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Abstract: This paper describes the use of microwave technology to identify anti-counterfeiting
markers on banknotes. The proposed method is based on a robust near-field scanning microwave
microscope specially developed to measure permittivity maps of heterogeneous paper specimens at
the micrometer scale. The equipment has a built-in vector network analyzer to measure the reflection
response of a near-field coaxial probe, which makes it a standalone and portable device. A new
approach employing the information of a displacement laser and the cavity perturbation technique
was used to determine the relationship between the dielectric properties of the specimens and the
resonance response of the probe, avoiding the use of distance-following techniques. The accuracy of
the dielectric measurements was evaluated through a comparative study with other well-established
cavity methods, revealing uncertainties lower than 5%, very similar to the accuracy reported by
other more sophisticated setups. The device was employed to determine the dielectric map of a
watermark on a 20 EUR banknote. In addition, the penetration capabilities of microwave energy
allowed for the detection of the watermark when concealed behind dielectric or metallic layers.
This work demonstrates the benefits of this microwave technique as a novel method for identifying
anti-counterfeiting features, which opens new perspectives with which to develop optically opaque
markers only traceable through this microwave technique.

Keywords: document fraud; microwave imaging; near-field scanning microwave microscope; per-
mittivity

1. Introduction

Even though digitalization is changing today’s society, currency counterfeiting or
document fraud are still serious threats that weaken economies and allow criminals to
have a certain freedom of movement [1]. Anti-counterfeiting techniques are continuously
being improved to incorporate innovative solutions to prevent document fraud, such as
luminescent nanowire-based papers, invisible photoluminescent inks or chipless-RFID
technologies [2–4].

Banknotes, for example, include a vast number of security features to prevent coun-
terfeiting, consisting in the addition of markers that produce traceable properties in a
certain range of the electromagnetic spectrum [5–7], such as watermarks, security threads,
holograms, optically variable inks, micro lettering, intaglio printing, and infrared (IR),
ultraviolet (UV), or magnetic (MG) marks. Among all these elements, watermarks are one
of the most widely recognized security features by the common user. These marks are
made by the deposition of cellulosic fibers with different densities during the production
of the paper sheet, creating images that are visible when viewed against the light and are
usually counterfeited by digital printing on the paper [8], which can be hard to detect by
only visual means. Concerning the methods for identifying anti-counterfeiting features,
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watermarks, security threads, holograms, optically variable inks, and micro lettering are
commonly detectable in the visible spectrum. Other security features generate a differ-
ential mark in the visible spectrum when illuminated with IR or UV light. These and
other additional security features are typically employed by anti-counterfeiting machinery
used in stores, ATMs, banks and for forensic verification through IR, UV, MG, or X-ray
sensors. However, to the best of our knowledge, the microwave part of the electromagnetic
spectrum has not been used before to detect any kind of security feature in document or
banknote anti-counterfeiting applications.

Microwave spectrum refers to electromagnetic signals between 300 MHz and 300 GHz [9].
Microwave signals might outperform existing anti-counterfeiting technologies at different
frequency ranges, since electromagnetic radiation at microwave frequencies shows certain
penetrability in some materials, such as metals, dielectrics, or semiconductors, allowing
for the development of optically opaque markers that are only traceable with microwave
detectors.

Permittivity is a fundamental property of dielectric materials describing their inter-
action with electromagnetic fields [10] and is the most studied parameter at microwave
frequencies. Permittivity studies have historically been linked to telecommunications
systems [11]; nevertheless, microwave techniques for non-destructive testing and eval-
uation have also been frequently employed for a good range of industrial and scientific
applications [12–16].

Permittivity measurement techniques have usually been designed to fit the specific size
and shape of the samples under analysis [10]. For laminate and homogeneous dielectric sur-
faces, the preferred methodologies are based on stripline or microstripline resonators [17,18],
split cylinder resonators [19–21], split-post dielectric resonators [22], or open-ended cou-
pled coaxial probes [23]. However, for heterogeneous planar materials, near-field scanning
microwave microscopes (NSMM) can provide dielectric property maps, directly related to
the different components of the materials under test (MUT).

NSMM devices can measure the electromagnetic response of materials on a length
scale significantly smaller than the wavelength of the emitted signal [24]. This involves
a probe tip size (D) shorter than the probe-to-sample distance (r) and far shorter than
the wavelength of the electromagnetic wave (λ) in order to ensure near-field radiation
(D ≤ r << λ). Thus, the spatial resolution is given by D instead of λ.

The basic design of a typical NSMM comprises a near-field evanescent probe, a
microwave source and detector (typically a vector network analyzer, or VNA), and a
positioning (X–Y axis) stage to perform the pixel-by-pixel scanning of a sample of planar
materials [25]. Even though there is a remarkable diversity of structures utilized as aper-
tures for the evanescent probes, sharp coaxial tips are the most widely employed [24–26].
Two main detection modes are used depending on the probe configuration [24]. The
non-resonant mode involves a transmission line section wherein detection is achieved
by monitoring the electromagnetic wave reflected or transmitted from the sample. The
resonant configuration, on the other hand, tracks the changes in the resonance parameters
(resonant frequency and quality factor) caused by variations in the sample properties.

There is also diversity in the way that the measurable quantities—reflection, trans-
mission, or resonance parameters—are related to the physical properties of the materials,
including permittivity. These works include procedures such as lumped element models,
full-wave analysis, or the cavity perturbation method (CPM) [27–29].

Recent developments in near-field scanning microwave microscopy have focused
on increasing the special resolution to the nanoscale level [30]. To achieve such a high
resolution, employing a distance-following technique is essential to keep the probe either
in soft contact or at a distance of only a few nanometers from the sample [26]. Thus,
NSMM devices with nanometer resolution require the support of a different nanoscale
microscope technology, such as that of atomic force microscopes (AFM) or scanning tunnel-
ing microscopes (STM), to meet the distance-following needs. However, the detection of
anti-counterfeiting features, especially watermarks, would require lower resolutions than



Sensors 2021, 21, 5463 3 of 14

nanoscale, and can benefit from a micrometer scale NSMM device with a much simpler and
compact set-up, wherein permittivity measurements on larger non-homogeneous samples
could be performed.

In this work, we describe the unprecedented use of microwave energy (technology)
for the identification of markers on anti-counterfeiting applications. We employed a
micrometer scale NSMM specially developed to detect the density variations of paper inside
a banknote watermark through permittivity maps. In addition, the unique penetration
capabilities of electromagnetic waves at microwave frequencies allowed the detection of
new opaque markers hidden behind dielectric or metallic layers, only traceable with this
microwave technique.

The developed NSMM device allows for the permittivity measurements of heteroge-
neous planar materials around the ISM microwave frequency of 2 GHz. An in-house vector
network analyzer was embedded in the device to measure the response of the near-field
probe, thereby avoiding the need for a full-featured VNA and making the instrument
portable and easy to use. Unlike previous approaches, the permittivity calculation made
use of a displacement laser and an enhanced CPM with calibration coefficients for different
tip-to-sample distances, avoiding the need of distance-following techniques and increasing
the robustness of the system.

Additionally, the detection capabilities of the proposed device can provide scientists
and industrialist with a convenient tool for a wide range of sensing applications to analyze
and characterize heterogeneous planar objects.

2. Design of the NSMM
2.1. The Near-Field Microwave Probe

Figure 1 shows a drawing of the near-field evanescent probe implemented in the
NSMM. The probe was designed as an open λ/2 coaxial resonator [26]. A section of a
standard rigid RG405 coaxial cable was used to manufacture the central section of the
resonator.
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Figure 1. Geometry of the coaxial resonator implemented in the near-field microwave microscope,
Lcav = 55.4 mm and Rtip ≈ 25 µm.

The near-field radiating end of the coaxial aperture was sharpened to increase the
spatial resolution when positioned close to the MUT, around 25 µm [31]. An SMA female
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connector was fitted to the other end of the RG405 coaxial cable to connect the resonator to
the microwave emitter and receiver. Taking this set-up into account, we fixed the length of
the cavity to 55.4 mm for an operating frequency of around 1.85 GHz, choosing the first
resonant frequency of the coaxial resonator.

The feeding network used to couple the microwave energy into the resonator was a
capacitive coupling gap created by bringing the open end of the resonator close to another
open-ended section, implemented by cutting the inner conductor of a male–male SMA
adapter.

Finally, this SMA adapter was connected to the microwave analyzer that generates the
microwave signals required by the evanescent probe to interact with the MUT and receive
a response to be able to establish the resonator’s resonance parameters.

2.2. Single-Port Microwave Analyzer

Figure 2 depicts a schematic diagram of the electronic module developed to operate
the NSMM device. The generation and reception of microwave signals is comprised of
four main subsystems: microwave transmitter, microwave receiver, separation network,
and control unit.
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Figure 2. Schematic diagram of the in-house vector network analyzer for measuring the reflection (S11) of the near-field
microwave microscope.

The microwave transmitter was based on an ADF4113 (Analog Devices) frequency
synthesizer, which, together with an external loop filter and a voltage-controlled oscillator
(ROS-2500 Mini-Circuits, Brooklyn, NY, USA), formed a complete PLL able to run frequency
sweeps around the resonance of the microwave microscope (2 GHz). The separation
network included two directional couplers (BDCA 1-7-33+ from Mini-Circuits, Brooklyn,
NY, USA) that were used to isolate the reference signal from the transmitter and the
reflected signal from the near-field coaxial cavity.

These two signals were compared inside the receiver, which was based on an AD8302
RF/IF gain and phase detector (Analog Devices, Norwood, MA, USA) [32], providing
analog outputs depending on the magnitude loss ratio and the phase difference between
inputs. All the signals were converted to digital by a control unit based upon a micropro-
cessor system and connected to a personal computer for further processing. Together, all
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these devices made up an in-house affordable single port VNA (reflectometer) similar to
the system reported in [33].

In this new design, the PIC16C773 microcontroller of [33] was substituted by an Ar-
duino DUE open-source electronics platform based on a 32-bit ARM core microcontroller.
This platform allowed a convenient integration of the microwave devices and the mechan-
ical X–Y positioning system, which thus reduced the latency times associated with the
synchronizing of all the parts and increased the scanning speed.

The Arduino board and the LabVIEW-based software controlled the whole measure-
ment process from the output magnitude and phase signals of the receiver to the calculating
of the resonance parameters and dielectric properties, as well as displaying the results.

A standard calibration procedure with an OSL calibration kit (85052B Standard Me-
chanical Calibration Kit-3.5 mm, Keysight Technologies, Santa Rosa, CA, USA) was set
from 1.8 to 1.85 GHz to cover the frequency response of the probe (see Section 3.1).

2.3. Positioning Stage

For the positioning subsystem, we used a commercial XY-stage (KT-70, proxxon)
driven by two stepper motors and drivers (DRV8825, Texas Instruments, Dallas, TX, USA),
which allowed for a pixel-by-pixel scanning with a maximum scan range of 150 mm × 70 mm
and a resolution of 5 µm.

A vacuum table was attached to the XY-stage to fix the documents during the measure-
ment procedure and avoid disturbances from folds in the documents or planar materials
under test. The resonant probe was attached to the central axis of the XY-stage, employing a
vertical, manually-driven micrometric positioner. A commercial laser displacement sensor
(HL-G103-SJ, Panasonic, Osaka, Japan) with a resolution of 0.5 µm was placed close to the
aperture of the microwave probe in order to precisely measure the tip-to-sample distance.

The LabVIEW-based software was used to define the scanning parameters (area to
scan, frequency sweep configuration . . . ) and load them into the Arduino board. Next, the
Arduino firmware autonomously controlled the scan process synchronized with the calcu-
lation of microwave parameters. The picture in Figure 3 shows the developed integrated
NSMM system that operates as a standalone portable measurement instrument.
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3. Permittivity Measurements with NSMM
3.1. Microwave Probe Response

The response of the near-field microwave resonator, described in the previous section,
was assessed by measuring the resonant frequency (fr) and Q-factor (Q) parameters of
some reference materials, covering a wide range of dielectric properties (see Table 1) as a
function of the tip-to-sample distance. The size of the rod-shaped materials (15 mm high
and with a diameter of 9.8 mm) was sufficient enough to be considered as infinitely wide
and thick materials for the probe tip size and tip-to-sample distances [25,34]. The resonance
parameters were determined from the reflection measurements by means of the linear
fractional curve fitting procedure published by Kajfez [35,36]. Figure 4 shows the resonant
frequency variation as a function of the tip-to-sample distance for the different materials
measured. Because of the radiation characteristic of the open-ended coaxial probe tip, the
quality factor calculated from the measurements exhibited small variations for the selected
tip-to-sample distances.
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Figure 4. Variation of the resonant frequency as a function of the tip-to-sample distance for different
reference materials.

The maximum frequency shift between the measurement of air and the material
with the highest dielectric constant, Temex E5980 (67.39), occurred for the smaller tip-to-
sample distance (see Figure 4). For the soft contact distance (0 µm), the maximum detected
deviation was 16 MHz. From that point on, the maximum frequency shift decreased
exponentially as the tip-to-sample distance increased.

Based on these results, the primary probe-to-sample distance was selected to be
100 µm, leaving the Z stage fixed during the rest of the measurements. At that tip-to-
sample distance, the maximum frequency shift was 5 MHz. Even though this variation
offered a good resolution throughout the complete permittivity range, the measurement
resolution improved for those materials with lower dielectric constant values. For instance,
at 100 µm, the frequency deviation exhibited between Rexolite and PVC, with a dielectric
constant of 2.54 and 3.09 respectively, was 0.3 MHz, which is similar to the deviation
reached between Temex E41030 and Temex E5980, with dielectric constant values of 28.28
and 67.25, respectively.

3.2. Cavity Perturbation Method (CPM)

Cavity perturbation method (CPM) was applied to determine the permittivity of the
MUT from the measured resonance parameters. Since the earliest work on this procedure
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published by Bethe and Schwinger in 1943 [37], CPM has become one of the most widely
employed techniques used to calculate dielectric properties using microwave resonators.
The method assumes that the electromagnetic field of the resonant cavity is barely perturbed
by placing the MUT in the structure. Under this premise, dielectric properties can be
calculated using the relative shift of the resonance parameters with and without the MUT.

In an NSMM, the volume of the fields inside the cavity obviously outweighs their
volume in the MUT and, thus, the CPM can also be employed to analyze a near-field cavity
resonator [24]. Most of the CPM reported in the literature for NSMM structures made use of
the theoretical approach proposed by Gao and Xiang [27], who studied the fields inside the
sample, assuming an excitation illuminated by a spherical tip. They assumed an iterative
image charge problem and solved the CPM equations to relate the fr and Q shifts to the
permittivity of the MUT and other parameters depending on the tip-to-sample distance
and the size of the probe. However, some authors have described issues in this model for
longer tip-to-samples distances [34] and for some apertures that cannot be described with
a spherical tip.

For the specific geometry of Figure 1, we assumed a quasi-static electric field inside
the MUT [38] and related the permittivity of the MUT to the relative shift in the reso-
nant frequency and the quality factor according to Khanna et al. [39], with the following
formulas:
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where ε′ = dielectric constant (dimensionless); ε” = loss factor (dimensionless); f = resonant
frequency (s−1); Q = quality factor (dimensionless); η = sample filling factor (dimensionless);
N = sample depolarization factor (dimensionless). The relative shifts can be written as
follows [40]:
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where f 0 and Q0 are the resonance frequency and quality factor of the open-air cavity,
respectively, and fs and Qs are the cavity’s parameters with a dielectric material placed near
the tip of the probe.

For an infinite size MUT, the parameters N and η depend on several factors, such
as the resonant mode, the geometry of the cavity, or the tip-to-sample distance, and are
usually calibrated by measuring reference materials of known dielectric properties [41].

Three materials—air, Macor (ε′ = 5.68), and Temex E5980 (ε′ = 67.25)—were selected
for calibrating the N and η parameters at a tip-to-sample distance of 100 µm. Nevertheless,
the irregular height of the material, as well as defects in the horizontality of the base
that holds the sample, may cause variations in the tip-to-samples distances around the
established gap of 100 µm. For this reason, the calibration process was repeated for several
tip-to-sample distances using the laser measurement device to fix the distance.

Figure 5 shows the variation of the CPM N and η parameters as a function of the
tip-to-sample distance. As illustrated, the two smooth curves were thoroughly adjusted
with two polynomials of second and third degree, in order to find any value of these
parameters that was in the vicinity of 100 µm. With the help of these curves, once the
reading of the resonator and the laser had been recorded, the permittivity value of the
MUT could be calculated in a straightforward manner for each position from (1) and (2).
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Figure 5. Calibration parameters, η and N, of the cavity perturbation method determined with
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4. Experimental Results
4.1. Dielectric Measurements

To assess the performance of the proposed NSMM measurement setup and the CPM
calibration, the permittivity values of six reference specimens were determined from
resonance measurements at different tip-to-sample distances around 100 µm.

The materials employed to undertake this assessment were the set of dielectric materi-
als whose resonant frequencies were measured in Section 3.1, covering a broad range of
permittivity values. The dielectric materials were placed on the base of the microscope and
centered on the axis of the coaxial probe. With the aid of the laser, the Z-axis was moved
from the soft-contact point to the studied tip-to-sample distances. From the displayed
distance, the N and η values of each measurement were extrapolated from Figure 5, and the
permittivity values were determined by means of the CPM technique from the resonance
parameters provided by the reflectometer. All measurements were performed at 23 ◦C.

Table 1 shows the results of dielectric constant of all considered samples. The loss fac-
tor results were omitted from this study because of the weak sensitivity of the quality factor
achieved with these materials for this probe size and tip-to-sample distances. To evaluate
the accuracy of the results, all dielectric materials were also measured, as references, in a
partially loaded cylindrical cavity [42] to evaluate the accuracy of the results.

Table 1. Dielectric property results of reference materials and associated standard deviations.

Tip-to-Sample Distance (µm)

Material 20 40 60 80 100 120 140 160 180 ε
′
mean±StdDev StdDev% ε

′
ref | ∆ε

′

ε
′ |%

Air 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 ± 0.00 0.00 1.00 0.00
Rexolite 2.52 2.48 2.50 2.52 2.53 2.53 2.54 2.54 2.51 2.52 ± 0.02 0.83 2.53 ± 0.05 0.46

PVC 3.11 3.07 2.98 3.01 3.02 3.03 3.05 3.05 3.01 3.04 ± 0.04 1.30 3.09 ± 0.06 1.70
Macor 5.40 5.51 5.69 5.82 5.79 5.88 5.93 5.92 5.67 5.73 ± 0.18 3.23 5.68 ± 0.11 0.96

Alumina 9.11 9.31 8.59 8.86 9.13 9.27 8.96 8.73 8.77 8.97 ± 0.25 2.82 8.94 ± 0.18 0.33
Temex E41030 29.43 27.80 29.52 28.43 29.34 27.70 29.04 29.07 27.82 28.68 ± 0.75 2.66 28.28 ± 0.56 1.43
Temex E5980 67.10 68.80 67.90 67.43 68.19 66.30 67.62 67.14 66.02 67.39 ± 0.88 1.30 67.25 ± 1.34 0.21

The dielectric constant results agreed very well with the reference values in that all the
materials and tip-to-sample distances displayed similar deviations. For short tip-to-sample
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distances, miss-positioning of the vertical axis caused deviations in the resonant frequency
that were compensated for with the higher frequency shifts. On the other hand, for longer
tip-to-sample distances, resonance deviations, due to inaccuracies when determining the
tip-to-sample distances, became less relevant, but the influence on the dielectric constant
increased because of the reduced frequency shifts. The error achieved for each material,
defined as the absolute difference between the measured mean value and the reference
value (|∆ε′/ε′|%), was below 2%, and the standard deviation was mostly below 3%.
Withal, each individual deviation for each measurement was slightly higher, with all the
results falling within 5% of the reference value. This uncertainty is comparable to the
uncertainty reported in [34], which achieved accuracies below 10% with a sophisticated
tip-to-sample control system and a full-featured VNA as a measurement device.

4.2. Watermark Dielectric Maps

The developed NSMM device was used to scan the variations of permittivity of
banknote watermarks, one of the most readily recognized security features available to
the user for the authentication of banknotes or other public documents, such as passports.
In this study, we utilized a second series 20 EUR banknote, which contains a watermark
depicting a portrait of Europa, a figure from Greek mythology, as well as a Gothic-style
window and the value numeral of the banknote.

The banknote was placed on the metallic structure of the XY-stage equipped with
a suction vacuum table, which fixed the document during the scanning. With the aid
of the displacement laser, the tip of the probe was placed at a distance of 100 µm from
the surface of the banknote. The XY-stage covered an area of 33 mm × 29 mm with
a step of 100 µm. The displacement laser information was employed to retrieve the
appropriate CPM parameters for the tip-to-sample distance variations during the scan.
Figure 6a shows the dielectric image of the watermark area obtained through the CPM
calculation of the resonance parameter variations of the scan. For comparison, Figure 6c
also shows a picture of the measured watermark using transmitted light. To have a numeric
reference, dielectric properties of paper money were measured with a split-post dielectric
resonator [43], achieving the value: 2.89 ± 0.2 − j0.3 ± 0.02.
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Figure 6. Images of the watermark included in a 20 EUR banknote: (a) dielectric image measured with the metallic base,
(b) dielectric image measured with the PVC base, and (c) picture of the measured watermark using transmitted light.

The scanned dielectric image allows the watermark to be clearly recognized if com-
pared with the image recovered through optical means. The measured dielectric constant
values (from 6 to 18) are higher than the reference value, which indicates that the mi-
crowave signal penetrates through the whole banknote thickness and is then reflected by
the metal base, influencing measured resonance parameters.

In order to avoid these reflections, the metal base below the banknote was
substituted by a PVC (polyvinyl chloride) perforated table, whose permittivity—
3.09 ± 0.06 − j0.023 ± 0.002—was fairly similar to the dielectric properties of the bulk
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banknotes. Figure 6b shows the dielectric constant response of the NSMM device for the
watermark and setup described above, except for the material of the XY-base. The water-
mark pattern was recovered accurately again, albeit exhibiting a slightly lower sharpness.
The dielectric constant values ranged from 2 for the lightest parts of the watermark (lower
fiber densities) to 3.5 for the darkest parts (higher fiber densities). These results are in line
with those measured with the split-post dielectric resonator and other values reported in
the literature [44,45].

The penetration of microwaves was able to reproduce the density changes inside
the papers and therefore NSMM devices could offer an alternative technology to identify
anti-counterfeiting watermarks on banknotes. This capability could predict the detection of
watermarks even when hidden behind appended layers. Next, we examined two different
options to detect optically opaque markers.

In the first experiment, the watermark was partially hidden by a black mark drawn
with a felt pen to study the influence of a thin ink coating over the watermark, as depicted
in Figure 7a. As in the previous experiments, the sample was fixed by means of a vacuum
suction system on the XY-table at a distance of 100 µm below the tip of the probe, collecting
the microwave response over a 33 mm × 29 mm area. In these trials, we employed the
metallic base of the NSMM. Although the values retrieved with the metal arrangement
provided an effective dielectric map, the wider response of this setup served to increase its
robustness for this specific application.
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Figure 7. Images of the watermark included in a 20 EUR banknote partially covered with a black mark: (a) picture of the
studied watermark using transmitted light and (b) dielectric image obtained with the metallic base.

The obtained response, shown in Figure 7b, was very similar to the image shown in
Figure 6a, with dielectric values ranging from 5 to 18. The mark made on the watermark
did not cause any appreciable effect on the permittivity maps, demonstrating that the
penetration of the microwave energy was not disturbed by such a thin dielectric coating.

Considering the previous results, in the second experiment, we employed a metallic
cover to hide the watermark and complicate any reading by optical means. The mask
consisted of a piece of a paper sheet (20 g/m2) painted with a layer of silver conductive
paint (123-9911, RS Components, Corby, UK). As long as the thickness of the metallic layer
was less than the skin depth of the conductive paint at the working frequency (~35 µm) [9],
microwave energy could propagate through the mask and detect the changes in the density
of the banknote watermark placed beneath it. As in the previous experiments, the tip-to-
sample distance was 100 µm, but, in this case, this distance was measured from the surface
of the metallic cover, and thus the separation between the watermark and the tip of the
probe was slightly higher.
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The image recovered from the concealed sample (Figure 8b) displayed once again a
reliable overall quality, with permittivity values ranging from 8 to 40. The influence of
the metallic ink pushed up the dielectric values and extended the dielectric range, due
to the saturation in the dielectric response as permittivity increased, as mentioned in
Section 3.1. However, we observed a reduced spatial resolution due to the attenuation of
the microwave signals passing through the metal film and the larger tip-to-sample distance.
The non-uniformity of the metallic ink mask could have an influence as well.
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4.3. Dielectric Scans at Single Frequency

The permittivity maps, represented in previous sections, required a frequency sweep
around the resonant peak of the cavity to measure the reflection coefficient, calculate the fr
and Q, and, eventually, to calculate the permittivity values. This process can last around
2 s per sweep, which makes the whole process very time consuming. However, surface
scans can significantly reduce the overall scanning time by using the magnitude or phase
of the reflection coefficient at a fixed frequency in the slope of the resonance. Although
permittivity cannot be calculated with this working procedure, it could nevertheless still
be valid for some sensing applications.

Figure 9a,b shows the images generated by the NSMM device of the watermarks
represented in Figures 7a and 8a, respectively, using the magnitude values of the reflection
coefficient measured by the reflectometer at a single frequency (f = 1.82 GHz), located on
the left side of the resonance peak. In this case, the laser was only employed to fix the
central tip-to-sample distance without considering any variation during the scan.

The measurement image of the watermark covered with dielectric ink (Figure 9a) was
very similar to the permittivity map created with the full frequency sweep (Figure 7a). The
image had excellent overall quality, and, even at certain points in the darker areas, the
image of the dielectric mark improved due to the higher slope of the resonance. It was also
observed that the left part of the image had a darker region than the right one, due to a
slight non-horizontality of the XY table. The measurement of the watermark covered with
metallic ink yielded an image much like the dielectric response shown in Figure 8b with
the same effects highlighted before.
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5. Conclusions

In this work, we describe for the first time the use of microwave technology for
the identification of markers on anti-counterfeiting applications. Microwave detection
of banknote watermarks was conducted with a robust, portable, and standalone NSMM
device at the micrometer scale, specially developed to determine permittivity maps of
heterogeneous banknotes or paper documents around the frequency of 2 GHz.

The near-field microwave probe was designed as an open-ended coaxial resonator
with a tapered inner conductor. An in-house microwave reflectometer was developed in the
microscope, thus avoiding the need for a full-featured VNA and allowing for standalone
functionality. A micrometer-resolution XY-table and a displacement laser for vertical
positioning completed the measurement setup of the NSMM.

A novel methodology, combining the information of the displacement laser and a
modification of the CPM theory with calibration coefficients for different tip-to-sample
distances was proposed to determine dielectric property maps of banknote watermarks,
avoiding the need for more advanced distance-following techniques. Future work will con-
sider finite thickness of laminate materials. Accurate dielectric measurements of reference
materials revealed relative errors below 5%, similar to the deviations obtained with much
more complex implementations.

The NSMM device was employed to measure the permittivity map of the watermark
of a second series 20 EUR banknote under different conditions. The penetration of the mi-
crowaves was able to reproduce the density changes inside the papers, offering a practical
alternative for the detection of anti-counterfeiting watermarks on banknotes. In addition,
the capability of microwave energy to detect markers behind dielectric or even metallic
layers was demonstrated, which opens new possibilities to develop more advanced security
features such as watermarks concealed behind optically opaque elements, undetectable
through traditional optical procedures. The single frequency approach also provided
high-quality images with shorter measurement times, and thus highlights the convenience
of this procedure for sensing applications.

The developed NSMM could also be employed as a fast and standalone tool to obtain
permittivity maps of planar materials in a broad range of sensing applications.

Author Contributions: Conceptualization, J.M.C.-C.; methodology, J.D.G.-C., J.M.C.-C., F.L.P.-F. and
P.J.P.-G.; software, P.J.P.-G. and J.D.G.-C.; validation, J.M.C.-C.; formal analysis, J.D.G.-C. and F.L.P.-
F.; investigation, J.D.G.-C.; resources, J.M.C.-C. and F.L.P.-F.; data curation, J.D.G.-C. and P.J.P.-G.;
writing—original draft preparation, J.D.G.-C.; writing—review and editing, J.M.C.-C. and J.D.G.-C.;



Sensors 2021, 21, 5463 13 of 14

visualization, J.D.G.-C.; supervision, J.M.C.-C. and P.J.P.-G.; project administration, J.M.C.-C.; funding
acquisition, J.M.C.-C. and F.L.P.-F. All authors have read and agreed to the published version of the
manuscript.

Funding: This paper has been financially supported through the grant reference BES-2016-077296 of
the call Convocatoria de las ayudas para contratos predoctorales para la formación de doctores de
2016 by Ministerio de Economía y Competitividad (MINECO) and by European Social Funds (ESF)
of European Union, and the project SEDMICRON—TEC2015-70272-R (MINECO/FEDER) supported
by Ministerio de Economía y Competitividad (MINECO) and by European Regional Development
Funds (ERDF) of European Union.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

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

References
1. Interpol Counterfeit Currency and Security Documents. Available online: https://www.interpol.int/en/Crimes/Counterfeit-

currency-and-security-documents (accessed on 20 May 2021).
2. Yang, R.L.; Zhu, Y.J.; Chen, F.F.; Dong, L.Y.; Xiong, Z.C. Luminescent, Fire-Resistant, and Water-Proof Ultralong Hydroxyapatite

Nanowire-Based Paper for Multimode Anticounterfeiting Applications. ACS Appl. Mater. Interfaces 2017, 9, 25455–25464.
[CrossRef]

3. Abdollahi, A.; Alidaei-Sharif, H.; Roghani-Mamaqani, H.; Herizchi, A. Photoswitchable fluorescent polymer nanoparticles
as high-security anticounterfeiting materials for authentication and optical patterning. J. Mater. Chem. C 2020, 8, 5476–5493.
[CrossRef]

4. Herrojo, C.; Paredes, F.; Mata-Contreras, J.; Martín, F. Chipless-RFID: A review and recent developments. Sensors 2019, 19, 3385.
[CrossRef]

5. European Central Bank Banknotes Denominations. Available online: https://www.ecb.europa.eu/euro/banknotes/
denominations/html/index.en.html#es2-020 (accessed on 20 May 2021).

6. Bruna, A.; Farinella, G.M.; Guarnera, G.C.; Battiato, S. Forgery detection and value identification of Euro banknotes. Sensors 2013,
13, 2515–2529. [CrossRef]

7. Lee, J.W.; Hong, H.G.; Kim, K.W.; Park, K.R. A survey on banknote recognition methods by various sensors. Sensors 2017, 17, 313.
[CrossRef]

8. European Central Bank Real or Fake? Available online: https://www.ecb.europa.eu/euro/changeover/lithuania/shared/files/
Real_or_Fake_EN.pdf (accessed on 20 May 2021).

9. Pozar, M.D. Microwave Engineering, 2nd ed.; John Wiley & Sons, Inc.: New York, NY, USA, 1998; ISBN 0-471-17096-8.
10. Krupka, J. Frequency domain complex permittivity measurements at microwave frequencies. Meas. Sci. Technol. 2006, 17,

R55–R70. [CrossRef]
11. Sebastian, M.T. Dielectric Materials for Wireless Communication; Elsevier: Amsterdam, The Netherlands, 2008.
12. García-Baños, B.; Catalá-Civera, J.M.; Canós, A.J.; Peñaranda-Foix, F. Design rules for the optimization of the sensitivity of

open-ended coaxial microwave sensors for monitoring changes in dielectric materials. Meas. Sci. Technol. 2005, 16, 1186–1192.
[CrossRef]

13. Gutiérrez, J.D.; Catalá-Civera, J.M.; Bows, J.; Peñaranda-Foix, F.L. Dynamic measurement of dielectric properties of food snack
pellets during microwave expansion. J. Food Eng. 2017, 202, 1–8. [CrossRef]

14. Chavanne, X.; Frangi, J.P. Autonomous sensors for measuring continuously the moisture and salinity of a porous medium. Sensors
2017, 17, 1094. [CrossRef]

15. Pérez-Campos, R.; Fayos-Fernández, J.; Lozano-Guerrero, A.J.; Martínez-González, A.; Monzó-Cabrera, J.; Mediavilla, I.; Peña-
Carro, D.; Esteban-Pascual, L.S. Permittivity measurements for cypress and rockrose biomass versus temperature, density, and
moisture content. Sensors 2020, 20, 4684. [CrossRef]

16. Vergnano, A.; Godio, A.; Raffa, C.M.; Chiampo, F.; Tobon Vasquez, J.A.; Vipiana, F. Open-ended coaxial probe measurements of
complex dielectric permittivity in diesel-contaminated soil during bioremediation. Sensors 2020, 20, 6677. [CrossRef]

17. García-Baños, B.; Cuesta-Soto, F.; Griol, A.; Catalá-Civera, J.M.; Pitarch, J. Enhancement of sensitivity of microwave planar sensors
with EBG structures. IEEE Sens. J. 2006, 6, 1518–1522. [CrossRef]

18. Al-Behadili, A.A.; Mocanu, I.A.; Codreanu, N.; Pantazica, M. Modified split ring resonators sensor for accurate complex
permittivity measurements of solid dielectrics. Sensors 2020, 20, 6855. [CrossRef]

19. Kent, G. Nondestructive permittivity measurement of substrates. IEEE Trans. Instrum. Meas. 1996, 45. [CrossRef]
20. Janezic, M.D.; Baker-Jarvis, J. Full-wave analysis of a split-cylinder resonator for nondestructive permittivity measurements. IEEE

Trans. Microw. Theory Tech. 1999, 47, 2014–2020. [CrossRef]
21. Marques-Villarroya, D.; Penaranda-Foix, F.L.; Garcia-Banos, B.; Catala-Civera, J.M.; Gutierrez-Cano, J.D. Enhanced Full-Wave

Circuit Analysis for Modeling of a Split Cylinder Resonator. IEEE Trans. Microw. Theory Tech. 2017, 65, 1191–1202. [CrossRef]

https://www.interpol.int/en/Crimes/Counterfeit-currency-and-security-documents
https://www.interpol.int/en/Crimes/Counterfeit-currency-and-security-documents
http://doi.org/10.1021/acsami.7b06835
http://doi.org/10.1039/D0TC00937G
http://doi.org/10.3390/s19153385
https://www.ecb.europa.eu/euro/banknotes/denominations/html/index.en.html#es2-020
https://www.ecb.europa.eu/euro/banknotes/denominations/html/index.en.html#es2-020
http://doi.org/10.3390/s130202515
http://doi.org/10.3390/s17020313
https://www.ecb.europa.eu/euro/changeover/lithuania/shared/files/Real_or_Fake_EN.pdf
https://www.ecb.europa.eu/euro/changeover/lithuania/shared/files/Real_or_Fake_EN.pdf
http://doi.org/10.1088/0957-0233/17/6/R01
http://doi.org/10.1088/0957-0233/16/5/019
http://doi.org/10.1016/j.jfoodeng.2017.01.021
http://doi.org/10.3390/s17051094
http://doi.org/10.3390/s20174684
http://doi.org/10.3390/s20226677
http://doi.org/10.1109/JSEN.2006.884506
http://doi.org/10.3390/s20236855
http://doi.org/10.1109/19.481319
http://doi.org/10.1109/22.795077
http://doi.org/10.1109/TMTT.2016.2637932


Sensors 2021, 21, 5463 14 of 14

22. Krupka, J.; Gregory, A.P.; Rochard, O.C.; Clarke, R.N.; Riddle, B.; Baker-Jarvis, J. Uncertainty of complex permittivity measure-
ments by split-post dielectric resonator technique. J. Eur. Ceram. Soc. 2001, 21, 2673–2676. [CrossRef]

23. Hosseini, M.H.; Heidar, H.; Shams, M.H. Wideband Nondestructive Measurement of Complex Permittivity and Permeability
Using Coupled Coaxial Probes. IEEE Trans. Instrum. Meas. 2017, 66, 148–157. [CrossRef]

24. Anlage, S.M.; Talanov, V.V.; Schwartz, A.R. Principles of Near-Field Microwave Microscopy. In Scanning Probe Microscopy:
Electrical and Electromechanical Phenomena at the Nanoscale; Kalinin, S., Gruverman, A., Eds.; Springer: New York, NY, USA, 2007;
pp. 215–253, ISBN 978-0-387-28668-6.

25. Kleismit, R.A.; Kazimierczuk, M.K.; Kozlowski, G. Sensitivity and Resolution of Evanescent Microwave Microscope. IEEE Trans.
Microw. Theory Tech. 2006, 54, 1–9. [CrossRef]

26. Imtiaz, A.; Wallis, T.M.; Kabos, P. Near-Field Scanning Microwave Microscopy: An Emerging Research Tool for Nanoscale
Metrology. IEEE Microw. Mag. 2014, 15, 52–64. [CrossRef]

27. Gao, C.; Xiang, X.D. Quantitative microwave near-field microscopy of dielectric properties. Rev. Sci. Instrum. 1998, 69, 3846–3851.
[CrossRef]

28. Tabib-Azar, M.; Zhang, T.; LeClair, S.R. Self-oscillating evanescent microwave probes for nondestructive evaluations of materials.
IEEE Trans. Instrum. Meas. 2002, 51, 1126–1132. [CrossRef]

29. Wu, B.Y.; Sheng, X.Q.; Fabregas, R.; Hao, Y. Full-wave modeling of broadband near field scanning microwave microscopy. Sci.
Rep. 2017, 7, 1–10. [CrossRef] [PubMed]

30. Geaney, S.; Cox, D.; Hönigl-Decrinis, T.; Shaikhaidarov, R.; Kubatkin, S.E.; Lindström, T.; Danilov, A.V.; de Graaf, S.E. Near-Field
Scanning Microwave Microscopy in the Single Photon Regime. Sci. Rep. 2019, 9, 1–7. [CrossRef] [PubMed]

31. Lee, J.; Long, C.J.; Yang, H.; Xiang, X.D.; Takeuchi, I. Atomic resolution imaging at 2.5 GHz using near-field microwave microscopy.
Appl. Phys. Lett. 2010, 97, 10–13. [CrossRef]

32. Analog Devices RF/IF Gain and Phase Detector AD8302. Available online: https://www.analog.com/media/cn/technical-
documentation/evaluation-documentation/AD8302.pdf (accessed on 5 March 2021).

33. Gutierrez-Cano, J.D.; Plaza-Gonzalez, P.; Canos, A.J.; Garcia-Banos, B.; Catala-Civera, J.M.; Penaranda-Foix, F.L. A New Stand-
Alone Microwave Instrument for Measuring the Complex Permittivity of Materials at Microwave Frequencies. IEEE Trans.
Instrum. Meas. 2020, 69, 3595–3605. [CrossRef]

34. Gregory, A.P.; Blackburn, J.F.; Lees, K.; Clarke, R.N.; Hodgetts, T.E.; Hanham, S.M.; Klein, N. Measurement of the permittivity and
loss of high-loss materials using a Near-Field Scanning Microwave Microscope. Ultramicroscopy 2016, 161, 137–145. [CrossRef]

35. Kajfez, D. Q-Factor; Vector Fields: Oxford, MI, USA, 1994.
36. Kajfez, D. Linear Fractional Curve Fitting for Measurement of High Q Factors. IEEE Trans. Microw. Theory Tech. 1994, 42,

1149–1153. [CrossRef]
37. Bethe, H.A.; Schwinger, J. Perturbation Theory for Cavities; NDRC, Cornell University: Ithaca, NY, USA, 1943; Rpt. D1–117.
38. Altschuler, H.M. Dielectric constant. In Handbook of Microwave Measurements; Sucher, M., Fox, J., Eds.; Polytech. Inst. Brooklyn

Press: New York, NY, USA, 1963.
39. Khanna, S.K.; Ehrenfreund, E.; Garito, A.F.; Heeger, A.J. Microwave properties of high-purity tetrathiofulvalene-

tetracyanoquinodimethan (TTF-TCNQ). Phys. Rev. B 1974, 10, 2205–2220. [CrossRef]
40. Catalá-Civera, J.M.; Canós, A.J.; Plaza-González, P.; Gutiérrez, J.D.; García-Baños, B.; Peñaranda-Foix, F.L. Dynamic Measurement

of Dielectric Properties of Materials at High Temperature during Microwave Heating in a Dual Mode Cylindrical Cavity. IEEE
Trans. Microw. Theory Tech. 2015, 63, 2905–2914. [CrossRef]

41. Roussy, G.; Thiebaut, J.M.; Ename-Obiang, F.; Marchai, E. Microwave broadband permittivity measurement with a multimode
helical resonator for studying catalysts. Meas. Sci. Technol. 2001, 12, 542. [CrossRef]

42. Penaranda-Foix, F.L.; Janezic, M.D.; Catala-Civera, J.M.; Canos, A.J. Full-wave analysis of dielectric-loaded cylindrical waveguides
and cavities using a new four-port ring network. IEEE Trans. Microw. Theory Tech. 2012, 60, 2730–2740. [CrossRef]

43. Krupka, J. Precise measurements of the complex permittivity of dielectric materials at microwave frequencies. Mater. Chem. Phys.
2003, 79, 195–198. [CrossRef]

44. Metaxas, A.C.; Driscoll, J.L. A Comparison of the Dielectric Properties of Paper and Board At Microwave and Radio Frequencies.
J. Microw. Power 1974, 9, 79–89. [CrossRef]

45. Torgovnikov, G.I. Dielectric Properties of Wood-Based Materials. In Dielectric Properties of Wood and Wood-Based Materials; Springer:
Berlin/Heidelberg, Germany, 1993; pp. 135–159, ISBN 978-3-642-77453-9.

http://doi.org/10.1016/S0955-2219(01)00343-0
http://doi.org/10.1109/TIM.2016.2619958
http://doi.org/10.1109/TMTT.2005.862668
http://doi.org/10.1109/MMM.2013.2288711
http://doi.org/10.1063/1.1149189
http://doi.org/10.1109/TIM.2002.807798
http://doi.org/10.1038/s41598-017-13937-5
http://www.ncbi.nlm.nih.gov/pubmed/29167422
http://doi.org/10.1038/s41598-019-48780-3
http://www.ncbi.nlm.nih.gov/pubmed/31467310
http://doi.org/10.1063/1.3514243
https://www.analog.com/media/cn/technical-documentation/evaluation-documentation/AD8302.pdf
https://www.analog.com/media/cn/technical-documentation/evaluation-documentation/AD8302.pdf
http://doi.org/10.1109/TIM.2019.2941038
http://doi.org/10.1016/j.ultramic.2015.11.015
http://doi.org/10.1109/22.299749
http://doi.org/10.1103/PhysRevB.10.2205
http://doi.org/10.1109/TMTT.2015.2453263
http://doi.org/10.1088/0957-0233/12/4/321
http://doi.org/10.1109/TMTT.2012.2206048
http://doi.org/10.1016/S0254-0584(02)00257-2
http://doi.org/10.1080/00222739.1974.11688904

	Introduction 
	Design of the NSMM 
	The Near-Field Microwave Probe 
	Single-Port Microwave Analyzer 
	Positioning Stage 

	Permittivity Measurements with NSMM 
	Microwave Probe Response 
	Cavity Perturbation Method (CPM) 

	Experimental Results 
	Dielectric Measurements 
	Watermark Dielectric Maps 
	Dielectric Scans at Single Frequency 

	Conclusions 
	References

