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Abstract. This paper proposes a novel method to detect moisture hotspots and
irregularities in rice grain storage using low-cost passive UHF RFID technology.
Experiments were designed with a UHF RFID handheld reader to test rice mois-
ture levels of 12%, 16%, 20% and 24%. Two containers were used in the study
where Container A was filled with grains with a 12% moisture level and container
B is inserted into Container A and contains 2 kg rice samples of varying moisture
contents. The RFID reader was positioned outside the container to measure the
received signal strength indicator (RSSI) from the RFID tags placed within the
containers. The attenuation of the signal is analyzed to obtain a correlation be-
tween moisture content (MC) and RSSI values. Results show a positive correla-
tion between the RSSI and MC of rice which can be used to identify inconsisten-
cies in moisture distribution in stored grain. An empirical model has been pro-
posed which can be used to estimate RSSI values given the moisture content or
vice versa for RFID operating at 915 MHz.
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1 Introduction

Grain maintained at a moisture level of 14% or less can be stored for more than 6
months [1][2]. The most critical problems for safe grain storage are temperature and
moisture content (MC). Fluctuations of temperature and humidity outside the storage
container without aeration significantly affect grain conditions, resulting in the migra-
tion of moisture from one location to another [3]-[5]. Moisture migration causes mold
and insect growth in high moisture areas, leading to deterioration in grain quality. For
long-term storage, rice grain must be dried to lower moisture content, typically around
14%. As a result of moisture migration, the detection of MC changes in storage is chal-
lenging.

Researchers have carried out numerous studies to determine the moisture content of
grains [6]-[10]. However, the methods often used are tedious, time-consuming and ex-
pensive [11]. Wireless moisture sensing techniques could be used to measure moisture
content more efficiently using Radio Frequency (RF). The application of Radio Fre-
quency ldentification Technology (RFID) system may lead to wireless moisture sens-
ing for different applications. Currently, there are no studies that use RFID technology
in grain moisture detection. Most of the current RFID-based moisture sensing methods
have difficulties identifying moisture changes in coarse grains and are less sensitive to
the tag locations [12]. Thus, this paper proposes a novel method to detect moisture
irregularities in rice grain in storage (silos) using passive ultrahigh-frequency (UHF)
RFID technology.

2 Related Work

It is challenging to maintain the quality of rice grain in varying temperature and
moisture conditions [13]. Most rice-growing regions have an equatorial climate with
heavy rains, high temperature and humidity throughout the year. During seasonal tran-
sition periods, stored grains are at risk due to moisture migration within the grain mass.
Moisture migration occurs when warm or cool conditions outside the storage bin create
conditions for moisture convection inside the grain store [14]. This air and moisture
movement caused by external temperature changes is most evident when there is a large
mass of grain and large seasonal temperature changes. Localized moisture monitoring
systems are often ineffective in detecting uneven moisture distribution.

Several methods proposed to determine the MC of grains can be classified as direct
and indirect measurement techniques. Direct and indirect approaches can be used in a
wide range of applications including laboratories, processing lines and in the field [15].
The direct method involves measuring weight loss by removing water from a sample
and an indirect method utilizes electronic instruments to measure electric characteris-
tics from which MC is determined [16]. Recently, research has focused on non-destruc-
tive moisture measurements based on electrical resistance [17], capacitance [18], mi-
crowave [19], Nuclear Magnetic Resonance (NMR) and Near-infrared spectroscopy



(NIR) [20] measurements. These methods provide reliable measurements and faster re-
sults. One drawback of these methods is that they can only be used for a small quantity
of grain to approximate the moisture content of the grain in a storage container [11].

Recent developments have focused on sensing systems based on wireless mois-
ture detection to ameliorate the drawbacks of existing methods. Some studies have
identified that RFID technology could offer an appropriate solution in sensing applica-
tions. [21] and [22] showed that UHF RFID tags can act as moisture sensors because
the tags can be read remotely when the tags buried at different depths in the soil to
estimate the moisture content. This system provided a cost-effective and simpler instal-
lation at shallow depths. In [23], soil moisture sensing was developed based on UHF
RFID tags for landslide monitoring. However, this solution has the limitation that it is
ineffective in urban areas. Moreover, there are no studies that use RFID technology to
detect grain moisture content. Hence, this paper proposes to detect moisture content
through the use of RFID technology. This method measures the Received Signal
Strength Indicator (RSSI) as a sensing metric to investigate the correlation between the
radio frequency (RF) signal metric and MC of grains.

3 Experimental System

A UHF RFID system is composed of an RFID reader, antenna and RFID tag [12].
The RFID reader emits an RF signal at specific frequencies. Most commercial RFID
readers offer three sensing parameters; Minimum Response Threshold (MRT), RSSI
and phase. RSSI is used as a sensing parameter in this study.

3.1 UHF RFID handheld reader

Fig. 1. ORCA-50

The RFID handheld reader used is ORCA-50 which has a 3 dBi gain circularly po-
larised integrated antenna and operates in the 840-960 MHz frequency range [24]. This
device is designed based on Impinj Indy R2000 chip and has a multi-tag identification
ability.



3.2 UHF RFID tag
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Fig. 2. PMT-06W UHF RFID tag

RFID tags are small and use power from the radio waves to transmit data to the
RFID reader. Fig. 2 shows PMT-06W tags used in this study. PMT-06W tag provides
stable readability when attached to a metallic surface and can be read at ranges up to 8
m depending on the TX power of the RFID reader [25].

3.3  Root Mean Square Error (RMSE)

RMSE is used to determine the accuracy of the fitted model to the data [26]. Gener-
ally, RMSE is defined as

E?:l(Pi_ Oi)z
RMSE = = ——— (1)

Where P; is the predicted value, O; is the obtained value and n is the total number.
Note that the difference between the actual values and the predicted values is known as
residuals.

4 Design of Experiment
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Fig. 3. Design of the experimental setup using UHF RFID handheld reader

Fig. 3 depicts the experimental setup used to measure the impact of varying moisture
contents in stored rice using the UHF RFID reader and tag. The setup used two con-
tainers; container A was filled with rice that will have a fixed moisture content for all



measurements whilst container B was inserted into container A and surrounded by the
rice in contain A. Container B will contain rice samples with the different moisture
contents to simulate uneven moisture distribution in a rice silo. In the setup, a PMT-
06W tag was attached to the wall of container B such that it was furthest from the RFID
reader to ensure that the signal passes through the rice in both containers. The transmit-
ted signal from the RFID reader is modulated by the RFID tag and radiates back to the
reader which measures the RSSI. It should be noted that the received RSSI is the com-
posite effect of forward and backward signal transmission through the medium (rice)
and any influence from the environment (assumed to be constant for all measurements).

4.1  Grain Sample Preparation

Fig. 4. Grain samples of 2000g each

The initial MC of the rice samples was determined using a moisture meter. The
average MC was 12%. Fig. 4 shows the rice samples which were divided into sample
bags of 2 kg each. The samples were conditioned to three different moisture levels of
16, 20 and 24% using the following expression [27]:

Wi (Mg—M;)

M, = 100-Mf

)

In this equation, My, is the mass of distilled water added (kg), Wi is the initial mass
of sample (kg), M is the initial moisture content of the sample (% d.b) and Mt is the
final moisture content of the sample (% d.b). To achieve the desired moisture level,
distilled water was added using Eq. (2). The samples were poured into polyethylene
bags and stored for days in a refrigerator at 4°C to ensure that the moisture was evenly
distributed. Subsequently, the samples were stored at room temperature and the MC of
each sample was measured using a moisture meter to ensure that they were 16, 20 and
24%. Due to the surrounding climate, the samples showed varying moisture levels in
each experiment.

4.2 Experimented Setup

The setup consists of two plastic containers and one metal container being used as
an enclosure. Two sets of measurements were conducted; one with the setup without
metal container and another with the whole setup in a metal container, as shown in Fig.



5. The distance between the tag and the reader for containers A and B was set to 11.5
cm and 7.5 cm. For each sample, at fixed frequency and power settings, 20 RSSI meas-
urements were taken.

Fig. 5. The experimental setup with metal (M) and without metal (WM) container.

5 Experimental Results

5.1 915 MHz at Different TX Power Level

For each rice sample, measurements were conducted with three TX power levels;
20, 25 and 30 dBm. Tag 1 is attached to container B in which the samples with different
MC levels were placed. Fig. 6 shows plots of the average RSSI values against moisture
content (with and without metal container) at 20, 25 and 30 dBm TX power. The aver-
age RSSI values show an increasing trend with increasing moisture content. Table 1
summarizes the average RSSI for the various MC levels at 915 MHz with varied TX
power. In this study, RMSE and the R? values were used to measure the quality of the
fitting. Table 2 presents the empirical equations which can be used to estimate the RSSI
values (in dB) given the moisture contents (in percentage). The results show that whilst
the RSSI values increased with an increase in the TX power, the increase is small. There
are no significant differences between the results obtained with and without the metal
container. Although the empirical equations have been presented separately in the table,
the relationship between the RSSI and moisture content at 915 MHz can be approxi-
mated using the following equation;

RSSI(q5) = 0.76 * MCy, — 59.35 3)

It is worth noting that the value of -59.35 may be influenced by changes in TX power
and therefore may increase or decrease. Moreover, the measured RSSI values also de-
pend on the distance between the tag and the reader. Care would therefore need to be
exercised to ensure that it is above the noise floor of the reader.



Table 1. RSSI value of tag 1

Two Moisture Content (%) Average RSSI (dBm)
Approaches Power (dBm)

20 25 30

Metal 12 -50.5 -48.5 -44

Container 16 -46.5 -42.5 -40
(M) 20 -44.5 -41 -37.5

24 -41 -37 -34

Without Metal 12 -49.5 -46.5 -39

Container 16 -49 -45.5 -40

(WM) 20 -47 -42 -37
24 -40.5 -36.5 -32.5

Table 2. Empirical Equations for Different TX Power Level

Power Setups Empirical Model R-Intercept RMSE
(dBm) (R?)
20 Metal Container (M) y =0.76x — 59.35 0.98 0.54
Without Metal Container (WM)  y =0.72x — 59.55 0.81 2.12
25 Metal Container (M) y =0.90x — 58.45 0.94 1.03
Without Metal Container (WM)  y =0.83x—57.70 0.91 1.34
30 Metal Container (M) y =0.81x — 53.50 0.99 0.37
Without Metal Container (WM)  y =0.56x —47.25 0.76 2.49
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Fig. 6. Average RSSI vs MC of Tag 1 with (M) and without (WM) metal container at 915MHz

52

Impact of Frequency on RSSI

Tests were conducted to evaluate the impact of frequency on RSSI. The MC of the
samples used for 915, 916, 917, 918 and 919 MHz measurements were 12%, 16%, 20%
and 24%. The TX power was set to 30 dBm for all measurements. Fig. 7(a) and (b)
present RSSI values for individual frequencies. In both approaches, RSSI values in-
crease as the moisture contents increases. Table 3 summarizes the average RSSI values

for all frequencies.

Table 3. RSSI Tag 1 for the individual frequency at 30dBm

Frequency Range (MHz)

Moisture Content (%)

Average RSSI (dBm)

Metal (M) Without Metal (WM)
12 -50 -50
16 -52 -55
915 20 -41.5 -50.5
24 -32.5 -43




12 -57 -485
16 -59 -56
916 20 -39.5 -52
24 -33.5 -44.5
12 -785 -485
16 -57 -56.5
oL 20 -50.5 525
24 -34 -44.5
12 -65.5 -50
16 725 -59.5
o18 20 -62 525
24 -475 -455
12 -66 -50.5
16 72 -58.5
919 20 -60.5 525
24 -48.5 -47

From Fig. 7 and Table 3, the results and trends of RSSI with varying moisture con-
tent are not consistent, except for measurements conducted at 915 MHz. There is
greater consistency in the results with the metal container for the other frequency than
without. Further investigations are required to ascertain the reasons. Overall, the in-
crease in RSSI values with increasing moisture contents could be attributed to surface
propagation of radio waves in a wet medium compared to scattering when the media is
dry. Surface waves experience lesser attenuation than scattered waves.

Moisture
-25 1o 15 20 25 Content (%)
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;E; A e .
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o K ------ f-'-‘.'.' ........
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Fig. 7. Average RSSI at the individual frequency

6 Conclusions

For agriculture, the moisture content of grain is very important to maintain the qual-
ity long-term. This study has focused on investigating RF signal attenuation at different
rice moisture levels using UHF RFID. Generally, silos are the largest storage containers
that contain moisture hotspots and irregularities in rice grain storage. As this is the first
method using RFID technology in detecting the moisture content of rice grain, two
plastic containers were used instead of silos. A metal container was used to investigate
the impact reflected signals on RSSI values measured by a handheld RFID reader. This
knowledge is deemed important because the practical implementation of the technique
proposed and studied in this paper will involve measuring in silos that may be made of
metal. Based on Fig. 6 and 7, the RSSI shows a positive correlation and linear pattern
with moisture contents. This also shows that RSSI can be used to detect irregularities
in stored rice grain by comparing values with benchmarked figures. Using root mean
square error (RMSE) and R? to assess the quality of fitted curves, an empirical model
has been proposed that allows RSSI values or moisture contents of rice to be estimated
at 915 MHz. The study has also revealed the impact of TX power on measurement
results indicating that the range needs to be balanced against TX power to ensure that
there is a sufficient signal-to-noise ratio of the returned signal. However, this method
requires more experiments to improve the system for detecting moisture content.
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