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Abstract

This study presents a soil information monitoring system for real-time measurement and spatial
analysis of soil volumetric water content under open—field conditions. A dielectric-based Frequency
Domain Reflectometry (FDR) soil moisture sensor was integrated with a Raspberry Pi - based data
acquisition system, and field measurements were conducted at 18 locations (n = 18) within a 12
x 13 m agricultural field. Soil penetration resistance was additionally measured at the same
locations to interpret the spatial distribution of soil physical properties.

Soil moisture data were statistically evaluated through comparison with reference methods,
including the gravimetric method and a commercial sensor (TEROS 10). Considering
heteroscedasticity, Welch’s one-way analysis of variance indicated no statistically significant
differences in volumetric water content among the measurement methods (p > 0.05). Spatial
analysis using QGIS enabled quantitative visualization of the spatial distributions of soil moisture
and soil penetration resistance. The proposed monitoring system and soil information maps can
serve as foundational data for understanding soil conditions in open-field agriculture.
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1. )\E]gd EH}E}X] I 2. Raspberry Pi 4 D w2l
a s o Item Specification
AT E Agds SHA AdAEe] 9] b Broadcom BCM2711, Quad—core
rocessor
12 x 13 m 759 A2 A A A A S35} ARM Cortex—A72 (64-bit), 1.5 GHz
_ _ - GPU Broadcom VideoCore VI
A AW ANe BF Frae] FA WEA —
o BA3] 9ate] k5 m HAo® E 187 X Options 2 GB/ 4GB/ 8 GB LPDDR4 SDRAM
e AAste] wiAetAh A5t oA e Ax Storage _ microSD card slot _
o Gigabit Ethernet, 2.4/5 GHz Wi—Fi,
W oE4e Ausl shelsl S8 Mini 4 Comnectivty
i Bluetooth 5.0
Pro(D]JI, China) 5¥-& &8s najd= & USB Ports USB 3.0 X 2, USB 2.0 X 2
HJ S Fgstdon, dde 2do] AYge o Dual micro—HDMI ports (up to
. - N - Video Output | 4K@60 Hz single display or 4K@30 Hz
& E 1% 2%, g3 BAF AT A e .
dual displays)
a9 19 Zr. GPIO 40—pin GPIO header
Power Input USB-C, 5V = 3 A
E 1. DJI Mini 4 Pro ¥
Item Specification EoF g8 =4 AlAE+= FDR W9 Al
Weight <249 g = A9 o] HFAl O Eoko] &GO 7h
= =2 = A
Max Flight Time 34 min (Standard) = Agataint. of WA B &S 1A
Lens 24 mm eq., /1.7 3 B S8 AESle R E, 7|9 "HA
Photo / Video 48 MP / 4K up to 100 fps -
o A o} HFo. At =
Obstacle Sensing Omnidirectional SPEY AFA AlAep Fe] vhe SRV =
Max Range Up to 20 km (FCC) I fA A7 goldhy, FAU)7r ol #=o
Aeksity= Aol 9] FDR Soil Moisture
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X 3. FDR E¥
[tem Specification
Measurement Frequency Domain
Principle Reflectometry
Relative Volumetric Water
Content
Relative (Dry to Saturated
Soil)
Requires user calibration
Analog Voltage (~0 - 3.0V

2 MM Hg

Measured Parameter

Measurement Range

Accuracy

Output Signal

@ 5V VCC)
Power Supply 3.3 -5.5V DC
Current Consumption < 15 mA
Response Time <1ls
Operating —20 to +60 °C
Temperature
Sensor Dimensions Approx. 9.8 em (L) X< 2.3
cm (W)
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A7140,,,5= 32 B WEE Sl AEE
YAl AA e sk, Vi AlM &9
At a, b, ¢, de AW A ddS S AbEd
BA Aot thakA] Mgk o] fof= obd Ax
FHist & 23 FEHE Vleer 29 WS
Aatstete], BEF AR 200 ©WE 7lE We
Aas BAskdth w9l Atk 342 4 (©2)

s g}

0, —0,.
0 _ _raw dry (2)

norm _
6sat 6dv_z/

7R 0,,,9 0, 77t A 7% Ades} 9
A 23 deels 299 AN S v
o} A+rstd g6, 55 vl BAS 95
2 ()3 Zo] WEE(%) FENe) AH FEFE
o= Wgsii.

6VWC = (9norm x 100 (3)
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X 4. TEROS 10 EQF &8 M Alet
Item Specification
Frequency Domain
Reflectometry
Relative Volumetric Water

Measurement Principle

Measured Parameter

Content
Measurement Range 0 - 0.70 m¥m?*
Accuracy +3% VWC
Output Signal 70 - 1200 mV
Power Supply 3.0 -15V DC
Current Consumption < 10 mA
Response Time < 10 ms
Operating Temperature —20 to +60 °C

Sensor Dimensions 9.4 cm (L) X 1.8 cm (W)
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Non-linear Sensor Calibration
3rd_order Polynomial Regression

I

Normalization
Dry-Saturated Scaling

!

VWC Scaling
Unit Conversion to Percantage

I

Cross-Calibration
TEROS 10 Linear Calibration

l

Field Offset Correction
In-situ Offset Compensation

1

Final Volumetric Water Content (VWC)
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Category Particle Size
gravel > 2mm
sand 0.05 ~ 2mm
silt 0.002~ 0.05mm
clay < 0.002mm

SpotOn Digital Soil Compaction

Meter(Spectrum Technologies, USA) A}-g-3}o]
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Item Specification
Probe Length 30 in (76 cm)
Measurement | _ 895 psy (0 — 5690 kPa)
Range
Cone Size 0.505 in (12.8 mm) Diameter /
30° Angle
Weight 1.9 lbs (0.6 kg)
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3l Levene’s TestE Fastith 4] 547
7MY S5 ol e BahEA A A 2 A
& 7hs e A W A Fa3 dEFs HA

Variable Levene F | dfl df2 D
Volumetric water
content (VWC) 16.711 2| 141 < 0.001

Levene's Test 23}, Fet 7k 4k 544 7}
Aol FHE A & Ao YeEhp < 0.05), &
= A S 7HEsHA] %= Welch
A 2] #4HEA (Welch's ANOVA)S -85}
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Internal Processing and Calibration within Raspberry Pi
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Remote Access via
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32

28 4

Soil Moisture Content(%)

‘ -Q- TER0S-10

16) -O-Gra
7-12) -O-Gra
-Q- TEROS-10 (Sensors 13-18) -Q - Gra

26

T
09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00
Time

a8 10, i H 2= TEROS 10 & S&He=Z

2 A&
Zde g B gtrE9 AI74I €

3 90l A upe} o], A Aj2E] BE
TEROS-10 %! F&H 3] g8 Abel=
0.13%, ol 1.41% W Z veyeon, d =
717 &<t vluA 2 HALE FA 5T o]
& AAE wa =
TEROS 10 % S3H¥} A 59 54 A
ol uhe S LEhfE Ao s

B9 4 Alﬁ'f-é! 2=, TEROS 10 & SfHoll ofah &

o EY g g dli

Measurement Sensor Group / Soil Moisture

Method Area Content (%)
Mean of 18 Entire site 30.0 + 0.4

Sensors
TEROS—10 Sensors 1-6 31.1
TEROS—10 Sensors 7-12 30.5
TEROS-10 Sensors 13-18 30.6
Gravimetric .

Method Point 1-6 31.1
Gravimetric .

Method Point 7-12 30.5
Gravimetric .

Method Point 13-18 30.6
429G U4E 24 A B4 2
7le=E A A Ay, F#H, TEROS-10, 18

T AR RES o) §3te] 24T B A
% z

Aeashde] gk A7 282%, 28.7%,
29.2%% dehd, Al A4 HM B FES
2 A H9E Y VeSS A

I

10, 1% BAY
Std.
Group N Mean(%) Deviation
Gravimetric method 54 28.2 1.10
TEROS-10 36 28.7 1.02
Developed system 54 29.2 3.99
Overall 144 28.7 2.60

M Alagl BEe 08 S Ao vle) A
Aoz Tt A4 BXEE B o o=
274 e 3% 4H P go] F ofe] 8elo]
BgAoT A§PS HeHS A,

E 79 SR A4 ANE Lelstel, B A
ToM = TEAM S 7P SHA] = Welche] o
Ao A FAHEA S A 8-Sk % 119 Welch
ANOVA 738 A3}, &7 2o i E¢F A4
TETFY Hit Aol= FAASE {3
ol A WERRET

F 11. Welch ANOVA Z2tx&

Variable F df1 df2 p
Welch 3.335 2 85.993 0.040

Welch ANOVA Z3}E nlg o
Hat Aol FA|ARQ FAS ERlsy] 25l
Games - Howell A}$-7448 313t E 129

AV A3, TR 2 TEROS-10 12 at 7
A28 Bge] Al 3F e HIJLOHH v/li‘l

L 0052 2A YEhton 9

12. Games - Howell AFZHAE Z 3}
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95% (I

Upper
0.045
0.367
0.877

Lower

—1.040
—2.341
—1.857

95% CI

0.227 | 0.079
0.563 | 0.195
0.569 | 0.667

Std.
Error

Differen
ce(%)
—0.497
—-0.987
—0.490

Mean

-10-

Comparison
(1)
method -
TEROS-10
method -
Developed
system
TEROS
Developed
system

Gravimetric
Gravimetric
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