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Abstractðtwo parallel needle moisture sensors has been widely used in Soil moisture detection 

equipment, for example, frequency domain (FD), time domain reflectometry (TDR) and standing wave 

ratio (SWR) measurement. The design of probeós port impedance is key technology parameters to soil 

moisture sensor. In this study, according to the relationships between the length and impedance 

characteristics of terminal open and closed state probe were presented based on two-pin probe structure 

of parallel resistance model. The best probe structure was simulated by high frequency structure 

simulator software HFSS, which based on Maxwellôs equations and ýnite element method. According 

to experiment of soil water content by organic solution, the theoretical analysis of the best structure of 

probe was further validated.  

 

Index terms: soil water content, sensor, length of probe, impedance 



 

 

I. INTRODUCTION 

 

The probes for most of the soil moisture devices (TDR, FD, SWR, etc.) are based on dielectric 

properties which usually have a two-pin parallel structure, Shown in Figure 1 .Multi -pin parallel 

probe belongs to a class of parallel irregular transmission line [1~4].  Through an analysis of 

potential distribution around the probe, Zegelin pointed out that two-pin parallel probe could be 

recognized as parallel transmission line, Shown in Figure 2 . Its impedance is: 
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Figure 1. Two-pin parallel structure 
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Figure 2. Parallel transmission line 

 

Where ZL is the impedance of the two-pin probe, is the intrinsic impedance, Ů is the dielectric 

constant, ZP is the external terminal load impedance when probe is recognized as a section of 

transmission line [5], c is the propagation velocity of the electromagnetic wave in the measured 

medium,  f  is the measurement frequency. 

Previously mentioned sensor probe can be regarded as an open-ended lossless transmission line, 

with the advent of the TDT (Time domain transmission) soil moisture sensor, the terminals 

closed probe model, Shown in Figure 3, gradually become the research content. 



 

 

 

Figure 3. The closed-style structure 

 

II.  THEORETICAL ANALYSIS OF TWO-PIN PARALLEL PROBEôS LENGTH 

 

a. Primary open-style terminal model of two-pin parallel probe 

Although boundary conditions for the two-pin parallel probeôs Maxwell equation are difficult  to 

describe, When the terminal is open, the resistor Zp as infinity, the impedance can be estimated 

by equation (1)under open terminal conditions [6]. Equation (1) can be simplified as following: 
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From equation (2), '

CZ is needed for calculating ZL, the characteristic impedance of parallel 

transmission line is: 
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Where: 2Rððdistance between two needles 

2rððdiameter of the needle 

äððdielectric constant 

 
Figure 4. Geometric section of parallel line 

 

Substitute (3) into (2) .the impedance of the probe is: 
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According to the character of cotangent function [7]: 

When the soil dielectric constant is constant(ä constant), monotonic conditions of probe 

impedance is: 
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When f=100MHz, c=3×10
8
 m/s, ÷=2́ f , probe presents purely inductive impedance under the 

following condition:                                    
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Probe presents purely capacitive impedance under the following condition: 
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a.i  Probe length and measurement range when probe presents inductive impedance 

Suppose measurement range for soil moisture content is: maxmin ~qq , the corresponding soil 

dielectric constant range is maxmin ~ee . To make the probe present inductive impedance, solutions 

need to be in the following close interval: 
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Then ebelongs to: 
maxmin

5.175.0

e
e

e
<< , and that is minmax 4~ ee . That requires 4 times of mine   

bigger than maxe . 

According to Toppôs equation [8~10], theorical dielectric constant of soil is about 1.887 when 

soil moisture content is 0. The biggest dielectric constant is 7.5228, and the corresponding soil 

moisture content is 13.74%. From equation (7) the probe length L=0.5469m. 

From the analysis above, we can see that when probe presents inductive impedance the 

measurement range is only 0~13.74% which is too narrow to meet the practical needs. 

a.ii Probe length and measurement range when probe presents capacitive impedance 



 

 

To make the probe present capacitive impedance, solutions need to be in the following close 

interval: 
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When 0>e , equation (8) has solutions. It could be simplified to: 
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When the soil moisture content range from 0~100%, probe length L belongs to: 

)(0831.00 mL<<  . 

.  

Figure 5.  The relationship between the probe length and impedance as terminal open state 

 

 

Figure 6. The relationship between the probe length and impedance as terminal closed state 

 



 

 

From the analysis above, when probe length is )(0831.00 mL<< , probe presents capacitive 

impedance, and the measurement range is 0~100% which is enough for practical use. Using 

simulink[11], we can see that when 800 <<e , soil moisture content is 0~100% and the probe 

length )(0831.00 mL<< , the curve of probe impedance and length has better monotonicity as 

shown in figure.5. 

b. Closed-style terminal model of two-pin parallel probe 

When the terminal is short-circuited, Z closes to 0. Therefore, Closed-style terminal model of 

two-pin parallel probe is: 

 
c

L

r

R
Lnj

c

L
jZZ

c

L
jZZ

Z

pC

Cp

CL

ew

eew

ew

tan
2120

tan

tan
Z

0Z

'

'

'

p

-=

+

+

=

­

            (10) 

(1)When probe presents inductive impedance, probe length is )(0831.00 mL<< , the 

measurement range is 0~100% as shown in figure 6. 

(2)When probe presents capacitive impedance, there is no suitable probe length. 

Therefore, under Closed-style terminal model tow-pin parallel probe can only present inductive 

impedance. 

 

III.  SIMULATION STUDY OF PROBE STRUCTURE 

 

a. HFSS simulation 

Ansoft HFSS is a finite element analysis based software package which could simulate any 3D 

high frequency electromagnetic field. Most terms of electromagnetic behaviors such as 

characteristic impedances, S parameter, propagation constants, antenna pattern, and the radiation 

field can all be obtained by HFSS. It adopts adaptive mesh generation, tangential element, ALPS 

fast fre-scan technique and other patented technologies. Instead of asking users to build a 

mathematic model, only the target objectôs physical model is needed in HFSS for analyzing its 

electromagnetic characters, including radiated near or far fields, primary electromagnetic number 

and open boundary problems, S parameter and normalized S parameter for corresponding port 

impedance, port characteristic impedances and propagation constants, structural eigenmodes or 

resonant solution , etc[12]. 



 

 

HFSS is based on a field equation derived from Maxwellôs Equations: 

As general-purposed simulation software for three-dimensional electromagnetic field, HFSS is 

based on Maxwell equations. In the waveguide, the field mode of Traveling wave can be obtained 

by solving Maxwell's equations. Formula (11) is deduced by Maxwell equations, this equation 

can be solved by two-dimensional solver. 
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Where: 

E - Phasor representing an oscillating electric field 

0k - Free space wave number 

Ů - Complex relative dielectric constant 

rm
- Complex relative magnetic coefficient. 

The geometric model is automatically divided into a large number of tetrahedral elements and the 

collection of the tetrahedral elements is referred to as the finite element mesh. Integrating over 

volume, we can get: 
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Where: 

 nW - Basis functions  

 n = 1, 2é N 

The basic functions, Wn, define 2 interpolation schemes between nodal locations in the overall 

mesh of the tetrahedral element. First, the 1st order tangential element basis function interpolates 

field values from both nodal values at vertices and on edges, which has 20 unknown per 

tetrahedral; second, the 0th order tangential element basis function makes use of nodal values at 

vertices only, which has 6 unknown per tetrahedral. The subscript n represents integration 

replicated for thousands of equations for n = 1, 2é N and the intent are to obtain N equations 

with N unknowns for solution. Furthermore, According to Greenôs and Divergence Theorems 

[13~14]: 
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E can be represented by equation 14: 
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Where: 

mx -unknown variables to be solved 

mW -basis function same as nW  

Substituting 14 into 13: 

( ) dStermbounderydVWWkEWX
m

Sv
mnr

r

nmä ññ
-

-=ù
ú

ø
é
ê

è
-öö
÷

õ
ææ
ç

å
³Ð³³ÐÖ

N

1

2

0 )(
1

e
m

    (15) 

Equation 15 has the basic matrix form Ax=B, where A is the basis functions and field equation, 

in a known N×N matrix, ôxô is the unknowns to be solved for, and B is the boundary term. In this 

way, the HFSS can transform Maxwellôs equations into matrix equations that are solved using 

traditional numerical methods. Thus, the resulting Eqn 15 allows solution of the unknowns, Xm, 

to find E. 

 

b. Experimental setting 
 

The probe structure of open-style and closed-style are shown in figure 7 and figure 8. According 

to open-style and closed-style terminal two-pin parallel probe, we used HFSS to simulate 

electromagnetic field distribution with different probe length, probe diameter and probe distance. 

The probe structure which led to the most uniform distribution of the electromagnetic field was 

recognized as the optimal structure. 

 

Figure. 7 the open-style soil moisture sensor 

 



 

 

 

Figure.8 the closed-style soil moisture sensor 

 

Then use 1 - octanol, lactic acid acetate, 2 - butanol, 1 - butanol, 1 - propanol, ethanol (anhydrous 

ethanol), ethanol solution (concentration 66.7%) to simulate different soil volumetric water 

content (0 to 100%) [15-17], shown as table 1: 

 

Table 1: Dielectrics of different organic liquids and soil water content 

 

organic solution dielectric constant Ů 
moisture content of corresponding 

volume ɗ/% 

1-octanol 

lactic acid acetate 

2- butanol 

1- butanol 

1- propanol 

anhydrous ethanol 

10.3 

13.1 

15.2 

17.4 

20.81 

25 

17.67 

27.49 

35.29 

41.06 

50.50 

60.59 

ethanol solution 43 84.12 

 

Output voltage values in different organic liquids with different probe structures were tested and 

recorded. According to the result, we are able to find out whether the optimal structure obtained 

by HFSS simulation could satisfy practical measurement [18]. 

When the probe length increased from 30mm to 50mm, the output curve is showed in Figure 9. 

The relationship between length of the probe and the fitting coefficient are showed in Table 2.  

The result indicated that when the probe length is 50mm, the linearity of the sensor is best. 



 

 

 

Figure. 9 Relationship between the output voltage and the volumetric water content 

 

Table.2 The relationship between the probe length and the fit coefficients 

 

Probe lengtĥ mm̃  Fitting coefficients  

30mm  R
2
 = 0.9209  

35mm  R
2
= 0.9488  

40mm  R
2
 = 0.9697  

45mm  R
2
 = 0.9825  

50mm  R
2
 = 0.9901  

55mm  R
2
 = 0.9898  

60 mm  R
2
 = 0.9858  

65mm  R
2
 = 0.9718  

70mm  R
2
 = 0.9722  

 

c. Authentication of open-style terminal model of two-pin parallel probe 

In order to verify the best probe structure, we set the frequency at 100MHz, and search for 

incentive solutions. We suppose that the surrounding medium is 100mm high, with a diameter of 

100mm and dielectric constant 21. And then use HFSS simulation and orthogonal method to 



 

 

obtain the electromagnetic distributions of horizontal section corresponding to different probe 

structure. Probe diameter is 1mm, 2mm, 2.5mm, 3mm, 3.5mm, probe length is 20mm, 30mm, 

40mm, 50mm ,60mm, and probe distance is 10mm, 20mm, 30mm, 40mm, 50mm. After a series 

of simulation, results show that when probe diameter is 3mm, probe length is 50mm and probe 

distance is 30mm, the electric field between the two needles has the strongest strength and 

distributes evenly in the whole medium space as shown in figure 10 and figure 11. Therefore this 

probe structure is recognized as the optimal structure. 
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Figure 10.  Simulation of electrical ýeld distribution as terminal open state  

(a) in the vertical direction. (b) On the horizontal plane 

 



 

 

 

 

 

 

 

 

 

Figure 11. The simulation results of different parameters 

 

Sensor system consists of 100MHz signal source, 50W coaxial transmission line and probe, The 

probe has the optimal structure (probe length 50mm, probe diameter 3mm, probe distance 

30mm), and is inserted into the those 7 organic solutions in turn (to simulate 0 to 100% 

diameter             3mm 

 probe length    50mm 

probe distance 30mm 

diameter          2.5mm 

 probe length    50mm 

probe distance 50mm 

diameter             3mm 

 probe length    60mm 

probe distance 30mm 

diameter             1mm 

 probe length    50mm 

probe distance 10mm 

diameter          3.5mm 

 probe length    20mm 

probe distance 50mm 

diameter          3.5mm 

 probe length    30mm 

probe distance 50mm 



 

 

volumetric soil moisture), Shown in Figure 12.  After determining the structure of probes, we 

repeated measurements of the same kind of solution. And measured the voltage of both ends of 

the coaxial transmission line, to achieve the purpose of the moisture measurement, the 

measurement results are shown in Table 3.  To draw the soil moisture voltage relationship curve, 

averaged results are shown in figure 13. And then output voltage values of the sensor are 

obtained as shown in figure 13. It can be seen from the Figure, correlation coefficient reached 

0.98, so the structure is more appropriate. 

 

Figure 12. Organic solution simulation for open-style sensor 

 

 

Figure 13. The relationship between sensor output voltage and soil water content as terminal 

open state 



 

 

Table.3 Open-style sensor multiple measured results 

 

 

 

 

 

 

 

 

 

d. 

Authentication of Closed-style terminal model of two-pin parallel probe 

With the same method and parameter in another HFSS simulation, we can find out the optimal 

probe structure for the closed-style terminal model. The optimal probe structure is: probe length 

61.4mm, probe distance 20mm, probe diameter 3mm as shown in figure.14. When the optimal 

probe structure is determined, we can also get relationship between the sensor output voltage and 

soil water content as shown in figure.16 the correlation coefficient reached 0.96. 

 

(a)                                                            ̂b̃ 

Figure 14. Simulation of electrical ýeld distribution as terminal open state (a) in the vertical 

direction. (b) on the horizontal plane 

 

 

 
1-

octanol 

lactic 

acid 

acetate 

2- 

butanol 

1- 

butanol 

1- 

propanol 

anhydrous 

ethanol 

anhydrous 

ethanol  

:water 

=2:1 

Anhydrous 

 ethanol  

:water 

=1:1 

17.94 28.17 35.95 41.49 50.15 58.77 77.12 84.12 

First  3.009 3.133 3.222 3.24 3.331 3.455 3.694 3.703 

Second 2.999 3.137 3.225 3.246 3.329 3.455 3.692 3.7 

Third  2.984 3.135 3.224 3.246 3.325 3.456 3.692 3.692 

Fourth 3.001 3.137 3.226 3.248 3.323 3.459 3.69 3.695 

Fifth  2. 992 3.133 3.223 3.245 3.327 3.455 3.692 3.705 

average 

value 
2.997 3.135 3.224 3.245 3.327 3.456 3.692 3.699 

Sequence 

Solution  

Moisture  

Content 


