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Abstract: Over the past two decades, superconducting quantum circuits have become one of the es-
sential platforms for realizing quantum computers. The Hamiltonian of a superconducting quantum
circuit system is the key to describing the dynamic evolution of the system. For this reason, various
methods for analyzing the Hamiltonian of a superconducting quantum circuit system have been
proposed, among which the LOM (Lumped Oscillator Model) and the EPR (Energy Participation
Ratio) methods are the most popular ones. To analyze and improve the design methods of supercon-
ducting quantum chips, this paper compares the similarities and differences of the LOM and the EPR
quantification methods. We verify the applicability of these two theoretical approaches to the design
of 2D transmon quantum chips. By comparing the theoretically simulated results and the experimen-
tally measured data at extremely low temperature, the errors between the theoretical calculation and
observed measurement values of the two methods were summarized. Results show that the LOM
method has more parameter outputs in data diversity and the qubit frequency calculation in LOM is
more accurate. The reason is that in LOM more coupling between different systems are taken into
consideration. These analyses would have reference significance for the design of superconducting
quantum chips.

Keywords: circuit quantization methods; superconducting quantum chips; circuit quantum electro-

dynamics; quantum information

1. Introduction

Since quantum computing was proposed, many physical solutions have emerged to
realize quantum computing, such as superconducting quantum circuits [1], photons [2], ion
traps [3], semiconductor quantum dots [4], etc. Superconducting qubits stand out among
many schemes due to their strong designability, ample controllable space, high scalability,
and high compatibility with existing micro-nano processing technologies [5-7]. The study
of superconductivity itself is of fundamental importance [8,9]. Moreover, it is also important
in quantum computing, like realizing quantum gates [10,11], and quantum mechanical
sensing [12]. For superconducting quantum circuit, the cavity quantum electrodynamics
theory provides a theoretical basis [13,14], and circuit quantum electrodynamics systems
have become one of the most promising platforms for realizing robust and scalable general-
purpose quantum computers [15-18].

Circuit quantum electrodynamics system consists of two crucial parts: a high-quality
superconducting microwave cavity and superconducting artificial atoms [19,20]. Arti-
ficial atoms are equivalent to non-harmonic circuits composed of Josephson junctions
and capacitors in parallel [21,22]. So far, according to the ratio of Josephson junction
energy E; to capacitance energy E., superconducting qubits can be divided into three
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categories: charge qubit (E; /Ec < 1), magnetic flux qubit (E;j /Ec =~ 100), and phase qubit
(Ej/Ec = 10%) [16-18]. Transmon qubit [23] is an improved version of charge qubit by
increasing the ratio of E; /Ec to the order of 102, which reduces the qubit’s sensitivity to
charge noise and improves its decoherence time. And it is the most widely used in realizing
superconducting quantum computing [24]. According to whether the qubit frequency can
be tuned, the qubits can be divided into fixed frequency qubits and tunable frequency
qubits. For a fixed frequency qubit, it requires fewer control lines (no DC bias and magnetic
flux crosstalk), so it has long coherence time [16-18,25]. The disadvantage is that its fre-
quency is not tunable, and the qubit frequencies need to be strictly controlled in the process.
On the contrary, the frequencies of frequency-tunable qubits can be tuned by adjusting
the magnetic flux flowing through the SQUID structure which consists of two Josephson
junctions, allowing more flexibility in the implementation of two qubits. But it requires
more control lines which introduce more noise channels, thus the decoherence time is
relatively short. Current long-coherence quantum chips are all based on fixed-frequency
qubits [25-27].

For designing superconducting quantum chips, the set of qubit and readout resonator
can be regarded as an open quantum mechanical system, determining the Hamiltonian of a
system is the key step in deriving its dynamical system. To quantify the Hamiltonian of a
superconducting quantum circuit system, a variety of new quantization methods have been
proposed, such as impedance-based black-box quantization, lumped oscillator model and
energy participation ratio method [28-30], etc. This paper will first introduce the lumped
oscillator model method and the energy participation ratio method. Then, based on these
two methods, a four-qubit fixed-frequency quantum chip is designed and prepared. Finally,
the experimental measurement results will be presented. By comparing the theoretically
calculated values and the experimentally measured data, we verify the feasibility of these
two methods to design two-dimensional superconducting quantum chips and discuss their
advantages and disadvantages.

2. Quantization of Superconducting Circuits
2.1. Lumped Oscillator Model

The lumped oscillator model (LOM) method is derived based on the quantization of
the lumped model. In the LOM method, the distributed microwave circuit is equivalented
to a lumped circuit [31], and the computational efficiency is higher than the full-wave
method [29]. Its core idea is to divide the physical layout of a quantum processor into
disjoint units, each of which can independently extract electrical parameters.

Taking a subsystem coupled to K neighbors as an example, the Hamiltonian of the
composite system [29,31] is

K K-1 K
Hpg=Ho+ ) Hi+ ), Y, Hum, 1)
n=1 n=0 m=n+1

where Hy and F,, are the Hamiltonians of the subsystem and the n-th adjacent structure,
respectively, and Hy, is the Hamiltonian of the interaction between the n-th subsystem
and the m-th subsystem. The interacting Hamiltonian has the following form [29,31]

Qn Qm éi’l é71”1
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where Cf/:,{ and LZ{,{ represent the effective capacitance and the effective inductance, respec-
tively. &, and ®,, represent the charge operator and the magnetic flux operator, respectively.
From Equation (2), it is found that the confirmation of the Hamiltonian requires solving
the capacitance and inductance values between the different subsystems. These values
can be added to the matrix, which is uniformly expressed by the capacitance matrix. Due
to the detailed consideration of the coupling to other subsystems, the method accurately
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calculates the frequency of the qubit, and its error will be exhibited in the experimental
results section.

The entire schematic diagram of the method is shown in Figure 1. The composite
system consists of qubits, a coplanar waveguide readout resonator, and a coplanar waveg-
uide transmission bus. The node-set for the qubit unit is { Pad1, Pad2, Cl, Ground, Readout }
as shown in Figure 1b. The Maxwell capacitance matrix can be extracted using Ansys
Q3D Extractor, as shown in Figure 1c, based on the physical layout of the qubit, shown
in Figure 1b. The capacitance matrix is symmetric. The elements in the i-th row and the
j-th column represent the coupling capacitance between the corresponding nodes. The
capacitance on the main diagonal is the algebraic sum of the elements in each row. Then,
the different capacitance values of the capacitance matrix are brought into the formula for
calculation, and the theoretical calculation values of different parameters are obtained.

b)

(a) I (
Pad1.
|

Qubit Readout Cavity Ground™

Layout Q3D cell model
(d)

LOM=wc.wq.T1...

Capacitance matrix Lom analysis

Figure 1. (a) Schematic diagram of the physical layout of one qubit coupled to one readout resonator.
(b) Schematic diagram of the Q3D model of the Transmon qubit. (c) Capacitance matrix derived from
Q3D simulation. (d) LOM analysis.

For the description of a physical system, we need more parameters. In the LOM
method, the qubit frequency is determined by the following formula:

1

where E. is the capacitance energy of the superconducting qubit, L; is the inductance of the
Josephson junction, and C; is the capacitance of the qubit. The relationship between E. and
C;is

q

wq = - EC/ (3)

2
E.=—. 4
c=ac @
The inductance of the Josephson junction can be determined by the magnetic flux quantum
and the critical current,
o
Li=—.
] I
In this method, for a quarter-wavelength readout resonator, its equivalent capacitance and
inductance are

©)

T 1
pr— —’ L pr— _,
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(6)
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respectively, where w; is the frequency of the resonator, and Z, represents the characteristic
impedance of the resonator. And the relationship between the length and the frequency of
the readout cavity is given by

o 2
T2 Ve + 10

@)

We

2.2. Energy Participation Ratio

The Energy Participation Ratio (EPR) method is a circuit quantization method derived
from the first principles. This method transforms the quantization problem of circuits into
an issue of determining an energy proportion: determining how much of the energy of
mode m is stored in element j [28], called the energy participation ratio, denoted by Py;.
This ratio is the key to resolving the Hamiltonian and plays an essential role in the building
blocks of the many-body Hamiltonian [28].

First, consider a system of simple Transmon qubits coupled directly to a readout
resonator [28]. The Hamiltonian A runn of the system can be divided into linear and nonlin-
ear parts:

Hpyi = Hiyin + Hy, (8)

where Hj;, is composed of the linear energy part of the Josephson junction and the linear
energy correlation term of the resonator, and H,;; is the nonlinear energy correlation term
of the Josephson junction. The Hamiltonians of these two parts are:

Hijy = hewediae + hawyafag, )
Hnl = —E] (COS((p]‘) + @%/2), (10)
9; = 9a(8g+ 1) + oc(ac +af), (1)

where w, and wy are the angular frequency of the resonator and the eigenmode frequency of
the qubit, respectively, related to the linear Hamiltonian, and 4. and 4, are their annihilation
operators, respectively. E; is the energy of the Josephson junction. ¢ and ¢, are the
quantum zero-point fluctuations in the cavity and qubit modes [28], respectively. By
running the eigensolver within a certain range through finite element analysis, we can
obtain the mixed cavity and qubit modes as well as the eigenfrequencies w. and w;, and
finally derive the linear part of the Hamiltonian, namely Hj;,,.

For the nonlinear Hamiltonian H,,;, from Equation (10), we need to know the quantum
zero-point fluctuations ¢, and ¢4, which can be calculated from the energy participation
ratio. The energy participation Py, of the junction in mode m is defined as the ratio of the
inductive energy stored in the Josephson junction relative to the inductive energy stored
in the entire circuit [28]. P, can be calculated from electromagnetic field and is related to
quantum zero-point fluctuations as follows [28]:

hw

2 c
P = PCTE]' ’ (12)

hw

2 q
9917 - pq 2E] 4 (13)

Therefore, through the energy participation ratio, we can get the description of the total
Hamiltonian H Full-

In addition, we also need to determine the coupling strength and transition frequency
of the system in the actual experiment. The effective Hamiltonian of the system is obtained
by approximation:

Hefr = (wq — Bg)h + (we = De)fie = xgefighe

q
— aghg(fig — 1) — (9

Nf—= ©
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where 7i; = ﬁ;ﬁq and i = 414, represent the cavity and qubit particle number operators,
respectively, A, is the “Lamb shift” of the qubit frequency, a; is the anharmonicity of the
qubit, and x, is the dispersion shift. The main parameters of the Hamiltonian can be
directly calculated from the energy participation ratio,

1 zhqu
ag = EX{W = Pq 87E]-' (15)
1 fiw?
Ko = §ch = P% SE; ’ (16)
Yoo = paperae (17)
4E;

And 0 < py(pe) <1, pg+ pe = 1.

3. Experimental Results

The chip with an area of 8 x 8 mm? contains four fixed-frequency transmon qubits

and two transmission buses. The state of each qubit is readout by a corresponding readout
resonator. We evaporated 100 nm aluminum on a 430 pm sapphire substrate by electron
beam evaporation and then performed photolithography and etching processes to construct
the readout resonator of the chip and the capacitance part of the qubit. We use electron-
beam lithography to pattern Al/AlOx/Al Josephson junctions. Figure 2a is a photo of the
entire chip under the microscope. Figure 2b shows the optical picture of a transmon qubit.
The cryogenic wiring for the chip is shown in Figure 3. The device was tested in a dilution
refrigerator at temperature below 20 mK.

O

Figure 2. (a) Optical microscope photo of the chip. (b) Microscope photo of Transmon qubit.

By comparing the theoretically calculated results with the experimentally measured
data, we find that the calculation errors of the LOM method for the qubit frequency, the
resonator frequency, and the room temperature resistance are all within 10%. The qubit
frequency is calculated by Equation (3), where the qubit capacitance can be calculated from
the capacitance matrix. In this example, the capacitance matrix of the qubit is shown in
Table 1. The diagonal elements of the capacitance matrix are the sum of the capacitances of
a node and other nodes. The capacitance of a qubit is formed by adding the capacitance of
the junction to the capacitance of the other parts,

C, = tCSq+Cy, (18)
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where Cj is the junction capacitance and tCSq is the total capacitance between other

coupling structures,
C1S x C2S

C1S +C2S°

where Cg is the capacitance between Padl and Ground, C1S is the sum of the capacitance
between Ground and Cl, the capacitance between Ground and Pad2, and the capacitance
between Ground and Readout pin. C25 is the capacitance between Padl and Pad2, and the
capacitance between Padl and Readout pin. Since the calculation of the qubit frequency
takes into account the capacitance of each coupling structure around the bit, the calculation
for the qubit frequency is accurate, with an error of only 0.2%, as shown in Table 2.

tCSq = Cs + (19)

IN out
RT
300K
PT1
70K
PT2 3
4K 3 3d8
20dB
3
HEMT
still
800mK

cP
200mK

20dB LNF- []
< ISISC4

AAY

Mc
20mK

20d8 |;§j
weal] o]

— aru [—

Figure 3. Cryogenic wiring for one of the qubits. Wiring for other qubits is identical.

The theoretically calculated values and exprimentally measured data are summarized
in the tables below.

Table 1. This is a capacitance matrix, the unit is fF.

Matrix Readout Cl Ground Pad1 Pad2
Reaeout 49.53 —0.008 —33.57 —13.51 —1.63
cl —0.008 —16.15 —15.64 —0.169 —0.257
Ground —33.57 —15.64 200.25 —43.21 —47.96
Padl —13.51 —0.169 —43.21 95.07 —35.17

Pad2

—1.63

—0.257

—47.96

-35.17 88.24
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Table 2. Comparison between the theoretically calculated (c) and experimentally measured (m)
values of the LOM method of qubit parameters. The percentages in the third row are the error values,
ie,e=|(c—m)/c|

LOM wy(GHz) w.(GHz) «(MHz) R, (k) Th (us)
c 4731 6.5 —286 11.3 135
4.732 59 —350 11.0 31
e 0.2% 0.9% 22% 2.5% -

The energy participation ratios are obtained by simulating the electric field, then the
important parameters of the Hamiltonian are further calculated using the participation
ratios. As shown in the system discussed in Section 2.2, the model is a Transmon qubit
coupled to a resonant cavity. In the calculation process, we used the eigenmode solver of
HESS. The Josephson junction is equivalent to a rectangular inductor, and its inductance
value is set to 13 nH. Figure 4 shows the electric field distributions in the qubit mode and the
cavity mode, respectively. We select qubit frequency and anharmonicity for error analysis.
In the EPR method, the qubit frequency error is about 16.8%, and the anharmonicity error
is 13.5% as shown in Table 3.

Table 3. Comparison between the theoretically calculated (c) and experimentally measured () of
the EPR method for qubit parameters. The percentages in the third row are the error values, i.e.,
e=|(c—m)/c|

EPR w,(GHz) «(MHz)
c 5.690 —405
4732 —350
e 16.8% 13.5%

In terms of data diversity, the LOM method provides more parameter data, such as the
equivalent inductance, critical current, and room temperature resistance of the Josephson
junction.

(b)—

Figure 4. (a) Electric field distribution of qubit mode. (b) Electric field distribution of cavity mode.

4. Discussion

The essence of the lumped oscillation model is to convert the traditional microwave
distributed circuit into a lumped circuit, extract the capacitance matrix by using Q3D, and
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References

then calculate the essential parameters related to the determination of the system Hamil-
tonian. Its advantage is that it is more computationally efficient. The reason for the high
agreement between the calculated value of the qubit frequency and the experimental result
is that the coupling between the subsystem and other systems is fully considered, and the
capacitance matrix is accurate. The coupling capacitance with the subsystem is simulated to
obtain a more precise value of the qubit capacitance. According to the calculation formula
of the qubit frequency, the theoretical calculation value with an error of 0.2% from the
experiment is obtained. In addition, the method also calculates the decoherence time under
different dissipative channels (readout resonator, inter-qubit coupling cavity, control line),
and finally gives the upper limit of T1 time.

The EPR method transforms the problem of determining the Hamiltonian of a super-
conducting quantum system into a parameter calculation problem related to the energy
participation ratio. In this process, the finite element eigenmode solver simulates the qubit
frequency and cavity frequency. Its advantage is that the method is more suitable for multi-
junction circuits. But in this experiment, there was a 12% deviation in the qubit frequency.
The Josephson junction is equivalent to a rectangular inductor in the HFSS eigenmode
solver. However, we found that when the magnitude of the equivalent inductance of
the rectangle is significantly changed, the eigensolver of HFSS does not show a relatively
obvious frequency change, which is an unreasonable phenomenon. Therefore, there is a
specific error in this approximation during this simulation.

5. Conclusions

In this paper, we fabricated a four-qubit fixed-frequency quantum chip designed based
on the LOM and EPR method. By comparing the theoretically calculated values of some
parameters of the chip using these two methods with the corresponding experimental
data, we find that the LOM method is a more efficient method in this experiment. The
reasons for the relatively sizeable relative errors of the EPR method are discussed. From the
previous data, it can be concluded that when designing simpler quantum circuits, such as
small-scale fixed-frequency quantum chips, the LOM method can reasonably approximate
the important parameters of qubits. Besides, this method has more approximate parameters.
For multi-junction circuits, the EPR method is more accurate. However, the approximate
method of Josephson junction in the finite element eigenmode analysis still needs further
research. Moreover, the EPR method can be used to study the dissipation of different
devices, so we guess that the EPR method is expected to be extended to the study of the
decoherence time. Finally, the mathematical description of the energy participation ratio
(or energy dissipation rate) and the qubit decoherence time can be obtained.

Author Contributions: Conceptualization, B.Y., WW. and Z.S.; Data curation, B.Y.; Formal analysis,
B.Y,; Funding acquisition, FL. and Z.S.; Investigation, H.H.; Project administration, FL. and Z.S.;
Software, H.H.; Supervision, W.W. and Z.S.; Writing—original draft, B.Y.; Writing—review & editing,
W.W. and FL. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Wu, Y,; Bao, W,; Cao, S.; Chen, E; Chen, M.-C.; Chen, X.; Chung, T.-H.; Deng, H.; Du, Y.; Fan, D.; et al. Strong Quantum
Computational Advantage Using a Superconducting Quantum Processor. Phys. Rev. Lett. 2021, 127, 180501. [CrossRef]

2. Wang, H.; Qin, J.; Ding, X.; Chen, M.-C.; Chen, S.; You, X,; He, Y.-M,; Jiang, X.; Wang, Z.; You, L.; et al. Boson Sampling with 20
Input Photons and a 60-Mode Interferometer in a 10'4-Dimensional Hilbert Space. Phys. Rev. Lett 2019, 123, 250503. [CrossRef]


http://doi.org/10.1103/PhysRevLett.127.180501
http://doi.org/10.1103/PhysRevLett.123.250503

Entropy 2022, 24, 792 90f9

@

10.

11.
12.

13.

14.
15.

16.

17.

18.

19.

20.
21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

Blatt, R.; Roos, C.F. Quantum simulations with trapped ions. Nat. Phys. 2012, 8, 277-284. [CrossRef]

He, Y,; Gorman, S.; Keith, D.; Kranz, L.; Keizer, ].G.; Simmons, M.Y. A two-qubit gate between phosphorus donor electrons in
silicon. Nature 2019, 571, 371-375. [CrossRef] [PubMed]

Kwon, S.; Tomonaga, A.; Bhai, G.L.; Devitt, S.J.; Tsai, ].-S. Gate-based superconducting quantum computing. J. Appl. Phys. 2021,
129, 041102. [CrossRef]

Kjaergaard, M.; Schwartz, M.E.; Braumtiller, J.; Krantz, P.; Wang, J.I.-].; Gustavsson, S.; Oliver, W.D. Superconducting Qubits:
Current State of Play. Annu. Rev. Condens. Matter Phys. 2020, 11, 369-395. [CrossRef]

Wendin, G. Quantum information processing with superconducting circuits: A review. Rep. Prog. Phys. 2017, 80, 106001.
[CrossRef]

Uchihashi, T. Surface atomic-layer superconductors with Rashba/Zeeman-type spin-orbit coupling. AAPPS Bull. 2021, 31, 27.
[CrossRef]

Liu, J; Gao, J.; Chen, G.; Xue, Z. Faithful simulation and detection of quantum spin Hall effect on superconducting circuits.
Quantum Eng. 2021, 3, e61. [CrossRef]

Xu, G.; Tong, D. Realizing multi-qubit controlled nonadiabatic holonomic gates with connecting systems. AAPPS Bull. 2022, 32,
13. [CrossRef]

Yan, F.; Gao, Y. Perfect NOT and conjugate transformations. AAPPS Bull. 2022, 32, 7. [CrossRef]

Huo, W.; Long, G. Generation of squeezed states of nanomechanical resonator using three-wave mixing. Appl. Phys. Lett. 2008, 92,
133102.

Haroche, S.; Raimond, J.M. Exploring the Quantum: Atoms, Cavities, and Photons, 1st ed.; Oxford University Press: New York, NY,
USA, 2006; pp. 154-196.

Kimble, H.J. Strong interactions of single atoms and photons in cavity QED. Phys. Scr. 1998, 76, 127-137. [CrossRef]

Blais, A.; Grivin, S.; Oliver, W. Quantum information processing and quantum optics with circuit quantum electrodynamics. Nat.
Phys. 2020, 16, 247-256. [CrossRef]

Gao, Y; Rol, M,; Touzard, S.; Wang, C. Practical Guide for Building Superconducting Quantum Devices. PRX Quantum. 2021, 2,
040202. [CrossRef]

Krantz, P; Kjaergaard, M.; Yan, F.; Orlando, T.P.; Gustavsson, S.; Oliver, W.D. A quantum engineer’s guide to superconducting
qubits. Appl. Phys. Rev. 2019, 6, 021318. [CrossRef]

Rasmussen, S.E.; Christensen, K.S.; Pedersen, S.P,; Kristensen, L.B.; Beekkegaard, T.; Loft, N.J.S.; Zinner, N.T. The superconducting
circuit companion—An introduction with worked examples. PRX Quantum. 2021, 2, 040204. [CrossRef]

Blais, A.; Huang, R.; Wallraff, A.; Girvin, S.M.; Schoelkopf, R.]. Cavity quantum electrodynamics for superconducting electrical
circuits: An architecture for quantum computation. Phys. Rev. A. 2004, 69, 062320. [CrossRef]

Blais, A.; Grimsmo, A.; Grivin, S.; Wallraff, A. Circuit quantum electrodynamics. Rev. Mod. Phys. 2021, 93, 025005. [CrossRef]
Pashkin, Y.A.; Astafiev, O.; Yamamoto, T.; Nakamura, Y.; Tsai, ].S. Josephson charge qubits: A brief review. Quantum Inf. Process.
2009, 8, 55-80. [CrossRef]

Schuster, D.I. Circuit Quantum Electrodynamic; Yale University: New Haven, CT, USA, 2007.

Koch, J.; Yu, TM.; Gambetta, J.; Houck, A.A.; Schuster, D.; Majer, J.; Blais, A.; Devoret, M.H.; Girvin, S.M.; Schoelkopf, R.J.
Charge-insensitive qubit design derived from the Cooper pair box. Phys. Rev. A. 2007, 76, 042319. [CrossRef]

Barends, R.; Kelly, J.; Megrant, A.; Sank, D.; Jeffrey, E.; Chen, Y.; Yin, Y.; Chiaro, B.; Mutus, J.; Neill, C.; et al. Coherent josephson
qubit suitable for scalable quantum integrated circuits. Phys. Rev. Lett. 2013, 111, 080502. [CrossRef]

Place, A.P.M.; Rodgers, L.; Mundada, P.; Smitham, B.M.; Fitzpatrick, M.; Leng, Z.; Premkumar, A.; Bryon, J.; Vrajitoarea, A.;
Sussman, S.; et al. New material platform for superconducting transmon qubits with coherence times exceeding 0.3 milliseconds.
Nat. Commun. 2021, 12, 1779. [CrossRef] [PubMed]

Wang, C.; Li, X.; Xu, H.; Li, Z.; Wang, ].; Yang, Z.; Mi, Z.; Liang, X; Su, T.; Yang, C.; et al. Towards practical quantum computers:
Transmon qubit with a lifetime approaching 0.5 milliseconds. NP] Quantum Inf. 2022, 8, 3. [CrossRef]

Gordon, R.T.; Murray, C.E.; Kurter, C.; Sandberg, M.; Hall, S.A.; Balakrishnan, K.; Shelby, R.; Wacaser, B.; Stabile, A.A.; Sleight,
J.W,; et al. Environmental radiation impact on lifetimes and quasiparticle tunneling rates of fixed-frequency transmon qubits.
Appl. Phys. Lett. 2022, 120, 074002. [CrossRef]

Minev, ZK.; Leghtas, Z.; Mundhada, S.O.; Christakis, L.; Pop, LM.; Devoret, M.H. Energy-participation quantization of Josephson
circuits. NPJ Quantum Inf. 2021, 131, 131. [CrossRef]

Minev, Z.K.; Mcconkey, T.G.; Takita, M.; Corcoles, A.D.; Gambetta, .M. Circuit quantum electrodynamics (cQED) with modular
quasi-lumped models. arXiv 2021, arXiv:2103.10344.

Solgun, E; Abraham, D.W.; Divincenzo, D.P. Blackbox quantization of superconducting circuits using exact impedance synthesis.
Phys. Rev. B. 2014, 90, 6510-6516. [CrossRef]

Burkard, G.; Koch, R.; DiVincenzo, D. Multilevel quantum description of decoherence in superconducting qubits. Phys. Rev. B
2004, 69, 064503. [CrossRef]


http://doi.org/10.1038/nphys2252
http://doi.org/10.1038/s41586-019-1381-2
http://www.ncbi.nlm.nih.gov/pubmed/31316197
http://doi.org/10.1063/5.0029735
http://doi.org/10.1146/annurev-conmatphys-031119-050605
http://doi.org/10.1088/1361-6633/aa7e1a
http://doi.org/10.1007/s43673-021-00028-x
http://doi.org/10.1002/que2.61
http://doi.org/10.1007/s43673-022-00043-6
http://doi.org/10.1007/s43673-022-00038-3
http://doi.org/10.1238/Physica.Topical.076a00127
http://doi.org/10.1038/s41567-020-0806-z
http://doi.org/10.1103/PRXQuantum.2.040202
http://doi.org/10.1063/1.5089550
http://doi.org/10.1103/PRXQuantum.2.040204
http://doi.org/10.1103/PhysRevA.69.062320
http://doi.org/10.1103/RevModPhys.93.025005
http://doi.org/10.1007/s11128-009-0101-5
http://doi.org/10.1103/PhysRevA.76.042319
http://doi.org/10.1103/PhysRevLett.111.080502
http://doi.org/10.1038/s41467-021-22030-5
http://www.ncbi.nlm.nih.gov/pubmed/33741989
http://doi.org/10.1038/s41534-021-00510-2
http://doi.org/10.1063/5.0078785
http://doi.org/10.1038/s41534-021-00461-8
http://doi.org/10.1103/PhysRevB.90.134504
http://doi.org/10.1103/PhysRevB.69.064503

	Introduction
	Quantization of Superconducting Circuits
	Lumped Oscillator Model
	Energy Participation Ratio 

	Experimental Results
	Discussion
	Conclusions
	References

