires only small electrostatic
simulations that are computationally less intensive than
full-device simulations. However, it may not accurately
capture distributed effects or higher-order modes, poten-
tially limiting its applicability for certain designs. Ad-
ditionally, LOM analysis can require sophisticated treat-
ment of an arbitrary circuit graph to properly extract the
effective Hamiltonian that designers often desire, making
it less user-friendly than EPR analysis.

3. Black-box quantization

Lastly, the BBQ approach models the Josephson junc-
tion as a small nonlinear perturbation within a network of
linear inductors and capacitors, treating the electromag-
netic environment as a “black box” characterized by its
impedance [113]. The zeros and poles of the impedance
are analyzed to derive Hamiltonian parameters, such as
mode frequencies and couplings. This method can also
handle multimode systems involving multiple nonlinear
modes, making it suitable for complex circuits where the
environment significantly affects qubit dynamics. While
BBQ provides a comprehensive tool for extracting key
Hamiltonian parameters, it requires both the numerical
impedance and the junction field distribution. These typ-
ically cannot be extracted from the same FEM solver,
meaning BBQ requires at least 2 simulation steps. This
makes it it computationally demanding and dependent
on accurate impedance calculations.
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4. Example of simulation analysis

The choice of simulation analysis method depends on
the specific requirements of the design and the level of
precision needed. Each method has its advantages and
limitations, and sometimes a combination of methods
is employed to leverage their respective strengths. To
demonstrate how to perform quantum analysis of FEM
simulations, we take the example of the transmon-cavity
system described earlier (Section II). We use Ansys as
the FEM solver and employ the sub-section simulation
methodology. This approach allows us to simulate the
transmon and resonator separately, greatly speeding the
simulations and making it easy to customize either struc-
ture separately. We include the resonator coupling ca-
pacitor in both simulations, overlapping the sections to
ensure that no inter-section couplings are missed. For
the transmon section, we run an electrostatic simulation
using Ansys Q3D to obtain the transmon’s capacitance
matrix, including the coupling capacitor CC connect-
ing the qubit and the resonator. Using the capacitance
matrix and a design value for the junction EJ , we can
then calculate the transmon frequency and anharmonic-
ity. Similarly, we simulate the resonator subsystem using
the Ansys HFSS solver to run an eigenmodal simulation.
This gives both the resonant frequency ωr and linewidth
κ, with the latter determined by coupling to a feedline
that we terminate with lumped-element 50 Ω resistors in
the simulation. The effective resonator capacitance Cr

is calculated using Cr = π
mωrZc

, where Zc is the char-
acteristic impedance of the waveguide and m is 2 or 4
for half-wave or quarter-wave designs, respectively. The
effective inductance is then Lr = (Crω

2
r)

−1. Using this
lumped-element model, we can then calculate transmon-
resonator coupling g either numerically or approximately
using the Eq. (4). Similarly, we compute the self-Kerr
and cross-Kerr terms either numerically or using Eq. (10)
by combining the results from the EM simulations and
the quantum parameters computed from them. Note that
we could have used EPR analysis to analyze the whole
system and immediately extract all energies (including
Kerr terms). This would have required an Ansys HFSS
eigenmodal simulation of the entire transmon-resonator
system, which in our experience can be done accurately
but takes much longer.

VI. FROM DESIGN TO FABRICATION

The initial device layout, which is run through EM sim-
ulations and subsequent quantum analysis to extract the
Hamiltonian parameters, can be created using a variety
of tools, including KLayout, Qiskit Metal, KQCircuits,
gdsfactory, or even custom design tools developed by in-
dividual labs [115–118]. While each of these design tools
has distinct advantages, we will discuss a design flow us-
ing KLayout and Qiskit Metal, as this approach is most
commonly used by the community.

System 
Hamiltonian

Device 
Layout

EM
Simulation

Quantum
Analysis

Fabrication Measurement

Experiment

Required
Hamiltonian?

Yes

No

Iterative loop

FIG. 11. Flow chart of the typical design process. The de-
signer figures out a target system Hamiltonian and circuit
parameters. They then make a device layout, feed it to an
electromagnetic solver, and analyze the solution to determine
whether it will produce the desired Hamiltonian. If the Hamil-
tonian parameters are out of tolerance, they refine the layout
and simulate again, repeating this loop until they match tar-
get parameters. Finally they send the design to be fabricated
and measured.

Qiskit Metal provides a high-level, Python-based
framework that automates the design of superconduct-
ing circuits and integrates seamlessly with simulation
and quantum analysis workflows. Built specifically with
quantum hardware in mind, Qiskit Metal includes pre-
defined components, such as qubits, resonators, and cou-
plers, which can be easily configured and connected. Its
strong user base, extensive tutorials, and open-source
collection of design templates make it a highly accessi-
ble and powerful tool. Additionally, Qiskit Metal pro-
vides a straightforward API for handling EM simulations
and quantum analysis, making it an excellent choice for
end-to-end superconducting circuit design. Once a de-
sign is created, simulated, and analyzed programmati-
cally within Qiskit Metal, it can be exported to a DXF
or GDSII file for further processing - for which we use
KLayout; KLayout is widely adopted for its robust and
easy-to-use interface for detailed mask design and layout
editing. It is particularly popular for its compatibility
with the GDSII format, which is essential for mask gen-
eration in cleanroom fabrication processes. KLayout also
has an extensive Python-based scripting library, enabling
custom workflows tailored to the specific requirements of
each lab.

Beyond the quantum analysis, the design layout must
account for fabrication-specific considerations. For exam-
ple, if etching is used in the fabrication process, the de-
sign needs to include an etch bias (making features wider
or narrower as appropriate) to compensate for material
loss during the etching step. Additionally, ensuring that
components in the design maintain a 50-ohm impedance
is crucial, as this minimizes signal reflections and maxi-
mizes power transfer—if other impedance is desired, for
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instance to increase amplifier bandwidth [119, 120] or en-
sure phase-matching conditions in a traveling-wave am-
plifier [121], this too must be taken into account. De-
signers must also fine tune the layout to be optimized
for their packaging. This could involve decisions such
as configuring the design for reflection or transmission
measurements based on the number of ports in the pack-
age, or strategically placing wirebond pads close to the
CPW traces of the printed circuit board (PCB) to ensure
proper connections while maintaining sufficient distance
from qubits to prevent loss. Once a satisfactory device
layout is achieved, multiple copies of the same design
are typically fabricated on the sample substrate, limited
by the available space, to ensure high yield during fab-
rication. To further improve the likelihood of a work-
ing device, it is recommended to account for fabrication
uncertainties within the design itself. For instance, if
the desired relationship between the readout resonator
and qubit is ωres = 2ωq, and the fabrication process in-
troduces uncertainties in the Josephson inductance Lj

within X%, causing qubit frequencies to shift by ±Y
MHz, the design can incorporate several variations of the
resonator geometry. This ensures that the resonator fre-
quency ωres falls within the range [2(ωq −Y ), 2(ωq +Y )],
thereby compensating for potential fabrication-induced
variations.

The updated design is re-simulated to verify improve-
ments and ensure that no new issues have been intro-
duced. This iterative process (shown in Fig 11) continues
until the design satisfies all specifications and is consid-
ered “fab-ready.” Before finalizing for fabrication, the
design undergoes a Design Rule Check (DRC)to ensure
it complies with fabrication constraints such as minimum
feature sizes, spacing, layer overlap, etc. Any errors de-
tected during the DRC stage must be addressed to pre-
vent fabrication failures. After fabrication, the device is
packaged, cooled, and measured. Hamiltonian param-
eters are extracted to validate the simulation pipeline.
Discrepancies between the measured and simulated re-
sults can arise due to inaccuracies in material models,
parasitic effects, or variations during the fabrication pro-
cess. These discrepancies are analyzed by comparing the
required and observed Hamiltonian parameters, leading
to refinements in the simulation models by adjusting ma-
terial properties, re-calibrating simulation hyperparame-
ters, or revising geometric tolerances. This feedback loop
is crucial to developing robust simulation workflows and
ensuring that fabricated devices perform as expected.

High-accuracy simulations are often resource- and
time-intensive, making them less accessible for smaller
research groups and creating bottlenecks in the design-
to-fabrication process. Seamless integration between EM
simulations and quantum parameter extraction meth-
ods is essential for efficient workflows but is not al-
ways easily achievable with existing tools. Initiatives
like SQuADDS (Superconducting Qubit And Device
Design and Simulation database) [20] address these chal-
lenges by providing a platform for sharing validated sim-

ulation pipelines, measured device results, and designs.
SQuADDS offers tools that automate the design, simula-
tion, and analysis process, enabling the rapid generation
of validated, fabrication-ready device layouts. By provid-
ing access to a database of proven designs, SQuADDS re-
duces the need for redundant simulations and accelerates
the design-to-fabrication workflow across the community.

VII. CLOSING THE DESIGN LOOP WITH
MEASUREMENTS

After a design has been fabricated, it is important to
check whether it accomplished its goals: are the mode
frequencies, anharmonicities, and couplings correct? Are
readout resonator linewidths appropriate? Are quantum
and classical crosstalk sufficiently suppressed? Are co-
herences sufficiently high? Each of these points must
be addressed in order. Mode frequencies and anhar-
monicities are often measured spectroscopically, as are
resonator linewidths. Coherence times may be measured
using standard population decay, Ramsey, and Hahn echo
experiments. Mode couplings can be measured several
ways: tuning one mode through another and measuring
the splitting of the hybridized states that result when the
two modes are on resonance; tuning modes into resonance
and measuring the rate of energy exchange in the time
domain; changing the state of one mode and looking for
a cross-Kerr shift in the frequency of another mode (in
this case the mode frequencies are also needed to calcu-
late coupling strength); and “punching out” a qubit by
driving it so hard that it escapes the Josephson potential
well, effectively removing it from the circuit, and then
measuring the Lamb shift on other modes [122]. Quan-
tum crosstalk can be measured with similar spectroscopic
and cross-Kerr measurement techniques, while classical
crosstalk is best characterized by measuring how easily a
mode can be driven using lines that are supposedly not
coupled to that mode [123].
One device properties have been characterized, it is

important to determine whether any discrepancies with
the target behavior are due to device design, fabrication,
or embedding. Coherence measurements of control de-
vices with standard designs can determine whether de-
sign is to blame for reduced coherence or whether it can
be attributed to fabrication issues and/or improper fil-
tering of measurement lines and/or improper shielding.
Optical measurements can determine if the device geom-
etry was fabricated as expected. Room-temperature re-
sistance measurements of test structures can determine
if Josephson energies were as designed. Once fabrica-
tion issues are eliminated, incorrect mode frequencies and
couplings, excess crosstalk, and unwanted resonances can
be confidently attributed to design. The most common
reason for these missed parameters is some kind of issue
with the simulation of the device—an electromagnetic so-
lution had not converged to sufficient accuracy, or it was
not interpreted as a Hamiltonian correctly. Using a ro-
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bust and validated simulation pipeline is thus crucial for
any device designer.

VIII. OUTLOOK

As the complexity of superconducting quantum cir-
cuit devices grows, so too does the difficulty of design-
ing them. At the same time, the resources required to
fabricate and measure a device are also growing, mak-
ing it even more crucial to correctly design the device
the first time. Likewise, centralized foundries are be-
ginning to replace in-house fabrication for many groups,
so that even simple devices may have long fabrication
turnaround times. There is need for further develop-
ment of tools to aid designers. Fortunately, open-source
community resources are rapidly growing. Qiskit Metal
and KQCircuits provide automated circuit layout. Sc-
qubits and SQCircuit allow straightforward calculation
of circuit properties. SQuADDS provides ready-made
designs for standard devices. Further development of
these tools can aid the community, as can development
of open-source automated design rule check (DRC) soft-
ware, faster and more computationally-efficient simula-
tion techniques and software, and standardized design
best practices.

Similarly, increasing device complexity means it is
more difficult to learn to design devices. A layout de-
signer must have some understanding of the physics that
their target circuit implements, otherwise they would not
know which stray couplings may be acceptable and which
would hinder performance. Likewise, a circuit graph
designer must know what kind of layouts are feasible,
and how different components can affect device coher-
ence and crosstalk. To date, most of this knowledge is

passed down through research groups, with occasional
publications and talks explaining how one aspect of the
problem works. There is a need for pedagogical reference
materials, including textbooks, practical tutorials, and
interactive demonstrations, and for dedicated courses on
device design. Many such materials and courses have al-
ready been developed for quantum computing from an
algorithmic perspective (“top down”), and the time has
come to extend to hardware design (“bottom up”).
Each topic covered in this short review is worthy of far

more discussion, and the papers referenced here cover
them in great detail. It is our hope that, until extensive
didactic materials are developed, this review will function
as a quick introduction for new designers and a central
reference for experienced researchers looking to dig more
into one topic.
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