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Abstract: A promising material to achieve high inductance and low dissipation in superconduct-
ing quantum circuits is aluminum nitride, which has not been previously studied as a superinductor.
In this project, aluminum nitride thin films have been fabricated and characterized and microwave
resonators have been simulated as the first step of an experiment that will demonstrate aluminum

nitride’s superinductor properties.

I. INTRODUCTION

Superconducting qubits are presently the lead system
to build a quantum computer [1]. In order to reach
large-scale devices, a high-impedance medium presents
interesting opportunities to enhance coherence time and
quantum gate fidelity. An easily implementable method
for doing so are superinductors, which are materials that
naturally showcase a high kinetic inductance [2].

Materials that commonly present a high kinetic in-
ductance are disordered superconductors and, especially,
granular superconductors. An example of these materials
is granular aluminum (grAl). Granular aluminum con-
sists of an aluminum oxide matrix filled with aluminum
grains that connect to each other via Josephson tunneling
[3]. GrAl has been proven to be a superinductor and to
improve quantum circuit operation while demonstrating
a high internal quality factor [2, 4]. Due to the extended
use of nitrides in superconducting circuits (NbN, TiN...),
a promising candidate to be a superinductor is aluminum
nitride (AIN,). AIN, is expected to cause a higher noise
reduction in quantum circuits than grAl. The supercon-
ducting properties of this material, however, are still to
be proven.

In this work, I will characterize AIN, thin films with
different nitrogen content and simulate several resonators
that, in the future, can be fabricated and tested to
demonstrate the attributes of AIN, and other materials
as superinductors. Sec. II presents the theoretical ba-
sis to estimate the kinetic inductance of AIN, and the
resonant frequency of the resonators considered. Sec. ITI
gives experimental details about thin film growth and the
simulation workflow. Finally, experimental and simula-
tion results are summarized and discussed in Sec. IV.

II. THEORETICAL BACKGROUND

A. Kinetic inductance and sheet resistance

Kinetic inductance, L, is the inductance contribution
that emerges from the kinetic energy associated with the
movement of current carriers when establishing a current
in the interior of a conducting strip. In superconducting
metals, it can sometimes be the main source of induc-

tance [5, 6]. As a first guess, we can approximate the
kinetic inductance per square of AIN,; as [4]
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where R, is the normal state sheet resistance of the stud-
ied film and 7T, is the critical temperature of the super-
conductor [7]. In our particular case, we do not know its
value for AIN,, but as an approximation we will use pure
aluminum’s critical temperature, as we expect a value of
the similar order for AIN,, as it happens with grAl: T, a;
= 1.19 K. On the other hand, the normal state sheet re-
sistance is defined as the sheet resistance of a certain
film at a temperature of 4 K. Once again, we do not
know its value beforehand, so it has been estimated as
the sheet resistance at room temperature, which seems to
be a good approximation for disordered superconductors.
Sheet resistance is defined as [8]

R, =2, (2)
t

where p is the resistivity of the given film [9] and ¢ is
its thickness. Resistivity is a measure of the opposition
that a material presents to the flow of charge, and it can
be used to discern metals from insulators. In our case, p
will be used to determine at which concentration of nitro-
gen the mixture shifts from a metal to an insulator and
to detect similarities between this material and granular
aluminum. Moreover, it is around the metal-to-insulator
transition region where we expect the superconductor to
become a superinductor.

B. Resonators

In this work, three different types of resonators will
be used: lumped-element RLC parallel circuits, copla-
nar A/4 waveguides and microstrip A/2 resonators. Some
examples of them are shown in Fig.(1).

A lumped-element parallel resonator consists on a par-
allel RLC circuit in which the dimensions of every part
of the circuit are much smaller than the wavelength of
the electromagnetic waves. In our case, the inductor, L,
is a meandered inductor, the capacitor, C, is an inter-
digitated capacitor, and the resistor, R, is an equivalent
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resistance that accounts for conductor, dielectric and ra-
diation losses that occur in the inductance and the ca-
pacitor [6, 10]. The inductor, placed at the bottom, and
capacitor, placed on top, can be seen in Fig.(1)(a, b).
Resonance happens at the frequency for which the input
impedance of the circuit is purely real, or, equivalently,
when the time-averaged stored electric and magnetic en-
ergies are equal. For an RLC lumped-element circuit,
the resonant frequency is [6, 10]

1
Wo = \/Tic’ (3)

A/4 and A/2 resonators are sections of thin-film trans-
mission line of length [ that satisfy that, at resonance,
I = Xo/4 and I = )Ng/2, respectively, where )y is the
wavelength corresponding to the resonant frequency. The
waves traveling through these devices can be considered
as transverse electromagnetic (TEM) waveguides [10].
These resonators are distributed-element circuits, which
means that their dimensions are a considerable fraction
of the employed wavelength or even several wavelengths
[10]. The \/4 resonators were implemented as copla-
nar waveguides (CPW), surrounded by ground, open-
circuited at one end and short-circuited at the other end,
whereas the A\/2 are microstrips open-circuited at both
ends [11]. The first resonant mode occurs for

. c B c
Jora = 4l\/@’ Jor2 = 21\/@,
where c is the speed of light in vacuum and e.ss is the
effective relative permittivity of the transmission lines.
For frequencies close to resonance, both resonators show-
case a similar behavior to that of lumped-element parallel
RLC circuits, and therefore their first resonant frequency
can be calculated as Eq.(3), with effective L and C [6, 10].

In our particular devices, the power is driven into the
lumped-element and A/4 resonators via a CPW feedline,
which has a characteristic impedance Zy = 50 Q. The
coupling between the resonators and the line is induc-
tive [6, 12]. For the A\/2 resonators, however, the power
is driven by introducing them in a rectangular copper
cavity, with two SMA ports, that will present resonant
modes as well [10].

A useful method to experimentally find the resonant
frequency of a microwave circuit are the so-called S pa-
rameters, which illustrate transmission and reflection of
two-port networks [6, 10]. For the lumped-element par-
allel circuits and A/4 resonators, the magnitude of Sy; of
the feedline presents a minimum at resonance, whereas
for A/2 resonators there is a minimum in the magnitude
of S11 at resonance (see Appendix). Apart from the reso-
nant frequency, we can extract the quality factor, @), from
the S parameters, as the latter have a Lorentzian depen-
dency on frequency. This parameter reflects the losses in
the measured device and can be computed as the reso-
nant frequency divided by the full-width half-maximum
[10].

(4)
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FIG. 1: Different resonators used in this work. (a) First
design of lumped-element resonators. (b) Second design of
lumped-element resonators. (c) A/2 resonators. (d) \/4 res-
onators.

III. METHODOLOGY AND SIMULATIONS

Different AIN, wafers were first fabricated by sputter-
ing [13] at IMB-CNM-CSIC with different concentrations
of Ar and N and measured in order to determine their
sheet resistance and other basic properties. As for their
measurements, their sheet resistance was determined via
the Van der Pauw method [8] and their thickness was
measured with a profilometer and different SEM images.
The data obtained from the measurements of AIN, films
in Table I was used to perform the simulations of the
resonators.

There are 44 resonators in total to be simulated: 20
lumped-element resonators, divided into two different de-
signs, 10 A/4 resonators, and 14 A/2 resonators. The
length of the last two or three fingers, depending on
the design, of the capacitor of the lumped-element res-
onators varies at each device, and the total length of the
distributed-element resonators changes from one device
to another. A selection of them is shown in Fig.(1). [18].

The simulations determine a first approximation of the
resonances to be expected and whether or not the IFAE
aboratory equipment, which can measure between 1 and
8 GHz, is able to reach those values.

Two software platforms were used so as to determine
the resonant frequencies of all our devices: COMSOL
Multiphysics [14] and Sonnet [15]. COMSOL was used
to determine the resonant frequency of the cavity, which
is necessary to discern it from that of the resonators,
via the RF Module and the guidelines included in [16],
adapted to our specific device. A thorough description
of the model is included in Appendix.

To contrast the results of these simulations with the
actual physical cavity, the latter was measured in the lab-
oratory by means of a Vector Network Analyzer (VNA)
[10], shown in Fig.(3). From the obtained data, we were
able to determine its first resonant frequency and its
loaded quality factor via a code that was written (see
Appendix).

On the other hand, Sonnet was used to simulate the
RLC, \/4 and A\/2 resonators. The implemented models
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and simulation process are presented in Appendix.

IV. RESULTS
A. Kinetic inductance of AIN,

The sheet resistance and thickness of AIN, films were
determined as explained in Sec. ITI, while their resistivity
was obtained from Eq.(2) and their kinetic inductance
per square was approximated as Eq.(1).

Some results presented in Table I are shown in a range
for a given concentration of nitrogen. This is due to the
fact that Rs and p were not uniform across the entirety of
the surface: their values seemed to be lower at the edges
of the wafer. A possible cause is that the thickness may
not be as consistent as previously thought. Moreover, the
width of the range increases with higher amounts of of ni-
trogen. That indicates that this inhomogeneity increases
with increasing concentration of nitrogen, perhaps due to
increasing granularity.

From Fig.(2), we can clearly differentiate three distinct
regions according to AIN, resistivity as a function of the
concentration of nitrogen. The first one covers percent-
ages between 0 and 7.5-10% of N and shows a lower value
of resistivity, which indicates that the material behaves
as a metal. There is a second region that ranges from
10% to 15-20%, at which AIN, has a much larger value
of resistivity. This region can be understood as the tran-
sition region from metal to insulator. Finally, above 15-
20% the resistivity is not measurable, which means that
the material is showing an insulator behavior and can be
considered to be fully nitridized.

From the data presented in Table I, AIN, might be,
in fact, a superinductor, reaching values of kinetic in-
ductance of several nH per square, which was the main
hypothesis and motivation for this work.

With the aim of carrying out a more detailed depiction
of the different p values of AIN, and, especially, to study
the transition region, the concentrations 5%, 7.5%, 10%

% of N R, (1) t (nm) p (u2-cm) Ly (FF)

0 0.15 228 3.42 0.17
3.75 2.45 96.2 23.569 2.8

5 3.55 100 35.5 4.1

7.5 2.58 101.6 26.2128 3

10 14.5 83 120.4 16.5
11.7 24-32 97 233-310 27.7 - 37
13.3 84-120 94.6 795-1135 97 - 138.6
14.2 216-498  97.3  2101-4845 249.6 - 575.4

15 950-3170 127  12065-40259 1097.6 - 3662.5
20 Not meas. 47 - -

TABLE I: Values for sheet resistance, thickness, resistivity
and kinetic inductance per square for different concentrations
of nitrogen during the sputtering process.
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FIG. 2: Resistivity of AIN; as a function of the concentration
of nitrogen, according to the data presented in Table I.

and 11.7% where chosen as those to be used in the forth-
coming simulations. For this last percentage, the average
between the minimum and maximum values of obtained
kinetic inductance was used as a first approximation.

B. Cavity simulations

The resonant frequency of the physical cavity was
found to be fy = 7.5327 GHz, and its quality factor was
determined as (Q = 5332. On the other hand, the reso-
nant frequency extracted from the simulations was fy =
7.5715 GHz, and its quality factor was Q = 5824. Al-
though the plots presented in Fig.(3) are slighly different
in terms of the reached |Sa1| values, the resonant fre-
quency and quality factor obtained from the simulations
are similar to those of the physical cavity. The differ-
ence between them, however, might be a consequence
of the dimensions of the simulated cavity not accurately
matching those of the actual cavity, an effect of the exter-
nal circuitry introduced by the presence of the VNA or
any other conductor losses that have not been properly
introduced in the model.

-10 — Physical cavity
— Simulation

|521] (dB)
S

7,52 7,53 7,54 7,55 7,56 7,57 7,58
Frequency (GHz)

FIG. 3: |S21| as a function of frequency of the copper cavity,
according to the data obtained from the VNA measurements
and the COMSOL simulations. As an inset, setup of the VNA
measurements.
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FIG. 4: Resonant frequency as a function of the geometric
features that vary from one resonator to another, depicted as
insets, according to the data obtained from the Sonnet sim-
ulations, for different concentrations of nitrogen. (a) First
lumped-element resonators. (b) Second lumped-element res-
onators. (c) A/4 resonators. (d) A/2 resonators, for a con-
centration of 10% of N.
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C. Resonator simulations

From Fig.(4)(d), we can clearly see that the resonant
frequency of the A/2 resonators follows the hyperbolic de-
pendence pointed in Eq.(3), as expected. However, the
resonant frequencies of the lumped-element and A/4 res-
onators follow a linear distribution. The reason for this
unexpected behavior relies on the design and definition of
the resonators. For the lumped-element ones, the linear
dependence might just be a fortuity, and it can, indeed,
be much more complicated than it seems and only locally
linear. In this case, what changes at every device is the
length of two or three fingers, thus modifying the capac-
itance of the resonator. However, this variations might
follow a not even analytically solvable expression, con-
trary to what happens when all the fingers shift [17]. On
the other hand, for the A/4 resonators, as their resonant
frequency satisfies that of Eq.(4), the different lengths of
the resonators were chosen with the purpose of having a
linear dependence. Nonetheless, we stress from Fig.(4)(a-
¢) that the frequencies are higher when the kinetic induc-
tance is lower, and conversely, which reflects the depen-
dency of the resonant frequency shown in Eq.(3).

Additionally, from the distribution of currents at reso-
nance shown in Fig.(5) we can confirm the expected be-
havior of each resonator: the A/2 ones show half a wave-
length, with two minima at the ends of the resonator and
a maximum between them, the A/4 ones show a quarter
of a wavelength, with a minimum at one end and a maxi-
mum at the other end, and the lumped-element ones have
their charge in the inductor [6].

Another confirmed distinctive trait of each resonator is
depicted in Fig.(6), showing the minima of |S11| and | S|
that were expected at resonance for the \/2 resonators
and the \/4 and lumped-element resonators, respectively.

From the range of obtained frequencies, we can con-
clude that, at least at a first glance, all lumped-element
and A/4 resonators and the 4 longer A/2 resonators can
be measured with the available machinery at the facilities
of IFAE.

(a) (b) _
3752 14922
1876 7460.9
o Il o I
©
9014
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FIG. 5: Distribution of currents at resonance of the resonators
in Fig.(1). The scale is in amps/meter. (a) A\/4 resonators.
(b) First lumped-element resonators. (c) A/2 resonators.
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FIG. 6: Minima of the corresponding S parameters of the
resonators in Fig.(5). (a) First lumped-element and /4 res-
onators. (b) A\/2 resonators.

V. CONCLUSIONS

The most relevant outcome of this work is the apparent
superinducting behavior of aluminum nitride. Whether
or not AIN, is, indeed, a superinductor, still remains to
be clarified by the experimental realization of the simu-
lated resonators. These simulations have shown that all

the lumped-element and \/4 resonators and 4 of the \/2
resonators are measurable with the laboratory equipment
at IFAE, up to 8 GHz.

Furthermore, COMSOL and Sonnet have been proven
to be exceptional simulation software tools, as the simu-
lation of the cavity has shown. Their performance, how-
ever, could be improved. In the case of Sonnet, that
could be done by using a smaller meshing for the lumped-
element resonators and conformal meshing for the \/4
resonators and further narrowing the simulation sweeps.
For COMSOL, it is advisable to simulate both the cav-
ity and the resonators as a single system to see if their
resonant frequencies are affected by being coupled.

The next steps to follow are to fabricate the resonators
that have been pointed as measurable from the simula-
tions and to measure them at low temperature at the
dilution refrigerators of the laboratory. From their res-
onant frequency, the kinetic inductance of AIN, will be
ascertained. Other parameters that will be extracted as
well are the normal state sheet resistance of the films and
the critical temperature of AIN,.

The ultimate stage of this work is to incorporate AIN,
in superconducting quantum circuits, which will, at last,
demonstrate the enhancement that aluminum nitride is
expected to occasion to quantum gate algorithms.
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VI. APPENDIX
A. Scattering parameters

The scattering parameters or S parameters are defined
for a two-port network as [10]

Vi Vv,

S, = L Sy = —2
11 ‘/1_;’_ 21 V1+
Vi V-

Sip= - Sp=_2,
V5" a5

where VI represents the voltage wave incident at the
port n and V,~ symbolises the voltage wave excited from
the port n. We stress that, generally, these parameters
are complex numbers and will have a certain amplitude
and phase.

An easier approach to the scattering parameters can be
achieved by the transmission matriz or ABCD matriz,
another describing factor of two-port networks . This
matrix satisfies that [10]

A B
C D

Wi
I,

Vs
I

b

where V7 and I; represent the voltage and current at port
1, whereas V5 and I represent the voltage and current
at port 2.

The conversion between the ABCD matrix of a mi-
crowave two-port network and its corresponding S pa-
rameters is [10]

A+ B/Zy—CZy—D

S = A+ B/Zy+CZy+ D’
o 2(AD — BC)
YT AYB/Zy+CZy+ D’
o _ 2
T A+ B/Zy+CZy+ D’
~A+B/Zy—CZy+ D
522:

A+ B/Zy+CZy+ D

The input impedance of open-circuited \/2 resonators
for frequencies close to that of resonance (that is, fre-
quencies of the form w = wp + Aw, where Aw is small) is
[10]

Treball de Fi de Grau

From this equation, the analogy between \/2 resonators
and lumped-element RLC parallel circuits is clear, as,
for the latter [10],

1
"L 9jA0CT
Each type of circuit has a different ABCD matrix. A/2
open-circuited resonators can be considered as shunt ad-
mittances, due to their similarities with lumped-element
RLC parallel circuits. For these circuit elements, the
ABCD matrix takes the form of [10]

10
Y 1

9

where Y is the admittance of the circuit, which is Y =
1

Zin®
For the \/2 resonators, we obtain the parameters

¢ o YZy al—&-jAT“;’T
W= =m0 Y 2, 2+al+jAT°;”
2
(al)? + (ATU;”)
1S11]* = |S22|* = 3
(2+al)? + (2ez)
wo
2 2
PTTHT4YZ 2 al vl
4
|S12]* = |S21]* = 5
(2+al)? + (M)
wo
From these last equations, for Aw = 0, which cor-

responds to resonance, |Si1|? presents a minimum and
|S12]? presents a maximum.

For the lumped-element and \/4 resonators, the rea-
soning is different, as the power is driven to them via a
feedline and it is the transmission and reflection of the
latter, and not the resonators, that is studied. The res-
onators present a certain input impedance, which has
a maximum value at resonance [10]. Due to this input
impedance, the resonators take power from the feedline,
presenting a higher leakage at resonance [10]. Because of
that, the transmission of the feedline, represented by its
So1 and S12 parameters, will have a minimum when res-
onance occurs, as the input impedance is maximum. A
thorough explanation of this phenomenon, by consider-
ing the effective impedance of the entire resonant section
and finding its S parameters and ABCD matrix, is in-
cluded in [6]. We note that, for the \/2 resonators, their
input impedance is maximum at resonance as well, and
this can also explain the minimum in their transmission
parameters.
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FIG. 7: Geometry and dimensions, in mm, of the simulated
cavity.

B. Cavity simulations and code

The first step to set up the model is to select in
the model wizard the 3D, “Electromagnetic Waves, Fre-
quency Domain” and “Frequency Domain” options.

Firstly, the shape and different elements of the instru-
ment were defined. The geometry and dimensions of the
model are displayed in Fig.(7). 2 work planes were used
to define the shape of the sides of the cavity, and later
the “Extrusion” tool was used to connect them, achiev-
ing the desired shape. The SMA ports were implement
as two coaxial cylinders each that rise from the base of
the cavity. To correctly set them, the “Difference” tool
was used to extract the shape corresponding to the top
of the cylinders from the base of the cavity.

After that, the materials were defined. They were cho-
sen from the available library at COMSOL as copper for
the metal boundaries, air for the interior of the cavity and
the smaller cylinders and teflon for the space between the
two cylinders of each port. The relative permittivity, rel-
ative permeability and electric conductivity of the latter
were set to be 2.1, 1 and 1072% S/m, respectively.

An impedance boundary condition was then applied to
account for the losses due to the finite electric conductiv-
ity of the walls. The input and output ports were placed
at the end of each one of the cylinders that work as SMA
ports. The meshing of the simulation, in this case, was
made of free tetrahedrals.

When performing the simulations, a first broad range
of frequencies between 1-16 GHz was chosen, and when
the resonant frequency was localized as a dip in the mag-
nitude of S1; or, equivalently, a peak in the the magni-
tude of Sy1, the range was refined around those values.

It is notable that a first and more simplified approach
was tried, but it was discarded as the simulation time,
which is of about 10-15 minutes for every simulation, was
minimally affected and the results much more resembled
those to be expected.

As mentioned in the main text, the quality factor, Q,
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can be extracted from the S parameters as the resonant
frequency divided by the half-power bandwidth, which,
for loaded circuits, corresponds to the -3 dB bandwidth
[10]. This was done for the cavity by a code.

Given a data spreadsheet, the code developed in the
context of this work searched for the frequency that oc-
casioned a higher S3; parameter, which, for the cavity,
corresponds to resonance. After that, it sought for the
frequencies whose Ss; parameter was the closest to that
of the resonant frequency minus 3 dB. There are two val-
ues that achieve that: one for a frequency higher than res-
onant frequency and another lower one. The bandwidth
was then calculated as the difference between those two
values. Finally, the quality factor was computed as the
division between the resonant frequency and the band-
width.

C. Resonator modelling

The first step of the simulation process is to define
the geometry of the device. This can be done by either
importing a GDSII file with the design or by drawing
it with the different utilities at the “Insert” and “Edit”
toolbars.

For the \/2 resonators, only the proper resonator has
to be included for the model, while for the A/4 and
lumped-element resonators the feedline and ground need
to be added as well.

The amount of ground that is used can affect the res-
onant frequency of the design, due to the coupling with
the resonators. The necessary amount to be used needs
to be determined by running several simulations, each
of them with an increasing quantity of ground. Once
we find that the resonant frequency does not change by
adding more ground, we can set that amount as the one
to use. This quantity should not be excessive either, since
in that case the simulation time would be considerably
increased. 276 pm, 444 pm and 750 pm of ground were
used for the first lumped-element resonators, the second
lumped-element resonators and the \/4 resonators, re-
spectively.

Once the geometry is completed, a proper box to en-
capsulate the resonator needs to be defined. For the \/4
and lumped-element resonators the size of the box has to
be just as big to fit the resonator, feedline and ground,
with no free space between the wall of the box and the
limit of the resonant device. On the other hand, for the
A/2 resonators the box was slightly greater than the de-
vices.

It is of vital importance to define the size of the cells
that conform the staircase meshing. This size has to be
such that it is at most half of the smallest element in
the device. The smaller the meshing, the more accurate
the results will be, but they will also take more simu-
lation time, and therefore we must find an equilibrium
between those factors. For the first lumped-element res-
onators this cell was of 1 ym, as the distance between the
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resonator and the ground is odd, for the second lumped-
element and /4 resonators it was of 2 ym, as the small-
est distances was 4 pm, and for the A/2 resonators it
was 20 pum. The use of conformal meshing for the A\/4
resonators, as it is recommended in the Sonnet documen-
tation for curved elements, was discarded as it drastically
increased the simulation time from 30 minutes to 8 hours
while only introducing changes in the second decimal of
the resonant frequency.

After defining the cell size, it is relevant to make sure
that all the vertices and lines of our geometry coincide
with vertices of the meshing. If this does not happen,
the simulation time will be negatively affected.

At this point, the only remnant thing to do to complete
the geometry of the resonator is to add the two ports of
the network, which have to be placed at the sides of the
box. For the resonators that lie next to the feedline, the
ports were placed at the edges of the feedline, whereas
for the A/2 ones we placed them just above and below
the resonator.

The next step is to define the different materials that
conform our sample. For the substrate, “Silicon (intrin-
sic)” was selected from the library available at Sonnet
and set the dielectric loss tan to be 5.5 - 1075 and the
conductivity to be of 0 S/m. The thickness of the ma-
terial was of 500 pm, which is the usual thickness of the
substrate of any chip. The rest of the parameters should
remain untouched. On the other hand, for the metal
layer “Aluminum” was chosen from the available library

Treball de Fi de Grau

as the planar metal to use. The “General” model was
selected, which is appropriate for models of infinitesimal
height that can be modeled as a 2D sheet. All the pa-
rameters that account for resistance were set to be 0, as
the experimental measurements will be done in the range
of temperatures for which AIN, behaves as a supercon-
ductor and therefore its resistance is null. However, the
sheet inductance was modified according to Table I, de-
pending on the different percentages of N desired to por-
tray. Lastly, the top material of the sample was defined
as “Air”. Any parameters have to be changed, apart from
setting the thickness to be of 5000 pm.

The last step before starting the simulation is to define
the frequency sweeps. They were performed as adapta-
tive sweeps and the currents were computed too. Af-
ter the first simulation is performed, it needs to be re-
fined. This is achieved by changing the frequency in
the sweep, shortening the range around the resonant fre-
quency. Once we have narrowed the range enough, we
can make use of the current computation to find the ex-
act resonant frequency as the one that makes the currents
to be stronger and reach a higher value. The sweeps of
the lumped-element resonators have to be around smaller
values so as not to excite non-desired distributed-element
resonant modes.

These simulations were performed at the Port
d’Informacié Cientifica server in order to minimize the
simulation time.
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