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ABSTRACT: The impedance calculated from the S-parameters measured for fifteenplant varieties showed a 

transition point of variation that increased or decreased the reactance at a frequency of 1 to 100MHz. This 

transition point varied according to the plant variety. In the synthesized equivalent circuit, the series circuit 

changed to a parallel circuit after the transition point when the frequency was increased. The transition point 

disappeared when the plant samples were grated and filtered. The transition point was found to be related to the 

equivalent circuit of the plant cell wall. 
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I. INTRODUCTION 
By measuring the electrical characteristics of plant cells, it is possible to classify plant varieties, 

analyze growth conditions, determine ripening conditions, and analyze cellular organization. Furthermore, by 

representing the cellular tissue as an equivalent electrical circuit, it is possible to perform collaborative analysis 

by applying high-frequency circuit measurement technology and simulators [1]-[9]. In this study, we measured 

the scattering parameter S11 using a portable vector network analyzer (VNA) and a miniature SMA (sub-

miniature type A) probe. We synthesized an equivalent circuit by curve-fitting the impedance curve on a Smith 

chart. In addition, we observed a transition point in the frequency variation of the measured impedance Zin, 

where the mode of change changed significantly. This paper focuses on this transition point and analyzes the 

equivalent circuit of plant cells. 

 

II. S-PARAMETER MEASUREMENTS ON PLANT SAMPLES USING A PORTABLE VNA 

AND SMA PROBE 
The S-parameter measurement system for the plant samples is shown in Figure 1. The S-parameter 

reflection coefficient S11 was measured in the 1-100 MHz frequency range using a portable vector network 

analyzer equipped with an SMA probe. The input impedance Zin was calculated from the measured S-parameter 

S11. The SOLT (short, open, load, through) SMA connector was used to calibrate the measurement system. The 

calibration was verified by measuring and comparing the resistance of a 1608 (mm) size 1200 Ω SMD (surface 

mount device) soldered between the signal and ground pins of the measurement SMA probe (Figure 2). It 

consists of three pins: a central signal pin (gold-plated copper, 4 mm × ϕ 0.8 mm) surrounded by PTFE 

(polytetrafluoroethylene) and two ground pins (gold-plated brass, 4 mm × ϕ 0.8 mm) on either side, spaced 4 

mm apart. A cross-sectional view of the SMA probe inserted into the plant sample is shown in Figure 3. The 

number of measurement points on the plant sample surface was approximately 10, and the average value of the 

reflection coefficient S11 of the S-parameters measured at each point was determined. The SMA probe is simpler 

and smaller than the impedance analyzer instrument [10]. It, therefore, allows non-invasive measurements on 

legumes and plants with uneven surfaces and field measurements without processing. 
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Figure1:Configuration of the S-parameter S11 measurement setup for plants using a portable VNA with a tiny 

SMA probe. 

 

III. CALCULATION OF S-PARAMETER S11 AND IMPEDANCE ZIN BY TRANSMISSION 

CIRCUIT MODEL 
The circuit model for measuring the S-parameter S11 of the sample (DUT) by VNA and calculating the 

impedance is shown in Figure 4, where the reflection coefficient of S11 is expressed as S11 = b1 /a1 using the 

normalized voltage an, bn = Vn/√Z0. The impedance Z(x)at point x is expressed by equation (1) using the 

traveling wave voltage Aε
-γ

ˣ, the reflected wave voltage Bε
γˣ
, and the S-parameter reflection coefficient S11(x) at 

point x. Since S11(x) is expressed as a complex number, the input impedance Zin of the measurement sample can 

be represented by equations (2) and (3), where Z0 is the characteristic impedance (50Ω) and γ is the propagation 

coefficient. 

 

 
Figure2:Impedance Zin calculated from the S-parameter S11 measurement of a surface-mount resistive 

device (1200 Ω) using the SMA probe 

 

 

 
Figure3:Cross section of the SMA probe inserted into the plant sample 
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Figure4:Impedance Zin calculated from the S-parameter S11 measurement 
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Figure5: Measured and simulated Zin impedance values plotted on the impedance grid of a Smith chart 
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IV. EQUIVALENT CIRCUIT OF A PLANT CELL DEDUCED FROM IMPEDANCE ZIN 
We calculated the input impedance Zin from the S-parameter S11 measured using the measurement 

system in Figure 1 and plotted it on the impedance grid of the Smith chart. The results are shown in Figure 5. 

The sample used for the measurement was a carrot. The measured S-parameter S11 values were analyzed using 

RF circuit simulators (QucsStudio and AWR-MWO) [11], [12], and an equivalent circuit was synthesized by 

curve fitting the impedance Zin calculated from S-parameter S11 on a Smith chart. Plant cells consist mainly of 

intracellular tissues surrounded by cell membranes and walls, as shown in Figure 6 [4], [19]. In the case of 

plants, most of the intracellular tissue is occupied by vacuoles. Based on the impedance Zin trajectory on the 

Smith chart and the plant cell structure, the equivalent circuit of a plant cell is considered to be a parallel circuit 

of multiple CnRn series branches circuits, and the synthesized equivalent circuit, S parameters, and simulation 

conditions are shown in Figure 7. Since elements C1 and R1 are associated with the vacuole, C2 and R2 with the 

cytoplasm, C3 and R3 with the plasma membrane, and C4 and R4 with the cell wall, the equivalent circuit consists 

of Y1, Y2, Y3, and Y4 in parallel. 

From the S-parameter simulation of this equivalent circuit, the input impedance Zin and the admittance 

Yin were calculated; since Zin and Yin are expressed in complex numbers, the resistance R and the reactance jX, 

the conductance G and the susceptance jBwere calculated, respectively. The input impedance Zin, obtained from 

the measured complex S-parameter S11, is also expressed in complex numbers, as shown in equation (2), so R, 

jXand G, jB can be calculated. The measured Zin, R, jX, Yin, G, jB, and simulated values are shown in Figure 8 

and Figure 9, respectively. The measured and simulated values are solid and dashed lines, respectively. The 

measured and simulated values almost overlap, and the equivalent circuit in Figure 7 represents the plant cell 

structure shown in Figure 6. Among plant cells, the cell wall plays an essential role in plant function and has 

been the subject of various studies [10], [15]-[22]. 

 

 
Figure6:Structures of a plant cell's vacuole, cytoplasm, and membrane wall 

 

 
Figure7:Equivalent circuit model of a plant cell and S-parameter 
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V. TRANSITION POINT OF IMPEDANCE IN PLANT CELLS  
The measured and simulated values of the input impedance Zin on the Smith chart shown in Figure 5 

also almost overlap. The curve of input impedance Zin shows a significant transition point at a certain frequency; 

as the frequency is increased from 1 MHz, the curve shows the path of a series CR circuit up to the transition 

point, but from the transition point to 100 MHz, the curve follows the parallel CR circuit. From the transition 

point to 100 MHz, the curve trajectory is along the admittance grid, representing a parallel CR circuit.  

In the frequency variation of the measured and simulated impedance Zin, resistance R, and reactance jX 

shown in Figure 8, a transition point appears in the reactance jXcurve that changes from increasing to decreasing. 

The frequency of this transition point is 12.3 MHz, the same frequency as the transition point of the input 

impedance Zin on the Smith chart shown in Figure 5.In the frequency variation of the measured and simulated 

values of admittance Yin, conductance G, and susceptance jB shown in Figure 9, a transition point appears in the 

susceptance jB curve that changes from decreasing to increasing. The frequency of this transition point is 12.3 

MHz, the same frequency as the transition point of the input impedance Zin on the Smith chart. After the 

transition point of impedance Zin, the equivalent circuit changes from a series circuit to a parallel circuit. 

Figure 10 shows a model of the structure of a plant cell and the transmission paths for high-frequency 

signals (1 to 100 MHz). The cell wall consists mainly of cellulose. Cellulose is a dielectric with high electrical 

resistance R4, forming a capacitor C4 between the cellulose cells. The low-frequency signal fL1 propagates 

mainly along the Y4 path of C4 and R4 because it passes through the cell wall. The low-frequency signal fL2 has a 

slightly higher frequency than fL1 and propagates mainly along the Y3 path of C3 and R3, which represents the 

cell membrane. The intermediate frequencyfMpropagates along the Y2 path of C2 and R2, a cell wall and 

cytoplasm mixture. The vacuole contains dissolved ions such as Na⁺ , Ca⁺ , K⁺ , Cl
-
, and HPO²

-
, which form a 

propagation path by ionic conduction, so the high-frequency signal fH propagates along the Y1 of C1 in the 

vacuole. 

 

Figure8:Measured values and simulation results of impedance Zin, resistance R, and reactance jX 
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Figure9:Measured values and simulation results of admittance Yin, conductance G, and susceptance jB 

 

 
Figure10:Classification of high-frequency signals passing through the cell membrane, wall, cytoplasm, 

and vacuole of a plant cell 

 

VI. IMPEDANCE ZIN MEASUREMENT AND EQUIVALENT CIRCUIT SYNTHESIS OF 

FIFTEEN FRUITS AND VEGETABLES  
The values of the eight Cn, Rn, (n = 1-5) elements that comprise the equivalent circuit (Figure 7) 

synthesized from the impedance Zin and the admittance curves plotted on the Smith chart for the S-parameter 

S11 for the 15 fruit and vegetable samples are shown in Table 1. So-called vegetables and fruits have different 

transition points for the impedance Zin. For example, as shown in Figure 11, the vegetable (carrot) has a higher 

frequency of the transition point, a more significant value of C4, and a smaller resistance value of R4. Fruits 

(peaches) have a low transition frequency, a low value of C4, and a high resistance R4.  

In the equivalent circuit of a plant cell, the impedance Z34 of the parallel circuit of Y3 = 1/[R3 - j/(ω C3)] 

and Y4 = 1/[R4 - j/(ω C4)] can be calculated using Kirchhoff's law as follows. 
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Table1:Values for each of the eight equivalent circuit elements extracted from the S-parameter S11 

measurements for the fifteen plant species  

Plants C1 R2 C2 C3 R3 C4 R4 R5 

Melon 22 780 0.2 1978 65 9940 112 15 

Dragonfruit 17 747 7 1311 57 3812 143 16 

Bananapeel 10 825 4 2981 101 319 114 4 

Potato 14 410 16 4433 107 257 209 8 

Whiteradish 13 5121 1 2196 168 314 195 8 

Carrot 14 629 8 2691 181 292 197 8 

Bananainner 12 1443 4 4436 186 308 280 8 

Pineapple 12 45 1 4648 163 60 802 5 

Cherry 11 736 6 1921 206 99 534 4 

Onion 10 26 1 4120 268 29 1236 6 

Mango 12 903 4 2164 302 34 1107 3 

Grape 13 1366 9 2334 293 24 2078 8 

Pear 8 97 2 1777 294 4 1314 2 

Peach 13 1358 8 1878 314 11 4204 10 

Unit pF Ω pF pF Ω pF Ω Ω 

 

 

Figure11:Measured impedance Zin of a vegetable (carrot) and a fruit (peach) plotted on a Smith chart 

VII. TRANSITION POINTS AND EQUIVALENT CIRCUITS IN IMPEDANCE ZIN FOR 

FIFTEEN PLANT SAMPLES  
The measured impedance Zin at the transition points of the fifteenplant samples almost coincides with 

the calculated impedance Z34 of the equivalent circuit of Y3 and Y4 composed of C3, R3, C4, and R4 (Figure 12). It 

indicates that the transition point of the impedance Zin is related to the electrical properties of the plant cell 

membrane and wall. The frequency of the transition point is inversely proportional to Zin and Z34. In addition, as 

shown in Figure 13, the measured impedance Zin at the transition point almost coincides with the resistance R, 

and the reactance jX is inversely proportional to Zin and R. The frequency of the transition point of the 

impedance Zin is correlated with the change in the reactance jX. 
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Figure12:Impedance Zin, transition point impedance Z34, and frequency for fifteenplant species 

 

 
Figure13:Impedance Zin, resistance R, and reactance jX at the transition point of fifteenplants 

 

VIII. VERIFICATION OF THE RELATIONSHIP BETWEEN IMPEDANCE TRANSITION 

POINTS AND CELL WALLS IN PLANT CELLS 

To verify that the impedance Zin transition point in plant cells is related to the cell wall, we finely grated 

plant samples and filtered them into the liquid portion, which mainly contains vacuoles, from the solid portion, 

which includes the cell wall. Since plant cells are 100 µm to 200 µm in size, a 20 µm paper filter was used to 

filter and remove the solid portion after grating, and the S-parameter S11 of the remaining liquid was measured. 

When the impedance Zin values are plotted on the admittance grid of the Smith chart, the transition points and 

the impedance Zin curve in the low-frequency region disappear, and only the curve along the admittance grid 

lines appears, as shown in Figure 15. Since the filtered liquid mainly comprises vacuoles, the disappearing 

transition points in the impedance Zin are related to the removed cell walls.Comparing the changes in the 

equivalent circuits of the plant cells, as shown in Figure 15, the paths Y2, Y3, and Y4, including the series circuit, 

are eliminated, and only the path Y1 remains. Therefore, the path of the series circuit along the impedance grid 

lines has disappeared.  

The vacuole contains ionized substances such as Na
+
, Ca

+
, K

+
, Cl

-
, and HPO4

2-
 and polar molecules 

such as H2O. When 100 MHz or less frequency electrical signals are applied, these ions move, rotate, and 

vibrate. H2O polar molecules do not contribute to conductance at frequencies below 100 MHz because they 

respond to high frequencies above several hundred MHz [23]. The filtered liquid contains cell membrane and 

cytoplasm residues of less than 20 µm in size that are not removed and become electrical resistances. These 
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resistive components are connected in parallel with C1 as resistor R1. The filtered liquid can be considered as an 

equivalent circuit of a capacitor with complex permittivity, where C1 and R1 are related to the real and imaginary 

parts of the complex permittivity, ε′ and ε′′, respectively. The electrical loss factor of the filtered liquid is 

defined as tan δ = 1/(ωC1R1 ) = ε′′ /ε′. 

 
 

Figure14:Measured and calculated impedance Zin of the equivalent circuit at the transition point of fifteen plants 

and the values of the circuit elements R4 and C4, which indicate the cell wall 

 

 
 

Figure15:Difference between the measured impedance Zin of a plant sample in the untreated state and the Zin 

after grating and filtering through a 20 µm filter and the equivalent circuit 

 

IX. CONCLUSION 
The input impedance Zin calculated from the S-parameter S11 measured on the plant sample was plotted 

on a Smith chart. The transition point is where the reactance jXincreases (|jX| decreases) and then decreases (|jX| 

increases) with frequency, and in the equivalent circuit, the circuit changes from a series circuit to a parallel 

circuit. For the input admittance Yin, the susceptance jB decreased to increase at the transition point. Fifteen 

fruits and vegetables were examined for input impedance Zin, and the frequency at the transition point tended to 

be lower for fruits and higher for vegetables. The transition point was related to the elements of the series circuit 

of R4 and C4, which represent the cell walls of plant cells. The magnitude of the impedance Zin at the transition 

point was proportional to R4, and the frequency of the transition point was proportional to C4.The sample was 

grated and filtered through a 20 µm paper filter to remove most of the cell wall to test the hypothesis that the 

transition point is related to the plant cell wall. After filtration, the impedance Zin of the residual fluid showed 
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that the transition point disappeared, and the only equivalent circuit was a parallel circuit representing the 

vacuole. This result indicates that the transition points in the input impedance Zin of plant cells represent the 

characteristics of the cell wall and depend on the plant variety. It was found that the plant cell characteristics can 

be analyzed by examining the transition points in the plant impedance.      
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