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Abstract

Linear dipole type DC electric field sensor was newly developed, and continuous observations by means of 3-D sensor system

composed of three sensors installed orthogonally with each other have been conducting since 2017. However, their measured

intensities have been remained uncertain, because they could not be calibrated from a reason that, at present, there dose not

exist any facility for making uniform electric field in a wide area. So, in order to establish a method for obtaining reliable electric

field intensity from output voltage of the sensor system, fundamental function of the sensor system has been examined. Since

resistor R which is to be connected to input terminals of differential pre-amplifier is a key parameter in the sensor system, it was

needed to examine a characteristic curve of the output voltage as a function of R. For this purpose, simultaneous observations

of natural electric fields were conducted by means of plural sensor systems installed in parallel. From obtained characteristic

curve, an optimum value of R could be decided, and a formula showing a relation between reliable electric field intensity and

output voltage of the sensor system was found. Validity of the formula has been verified by results of simultaneous observations

of a lightning pulse by means of two vertical sensor systems whose element lengths were different. Their results have shown

same electric field intensity. As the result, the linear dipole type DC electric field sensor system with the formula has been

perfectly established as a practically useful sensor system.
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Abstract 31 

Linear dipole type DC electric field sensor was newly developed, and continuous observations by means of 3-D 32 

sensor system composed of three sensors installed orthogonally with each other have been conducting since 2017. 33 

However, their measured intensites have been remained uncertain, because they could not be calibrated from a reason 34 

that,at present, there dose not exist any facility for making uniform electric field in a wide area. So, in order to 35 

establish a method for obtaining reliable electric field intensity from output voltage of the sensor system, fundamental 36 

function of the sensor system has been examined. Since resistor R which is to be connected to input terminals of 37 

differential pre-amplifier is a key parmeter in the sensor system, it was needed to examin a characteristic curve of the 38 

output voltage as a fuction of R. For this purpose, simultaneout observations of natural electrioc fields were conducted 39 

by means of prural sensor systems installed in parallel. From obtained characteristic curve, an optimum value of R 40 

could be decided, and a formula showing a relation between reliable electric field intensity and output voltage of the 41 

sensor system was found. Validity of the formula has been verified by results of simultaneous observations of a 42 

lightning pulse by means of two vertical sensor systems whose element lengths were different. Their results have 43 

shown same electric field intensity. As the result, the linear dipole type DC electric field sensor system with the 44 

formula has been perfectly established as a practically useful sensor system.   45 

Plain Language Summary 46 

Natural electric fields whose property had so far not been clear were observationally clarified by a newly 47 

developed DC electric field sensor system in 2020. However, measured electric field intensities have been 48 

remained uncertain, because they could not be calibrated from a reason that, at present, there dose not exist any 49 

facility for making uniform electric field in a wade area. This paper describes a procedure to find a mthod for 50 

obtaining reliable intensity of electric field from output voltage of the sensor system, in which fundamental 51 

function of the sensor system has been clarified through analysis of circuit parameters of the system, combining 52 

with test observations of natural electric fields by means of prural sensor systems installed in parallel. From 53 

these analysis, a formula showing a relation between reliable electric field intensity and output voltage of the 54 

sensor system has been found.  Validity of the formula was verified by simultaneous observations by means of 55 

two vertical sensor systems in which lengths of sensing elements were different. Their measured results have 56 

shown the same electric field intensity. Therefore, the linear dipole type DC electric field sensor system with the 57 

formula has been perfectly established as a practically useful sensor sysrtem.  58 

1 Introduction 59 

Linear dipole type DC electric field sensor was developed (Tsutsui and Kaji, 2020).  Since the laboratory 60 

experiment of its small proto-type sensor had clearly indicated an angular dependence of electric field 61 

components against the direction of a uniform electric filed, practical observations of natural electric field had 62 

been conducted by means of a 3-D sensor system composed of three linear dipole elements set orthogonally with 63 

each other, and showed that the detected electric fields were ionosphere Sq electric fields. However, the 64 

measured electric field intensities have been remained uncertain, because they could not be calibrated due to 65 

hardness of making a uniform electric field in a wide area. Therefore, I began to find a method for obtaining 66 

reliable electric field intensities from output voltage of the sensor system. For this purpose, I have been 67 

examining fundamental function of the sensor system.  68 

2 Important points in detection of DC electric field  69 

As shown in the original paper (Tsutsui and Kaji, 2020), the linear dipole type DC electric field sensor system 70 

is composed of two parts. One is a structure of linear dipole sensing elements including feeding cable, and 71 

another is a transforming function of a whole sensor system from external electric field to an output voltage of 72 

differential pre-amplifier. For the first part, a new structure of the sensing part including feeding cable had been 73 

already developed before 2017, and it had been used for observations since 2017. So, I would like to open here 74 

its structure especially for DC electric field detections. On the other hand, the investigation of the transforming 75 

function of this sensor system is a main subject of this paper, because the characteristics of differential pre-76 

amplifier connected by input resistors affects accuracy of measured electric field intensity.  77 

 78 

 79 
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2.1 A new structure of sensor elements for keeping electric balances 80 

Figure 1 shows a basic form of electric circuit of linear dipole type DC electric field sensor (Tsutsui and Kaji, 81 

2020). The dipole sensor is drawn symmetrically as a T-shaped structure. In VHF radio communications, 82 

symmetrically structured dipole antennas (Uda and Mushiake, 1954) are important for transmitting pure 83 

sinusoidal forms of electromagnetic waves in space. Even in measurements of DC electric field, electrical 84 

balance between the dipole elements is important. For sensitive detections of DC electric field, a pair of co-axial 85 

cables is essential for feeding DC potentials from twe sensing elements to a differential pre-amplifier in order to 86 

guard permeations of unexpected potentials from other parts besides the dipole elements. In this case, the co-87 

axial cables have to be fixed rigidly during observations, otherwise the electric balance was not warranted, 88 

because spacings between the outer mesh (at the ground potential) of the co-axial cables and two sensing 89 

elements in the T-shaped feeding situation shown in Fig. 1 would be fluctuating by their swaying due to wind, 90 

and detected DC potential difference had been always fluctuating even if static DC electric field was forming in 91 

a space around the dipole elements. As the result, effects of the ground potential to the two dipole elements are 92 

fluctuating all times.  93 

 94 

For solving the problem, I came up with a distinguished structure for the linear dipole type DC electric field 95 

sensor and its feeding method, which is shown in Fig. 2. The electric circuit in Fig. 2 is quite the same as that in 96 

Fig. 1, but their structures are quite different. I call it “I-shaped linear dipole sensor”. In Fig.2, a pair of feeding 97 

co-axial cables are threaded insides of two cylindrical sensing elements. By this structure, spacings between the 98 

two cylindrical elements and the outer mesh (at the ground potential) of the pair co-axial cables are always fixed 99 

rigidly. Therefore, the effects of the ground potentials to the two cylindrical dipole elements are always balanced 100 

and fixed at all times.  101 

I conducted comparison measurements of natural electric fields between by the T-shaped dipole sensor (Fig. 102 

1) and by the I-shaped one (Fig. 2), and confirmed that DC potentials measured by the T-shaped sensor were 103 

rather fluctuating than those of I-shaped one. Then I am confident that the I-shaped sensor is very sensitive in 104 

detections of DC electric fields than the T-shaped one, and I have been using the I-shaped sensors in observations 105 

since 2017, and their data were used in the original paper (Tsutsui and Kaji, 2020).  106 

 107 

 108 

 109 

 110 

 111 

                
Fig. 1 Basic electric circuit of linear dipole type DC electric field sensor which has been used for observations since 

2017, and observed results are described in the paper (Tsutsui and Kaji, 2020). C0 is a capacitance to shunt AC noise 

picked up on the dipole elements. R0 was used for flowing small current between the two linear dipole elements and for 

obtaining DC potential difference between them. Resistor R was used for a return path of bias current at gate of FETs in 

front-end circuit of a differential pre-amplifier in order not to charge-up stray capacitance at the gate of FET. Cp is 

capacitance formed between inner line and outer mesh of co-axial feeding cables.  



manuscript submitted to replace this text with name of AGU journal 

 

 112 

 113 

2.2 Effect of input resistor of differential pre-amplifier  114 

The principle of measurement of electric field intensity E in a space is to measure a potential difference (Va-115 

Vb) between points a and b (the distance L) of two floating conductive items set in the space, and to obtain E=(Va-116 

Vb)/L. Thus, a differential pre-amplifier with high input impedance is the best electric device to measure it. 117 

However, for measurements of DC electric field, some C-R circuit have to be connected to input (+,-) terminals 118 

of differential pre-amplifier for reducing AC noise on the floating conductive items. So, I tentatively connected 119 

C0 and 2R0, where C0= 10 F and R0= 470 k  between the dipole elements as shown in Fig. 1 On the other 120 

hand, Data sheet of a differential pre-amplifier INA 110 (INA 110 Burr-Broun product) which I have been using 121 

describes that it is recommended to connect resistors R (1 M) between input terminal of the differential pre-122 

amplifier and the common (GND) when it is used for measuring potentials of floating sources, because the 123 

resistor R is used for a return path of bias current from the gate of FET, in order to prevent charging-up of stray 124 

capacitance at the gate of FET. So, I also connected the resistors R (R= 1M) as shown in Fig. 1, and had been 125 

continuing observations since 2017.  126 

 Without any intention before the present study, I checked the output voltage of the differential pre-amplifier 127 

by changing the value of R connected to its input terminal, and found that the output voltage of INA 110 easily 128 

increased when the value of resistor R was increased from 1 M, and that this sensor system showed “R-129 

dependent characteristics”. So, I perceived that it should be clarified the fundamental function of the whole 130 

sensor system, and the sensor system should be made to be “R-independent” one.  131 

                  
Fig. 2 Improved (I-shaped) structure of linear dipole type DC electric field sensor. Its electric circuit is quite same as 

that of T-shaped sensor shown in Fig, 1. Since two co-axial cables are threaded inside of two cylindrical dipole sensing 

elements, spacings between the two cylindrical elements and the outer conductive mesh (at the ground potential) of the 

pair of co-axial cables are same and fixed rigidly. Therefore, effects of the ground potential to the cylindrical elements 

are always balanced. I-shaped sensors have been used in observations since 2017. At present, two R0 connected between 

the two sensing elements and the ground seen in the figure are removed from all sensors from the reason obtained in 

the present study.  
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3 Analysis of circuit parameters of linear dipole type DC electric field sensor system   132 

3.1 Equivalent electric circuit of the sensor system  133 

    A main purpose in the present analysis is to clarify “R-dependent” output voltages of differential pre-amplifier 134 

INA 110. By applying the Kirchhoff’s law to the electric circuit in Fig. 1, its equivalent electric circuit was 135 

obtained as in Fig. 3(a). In Fig. 3(a), a physical image of the linear sensing elements is shown. By external 136 

electric field, charges within the conductive linear dipole elements would be separated to their both ends. Due 137 

to the charge separations, another electric field of –E would be formed within the linear elements in the direction 138 

inverse to that of the external electric field. Thus, the linear elements can be regarded as a kind of storage battery,  139 

and voltage VE would emerge between both ends of the element given by VE = E x L, where L is the length of 140 

the single linear element. Thus. the voltage VE of the battery is always induced by the external electric field E, 141 

and a current i from the battery is also flowing out to the load (resistor R). When the current is flowing to the 142 

load, an internal impedance emerges in the battery as a current dependent form of Zg (i).  143 

 For making the analysis simplify, the resistor Ro can be removed because it had been parallelly connected 144 

with R. Furthermore, the capacitances C0 and Cp can be neglected because of the analysis of DC potentials, and  145 

Zg(i) became rg(i). As the result, its circuit becomes as that in (b). In (b), only one current i is flowing in the total 146 

system through 2R between a and b. In this case, no current is flowing along the line between point c and the 147 

ground, because the same currents from the induced voltages VE of two linear elements are flowing in the line 148 

inversely with each other. As the result, the resistor R plays two roles. One is measurements of the current flown 149 

between the two sensing elements, and another is the return path of bias current from the gate of FET in the 150 

front-end circuit of INA110 as decribed in its data sheet. The analysis of circuit parameters in (b) is proceeded  151 

hereafter.  152 

A main formula for the circuit shown in Fig. 3(b) is given as 2VE = i {2R+2rg(i)}, and then 153 

                                 VE = i {R + rg(i)}.                                                          (1) 154 

Thus the current i can be given as  155 

𝑖 =
𝑉𝐸

{𝑅 + 𝑟𝑔(𝑖)}
 .                                              (2) 156 

Since the potential at point c is fixed to the ground (GND), potential Va(R) at point a against the GND is given 157 

as 158 

𝑉𝑎 (𝑅) = 𝑅𝑖 =
𝑅𝑉𝐸

{𝑅 + 𝑟𝑔(𝑖)}
=

𝑉𝐸

{1 + 𝑟𝑔(𝑖) 𝑅⁄ }
.               (3) 159 

                                                                              
Fig. 3 (a) shows an equivalent electric circuits of linear dipole type DC electric field sensor system derived from the 

circuit shown in Fig. 1 by applying Kirchhoff’s law. By external electric field, charges + and – within the sensing elements 

are separated to their both ends. Due to the charge separations, another electric field (-E) is formed within each sensing 

element in the direction inverse to that of the external electric field. As the result, a voltage VE emerges between both ends 

of the linear element as VE = E x L, where L is the length of a sensing element. Therefore, the circuit can be simplified as 

that in (b).  (b) shows further equivalent electric circuit simplified from (a). Because R0 and R had been connected in 

parallel, R0 can be removed for simplifying the analysis of “R-dependent” output voltage of differential pre-amplifier. 

Capacitances C0 and Cp can be also neglected hereafter because of the analysis of very low frequency (near DC) potentials. 

VE is always induced by the external electric field and is flowing small current i to a load R. At the same time, current 

dependent internal resistance rg(i) emerges.  
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Similarly, the potential Vb(R) at point b against the GND also becomes as  160 

𝑉𝑏(𝑅) = −
𝑉𝐸

{1 + 𝑟𝑔(𝑖) 𝑅⁄ }
.                                                 (4) 161 

As the result, the potential difference Vab(R) between point a and b, which is just the output voltage of differential 162 

pre-amplifier of the sensor system, becomes as 163 

𝑉𝑎𝑏(𝑅) = 𝑉𝑎 − 𝑉𝑏 =
2𝑉𝐸

{1 + 𝑟𝑔(𝑖) 𝑅}⁄
𝑚 ,                                (5) 164 

where m is the amplification factor of the differential pre-amplifier. This formula suggests that, even if the 165 

voltage VE is constant, the voltage Vab(R) varies when the value of resistor R was changed. Therefore, forms of 166 

R-dependent Vab(R) at a moment have to be clarified, and the value of R should be fixed for obtaining a relation 167 

between VE and Vab(R).  168 

Since VE induced by natural electric field E(t) is changing from time to time, it is needed to examine Vab(R) 169 

in a time-independent situation. A way to find “time-indepent formula of Vab(R)” is to delete VE by taking a ratio 170 

of Vab(R1) to Vab(R2) for different values of R1 and R2 as 171 

𝑉𝑎𝑏(𝑅1)

𝑉𝑎𝑏(𝑅2)
=

2
𝑉𝐸

{1 + 𝑟𝑔(𝑖1) 𝑅1⁄ }
𝑚

2
𝑉𝐸

{1 + 𝑟𝑔(𝑖2) 𝑅2⁄ }
𝑚

=
{1 + 𝑟𝑔(𝑖2) 𝑅2⁄ }

{1 + 𝑟𝑔(𝑖1) 𝑅1⁄ }
.            (6)  172 

This formula expresses a time-independent relation between output voltages Vab(R) and internal resistances rg(i) 173 

of the sensor system shown in Fig. 3(b) for different values R1 and R2.   174 

A method for obtaining Vab(R1) and Vab(R2) , , , for different values of R1, R2, , , , in the time-independent 175 

situation is to conduct observations of natural electric fields by means of plural sensor systems whose structural 176 

specifications are quite the same, but resistors R1, R2, , , , having different values are connected to differential 177 

pre-amplifier in each sensor system.   178 

3.2 Practical method for obtaining time-independent form of Vab(R)  179 

In order to obtain time-independent Vab(R) as a function R, test observations by means of three dipole sensors 180 

were conducted. Figure 4 is a picture showing three dipole sensors, in which I-shaped sensor (Fig. 2) were set 181 

in north-south direction having separations of every 60 cm from the original one for avoiding interference among 182 

them. Structural specifications of these three sensors were quite the same, but different values of resistors R1, R2 183 

and R3 were connected to input terminals of differential pre-amplifier in each sensor system. Since, from these 184 

systems, values of Vab(R1), Vab(R2) and Vab(R3) were measured simultaneously, a rough form of Vab(R) as a 185 

function of R can be obtained, in which the same value of VE (t) would be always induced on the three dipole 186 

elements at an instant though. 187 

 188 

                   
Fig. 4 Picture of three linear dipole elements of DC electric field sensors (I-shaped) installed at a hight of 4 m, and 

parallelly along north-south direction with separations of every 60 cm. Their structural specifications are quite same 

although different values of resistors R1, R2 and R3 were connected to input terminals of differential pre-amplifier in 

each sensor system.  
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3.3  Simultaneously measured Vab(R) and current iab(R) 189 

    Fig. 5 shows plots of Vab(R) simultaneously measured by three sensor systems shown in Fig. 4.  Fig. 5(a) 190 

shows a series of three plots of Vab(R) values when resistors of R1=0.5M, R2=1M and R3=2 M were 191 

connected to each differential pre-amplifier of three sensor systems whose amplification factor m were 500. They 192 

were observed during the period from Nov. 18 to 27 in 2020. (b) shows those when resistors of R2=1M, 193 

R3=2M and R4=4M were connected to each differential pre-amplifier whose amplification factors were 194 

m=500 except for that connected by R4=4 M was m=200. They were observed during the period from Nov. 29 195 

to Dec.11 in 2020. In (a) and (b), three 24-hour traces of time-dependent Vab(R) are exemplified, and values of 196 

selected peaks measured at the same time in the three traces were read and plotted as indicated by arrows. In (a), 197 

Vab(R) trends in the range between resistors R1=0.5M and R2=1M show steep increasings, and those in the 198 

range between resistors R2=1M and  R3=2M become rather gentle gradient. In (b), trends in the range of R 199 

higher than R3=2M show slowly increasing gradients and tend to constant values. Those plots in (a) and (b) 200 

indicate that all over the Vab(R) forms show only increasing trends as a function of R. Among these data, red-201 

colored blanches on Nov. 19 and Dec. 3 in 2020, which seem to be connecting smoothly from R1= 0.5 M to 202 

R4=4 M were selected out for further analysis.  203 

 204 

 205 

For obtaining current-dependent internal resistance rg(i) in Eq.(6), plots of R-dependent current iab(R) were 206 

needed to be obtained.  Values iab(R) flowing through 2R were obtained by the relation of 207 

                 

                  
Fig. 5 Plots of Vab(R) simultaneously measured by three sensor systems, in which different values of resistors R were 

connected to each differential pre-amplifier. (a) shows  series of three plots of values of Vab(R) measured when 

R1=0.5M, R2=1M and R3=2M were connected. They were observed during the period from Nov.18 to 27 in 2020. 

(b) shows those measured when R2=1M, R3=2M and R4=4M were connected, and were observed during the 

period from Nov. 29 to Dec. 11, 2020. In both (a) and (b), three 24-hour traces of Vab(R) measured by three sensors 

systems are exemplified, and peak values at the same time are plotted as indicated by arrows. Amplification factors of 

differential pre-amplifiers were m=500 except for that connected by R4=4M was m=200. In units on the vertical axes, 

m is taken into account. Red-colored branches were selected out for further analysis below.  
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𝑖𝑎𝑏(R) =
𝑉𝑎𝑏(𝑅)

2𝑅𝑚
 ,                                (7) 208 

where m is the amplification factors of each pre-amplifier. Resultant plots of iab(R) are shown in Fig. 6. They 209 

show steeply increasing trends in the range between R1= 0.5 M and R2 = 1 M  peaks at R2 = 1M and then 210 

gradual decreasing trends in the range higher than R2 = 1 M  211 

 212 

One pair of R-dependent forms of Vab(R) and iab(R) selected out from Fig. 5 and 6 are plotted in Fig. 7. In the 213 

range between R=0.5 M and R=1 M they show both steep increasing trends, and show opposite trends with 214 

each other in the range R > 1 M.  215 

3.4 Internal resistance rg (i) 216 

Eq. (6) shows a ratio of Vab(R1) to Vab(R2) for different resistor values R1 and R2, and also related to 𝑟𝑔(𝑖1) 217 

and 𝑟𝑔(𝑖2). From this formula, an internal resistance value 𝑟𝑔(𝑖1) can be obtained when resistor values of R2 is 218 

very close to R1, as given by R2 = R1+R, where R is extremely small. In this case, value of 𝑟𝑔(𝑖2) can be 219 

regarded as that of 𝑟𝑔(𝑖2). Then 𝑟𝑔(𝑖1) can be derived approximately from Eq, (6) by putting 𝑟𝑔(𝑖2) ≈ 𝑟𝑔(𝑖1), as  220 

𝑟𝑔(𝑖1) ≈
𝑉𝑎𝑏(𝑅1 + ∆𝑅) − 𝑉𝑎𝑏(𝑅1)

𝑉𝑎𝑏(𝑅1)
𝑅1

−
𝑉𝑎𝑏(𝑅1 + ∆𝑅)

𝑅1 + ∆𝑅

≈ −
∆𝑉𝑎𝑏(𝑅1)

∆𝑖(𝑅1)
 .          (8)   221 

This result means that the internal resistance rg(i) emerges in each storage battery is given by a ratio of a small 222 

difference of detected voltages ∆𝑉𝑎𝑏(𝑅1) to its related small difference of current ∆𝑖(𝑅1) in a small range R 223 

between R1 and R1+R.  An important point in Eq. (8) is (-) sign, which means that there exists a case that rg(i) 224 

                 
Fig. 6 R-dependent currents iab(R) obtained from Eq. (7). Variations of iab(R) show steep increases in the range between 

R1= 0.5M and R2=1M peaks at R2= 1M, and then gradual decrease in the range between R2=1M and R4=4 M. 

Red-colored branches are used for further analysis.  

                   
Fig. 7 Vab(R) and i(R) forms as functions of R selected from Fig. 5 and 6. In the range between R1= 0.5M and R2=1M, 

both forms show steep increasing trends whereas those in the range of R higher than R2=1 M show opposite (increasing 

and decreasing) trends, respectively. Physical meaning of their increasing trends in the range between R1= 0.5M and 

R2=1M is explained below.  
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has negative values. In the present analysis, the resistance value of rg(i) should be positive, and its negative value 225 

is inconceivable. Therefore, if the negative value of 𝑟𝑔(𝑖)  emerged, other physical mechanism has to be 226 

reconsidered, which is discussed later. The condition showing positive 𝑟𝑔(𝑖) is only the case when Vab(R) and 227 

i(R) as a function R indicate opposite (increasing versus decreasing, and vice versa) trends with each other.  228 

Since measured data Vab(R) and i(R) were discrete values for discrete values of R1, R2, R3 and R4, values of 229 

𝑟𝑔(𝑖) become constant in the ranges between two values of R. So, descriptions of 𝑟𝑔(𝑖) in Eq. (8) can be modified 230 

as,  231 

𝑟𝑔(𝑅1~𝑅2) = −
𝑉𝑎𝑏(𝑅2) − 𝑉𝑎𝑏(𝑅1)

𝑖𝑎𝑏(𝑅2) − 𝑖𝑎𝑏(𝑅1)
,                            (9) 232 

and the value of rg(R3) at R3= 2 M can be obtained as the form of  233 

𝑟𝑔(𝑅3) =
𝑟𝑔(𝑅2~𝑅3) + 𝑟𝑔(𝑅3~𝑅4)

2
.                                    (10)  234 

 235 

As the results, constant values of rg(Rn~Rn+1) and rg(Rn) are plotted in Fig.8 although it is expected that the 236 

practical rg(R) would change continuously as shown by a continuous broken line in the figure for continuously 237 

changing value of R. Their values are rg(1~2) = 1.21 M and 1.19 M rg(2) = 0.66 M and rg(2~4) = 0.13 M. 238 

On the other hand, the negative value rg(0.5~1) = -2.34 M was obtained because both Vab(R) and iab(R) in the 239 

range between R1=0.5 and R2=1M show same increasing trends as a function of R as seen in Fig. 7. The reason 240 

of the same increasing trends is deliberated below.  241 

 242 

[About negative value of rg(0.5~1)]  243 

Before the present study, an unexpected fact had been found. As described at the end part in 2.2, I found a 244 

strange result during the check of the sensor system (the first case) that the output voltage of INA 110 easily 245 

increased when the value of R in Fig. 1 was increased from 1 M. Another fact was found in the test observation 246 

at the beginning of the present study (the second case), in which after removal of R0 and replacing R by R1= 0.5 247 

M I tried to increase the value of R1 a little bit form 0.5 M, then similar increasing occurred in Vab(R) and 248 

iab(R).  At that time, I noticed that the phenomena in both cases would be occurred by the same cause, that is the 249 

connections of resistors having very low values. In the first case, the total value of resistance was 0.32M 250 

because of parallel connections of R0 = 0.47M and R = 1M and, in the second case, just a low value resistance 251 

of 0.5 M was connected It has been considered that the connections of such very low resistances would 252 

derange the originally designated bias-voltage for the FET in the front-end circuit of pre-amplifier (INA 110).  253 

From text books on amplification mechanism of FET circuit, the above phenomena can be understood.  In a 254 

situation that the best bias voltage at the gate of FET in the front-end circuit of an amplifier is originally 255 

designated, if a resistor R1=0.5M was connected to the gate of FET against the ground, its resultant resistance 256 

value in the circuit would become abnormally lower than the originally designated value. Thus, the bias voltage 257 

would also down from the originally designated one. Then, if the resistance value of R1 was increased a little bit 258 

from 0.5M in the abnormal situation, the bias voltage at the gate would be increased and then the collector 259 

                    
Fig. 8  Internal resistance values rg(R) obtained by Eq. (9) and (10).  Negative value  rg(0.5~1) = -2.34 M is 

shown only in the range 0.5< R < 1.0 M. Positive values of rg(R) shown in the ranges R > 1 M were applied to 

the present analysis.  
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current of the FET circuit would increase. So, the output voltage of the INA 110 Vab(R) would be increased 260 

simultaneously, and iab(R) show the same increasing trends as a functions of R.  261 

As the conclusion, it is considered that this abnormal situation was caused due to deranging the normal 262 

biasing-circuit, by connecting very low resistance to the gate of the FET. This thinking would be valid, because 263 

the abnormal phenomena did not occur when R2=1M only was connected to the input terminal of INA 110 for 264 

return path of bias current from the gate of FET as described in the INA 110 Data Sheet.  265 

I have recognized, from this consideration, that the electric field intensities which were measured in the 266 

observations in 2017 (Tsutsui and Kaji, 2020) were incorrect, because the observations had been continued in 267 

the situation of parallel connections (R0//R =0.32 M) as seen in Fig.1.  268 

3. 5 Relation between Vab(R) and VE(R)  269 

Since, Vab(R) and iab(R) show opposite trends in the range of R lager than 1M in Fig. 7, positive values of 270 

rg(R) were obtained as shown in Fig. 8. So, they could be applied to the present analysis. Since the form of VE 271 

in Eq. (1) can be rewritten as  272 

𝑉𝐸(𝑅) = 𝑖𝑎𝑏(𝑅){𝑅 + 𝑟𝑔(𝑅)}.                    (11) 273 

From observations, Vab(R) and iab(R) at R were obtained and their related rg(R) was derived as in Fig. 8. Then, 274 

by putting these values into Eq. (11), induced voltages VE(R) can be obtained. So, a relations between Vab(R) and 275 

VE(R) is shown in Fig. 9. Vab(R) and VE(R) in this figure are changing with the value of R, which means R-276 

dependent ones. For example, they show Vab(R3) = 0.92 mV and VE(R3) = 0.61 mV at R3=2M which means 277 

VE(R3) = 0.66xVab(R3). Furthermore, they show Vab(R4) = 0.94 mV and VE(R4) = 0.48 mV at R4 = 4M, which 278 

means VE(R4) = 0.51xVab(R4), and it is very close to Vab(R4)/2 with an error of 2%. It is regrettable that more 279 

sensor systems having higher values of R (for example, R5= 5M, R6=  , R7=  ,   ,  ,  ) had not been added in the 280 

test observation (Fig. 4) for confirming a relation of VE(R5) = Vab(R5)/2 from trends indicated by broken arrows 281 

in the figure. 282 

 283 

 284 

It is fully expected to be VE(R) = Vab(R)/2 from the trend of Vab(R) for higher value of R. Because Vab(R) in 285 

Fig. 5(b) would tend to almost constant (horizontal) for higher value of R >>4. In this case, Vab(R) became “R-286 

independency”, and since the numerator of Eq. (9) would tend to zero, rg(R) would become negligibly small 287 

(rg(R) -->0).  Thus, VE(R) would also become to R-independent value as  288 

 𝑉𝐸(𝑅) =
𝑉𝑎𝑏(𝑅)

2𝑅𝑚
× (𝑅 + 0) =

𝑉𝑎𝑏(𝑅)

2𝑚
,             (12)     289 

where m is the amplification factor of INA 110, and it means “R-independent” VE.  290 

                                  
Fig. 9 Trends of measured voltage Vab(R) and derived VE(R) when the value of the resistor R connected to the input 

terminal of differential pre-amplifier (INA 110) was regarded to have been changed from 0.5 M to 4.0 M.  

Since 𝑉𝐸(𝑅) = 1.02 
𝑉𝑎𝑏(𝑅)

2
 was obtained at R= 4M, it is expected that VE(R) would tend to 

𝑉𝑎𝑏(𝑅)

2
 for higher value 

of resistor R (>>5 M) as indicated by broken arrows.  
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 291 

As the conclusion, the present analysis has shown that “R-independent voltage VE ” can be obtained whenever 292 

enough higher value of resistor R (>5 M) was connected to the input terminal of pre-amplifier. Therefore, by 293 

deciding an “optimum value of Ropt (= 10 M was deided in this paper), the voltage VE(Ropt) is given by the 294 

value of just a half of the measured voltage (
𝑉𝑎𝑏(𝑅𝑜𝑝𝑡)

2𝑚
). As the conclusion, reliable electric field intensity E can 295 

be obtained by a relating formula 296 

 E =
𝑉𝑎𝑏(𝑅𝑜𝑝𝑡)

2𝐿𝑚
,                                       (13) 297 

 298 

where L is the length of a sensing element of the dipole sensor and m is the amplification factor of differential 299 

pre-amplifier.  300 

4 Validity of developed method for obtaining reliable electric field intensity 301 

In the present study, I have established a method for obtaining reliable electric field intensity along the linear 302 

dipole elements as shown in Eq. (13).  303 

A way to prove the validity of the form 𝐸 =
𝑉𝑎𝑏(𝑅𝑜𝑝𝑡)

2𝐿𝑚
  is to measure natural electric fields simultaneously by 304 

means of multiple linear dipole sensor systems whose element lengths are different, and to show that measured 305 

results from their sensor systems could provide the same electric field intensity. In order to confirm it, I installed 306 

two electric field sensors having elements of 2.5 m and 1m in length, respectively. Figure 10 shows a picture of 307 

two vertical sensors (Ev_5m and Ev_2m) whose total length 2L are 5 m and 2 m, respectively, and spacing between 308 

them is 2.6 m above roofs of buildings at a corner of residential area. Ropt =10 M was connected to the input 309 

terminal of INA 110 in each sensor system, and its amplification factors of both differential pre-amplifiers were 310 

m=10.  311 

 312 

 313 

Observed 24-hour traces of these sensor systems are shown in Fig. 11, in which vertical axes on the left-hand 314 

side indicate measured voltages of Vab(10M)/m, and those on the right-hand side indicate electric field intensity 315 

derived from 𝐸 =
𝑉𝑎𝑏(10𝑀Ω)

2𝐿𝑚
 .  Both traces show similar fluctuating forms except for the part indicated by a. The 316 

source of a large swinging form seen on the trace of Ev_5m was a lightning pulse occurred at far distance from 317 

those sensors although it is barely seen on that of Ev_2m. These results suggest that longer dipole sensor is 318 

sensitive than that of shorter one.  319 

                                              
Fig. 10 Two vertical linear dipole type DC electric field sensors (Ev_5m and Ev_2m) whose sensor elements are I-shaped 

structure of 5 and 2m in total length 2L, respectively. They were installed having a spacing of 2.6m just above roofs of 

buildings at a corner of residential area.  
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 320 

 321 

Furthermore, their time-expanded traces seen in the part a in Fig. 11 are shown in Fig. 12, in which both 322 

traces have shown the similar forms of electric field intensity although those in Fig. 11 seems to be quite different. 323 

Both peaks indicate almost the same value of about 1mV/m as pointed by horizontal broken arrows.  324 

 325 

The result has shown that the method developed in the present study is the best way for obtaining reliable 326 

electric field intensity and can be fully applied to all linear dipole type DC electric field sensors whose element 327 

lengths are different.  328 

 329 

5 Conclusions 330 

Values of electric field intensity measured by the linear dipole type DC electric field sensor developed in 331 

2020 (Tsutsui and Kaji, 2020) have been remained uncertain, because they could not be calibrated due to non-332 

existence of facility for forming uniform electric field in a wide space. Then I have been developing a method 333 

for obtaining reliable electric field intensity from output voltage of the sensor system. Through the detailed 334 

analysis of an equivalent electric circuit of the sensor system,  R-dependent output voltage Vab(R) of the sensor 335 

system has been crarified, where R is value of resistor connected to input (+, -) terminals of the differential pre-336 

amplifier. Since, for fully higher value of R (>> 5 M), the sensor system became R-independency, an optimum 337 

               
Fig. 12 Time-expanded traces in the part a in Fig. 11. Since both traces show similar fluctuating forms, their electric 

fields would have been coming from one lightning pulse. Peak values of the lightning pulse detected by EV_2m and 

EV_5m are shown as the same value of 1mV/m as indicated by horizontal broken arrows.   

                 
Fig.11 24-hour traces of Vab(10M)/m detected by two vertical linear dipole type DC electric field sensors 

Ev_2m and Ev_5m, respectively. Axes on the left-hand side indicate measured voltages Vab(10M)/m in each 

sensor system, and those on the right-hand side indicate electric field intensities. A large swinging form of a 

lightning pulse occurred at far distance is clearly seen in the part of a on the trace of Ev_5m although it is barely 

seen on that of Ev_2m.  
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value of R was decided as Ropt = 10 M in this paper. Then electric field intensity E around sensing elements 338 

could be obtained by the relation of E =
𝑉𝑎𝑏(𝑅𝑜𝑝𝑡)

2𝐿𝑚
, where L is the length of single sensing element of the dipole 339 

sensor and m is the amplification factor of the differential pre-amplifier. Validity of the established formula has 340 

been verified from observations by means of two vertical linear dipole sensors whose element lengths were L= 341 

2.5m and 1m, respectively, and have shown that both sensors provided the same electric field intensity.  342 

By the present study, a set of the improved linear dipole sensor system with a formura showing a relation 343 

between output voltage of the sensor system and electric field intensity has been perfectly established as a linear 344 

dipole type DC electric field sensor system. So, it is expected that net-work observations by this sensor systems 345 

would provide new findings about electro-magnetic phenomena around the globe and outer space.  346 
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