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ABSTRACT: This feasibility study presents a novel noncontact
method for differentiating standard cannabidiol (CBD) concen-
trations using optimized interdigital electrodes. The electrode
design, with a 100 mm2 sensing area on a 64 mm × 77 mm FR-4
substrate, was improved through finite element analysis. Methanol-
CBD solutions (25−1000 ppm) in 2 mL glass vials were analyzed
using a vector network analyzer connected via a high-frequency
SMA connector, focusing on scattering parameter (S-parameter)
changes. The method demonstrated high effectiveness in CBD
concentration differentiation, achieving a concentration resolution of 145 MHz/50 ppm based on resonant frequency shift, with an
error of 0.17% of the reading, and 0.5 dB/50 ppm using S11 amplitude measurement. The proposed method offers a promising,
linear, and precise technique for noncontact CBD standard analysis, with potential applications in future research. In addition,
impedance measurements can be applied to enhance concentration differentiation further.

1. INTRODUCTION
Cannabis (Cannabis sativa L.) has a long history of medicinal
use, dating back to ancient times. The key compounds found
in cannabis include psychoactive substances such as tetrahy-
drocannabinol (THC) and nonpsychoactive substances like
cannabidiol (CBD) and cannabinol (CBN).1,2 THC possesses
properties that alleviate pain, reduce chemotherapy-induced
nausea and vomiting, and treat muscle spasticity. Meanwhile,
CBD has demonstrated efficacy in relieving seizures, managing
pain, reducing symptoms of Parkinson’s disease, and combat-
ing inflammation. CBN exhibits properties that inhibit lung
cancer cell growth.3 CBD concentration measurement is
essential for ensuring the accuracy and consistency of CBD
products, particularly for medicinal or therapeutic applications.
Traditional analytical techniques for CBD quantification,

such as high-performance liquid chromatography (HPLC), gas
chromatography (GC), mass spectrometry, and spectrosco-
py,4−6 are commonly used but require advanced laboratory
equipment. A liquid chromatography-high resolution mass
spectrometry (LC-HRMS) method has been developed to
detect adulterants in CBD oils, with detection limits ranging
from 0.01 to 0.1 μg/mL, but it still requires sophisticated
equipment. Surface-enhanced Raman spectroscopy (SERS)8

has achieved a detection limit of 10 nM in aqueous solutions,
while attenuated total reflectance Fourier-transform infrared
spectroscopy (ATR-FTIR) combined with chemometrics has
successfully detected synthetic cannabinoids in CBD oils with
100% classification accuracy.9 A SERS-based capillary device

has detected THC at 1 nM,10 and a gold nanorod array has
been used for SERS-based CBN analysis.11,12 However, these
methods are time-consuming, labor-intensive, and require
skilled personnel and complex sample preparation.
Various innovative approaches to CBD concentration

measurement have been developed in recent years. Many
studies highlight the need for biosensor platforms that enable
rapid screening and identification of cannabinoids, allowing
efficient differentiation of both fiber-type (hemp) and drug-
type cannabis.
Reported cannabinoid tests include e.g., colorimetric and

fluorescence-based lateral flow assays,13 electrochemical
affinity-based biosensors,14 competitive volumetric-bar-chart
chip assays,15 and giant magneto resistive-based biosensors.16

The developed sensors are often based on immunosensing,
where target molecules in a sample are detected using specific
antibodies. For accurate and sensitive assays, proper immobi-
lization of antibodies or sensing elements on assay supports is
crucial, as poor attachment can result in bioactivity loss or
detachment in sample fluids.
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Δ9-THC and CBD are separated using screen-printed
electrodes with chromatographic paper17 submerged in a
closed system with a mobile phase at varying retention
durations. Since the measurement is based on chromatographic
paper, it cannot be connected to electronic devices for data
storage and subsequent analysis or practical planning. A gas
sensor,18 a piezoelectric peptide-hpDNA-based gas sensor,19

and a nanofiber-based MOS gas sensor20 were developed to
detect THC. The gas sensors frequently suffer nonspecific
interactions with other volatile organic compounds present in
environmental or biological samples. This can result in false
positives or inaccurate readings.
The main challenges in developing portable biosensors are

nonspecific interactions and chemical interference from the
sample matrix. Furthermore, most of the currently used
electrodes are disposable and contact-based, leading to
increased testing costs and material waste. The development
of alternative techniques that can provide rapid, precise, and
nondestructive measurements of CBD concentration is crucial
for safety, regulatory compliance, and chemical interference,
nondisposable and material waste. Interdigital sensors present
a promising alternative due to their simplicity, high sensitivity,
and ease of integration into various analytical systems.
Interdigital sensors have been extensively studied due to
their exceptional sensitivity and precision for evaluating various
material and chemical properties.21 Their simplicity, compact-
ness, low power consumption, cost-effectiveness, and versatility
make them suitable for diverse applications, including
industrial use, environmental monitoring, food inspection,
and medical diagnostics.22 Current research focuses on five
areas: Physical Change Detection: Interdigital sensors are
highly accurate for measuring water levels,23 and moisture in
materials like soil24 and rubberwood,25 offering nondestructive,
portable, and cost-effective solutions for industrial use.
Environmental Detection: They have been used in CO2 and
humidity measurement,26 with advancements in flexible
sensors for pH and humidity detection,27 showing high
sensitivity and fast response times. Material Change Detection:
New designs monitor material changes, like cable aging28 and
battery coolant detection,29 combining conductivity and
temperature measurements in a single sensor. Medical
Applications: Sensors have been used to measure biomarkers
for bone loss,30 humidity for breath monitoring,31 and
glucose32 for continuous monitoring in diabetic patients.
Chemical and Biological Sensing: Applications include
detecting natural toxins in seafood,33 ammonia levels,34 and
volatile organic compounds (VOCs).35 Innovations include
sensors for nitrate36 and chlorine detection in water37 and
flexible sensors for respiration and skin monitoring.38

Cannabidiol (CBD) is a nonpolar molecule due to its
structure, which is primarily composed of carbon−hydrogen
and carbon−carbon bonds. Furthermore, CBD is insoluble in
water but dissolves well in organic solvents such as oils, which
is a typical characteristic of nonpolar substances. Although
CBD is nonpolar, it can dissolve in methanol, a polar solvent.
This occurs because methanol is partially polar and can
dissolve substances with both polar and nonpolar components
to some extent. Methanol’s ability to form hydrogen bonds
allows it to dissolve many organic compounds. Methanol is
commonly used to prepare standard solutions for HPLC
analysis of CBD. This is following AOAC Official Method of
Analysis 2018.11, which is applied to cannabinoids in cannabis.
Methanol is suitable for use in HPLC systems due to its

compatibility with the mobile phase and the columns used in
this technique. For accurate CBD concentration detection,
creating a reliable calibration curve is essential. Because
cannabis has a complex chemical structure, this process usually
involves dissolving CBD in methanol to produce a series of
known concentrations. The mixture of CBD and methanol in
various ratios generates a calibration curve by plotting
electrode parameters against concentration. This calibration
curve serves as a reference, ensuring the detector can
accurately quantify CBD concentration.
In this study, we present our initial findings on the feasibility

of distinguishing CBD concentrations in methanol solutions.
We used an interdigital electrode-based S11 parameter and
impedance measurement to differentiate concentrations
ranging from 25 to 1000 ppm. Our designed electrode has a
resolution of 145 MHz, which can detect a fine change of 50
ppm in CBD concentration. This technique, which uses an
interdigital electrode, is nondestructive and does not produce
material waste. It offers good linearity, sensitivity, and cost-
effectiveness, supporting the development of a portable sensor
with rapid and accurate cannabis analysis capabilities. Addi-
tionally, it is easy to interface with data recording devices, such
as computers, mobile phones, or other wireless communication
systems.

2. EXPERIMENTAL SECTION
A. Theory Consideration. The interdigital capacitive

sensor is a planar structure with interleaved comb electrodes,
functioning similarly to parallel-plate capacitors. When differ-
ent potentials are applied to adjacent electrodes, an electric
field forms and propagates through the material under test
(MUT) on the sensor surface. The sensor’s response depends
on the electrode design and the dielectric properties of the
MUT, which affect capacitance and conductivity. The fringing
capacitance varies with the MUT’s dielectric constant, making
these sensors useful in chemical sensing, food quality
monitoring, moisture detection, biosensing, and solution
concentration assessment. Figure 1 illustrates the schematic
diagram of the sensor’s mechanism.

An electric field is generated between the interdigital
electrodes when a voltage is applied to the alternating
electrode arrangement, as illustrated in Figure 1(b). When a
voltage is applied to the alternating interdigital electrodes, an
electric field is created, with maximum intensity at the
electrode edges and diminishing with distance due to fringing
fields. The depth of the field’s penetration depends on signal
frequency, field strength, the material’s permittivity and

Figure 1. Schematic diagram of the sensor’s operating principle. (a)
Electric field lines of the parallel plate capacitor and (b) electric field
lines of the coplanar interdigital sensor and capacitance between
electrodes.
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conductivity, and the sensor’s geometric parameters, including
the electrode gap and width.
The structure of interdigital electrodes can be modeled as

multiple capacitances connected in parallel, which increases the
total capacitance. The capacitance of interdigital electrodes can
be calculated using the plane-to-parallel plate transformation
method, known as conformal mapping, with the Schwarz-
Christoffel Transformation39 equation. The total capacitance
can be calculated using (1), (2), and (3).40

C N lC( 1)T pu= (1)

Where N is the number of electrodes, l is the electrode length,
and Cpu is the capacitance for one unit electrode, as shown in
Figure 1(b).
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Where ε0 is the permittivity in free space, equal to 8.854 F/m,
εr,1 is the relative permittivity of the material between parallel
conductors, εr,2 is the relative permittivity of the substrate
material, εr,3 is the relative permittivity of the material under
test (MUT), K(k) is the complete elliptic integral of the first
kind, k is the ratio of the electrode gap (s) between the
electrode width (w) and the electrode gap, given by k = s/(s
+w), and h is the electrode thickness. The structure of the
interdigital electrode is considered to comprise multiple
capacitances connected in parallel, resulting in a capacitive
impedance. The capacitance or impedance value of the
designed and fabricated electrodes can also be altered by the
relative permittivity of the material under test (εr,3).
For measuring cannabinoids like CBD, the interdigital

sensor operates using reflective coefficient (S11) analysis. An
RF signal excites the sensor, and the reflected signal is
measured. When a CBD-containing sample is placed on the
sensor, it alters the S11 value at specific resonance frequencies,
allowing CBD concentration to be quantified. The electric
field, generated between the interdigital electrodes, is crucial to
S11. This field interacts with the sample, and the sample’s
complex permittivity (εr* = εr′- j εr″) affects wave reflection.
εr′ represents energy storage, while εr″ indicates energy loss.
Changes in the solution’s permittivity and loss factor influence
the S11 value, enabling the sensor to detect variations in CBD
concentration. The interdigital sensors are effective for
measuring liquids in the microwave frequency range, with
permittivity affecting capacitance, conductivity, and impe-
dance. Higher CBD concentrations typically increase permit-
tivity due to more polar molecules, altering the dielectric
properties and the sensor’s response. Variations in the
concentration of CBD are expected to change the dielectric
permittivity, a complex and frequency-dependent parameter, as
described by (4).41

f f f( ) ( ) ( )r r r* = (4)

Where f is the frequency, the variation in frequency is expected
to induce a change in the resonant frequency of the resonator,
while the variation in dielectric losses in the MUT is related to
the resonant frequency of the interdigital resonator, as
described by (5).42

f
LC

1
2r =

(5)

Where f r is the resonant frequency, C is the capacitance of the
interdigital resonator structure, and L is the parasitic
inductance which can be estimated by (6).42
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Where N is the number of electrodes, l is the electrode length,
s is the electrode gap, w is the electrode width (w) and μ0 is
the permeability of free Space (4π × 10−7 H/m).
For relatively small changes in dielectric permittivity, the

capacitance (C) and the additional impedance (ZL) of the
loaded interdigital capacitive sensor change only slightly. This
results in a minimal change in the reflection coefficient when
using and measuring a single-port IDC sensor at microwave
frequencies. Figure 2 (a) presents the equivalent circuit of a

single-port network. The reflection coefficient−43 (Γ) is
defined as Γ = S11 = (ZL− Z0)/(ZL+ Z0), where Z0 is the
port impedance, normalized to 50Ω. When ZL approaches
50Ω, the reflection coefficient is small. The load impedance ZL
is mainly affected by the material under test which determines
the reflection coefficient Γ. The MUT’s microwave reflection
spectra are acquired by sweeping the source’s frequency and
collecting S11 data. The resonance frequency, which is the
frequency at which the magnitude of S11 is a minimum, is the
most significant parameter of the microwave reflection
spectrum. Therefore, this measurement focuses on observing
the frequency shift (Δf) of the minimum reflection coefficient,
which occurs at different materials under test as shown in
Figure 2 (b).
The relationship between the electric field and S11 is based

on how the electric field generated by the interdigital sensor
interacts with the solution’s complex permittivity. The S11
value, which represents electromagnetic wave reflectivity, is
affected by the sample’s electrical properties. Changes in the
electric field and permittivity impact S11, enabling accurate
CBD concentration measurement. By analyzing S11 when the
sensor is excited with an RF signal, the presence of CBD can
be quantified through shifts in S11 at specific resonance
frequencies. This makes interdigital sensor-based S11 analysis
an effective method for CBD measurement.
The fabricated interdigital electrode was characterized using

a vector network analyzer (VNA) to measure the reflection
coefficient (S11) over a range of frequencies. It was tested with
various CBD concentrations to establish a calibration curve
relating the S11 response to CBD concentration. The
electrode’s performance was evaluated in terms of sensitivity,
linearity, and repeatability.

Figure 2. Equivalent circuit of a 1-port network and frequency shift
on S11. (a) Equivalent circuit of a 1-port network. (b) Frequency shift
on S11.
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B. Electrode Design and Simulations. The electrode
designed for CBD concentration measurement features a
simple interdigital structure to ensure accurate analysis.
Modeling the electric field generated by this structure using
finite element analysis (FEA) is essential for this study. Various
software tools are available for analyzing interdigital electrode
structures, materials, and designs using FEA. In this study,
CST STUDIO SUITE is used to evaluate the electric field and
single-port reflection characteristics (S11). CST STUDIO
SUITE is a specialized tool for 3D EM simulation of high-
frequency components, commonly used for the fast and
accurate analysis of high-frequency (HF) devices such as
antennas, filters, couplers, and planar and multilayer structures.
FEA is essential to obtain preliminary results and visualize the
frequency response of the interdigital electrode before
fabrication. CST STUDIO SUITE optimizes the shape and
size of the interdigital electrode design. The designed electrode
uses FR-4 printed material with the following surface
characteristics: relative permittivity (εr) of 4.3, laminate
thickness of 1.6 mm, loss tangent (tan δ) of 0.025, and
metal layer thickness (t) of 0.035 mm. Simulations were
performed for the electrode sizes used in the measurements.
The sensing area is approximately 100 mm2, consisting of 10
electrodes, with an equal number of signal and ground
electrodes. The electrode width and gap between the
electrodes are both 0.5 mm, and the electrode length is 10
mm, as shown in Figure 3(a). The selected electrode width and
gap are appropriate for this work, including the design of the
sensing area to fit the volume of the solution to be measured.

Figure 3(b) shows the 3D simulation model created in CST
to optimize the dimensions of the designed interdigital
electrode over a frequency range of 1.0−6.0 GHz. The
simulation aimed to observe the response characteristics of the
minimum reflection coefficient (S11) and the electric field
distribution before fabrication. The results indicated that the
designed electrode achieves a minimum S11 at multiple
frequencies, notably −24.87 dB at 1.58 GHz, − 11.95 dB at

4.91 GHz, and −34.22 dB at 5.85 GHz, as shown by the
dashed lines in Figure 3(c).
The electrode’s width and gap provided the lowest S11 curve

with a sharp, narrow peak within the 1.6−1.8 GHz range
considered in this study. The measured S11 spectrum,
represented by a solid line, closely matched the simulated
S11 spectrum in Figure 3(c), with only a minor difference of a
few MHz between the two plots.
The solid lines represent the experimental results, which,

although consistent with the simulation, show significant
differences due to varying control parameters. Nevertheless,
the simulation results provide a preliminary evaluation of the
electrode properties before fabrication.
The simulation design involves evaluating the response of

the interdigital electrode for noncontact measurement through
a glass bottle container. An FR-4 substrate, measuring 20 mm
× 20 mm × 1.6 mm, is placed on the electrode’s sensing area.
A 12 mm hole, matching the size of the glass bottle container,
is drilled in the center to secure the glass bottle containing the
sample solution. Additionally, a metal plane is included to
confine the electric field within the sensor’s sensing area, as
shown in Figure 4(a). In this work, the electrodes were
simulated and fabricated on (PCB) an FR-4 substrate of print
circuit board with dimensions of 77 mm × 64 mm, with a high-
frequency SMA connector.
The electric field distribution can be analyzed from the

electric field lines using isolines obtained from the CST
simulation. These isolines exhibit lower intensity in regions
with high electric energy absorption, corresponding to the
frequency where S11 shows the lowest reflection. To
demonstrate the electric field potential of the designed
electrode, it is essential to select a frequency where the S11
value is close to 0 dB. In this study, the frequency of 1.8 GHz is
chosen for analysis. At this frequency, the electric field at −40
dB can penetrate up to 12 mm through the air, as shown in
Figure 4 b). This suggests the electric field can also penetrate
other test materials.
Due to the high cost of cannabidiol (CBD) extract used as a

solvent, it is essential to minimize its usage in experiments.
Additionally, because of the volatile nature of CBD, the
development of noncontact measurement techniques is crucial
for this work. In the next phase, the simulation involves
examining the electric field distribution through a glass
container (εr = 4.65, tan δ = 1 × 10−12 S/m) with a diameter
of 12 mm and a thickness of 0.4 mm.
The electric field distribution generated by a simulated

electrode with a glass bottle container, as depicted in Figure 4
c), was compared to that of a simulated electrode without a
glass bottle, as shown in Figure 4 b). The penetration depth of
the electric field decreases due to the thickness of the glass
bottle container and the change in permittivity. At an energy
intensity of −40 dB, the electric field can penetrate
approximately 6.5 mm into the glass bottle container.
However, the simulation results indicate that the electric
field can penetrate through the glass bottle container to the
sample material inside. Therefore, noncontact measurement of
the concentration of the sample solution is feasible.
Figure 5 illustrates the equivalent circuit of the interdigital

electrode44 proposed in this research. The circuit comprises
electrical components that simulate the properties of the
electrode structure in each layer, as follows:

Figure 3. Interdigital electrode design and simulation. (a) Layout of
the presented interdigital structure, (b) CST simulation model, and
(c) S11 response between measured data and simulated data.
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Layer 1: The substrate layer is modeled by a capacitor
Csub, representing the electrical capacitance of the base
material.
Layer 2: The gap between electrodes is modeled by a
capacitor representing the electrical capacitance of air.
Layer 3: The glass bottle container holding the CBD
solution is modeled by a capacitor representing the
electrical capacitance of glass.
Layer 4: The CBD solution is modeled by a parallel
circuit of a resistor and a capacitor. The resistor
represents the resistance of the solution, while the
capacitor represents the electrical capacitance arising
from charge mobility in the solution.

These four-layer components are modeled as a parallel
circuit to reflect the physical characteristics of the electrode
structure. This circuit modeling approach enables a more
comprehensive and accurate analysis of the electrode’s
electrical characteristics.
C. Sample Preparation and Experiment Setup. For the

measurement of CBD in real samples, such as cannabis extracts
or infused products, appropriate sample preparation techni-
ques are employed. This may involve extraction, dilution, or
purification steps to ensure compatibility with the interdigital
sensor. Methanol or acetonitrile is commonly used as the
solvent for preparing standard solutions in the creation of a
standard curve for HPLC analysis of CBD and THC. These
solvents are highly compatible with both compounds and are
well-suited for HPLC systems coupled with UV/vis detectors.

In some cases, isopropanol or ethanol may also be used, but
methanol and acetonitrile are the most common choices due to
their high purity and stability.
Pure CBD is extracted from various parts of cannabis plants,

such as marijuana and hemp. It is in powder form and
packaged in a closed container. The pure CBD used in this
work is (−)-Cannabidiol (CBD) (Mol. Formula C21H30O2)
with a purity of 99.02% (g/g), specified for laboratory use only.
The CBD solution for the experiment was prepared by
dissolving 10 mg of pure CBD in 10 mL of methanol, resulting
in a CBD solution with a concentration of 1,000 ppm. This
solution was further diluted with methanol to obtain various
desired concentrations, as illustrated in Figure 6, and calculated

based on the relationship between concentration and volume
in (7). This work prepared CBD solutions with concentrations
of 25 ppm, 125 ppm, 250 ppm, 500 ppm, and 1,000 ppm. The
volumetric concentration ratios are shown in Table 1.

C V C V1 1 2 2= (7)

Where C1 is the concentration of the stock solution, V1 is the
volume from the stock, C2 is the final concentration of the

Figure 4. (a) Noncontact measurement simulation structure. Electric field distribution for noncontact measurement with (b) unloaded and (c)
empty glass bottle.

Figure 5. Equivalent circuit model for noncontact CBD measure-
ments.

Figure 6. Preparation of CBD solution concentration.

Table 1. Preparing the CBD Solution for the Experiment

C2 (ppm) V2 (mL) C1 (ppm) V1 (mL) methanol (mL)

25 2 1000 0.05 1.95
125 2 1000 0.25 1.75
250 2 1000 0.50 1.50
500 2 1000 1.00 1.00
750 2 1000 1.50 0.50
1000 2 1000 2.00
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diluted solution, and V2 is the final volume of the diluted
solution.
The prepared sample is placed on the sensor surface, and its

reflection coefficient (S11) is measured using a Vector Network
Analyzer (VNA). The measured S11 values are compared for
each CBD concentration to establish a calibration curve.
CBD measurement experiments were performed using an

interdigital electrode at ambient temperature (25 °C). The
experiments utilized 2 mL glass vials (HPLC vials) loaded on
the electrode’s sensing area and were conducted with an
E5063A ENA Vector Network Analyzer (VNA). The sketch of
the noncontact measurement setup for CBD solution
concentration is shown in Figure 7 (a). Figure 7 (b) illustrates
the experimental apparatus designed to evaluate the electrode’s
response to varying CBD concentrations. Glass vials, each
containing 2 mL of CBD solution, were prepared across six
concentration levels. To ensure data reliability, ten replicate
measurements were conducted for each concentration. The

electrode was securely mounted on a custom-designed rack,
ensuring precise alignment with the vial contents.
A vector network analyzer (VNA) was employed to measure

the electrode’s frequency response between 1.64 to 1.7 GHz.
with a 500 kHz sampling rate.

3. RESULTS AND DISCUSSION
The experimental results of various CBD concentrations
corresponding to various S-parameters are shown in Figure 8
(a) the electrode output reflective signals are affected by CBD
concentration. A minimum of −27.65 dB of S11, measured
around 1.66−1.68 GHz with CBD loaded, indicates that the
impedance of the CBD-concentrated electrode matches that of
50 Ω. The resonance frequency of the S11 parameter shifted
concerning the increasing CBD concentration, due to the
change in the dielectric constant of the solution compared to
the S11 parameter of pure methanol. Replication trials were
conducted, and linear regression analyses were performed for

Figure 7. (a) Sketch of the measurement setup. (b) Experimental setup.

Figure 8. (a) Reflection coefficient spectra in the frequency range of 1.64 to 1.7 GHz with different CBD concentrations, (b) linear regression
analysis of CBD concentrations with resonance frequencies, (c) 1.68−1.69 GHz frequency range of the reflection coefficient with various CBD
concentrations, and (d) relation between S11 parameter magnitude and varying CBD concentrations, focusing on the frequency range of 1.68,
1.684, and 1.688 GHz.
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the tested data. The results of one experimental case are shown
in Figure 8 (a). As shown in Figure 8 (b), a good linear
relationship exists between the concentration of CBD and the
resonance frequency of the reflection coefficient. This indicates
that the designed electrode can be used to measure CBD
levels. Furthermore, a strong linear correlation (R2 = 0.9951)
between the CBD concentration and resonance frequency was
observed, suggesting that our method can accurately determine
CBD concentration. Based on these results, there is a linear
variation in the sensor’s resonant frequency, with a shift of Δf
= 2.9 MHz in the frequency range of interest. This corresponds
to a high sensitivity of about 145 MHz per 50 ppm. Our
method is also capable of measuring the minimum CBD
concentration of 25 ppm.
To visualize the distribution of data from the replication

experiments, the results are presented as an error bar in Figure
8 (c). A statistically significant difference was observed among
the median values of each CBD concentration. From Figure 8
(b), the resonance frequencies of replication tests at
concentrations of 25, 125, 250, 500, and 1000 ppm are
1.663 ± 0.0006 GHz, 1.6652 ± 0.0004 GHz, 1.669 ± 0.0004
GHz, 1.671 ± 0.0004 GHz, 1.673 ± 0.0007 GHz, and 1.678 ±
0.0004 GHz, respectively. It was seen that the uncertainty
errors of resonance frequency for all CBD concentration levels
are around 0.02%−0.038% reading, or equivalently, less than
700 Hz. Experimental results showed that the error or variance
in resonance frequency caused by changes in CBD
concentration did not overlap when the CBD concentration
differed by 50 ppm. Therefore, this method can be used to
clearly distinguish and quantify CBD concentrations that differ
by 50 ppm. These resonance frequency measurements of S11
are more stable and accurate and thus less prone to errors and
false readings.
The S11 reflective coefficient related to the sweep high

frequency according to Figure 12 in the 1.68−1.69 GHz
frequency range, further magnified in Figure 8 (c), revealed
that each CBD concentration corresponded to the amplitude
of the reflection coefficient. The amplitude of S11 gradually
decreased when the CBD concentrations increased. However,
the variation in the amplitude of S11 for different CBD
concentrations is different, which can be used to distinguish
the CBD concentration level. Three specific frequency ranges
were selected for study: 1.68, 1.684, and 1.688 GHz. The
relationship between the amplitude of S11 and various CBD

concentrations at these frequencies was examined and is
presented in Figure 8 (d).
Figure 8 (d) shows the variation of the amplitude of S11 for

the replication test versus the CBD concentrations at each
sensing frequency from 1.680 to 1.688 GHz. As the CBD
concentrations increased, the values of S11 decreased
significantly within 125 ppm and more rapidly declined after
750 ppm. The different slopes of these curves can be used to
distinguish the CBD concentration level. The inset in Figure 8
(d) shows that there was a linear relationship between the
concentrations of CBD and the S11 amplitude when the
concentrations range were 25−125 ppm, 125−250 ppm, 250−
500 ppm, 500−750 ppm, and 750−1000 ppm. For all the
replication CBD concentration tests, it can be seen that the
sensitivity of S11 amplitude versus the various CBD
concentrations at 1.68 GHz is higher than that at 1.684 and
1.688 GHz. The different slopes of the curves can be used to
distinguish the five ranges of the CBD concentrations. They
can also represent the sensitivities of this method which were
about 1 dB/100 ppm, 1.7 dB/125 ppm, 2.2 dB/250 ppm, 1.9
dB/250 ppm, and 6 dB/250 ppm for the CBD concentration,
respectively. It suggests that the S11 amplitude measurement is
quite good for detecting the CBD concentration with high
concentration at frequencies slightly above the resonance
frequency. The shift of the amplitude of S11 is used to analyze
the measured limit. The variation of S11 can be distinguished
when the concentration is stepped from 25 to 125 ppm in
increments of 10 ppm. The S11 amplitude for the 50 ppm
sample is approximately 10.8 dB, which is slightly higher than
that of the uncertainty error of an average S11 amplitude
measurement used in this work. Thus, the measured limit of
the sensor can be as low as 50 ppm in terms of the variation of
the amplitude of S11.
This measuring resolution of CBD concentration deter-

mined by the measurement of S11 parameter amplitude is
consistent with the one obtained from the resonant frequency
measurements of the reflection coefficient as previously
described. In this study, it was found that the S11 magnitude
measurement results at low CBD concentrations have a higher
variance than in the case of high concentrations. This may be
attributed to the variable energy loss in the electric field caused
by the unsteady movement of free ions in CBD solution.
As seen in Figure 9 (a), the impedance of the electrode

loaded with varying CBD concentrations approaches 50 Ω

Figure 9. (a) CBD concentration corresponding to the amplitude of |Z|. (b) Imaginary part of the impedance of the electrode loaded at each CBD
concentration in the frequency range of 1.6−1.7 GHz.
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within the frequency range of 1.66−1.68 GHz, aligning with
the previously stated matching range. Especially, in the
frequency range of 1.675−1.685 GHz, the change of
impedance concerning CBD concentration is also at a
noticeable level to distinguish the CBD concentration. The
greatest impedance change can be observed at 1.68 GHz. For
impedance at 1.68 GHz, changes for varying CBD concen-
trations fall within a range of 55−95 Ω, with higher CBD
concentrations corresponding to lower impedance values due
to the conductivity of the solution. The impedance values
within this range are potentially suitable for designing a
measurement circuit; however, such a circuit would likely
require exceptionally high precision to effectively differentiate
between concentrations.
Figure 9 (b) illustrates the frequency response of the

imaginary part of the electrode’s impedance (Im.Z) for various
CBD concentrations within the frequency range of 1.6−1.7
GHz. The negative values indicate the capacitive properties of
the electrode, resulting from the dielectric characteristics of the
methanol solution mixed with cannabis extract.
In the frequency range of 1.6−1.66 GHz, the imaginary part

of the impedance cannot distinguish between different CBD
concentrations and converges to zero due to resonance. It then
returns to negative values at approximately 1.68 GHz.
However, in the frequency range of 1.685−1.695 GHz, the
imaginary part of the impedance can differentiate CBD
concentrations, with higher CBD concentrations yielding
lower absolute values of the imaginary impedance. It reveals
that the changes in the imaginary part of the impedance
between CBD concentrations in the ranges of 125−250 ppm,
250−500 ppm, and 500−750 ppm differ significantly, in
descending order of value. Consequently, measuring the
imaginary part of the impedance to differentiate CBD
concentrations is highly accurate within the 125−750 ppm
range, while measurements in the 25−125 ppm and 750−1000
ppm ranges may be subject to greater error. The methanol-
CBD solutions of 5 replication tests at each concentration
measured by the proposed resonance frequency measurement
were confidently validated against those prepared by dissolving
pure CBD in methanol, as shown in Figure 10. It was observed
that the R-squared correlation coefficient was approximately
0.9986, indicating a strong correlation, and the accurate error
was 0.17% of the reading.

4. CONCLUSIONS
This paper demonstrates the feasibility of using interdigital
electrodes for noncontact CBD concentration measurement
through analysis of the reflection coefficient (S11). The
electrodes were designed and optimized using CST STUDIO
SUITE software, with simulations conducted to evaluate the
electric field penetration and interaction with CBD solutions
inside glass containers. The simulation results confirmed that
the electric field intensity could effectively penetrate the
container to interact with the CBD solution, supporting the
feasibility of the proposed sensing method.
Experimental measurements of the S11 frequency response in

the 1.64−1.7 GHz range further validated this method. The
results showed a significant correlation between CBD
concentration and resonance frequency, with shifts in
resonance frequency reflecting changes in impedance match-
ing, energy absorption, and dielectric properties of the
solution. The experimental results significantly demonstrated
a high degree of precision in the resonance frequency
measurements of the S11 parameter correlated with CBD
concentration levels. The uncertainty was found to be less than
0.038% of the reading, or equivalently, less than 700 Hz for all
CBD concentration levels. This resonance frequency measure-
ment demonstrates the potential to differentiate CBD
concentrations with a resolution of up to 50 ppm, which is a
significant value for practical applications. With this level of
precision, the design of a variable high-frequency oscillator or
frequency sweep generator for this detection system becomes
highly feasible in practice, both in terms of ease of
development and convenience of use. Furthermore, this
resolution facilitates the future development of highly efficient
portable detection devices. In addition to resonance frequency
analysis, the relationship between the magnitude of S11 and
CBD concentration was investigated.
The results indicated that the S11 magnitude decreased while

the resonance frequency increased in inverse proportion to the
rise in CBD content. Low-concentration range sensitivity (e.g.,
1 dB per 100 ppm below 125 ppm) provides the potential of
precise circuit design. However, achieving ultrahigh precision
will require careful calibration and advanced circuit designs.
Impedance frequency response analysis at 1.8 GHz further
corroborated these findings. The impedance values demon-
strated an inverse correlation with CBD concentration,
indicative of increased electrical conductivity at higher
concentrations. While sensitivity in the range of tens of
ohms per 250 ppm was noted, it presents challenges for
designing highly sensitive detection circuits. The capacitive
properties of the CBD solutions, reflected in the imaginary part
of the impedance, were also analyzed, showing potential for
distinguishing concentrations in wide ranges (e.g., 125−750
ppm). The study shows the potential of interdigital electrodes
for nondestructive CBD concentration measurement, with
significant implications for quality control in CBD oil
production. This preliminary study, conducted under con-
trolled laboratory conditions using CBD-methanol solutions,
serves as a foundational step in developing innovative
contactless detection methods.
Future work will focus on expanding the applicability of this

method to more complex matrices, such as cannabis and hemp
derivatives, which often contain additional compounds. To
address the challenges caused by such complex media, future
studies will explore the use of advanced signal conditioning

Figure 10. Correlation between the measured value and the actual
value.
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circuits and enhanced data processing techniques, including
deep learning and generative AI algorithms, to improve
measurement accuracy and selectivity. Additionally, the
method’s potential for biological matrices including blood
and urine will be investigated, where interference from other
molecular species presents significant challenges. Collabora-
tions with specialized laboratories will ensure that these studies
are conducted under controlled conditions, adhering to ethical
and legal standards.
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