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Simulation of dielectric resonator for a high-Tc radio
frequency superconducting quantum interference device∗
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Nowadays, the high-critical-temperature radio frequency superconducting quantum interference device (high-Tc rf

SQUID) is usually coupled to a dielectric resonator that is a standard 10 × 10× 1 mm3 SrTiO3 (STO) substrate with

a YBa2Cu3O7−δ (YBCO) thin-film flux focuser deposited on it. Recently, we have simulated a dielectric resonator for

the high-Tc rf SQUID by using the ANSOFT High Frequency Structure Simulator (ANSOFT HFSS). We simulate the

resonant frequency and the quality factor of our dielectric resonator when it is unloaded or matches a 50-Ω impedance.

The simulation results are quite close to the practical measurements. Our study shows that ANSOFT HFSS is quite

suitable for simulating the dielectric resonator used for the high-Tc rf SQUID. Therefore, we think the ANSOFT HFSS

can be very helpful for investigating the characteristics of dielectric resonators for high-Tc rf SQUIDs.
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1. Introduction

The radio frequency superconducting quantum

interference device (rf SQUID) consists of a single

Josephson junction that interrupts a superconducting

loop. The loop is inductively coupled to a tank cir-

cuit (i.e. a resonator) that is driven by an rf signal

oscillating near the resonant frequency.

Since the discovery of high-critical-temperature

(high-Tc) superconductivity in 1986,[1] the study of

high-Tc rf SQUIDs operating at the boiling point of

liquid nitrogen (∼77 K) has made great progress.

Despite the wide variety of high-Tc superconducting

cuprates, so far almost all high-Tc rf SQUIDs are

made of YBa2Cu3O7−δ (YBCO). This is largely be-

cause only the YBCO film with its c-axis normal to

the substrate (“c-axis YBCO film”) has been shown

to have the sufficiently strong flux pinning at 77 K to

ensure both the high critical current density in the ab

plane and the acceptably low level of 1/f noise.[2] Al-

though the early thin-film YBCO rf SQUIDs[3,4] were

coupled to traditional lumped element LC tank cir-

cuits and operated at bias frequencies of 20–30 MHz

or 150–160 MHz, the later ones[5−11] were coupled to

various kinds of resonators biased at frequencies in

a microwave range, and they achieved lower levels of

flux noise because of their higher bias frequencies. Be-

sides relatively high bias frequency, the optimization

of the high-Tc rf SQUID also needs a high loaded qual-

ity factor of the resonator. Eventually, three relatively

mature and simple high-Tc rf SQUID types were estab-

lished. They all employed a washer-shaped thin-film

YBCO rf SQUID, but the resonators used for them

were a superconducting coplanar resonator, a super-

conducting thin-film comb resonator, and a dielectric

SrTiO3 (STO) substrate resonator with a flux concen-

trator deposited on it, respectively.

The superconducting coplanar resonator consists

of two concentric stripes surrounding a flux-focusing

large washer, both patterned from the same YBCO

thin film; the superconducting thin-film comb res-

onator consists of an open YBCO thin-film loop whose

two ends are comb-shaped. These two types of YBCO

resonators are both usually deposited on LaAlO3

(LAO) crystal substrates. Their unloaded quality fac-

tors at 77 K are typically a few thousand and their

loaded quality factors, when they are coupled to the

SQUID and the electronics, are typically in a 200–300

range. While coupled to the superconducting coplanar
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resonator or the superconducting thin-film comb res-

onator, the washer-shaped YBCO rf SQUID may show

quite a low white flux noise of about 1×10−5Φ0/Hz1/2

at frequencies above 100 Hz but rather a high low-

frequency flux noise of not less than 5×10−5Φ0/Hz
1/2

at 1 Hz. In order to reduce the low-frequency flux

noise of the washer-shaped YBCO rf SQUID, now peo-

ple often replace the coplanar resonator or the comb

resonator by the dielectric SrTiO3 (STO) substrate

resonator. Because the very large dielectric constant

of the STO material can lead to a confinement of the

resonator rf field within the STO substrate, the influ-

ence of the environment on the rf field distribution of

the washer-shaped YBCO rf SQUID coupled to the

dielectric resonator may be reduced, and thus the in-

fluence of the environment on the operating point of

the rf SQUID may also be reduced, which may bring

on an obvious reduction of the flux noise in the low-

frequency range.[8]

The dielectric resonator used for the high-Tc rf

SQUID is a standard 10 × 10 × 1 mm3 STO sub-

strate with a YBCO thin-film flux focuser deposited

on it. He et al.[12] once simulated a dielectric res-

onator for the high-Tc rf SQUID by using SONNET

SUITES high frequency electromagnetic (EM) soft-

ware. They simulated the resonant frequency and the

quality factor of the dielectric resonator with or with-

out the SQUID coupled to it, and the simulated values

were in good agreement with the practical measure-

ments. Recently, we simulated a dielectric resonator

for the high-Tc rf SQUID, too. Instead of using SON-

NET EM software, we used ANSOFT High Frequency

Structure Simulator (ANSOFT HFSS) to simulate the

resonant frequency and the quality factor of the di-

electric resonator, and our simulation results are also

quite close to the practical measurements.

2. Simulation of frequency and

quality factor of our dielectric

resonator

ANSOFT HFSS is a high-performance full-wave

electromagnetic field simulator for three-dimensional

(3D) volumetric passive device modeling. In this soft-

ware the finite element method (FEM) and the adap-

tive meshing are adopted. The basic mesh element of

HFSS is a tetrahedron, thus this software is suitable

for solving any arbitrary 3D geometry.

The HFSS has three available solution types:

driven modal, driven terminal, and eigenmode. In

this paper, we set the solution type to be eigenmode

type when we calculate the eigenvalues of the reso-

nant frequency and the quality factor of our dielectric

resonator, and set the solution type to be driven ter-

minal type when we calculate the resonant frequency

and the quality factor of our dielectric resonator cou-

pled to a transmitter–receiver coil and a 50-Ω coaxial

cable, both of which are necessary parts of our exper-

imental setup for measuring the dielectric resonator

resonance.

2.1. Eigenvalues of resonant frequency

and quality factor of our dielectric

resonator

A 10×10×1 mm3 (100) STO substrate was used

to fabricate the dielectric resonator. We deposited a

YBCO thin film with a thickness of about 100 nm on

the substrate, and then patterned the film by ultravi-

olet lithography to obtain a washer flux concentrator.

The outer dimensions of the flux concentrator were

10 × 10 mm2, which were the same as the substrate

area; the inner hole of the flux concentrator had a di-

ameter of 1 mm, and the slit of the flux concentrator

had a width of 0.5 mm.

To investigate the resonance characteristic of our

dielectric resonator, we first calculated the eigenvalues

of the resonant frequency and the quality factor of it,

using the eigenmode solver of HFSS.

The parametric model in the simulation was com-

posed of the dielectric resonator that was in the middle

of a column of liquid nitrogen. Outside the column of

liquid nitrogen, there was the vacuum background au-

tomatically assigned by the HFSS. In our model, the

STO substrate and the column of liquid nitrogen were

all solid objects. The outer boundary of the STO sub-

strate was a box with dimensions of 10× 10× 1 mm3.

Because the HFSS can automatically define any ob-

ject surface that touches the background as a perfect

electric (perfect E) boundary, all the outer surfaces

of the column of liquid nitrogen should be far enough

from the STO substrate to ensure that they have no

significant effect on the resonance characteristic of the

dielectric resonator. In fact, we let the lateral surface

of the column of liquid nitrogen have a diameter of

100 mm; set the distance between the top and the

bottom surfaces of the column of liquid nitrogen to be

51 mm, so that each of them was 25 mm far from the
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counterpart surface of the STO substrate. In order

to save memory in the simulating process, we set the

YBCO flux concentrator to be a sheet with a thick-

ness of zero. But its values of outer dimension, inner

hole diameter and slit width were the same as the real

YBCO’s. Ignoring the surface resistance and kinetic

inductance of the real YBCO thin film at 77 K, we

assigned a perfect E boundary to the YBCO flux con-

centrator in our model. To our knowledge, the dielec-

tric constants of liquid nitrogen and STO at 77 K are

about 1.4 and 2000, respectively; the dielectric loss of

the STO crystal we used is about 3 × 10−4 at 77 K.

Thus, we adopted these data in our model.

Using the eigenmode solver, we calculated the

first resonant mode of our model with the frequency

not less than 300 MHz. In order to obtain pretty ac-

curate simulation results, we let the maximum refine-

ment per pass be quite a high value, 20%, so that

the tetrahedral mesh increased approximately 20 per-

cent for each adaptive pass. Besides this, we set the

maximum delta frequency per pass to be 0.01%, and

set the minimum number of converged passes to be

2, which meant that if the delta frequency (i.e. the

percentage difference between calculated eigenmode

frequencies from one adaptive pass to the next) was

more than 0.01%, the adaptive analysis would con-

tinue, and that the adaptive analysis would not stop

until there had been two consecutive passes each hav-

ing a delta frequency not more than the small up-

per limit 0.01%. Because the above convergence crite-

rion was strict enough and might be achieved through

many adaptive passes, we set the maximum number of

passes to be as high as 30. In fact, after completing 12

passes, the solver gave the final results: a frequency of

464.397 MHz, and a quality factor of 3342.58. Those

are the calculated eigenvalues of resonant frequency

and quality factor of our resonator.

2.2.Resonance of our dielectric res-

onator matching 50-Ω impedance

The practical setup for measuring the resonance

characteristics of our dielectric resonator was a one-

port system, in which a copper coil was used as a

transmitter–receiver coil and a 50-Ω coaxial cable con-

nected the coil to the readout electronics. In our prac-

tical measurement, we must measure the resonance

curve of our resonator matching the 50-Ω impedance

of the coaxial cable. The 50-Ω matching could be re-

alized by adjusting the distance between the copper

coil and the resonator.

To simulate the resonance curve in our practical

measurement, we employed the driven terminal solver

of HFSS. This time the parametric model was com-

posed of the dielectric resonator, the copper coil, a

column of liquid nitrogen surrounding them, and a

wave port with an impedance of 50-Ω. In this model,

the dielectric resonator was the same as the one we

mentioned in Subsection 2.1. Above the YBCO flux

concentrator, there was the copper coil, which was

concentric with the flux concentrator and had an outer

diameter of 7 mm and a line width of 1-mm. The res-

onator and the coil were surrounded by the column of

liquid nitrogen, which was very similar to the one we

mentioned in Subsection 2.1 but had an upper surface

that was assigned to be a radiation boundary and was

connected to two 1-mm long leads of the copper coil.

The ends of the two leads of the copper coil were in the

middle of the wave port, which was a small rectangle

plane overlapping the upper surface of liquid nitro-

gen. The wave port allowed the excitation signal to

enter and leave the copper coil through it. The wave

port contained a terminal, which touched one coil lead

while the other coil lead was regarded as a reference

conductor.

At first, we set the distance h between the cop-

per coil and the resonator to be 4 mm. We chose

464 MHz as the solution frequency (i.e. the frequency

at which the adaptive analysis was performed), let

the maximum refinement per pass be 20%, set the

maximum delta S per pass to be 0.02, assigned the

minimum number of converged passes to be 2, and

let the maximum number of passes be as high as 30.

And, we added a fast frequency sweep in our solution,

whose frequency ranged from 459 MHz to 469 MHz.

In order to ensure the solution accuracy, we assigned

0.002 MHz to be the step size for the fast sweep. Af-

ter successfully performing the adaptive analysis at

464 MHz and the fast frequency sweep based on it,

the solver gave the relation curve of S-parameter ver-

sus frequency (i.e. the simulated resonance curve),

which is a resonance hump whose apex is at a fre-

quency of 465.866 MHz (see Fig. 1). However, be-

cause the solution frequency 464 MHz is not within

the 3-dB frequency band, this curve may be not very

credible. Therefore, we assigned 465.7 MHz to be

the solution frequency, set the fast sweep frequency

range to be 460.7–470.7 MHz, and let the solver per-

form the adaptive analysis and fast sweep again. This

time we obtained a resonance curve whose resonant

frequency f0 was 466.010 MHz, resonance amplitude
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was about 27.5 dB and 3-dB frequency band was from

465.686 MHz (fL) to 466.332 MHz (fH), so the solu-

tion frequency 465.7 MHz is within the 3-dB frequency

band (see Fig. 2). Using the simulated resonant fre-

quency and 3-dB frequency band, we easily calculated

the loaded quality factor Q to be

Q =
f0
∆f

=
f0

fH − fL

=
466.010 MHz

466.332 MHz− 465.686 MHz
= 721. (1)

In the above expression, fL and fH are the start and

the stop frequencies of the 3-dB frequency band, re-

spectively; ∆f = fH − fL is the width of the 3-dB

frequency band.

Fig. 1. Simulated resonance curve of our resonator (for h = 4 mm, solution frequency = 464 MHz), showing the

whole resonance curve (a) and the details of the resonance curve apex (b) where the solid circles represent the

simulation data.

Fig. 2. Simulated resonance curve of our resonator (for h = 4 mm, solution frequency = 465.7 MHz), showing

the whole resonance curve (a) and the details of the resonance curve apex (b) where the solid circles represent the

simulation data.

In practical measurement, we may consider that our resonator is a nice match for the transmitter–receiver

coil and 50-Ω coaxial cable if we obtain a resonance curve with a resonance amplitude not less than 20 dB, and,

as a rule of thumb, the resonance amplitude may be influenced by the distance between the transmitter–receiver

coil and the resonator. Therefore, it is not sufficient to simulate only one resonance curve corresponding to a

certain distance h between the copper coil and the resonator when we research the resonance characteristics of

our resonator matching the 50-Ω impedance, and we should simulate resonance curves corresponding to different

values of h as many times as possible, as long as their resonance amplitudes are not less than 20 dB.

In fact, besides h = 4 mm, we also simulated the resonance curves for h =3.8, 3.9, 4.1, 4.2, 4.3, and 4.4 mm.

The characteristic data of all these simulated resonance curves are listed in Table 1. Our simulation results
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show that the resonance amplitude may exceed 20 dB when h is in a range from 3.9 mm to 4.3 mm, and that

the resonance amplitude is less than 20 dB when h is 3.8 mm or 4.4 mm. The simulation results for h = 3.9,

4.0, 4.1, 4.2, and 4.3 mm are what we are interested in, for they are the typical resonance characteristics of our

resonator matching the 50-Ω impedance. Using the simulated results of f0 and ∆f for h = 3.9, 4.0, 4.1, 4.2,

and 4.3 mm, we calculated five Q values of our resonator matching the 50-Ω impedance. These Q values are

also listed in Table 1.

Table 1. Simulated resonance characteristics of our resonator for different h values.

h/mm f0/MHz resonance amplitude/dB fL/MHz fH/MHz ∆f/MHz Q

3.8 466.254 18.1 465.894 466.608 0.714

3.9 466.142 21.5 465.800 466.480 0.680 686

4.0 466.010 27.5 465.686 466.332 0.646 721

4.1 465.898 50.1 465.590 466.204 0.614 759

4.2 465.844 28.5 465.550 466.136 0.586 795

4.3 465.746 21.5 465.468 466.020 0.552 844

4.4 465.674 18.7 465.408 465.934 0.526

The above simulation results are quite close to

our practical measurement results. In our practical

measurement, we used a screw arbor to continuously

adjust the distance h between the resonator and the

copper coil. We measured the values of resonant fre-

quency f0, 3-dB frequency band width ∆f , and reso-

nance amplitude of our resonator, when the values of

h were 4.6, 4.7, 4.8, 4.9, 5.0, 5.1, and 5.2 mm. We can

see that these measurement values listed in Table 2 are

quite close to the simulated ones. Because the practi-

cally measured resonance amplitudes for h = 4.7, 4.8,

4.9, 5.0 and 5.1 mm were not less than 20 dB, we cal-

culated Q values from the practically measured values

of f0 and ∆f for these h values. These calculated Q

values are also listed in Table 2.

Table 2. Practically measured resonance characteristics

of our resonator for different h values.

h/mm f0/MHz
resonance am-

plitude/dB
∆f/MHz Q

4.6 458.795 19.98 0.585

4.7 458.773 24.30 0.559 821

4.8 458.758 30.57 0.533 861

4.9 458.743 32.63 0.510 899

5.0 458.728 25.85 0.495 927

5.1 458.698 21.96 0.488 940

5.2 458.683 18.66 0.458

From the simulated and the practically mea-

sured resonance characteristics of our 50-Ω-impedance

matched resonator, we can see that the resonant fre-

quency f0 of the 50-Ω impedance matched resonator

decreases while the quality factor Q of the resonator

increases as the distance h between the resonator and

the copper coil increases. The dependences of the f0

and the Q of the 50-Ω impedance matched resonator

on distance h are shown in Fig. 3.

Fig. 3. Dependences of resonant frequency f0 and qual-

ity factor Q of our 50-Ω impedance matched resonator on

distance h between resonator and copper coil. Panel (a)

shows that f0 decreases as h increases. The solid squares

represent the simulated f0 values corresponding to differ-

ent h values, while the open squares denote the practi-

cally measured ones. Panel (b) shows that Q increases as

h increases. The solid triangles represent the simulated Q

values corresponding to different h values, while the open

triangles denote the practically measured ones.
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Furthermore, comparing the simulated and practically measured resonant frequencies and quality factors

of our resonator matching the 50-Ω impedance with the simulated eigenvalues of the resonant frequency and

the quality factor of our resonator, we can see that the resonant frequency of our resonator matching the 50-

Ω impedance is quite close to the eigenvalue of the resonant frequency of our resonator, but that the loaded

quality factor of our resonator matching the 50-Ω impedance is very different from the eigenvalue of the unloaded

quality factor of our resonator. We think it is natural that there is a large difference between the loaded and

the unloaded quality factors of our resonator. However, the relationship between the loaded and the unloaded

quality factors of our resonator seems to be not very simple, which needs to be further investigated in the future.

3. Conclusion

Using the ANSOFT HFSS, we simulated the resonant frequency and the quality factor of a dielectric res-

onator for the high-Tc rf SQUID when it is unloaded or matched a 50-Ω impedance. The simulated resonance

characteristics of our dielectric resonator matching the 50-Ω impedance are quite close to the practically mea-

sured ones. The simulated and practically measured resonant frequencies of our resonator matching the 50-Ω

impedance are all very similar to the simulated resonant frequency eigenvalue of our resonator without load,

but the simulated and practically measured quality factors of our resonator matching the 50-Ω impedance are

all quite different from the simulated unloaded quality factor eigenvalue of our resonator. Our study shows

that the HFSS is quite suitable for simulating the dielectric resonator used for the high-Tc rf SQUID. We plan

to carry out further studies on the characteristics of dielectric resonators for high-Tc rf SQUIDs by using the

HFSS.
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