
Academic Editor: Małgorzata Ziarno

Received: 23 May 2026

Revised: 17 June 2026

Accepted: 22 June 2026

Published: 24 June 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Comparative Feasibility of Transmission and Metal-Backed
Microwave Architectures for Meter-Referenced Grain
Moisture Monitoring
Qinyi Xiao 1, Xingbao Lyu 1,2,3,*, Yiqun Ma 1, Guijiang Liu 1, Chengxun Yuan 1,2,3,*, Jingfeng Yao 1,2,3

and Zhongxiang Zhou 1,2,3

1 School of Physics, Harbin Institute of Technology, Harbin 150001, China; 25s011078@stu.hit.edu.cn (Q.X.);
myq@stu.hit.edu.cn (Y.M.); 24b311021@stu.hit.edu.cn (G.L.); yaojf@hit.edu.cn (J.Y.); zhouzx@hit.edu.cn (Z.Z.)

2 Heilongjiang Provincial Key Laboratory of Plasma Physics and Application Technology, Harbin 150001, China
3 Heilongjiang Provincial Innovation Research Center for Plasma Physics and Application Technology,

Harbin 150001, China
* Correspondence: lvxingbao@hit.edu.cn (X.L.); yuancx@hit.edu.cn (C.Y.)

Abstract

Grain moisture content is a key variable for safe storage, drying control, and quality
management. Microwave sensing is attractive because water strongly modulates the
complex relative permittivity (ε* = ε′ − jε′′) of granular agricultural products, thereby
shaping broadband scattering-parameter spectra. This study presents a meter-referenced
feasibility evaluation of an interpretable S-parameter–permittivity–moisture chain using
a vector network analyzer over 2–18 GHz. Wheat, maize, and mung bean were prepared
at six moisture levels, and the moisture values were referenced to two commercial grain
moisture meters (MC_ref) to represent rapid on-site benchmarking rather than absolute
gravimetric moisture determination. Therefore, the reported errors should be interpreted
as commercial-meter-referenced calibration indicators rather than absolute gravimetric
moisture prediction accuracy. Two free-space configurations were compared on the same
platform: a two-horn transmission setup under controlled packing and a metal-backed
double-pass reflection setup intended to represent single-sided access under loose bulk
packing. After SOLT calibration and empty-holder background normalization, ε′ and ε′′

were retrieved via complex-domain nonlinear least-squares fitting of physics-based slab
models to measured S21 spectra. The results show that moisture-dependent dielectric
responses were grain- and configuration-dependent. In particular, ε′′ generally provided
a more robust moisture-sensitive feature in the free-space transmission configuration,
whereas the optimal single-parameter predictor in the metal-backed configuration differed
among grains. A mid-band frequency window of approximately 8–16 GHz provided more
stable inversion by avoiding low-frequency coupling artefacts and high-frequency signal-to-
noise degradation. The metal-backed configuration preserved moisture trends but yielded
lower effective ε′ values, likely due to increased air fraction under loose packing. These
results indicate that packing state, grain type, and frequency-window selection are critical
factors for transferring microwave moisture calibration from laboratory measurements to
practical grain-handling scenarios.

Keywords: grain moisture content; microwave dielectric spectroscopy; vector network
analyzer; complex permittivity; free-space transmission; metal-backed reflection
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1. Introduction
Accurate and timely measurement of grain moisture content (MC) is foundational

to safe storage and high-value utilization of cereals and legumes. Moisture levels above
safe thresholds accelerate respiration and create favorable conditions for fungi and insects,
which in turn increase heating, caking, mould growth and mycotoxin contamination.
These processes are recognized as major contributors to post-harvest losses across grain
supply chains [1,2]. In practice, MC also affects processing performance and trade fairness:
excessive moisture reduces kernel hardness and milling yield, while contractual MC limits
determine grading and pricing. Consequently, MC sensing is not only a quality-control
task but also a decision variable for drying control, aeration scheduling and inventory
management in smart storage systems.

From the perspective of grain quality and storage safety, moisture content should also
be interpreted with reference to accepted commodity standards. Codex standards specify a
maximum moisture content of 14.5% m/m for wheat and durum wheat and 15.5% m/m for
maize, while standards for certain pulses provide different moisture limits depending on
climate and storage practice. Therefore, samples exceeding these values should be regarded
as high-moisture or stress-test cases for calibration rather than as acceptable long-term
storage states. In addition, wheat, maize, and mung bean are not only major food materials
but also important sources of dietary energy, plant protein, fibre, minerals, and bioactive
compounds. Preserving appropriate moisture levels is therefore relevant not only to safe
storage but also to maintaining nutritional quality and processing performance.

The oven-drying method remains the accepted reference for MC, yet its long
turnaround time and destructive nature make it unsuitable for high-throughput or online
scenarios. Electrical moisture meters (resistance or capacitance based) improve speed and
convenience, but they require physical contact and their readings can drift with grain
variety, bulk density and temperature, leading to frequent recalibration in the field [3–8].

Microwave sensing exploits the fact that water molecules have strong dipolar po-
larization and relaxation loss in the GHz range, so MC changes dominate the complex
relative permittivity (ε* = ε′ − jε′′) of grain bulks. This physical contrast has been widely
used to characterize dielectric properties of agricultural products and to develop moisture-
related models over broad frequency and temperature ranges [9–18]. Compared with
low-frequency electrical meters, microwave methods are potentially non-destructive, fast
and compatible with non-contact measurements that interrogate a larger sensing volume.

Beyond moisture sensing, dielectric response has also been used for soil inorganic
nitrogen detection [19], and machine-learning approaches such as random forests have
been explored for dielectric-parameter estimation [20]. Vector network analyzers (VNAs)
provide broadband measurements of scattering parameters with both magnitude and
phase, enabling quantitative retrieval of ε′ and ε′′ from S-parameter spectra and, ultimately,
MC estimation [21]. Free-space approaches using horn antennas are particularly attractive
for granular media because they avoid direct probe–particle contact and can be adapted to
conveyor, silo or container geometries [22–24]. Related broadband transmission/reflection
structures for liquids and resonator-assisted permittivity measurement systems further
illustrate the flexibility of microwave material characterization [25,26]. In addition, baseline
dielectric models for water and saline systems and Debye-type loss formulations provide
useful physical references for interpreting moisture-driven dispersion in wet biomateri-
als [27,28]. However, two challenges limit practical deployment: (i) the mechanistic link
between moisture-induced dielectric changes and the measured S-parameter features is
often treated as a black-box calibration, and (ii) measurement configuration and packing
state (bulk density) can bias permittivity inversion, which undermines model transfer from
laboratory to loose bulk conditions [17,22]. In addition, dielectric data and mechanism-
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oriented studies for legumes such as mung bean are relatively scarce compared with major
cereals, restricting multi-crop applicability.

Based on the above background, this study tests three working hypotheses: (1) mois-
ture variation produces measurable and grain-specific changes in microwave attenuation,
phase response, and retrieved complex permittivity; (2) an intermediate frequency window
can improve inversion stability by avoiding low-frequency coupling artefacts and high-
frequency signal-to-noise degradation; and (3) the difference between the transmission and
metal-backed configurations is controlled by both measurement architecture and packing
state. It should be noted that the present work is designed as a feasibility and mechanism-
oriented study rather than a metrological replacement of the oven-drying reference method.
Therefore, the moisture values used for calibration are denoted as MC_ref, representing
commercial-meter-referenced moisture levels for rapid benchmarking. Accordingly, the
specific objectives of this work are as follows:

(i) a unified electromagnetic forward-modeling and inversion workflow that retrieves
ε′ and ε′′ from complex S21 spectra using background normalization and complex-
domain nonlinear least-squares fitting for both transmission and metal-backed double-
pass configurations;

(ii) a reliability-oriented analysis of frequency band and sample thickness, identifying a
robust mid-band window (~8–16 GHz) and a practical thickness range (2–3 cm) that
balance sensitivity with inversion stability;

(iii) a comparative evaluation across wheat, maize, and mung bean, revealing grain-
specific differences in ε′/ε′′ sensitivity to moisture reference values (MC_ref) and
informing single-parameter calibration choices;

(iv) an explicit discussion of packing-state effects (controlled vs. loose packing) on re-
trieved permittivity, clarifying limitations and implications for transferring laboratory
calibrations to bulk handling scenarios.

2. Materials and Methods
2.1. Measurement Chain: S-Parameters → Permittivity → Moisture

The measurement workflow is summarized as follows: (i) the VNA acquires broad-
band complex S-parameters of the antenna–sample–antenna system; (ii) a physically based
electromagnetic model is used to retrieve the complex relative permittivity ε* of the grain
layer; and (iii) calibration relationships between ε* (or derived features) and MC_ref are es-
tablished. The complex relative permittivity is defined as ε* = ε′ − jε′′, where ε′ represents
electric energy storage and ε′′ represents dielectric loss due to dipolar relaxation and ionic
conduction. The background-normalized transfer function was computed as follows:

S̃21( f ) =
S21, sample( f )

S21,empty( f )
(1)

so that antenna coupling and holder responses were largely cancelled prior to inversion.

2.2. Vector Network Analyzer and Calibration

A PNA-L N5234A vector network analyzer (made in Keysight Technologies, Beijing,
China) was used as the measurement platform. The sweep range was 2–18 GHz. Prior to
each measurement campaign, full two-port SOLT (Short–Open–Load–Thru) calibration was
performed using a standard calibration kit (model 31121), moving the reference planes to
the antenna connectors to reduce systematic errors. The detailed VNA settings, including
sweep points, IF bandwidth, output power, and time-gating information, are summarized
in Table S1.
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2.3. Free-Space Transmission Configuration

The free-space transmission configuration employed two broadband double-ridged
horn antennas (XB-WDB-2-18S, each with a 10 cm aperture) connected to ports 1 and 2
of the VNA. The antennas were mounted coaxially on an optical rail with a separation
distance of 120 cm. Grain samples were filled into an insulating sample holder placed
between the antennas, positioned 60 cm from each antenna. To study thickness effects
while maintaining adequate signal-to-noise ratio (SNR), ten holders were fabricated with
five nominal heights (1, 2, 3, 4 and 5 cm; two holders per height). Figures 1 and 2 show the
sample box and experimental setup of the free-space transmission configuration.

Figure 1. Sample box of the free-space transmission configuration.

Figure 2. Experimental setup of the free-space transmission configuration.

Measurement steps were as follows: (1) SOLT calibration; (2) measurement of the
empty holder as a background spectrum S21, empty(f); (3) filling the holder, leveling the
surface, and measuring S21, sample(f); (4) repeating the fill–measure process three times
for each condition to evaluate repeatability; and (5) exporting complex S-parameter data
for permittivity inversion and moisture analysis.

2.4. Metal-Backed Reflection Configuration (Arch Frame)

The metal-backed reflection configuration is a free-space variant intended to emulate
loose bulk packing conditions. An aluminum plate served as the reflector. The sample
holder was placed flush against the plate, with absorbing foam covering the surrounding
area. Two horn antennas were mounted above the sample, facing downward on an arch
frame. The measured S21 contained the double-pass propagation through the sample
(air → sample → metal → sample → air), so its magnitude and phase were highly sensitive
to ε*, sample thickness d, and packing state. Figures 3 and 4 show the sample box and
experimental setup of the metal-backed reflection configuration.
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Figure 3. Sample box of the metal-backed reflection configuration.

Figure 4. Experimental setup of the metal-backed reflection configuration.

In this configuration, S21 should not be interpreted as a conventional through-
transmission coefficient. Instead, it represents a bistatic metal-backed return signal collected
by the receiving horn after double-pass propagation through the grain layer and reflection
from the aluminum plate. The empty-holder metal-backed response was measured under
the same geometry and used for background normalization. After this normalization, an-
tenna coupling and the specular reflection from the bare metal plate were largely cancelled,
and the remaining complex spectrum mainly reflected the moisture-dependent attenuation
and phase delay introduced by the grain layer. Therefore, the normalized S21 was fitted
using the metal-backed slab model in Appendix A. Because the two-horn metal-backed ge-
ometry is not a perfect monostatic reflection measurement, the retrieved permittivity should
be regarded as an effective fitted permittivity under the present measurement geometry.

The measurement sequence mirrored the transmission case: SOLT calibration; empty-
holder background acquisition on the metal plate; sample filling and leveling; three re-
packing repeats; and data export. In this configuration, samples were filled by natural
pouring with minimal compaction to mimic loose bulk packing.

2.5. Grain Samples and Moisture Reference

Wheat, maize and mung bean (≈5 kg per grain) were selected with no visible damage.
Six representative moisture gradient levels were prepared for each grain type to establish
the foundational dielectric response trends: (i) as-received (untreated); (ii–iv) drying at
40 ◦C, 50 ◦C and 60 ◦C for 1 h followed by cooling; and (v–vi) soaking in tap water for 1 h
and 2 h at room temperature. After soaking, samples were air-dried for 48 h to remove
surface free water before measurement. For transmission measurements, packing was
standardized by free-fall filling from a fixed height followed by surface leveling to reduce
density variation. For metal-backed measurements, natural packing was used to better
represent field conditions.
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Moisture levels were referenced to two commercial grain moisture meters (Table 1).
The resulting values are denoted as MC_ref throughout the manuscript. Therefore, the re-
ported calibration errors quantify the agreement between the microwave-derived dielectric
predictors and commercial-meter-referenced moisture levels, rather than absolute gravimet-
ric moisture accuracy. This distinction is important because commercial meter readings can
be affected by grain type, temperature, bulk density, and moisture range. The oven-drying
method was not included in the present feasibility experiment because the objective was to
evaluate a rapid on-site microwave sensing chain against commonly available commercial
meters, rather than to establish an absolute metrological moisture reference. Standard
reference methods are available for different commodities, such as ISO-type oven-drying
methods for cereals, maize, and pulses. Therefore, the present dataset is used primarily to
evaluate dielectric response trends, configuration-dependent stability, and the feasibility of
grain-specific calibration. Future work should include commodity-specific oven-drying ref-
erence measurements to validate the absolute accuracy of the microwave-derived models.

Table 1. Reference moisture content of grain samples (wet basis, %) measured using two commercial
meters.

Grain/Instrument Untreated Drying 40 ◦C, 1 h Drying 50 ◦C, 1 h Drying 60 ◦C, 1 h Soaking 1 h Soaking 2 h

Maize (LDS-1G) 12.2 12.0 10.7 9.7 19.1 22.3
Maize (PM-8188-A) 12.2 11.7 10.5 9.4 19.8 23.6

Wheat (LDS-1G) 13.2 12.6 10.4 9.1 26.6 31.2
Wheat (PM-8188-A) 13.4 12.8 10.6 9.3 26.5 31.6

Mung bean (LDS-1G) 11.0 10.6 10.2 9.9 12.5 16.7
Mung bean

(PM-8188-A) 11.4 10.6 10.2 9.8 12.6 18.8

Note: Values were used as reference MC for dielectric–moisture correlation analysis.

2.6. Complex Permittivity Retrieval

Each grain bulk was approximated as an effective homogeneous dielectric slab of
thickness (d) under normal incidence. The complex refractive index is (n* =

√
ε) and the

propagation constant in the slab is (γ = jk0n), where (k0 = 2π f /c). After background
normalization, the measured (S̃21( f )) was fitted with physics-based forward models.

For the transmission configuration, the normalized transfer function was modeled
using a Fabry–Pérot slab transmission form:

[S̃21, mod( f ; ε) =
(1 − Γ2) exp(−γd)
1 − Γ2 exp(−2γd)

] (2)

where (Γ = (1 − n*)/(1 + n)) is the air–slab interface reflection coefficient.
For the metal-backed configuration, a perfect-conductor termination was assumed at

the slab back surface, resulting in a double-pass response captured by the corresponding
metal-backed slab model (Appendix A).

The complex permittivity ((ε′, ε′′)) was estimated by minimizing a complex-domain
least-squares objective over a selected frequency band.

(F ) : [minε′ ,ε′′ ∑
f∈F

∣∣∣S̃21( f )− S̃21, mod( f ; ε′, ε′′)
∣∣∣2] (3)

subject to (ε′ > 1) and (ε′′ ≥ 0). Initial values were obtained from the phase slope ( f or(ε′))
and amplitude attenuation ( f or(ε′′)), followed by nonlinear least-squares refinement. The
fitting simultaneously used magnitude and phase information, enabling stable retrieval
within the recommended mid-band window. Based on the above complex-domain fitting
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strategy, the complete permittivity inversion procedure used in this study is summarized
in Algorithm 1.

Algorithm 1. Permittivity inversion from background-normalized S21

Input: complex (S21,empty( f )), (S21,sample( f )); thickness (d); frequency window (F );
configuration flag (transmission/metal-backed).

1. Compute (S̃21( f ) = S21, sample( f )/S21,empty( f )).
2. Initialize (ε′) from the phase slope of (S̃21( f )) over (F ); initialize (ε′′) from

amplitude attenuation.
3. Define forward model (S̃21,mod( f ; ε∗)) (transmission: Fabry–Pérot slab;

metal-backed: Appendix A).
4. Solve (minε′ ,ε′′ ∑

f∈F
|S̃21( f )− S̃21, mod( f ; ε∗)|2) with constraints (ε′ > 1), (ε′′ ≥ 0).

5. Report (ε′), (ε′′) and repeatability statistics across re-packing repeats.

2.7. Statistical Analysis

Moisture sensitivity was quantified using Pearson correlation coefficients (r) between
MC_ref and the retrieved ε′ and ε′′ values. Grain-specific linear calibration models were
then constructed using ordinary least-squares (OLS) regression, with MC_ref (wet basis, %)
as the response variable and ε′ or ε′′ as the predictor. Model performance was evaluated
using the coefficient of determination (R2), root mean squared error (RMSE, % w.b.), and
leave-one-out cross-validation (LOOCV) RMSE. The statistical significance of the regression
slope was assessed using two-sided t-tests. The normality of regression residuals was
examined using the Shapiro–Wilk test, and the corresponding p-values are provided in
Table S2. Because only six moisture levels were available for each grain, the Shapiro–
Wilk test was used as a diagnostic check rather than as a strict model-selection criterion.
Residual normality, LOOCV RMSE, and Cook’s distance were considered together to avoid
over-interpreting high R2 values obtained from small datasets.

The Shapiro–Wilk results are summarized in Table S2. Most residual series did not
show strong evidence of deviation from normality, whereas the free-space ε′′ models for
maize and wheat showed p < 0.05. Therefore, the regression p-values should be interpreted
descriptively, and LOOCV RMSE was emphasized as an additional robustness indicator.

3. Results and Discussion
3.1. Moisture Range and Reference Consistency

Instrument-to-instrument consistency was evaluated using Pearson correlation and
Bland–Altman analysis. The scatter plot and Bland–Altman plot for the two commercial
moisture meters are provided in Figures S1 and S2, respectively. The two commercial
meters agreed closely in most cases, with an overall correlation coefficient of r ≈ 0.996,
a mean absolute difference of 0.38% w.b., a mean bias of −0.27% w.b. (LDS-1G − PM-
8188-A), and 95% limits of agreement of −1.43 to 0.90% w.b. The largest discrepancy was
observed for mung bean soaked for 2 h. These results support the use of the two-meter
average as a practical MC_ref for feasibility analysis. However, because gravimetric oven-
drying measurements were not performed, this comparison should be regarded as an
instrument-to-instrument consistency check rather than validation against an absolute
moisture reference.
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Table 1 summarizes the MC_ref levels obtained after drying and soaking treatments.
Based on the average of the two commercial meters, the MC_ref ranges were 9.20–31.40% for
wheat, 9.55–22.95% for maize, and 9.85–17.75% for mung bean. For wheat, the untreated and
dried samples were below the Codex maximum moisture level of 14.5% m/m, whereas the
two soaked samples clearly exceeded this limit. For maize, the untreated and dried samples
were below the Codex maximum level of 15.5% m/m, while the soaked samples exceeded
it. For mung bean, no direct Codex limit specific to mung bean was used in this study;
however, related pulse standards indicate that acceptable moisture limits depend on climate
and storage duration. Therefore, the soaked mung bean samples should also be interpreted
as high-moisture calibration points rather than as recommended storage conditions.

3.2. S-Parameter Response in Free-Space Transmission Measurements

In the transmission configuration, the magnitude of S21 decreased monotonically with
increasing sample thickness and MC_ref. This behavior follows wave propagation in lossy
media: increasing MC_ref increases ε′′ (dielectric loss), which increases attenuation and
reduces transmitted power. Rising ε′ also increases impedance mismatch at the air–sample
interface, enhancing reflection loss and further reducing S21.

Frequency-dependent artefacts were observed at both ends of the sweep. In the
low-frequency range (≈2–4 GHz), local oscillations occurred in S21, likely caused by
antenna near-field coupling, edge diffraction at the holder, scattering from nearby metallic
structures and an increased relative contribution of conduction loss. At the high-frequency
end (>16 GHz), combinations of high MC_ref and large thickness led to severe attenuation
and increased noise, making the effective signal approach the noise floor and destabilizing
inversion. Overall, quantitative inversion requires a compromise between resolvable
phase delay and sufficient transmitted amplitude; under the present setup, a mid-band
window (approximately 8–16 GHz) provided the most stable spectra. Figures 5–7 show
the microwave power loss trends for maize, wheat, and mung bean, respectively. These
figures are used to show attenuation trends under thickness or high loss conditions, while
the recommended 2–3 cm is engineering recommendations after integrating SNR and
inversion stability.

 

Figure 5. Microwave power loss plots of the free−space transmission configuration for maize (3 cm).
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Figure 6. Microwave power loss plots of the free−space transmission configuration for wheat (4 cm).

 

Figure 7. Microwave power loss plots of the free−space transmission configuration for mung bean
(5 cm).

3.3. Retrieved Permittivity and Moisture Dependence

In the tested range, the transmission configuration showed the strongest linear cor-
relation for maize (ε′–MC_ref). For wheat, ε′–MC_ref correlation was weaker, while ε′′

remained strongly correlated, suggesting that loss-related features can provide more ro-
bust predictors when ε′ is affected by packing and structural factors. For mung bean, ε′

exhibited weaker linearity than wheat, reinforcing the need for grain-specific or multi-grain
calibration strategies rather than assuming universal models.

The observed moisture-dependent trends are broadly consistent with previous mi-
crowave dielectric studies on cereal grains. For wheat and maize measured over approxi-
mately 5–15 GHz, both the dielectric constant and loss factor have been reported to increase
nearly linearly with moisture content, while ε′ generally decreases with frequency and ε′′

varies more weakly with frequency [29]. Related free-space studies on common beans in
the ultra-wideband range also reported that permittivity and conductivity increase with
moisture content, although the magnitude of the response can depend strongly on bean

https://doi.org/10.3390/app16136348

https://doi.org/10.3390/app16136348


Appl. Sci. 2026, 16, 6348 10 of 18

variety, frequency, and bulk density [30]. Therefore, the increasing ε′′ trends observed
in the present study are physically reasonable and consistent with the literature. Devi-
ations in ε′, especially for wheat at high moisture levels, require separate interpretation
because ε′ retrieval is more sensitive to phase uncertainty, packing heterogeneity, and
inverse-model conditioning.

The retrieved dielectric parameters showed clear moisture-dependent responses, but
the response patterns were grain- and configuration-dependent. In most cases, ε′′ increased
with MC_ref, reflecting enhanced dielectric loss associated with water-related dipolar
relaxation and ionic conduction. In contrast, ε′ was more sensitive to grain type, packing
state, and inversion conditioning. For example, a notable exception was the decrease in
wheat ε′ at the two soaked moisture levels in the free-space transmission configuration.
This trend is opposite to the commonly expected increase of ε′ with moisture content and
should therefore not be interpreted as an intrinsic dielectric response of wheat. Under high-
moisture and high-loss conditions, the transmitted signal becomes strongly attenuated,
which reduces phase reliability and worsens the conditioning of the slab-model inversion.
In addition, soaking may alter kernel swelling, inter-particle void distribution, and effective
bulk density. Because bulk density was not independently measured in the present dataset,
the material effect and packing effect cannot be fully separated. For this reason, ε′′ is
considered a more reliable moisture-sensitive feature than ε′ for wheat under the present
free-space transmission conditions.

3.4. Effect of Sample Thickness on Sensitivity and Inversion Stability

In principle, ε* is an intrinsic material property and should not depend on sample
thickness. In practice, thickness affects the conditioning of the inverse problem through
signal-to-noise ratio and multiple-reflection strength. When the thickness increased, S21
attenuation increased, which amplified measurement noise and increased variability in
retrieved ε′ and ε′′, especially at the high-frequency end. When the thickness was ≥3 cm at
high MC_ref, high-frequency spectra approached the noise floor, causing unstable inversion.
Balancing moisture sensitivity (phase delay and attenuation must be measurable) against
robustness (signal must remain above the noise floor), a thickness of 2–3 cm is recommended
for calibration under the present setup.

3.5. Metal-Backed Reflection Results and Comparison with Transmission

The metal-backed configuration exhibited S21 trends consistent with the transmission
measurements: increasing MC_ref and thickness generally produced stronger amplitude
decay and larger phase shifts (Figure 8). However, spectral ripples were more pronounced
because the propagation path included metal reflection and was more susceptible to envi-
ronmental scattering and surface flatness. The retrieved dielectric parameters also showed
configuration-dependent behaviour. In the metal-backed configuration, both ε′ and ε′′

increased with MC_ref for all three grains. In the free-space transmission configuration, ε′′

increased clearly with MC_ref for all grains, whereas ε′ was less stable and even decreased
for wheat at the two soaked moisture levels. Therefore, the most robust moisture trend in
the present dataset is the increase in loss-related features rather than a universal increase in
every retrieved dielectric parameter. Table 2 lists representative ε′ and ε′′ values retrieved
from the free-space transmission and metal-backed configurations.

In the free-space transmission measurements, wheat ε′ decreased at the two soaking
levels, whereas ε′′ increased markedly. This indicates that, under high-moisture and high-
loss conditions, ε′ retrieval may be less stable than ε′′ and more strongly affected by packing
heterogeneity, multiple scattering, or inversion conditioning. Compared with controlled-
packing transmission measurements, metal-backed retrieval produced systematically lower
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ε′. The dominant explanation is the bulk-density effect: In the metal-backed reflection
configuration, the grain is in a state of natural loose packing, leading to a significant
increase in the air void fraction. Since the relative permittivity of air is approximately
1, which is much lower than that of grain (especially in the presence of moisture), this
high porosity results in a systematic reduction in the effective permittivity of the mixture.
Bulk density was not independently measured in the present study; therefore, the lower ε′

values observed in the metal-backed configuration should be interpreted as being likely
associated with looser packing and increased air fraction, rather than as a directly quantified
density effect. Because ε* and bulk density are coupled in granular media, density must
be treated as a primary confounder when transferring laboratory calibrations to silo-scale
monitoring [17,22]. Practical mitigation options include simultaneous density estimation,
multi-frequency feature fusion, or physics-constrained machine learning models [17,20].

 

Figure 8. Microwave power loss plots of the metal−backed reflection configuration for mung bean
(4 cm).

Table 2. Representative complex relative permittivity (ε′ and ε′′) retrieved from free-space trans-
mission measurements and metal-backed reflection measurements as equivalent fitted values in the
8–16 GHz frequency band.

Grain/Parameter Untreated Drying 40 ◦C, 1 h Drying 50 ◦C, 1 h Drying 60 ◦C, 1 h Soaking 1 h Soaking 2 h

Free-space transmission measurements

Maize ε′ 5.106 5.0764 4.9197 4.8804 5.3591 5.5049
Maize ε′′ 0.8106 0.6385 0.4212 0.3139 1.2741 1.5939
Wheat ε′ 5.2354 5.0108 5.0022 4.7902 3.5823 3.189
Wheat ε′′ 0.3126 0.2903 0.2467 0.1842 1.0127 1.3333

Mung bean ε′ 4.664 4.564 4.4346 4.3681 4.8328 5.037
Mung bean ε′′ 0.1851 0.1649 0.1439 0.1165 0.4595 1.0086

Metal-backed reflection measurements

Maize ε′ 3.6621 3.4414 3.3851 3.1433 4.3111 4.8943
Maize ε′′ 0.8486 0.7716 0.7360 0.4650 1.7239 2.1225
Wheat ε′ 3.1313 2.9028 2.8181 2.7650 4.2962 4.9532
Wheat ε′′ 0.3445 0.2926 0.2381 0.1895 1.7105 1.9011

Mung bean ε′ 2.7880 2.7710 2.4765 2.2822 2.9075 4.2203
Mung bean ε′′ 0.3076 0.2954 0.2137 0.1904 0.3545 1.7859

https://doi.org/10.3390/app16136348

https://doi.org/10.3390/app16136348


Appl. Sci. 2026, 16, 6348 12 of 18

It should also be emphasized that the comparison between the transmission and metal-
backed configurations does not isolate measurement architecture alone. The transmission
measurements were performed under more controlled packing, whereas the metal-backed
measurements used natural loose filling to emulate single-sided access in storage scenarios.
Therefore, the lower effective ε′ values obtained from the metal-backed configuration may
arise from both the double-pass metal-backed geometry and the increased air fraction
associated with loose packing. Since the relative permittivity of air is close to unity, a
higher void fraction reduces the effective permittivity of the grain–air mixture. Future
experiments should measure bulk density directly and repeat both configurations under
matched packing conditions to separate architecture effects from density effects. Metal-
backed reflection is a viable alternative for single-sided access scenarios despite the density-
induced permittivity reduction. Considering practical grain storage scenarios, conveyor
belts are well-suited for bilateral through-transmission measurement, i.e., the transmission
method, whereas grain bins or silos, due to environmental constraints, often only allow
for sensors to be installed on one side against the wall, making the reflection method
more appropriate. It should be noted that the present comparison reflects the combined
effect of measurement architecture and packing protocol. The transmission configuration
was evaluated under more controlled packing, whereas the metal-backed configuration
was intentionally tested under loose packing to emulate practical single-sided storage
scenarios. Therefore, the comparison should not be interpreted as a purely architecture-
isolated comparison.

3.6. Error Sources and Engineering Implications

The main uncertainty sources include bulk-density variation caused by packing and
void distribution, multipath propagation and edge diffraction in free-space measurements,
temperature-induced changes in permittivity, and reduced SNR under high-moisture or
large-thickness conditions. For engineering deployment, several improvements are rec-
ommended. First, absorbers and optimized antenna–sample geometry should be used
to suppress parasitic reflections. Second, a fixed frequency window and fixed sample
thickness, or an explicit thickness-compensation strategy, should be adopted during cali-
bration. Third, bulk density should be measured or estimated simultaneously because ε*
and density are strongly coupled in granular media. Fourth, grain temperature should be
monitored and included as a compensation variable. Finally, calibration models should be
developed separately for different grain types, and their transferability should be tested
using independent batches and varieties.

3.7. Regression Models for Moisture Estimation

To make the retrieved dielectric parameters directly usable for moisture sensing, linear
regression models were fitted between MC_ref (average of the two reference meters in
Table 1) and the retrieved ε′ or ε′′ values under metal-backed reflection measurements
(Table 2). This provides grain-specific calibration equations that can be implemented in
real-time firmware once ε′/ε′′ are estimated from S-parameter inversion.

Table 3 reports the resulting equations, goodness-of-fit (R2), and prediction error
(RMSE, % w.b.). In the tested range, all regression slopes were statistically significant
(p < 0.01), indicating a robust monotonic relationship between moisture level and mi-
crowave permittivity under the present experimental conditions. Given the small sample
size (n = 6 moisture levels per grain), LOOCV RMSE is also provided to indicate model
robustness to individual influential points.
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Table 3. Grain-specific linear regression models for moisture estimation using retrieved ε′ or ε′′

(metal-backed reflection).

Grain Predictor Calibration Equation (MC
in % w.b.) R2 RMSE

(% w.b.)
LOOCV RMSE

(% w.b.)
p-Value
(Slope)

Maize ε′ MC = −16.429 + 8.108·ε′ 0.982 0.663 0.960 1.20 × 10−4

Maize ε′′ MC = 5.222 + 8.289·ε′′ 0.994 0.371 0.530 1.17 × 10−5

Wheat ε′ MC = −17.715 + 10.061·ε′ 0.990 0.831 1.414 3.43 × 10−5

Wheat ε′′ MC = 8.274 + 11.549·ε′′ 0.982 1.127 1.884 1.17 × 10−4

Mung bean ε′ MC = −0.382 + 4.267·ε′ 0.969 0.473 0.800 3.56 × 10−4

Mung bean ε′′ MC = 9.595 + 4.633·ε′′ 0.944 0.638 6.057 0.0012

Among the tested predictors, maize moisture was more accurately explained by the
loss factor ε′′ (RMSE = 0.371% w.b.), consistent with the strong attenuation response to
increasing water-related dielectric loss. In contrast, wheat and mung bean showed lower
errors with ε′-based models (RMSE = 0.831% and 0.473% w.b., respectively), suggesting that
energy-storage related polarization captured by ε′ remains a stable predictor for these grains
over the investigated moisture ranges. The LOOCV results further indicate that ε′ offers a
more robust predictor for mung bean, whereas ε′′ becomes less stable when the highest-
moisture point dominates the fit. Cook’s distance indicates that “soaking 2h” is a strong
point of influence (Figures 9 and 10). The corresponding calibration relationships for the
metal-backed reflection configuration are shown in Figures 11 and 12. Figure 11 presents
the relationships between MC_ref and ε′ for maize, wheat, and mung bean, whereas
Figure 12 presents the relationships between MC_ref and ε′′. The solid lines indicate the
OLS fitting results.

 
Figure 9. Cook’s distance of mung bean (ε′).

 
Figure 10. Cook’s distance of mung bean (ε′′).
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Figure 11. Calibration relationship between MC_ref and dielectric constant ε′ for maize, wheat and
mung bean (metal-backed reflection). Solid lines are OLS fits.

 

Figure 12. Calibration relationship between MC_ref and loss factor ε′′ for maize, wheat and mung
bean (metal-backed reflection). Solid lines are OLS fits.

For the free-space transmission measurements, Table 4 reports the resulting equations,
goodness-of-fit (R2), and prediction error (RMSE, % w.b.). In the LOOCV procedure,
each moisture level was predicted using a model trained on the remaining five moisture
levels (Figures 13 and 14). It can be seen that, unlike the metal-backed reflection method,
the moisture content of the three grain samples in the free-space transmission method
is more accurately explained by ε′′, indicating that within the scope of this study, ε′′

provides higher accuracy than ε′ in the free-space method. For the free-space transmission
configuration, ε′′ consistently produced lower RMSE and LOOCV RMSE than ε′ for all
three grains, indicating that loss-related features were more robust moisture predictors
under the present two-horn transmission setup. Although the regression results show
clear monotonic dielectric–moisture relationships within the present dataset, the apparent
differences in RMSE between the two configurations should not be overgeneralized. For
example, the metal-backed configuration produced lower errors for maize, whereas the
free-space transmission configuration gave lower errors for wheat and mung bean. These
differences may be influenced by grain type, packing density, high-moisture leverage points,
and the small number of calibration levels. Therefore, the metal-backed configuration
should not be regarded as universally more accurate than the transmission configuration.
Its main advantage is practical compatibility with single-sided access, such as silo-wall
or container-wall monitoring, whereas the transmission configuration is more suitable for
controlled two-sided or conveyor-based measurements.

https://doi.org/10.3390/app16136348

https://doi.org/10.3390/app16136348


Appl. Sci. 2026, 16, 6348 15 of 18

Table 4. Grain-specific linear regression models for moisture estimation using retrieved ε′ or ε′′

(free-space transmission).

Grain Predictor Calibration Equation
(MC in % w.b.) R2 RMSE

(% w.b.)
LOOCV RMSE

(% w.b.)
p-Value
(Slope)

Maize ε′ MC = −97.127 +21.700·ε′ 0.962 0.963 1.389 5.38 × 10−4

Maize ε′′ MC = 5.437 +10.684·ε′′ 0.965 0.929 1.283 4.65 × 10−4

Wheat ε′ MC = 63.295 −10.299·ε′ 0.904 2.634 3.640 3.58 × 10−3

Wheat ε′′ MC = 6.501 +19.126·ε′′ 0.993 0.720 1.189 1.94 × 10−5

Mung bean ε′ MC = −38.329 +10.829·ε′ 0.847 1.056 2.109 9.24 × 10−3

Mung bean ε′′ MC = 9.094 +8.462·ε′′ 0.987 0.308 0.602 6.38 × 10−5

Because only six moisture levels were available for each grain, the regression statistics
should be interpreted as preliminary calibration indicators rather than definitive predictive
performance. The LOOCV results were therefore included to reduce over-interpretation
of apparent high R2 values. Broader multi-batch datasets and oven-drying reference
measurements are required before the equations can be used as general-purpose moisture
calibration models.

 

Figure 13. Predicted versus measured moisture content using the recommended single-parameter
models for the free-space transmission configuration. Based on LOOCV RMSE, ε′′ was selected for
maize, wheat, and mung bean. Dashed line indicates 1:1 agreement.

 

Figure 14. Predicted versus measured moisture content using the recommended single-parameter
models (metal-backed reflection, maize: ε′′; wheat and mung bean: ε′). Predicted values are from
LOOCV. Dashed line indicates 1:1 agreement.
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3.8. Limitations

This study has several limitations. First, the moisture levels were referenced to two
commercial moisture meters rather than to gravimetric oven-drying measurements; there-
fore, the reported errors represent agreement with MC_ref and should not be interpreted
as absolute gravimetric accuracy. Second, only six moisture levels and one batch per grain
were tested, which limits the generality of the regression equations and makes the fitted
models sensitive to influential points, particularly the highest soaking level. Third, dif-
ferent cultivars, growing regions, kernel sizes, and post-harvest histories may change the
dielectric–moisture relationship, so the present models should not be directly transferred
to other batches or varieties without recalibration. Fourth, bulk density and temperature
were not independently controlled, although both factors are known to affect the effective
permittivity of granular agricultural materials. Fifth, the comparison between transmission
and metal-backed measurements includes both architecture and packing-state differences,
so it should not be interpreted as a purely geometry-isolated comparison. Future work
should include oven-drying reference measurements, explicit density and temperature com-
pensation, multiple grain batches and varieties, matched-packing comparisons between
measurement configurations, and independent validation datasets.

4. Conclusions
This study evaluated the feasibility of using broadband VNA-based free-space mi-

crowave measurements for meter-referenced grain moisture monitoring. Two architectures
were compared: a two-horn transmission configuration under controlled packing and a
metal-backed double-pass reflection configuration under loose packing.

The measured S-parameter spectra and retrieved dielectric parameters confirmed a
physically interpretable chain from moisture variation to complex permittivity changes and
then to microwave attenuation and phase response. However, the dielectric–moisture rela-
tionship was grain- and configuration-dependent. In the free-space transmission configura-
tion, ε′′ provided the most robust single-parameter predictor for maize, wheat, and mung
bean, whereas the optimal predictor in the metal-backed configuration differed among
grains. The reported errors should therefore be interpreted as commercial-meter-referenced
calibration indicators rather than absolute gravimetric moisture prediction accuracy.

Frequency-window selection was critical for stable inversion. Low frequencies around
2–4 GHz were more susceptible to coupling, diffraction, and environmental scattering arte-
facts, whereas frequencies above 16 GHz suffered from signal-to-noise degradation under
high-loss and large-thickness conditions. A mid-band window of approximately 8–16 GHz
and a sample thickness of 2–3 cm are therefore recommended for the present setup.

Compared with the controlled-packing transmission configuration, the metal-backed
configuration produced lower effective ε′ values, likely due to the increased air fraction
under loose packing. This result highlights packing density as a key confounding factor
when transferring laboratory microwave calibrations to grain-storage scenarios.

Overall, the transmission configuration is more suitable for controlled two-sided or
conveyor-based measurements, while the metal-backed configuration provides a practical
route for single-sided trend monitoring in storage containers or silos. However, the lower
effective ε′ values observed in the metal-backed configuration likely reflect the combined
effects of measurement geometry and loose packing. Future work should incorporate oven-
drying reference measurements, bulk-density and temperature compensation, larger multi-
batch datasets, matched-packing configuration comparisons, and independent validation
before general-purpose moisture prediction models are established.
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Appendix A. Metal-Backed Slab Model Used for Inversion
For a slab of thickness (d) with air–slab interface reflection coefficient (Γ = (1 −

n∗)/(1+ n)) and propagation factor (exp(−γd)), the overall reflection coefficient of an air–
slab system terminated by a perfect electric conductor (PEC, re f lection coe f f icient (−1))
can be written in a multiple-reflection form:

[RPEC( f ; ε∗) = Γ +
(1 − Γ2)(−1) exp(−2γd)

1 − Γ(−1) exp(−2γd)
= Γ − (1 − Γ2) exp(−2γd)

1 − Γ exp(−2γd)
]

In the metal-backed configuration, the measured normalized (S̃21( f )) is proportional
to the specular return field from the sample-metal system. After empty-holder normaliza-
tion, the coupling factor is largely cancelled, and (S̃21( f )) can be fitted using (RPEC( f ; ε))

within the selected frequency window.
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