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Abstract: The study of soil electromagnetic properties can be useful in various applications like the calibration of a sensor, 

radar design and as an addition to library database. One can infer the presences of water from the soil permittivity measurement. 

There are a few techniques in literature for measuring permittivity of the soil. The soil is dielectric in nature and the soil sample 

may be represented by an electrical equivalent circuit using few discrete components. During the permittivity measurement, 

metallic electrodes are used to establish a contact with the soil. The electrode resistance and stray capacitance may be explicitly 

presented in the soil electrical equivalent circuit. In this article, we have attempted to analyze the effect of electrode resistance 

and that of the stray capacitance on the dielectric permittivity and conductivity of the soil and the simulation results are shown 

for three different soil equivalent circuits. 
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1. INTRODUCTION AND MOTIVATION 
The study of electromagnetic properties of soil can be useful in RADAR application and also for calibration of a sensor. 

Such a sensor can be very useful in agriculture and also for in-situ measurement of water ice on the moon and similar planetary 
applications. Dielectric measurements are widely used for estimation of water content in the environmental substance. Various 

methods for soil moisture recognition like gravimetric technique, radioactive technique, capacitive technique, conductivity 

technique and soil suction technique are found in [1]. Many methods are found in the literature for soil property measurement 

and also for detection of water in the soil [2-9]. Olchawa and Kumor [10] have used the Time Domain Reflectometry (TDR) 

method to measure dielectric constant of polluted soil to estimate diesel oil content. Bittelli et al. [11] have used the TDR method 

in conductive soil for moisture measurement. Gong et al. [12] have used TDR method to check the effect of soil bulk density, 

clay content and temperature on soil moisture measurement. Savi and Maio [13] have carried out sensitivity study for dielectric 

permittivity estimation using TDR method. Noborio et al. [14] have given soil electrical conductivity and water content in a 

ridge-furrow tilled loamy sand irrigated with a salt solution by TDR. Chen et al. [15] have given TDR surface reflections for 

dielectric constant in highly conductive soils. Evett [16] has also given soil water measurement using TDR. Stacheder et al. [17] 

used four different sensors to measure snow moisture content using dielectric permittivity. Rao and Singh [18] used TDR and 

capacitance method for soil moisture measurement and gave comparison of both the methods. Skierucha and Wilczek [19] have 
given FDR sensor for measuring complex soil dielectric permittivity in the 10-500 MHz frequency range. Kyeong-Hwan et al. 

[20] have given dielectric permittivity sensor for simultaneous measurement of multiple soil properties. 

Using the TDR or capacitive sensor one can find the capacitance of the soil and the dielectric permittivity and 

conductivity may be derived from the capacitance. The soil sample may be represented by an electrical equivalent circuit using 

discrete components [21]. Pabari et al. [22] have given a simplified electrical circuit for soil and lunar soil simulant JSC-1A 

testing using WISN.  Macdonald [23] has given various electrical circuits based on electrochemical impedance spectroscopy. 

Katsube et al. [24] have given a structure of mineralized rock for landmine detection. Rock may also be represented by an 

electrical circuit [25]. Bekhit and Khalil [26] gave electrical circuit for moist limestone. Lampela et al. [27] used electrical circuit 

for the quartz sand soil and found the impedance for different moisture contents. During the permittivity and conductivity 

measurement, the metallic electrodes are used to establish a contact with the soil. The electrodes carry signal for the 

measurement of the soil property. The electrode resistance and stray capacitance may explicitly be represented in the soil 
electrical equivalent circuit. One may ignore the electrode resistance and stray capacitance during the soil testing. In this article, 

we have taken three soil circuits and tried to check the effect of electrode resistance and stray capacitance on the soil property 

during the simplification. 

The rest of paper is organized as follows. Section 2 describes basics of impedance, permittivity, and conductivity and 

also gives various relationships. Section 3 refers three soil electrical equivalent circuits and gives their impedances. Section 4 

shows the simulation results using MATHEMATICA [28] and the paper ends with summary and conclusion. 
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2. THEORECTICAL BACKGROUND 
Since the soil electrical equivalent circuit may be represented by few discrete components during the soil testing, 

various components arising in this work are described as follows.  

 

2.1 Electrode Resistance: For soil testing, one needs to use the metallic electrodes to establish the contact with the soil sample. 

Such electrodes can have a finite amount of resistance with values ranging typically from about 1  to 3 . The electrode 
resistance may create some effect on the permittivity and/or conductivity. 

 

2.2 Stray Capacitance: Any two adjacent conductors can be considered a capacitor, although the capacitance would be small, 

unless the conductors are very close to each other with longer distance or with larger area. This, often unwanted, effect is 

termed as stray capacitance. The stray capacitance can cause the signals to leak between otherwise isolated circuits and it 

can be a limiting factor for proper functioning of circuits at high frequency. 
 

2.3 Relationship between Impedance, Permittivity and Conductivity 

Impedance is a complex quantity and is given by the equation below [29] 

 

      𝒁 = 𝑍𝑟𝑒𝑎𝑙 +  𝑗 𝑍𝑖𝑚𝑎𝑔                     (1) 

where 𝑗2 = −1. 
The relative dielectric permittivity is a complex function and it is defined by the equation [30] 

      𝜀 =  𝜀′ + 𝑗 𝜀′′                      (2) 

where 𝜀 is the total relative permittivity 

           𝜀′ is the real relative permittivity and it is related to the stored energy within the medium 

           𝜀′′ is the imaginary relative permittivity and it is related to the dissipation (or loss) of energy within the medium. 

The real relative permittivity shows the relation with imaginary impedance as [22] 

      ´ = −
𝑍𝑖𝑚𝑎𝑔

𝑔𝜔0(𝑍𝑟𝑒𝑎𝑙
2 +𝑍𝑖𝑚𝑔

2 )
             (3) 

The imaginary relative permittivity is related with real impedance by the equation [22] 

      ´´ =
𝑍𝑟𝑒𝑎𝑙

𝑔𝜔0(𝑍𝑟𝑒𝑎𝑙
2 +𝑍𝑖𝑚𝑔

2 )
              (4) 

The real and imaginary conductivity are related to the relative dielectric permittivity by the equations below [22] 

      𝜎 ′ =  𝜔 𝜀0𝜀′′               (5) 

and      𝜎 ′′ =  𝜔 𝜀0𝜀′         (6) 

 

3. SOIL ELECTRICAL EQUIVALENT CIRCUIT 
Soil can be represented by an electrical equivalent circuit using few discrete components. It is known that the soil has 

dielectric nature and so, it can be represented by a bulk capacitor and resistor in parallel. Pabari et al. [22] used a simplified 

electrical circuit for the detection of water in soil and lunar soil simulant JSC-1A using the WISN. Lampela et al. [27] used 

electrical circuit for the quartz sand soil and found the impedances for different moisture contents. Here, we have referred three 

different soil electrical circuits, which may be used during the measurements. Circuit 1 shown in Figure 1 represents the 

simplified electrical equivalent soil circuit in which 𝐶 represents the dielectric nature of the soil and 𝑅 represents the leakage in 

the capacitor. 
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Figure 1: Simplest soil electrical equivalent circuit 1 [21, 22] 

 

Both capacitor and resistor are in parallel in the circuit shown in Figure 1, so the impedance is given by, 

 

      
1

𝒁
=

1

𝑅
+

1

𝑋𝑐
                  (7-a) 

Simplifying the Equation (7-a), we get 

      𝒁𝟏 =
𝑅

1+𝑅2𝜔2𝐶2 − 𝑗
𝑅2𝜔𝐶

1+𝑅2𝜔2𝐶2                (7-b) 

From which we get the real and imaginary parts of the impedance as [22] 

      𝑍1𝑟𝑒𝑎𝑙 =
𝑅

1+𝑅2𝜔2𝐶2                 (7-c) 

and       𝑍1𝑖𝑚𝑎𝑔 =
−𝑅2𝜔𝐶

1+𝑅2𝜔2𝐶2                 (7-d) 

respectively. 

 

Circuit 2 shown in Figure 2 represents the same structure as that of the circuit 1 in Figure 1, except the addition of the total 

electrode resistance (𝑅𝑒) in series. 

 

Because the second circuit has same structure except the series resistance, we add the electrode resistance in the impedance of 

the first circuit and get 

     𝒁𝟐 =
𝑅

1+𝑅2𝜔2𝐶2 +𝑅𝑒 − 𝑗
𝑅2𝜔𝐶

1+𝑅2𝜔2𝐶2                     (8-a) 

Simplifying Equation (8-a), 

 
Figure 1:  Soil electrical equivalent circuit 2 with electrode resistance included [24-25] 

 

 

     𝒁𝟐 =
𝑅+𝑅𝑒 (1+𝑅2𝜔2𝐶2)

1+𝑅2𝜔2𝐶2 − 𝑗
𝑅2𝜔𝐶

1+𝑅2𝜔2𝐶2                     (8-b) 

 

Circuit 3 depicted in Figure 3 shows the addition of stray capacitor in parallel, as compared to the circuit 2. In Figure 3, 𝐶𝑠 
represents the stray capacitor between two parallel electrodes. 

R

C

Re

R

C



IOSR Journal of Engineering 

Apr. 2012, Vol. 2(4) pp: 837-843 
 

 

ISSN: 2250-3021     www.iosrjen.org     840 | P a g e  

 

 

Figure 3: Soil electrical equivalent circuit considering electrode resistance and stray capacitance [27] 

 
 

Now, the capacitor is in parallel and so, 𝒁𝟑 = 𝒁𝟐  ∥ 𝐶𝑠 
 

Finally, we get real and imaginary parts of the impedance of circuit 3 as 
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              (9-a)

          

and 

 
 

4. MATHEMATICA SIMULATION RESULTS 
We have carried out simulations of the three soil circuits in the Mathematica [28] software and compared the results based on 

soil permittivity and conductivity. Considering the practical aspects of the dielectric permittivity and conductivity of the dry soil, 

we have chosen the values of the bulk as 𝑅 = 20 𝑀Ω and 𝐶 = 3 𝑝𝐹 in the simulations of all the circuits. The soil permittivity 

and the conductivity based on bulk parameters are shown in Figure 4 (a) and Figure 4 (b), respectively for considering the circuit 

1, circuit 2 or circuit 3. Considering the circuit 2, Figure 5 (a) depicts the three dimensional plot of real relative permittivity 

versus frequency and the electrode resistance, while Figure 5 (b) depicts the three dimensional plot of conductivity versus 

frequency and the electrode resistance. Considering the circuit 3, Figure 6 (a) shows the three dimensional plot of real relative 

permittivity versus frequency and the stray capacitance, while Figure 6 (b) shows the three dimensional plot of conductivity 

versus frequency and the stray capacitance. 
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R
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Figure 4: (a) Plot of real relative permittivity vs. frequency and (b) plot of conductivity vs. frequency for circuit 1 

 
 

Figure 5: (a) Plot of real relative permittivity vs. electrode resistance and (b) plot of conductivity vs. electrode resistance for 

circuit 2 

 

 
 

Figure 6: (a) Plot of real relative permittivity vs. stray capacitance and (b) plot of conductivity vs. stray capacitance for circuit 3 
 

 

5. DISCUSSION 
5.1 Effect of Electrode Resistance on Permittivity and Conductivity: 

By comparing the first (circuit 1) and the second (circuit 2) circuits, one can observe that when the electrode resistance is varied 

from 1  to 3 , there is no appreciable change in case of soil permittivity. Hence, one can ignore the electrode resistance during 
the permittivity measurement. However, as the value of the electrode resistance is changed, the value of the soil conductivity also 

changes by a very small amount in the frequency range from 1 MHz to 10 MHz. 

 

5.2 Effect of Stray Capacitance on Permittivity and Conductivity 

By comparing circuit 3 and circuit 1, one can observe that when the stray capacitance is varied from 0.1 pF to 1 pF, there is no 
appreciable change in case of soil conductivity. Hence, one may ignore the stray capacitance during the conductivity 

measurement. However, as the value of the stray capacitance is changed from 0.1 pF to 1 pF, the value of the soil permittivity 
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also changes by about 33.3 %, typically in the frequency range from 1 MHz to 10 MHz. Table 1 shows the effect of electrode 
resistance on the soil conductivity for circuit 2 and also for circuit 3 (with any value of stray capacitance). Table 2 shows the 

effect of stray capacitance on the soil permittivity for circuit 3 and also for circuit 2 (without stray capacitance). The error in soil 

conductivity due to change in the electrode resistance is plotted in Figure 7 (a) and the error in soil permittivity due to change in 

stray capacitance is plotted in Figure 7 (b). One can observe from Figure 7 (a) and Figure (b) that the error in the soil 

conductivity is nonlinear with respect to the electrode resistance while the error in soil permittivity varies linearly with respect to 

the stray capacitance. 

 

Table 1: Variation in conductivity for various values of electrode resistance in circuit 2 and also in circuit 3 with any Cs 

 

f 

(MHz) 

𝝈′ (for Re = 1 𝛀) 

(𝟏𝟎−𝟖 𝑺/𝒎) 

𝝈′ (for Re = 2 𝛀) 

(𝟏𝟎−𝟖 𝑺/𝒎) 

𝝈′ (for Re = 3 𝛀) 

(𝟏𝟎−𝟖 𝑺/𝒎) 

1.0 44.278 44.2859 44.2939 

2.5 44.3198 44.3696 44.4194 

5.0 44.4692 44.6684 44.8676 

7.5 44.7182 45.1665 45.6147 

10.0 45.0669 45.8637 46.6606 

 

 

Table 2: Variation in permittivity for various values of stray capacitance in circuit 3 and also for circuit 2 in the absence of stray 

capacitance 

 

f 

(MHz) 

For circuit 2 For circuit 3 

𝜺′ (for any Re) 
𝜺′ (for any Re and 

Cs = 0.1 pF) 

𝜺′ (for any Re and 

Cs = 0.5 pF) 

𝜺′ (for any Re and 

Cs = 1 pF) 

1.0 ~ 3 3.1 3.5 4 

2.5 ~ 3 3.1 3.5 4 

5.0 ~ 3 3.1 3.5 4 

7.5 ~ 3 3.1 3.5 4 

10.0 ~ 3 3.1 3.5 4 

 

 

   
 

Figure 7: (a) Error in conductivity due to electrode resistance and (b) error in permittivity due to stray capacitance 
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SUMMARY AND CONCLUSION 
In this paper, we have derived the impedances of the three soil electrical equivalent circuits which may be used in obtaining the 

soil properties. The three circuits have been compared and the effects of the electrode resistance and the stray capacitance are 

checked on the measurements of the soil permittivity and the conductivity. The error in soil conductivity is nonlinear with 

respect to the electrode resistance and there is no effect of electrode resistance on the soil permittivity. For every multiple of 0.1 

pF stray capacitance, the error in the soil permittivity is increased by 3.33 %, while there is no effect on the soil conductivity. 
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