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ABSTRACT

This study presents a non-destructive free-space electromagnetic sensing system for classifying the ripeness
of oil palm fruits. Free-Space Measurement (FSM) was performed over a frequency range of 1 to 26 GHz
to acquire reflection (S11) and transmission (S21) responses from oil palm fruit at three stages of ripeness:
unripe, ripe, and overripe. The Nicolson-Ross-Weir (NRW) formulation was applied as a mathematical
transformation tool to extract frequency-dependent electromagnetic response features, rather than to
determine intrinsic dielectric material properties. The measured transmission responses exhibit systematic
variations with ripeness. Unripe fruit shows a stronger electromagnetic interaction with resonance
behavior occurring in lower frequency regions, while ripening leads to a consistent shift of resonance
features toward higher frequencies. These trends are associated with physiological changes during
maturation, including moisture reduction, oil accumulation, and tissue degradation. This work is an
exploratory feasibility study that emphasizes comparative electromagnetic response trends and system-
level resonance behavior under fixed measurement conditions, rather than absolute material
characterization. The results demonstrate the potential of free-space electromagnetic sensing as a non-
contact approach for oil palm ripeness classification and provide preliminary response features to support
future development of microwave, Software-Defined Radio (SDR), and Artificial Intelligence (AI)-based
precision agriculture sensing systems. This study experimentally demonstrates that dielectric-based
inversion using the NRW formulation becomes unstable and non-physical when applied to a free-space
Vector Network Analyzer (VNA) configuration involving non-homogeneous oil palm fruit, as evidenced by
phase ambiguity and negative extracted parameters.

Keywords-free-space electromagnetic sensing; non-destructive ripeness classification; oil palm fruit;
transmission response (S21); NRW-based feature extraction; precision agriculture

I.  INTRODUCTION

development [2]. Indonesia is among the largest oil palm

Oil palm (Elaeis guineensis) is one of the most important
agricultural commodities in Indonesia, playing a central role in
the global vegetable oil industry for both domestic
consumption and export [1]. The oil palm sector contributes
significantly to income generation, employment, and regional

producers, with a continuous expansion of plantation areas and
production capacity [3]. The sustainability and productivity of
this industry depend on efficient plantation management,
particularly in the accurate determination of fruit ripeness at
harvest [4]. The quality of harvested Fresh Fruit Bunches
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(FFB) directly affects downstream processing performance, as
harvesting fruit at suboptimal ripeness leads to reduced oil
yield and inferior oil quality [5, 6].

Therefore, accurate and objective determination of ripeness
is essential to ensure processing efficiency, product quality, and
long-term industry sustainability [7]. However, ripeness
assessment in current plantation practice still relies heavily on
conventional visual inspection based on fruit color, the
presence of loose fruits, and bunch morphology [8]. These
methods are inherently subjective and prone to inconsistency,
especially under varying environmental conditions, plantation
management practices, and fruit varieties. As a result, there is a
need for more reliable, objective, and non-destructive
approaches to oil palm ripeness classification that can reduce
uncertainty, minimize harvest losses, and support precision
agriculture applications.

Non-destructive electromagnetic sensing methods, such as
Free-Space Measurement (FSM), have been explored for
agricultural and biological sensing applications due to their
ability to probe internal structures without physical contact [9].
FSM employs microwave signals to acquire reflection (Si;) and
transmission (S21) responses, which are sensitive to changes in
internal composition such as moisture distribution, tissue
structure, and oil content [10]. The non-contact nature of FSM
makes it suitable for fragile, irregular, and heterogeneous
biological samples, including oil palm fruit. Rather than direct
material characterization, FSM-based sensing captures system-

level electromagnetic responses that reflect combined
interactions between the sample and the measurement
configuration.

Ripening-related  physiological  changes  influence
microwave responses in fruits, primarily due to variations in
moisture content, oil accumulation, and structural degradation
[11]. Unripe fruits, which typically contain higher water
content, exhibit a stronger electromagnetic interaction, while
ripening leads to systematic changes in the transmission and
reflection behavior across frequencies [12]. It has been
demonstrated that frequency-dependent electromagnetic
responses can serve as reliable indicators of fruit ripeness when
evaluated comparatively under consistent measurement
conditions. However, for non-homogeneous and lossy
biological samples, extracted dielectric parameters should be
interpreted cautiously, as they may reflect transformed
response features rather than intrinsic material properties.

The NRW formulation has been widely used as a
mathematical inversion technique to transform measured S-
parameters into frequency-dependent electromagnetic response
features [13, 14]. In practical FSM configurations involving
near-field operation and irregular biological samples, this study
employs NRW as a signal transformation tool to enhance
sensitivity to ripening-related trends, rather than as a strict
metrological method for dielectric  characterization.
Furthermore, SDR-based radar systems have shown great
potential for real-time, non-contact agricultural sensing [15].
Although this work focuses on FSM-based measurements, the
extracted electromagnetic response features and observed
resonance behavior provide valuable guidance for the future
development of SDR-based sensing systems, particularly for

precision agriculture applications requiring flexible frequency
operation and short measurement distances [16-22].

However, when FSM is applied to non-homogeneous
biological objects like whole oil palm fruits, the validity of
dielectric-based inversion methods such as NRW becomes
questionable. Phase ambiguity, sample thickness variation, and
internal structural heterogeneity may lead to inversion
instability and non-physically extracted parameters. Therefore,
it is important to experimentally evaluate the applicability and
limitations of the NRW formulation under realistic FSM-VNA
configurations before interpreting the extracted results.

This study proposes a non-destructive oil palm ripeness
classification approach based on a free-space electromagnetic
sensing system. Rather than performing intrinsic dielectric
material characterization, the study focuses on identifying
extracted electromagnetic response features that vary
systematically with fruit ripeness. Changes in moisture content,
oil accumulation, and tissue structure during ripening are
reflected in the measured transmission and reflection behavior.
The resulting electromagnetic response trends provide
preliminary sensing signatures that can support the
development of short-range, non-contact sensing systems for
practical plantation and post-harvest applications.

Accordingly, this research analyzes the reflection (Si;) and
transmission (Spi) parameters of oil palm fruits at different
stages of ripeness using FSM under fixed and repeatable
measurement conditions. The measured S-parameters are
further processed using the NRW formulation as a
mathematical transformation tool to enhance the sensitivity to
frequency-dependent response variations rather than to derive
absolute dielectric material properties. The analysis aims to
identify frequency regions exhibiting the most pronounced and
consistent electromagnetic response changes with ripeness,
which are relevant for defining operational bands in future
SDR-based sensing systems for non-destructive, real-time
ripeness assessment.

II. RESEARCH METHODOLOGY

A. State of The Art Methods

Several studies have investigated electromagnetic sensing
and FSM techniques for non-contact evaluation of materials
and biological samples. In [23], a calibration-free approach
used S-parameter data to estimate complex permittivity in
multilayer dielectrics, demonstrating the potential of free-space
microwave measurements for the analysis of electromagnetic
response. In [24], wideband horn antennas were employed for
non-contact water-level sensing in plastic pipelines, confirming
the effectiveness of free-space configurations for transmission-
based electromagnetic sensing. In [25], C-band Synthetic
Aperture Radar (SAR) was utilized to estimate soil moisture-
related electromagnetic properties, highlighting the suitability
of microwave sensing for agricultural monitoring applications.

Microwave-based sensing in heterogeneous and lossy
media has been explored. In [26], electromagnetic response
variation was investigated in heterogeneous materials using
microwave refractometry, while in [27], an electronic sensing
technique was developed to assess the quality of used palm oil,
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illustrating the applicability of electromagnetic sensing for
palm-based materials. These studies underline the adaptability
of microwave sensing techniques across engineering and
agricultural domains, particularly when interpreted as system-
level electromagnetic responses rather than strict material
parameters.

In the context of biological materials, a review of dielectric
spectroscopy in biological tissues in [28] emphasized the strong
correlation between electromagnetic response behavior and
moisture content. In [29], FSM was applied to classify oil palm
fruit ripeness by analyzing transmission coefficient (Sazi)
variations across maturity stages. The results showed that
unripe fruits exhibit lower transmission due to higher moisture
content, followed by increased transmission in ripe fruits and a
subsequent decrease in overripe stages associated with fatty
acid accumulation. Building upon this concept, this study
extends free-space electromagnetic sensing by jointly analyzing
Si1 and Sy responses and employing a mathematical
transformation to identify frequency regions that exhibit
consistent ripeness-dependent electromagnetic trends, with the
objective of supporting future short-range SDR-based sensing
systems.

B. FSM Experimental Setup and Procedure

The experiment employed a free-space electromagnetic
sensing configuration to capture ripeness-dependent variations
in oil palm fruit response at three maturity stages: unripe, ripe,
and overripe. Measurements were conducted using a Rohde &
Schwarz ZNA 40 GHz VNA, with Through-Reflect-Line
(TRL) calibration applied independently for each antenna
configuration. A pair of linearly polarized antennas was
arranged in a face-to-face configuration with a fixed separation
distance of 67 cm, corresponding to a radiating near-field
measurement setup representative of practical short-range
sensing scenarios. The measurement system utilized matched
transmitting and receiving antenna pairs within their respective
operational frequency bands, including log-periodic antennas
for 1-18 GHz and horn antennas for 18-26.5 GHz. The far-
field distance was estimated using the classical antenna
criterion [30]:

2D?

Rep ==
where D is the maximum aperture dimension of the antenna
and A is the wavelength corresponding to the lowest operating
frequency of the antenna. For the log-periodic antenna
operating in the 1-18 GHz band, the maximum aperture
dimension is D = 0.24 m. At the lowest operating frequency of
1 GHz, the wavelength is A = 0.3 m, resulting in an estimated
far-field distance of:

_2(0.24)2
Rerir = =33

~ 0.38 m

For the horn antenna operating in the 18-26.5 GHz band,
the aperture dimension is D = 0.022 m. At the lowest
operating frequency of 18 GHz, the wavelength is A = 0.0167
m, yielding a far-field distance of:

_2(0.022)?

Rff,Harn = 00167 ~ 0.06 m

In the experimental configuration, the total transmitting—
receiving antenna separation was fixed at 67 cm, with the oil
palm fruit sample positioned at the midpoint. Consequently, the
antenna-to-sample distance was approximately 33.5 cm. Based
on the above analysis, the sample is located within the radiating
near-field (Fresnel) region for the log-periodic antenna at the
lowest frequencies, and well within the far-field region for the
horn antenna. Despite satisfying the classical far-field criterion
for certain frequency ranges, the measurement configuration
does not fulfill the assumptions required for intrinsic dielectric
property extraction using the NRW method. This is primarily
due to the broadband nature of the antennas, frequency-
dependent phase-center variation, and the non-homogeneous
structure of the oil palm fruit samples. Therefore, the measured
responses are interpreted as system-level electromagnetic
sensing signatures rather than intrinsic material properties.
Table I summarizes the equipment specifications and system
configuration. All measurements were conducted in a semi-
anechoic laboratory environment to minimize external
electromagnetic interference.

TABLE L. EQUIPMENT SPECIFICATIONS AND
CONFIGURATION
Configuration Specifications
VNA Rohde & Schwarz ZNA, 40 GHz
Antenna Schwarzbeck Mess-Elektronik Log-Periodic
(1-18 GHz band) Antenna (TX-RX matched pair)
Antenna Pasternack PE9852-20 Standard Gain Horn

(18-26.5 GHz band) Antenna (TX-RX matched pair)

A-INFO MMW Standard Gain Horn Antenna
(used for band-specific validation and
alignment)

Additional horn antenna

Antenna separation

(TX-RX) 67 cm (sample positioned at midpoint)

Antenna-sample sistance Approximately 33.5 cm

TRL calibration applied independently for

Calibration method cach frequency band

Measurement configuration Free-space transmission—reflection (FSM)

Radiating near-field (1-18 GHz) and far-field

Measurement region (18-26.5 GHz), depending on antenna type

Measurement environment Semi-anechoic environment

Matched transmitting and receiving antennas were used for
each frequency band to avoid bandwidth mismatch and
radiation pattern overlap. Whole oil palm fruit bunches with an
average diameter of approximately 15 cm were classified into
unripe, ripe, and overripe stages based on expert visual
assessment. A total of six samples were evaluated, consisting
of two samples per stage of ripeness. For each stage, one
sample was measured in its original whole-bunch form, while
the second sample was manually flattened on the front and
back surfaces to approximate a planar measurement interface
consistent with FSM and TRL calibration assumptions. Surface
flattening was performed to reduce scattering and phase
distortion arising from curved geometries, without altering the
internal composition of the fruit. All samples were positioned
centrally between the transmitting and receiving antennas using
a non-metallic holder. The FSM measurement procedure began
with air calibration to establish a baseline reference and
eliminate system interference. Figure 2 illustrates the
experimental setup. After calibration, the reflection (Si;) and
transmission (S21) parameters were recorded using the VNA.

www.etasr.com

Rahmawati et al.: Non-Destructive Classification of Oil Palm Ripeness Using Free-Space Measurement: ...



Engineering, Technology & Applied Science Research

Vol. 16, No. 2, 2026, 34126-34134 34129

The measured S-parameters were subsequently processed to
extract electromagnetic response features for comparative
ripeness analysis.

(b)

Oil palm fruit samples: (a) unripe, (b) ripe, (c) overripe.

Vector Network Analyzer

S Parameter

&

1 Sample 1

Horn
Antenna

n Horn
Antenna

Fig. 2. FSM experimental setup.
C. Data Processing and Electromagnetic Parameter
Extraction

Resonance-like frequency behavior in FSM is identified
from local minima observed in the transmission parameter S;;
obtained from VNA measurements. These minima indicate
frequency regions where strong interaction occurs between the
electromagnetic wave and the fruit under the fixed
measurement configuration. Before response extraction, the
measured reflection (S;;) and transmission (S;) data were
processed using a median filter to suppress measurement noise
while preserving crucial spectral characteristics. The filtered S-
parameter data were subsequently processed using the NRW
formulation, which is employed as a mathematical
transformation technique to map the measured S-parameters
into frequency-dependent electromagnetic response features,
rather than as a strict metrological tool for intrinsic material
property characterization. The reflection coefficient (I") and
transmission coefficient (T') were derived from the measured
Si1 and Sy; parameters, followed by calculation of the complex
refractive index ( nm ), which represents phase shift and
attenuation effects within the sensing system. Under the non-
magnetic assumption (@, = 1), the transformed relative
permittivity term (&, = n?) is employed as an extracted
dielectric response parameter. The real (¢') and imaginary
(¢'") components are interpreted as frequency-dependent
response features that reflect combined system-sample
interactions under near-field and non-ideal measurement

conditions, rather than absolute intrinsic material properties.
The NRW equations employed in this study are [31-33]:

[(511)%=(S21)2+1]
[="—F—= 1
[2-514] M

_ Sa1

=@ 2

c 1
n= ((jwd)) X n (?) G)
g =n"- (4 =1) 4

Since the refraction index n is complex, it can be expressed
as:

n=n"—jn" (5)
which yields a complex extracted effective dielectric response:

& = (n' = jn") ©

e'=@)?-0")? (M

e =2n'n" 8)

where I' is the reflection coefficient, T is the transmission
coefficient, n is the complex refractive index, &, is the
extracted dielectric response parameter, w is the angular
frequency (rad/s), and d is the effective propagation length.

In this study, the NRW formulation is intentionally applied
under conditions that do not strictly satisfy its underlying
assumptions, including non-homogeneous samples, near-field
operation, and limited sample repetition. This enables an
experimental evaluation of the stability and wvalidity of
dielectric-based inversion when applied to FSM-VNA sensing
of biological objects. Instability in the extracted parameters,
including sign reversal and near-zero magnitudes, is therefore
treated as experimental evidence of the NRW limitation rather
than a measurement error.

D. Measurement Uncertainty and Experimental Limitations

Free-space electromagnetic sensing of non-homogeneous
biological samples is inherently subject to multiple sources of
uncertainty, including VNA calibration tolerance, antenna
alignment, sample positioning, surface curvature, antenna
configuration, and environmental conditions. The FSM system
was calibrated using the TRL method, which assumes planar
reference interfaces; therefore, deviations from ideal planar
surfaces in whole fruit bunches may introduce additional
scattering and phase distortion. To mitigate this effect,
supplementary measurements were conducted on samples with
manually flattened front and back surfaces to better
approximate planar measurement conditions consistent with
TRL assumptions. Additional uncertainty arises from the use of
non-identical antenna types, limited antenna separation, and
near-field operation, which may contribute geometry-
dependent and antenna-dependent effects to the measured S-
parameters.
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Fig. 3.

Due to the exploratory nature of this study and the limited
number of samples, formal uncertainty quantification and
statistical error analysis were not performed. Consequently, the
extracted dielectric response parameters are interpreted as
system-level electromagnetic responses obtained under fixed
and repeatable experimental conditions. These limitations are
explicitly acknowledged and will be addressed in future work
through improved antenna symmetry, optimized measurement
geometry, repeated measurements, and larger sample sets.

III. EXPERIMENTAL RESULTS AND VERIFICATION

A. FSM Implementation

Oil palm fruit measurements were conducted using the free-
space electromagnetic sensing configuration shown in Figure 4,
designed to reflect short-range, field-relevant sensing
conditions. The system was calibrated using the TRL method
with aluminum and absorber standards to establish a consistent
reference for S-parameter measurements. Log-periodic
antennas (1-18 GHz) and horn antennas (18-26.5 GHz) were
used in matched transmitting and receiving pairs, connected to
a VNA (Rohde & Schwarz ZNA), to record reflection (Si1) and
transmission (S»1) parameters.

The measured S-parameter data were processed using a
median filter to suppress noise while preserving key spectral
features. The filtered data were subsequently transformed using
the NRW formulation as a mathematical response extraction
tool to enhance sensitivity to frequency-dependent
electromagnetic variations. Resonance-like behavior was
identified from local minima in the S»; response. The resulting
extracted electromagnetic response features were analyzed
comparatively across ripeness stages to evaluate ripeness-
dependent trends.

The experimental dataset consists of free-space S-parameter
measurements acquired from whole oil palm fruit samples at
three ripeness stages: unripe, ripe, and overripe. A total of six
samples were evaluated, with two samples per ripeness

A 4
Calibration FSM Electromagnetic g’.‘tlmctt:.d Oil Palm Fruit
(Air Experimental » Data Collection > Rl:; )e:n:: > Ripeness
Measurement) Setup (S-Parameter) Ph ! gy Assesment
(¢’ and £")
' ' ¥
Log-periodic
(Tlu'o.ugh- antenna Sn Reflection and S,1 Transmission + -
Reflect-Line) (Schwarzbeck, So Transmission Median Filter End
Method 4 1-18 GHz) + | eedan taltter
Nicolson-Ross-Weir
Absorber + Pasternack dan (NRW) Method
Aluminium Plate A-INFOMW, ethod
18-26.5 GHz

Measurement procedure.

category. Reflection (Si;) and transmission (S»1) parameters
were measured for each sample over the 1-26 GHz frequency
range using a VNA under identical experimental conditions.
The measured S-parameter data were processed utilizing a
median filter to suppress measurement noise while preserving
essential spectral and resonance features. Subsequent analysis
focused on frequency-dependent transmission minima,
extracted dielectric response trends, and comparative
electromagnetic behavior across ripeness stages, rather than on
absolute intrinsic material parameter estimation.

(@

Fig. 4. FSM measurement implementation on oil palm fruit: (a) FSM
configuration, (b) sample thickness, (c) TRL calibration, (d) VNA.
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Fig. 6. Si; reflection graph.

The S;; reflection response, illustrated in Figure 6,
represents the portion of the incident wave reflected at the fruit-
air interface, providing complementary information on surface
and near-surface interaction. Although Si; is not used directly
to determine resonance-like frequencies, variations in reflection
behavior across ripeness stages are consistent with reduced
moisture content and increased structural degradation in riper
fruit, further supporting the observed transmission trends.

C. Extracted Dielectric Response (€' and ")

Processing the FSM data using the NRW formulation yields
an extracted dielectric response, represented by the real (g')
and imaginary (¢") components derived from the measured S;
and S»; parameters. Figure 7 presents the frequency-dependent
¢’ and €" responses for different ripeness stages. Systematic
variations are observed across ripeness levels.

The extracted dielectric response exhibits non-physical
characteristics, including negative real components (&' < 0)
and near-zero magnitudes across multiple frequency regions.
These behaviors are indicative of phase ambiguity in the
logarithmic inversion of the NRW formulation, which becomes
highly sensitive to small variations in S;; when transmission
levels are low. Furthermore, measurements were conducted on
a limited number of samples (one representative sample per
ripeness stage for NRW extraction). As a result, non-physical
inversion results are not statistically averaged out, and their
impact becomes pronounced. This experimental observation
confirms that dielectric-based inversion using NRW is not valid
for absolute material characterization in the FSM-VNA-non-
homogeneous fruit configuration.

The occurrence of negative real permittivity (&) values
originates from the mathematical inversion process of the
NRW formulation rather than from the physical properties of
the oil palm fruit. In this free-space configuration,
electromagnetic waves propagate through multiple paths within
the non-homogeneous fruit structure, resulting in phase
superposition and ambiguity. The logarithmic operation used to
extract the complex refractive index becomes multi-valued
under these conditions, leading to an incorrect branch selection,
and consequently a negative real component of the refractive
index. Since &' is obtained as the square of the refractive index,
this phase ambiguity directly results in negative &’ values. In
contrast, the imaginary component &'’ remains positive, as it is
predominantly governed by transmission magnitude attenuation
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S21, which consistently reflects electromagnetic loss within the
sample. Therefore, the negative &’ values observed in this study
represent non-physical inversion results of the NRW method
under non-ideal and non-homogeneous measurement
conditions, rather than intrinsic dielectric material properties.

E. Scatter Analysis of Extracted Electromagnetic Response

Figure 8 depicts the scatter distribution of the extracted &’
and & components for unripe, ripe, and overripe oil palm fruit
samples.

X107
T T T T = T

3k i N T i

Line (Unripe)

R Line (Ripe
Regression Line (Overripe)

1t o E

Imaginary Part (")

3k ——— i -
1 L I 1 1 - .
-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5
Real Part (¢') =101

Fig. 8. Correlation between extracted dielectric response (g,) and oil palm
fruit ripeness.

Distinct clustering patterns are observed for each ripeness
stage, indicating different electromagnetic response behaviors
under identical measurement conditions. This separation
demonstrates the capability of the extracted response features
to differentiate ripeness levels in a non-destructive manner. The
observed variations are associated with physiological changes
during ripening, including moisture loss, oil accumulation, and
tissue softening, which influence electromagnetic energy
storage and dissipation. Although the extracted parameters do
not represent intrinsic material properties, the consistent
correlation between electromagnetic response patterns and
ripening processes supports their practical use for non-
destructive ripeness classification.

F. Correlation Between Extracted Electromagnetic Response
and Ripeness

Table II  summarizes  representative  extracted
electromagnetic response values (&’ and €'') observed near
resonance-like frequency regions for unripe, ripe, and overripe
samples. The reported values reflect relative electromagnetic
interaction behavior rather than absolute material parameters.
Higher €" values observed in unripe fruit indicate stronger
electromagnetic energy dissipation associated with higher
moisture content. As ripening progresses, reductions in £” and
changes in &' reflect diminished electromagnetic interaction
due to moisture loss, oil accumulation, and increased internal
air gaps. These systematic trends indicate that moisture content
is a dominant factor influencing the extracted electromagnetic
response during ripening, reinforcing the relevance of the
proposed sensing approach.

TABLE IL EXTRACTED NRW-BASED ELECTROMAGNETIC
RESPONSE PARAMETERS
Maturity stage Real part (g) Imaginary part (g")
Unripe -0.020835 0.009704
Ripe -0.060576 0.010386
Overripe -0.005124 0.002086

The reported &' and &' values are system-dependent
electromagnetic response parameters obtained from NRW
inversion under non-ideal conditions, and do not represent
intrinsic dielectric constants of oil palm fruit.

G. Applicability of the NRW Transformation and Resonance
Interpretation

The NRW formulation was originally developed for
homogeneous, planar materials under ideal measurement
conditions. When applied to whole oil palm fruit bunches,
which are non-homogeneous and geometrically irregular, the
extracted response is influenced by structural complexity,
internal air gaps, surface curvature, and near-field interaction
effects. Consequently, resonance-like features observed in the
S21 response may arise from a combination of dielectric
contrast, sample thickness, and geometric resonance effects.
For this reason, the observed resonance-like frequencies are
interpreted as system-level electromagnetic responses, rather
than intrinsic material resonances. Despite these limitations,
consistent shifts in resonance-like behavior and extracted
electromagnetic response features were observed across
ripeness stages under identical sensing configurations,
supporting the exploratory feasibility of the proposed free-
space electromagnetic sensing approach for comparative, non-
destructive ripeness assessment. Therefore, the primary
contribution of this work is not dielectric property extraction,
but the experimental evaluation of NRW applicability and the
identification of robust electromagnetic response trends
suitable for non-destructive ripeness classification.

H. Comparison with Previous Studies

The NRW algorithm is widely used as a transformation of
S-parameter data, but its physical interpretation becomes less
reliable on non-homogeneous samples due to structural
complexity and measurement configuration dependencies [34].
Advanced studies have shown that NRW inversion can be
unstable and produce non-unique extracted responses under
such conditions [35]. In biological and agricultural sensing,
microwave techniques extract effective electromagnetic
responses that correlate with changes in sample properties,
even though these do not represent intrinsic dielectric
properties [36]. Accordingly, this study interprets NRW-
derived quantities as extracted dielectric responses for
comparative ripeness analysis rather than as an intrinsic
material constant.

IV. CONCLUSION

This study investigated a free-space electromagnetic
sensing system for non-destructive classification of oil palm
fruit ripeness using reflection and transmission measurements.
The extracted electromagnetic response features and resonance-
like behavior exhibited consistent and systematic variations
across unripe, ripe, and overripe stages, corresponding to
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physiological changes such as moisture reduction, oil
accumulation, and tissue degradation during ripening. Due to
the non-homogeneous nature of whole fruit bunches and near-
field measurement conditions, the transformed response
parameters obtained using the Nicolson-Ross-Weir (NRW)
formulation are interpreted as system-level electromagnetic
responses rather than intrinsic material properties. Despite
these limitations, the consistent response trends observed under
identical sensing configurations demonstrate the exploratory
feasibility of the proposed approach for non-contact ripeness
classification. The findings provide preliminary
electromagnetic sensing signatures that can support future
development of short-range microwave sensing systems,
including integration with Software-Defined Radio (SDR)
platforms and Artificial Intelligence (Al)-based estimation
frameworks for practical precision agriculture applications.
This study experimentally confirms that dielectric-based NRW
inversion is not valid for intrinsic material characterization of
non-homogeneous oil palm fruit under Free-Space
Measurement-Vector ~ Network  Analyzer (FSM-VNA)
configurations, due to phase ambiguity and inversion
instability. Nevertheless, the transformed electromagnetic
response features remain effective for comparative ripeness
classification.
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