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DESCRIPTION 

TITLE OF INVENTION: FILTER CIRCUIT, QUANTUM DEVICE, 

QUANTUM COMPUTER, METHOD OF MANUFACTURING FILTER CIRCUIT, 

METHOD OF ASSEMBLING FILTER CIRCUIT, METHOD OF FILTERING 

READOUT FREQUENCY AND METHOD OF DISPERSIVE READOUT OF QUBITS 5 

[0001] This disclosure relates to a filter circuit, a 

quantum device, a quantum computer, a method of manufacturing 

a filter circuit, a method of assembling a filter circuit, a 

method of filtering a readout frequency and a method of 

dispersive readout of a qubit. 10 

BACKGROUND ART 

[0002] Measuring the state of a qubit is one of the key 

technologies in quantum computers. In measuring the state of 

a qubit in a superconducting quantum computing device, a 

technique referred to as "dispersive readout" is used. In 15 

dispersive readout, the electromagnetic field mode of a qubit 

is coupled to the electromagnetic field mode of a readout-

resonator at a sufficient distance in frequency (dispersion 

region), and the readout-resonator is coupled to an 

observation line. When reading out the state of the qubit, a 20 

microwave with a frequency resonant to the readout-resonator 

are injected from the observation line and its reflected 

phase is measured to indirectly estimate the state of the 

qubit. 

[0003] One of the problems of dispersive readout is that 25 

the mode of the qubit is also indirectly coupled to the 
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observation line. This causes the energy of the qubit to leak 

out into the observation line, resulting in a phenomenon 

called decoherence, which causes the qubit to relax (the 

Purcell effect.) One technique to deal with this is to use a 

filter circuit called a parcel filter. By adding a parcel 5 

filter to a quantum device, the coupling between the readout-

resonator and the observation line is maintained, and the 

relaxation of the energy of the qubit into the observation 

line is suppressed. 

RELATED-ART LITERATURES 10 

Non-PATENT LITERATURES 

[0004]  

Non-Patent Literature 1: "Fast Reset and Suppressing 

Spontaneous Emission of a Superconducting Qubit," M. D. Reed 

et al, Appl. Phys. Lett. 96(20), 203110 (2010) 15 

Non-Patent Literature 2: "Broadband Filters for Abatement of 

Spontaneous Emission in Circuit Quantum Electrodynamics", N. 

Bronn et al. Applied Physics Letters, 107 (17), 172601. 

(2015) 

Non-Patent Literature 3: "Reducing spontaneous emission in 20 

circuit quantum electrodynamics by a combined readout/filter 

technique", N. T. Bronn et al, IEEE Trans. Appl. Supercond. 

25(5), 1-10. (2015) 

Non-Patent Literature 4: "Fast Readout and Reset of a 

Superconducting Qubit Coupled to a Resonator with an 25 

Intrinsic Purcell Filter", Y. Sunada et al. Phys Rev. Appl. 
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17,. 044016.(2022) 

Non-Patent Literature 5: "Rapid high-fidelity multiplexed 

readout of superconducting qubits", J. Heinsoo et al. Phys. 

Rev. Appl. 10(3), 034040. (2018) 

Non-Patent Literature 6: "All-microwave leakage reduction 5 

units for quantum error correction with superconducting 

transmon qubits", J. F. Marques, arXiv preprint 

arXiv:2302.09876 (2023) 

Non-Patent Literature 7: "Analysis of multiconductor 

transmission lines.", C. R. Paul (2007) 10 

Non-Patent Literature 8: "Solution of the transmission-line 

equations under the weak-coupling assumption," C. R. Paul, 

IEEE Trans. Elec. Comp. 44(3), 413-423. (2002) 

SUMMARY OF INVENTION 

TECHNICAL PROBLEM 15 

[0005] A first implementation example of a parcel filter 

is the technique disclosed in Non-Patent Literature 1. In 

this technique, an observation line is effectively short-

circuited by coupling a quarter-wavelength resonator to the 

observation line. In this design, a single notch stopband 20 

filter can be realized as the filter characteristic. This 

allows for suppression of energy relaxation at qubit 

frequencies. However, this scheme requires an extra physical 

circuit area because of the need to implement an additional 

quarter-wavelength resonator in the circuit. In a large-scale 25 

superconducting quantum computer, even a small increase in 
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circuit area can be an implementation problem, since the 

circuit area is limited. 

[0006] A second implementation example of a parcel 

filter is the technique disclosed in Non-Patent Literature 2. 

This technique achieves the desired functionality by 5 

inserting a wideband stopband filter which is conventionally 

used in microwave filters between a readout-resonator and an 

observation line. In this technique, the filter circuit is 

fabricated on a chip that is independent of the qubit chip. 

One problem with this implementation technique is that a 10 

reflection may occur due to impedance mismatch between the 

observation line and the filter. The signal loss associated 

with such a reflection can cause a reduction in measurement 

efficiency. Another issue is the large increase in circuit 

area due to the need for an independent filter element. 15 

[0007] A third implementation example of a parcel filter 

is the technique disclosed in Non-Patent Literature 3. In 

this technique, a capacitive direct coupling is introduced 

between a qubit and an observation line. This implements a 

stopband filter that causes destructive interference in the 20 

coupling from the qubit through the resonator to the 

observation line. This type of filter can be considered as a 

filter that is "intrinsic" to the coupling and does not 

require additional circuit elements. This may be advantageous 

in large-scale integration applications where circuit area is 25 

limited. 
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[0008] Another example of an intrinsic parcel filter is 

the technique disclosed in Non-Patent Literature 4. Here, the 

intrinsic filter is implemented as a distributed constant 

circuit. By adjusting the coupling position between an 

observation line and a resonator, it is possible to suppress 5 

leakage at the qubit frequency. This technique, as well as 

the above, has the advantage that it does not require 

additional circuit elements. 

[0009] However, one problem in the above techniques is 

that the readout-resonator is directly coupled to the 10 

observation line, and no filtering is applied to the readout-

resonator itself. This can be a problem when multiplexing 

readouts and coupling multiple resonators to a common 

observation line. The implementation of multiplexed readout 

is very important in large-scale applications, since 15 

multiplexed readout can significantly reduce the number of 

wires and microwave components in a dilution refrigerator. On 

the other hand, the coupling of a large number of readout-

resonators to a common observation line may cause measurement 

crosstalk. In particular, it is a major problem when the 20 

readout signal enters a different resonator than the target, 

thereby deteriorating the phase coherence of the qubit. 

[0010] Individual parcel filter-resonators are a 

technique introduced to address the problem of readout 

crosstalk during multiplexing, see, for example, Non-Patent 25 

literatures 5 and 6. In readout with individual parcel 
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filter-resonators, multiple readout-resonators are 

multiplexed onto a single observation line, while each 

readout-resonator is implemented as a pair of individual 

parcel filter-resonators. This technique has the advantage of 

simultaneously suppressing the energy relaxation of a qubit 5 

and crosstalk between readout-resonators. This technique was 

first demonstrated in Non-Patent literature 5 and has been 

used for 8-multiplexing of readout in 8-qubit devices. 

[0011] The individual filter-resonators used in Non-

Patent literatures 5 and 6 are implemented as bandpass 10 

filters that transmit around the readout frequency. As a 

result, the mechanism simultaneously suppresses the energy 

relaxation of a qubit. However, this point contains a 

problem. That is, if the resonator is very strongly coupled 

to an observation line to speed up the readout, the filter 15 

performance as a bandpass filter may not be sufficient, and 

the energy relaxation of a qubit may not be fully suppressed. 

[0012] The present disclosure was made in view of these 

circumstances, and its purpose is to realize a filter circuit 

that has both a bandpass filter function that transmits only 20 

around the readout frequency of the readout-resonator and a 

notch filter function that suppresses energy relaxation of a 

qubit into an observation line. 

SOLUTION TO PROBLEM 

[0013] To solve the above problem, a filter circuit of a 25 

certain aspect of the present disclosure comprises a readout-



 

7 
 

resonator coupled to a data qubit, and a filter-resonator 

coupled to an observation line. The readout-resonator and the 

filter-resonator are electromagnetically coupled to each 

other using capacitive coupling and inductive coupling in 

parallel. 5 

[0014] In one embodiment of the filter circuit, the 

inductive coupling may be realized by mutual inductance 

between the readout-resonator and the filter-resonator. 

[0015] In one embodiment, filter circuit may comprise a 

multiconductor transmission line situated in between the 10 

readout-resonator and the filter-resonator. The capacitive 

coupling and the inductive coupling are realized by the 

multiconductor transmission line. 

[0016] In one embodiment of the filter circuit, the 

readout-resonator may comprise a first readout-resonator 15 

section with a first end connected to the data qubit and a 

second readout-resonator section with a first end grounded.  

The multiconductor transmission line is situated in between 

the second end of the first readout-resonator section and the 

second end of the first filter-resonator section, and, the 20 

second end of the second readout-resonator section and the 

second end of the second filter-resonator section. 

[0017] In one embodiment of the filter circuit, the 

notch frequency ωf may satisfy: 

[Equation 5] 25 
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, where the length of the multiconductor transmission line is 

lc, 

where the propagation velocity of the wave propagating 

through the multiconductor transmission line is vc, 5 

where the capacitance to ground per-unit-length of the first 

conductor wire and the second conductor wire of the 

multiconductor transmission line are Cl, 

where the inductance to ground per-unit-length of the first 

conductor and the second conductor of the multiconductor 10 

transmission line are Ll, 

where the capacitance per-unit-length between the first 

conductor and the second conductor of the multiconductor 

transmission line is Cm, 

where the inductance per-unit-length between the first 15 

conductor and the second conductor of the multiconductor 

transmission line is Lm, 

where the length of the second readout-resonator section of 

the readout-resonator is lr1-G, 

where the length of the second filter-resonator section of 20 

the filter-resonator is lr2-G and 

where the variables of the distributed constant circuit are: 

[Equation 4] 
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[0018] In one embodiment of the filter circuit, the 

notch frequency ωf may satisfy: 

[Equation 10] 

 5 

[0019] In one embodiment of the filter circuit, the 

coupling constant J between the readout-resonator and the 

filter-resonator may be expressed by: 

[Equation 11] 

 10 

[0020] In one embodiment, the filter circuit may 

comprise a capacitor for coupling in addition to the 

multiconductor transmission line. 

[0021] In one embodiment, the filter circuit may 

comprise a capacitor and an inductor for coupling in addition 15 

to the multiconductor transmission line. 

[0022] In one embodiment, the filter circuit may 

comprise a capacitor and an inductor situated in between the 

readout-resonator and the filter-resonator. The capacitive 

coupling and the inductive coupling are realized by the 20 
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capacitor and the inductor situated in between the readout-

resonator and the filter-resonator, respectively. 

[0023] Another aspect of the disclosure is a quantum 

device. This quantum device comprises a data qubit, an 

observation line and one of the filter circuits described 5 

above. The filter circuit is situated in between the data 

qubit and the observation line. 

[0024] Yet another aspect of the disclosure is a quantum 

computer. This quantum computer comprises as described above. 

[0025] Yet another aspect of the disclosure is a filter 10 

circuit. This filter circuit comprises one or more data 

qubits, one or more readout-resonators corresponding to each 

of the data qubits, one or more filter-resonators each having 

a characteristic corresponding to the resonant frequency of 

the readout-resonators, a coupler circuit situated in between 15 

the readout-resonators and the filter-resonators to 

electrically and magnetically couple the readout-resonators 

and the filter-resonators and a common observation line. The 

filter circuit has both bandpass filter characteristics near 

the readout frequency using the resonance of the filter-20 

resonator, and notch filter characteristics near the qubit 

frequency using interference in the electrical and magnetic 

coupler circuit. 

[0026] Yet another aspect of the disclosure is a method 

of manufacturing a filter circuit comprising a readout-25 

resonator and a filter-resonator. This method comprises 
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forming a readout-resonator, forming a filter-resonator, 

coupling the readout-resonator to a data qubit, coupling the 

filter-resonator to an observation line and electro-

magnetically coupling the readout-resonator to the filter-

resonator using capacitive coupling and inductive coupling in 5 

parallel. 

[0027] Yet another aspect of the disclosure is a method 

of assembling a filter circuit. This method comprises 

providing a readout-resonator component to be coupled with a 

data qubit, providing a filter-resonator component to be 10 

coupled with an observation line and assembling the readout-

resonator component and the filter-resonator component to be 

electromagnetically coupled to each other using capacitive 

coupling and inductive coupling in parallel. 

[0028] Yet another aspect of the disclosure is a method 15 

of filtering the readout frequency in dispersive readout of a 

qubit to an observation line. This method comprises using one 

of the filter circuits described above, bandpass filtering to 

transmit only around the readout frequency of the readout-

resonator and notch filtering to suppress energy relaxation 20 

of the qubit into the observation line. 

[0029] Yet another aspect of the disclosure is a method 

of dispersive readout of a qubit to an observation line. This 

method comprises one of the filter circuits described above, 

coupling the electromagnetic field mode of the qubit to the 25 

electromagnetic field mode of the readout-resonator and 
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coupling the readout-resonator to the observation line. 

[0030] Any combination of the above components, and any 

conversion of the expressions of the present disclosure 

between methods, devices, systems, recording media, computer 

programs, etc., is also valid as an aspect of the present 5 

disclosure. 

ADVANTAGEOUS EFFECTS OF INVENTION 

[0031] According to the present disclosure, it is 

possible to realize a filter circuit that has both a bandpass 

filter function that transmits only around the readout 10 

frequency of the readout-resonator and a notch filter 

function that suppresses energy relaxation of the qubits into 

the observation line. 

BRIEF DESCRIPTION OF DRAWINGS 

[0032] [FIG. 1] Fig. 1 is a schematic diagram of a 15 

filter circuit according to the first embodiment. 

 [FIG. 2] Fig. 2 is a schematic diagram of a filter 

circuit that is an example of the filter circuit of Fig. 1. 

 [FIG. 3] Fig. 3 is a schematic diagram of a filter 

circuit that is another example of the filter circuit of Fig. 20 

1. 

 [FIG. 4] Fig. 4 is a schematic diagram of yet another 

filter circuit according to the first embodiment. 

 [FIG. 5] Fig. 5 shows an example implementation of the 

filter circuit of Fig. 4. 25 

 [FIG. 6] Fig. 6 is a schematic diagram of yet another 
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filter circuit according to the first embodiment. 

 [FIG. 7] Fig. 7 is a schematic diagram of a quantum 

device according to the second embodiment. 

 [FIG. 8] Fig. 8 shows the frequency characteristics of 

the transmitted signal of the filter circuit of Fig. 2. 5 

 [FIG. 9] Fig. 9 shows the radiation relaxation lifetime 

of a qubit obtained by simulation. 

 [FIG. 10] Fig. 10 shows an example implementation of a 

filter circuit with intrinsic notches used for 4 multiple 

readouts of superconducting qubits. 10 

 [FIG. 11] Fig. 11 shows an enlarged view of the area 

near the first qubit in Fig. 10. 

 [FIG. 12] Fig. 12 shows the frequency dependence of the 

radiation relaxation time for the first qubit. 

 [FIG. 13] Fig. 13 shows the frequency dependence of the 15 

radiation relaxation time for the second qubit. 

 [FIG. 14] Fig. 14 shows the frequency dependence of the 

radiation relaxation time for the third qubit. 

 [FIG. 15] Fig. 15 shows the frequency dependence of the 

radiation relaxation time for the fourth qubit. 20 

 [FIG. 16] Fig. 16 is a schematic diagram of a 

multiconductor transmission line. 

DESCRIPTION OF EMBODIMENTS 

[0033] The first embodiment 

Figure 1 schematically shows a filter circuit 1 according to 25 

the first embodiment. The filter circuit 1 comprises a 
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readout-resonator 11 and a filter-resonator 12. The readout-

resonator 11 is coupled to an external data qubit. The 

filter-resonator 12 couples to an external observation line. 

The readout-resonator 11 and the filter-resonator 12 are 

electromagnetically coupled to each other using capacitive 5 

coupling and inductive coupling in parallel. Filter resonator 

12 is a bandpass filter that transmits around the readout 

frequency of readout-resonator 11 and functions as an 

individual filter-resonator. 

[0034] An intrinsic notch filter can be realized by 10 

electromagnetically coupling a pair of resonators that 

comprise the readout-resonator 11 and the filter-resonator 

12, using capacitive coupling and inductive coupling in 

parallel. Hereafter, such a circuit model in which pairs of 

resonators are electromagnetically coupled to each other 15 

using capacitive coupling and inductive coupling in parallel 

is referred to as a "concentrated constant circuit model." 

[0035] The principle of operation of this embodiment is 

explained below. The impedance of the coupler circuit 13 

becomes infinite at the resonant frequency ωf = 1/√(CfLf), 20 

where the capacitive coupling and inductive coupling of the 

above coupled circuit are Cf and Lf, respectively. Therefore, 

at this frequency, the readout-resonator 11 and the filter-

resonator 12 behave as separated circuits. As a result, 

signal transmission from the data qubit to the observation 25 

line is inhibited, and the circuit functions as a stopband 
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filter as a whole. At the frequency of the readout-resonator 

11, the impedance of the coupling circuit is finite, 

therefore the coupling between the readout-resonator 11 and 

the observation line remains. This allows the filter-

resonator 12, i.e., the individual parcel filter circuit, to 5 

discriminate the readout-resonator frequency while 

simultaneously configuring the circuit with a stopband by 

means of an electro-magnetic coupling circuit. 

[0036] An example of an implementation of this 

embodiment is the intrinsic addition of a notch filter that 10 

performs the function of a notch filter at the qubit 

frequency. In this case, the inductive coupling of the 

coupler circuit 13 is realized by the mutual inductance of 

the readout-resonator 11 and the filter-resonator 12. 

According to this example, there is no need to add any 15 

special hardware other than the readout-resonator 11 and the 

filter-resonator 12, and the bandpass-like readout frequency 

filtering by the original individual parcel filter, i.e., 

filter-resonator 12, can be utilized as is to provide the 

notch function. As a result, the readout-resonator can be 20 

used as a notch. As a result, even when the readout-resonator 

is more strongly coupled to the observation line, it is 

possible to suppress the relaxation of the qubit and achieve 

high-speed readout. The present disclosure can improve the 

function of qubit relaxation suppression, which was 25 

insufficient in conventional bandpass individual parcel 
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filters. 

[0037] Furthermore, this embodiment allows the desired 

filter characteristics to be added without increasing the 

physical circuit area. In other words, in conventional 

techniques, additional circuit area was required to obtain 5 

additional filter performance. On the other hand, this 

intrinsic implementation technique solves this problem and 

facilitates the integration of superconducting qubit chips. 

[0038] Figure 2 schematically shows the filter circuit 2 

as a specific example of the circuit in Figure 1. The filter 10 

circuit 2 comprises a readout-resonator 11, a filter-

resonator 12 and a multiconductor transmission line 20. In 

the example of Fig. 2, the readout-resonator 11 and the 

filter-resonator 12 both comprise a quarter-wavelength 

resonator. 15 

[0039] The readout-resonator 11 of the filter circuit 2 

comprises a first readout-resonator section 11a and a second 

readout-resonator section 11b. The first readout-resonator 

section 11a comprises a first end 11a1 and a second end 11a2. 

The second readout-resonator section 11b comprises a first 20 

end 11b1 and a second end 11b2. The first end 11a1 of the 

first readout-resonator section 11a of the readout-resonator 

11 is connected to a data qubit. The first end 11b1 of the 

second readout-resonator section 11b of the readout-resonator 

11 is grounded. 25 

[0040] The filter-resonator 12 of the filter circuit 2 
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comprises a first filter-resonator section 12a and a second 

filter-resonator section 12b. The first filter-resonator 

section 12a comprises a first end 12a1 and a second end 12a2. 

The second filter-resonator section 12b comprises a first end 

12b1 and a second end 12b2. The first end 12a1 of the first 5 

filter-resonator section 12a of the filter-resonator 12 is 

connected to an observation line. The first end 12b1 of the 

second filter-resonator section 12b of the filter-resonator 

12 is grounded. 

[0041] The multiconductor transmission line 20 comprises 10 

a first conductor wire 21 and a second conductor wire 22. The 

multiconductor transmission line 20 is situated in between 

the readout-resonator 11 and the filter-resonator 12. More 

specifically, the first conductor wire 21 of the 

multiconductor transmission line 20 connects the second end 15 

11a2 of the first readout-resonator section 11a and the 

second end 11b2 of the second readout-resonator section 11b 

of the readout-resonator 11. The second conductor wire 22 of 

the multiconductor transmission line 20 connects the second 

end 12a2 of the first filter-resonator section 12a of the 20 

filter-resonator 12 and the second end 12b2 of the second 

filter-resonator section 12b of filter-resonator 12. In this 

way, the multiconductor transmission line 20 is situated in 

between the second end 11a2 of the first readout-resonator 

section 11a of the readout-resonator 11 and the second end 25 

12a2 of the first filter-resonator section 12a of the filter-
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resonator 12, and, the second end 11b2 of the second readout-

resonator section 11b of the readout-resonator 11 and the 

second end 12b2 of the second filter-resonator section 12b of 

the filter-resonator 12. In this configuration, the mutual 

inductance between the first conductor wire 21 and the second 5 

conductor wire 22 in the multiconductor transmission line is 

used to obtain magnetic coupling. 

[0042] According to this example, a multiconductor 

transmission line can be used to realize an intrinsic notch 

filter circuit. 10 

[0043] Figure 3 schematically shows a filter circuit 3 

as another specific example of the circuit in Figure 1. 

Filter circuit 3 comprises a shunt capacitor 30 between the 

conductors adjacent to the multiconductor transmission line 

20, in addition to the configuration of filter circuit 2 in 15 

Figure 2. This configuration also utilizes the multiconductor 

transmission line 20 to obtain magnetic coupling. This 

configuration utilizes the capacitance of the multiconductor 

transmission line 20 and the shunt capacitor 30 to obtain 

electrical coupling. The addition of the shunt capacitor 30 20 

can be used to address the insufficient capacitance of the 

multiconductor transmission line or the need to adjust the 

electrical coupling individually. 

[0044] Next, it is explained that the distributed 

constant circuit configuration shown in Figure 2 can be used 25 

to reproduce the concentrated constant circuit model of 
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Figure 1. Using multiconductor transmission line analysis, 

see, for example, Non-Patent Literature 7, we map the 

parameters of this distributed circuit to the parameters of 

the concentrated constant circuit of Fig. 1. This shows that 

both circuits have the same electrical response with high 5 

accuracy over the desired frequency range. Furthermore, we 

show that desirable values for the parameters of the 

distributed constant circuit can be achieved using a 

multiconductor transmission line of the appropriate physical 

size for superconducting quantum circuits. 10 

[0045] First, we define the basic transmission line 

quantities. The behavior of a lossless transmission line can 

be described by the capacitance Cl to ground to ground per-

unit-length and the inductance Ll to ground per-unit-length. 

Equivalently, it can also be described by the characteristic 15 

impedance Z0 and the phase velocity v. 

[Equation 1] 

 

[0046] A transmission line of total length l with one 

end grounded has a fundamental resonant frequency ωr = 2π/λ, 20 

where λ/4 = l. Around this resonant frequency, the 

transmission line can be modeled as a concentrated constant 

LC resonator. In this case, the effective capacitance C and 



 

20 
 

inductance are given by the following expression. 

[Equation 2] 

 

[0047] In contrast to a single-conductor transmission 

line, a multiconductor transmission line has n conductor 5 

lines and one ground reference point. For a lossless two-

conductor transmission line, this line is described by the 

following six parameters, viz, 

capacitance to ground per-unit-length of conductor line 1: 

Cl,1, 10 

capacitance to ground per-unit-length of conductor line 2: 

Cl,2, 

inductance to ground per-unit-length of conductor line 1: 

Ll,1, 

inductance to ground per-unit-length of conductor line 2, 15 

Ll,2, 

capacitance per-unit-length between the two conductor lines: 

Cm, 

inductance per-unit-length between the two conductor lines: 

Lm. 20 

[0048] In Figure 2, the capacitance to ground per-unit-

length and inductance to ground per-unit-length are assumed 

to be the same for all conductor lines. Also, Cl >> Cm is 

assumed, which corresponds to the case where the two 
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conductor lines of a multi-conductor transmission line are 

weakly coupled, i.e., weak coupling assumption, hereinafter 

also referred to as "weak coupling approximation." This 

assumption is valid when the signal leaking out to the other 

conductor is negligibly small compared to the signal 5 

propagating through each conductor in the multi-conductor 

transmission line, and when the perturbation effect due to 

coupling is small, which is the case for typical coupling 

strengths in superconducting quantum circuit applications, 

see, for example, Non-Patent Literature 8. Even under these 10 

assumptions, the resonance frequency ωf of the notch filter 

can be obtained analytically. 

[0049] If the above assumptions hold, the first readout-

resonator section 11a, the second readout-resonator section 

11b and the multiconductor transmission line 20 of the 15 

readout-resonator 11 operate as a single conductor 

transmission line of total length lr1-0 + lc + lr1-G. The line 

is grounded at one end and λ/4 resonates at λ/4 = lr1-0 + lc + 

lr1-G. 

[0050] Similarly, the first filter-resonator section 20 

12a, the second filter-resonator section 12b and the 

multiconductor transmission line 20 of the filter-resonator 

12 operate as a single conductor transmission line of total 

length lr2-0 + lc + lr2-G. This line λ/4 resonates at λ/4 = lr2-0 

+ lc + lr2-G. Then, Equation (1) gives a mapping to the 25 

capacitance and the inductance of the two grounded LC 
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resonators in Figure 2. 

[0051] From the above, Equation (1) gives a mapping to 

the capacitance and the inductance of the two grounded LC 

resonators in Figure 1. 

[0052] To find the mapping to the coupling capacitance 5 

Cf and the coupling inductance Lf, we first find the 

frequency at which the transfer impedance Z12 between the 

data qubit node and the detector node in the circuit of Fig. 

2 is zero. This frequency relates the lowest frequency 

solution to the frequency ωf = 1/√(CfLf) by assuming that the 10 

transfer impedance Z'12 of the concentrated constant 

equivalent circuit in Figure 1 also goes to zero. 

[0053] Next, we find the impedance Zf = √(Lf/Cf) of the 

coupled circuit element in Figure 1. This satisfies the 

following equation: 15 

[Equation 3] 

 

, where Zr1 (ωf) and Zr2 (ωf) are the impedances of the 

centralized constant resonators r1 and r2 evaluated at 

frequency ωf, respectively. To find Zf using the circuit in 20 

Figure 2, we map the right-hand side of this equation to the 

circuit in Figure 2. The capacitance and the inductance of 

the centralized constant resonators r1 and r2, respectively, 

are obtained using Equation (1). Assuming that the transfer 
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impedance Z'12 of the concentrated constant equivalent 

circuit behaves like the transfer impedance Z12 of the 

distributed constant circuit in Figure 2 near the resonant 

frequency, we substitute Z'12 for Z12. This allows the right-

hand side to be described only by the parameters of the 5 

circuit in Figure 2. 

[0054] Since the capacitance Cm and the inductance Lm are 

completely determined by the frequency ωf and impedance Zf, 

this completes the mapping between the circuit in Figure 1 

and the circuit in Figure 2. 10 

[0055] If the multiconductor transmission line can be 

weakly coupling approximated, the analytical expression for 

the notch frequency ωf can be obtained as follows. For 

example, referring to Non-Patent Literature 8, the analytical 

expression for the transfer impedance Z12 under the 15 

assumption of weak coupling can be obtained. Here, each 

variable is defined as follows. 

[Equation 4] 

 

For the case where the transfer impedance is zero, we obtain 20 

the following equation for the notch frequency ωf. 

[Equation 5] 
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[0056] Namely, the notch frequency ωf of the filter 

circuit 2 in Figure 2 is determined to satisfy the following 

equation: 

[Equation 5] 5 

 

, where the length of the multiconductor transmission line 20 

is lc, 

where the propagation velocity of the wave propagating 

through the multiconductor transmission line 20 is vc, 10 

where the capacitance to ground per-unit-length of the first 

conductor 21 and the second conductor 22 of the 

multiconductor transmission line 20 are Cl, 

where the inductance to ground per-unit-length of the first 

conductor 21 and the second conductor 22 of the 15 

multiconductor transmission line 20 are Ll, 

where the capacitance to ground per-unit-length between the 

first conductor 21 and the second conductor 22 of the 

multiconductor transmission line 20 is Cm, 

where the inductance per-unit-length between the first 20 

conductor 21 and the second conductor 22 of the 

multiconductor transmission line 20 is Lm, 
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where the length of the second readout-resonator section 11b 

of the readout-resonator 11 is lr1-G, 

where the length of the second filter-resonator section 12b 

of the filter-resonator 12 is lr2-G, 

where the length of the multiconductor transmission line 20 5 

is lc and 

where the variables of the distributed constant circuit are: 

[Equation 4] 

 

[0057] According to this embodiment, the filter circuit 10 

can be realized in a system of a multiconductor transmission 

line approximated by weak coupling, with the parameters 

specifically defined. 

[0058] Figure 4 schematically shows yet another filter 

circuit 4 of the first embodiment. The filter circuit 4 15 

comprises a readout-resonator 11, a filter-resonator 12, a 

capacitor 30 and an inductor 31. The readout-resonator 11 

comprises a first readout-resonator section 11a and a second 

readout-resonator section 11b. The filter-resonator 12 

comprises a first filter-resonator section 12a and a second 20 

filter-resonator section 12b. The capacitor 30 and the 

inductor 31 are situated in between the first readout-

resonator section 11a and the first filter-resonator section 

12a, and, the second readout-resonator section 11b and the 
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second filter-resonator section 12b. In other words, the 

filter circuit 4 comprises the capacitor 30 and the inductor 

31 instead of the multiconductor transmission line 20 of the 

filter circuit 2 in Figure 2. The other components of the 

filter circuit 4 are the same as those of the filter circuit 5 

2. Capacitive coupling and inductive coupling between the 

readout-resonator 11 and the filter-resonator 12 are realized 

by the capacitor 30 and inductor 31, respectively. 

[0059] Figure 5 shows an example implementation of the 

filter circuit 4 of Figure 4. 10 

[0060] According to this embodiment, a filter circuit 

that achieves the desired function can be fabricated using 

capacitors and inductors as circuit elements. 

[0061] Figure 6 schematically shows yet another filter 

circuit 5 of the first embodiment. The filter circuit 5 15 

comprises a readout-resonator 11, a filter-resonator 12, a 

multiconductor transmission line 20, a capacitor 30 and an 

inductor 31. The multiconductor transmission line 20 is 

situated in between the readout-resonator 11 and the filter-

resonator 12. The capacitor 30 and the inductor 31 are 20 

situated adjacent to the multiconductor transmission line 20. 

[0062] The filter circuit 5 has a structure that 

combines the filter circuit 2 of Fig. 2 and the filter 

circuit 4 of Fig. 4. Capacitive coupling and inductive 

coupling between the readout-resonator 11 and the filter-25 

resonator 12 is realized by the multiconductor transmission 
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line 20, the capacitor 30 and the inductor 31. 

[0063] According to this example, the degree of freedom 

of configuration can be increased. 

[0064] Additional Example 

In the previous example, the notch frequency ωf of the filter 5 

circuit 2 in Figure 2 was implicitly expressed by Equation 

(4). However, in many practical cases, it is easier to use 

the notch frequency if it is explicitly expressed. In the 

following, such examples are described. 

[0065] Hereafter, instead of the multiconductor 10 

transmission line 2 of Fig. 2, the multiconductor 

transmission line 200 of Fig. 16 shall be used. Assume that 

the capacitance to ground per-unit-length of the 

multiconductor transmission line 200 is CC, the inductance to 

ground per-unit-length of the multiconductor transmission 15 

line 200 is LC, the capacitance per-unit-length between the 

first conductor line 201 and the second conductor line 202 of 

the multiconductor transmission line 200 is Cm, and the 

inductance per-unit-length between the first conductor line 

201 and the second conductor line 202 of the multiconductor 20 

transmission line 200 is Lm. Then the notch frequency ωf of 

the filter circuit using the multiconductor transmission line 

200 in Figure 16 is determined to satisfy the following 

equation: 

[Equation 7] 25 
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, where the variables of the distributed constant circuit are 

the following. 

[Equation 6] 

 5 

[0066] For a multiconductor transmission line in a 

uniform medium or a multiconductor transmission line of which 

top and bottom geometry is symmetrical and each consists of a 

uniform medium, for example, a multiconductor coplanar line, 

the following approximate equation holds with very good 10 

accuracy. 

[Equation 8] 

 

This is because a multiconductor transmission line with 

coupled conductors behaves like a multiconductor transmission 15 

line in a homogeneous medium, except in extreme cases where 

the geometry is asymmetric. 

[0067] From Equation (6) and Equation (7), the following 

holds. 

[Equation 9] 20 
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Thus, the notch frequency ωf can be explicitly expressed as 

follows. 

[Equation 10] 

 

[0068] According to this embodiment, the notch frequency 5 

can be explicitly expressed, which allows for greater freedom 

in the design and practical use of the filter circuit. 

[0069] Equation (7) further gives the following explicit 

expression for the J, i.e., J coupling constant, between the 

readout-resonator and the filter-resonator. 10 

[Equation 11] 

 

The coupling constant J is a constant that expresses the 

strength of the coupling, determined by the following 

interaction Hamiltonian Hint. 15 

[Equation 12] 

 

Here,: 

[Equation 13] 

 20 

is the creation operator of the readout-resonator,: 
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[Equation 14] 

 

is the creation operator of the filter-resonator,: 

[Equation 15] 

 5 

is the annihilation operator of the readout-resonator and: 

[Equation 16] 

 

is the annihilation operator of the filter-resonator. 

Furthermore, each variable in equation (10) is defined as 10 

follows. 

[Equation 17] 

 

[Equation 18] 

 15 

[Equation 19] 

 

[0070] According to this embodiment, it is possible to 

improve the degree of freedom in the design and practical use 

of filter circuits because the degree of freedom of the  20 

coupling can be explicitly expressed. 
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[0071] The second embodiment 

Figure 7 schematically shows a quantum device 80 according to 

the second embodiment. The quantum device 80 comprises a data 

qubit 81, an observation line 82 and a filter circuit 1. 

[0072] The filter circuit 1 comprises a readout-5 

resonator 11 and a filter-resonator 12. The readout-resonator 

11 couples to the external data qubit. The filter-resonator 

12 couples to the external observation line. The readout-

resonator 11 and the filter-resonator 12 are 

electromagnetically coupled to each other using capacitive 10 

coupling and inductive coupling in parallel. The filter-

resonator 12 is a bandpass filter that transmits around the 

readout frequency of readout-resonator 11 and functions as an 

individual filter-resonator. 

[0073] The readout-resonator 11 couples to the data 15 

qubit 81 and reads out the state of the data qubit 81. The 

observation line 82 couples to the readout-resonator 11 and 

transmits the information of the data qubit 81 read out by 

the readout-resonator 11 to an observation device. 

[0074] As mentioned above, in the filter circuit 1, the 20 

readout-resonator 11 and the filter-resonator 12 are 

electromagnetically and magnetically coupled in parallel 

using capacitive coupling and inductive coupling to achieve a 

notch filter. Other details of the operation and effects of 

the filter circuit 1 are as described above. 25 

[0075] According to this embodiment, a quantum device 
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can be realized using a filter circuit that has both a 

bandpass filter function that transmits only around the 

readout frequency of the readout-resonator and a notch filter 

function that suppresses the relaxation of qubits into the 

observation line. 5 

[0076] The quantum device 80 of FIG. 7 can also be 

considered as a filter circuit as follows. That is, this 

filter circuit 80 comprises one or more data qubits 81, one 

or more readout-resonators 11 corresponding to each of these 

data qubits, one or more filter-resonators 12 having a 10 

characteristic corresponding to the resonant frequency of the 

readout-resonators, a coupler circuit 13 and a common 

observation line 82. The coupler circuit 13 is situated in 

between the readout-resonators and the filter-resonators, and 

magnetically couples the readout-resonators and the filter-15 

resonators. The filter circuit 80 has both bandpass filter 

characteristics near the readout frequency using the 

resonance of the filter-resonator 12, and notch filter 

characteristics near the qubit frequency using interference 

in the electrical and magnetic coupler circuit. 20 

[0077] The third embodiment 

The third embodiment is a quantum computer. This quantum 

computer comprises the quantum device of the second 

embodiment. 

[0078] According to this embodiment, a quantum computer 25 

can be realized using a filter circuit that has both a 
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bandpass filter function that transmits only around the 

readout frequency of the readout-resonator and a notch filter 

function that suppresses relaxation of the qubits into the 

observation line. 

[0079] The fourth embodiment 5 

The fourth embodiment is a method of manufacturing a filter 

circuit. This method comprises a step S1 of forming a 

readout-resonator, a step S2 of forming a filter-resonator, a 

step S3 of coupling the readout-resonator to a data qubit, a 

step S4 of coupling the filter-resonator to an observation 10 

line and a step S5 of electro-magnetically coupling the 

readout-resonator to the filter-resonator using capacitive 

coupling and inductive coupling in parallel. 

[0080] According to this embodiment, it is possible to 

manufacture a filter circuit that has both a bandpass filter 15 

function that transmits only around the readout frequency of 

the readout-resonator and a notch filter function that 

suppresses energy relaxation of the qubits into the 

observation line. 

[0081] The fifth embodiment 20 

The fifth embodiment is a method for assembling a filter 

circuit. This method comprises a step S11 of providing a 

readout-resonator component to be coupled with a data qubit, 

a step S12 of providing a filter-resonator component to be 

coupled with an observation line and a step S13 of assembling 25 

the readout-resonator component and the filter-resonator 
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component to be electromagnetically coupled to each other 

using capacitive coupling and inductive coupling in parallel. 

[0082] According to this embodiment, it is possible to 

assemble a filter circuit combining the readout-resonator 

component with the filter-resonator component. In addition, 5 

it is possible to inspect, repair, replace, etc. the readout-

resonator component and filter-resonator component, component 

by component. 

[0083] The sixth embodiment 

The sixth embodiment is a method of filtering the readout 10 

frequency in dispersive readout of a qubit to an observation 

line. The method comprises a step S22 of bandpass filtering 

to transmit only around the readout frequency of the readout-

resonator and a step S23 of notch filtering to suppress 

energy relaxation of the qubit into the observation line, 15 

using one of the filter circuits described above. 

[0084] According to this embodiment, the coupling 

between the readout-resonator and the observation line can be 

maintained while suppressing the relaxation of the qubit to 

the observation line when the qubit is dispersive readout to 20 

the observation line. 

[0085] Seventh embodiment. 

The seventh embodiment is a method of dispersive readout of a 

qubit. The method comprises a step S31 of coupling the 

electromagnetic field mode of the qubit to the 25 

electromagnetic field mode of the readout-resonator and a 
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step S32 of coupling the readout-resonator to the observation 

line, using one of the filter circuits described above. 

[0086] According to this embodiment, the parcel effect 

can be suppressed, and dispersive readout of a qubit can be 

performed. 5 

[0087] The present disclosure has been described based 

on some embodiments. It is understood by those skilled in the 

art that these embodiments are merely examples and that 

various variations are possible in the combination of each of 

its components and each of its processing processes, and that 10 

such variations are also within the scope of this disclosure. 

[0088] Verification 

The inventors have conducted the following verification to 

confirm the validity of the above described embodiments. 

[0089] First, the accuracy of the above mapping was 15 

verified by comparing the transfer impedances of these 

circuits over the frequency range used for superconducting 

circuit applications. The parameter values used in the 

simulations are listed in Table 1. 

[Table 1] 20 

 

[0090] Figure 8 shows the frequency response of the 

transmitted signal from the port labeled "TO DATA QUBIT" to 
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the port labeled "TO OBSERVATION LINE" in Figure 2. Figure 8 

shows the exact solution of the concentrated constant circuit 

model in Figure 1 (solid line) and the weakly coupled 

approximate solution of the multiconductor transmission line 

in Figure 2 (dotted line). The frequency characteristics of 5 

both are in good agreement. Furthermore, it can be seen that 

the assumption of weak coupling is sufficiently valid in the 

parameter region typically used for reading out 

superconducting qubits. The vertical dashed line indicates 

the notch frequency obtained from Equation (4). It can be 10 

seen that the notch frequency is in good agreement with the 

frequency of the analytical solution. 

[0091] Figure 9 shows the radiation relaxation lifetime 

of the qubit obtained from the simulation. The parameters of 

the circuit used are as follows. That is, qubit frequency fqub 15 

= 4.75 GHz, readout-resonator frequency fres = 6 GHz, readout-

resonator external coupling strength/2π = 50 MHz, coupling 

between qubit and readout-resonator g = 125 MHz, coupling 

between readout-resonator and filter-resonator J = 30 MHz. In 

Figure 9, the qubit lifetimes in a circuit containing an 20 

intrinsic notch filter (WITH NOTCH) and in a readout circuit 

with only an individual parcel filter (WITHOUT NOTCH) are 

compared for the same coupling constant. 

[0092] As shown in Fig. 9, it can be seen that, with the 

use of a notch, a sufficiently longer lifetime can be 25 

achieved in this circuit than in a conventional circuit with 
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an individual parcel filter at qubit frequencies above 4 GHz. 

[0093] In order to optimally utilize the function of 

notch filtering in this embodiment, the frequency of the 

notch filter must be adjusted close enough to the qubit 

frequency. With a sufficient number of the degrees of freedom 5 

of the parameter for optimization, it is possible to adjust 

only the notch filter frequency while maintaining the 

readout-resonator frequency and the coupling strength between 

the readout-resonator and the filter-resonator. 

[0094] Next, we describe an experimental technique of 10 

realizing the distributed constant circuit shown in Fig. 2. 

As shown below, by experimentally realizing a filter circuit 

in the configuration shown in Figure 2, the notch filter of 

the disclosure can be implemented in an intrinsic form. 

[0095] Figure 10 shows an example implementation of a 15 

filter circuit 6 with an intrinsic notch used for quadruple 

readout of a superconducting qubit. The filter circuit 6 

comprises a first readout-resonator 111, a second readout-

resonator 112, a third readout-resonator 113, a fourth 

readout-resonator 114, a first filter-resonator 121, a second 20 

filter-resonator 122, a third filter-resonator 123 and a 

fourth filter-resonator 124. The first readout-resonator 111 

couples to the first qubit 91. The second readout-resonator 

112 couples to the second qubit 92. The third readout-

resonator 113 couples to the third qubit 93. The fourth 25 

readout-resonator 114 couples to the fourth qubit 94. The 
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first filter-resonator 121, the second filter-resonator 122, 

the third filter-resonator 123 and the fourth filter-

resonator 124 couple to one common observation line. 

[0096] Figure 11 is an enlarged view of Figure 10, near 

the first qubit 91. The first readout-resonator 111 comprises 5 

a first readout-resonator section 111a and a second readout-

resonator section 111b. The first filter-resonator 111 

comprises a first filter-resonator section 121a and a second 

filter-resonator section 121b. A multiconductor transmission 

line 20 is situated in between the first readout-resonator 10 

111 and the first filter-resonator 112. 

[0097] Figure 12 shows the frequency dependence of the 

radiation relaxation time T1 with respect to the first qubit 

91. Figure 13 shows the frequency dependence of the radiation 

relaxation time T1 with respect to the second qubit 92. 15 

Figure 14 shows the frequency dependence of the radiation 

relaxation time T1 with respect to the third qubit 93. Figure 

15 shows the frequency dependence of the radiation relaxation 

time T1 with respect to the fourth qubit 94. In both figures, 

crosses indicate experimental results and circles indicate 20 

simulation results. The experimental results are in good 

agreement with the simulations. As shown in Figures 12-15, it 

can be seen that for both qubits, there is a peak in the 

radiative relaxation time around the frequency of 8.2 GHz to 

9 GHz. Thus, it was experimentally verified that the filter 25 

circuit 6 allows each individual parcel filter to also 
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function as a notch filter and achieve the desired filter 

function. 

[0098] In understanding the technical ideas abstracted 

from the embodiments and variations, the technical ideas 

should not be interpreted as limited to the contents of the 5 

embodiments and variations. The aforementioned embodiments 

and variations are merely concrete examples, and many design 

changes, such as modifications, additions, and deletions of 

components, are possible. In the embodiments, the contents 

where such design changes are possible are emphasized with 10 

the notation "embodiments". However, design changes are also 

permitted for contents without such notation. 

Industrial applicability 

[0099] The present disclosure is applicable to filter 

circuits, quantum devices and quantum computers. 15 

REFERENCE SIGNS LIST 

[0100] 

1 filter circuit 

2 filter circuit 

3 filter circuit 20 

4 filter circuit 

5 filter circuit 

6 filter circuit 

11 readout-resonator 

11a first readout-resonator section 25 

11a1 first end 
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11a2 second end 

11b second readout-resonator section 

11b1 first end 

11b2 second end 

12 filter-resonator 5 

12a first filter-resonator section 

12a1 first end 

12a2 second end 

12b second filter-resonator section 

12b1 first end 10 

12b2 second end 

13 coupler circuit 

14 capacitor 

15 inductor 

20 multiconductor transmission line 15 

21 first conductor 

22 second conductor 

30 capacitor 

31 inductor 

80 quantum device 20 

81 data qubit 

82 observation line 

91 first qubit 

92 second qubit 

93 third qubit 25 

94 fourth qubit 
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111 first readout-resonator 

111a first readout-resonator section of first readout-

resonator 

111b second readout-resonator section of first readout-

resonator 5 

112 second readout-resonator 

113 third readout-resonator 

114 fourth readout-resonator 

121 first filter-resonator 

121a first filter-resonator section of first filter-resonator 10 

131b second filter-resonator section of first filter-

resonator 

122 second filter-resonator 

123 third filter-resonator 

124 fourth filter-resonator 15 

200 multiconductor transmission line 

S1 step of forming readout-resonator 

S2 step of forming filter-resonator 

S3 step of coupling readout-resonator to data qubit 

S4 step of coupling filter-resonator to observation line 20 

S5 step of electromagnetically coupling readout-resonator to 

filter-resonator using capacitive coupling and inductive 

coupling in parallel 

S11 step of providing readout-resonator component to be 

coupled to data qubit 25 

S12 step of providing filter-resonator component to be 
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coupled to observation line 

S13 step of assembling readout-resonator component and 

filter-resonator component to be coupled to each other using 

capacitive coupling and inductive coupling in parallel 

S21 step of performing bandpass filtering to transmit only 5 

around readout frequency of readout-resonator 

S22 step of performing notch filtering to suppress energy 

relaxation of a qubit into observation line 

S31 step of coupling electromagnetic field mode of qubit with 

electromagnetic field mode of readout-resonator 10 

S32 step of coupling readout-resonator to observation line 
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CLAIMS 

[Claim 1] 

 A filter circuit comprising: 

 a readout-resonator coupled to a data qubit; and 

a filter-resonator coupled to an observation line, 

wherein the readout-resonator and the filter-resonator 

are electromagnetically coupled to each other using 

capacitive coupling and inductive coupling in parallel. 

[Claim 2] 

 The filter circuit according to claim 1, 

wherein the inductive coupling is realized by mutual 

inductance between the readout-resonator and the filter-

resonator. 

[Claim 3] 

The filter circuit according to claim 1 comprising: 

a multiconductor transmission line situated in between 

the readout-resonator and the filter-resonator, 

wherein the capacitive coupling and the inductive 

coupling are realized by the multiconductor transmission 

line. 

[Claim 4] 

The filter circuit according to claim 3, 

wherein the readout-resonator comprises a first 

readout-resonator section with a first end connected to the 

data qubit and a second readout-resonator section with a 

first end grounded and 
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wherein the multiconductor transmission line is 

situated in between the second end of the first readout-

resonator section and the second end of the first filter-

resonator section, and, the second end of the second readout-

resonator section and the second end of the second filter-

resonator section. 

[Claim 5] 

The filter circuit according to claim 4, 

wherein the notch frequency ωf satisfies: 

[Equation 5] 

 

, where the length of the multiconductor transmission 

line is lc, 

where the propagation velocity of the wave propagating 

through the multiconductor transmission line is vc, 

where the capacitance to ground per-unit-length of the 

first conductor and the second conductor of the 

multiconductor transmission line are Cl, 

where the inductance to ground per-unit-length of the 

first conductor and the second conductor of the 

multiconductor transmission line are Ll, 

where the capacitance per-unit-length between the first 

conductor and the second conductor of the multiconductor 

transmission line is Cm, 
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where the inductance per-unit-length between the first 

conductor and the second conductor of the multiconductor 

transmission line is Lm, 

where the length of the second readout-resonator 

section of the readout-resonator is lr1-G, 

where the length of the second filter-resonator section 

of the filter-resonator is lr2-G and 

where the variables of the distributed constant circuit 

are: 

[Equation 4] 

 

[Claim 6] 

The filter circuit according to claim 5, 

wherein the notch frequency ωf satisfies: 

[Equation 10] 

 

[Claim 7] 

The filter circuit according to claim 6, 

wherein the coupling constant J between the readout-

resonator and the filter-resonator is expressed by: 

[Equation 11] 
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[Claim 8] 

The filter circuit according to claim 3, comprising: 

a capacitor for coupling in addition to the 

multiconductor transmission line. 

[Claim 9] 

The filter circuit according to claim 3, comprising: 

a capacitor and an inductor for coupling in addition to 

the multiconductor transmission line. 

[Claim 10] 

The filter circuit according to claim 9, comprising: 

a capacitor and an inductor situated in between the 

readout-resonator and the filter-resonator, 

wherein the capacitive coupling and the inductive 

coupling are realized by the capacitor and the inductor 

situated in between the readout-resonator and the filter-

resonator, respectively. 

[Claim 11] 

A quantum device comprising: 

a data qubit; 

an observation line; and 

the filter circuit according to any of claims 1 to 10, 

wherein the filter circuit is situated in between the 
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data qubit and the observation line. 

[Claim 12] 

A quantum computer comprising: 

the quantum device according to claim 11. 

[Claim 13] 

A filter circuit comprising: 

one or more data qubits; 

one or more readout-resonators corresponding to each of 

the data qubits; 

one or more filter-resonators each having a 

characteristic corresponding to the resonant frequency of the 

readout-resonators; 

a coupler circuit situated in between the readout-

resonators and the filter-resonators to electrically and 

magnetically couple the readout-resonators and the filter-

resonators; and 

a common observation line, 

wherein the filter circuit has both bandpass filter 

characteristics near the readout frequency using the 

resonance of the filter-resonator, and notch filter 

characteristics near the qubit frequency using interference 

in the electrical and magnetic coupler circuit. 

[Claim 14] 

A method of manufacturing a filter circuit comprising a 

readout-resonator and a filter-resonator, comprising: 

forming a readout-resonator; 
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forming a filter-resonator; 

coupling the readout-resonator to a data qubit; 

coupling the filter-resonator to an observation line; 

and 

electro-magnetically coupling the readout-resonator to 

the filter-resonator using capacitive coupling and inductive 

coupling in parallel. 

[Claim 15] 

A method of assembling a filter circuit comprising: 

providing a readout-resonator component to be coupled 

with a data qubit; 

providing a filter-resonator component to be coupled 

with an observation line; and 

assembling the readout-resonator component and the 

filter-resonator component to be electromagnetically coupled 

to each other using capacitive coupling and inductive 

coupling in parallel. 

[Claim 16] 

A method of filtering the readout frequency in 

dispersive readout of a qubit to an observation line 

comprising: 

using the filter circuit according to any of claims 1 

to 7; 

bandpass filtering to transmit only around the readout 

frequency of the readout-resonator; and 

notch filtering to suppress energy relaxation of the 
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qubit into the observation line. 

[Claim 17] 

 A method of dispersive readout of a qubit to an 

observation line comprising: 

using the filter circuit according to any of claims 1 

to 7; 

coupling the electromagnetic field mode of the qubit to 

the electromagnetic field mode of the readout-resonator; and 

coupling the readout-resonator to the observation line. 


