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Abstract: Wireless underground sensor networks (WUSN) consist of sensor nodes that are operated
in the soil medium. To evaluate the signal attenuation law of WUSN nodes, in this study, a WUSN
node signal transmission test platform was built in the laboratory. The signal intensity data of WUSN
nodes under different experimental conditions were obtained by orthogonal test. The WUSN node
signal attenuation model was established. The test results show that the transmission of WUSN
node signals in the soil medium is seriously affected by soil moisture content, node burial depth, soil
compactness, and horizontal distance between nodes. The R2 of the models was between 0.790 and
0.893, and the RMSE of the models was between 2.489 and 4.192 dbm. Then, the WUSN node signal
attenuation model involving the four factors was established. The R2 and RMSE of the model were,
respectively, 0.822 and 4.87 dbm. The WUSN node signal attenuation model established in this paper
can facilitate WUSN node deployment.

Keywords: WUSN; orthogonal test method; soil moisture content; node burial depth; soil compact-
ness; horizontal distance between nodes

1. Introduction

The acquisition of farmland soil parameter information is the focus of agricultural
environmental information technology, and it is one of the key issues in the field of
international agricultural science and technology research [1–3]. Temperature, humidity,
and other types of sensors are buried in the soil [4]. The sensors are wired to data reading
and wireless transceiver devices on the ground to achieve wired sensor network (WSN)
communication in the underground soil [5,6]. However, these exposed communications
devices affect farm machinery, and they are vulnerable to geological hazards or extreme
weather conditions [7,8].

In recent years, wireless underground sensor network (WUSN) has made great
progress in overcoming the shortcomings of traditional WSN, such as poor concealment
and low reliability [9–11]. In WUSN, sensor devices equipped with wireless receiving
and sending modules are buried in underground soil. The modules send and receive
data wirelessly, having the characteristics of high reliability, large coverage, and easy
upgrade [12–15]. Thus, WUSN has very broad application prospects, and it becomes an
important research direction in agricultural environment monitoring information tech-
nology [16,17]. WUSN supports three different communication modes: underground to
underground communication (UG2UG), underground to above-ground communication
(UG2AG), and above-ground to underground communication (AG2UG). Figure 1 shows
the communication structure of WUSN.
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Figure 1. WUSN communication structure.

In the application field of WUSN, researchers at home and abroad have carried
out preliminary research [18–22]. The communication quality of sensor nodes in the
soil is mainly affected by node emission frequency, soil type, antenna type, and other
factors [23–25]. For example, when the soil moisture content increases from 9.5% to 37.3%,
the communication distance of sensor nodes decreases by 70%, and the node burial depth
needs to decrease from 35 cm to 15 cm. For AG2UG, the signal transmission distance
increases by three times, while for UG2AG, the signal transmission distance only increases
by 0.4 times [26]. The maximum transmission distance of UG2UG is 4–20 m, which mainly
depends on the soil type. UG2AG can transmit 100–200 m [27], and WUSN with a radio
frequency of 433 MHz is feasible in agricultural applications [28]. The parameters that
are important to analyze the quality of soils include soil bulk density, soil macro and
micronutrients, soil organic matter, pH level, soil water potential, pesticides, pathogens,
and temperature [29,30]. In the transmission of WUSN node signals in underground soil,
the signal strength is affected by the joint influence of multiple factors [31,32]. Among them,
soil moisture content, node burial depth, soil compactness, and horizontal distance between
nodes greatly reduce WUSN node signal intensity. Therefore, a mathematical model
between signal strength and multiple soil factors is required to evaluate the transmission
characteristics of WUSN node signals in the soil medium.

This work focuses on revealing WUSN transmission rules in soil medium. The purpose
of this study is to (i) set up a soil test platform in the laboratory to investigate the received
signal intensity of WUSN nodes under different conditions of soil moisture content, node
burial depth, soil compactness, soil temperature, soil acidity and alkalinity, and horizontal
distance between nodes; (ii) obtain the important factors affecting WUSN node signal
transmission in soil medium; (iii) establish a mathematical model between the received
signal intensity and important influencing factors, and take this model as the attenuation
model of the WUSN node signal in soil medium.

2. Materials and Methods

This section describes materials and methods relevant to this study, including study
site and test design, WUSN nodes, and soil test platform for node signal transmission tests.

2.1. Study Site and Experiment Design

The research site is located in Yangling District, Xianyang City, Shaanxi Province
(108◦07′E, 34◦28′N, altitude 435–563 m). At this site, the annual precipitation is 635.1 to
663.9 mm, and the average annual temperature is 12.9 ◦C. It belongs to the warm temperate
monsoon sub-humid climate. The soil type is typical Lou soil in the Guanzhong region,
and the soil is fertile and suitable for the growth of a variety of crops [33,34].

The experiment settings in this study are as follows. The range of soil moisture content
was 10–30%; the depth of nodes was 30–70 cm; the soil compactness was 0.5–4.5 kg/cm2;
the soil acidity and alkalinity was 5–9; the soil temperature was 10–30 ◦C, and the level
range between nodes was 10–90 cm. Meanwhile, nine levels were selected for all these
six factors. In the underground transmission test of WUSN node signals, the WUSN node
and sink node were arranged in a soil medium. Considering the experimental factors, the
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orthogonal test method was adopted for the test, and the received signal intensity data
of the sink node were obtained under different test conditions. The orthogonal tests are
shown in Table A1 of the Appendix A.

In this study, ferrous sulfate and industrial soda ash were used to regulate the acidity
and alkalinity of the soil. Agilent N9912A (Agilent Technologies Inc., Santa Clara, CA,
USA) handheld spectrum analyzer was used to detect the signal intensity of WUSN nodes,
and a TJSD-750 soil compactness tester (Zhejiang Topu Yunnong Technology Co., Ltd.,
Hangzhou, China) was used to detect soil compactness. A Tr-3001 soil multi-parameter
tester (Jinan Renzhi Measurement and Control Technology Co., Ltd., Jinan, China) was
used to detect soil temperature, humidity, and acidity.

2.2. WUSN Node Design and Soil Test Platform Construction Method

The wireless underground sensor network node consists of a VSM-3000 soil moisture
sensor (Shandong Weimengshi Technology Co., Ltd., Qingzhou City, China), an STC89C52
single-chip microcomputer, and an HC-12 radio frequency module (Guangzhou Huicheng
Information Technology Co., Ltd., Guangzhou, China) that uses standard one-quarter
wavelength unipole omnidirectional antenna and GFSK modulation [35,36]. In the design of
the energy supply module, an external battery pack was used to supply power. The WUSN
nodes need to be waterproof because the deep soil moisture is high. In the experiment, the
WUSN nodes were packaged in waterproof plastic boxes, as shown in Figure 2.

Figure 2. WUSN nodes (a) before node encapsulation, and (b) after node encapsulation.

The composition of soil directly affects the signal transmission quality of WUSN
nodes [37,38], but it is difficult to effectively test WUSN node communication due to the
complexity and diversity of farmland soil parameters and the interference of many external
factors. In this study, a soil test platform was built in the laboratory, and modulated
soil was used to test WUSN node communication. The size of the soil test platform is
2.5 × 1 × 1.5 m, and the platform is made of copper and nickel metal electromagnetic
shielding material. Therefore, the reflection generated by WUSN node signals inside
the platform can be ignored. Since the shielding material is not waterproof, a layer of
waterproof plastic covered the outside of the shielding material. The picture of the soil test
platform is shown in Figure 3.

The soil used in the experiment was taken from the underground of farmland in
Yangling District with a depth of 30 cm to 70 cm. After natural air drying, the soil was
sieved through a sieve with an aperture of 2 mm. According to particle size, the soil was
divided into sand, silt, and clay particles [39]. The physical properties of the soil used for
testing are listed in Table 1.
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Figure 3. The soil test platform: (a) outside the platform, (b) inside the platform, (c) sieve soil,
(d) inside the platform after waterproof treatment, and (e) buried location of WUSN nodes.

Table 1. Basic physical properties of the soil for test.

Particle-Sized Fractions (%)

Soil Type Sand Silt Clay
(2–0.02 mm) (0.02–0.002 mm) (<0.002 mm)

silt loam 37.6 41.6 20.8

When the WUSN node communication test was carried out on the soil test platform,
the soil factors under test were adjusted according to the test scheme listed in Table A1.
Among them, the soil moisture content was changed by adding pure water to the soil
inside the platform and stirring evenly; the soil compactness was changed by pressing
the soil surface inside the platform with heavy objects; the soil acidity and alkalinity were
changed by adding ferrous sulfate or industrial soda to the soil inside the platform and
stirring evenly; the soil temperature was changed by adding low temperature- or high
temperature-treated soil to the soil inside the platform and stirring evenly. After the soil
factors were adjusted, a WUSN node and a sink node were buried in the corresponding
positions according to the test plan. The antennas of the two nodes were placed horizontally
and parallel, and then the antenna end of the spectrum analyzer was buried in the antenna
position of the sink node. To ensure the accuracy of detection data, the signal intensity
value was evaluated three times at each position. The average of the three readings was
calculated and taken as the signal strength at that location. Figure 4 shows the schematic
diagram of the WUSN node communication test.

Figure 4. Schematic diagram of WUSN node communication test on the soil test platform.
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2.3. WUSN Node Signal Attenuation Model Establishment and Verification Method
2.3.1. Establishment of the WUSN Node Signal Attenuation Model

As soil factors are complex and diverse, and each factor has a certain effect on WUSN
node signals [40–42]. Therefore, important soil factors need to be screened out to establish
the signal attenuation model of WUSN nodes. The random forest algorithm has the advan-
tages of simple implementation, high precision, and strong anti-over-fitting ability [43]. The
schematic diagram of the random forest algorithm is shown in Figure 5. In this study, the
random forest algorithm was adopted to determine the important factors for the received
signal intensity of sink nodes, and the values of the experimental factor were obtained
under different test conditions.

Figure 5. Schematic diagram of random forest algorithm.

The process of using a random forest algorithm to estimate the importance of variables
is as follows. If the size of the training set is N, n training samples (called the Bootstrapping
method) are randomly selected from each training set and taken as the training set for
the tree. If the total number of features in each training sample is M, given a maximum
number of features m<<M, M feature subsets are randomly selected from M features.
Each time the tree splits, the optimal feature is selected from these M features. Each tree
grows to the maximum extent, and there is no pruning process. The generated multiple
classification trees form a random forest. For each classification tree in the random forest,
the corresponding out-of-bag (OOB) data is used to calculate its OOB data error, and the
calculation result is denoted as errOOB1. Meanwhile, noise interference is added to feature
X of all samples of OOB data outside the bag randomly so that the value of samples at
feature X can be randomly changed. The out-of-bag data error of the classification tree is
calculated again, and the calculation result is denoted as errOOB2. Assuming that there
are n trees in the random forest, the importance score for feature X can be represented
as ∑(errOOB2-errOOB1)/N. The higher the importance score of feature X, the higher the
importance of the feature. In this paper, the random forest TreeBagger function of MATLAB
software was used for training. The size of the training set was 81; the maximum number
of features was set as the square rounding of the total number of features in each training
sample; the number of classification trees was set to 100, and other parameters were set
as default. The k-fold cross-validation method was used to evaluate the training effect of
the model.

The signal attenuation model of WUSN node was established according to OOB error
rate to select the experimental factors with high importance [44,45]. Before the model was
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established, the variance inflation factor was used to conduct a multicollinearity test for
each factor [46], and the calculation of variance inflation factor is shown in Formula (1).

VIF =
1

1− R2 (1)

In Formula (1), R represents the negative correlation coefficient of regression analysis
between one factor and other factors. The larger the VIF, the greater the possibility of
collinearity between factors. In this study, the factors with VIF greater than 10 were
identified as multicollinearity factors. For factors with multicollinearity, only one factor of
the related factors can be retained in the model.

Then, the significance test of the variables excluding multicollinearity factors was
performed [47], and the t-test was adopted for the significance test of variables. The
calculation formulas are shown in Equations (2) and (3).

sβi =
se√

∑ x2
i −

1
n (∑ xi)

2
(2)

t =
βi − βi

sβi

(3)

where Se represents the standard deviation of the error term, xi represents the value of the
i-th independent variable; n represents the sample size, and βi represents the estimated
regression coefficient. If |t| > tα/2, then the independent variable x has a significant
influence on the dependent variable y; otherwise, there is no significant linear relationship
between the two variables. The multiple linear regression model was established after the
multicollinearity test of each factor and the significance test of variables was completed.

2.3.2. WUSN Node Signal Attenuation Model Verification

Two tests were conducted to verify the reliability of the WUSN node signal attenuation
model proposed in this paper. First, the single-factor attenuation model was derived
according to the initial test conditions. Then, the single-factor test method was adopted
to obtain the test data under the change of the received signal strength of the sink node
with a certain factor. In this process, the correlation between the value of the single-
factor attenuation model and the test data is investigated. Second, the WUSN node signal
attenuation model was verified. The orthogonal test method was used to obtain the
signal strength data received by the WUSN node under different test conditions, and
the correlation between the value of the signal attenuation model with the test data was
determined. If the two test results are highly correlated, the WUSN node signal attenuation
model established in this paper has good reliability.

3. Result
3.1. Signal Sttenuation Model of WUSN Nodes

The training effect and variable importance order of the random forest model are
shown in Figure 6.
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Figure 6. Training results of random forest algorithm (upper) Training effect of random forest model; (lower) the random
forest model algorithm to evaluate the importance of variables.

It can be seen from Figure 6a that the predicted value of the received signal strength
at the sink node of the random forest model has a strong correlation with the actual
observed value. The R2 is 0.934 and RMSE is 4.544 dbm, indicating that the model is well
trained, and the results are reliable. According to Figure 6b, the importance scores of
soil moisture content, node burial depth, soil compactness, soil acidity and alkalinity, soil
temperature, and horizontal distance between nodes are 0.843, 0.889, 0.439, −0.060, −0.124,
and 1.017, respectively. To select the experimental factors with high importance, this study
investigated the change of OOB error rate with the increase in the number of important
features of random forest, and the result is shown in Figure 7.
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Figure 7. Relationship between OOB error rate and number of important features.

It can be seen from Figure 7 that when the top four test factors in importance score
ranking were included in the random forest model, OOB error rate was the lowest, and the
prediction accuracy of the model was the highest. Therefore, these factors were included in
the WUSN node signal attenuation model established in this paper. The coefficient of the
model and the VIF and T values are listed in Table 2.

Table 2. Regression results of the model.

Test Factors Importance Score VIF t Coefficient of the
Model

Soil moisture
content 0.843 1 49.765 *** −0.559

Node burial depth 0.889 1 49.293 *** −0.282
Soil compactness 0.439 1 52.856 *** −1.85

Horizontal distance
between nodes 1.017 1 29.137 *** −0.162

Note: *** indicates that the coefficient is significant at the level of 0.001.

It can be seen from Table 2 that all the four selected factors passed the multicollinearity
test and variable significance test, and each factor was significantly valid at the level
of 0.001.

Based on the factors listed in Table 2, the WUSN node signal attenuation model can
be obtained, and it is shown in Formula (4).

R = −0.559W − 0.282D − 1.850C − 0.162L − 12.695 (4)

R2 = 0.822, RMSE = 4.87 dbm (5)

where R is the received signal intensity of the sink node (dbm); W is soil moisture content
(%); D is the buried depth of the WUSN node (cm); C is the soil compactness (kg/cm2);
and L is the horizontal distance between the nodes (cm).

It can be seen from Formula (4) that the received signal intensity R has a quaternized
relationship with soil moisture content W, buried depth D, soil compactness C, and horizon-
tal distance L. If the soil moisture content increases by 2.5%, the received signal intensity
will decrease by about 1.4 dbm; if the buried depth of node increases by 5 cm, the received
signal intensity will decrease by about 1.41 dbm; if the soil compactness increases by
0.5 kg/cm2, the received signal intensity will decrease by about 0.93 dbm; if the horizontal
distance between nodes increases by 10 cm, the received signal intensity will decrease by
about 1.62 dbm. The R2 and RMSE of the model are 0.822 and 4.87 dbm, respectively. Thus,
the model achieves high accuracy, and the prediction results have a high reference value.
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3.2. Verify the Signal Attenuation Model of WUSN Nodes

To verify the reliability of the WUSN node signal attenuation model established in
Section 3.1, the single-factor test method was adopted to investigate the change of the
received signal strength of the sink node with a certain factor. The initial test conditions
were set as soil moisture content of 10%, node burial depth of 30 cm, soil compactness
of 0.5 kg/cm2, and horizontal distance between nodes of 10 cm. Nine data levels were
selected for each test factor. Four groups of tests were conducted, and the signal intensity
data were recorded. Four single-factor attenuation models were derived from Formula (4)
under initial test conditions. The fitting of the single-factor attenuation model and test data
is shown in Figure 8.

Figure 8. (a–d) Comparison between prediction results of single-factor attenuation model and experimental data.

Figure 8 illustrates the change of soil factors (soil moisture content, node burial depth,
soil compactness, and horizontal distance between nodes) obtained by the WUSN node
signal attenuation models and test data fitting. It can be seen from Figure 8 that the four
single-factor attenuation models fit well with the test data, and the four test factors all
seriously attenuated WUSN node signals. In Figure 8a, the model goodness-fitting R2 is
0.893, and the RMSE is 2.489 dbm; in Figure 8d, the model goodness-fitting R2 is 0.790,
and the RMSE is 4.192 dbm. Therefore, the attenuation model involving multiple factors
under different initial test conditions can be derived according to the WUSN node signal
attenuation model established in this paper. The specific single-factor attenuation model
equation, goodness of fit R2, and RMSE are listed in Table 3.

Table 3. Specific data of single-factor attenuation model.

Test Factors Attenuation Model Equation R2 RMSE (dbm)

Soil moisture content R = −0.559 ∗W − 23.70 0.893 2.489
Node burial depth R = −0.282 ∗ D − 20.83 0.839 2.955
Soil compactness R = −1.85 ∗ C − 28.365 0.812 2.955

Horizontal distance between nodes R = −0.162 ∗ L − 27.67 0.79 4.192

Then, the orthogonal test method was adopted to obtain the received signal intensity
test data of WUSN nodes under different test conditions: The soil moisture content is
10–20%; the buried depth of nodes is 30–50 cm; the soil compactness is 0.5–2.5 kg/cm2, and
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the horizontal distance between nodes is 10–50 cm. Five data levels were selected for each
test factor. According to the orthogonal test method, there are 25 groups of tests in total.
The WUSN node communication test results under the influence of multiple test factors
are shown in Table 4.

Table 4. WUSN node communication test results influenced by multiple test factors.

Test No.

Test Factors and Signal Strength

Soil Moisture
Content (%)

Node Burial
Depth (cm)

Soil Compactness
(kg/cm2)

Horizontal
Distance

between Nodes
(cm)

Model Prediction
Value
(dbm)

Test Values
(dbm)

1 12.5 35 2 20 −36.49 −30.5
2 20 30 1 20 −37.43 −39.25
3 17.5 30 1.5 30 −38.57 −35.27
4 10 35 2.5 30 −37.64 −38.3
5 15 30 2 40 −39.72 −42.34
6 12.5 40 1.5 40 −40.22 −42.38
7 17.5 35 1 50 −42.3 −45.41
8 20 35 0.5 40 −41.15 −40.43
9 20 45 2 30 −45.13 −48.47
10 17.5 45 2.5 40 −46.27 −50.48
11 15 45 0.5 50 −42.8 −45.54
12 12.5 45 1 10 −35.84 −33.59
13 12.5 30 2.5 50 −40.87 −36.64
14 17.5 40 0.5 20 −37.92 −34.69
15 10 40 2 50 −41.37 −45.75
16 10 30 0.5 10 −29.29 −24.36
17 15 35 1.5 10 −35.35 −30.86
18 20 50 1.5 50 −48.85 −42.9
19 10 45 1.5 20 −37 −32.95
20 15 50 2.5 20 −43.05 −37.94
21 12.5 50 0.5 30 −39.57 −43.11
22 17.5 50 2 10 −41.9 −50.36
23 20 40 2.5 10 −41.4 −45.53
24 10 50 1 40 −40.72 −43.01
25 15 40 1 30 −39.07 −42.06

The parameters of each factor in Table 4 are substituted into Formula (4) to obtain the
predicted data of the WUSN node signal attenuation model. The comparison between the
obtained test data and the predicted data is shown in Figure 9.

Figure 9 shows the distribution of the predicted values of the WUSN node signal
attenuation model and the test values (soil moisture content, node burial depth, soil
compactness, and horizontal distance between nodes). It can be seen from Figure 9 that the
prediction results of the WUSN node signal attenuation model established in this study are
highly consistent with the test data. The R2 and RMSE of the model are, respectively, 0.812
and 4 dbm. Thus, the WUSN node signal attenuation model established in this paper has
good reliability.
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Figure 9. (a–d) Comparison between predicted results and test data.

4. Discussions
4.1. Influence of Soil Moisture Content on the Signal Transmission of WUSN Nodes

Compared with soil properties such as soil compactness, soil acidity and alkalinity,
and soil temperature, soil moisture content has the greatest influence on WUSN node
signal transmission. Relevant literature also shows that soil moisture content is the most
important factor affecting WUSN node signal transmission in soil media [27]. Thus, the
results obtained in this paper are consistent with those of the existing studies. In this
study, when the soil moisture content falls within 10–30%, the relationship between soil
moisture content and WUSN node signal intensity is basically linear. With the increase
of soil moisture content, WUSN node signal intensity gradually decreases. Meanwhile,
according to relevant literature [48–52], when the soil moisture content exceeds a certain
critical value, the dielectric property of soil water is similar to that of ordinary water. In
this case, with the increase of soil moisture content, the dielectric constant of soil will
increase rapidly, and the electromagnetic wave signal will be attenuated sharply. However,
it was not found in this study that WUSN node signal intensity decreases rapidly with the
increase of soil moisture content, which may be caused by the low soil moisture content.
The attenuation law of the WUSN node signal under the condition of high soil moisture
content will be studied in the future.

4.2. The Influence of Node Burial Depth and Horizontal Distance between Nodes on the Signal
Transmission of WUSN Nodes

Under the same soil test conditions, the attenuation of WUSN node signals by the
buried depth of nodes is about 1.74 times the horizontal distance between nodes. Therefore,
when deploying WUSN nodes, the node burial depth needs to be considered first. Relevant
literature shows that there are three paths for WUSN node signals to reach the underground
sink node [53–56], namely, direct wave path, reflected wave path, and side wave path. In
shallow soil, node signals mainly arrive at the direct wave path and reflected wave path; in
deep soil, they mainly arrive at the side wave path. Both direct and reflected waves travel
in the soil medium, while side waves travel in the ground air for some distance apart from
the soil medium. Moreover, when the horizontal distance between nodes far exceeds the
buried depth of nodes, the direct wave path and reflected wave path attenuate severely, and
WUSN node signals mainly arrive at the underground sink node as side waves. Therefore,
the signal attenuation laws of WUSN nodes are different in shallow soil and deep soil, short
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distance between nodes and a long distance between nodes. The research results of this
paper show that under the node burial depth of 30–70 cm, if the node burial depth increases
by 5 cm, the received signal intensity decreases by about 1.41 dbm. The node burial depth
has a linear relationship with WUSN node signal intensity. Under the horizontal distance
between nodes of 10–90 cm, if the horizontal distance between nodes increases by 10 cm,
the received signal intensity decreases by 1.62 dbm. The horizontal distance between nodes
has a linear relationship with the signal intensity of WUSN nodes. There is no change in
the attenuation rate of WUSN node signal strength with the increase of node burial depth
or horizontal distance between nodes, which may be caused by the shallow node burial
depth or small horizontal distance between nodes. In the future, the signal attenuation law
of WUSN nodes under when deeply buried nodes and large horizontal distance between
nodes will be studied.

4.3. Influence of Soil Compactness on WUSN Node Signal Transmission

Soil compactness has a great influence on WUSN node signal transmission in soil
media. When the soil compactness increases from 0.5 kg/cm2 to 4.5 kg/cm2, the WUSN
node signal intensity decreases by about 7.4 dbm. Relevant literature shows that the
penetration resistance of soil is negatively correlated with the attenuation amplitude of
electromagnetic wave [57–59]. Therefore, WUSN nodes are more suitable to be deployed
in soft soil, and the attenuation law of WUSN node signals in various types of soil will be
studied in the future.

5. Conclusions

In this paper, a WUSN node signal transmission test platform was constructed in the
laboratory, and the orthogonal experiment method was adopted to obtain the received
signal strength of the WUSN node under different experimental conditions. Then, the
attenuation model of WUSN node signal transmission in soil medium was established. It
is found that the signal intensity of WUSN nodes decreases gradually with the increase
of soil moisture content, node burial depth, soil density, and horizontal distance between
nodes. Specifically, when the soil moisture content increases by 2.5%, the received signal
intensity decreases by about 1.4 dbm; when the node burial depth increases by 5 cm, the
received signal intensity decreases by about 1.41 dbm; when soil compactness increases
by 0.5 kg/cm2, the received signal intensity decreases by 0.93 dbm; when the horizontal
distance between nodes increases by 10 cm, the received signal intensity decreases by
1.62 dbm. The R2 and RMSE of the established WUSN node signal attenuation model are
0.822 and 4.87 dbm, respectively. Since this model contains four test factors, it can be used
to evaluate the attenuation law of the WUSN node signal under the four test factors. The
lowest (highest) R2 and RMSE of the established single-factor attenuation model are 0.790
and 4.192 dbm (0.893 and 2.489 dbm). This model contains only one test factor, and it can
be used to evaluate the attenuation law of WUSN node signal changes under one test factor.
Based on the WUSN node signal attenuation model established in this paper, the optimal
burial depth and maximum distance between WUSN nodes can be calculated to facilitate
WUSN node deployment.
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Appendix A

Table A1. Table of 6 factors and 9 horizontal orthogonal experiments.

The Test Factors

Test No. Soil Moisture
Content

Node Buried
Depth

Soil
Compactness

(kg/cm2)

Soil Acid
Alkalinity

Soil
Temperature

(◦C)

Horizontal
Distance between

Nodes (cm)(%) (cm)

1 20 45 1 7.5 27.5 10
2 27.5 50 4.5 5.5 25 60
3 15 55 1 9 10 50
4 17.5 70 1.5 5.5 27.5 50
5 30 55 3.5 6 27.5 40
6 17.5 65 4.5 6 12.5 10
7 17.5 50 3.5 7.5 10 80
8 30 35 2.5 6.5 10 70
9 30 50 2 5 15 30
10 27.5 65 4 8.5 27.5 80
11 10 35 2 6 25 50
12 17.5 40 1 8.5 30 70
13 10 50 3 9 27.5 70
14 12.5 30 4 6 20 70
15 15 50 4 8 17.5 10
16 22.5 30 3.5 8.5 12.5 50
17 20 35 3 8.5 17.5 30
18 10 30 0.5 5 10 10
19 10 70 4 7 22.5 40
20 12.5 35 1 5.5 12.5 20
21 15 35 4.5 5 22.5 80
22 27.5 55 1.5 5 17.5 70
23 10 40 3.5 5.5 17.5 90
24 22.5 60 4 5.5 10 30
25 25 55 2.5 5.5 15 10
26 30 70 4.5 9 30 90
27 22.5 35 0.5 8 27.5 90
28 30 45 0.5 5.5 20 80
29 10 55 4.5 8.5 20 20
30 27.5 45 3 6 10 20
31 15 30 3 5.5 30 40
32 15 40 1.5 6 15 30
33 17.5 60 3 5 20 90
34 20 40 4.5 8 10 40
35 27.5 60 2.5 9 12.5 40
36 25 35 1.5 7.5 20 40
37 30 65 3 8 15 50
38 27.5 35 3.5 7 30 10
39 25 50 1 6 22.5 90
40 12.5 55 2 8 30 80
41 17.5 35 4 9 15 60
42 20 65 2 5.5 22.5 70
43 20 60 0.5 6 30 60
44 12.5 40 2.5 5 27.5 60
45 12.5 60 4.5 7.5 17.5 50
46 30 60 1.5 8.5 22.5 10
47 12.5 65 1.5 7 10 90
48 12.5 45 3.5 9 22.5 30
49 17.5 55 0.5 7 25 30
50 27.5 70 1 8 20 30
51 30 30 1 7 17.5 60
52 22.5 45 4.5 7 15 70
53 25 60 3.5 8 25 70
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Table A1. Cont.

The Test Factors

Test No. Soil Moisture
Content

Node Buried
Depth

Soil
Compactness

(kg/cm2)

Soil Acid
Alkalinity

Soil
Temperature

(◦C)

Horizontal
Distance between

Nodes (cm)(%) (cm)

54 15 65 3.5 6.5 20 60
55 15 60 2 7 27.5 20
56 17.5 30 2.5 8 22.5 20
57 20 70 3.5 5 15 20
58 25 30 4.5 6.5 27.5 30
59 27.5 30 2 7.5 15 90
60 15 70 0.5 7.5 12.5 70
61 17.5 45 2 6.5 17.5 40
62 10 65 2.5 7.5 30 30
63 22.5 50 1.5 6.5 30 20
64 22.5 40 2 9 20 10
65 12.5 70 3 6.5 25 10
66 15 45 2.5 8.5 25 90
67 20 30 1.5 9 25 80
68 12.5 50 0.5 8.5 15 40
69 10 60 1 6.5 15 80
70 30 40 4 7.5 25 20
71 25 70 2 8.5 10 60
72 27.5 40 0.5 6.5 22.5 50
73 20 55 4 6.5 12.5 90
74 10 45 1.5 8 12.5 60
75 20 50 2.5 7 20 50
76 22.5 65 1 5 25 40
77 22.5 70 2.5 6 17.5 80
78 25 40 3 7 12.5 80
79 25 65 0.5 9 17.5 20
80 22.5 55 3 7.5 22.5 60
81 25 45 4 5 30 50
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