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Multiresonance Measurement Method for
Microwave Microscopy

Roman Joffe, Reuven Shavit, Senior Member, IEEE, and Eugene Kamenetskii

Abstract— Nondestructive tests in microwave frequencies for
dielectric parameters evaluation with high spatial resolution have
a great significance in many fields of material science. In this
paper, we present a new method for the dielectric parameter
characterization based on the displacement of the multiresonance
spectrum of the magnetostatic (MS) oscillations in a thin-film
ferrite disk due to loading by a dielectric sample. The effect
is manifested by shifting and widening of the MS spectrum
that is dependent on the relative permittivity of the sample.
The correlation between the MS spectrum characteristics is
used in a postprocessing analysis to enhance the separability
of noisy data and thereby increase the measurement accuracy.
The experimental and numerical results have shown the ability to
accurately evaluate the dielectric parameters of the load sample
under consideration. The simplicity of the measurement in a
wide range of operating frequencies along with nondestructive
sensing with a subwavelength resolution of 100 ym complies with
the current requirements of scanning microwave microscopy.

Index Terms— Dielectric measurement, microscopy, microwave
measurement.

I. INTRODUCTION

ICROWAVE methods and equipment for noninvasive

sensing with high spatial resolution are necessary and
promising for fields such as nondestructive tests, defects’
detection in microelectronic industry, local characterization
of dielectric materials, and medical diagnostics [1]-[3]. The
existing electromagnetic techniques for materials charac-
terization can be classified into the following categories:
transmission-line techniques, free-space techniques, and reso-
nant techniques. All of these methods have their disadvantages
and limitations. The transmission line techniques require prior
preparation of the embedded samples [4]. The free-space tech-
niques require the use of very large samples, which are placed
between special antennas with lenses [5]. In the resonant
techniques, the sample is a part of the resonator and must
have a specific shape determined by the cavity [6], [7]. The
main drawbacks of these methods are that they are destructive
and the obtained spatial resolution for identifying any artifact
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in the sample is limited by the measurement wavelength.
To overcome these limitations, nondestructive and noncontact
measurement techniques with subwavelength resolution are
needed.

Synge [8] was the first to develop a scanning optical micro-
scope, which used evanescent near fields as probing fields.
When a pointlike field source is brought in close proximity
to the sample, the evanescent field is still strong enough
to substantially interact with the sample, thereby allowing
measurement at a resolution surpassing the diffraction limit.
Further this concept led to the development of near-field
microscopy using evanescent microwave fields. Near-field
microwave microscopy can be classified into broadband and
narrow-band resonant systems. Broadband characterization
systems typically use electromagnetic waveguides with an
open end or a narrow slot as a near-field source to determine
the changes of the system reflection coefficient as a result of
the loading sample [9]-[11]. In resonant systems, the scanning
probe couples the energy to the microwave cavity. Usually,
the microwave cavity used is a quarter-wavelength resonator
such as coaxial, microstrip, or stripline [12], [13]. As a general
rule, resonant systems are more sensitive because the signal-to-
noise ratio (SNR) in a resonator increases with the resonator
quality factor (Q-factor). Thus, they are very efficient in a
narrow frequency band for which they are designed. The use of
electrically long transmission line resonator allows generating
a quasi-continuous set of resonances over a frequency band to
be exploited in order to have high sensitivity measurements.
However, in practice, only few resonant modes are effectively
excited and matched to the measurement system [14].

Both in broadband and resonant microwave microscope
systems, the spatial resolution is determined by the physi-
cal sizes of the probes or slots, and therefore the obtained
spatial resolution is significantly lower than the wavelength.
The state of the arts of the near-field scanning microwave
microscopy (SMM) in terms of spatial resolution and accu-
racy are the hybrid systems of the near-field microwave
reflectometric measurements with standard scanning probe
techniques with the nanometric resolution. The key point of
these systems is the unique combination of accuracy and speed
of vector network analyzer (VNA) along with the scanning
capability of the atomic force microscopy and the probe-
sample control of scanning tunneling microscopy [15]-[18].
Recently, first commercially available tool of near-field SMM
has been introduced by Agilent [19], which has made a huge
contribution to the research of biology, semiconductors, and
material science in nanoscales [20]-[25]. Furthermore, the
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trend of miniaturization also had an impact on the SMM. The
possibility of the integration of near-field microwave sensor
together with the high-resolution scanning system on a single
embedded chip represents the state of the arts in the field of
the development of SMM [26], [27].

Despite of the impressive spatial resolution achieved by
the use of the advanced scanning techniques, the operational
principle of the microwave sensing in SMM systems almost
has not been improved. In the resonant SMM systems, the
operation principle is based on the perturbation method [28].
The coupling of the sample to the resonator affects the stored
energy within the resonator. The changes in the stored energy
within the resonator as a result of the dielectric load are
translated into a change of the resonance frequency and the
Q-factor of the resonator. Since the permittivity of the material
is a complex value, its real and imaginary components are
related to the stored energy and the losses within the material.
Consequently, for the evaluation of the inhomogeneity of the
material dielectric constant, the analysis of the resonance fre-
quency shift is important, while for the material conductivity
value, the Q factor is important [17]. However, when the sam-
ple encounters high losses, we cannot make a clear distinction
between the components that affect the stored energy in the
resonator. The parameters are highly coupled and any attempt
to separate them negatively affects our understanding of the
physical meaning of the problem.

Accurate measurement of high losses materials requires
increasing the SNR of the microscope. In order to increase
the SNR of the near-field microwave microscopy, both the
Q-factor of the resonator and the sensitivity of the probe
must be maximized [29], [30]. Thus, a high-quality resonator
coupled to the optimized probe is essential for high accurate
measurement. A possible way to improve the SNR of the
sensor is to perform the measurement at a number of fre-
quencies, which enables to reach high sensitivity and accuracy
of the measurement over a large dynamic range. Moreover,
it provides richer information about the characteristic of the
sample, which allows the implementation of advanced algo-
rithms for noise filtering, immunity to external interference,
and improvement of detection capabilities.

Recent studies have shown that in thin-layer ferrite disk with
magnetic-dipolar-mode (MDM) oscillations, a rich spectrum
of resonance frequencies with high Q-factor is excited. Strong
energy concentration and unique topological structures of the
near field originated from the MDM resonator allow effective
measurement of the dielectric parameters [31]. A thin metal
wire, placed above the ferrite disk, localizes the near fields
originated from the disk and transfers their unique field
topology to the tip of the wire and thereby allows the scan-
ning ability with subwavelength resolution [32], [33]. In the
proposed method, the dc magnetic field external parameter
is used to set the resonant frequencies of the ferrite disk.
This feature enables to achieve high sensitivity at the required
frequency without any modification of the sensor. Accordingly,
the proposed method bridges the gap between the broadband
and narrow-band resonant systems using the flexibility of con-
trolling the operational frequency along with high immunity to
measurement noise. Consequently, the implementation of the
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Fig. 1.  Analytically calculated resonance frequencies of a ferrite disc
resonator. An analysis was made for a disk with radius of 1.5 mm, thickness
of 50 um, and Mg of 1880 G for three values of bias dc magnetic field
Hy = 4800, 4900, and 5000 Oe.

SMM in the proposed method with a ferrite disk as a resonator
is novel and attractive.

In this paper, we present a novel dielectric measurement
technique based on the simultaneous analysis of two MDM
resonant frequencies. The relative position of the resonant
frequencies expands the performance of the data processing.
The ability of accurate measurement for a wide range of
permittivity values and precise homogenity evaluation of the
load sample in a broad frequency band with subwavelength
spatial resolution makes the proposed technique attractive and
unique.

In measurement setups based on the sensitivity of the
resonances to the dielectric sample loading, the variation of
the resonance bandwidth is used to determine the tand of the
sample. However, in the proposed measurement method, we
use only the spectral positions of the MDMs’ peaks and not
their shapes (bandwidth). In any case, in the proposed setup,
the evaluation of tand is problematic due to the high Q-factor
of the resonances generated by the ferrite disk in the system,
which significantly degrade the tand computation accuracy,
and therefore, we did not concentrate on this objective. Con-
sequently, our focus in the proposed system is on improving
the accuracy of the dielectric constant evaluation.

II. DIELECTRIC LOAD EFFECT ON MDM SPECTRUM

The impact of the dielectric load on the MDM spectrum
is a well-observed phenomenon both numerically and experi-
mentally [31], [32], [34]. However, the full theoretical model
of the interaction has some complex and unexplained aspects.
The very existence of the magnetostatic (MS) potential wave
function (H = —V ) is due to the assumption of neglecting
the displacement current in Maxwell equations [35], [36]. This
assumption immediately raises the question about the role of
the dielectric load in an MS problem, due to the fact that there
is no place for permittivity in MSs. Therefore, any attempt to
illustrate the loading effect of the sample on the MDMs of the
ferrite disk using an equivalent circuit with lumped elements
has no physical meaning.

The analytical calculation of MDM spectrum of the ferrite
disk resonator and their classification to radial, azimuthal,
and thickness modes was made and numerically validated
in [37] and [38]. Fig. 1 illustrates the calculated MDM
spectrum for the main thickness mode and for the first three
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Fig. 2. Geometry of a microwave microstrip structure (sensor) with normally
magnetized ferrite disk and wire electrode. The inset shows the tip—sample
coupling.

radial modes calculated for Bessel functions of order m = 1.
The spectrum obtained for a disk with radius of 1.5 mm,
thickness of 50 um, and Mg of 1880 G for three values of
bias dc magnetic field Hy = 4800, 4900, and 5000 Oe. From
Fig. 1, one can see that the spectral location of the MDMs is
dependent on value of external dc magnetic field and can be
tuned by it.

Previously, several attempts were made by the authors to
theoretically describe the interaction model of the dielectrics
loading on the MDM spectrum due to orbital momentum,
the secondary mechanical torque, and the topological surface
magnetic current [31], [32], [34]. However, these models
give only the physical interpretation to the problem. For full
analysis of the interaction between the dielectric load and
the MDM in the ferrite disk, it is necessary to calculate
full electromagnetic problem. Such a problem was solved
numerically by the finite-element methods [39], [40]

The ANSYS HFSS software allows numerical computation
of the MDM spectral characterization in a ferrite disk. Fig. 2
shows the geometry of an embedded ferrite disk in a microstrip
circuit that allows local measurement with subwavelength res-
olution. The substrate of the microstrip is made from Taconic
RF-35 (¢, = 3.5) with a thickness of 1.52 mm. The width of
the microstrip line is 3.3 mm (Zy = 50 Q). The metallic wire
electrode has a diameter of 140 um and a length of 5 mm. The
tip of the wire extends 1 mm beyond the dielectric substrate
margin. The YIG ferrite disk diameter is 3 mm, and its thick-
ness is 50 xm with a magnetic saturation of Ms = 1880 G.
The external magnetic field is oriented in the normal direction
of the disk as shown in Fig. 2. The tip of the wire distance
to the sample is 50 gm. In [32] and [33], it has been shown
that the wire electrode localizes the ME fields near the tip
of the wire. In addition, it has been shown that the unique
structure of the localized ME fields exist only on the region
of the wire and sharply decays as we move further away from
its surface. Numerical simulations have shown that the spatial
resolution of the sensor is approximately 100 #m (order of the
wire radius), and in addition, the observed azimuthal rotation
of the localized ME fields vanishes 300 xm inside the load
sample. Therefore, one can assume that the penetration ability
of the sensor is approximately 300 xm.
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Fig. 3. Frequency characteristics of the reflection coefficient for the MS
spectrum for different dielectric loadings (HFSS numerical simulation data).
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Fig. 4. Frequency characteristics of the reflection coefficient for the MS

spectrum and different amplitudes of the external dc magnetic field (HFSS
numerical simulation data).

In the simulation of the problem, we have used various
types of cylindrical dielectric loads (¢, = {1, 3, 10, 20,
30, 50, 75, 100}) and three different magnitudes of external
magnetic fields (Hy = {4800, 4900, 5000} [Oe]). Fig. 3
shows the HFSS results of the reflection coefficient (S11) of the
sensor for dielectrics loads with ¢, = {1, 10, 20} when the
external magnetic field is Hy = 4900 Oe. fi is the frequency
of the first mode, and A fi; is the spectral distance between
the second and first modes for each of the loads. In Fig. 3,
one can observe that the resonance frequencies of the MS
modes are inversely proportional to the dielectric constant of
the loads. However, the spectral sensitivity to the dielectric
load of the first mode is higher than that of the second mode.
Therefore, in addition to shifting of the spectrum, we are
witnessing a phenomenon of widening of the spectrum as a
result of the dielectric load. Fig. 4 shows simulation results
of the reflection coefficient S1; for an unloaded (¢, = 1)
sensor and different values of external dc magnetic field
Hp = {4800, 4900, 5000} [Oe].

In Fig. 4, one can see that the spectral distance between the
first and second modes (A f12) is directly proportional to the
magnitude of the external dc magnetic field. The conclusion
that can be drawn from Figs. 3 and 4 is that for each value of
dielectric sample, we will get a unique A f12 curve. The data
presented in Fig. 5 are obtained from the simulation results
of the relation between the first and second MS modes, and
it shows the Afi2(f1) curves for various dielectric values.
The data presented in Fig. 6 are obtained from the data
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Fig. 5. Afj2 as a function of fj for various dielectric loads (HFSS numerical
simulation data).
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Fig. 6. Af2 as a function of ¢ (HFSS numerical simulation data).

presented in Fig. 5, and it shows the relation between dielectric
constant (g,) and Afjp for various frequencies. Based on
the data presented in Fig. 6, one can note that there is an
exponential relation between Afj; and e,. This relation can
be described empirically by

Afia(er) = ale,”) (1)

where o is a coefficient proportional to the spectral distance
between the first and the second radial MDMs of the unloaded
system and S is a dimensionless coefficient. The expression
in 1 characterizes only the described ferrite disk resonator
shown in Fig. 2, for others dimensions and parameters of the
resonator the equation should be recalculated.

IIT. CALIBRATION PROCESS

The proposed functional relation outlined in (1) based on
the spectral analysis can be used for the measurement of
the sample homogeneity and its absolute dielectric constant.
However, for determination of the parameters o and £ in (1),
calibration of the system is necessary. To measure the sample
homogeneity, the calibration process requires a number of
statistical measurements of the sample with different values
of the external dc magnetic field. The range of the required
magnetic fields amplitudes should satisfy the range of the
measurement frequencies. The results of the calibration could
be described by the Afi2(f1) trend line and its variance.
Any deviations from the trend line can be considered as a
nonhomogeneity of the sample.
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Fig. 8. Block diagram of the experimental setup.

In the case of dielectric constant absolute value measure-
ment, the calibration process should be slightly different and
includes two stages. In the first stage, it is necessary to measure
A f12 of the unloaded system, while in the second stage, we
repeat the A fj, measurement of the loaded system with known
samples. This way enables us to calculate the coefficients a
and £ in (1). It is important to note that the values of A f1»
must correspond to the same f; (frequency of the first mode)
throughout the whole process of calibration and measurement.
After the calibration, it is possible to estimate the dielectric
constant of any unknown sample simply by measuring its A f12
and use of (1).

As a validation test for the MS sensor performance,
a simulation of a planar Luneburg lens [41] has refractive
index dependent on the radius r given by n = (¢,)'/? =
Q2 —(r/R)»)'? with R = 1 cm being the lens radius.
Fig. 7 shows the postprocessing results. The Luneburg lens
simulation results illustrate the ability to measure the absolute
value of the dielectric constants as well as the variation of the
dielectric constant along the lens.

IV. EXPERIMENTAL MEASUREMENT

In Fig. 8, one can see the block diagram of the experimental
setup. The sensor (see Fig. 2) and the sample (DUT) are
parts of a three-axis linear transmission system that ensures
noncontact sensing with a tip—sample distance of 50 um when
the tip—sample distance controlled manually by linear stage
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and optical microscope. The external electromagnet provides
the necessary magnitude of the dc magnetic field required for
the ferrite disk. The input and output signals are sampled with
the VNA while the signal processing, control, and monitoring
of the measurement procedure are performed using LabVIEW
(PC-CAD).

In our analysis, we set the central frequency of VNA to
8.5 GHz with a span of 400 MHz and an IF filter bandwidth of
1 KHz. The reason of the selected central frequency is due to
the fact that the excitation microstrip device is matched at this
frequency. The span of 400 MHz allows us convenient analysis
of the changes in spectral characteristics due to the loads.
Another implication of the frequency span choice (400 MHz)
using this setup is that in the proposed method, the results
are valid only for nondispersive materials in the measurement
frequency span. The tradeoff between the measuring speed and
the noise reduction is determined by the bandwidth of the IF
filter. Choosing of IF bandwidth as 1 KHz allows measuring
the spectrum of MDMs with an SNR of 20 dB.

In the proposed measurement method, we use only the
spectral location of the MDMs of the ferrite disk resonator.
For this reason, special preprocess of calibration has been
developed. In the first stage, we have to measure and save
the reflection coefficient of the system without applying a dc
magnetic field. Thereby, there are no excitations of MDMs
in the ferrite disk. The saved data consist only from the
reflection of the microstrip system, cables, connectors, and
the hardware of the VNA. After the supply of the dc magnetic
field to the ferrite disk, the MDMs are excited. The subtraction
of the saved data from the measured gives only the MDMs
peaks on zero baseline. The proposed preprocess of calibration
allows calibrating the system without any disconnection of the
cables and the use of any special calibration kits and thereby
simplifies the measurement procedure.

A. Dielectric Constant Measurement Setup

Equation (1) shows the exponential relation between widen-
ing of the MS spectrum (A f17) and the dielectric constant (&)
of the sample. However, for the estimation of ¢, from Af1»
measurement, the calibration of the sensor is necessary. For
the calibration process, we used a sample with dielectric
constant &, = 100 (K-100; TCI Ceramics). The results of
the experiment were measured and obtained at 8.5 GHz. The
selection of the measurement frequency is done by variation of
the external dc magnetic field magnitude, which stabilizes the
frequency of the first MS mode ( f1) at 8.5 GHz. Consequently,
the operating frequency of the system can change from 1 to
20 GHz without any additional changes in the system (as long
as the system is matched and the received signal is stable).

In the first calibration stage, we have measured the unloaded
system. In this case, the widening of the spectrum was
Afi2 = 139.5 MHz. In the second stage of the calibra-
tion, the sample with dielectric constant ¢, = 100 was
used. For this case, the widening of the spectrum was
Afio = 145.87 MHz. For the calculation of the coefficients
o and f, Afi2(e, = 1) and A f12(e, = 100) were substituted
into (1) resulting in o = 139.5 and f = 0.0097. Accordingly,
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TABLE I
MEASUREMENT RESULTS AT FREQUENCY OF 8.5 GHz

Material e, (Data sheet) | Afio [MHz] | &, (Measured) | Error (%)
Taconic RF35 3.5 141.11 3.25 7.14
FR4 4.3 141.46 4.18 2.79
K-30 30 144.31 32.9 9.66
K-50 50 144.83 47.8 4.4
TABLE 11

COMPARISON BETWEEN MEASUREMENT AND NUMERICAL DATA

e | Afia [MHz] (Experimental) | A fjo [MHz] (Numerical)
30 144.31 145.9
50 144.83 146.9
100 145.87 148.3

the relation between A fi; and ¢, is A fi2(g,) = 139.5 £,0-0097
During the measurement process of A fj», it is necessary to
control f1 to be constant at 8.5 GHz. Some known dielectric
samples with ¢, = 3.5 (Taconic RF-35), ¢, = 4.3 (FR4),
& = 30 (K-30; TCI Ceramics), and ¢, = 50 (K-50; TCI
Ceramics) were measured, and their dielectric constants were
computed using (1) for validation purposes. The measurement
results are summarized in Table I. From Table I one can see
that the measurement errors between the proposed method and
the conventional techniques are less then 10%.

Table II shows some experimental measurement results
in comparison with the corresponding numerical results
(see Fig. 5).

The differences between the numerical and experimental
results are due to the influence of environment conditions
(temperature stability, current drift, etc.) and the value of the
demagnetization factor of the ferrite disk, which may be in
error due to non-uniformity of the magnetic field in the disk.
All these factors are not taken into account in the numerical
simulation. In the numerical simulation, the ferrite disk is
uniformly magnetized; actually, there is a demagnetization
factor of the disk that along with the inhomogeneity of
the external dc magnetic field leads to the inhomogeneous
magnetic field in the disk. In the experiment, we waited until
the MDM spectrum became stable.

B. Increase in SNR Using Multiresonance Sensing

Multiresonant sensing while maintaining the bandwidth is
equivalent to an increase in the SNR (the ratio of the expected
signal value to the noise variance) of the measurement.
In addition, this kind of sensing enables signal postprocessing
methods using shifting and widening of the resonance peaks.
In Fig. 9, one can see the f; and Afj» measurement data
for two different materials (Taconic RF35 and FR4). For each
material, 50 samples were taken.

Fig. 9(a) shows the position of the first mode frequency
that was set at 8.5 GHz throughout the entire measurement
process. Fig. 9(b) shows the spectral distance between the first
and second modes. One can see that the average value of A fi,
for FR4 is higher than the average value for Taconic RF35.
However, the measurement data are noisy and it is impossible
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is 200 KHz. From Fig. 11, one can see that the measurement
error is less than 1%.

V. CONCLUSION

In this paper, multiresonant sensing is used to increase the
performance of permittivity measurements of the sample. The
setup realization is based on the spectral analysis of an MS
sensor, using a thin-layer ferrite disk resonator with MDM
oscillations and metallic wire electrode as a concentrator of
ME fields. The analysis of the influence of dielectric load on
the MDM spectrum showed that there is a correlation between
the widening of the MDM spectrum (A f12) and the dielectric
constant of the load. The data postprocessing method based
on spectral analysis has been proposed and confirmed both
numerically and experimentally. Finally, it has been shown
that the sensor is able to identify an error in the material
homogeneity with an accuracy of less than 1% and measuring
the absolute value of the dielectric constants in a wide range
of frequencies at a subwavelength resolution of 100 xm.
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Fig. 10. Afi2(f1) curves for Taconic RF35 and FR4 (experimental results).
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Fig. 11. Expected value and the variance of dielectric constant.

to identify a threshold that gives 100% probability of detection.
Despite the fact that the SNR of the measurement is low, one
can see that exists a correlation between the noise in f; and
Afi2. The correlative noise in the measurements of f; and
A f12 in fact is enriching the data of A f12(f1) curve. Therefore,
this makes it possible to increase the separability of the data,
which is equivalent to an increase in the SNR measurement.
Fig. 10 shows the measurement data and its trend lines in
(f1,Af12) space.

From Fig. 10, one can see that after the implementation
of the spectral analysis method, it is possible to select the
threshold that improves the overall performance. The variance
of A fi, relative to the trend line is about 200 KHz. To estimate
the accuracy of the dielectric constant measurement, it is
necessary to substitute the variance of Afj, into (1). Fig. 11
shows the error (variance) as a function of the expected value
of the dielectric constant given that the variance of the Afi»
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