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Metal antennas are generally used for measuring electric field strength. However, it is 
difficult to precisely measure the electric field of a source with extremely low voltage because 
the antenna itself disturbs the electric field. To solve this problem, we have developed an 
electric field sensor with low disturbance and excellent frequency characteristics by using 
an electro-optic crystal for an antenna, and non-contact voltage measurement technology 
that uses this sensor. In contrast to conventional electro-optic sensors with the sensitivity of 
several megahertz in the low- frequency range, the new sensor extends the measuring band 
to about 20 Hz by suppressing the electric conduction effect in the optical crystal. This paper 
shows the results of non-contact voltage measurement of photovoltaic cells, and also reports 
the EMC measurement of electronic equipment and the non-contact observation of signal 
wave patterns of circuit boards as application examples.

INTRODUCTION

The introduction of renewable energy sources is important 
to make a sustainable society. Photovoltaic cells used 

in solar power generation are one of the renewable energy 
sources. In particular, the development of lightweight, thin, 
and flexible organic photovoltaic (OPV) cells is progressing in 
recent years (Figure 1). A roll-to-roll (R2R) printing process 
can be applied to OPV production. Low-cost mass-production 
is expected to be feasible, but in reality, stable production 
has not yet been realized. So, we have interviewed users 
repeatedly and identified the following problems.

 ● Power generation efficiency varies for each cell.
 ● The entire voltage can be measured but the voltage of each 
cell cannot be measured.

To solve those problems and provide a stable production 
environment, we have developed a sensor capable of 
measuring voltage without contact. With the developed sensor, 
we tried to apply an electric field measurement technology 
using the electro-optic (EO) effect and a voltage conversion 
method to the measurement of the voltage generated by OPV 
cells. Electric field sensing using the EO effect is a high 
performance measurement technology because it is superior 
in low level of disturbance and directivity over electric field 
measurement using general metal antennas, and no ground 
connection is required for measurement.

Figure 1 Organic thin film photovoltaic cells  
(Courtesy of Ito Electronic Co., Ltd.) 

DEVELOPMENT OF AN EO SENSOR

The following describes the measurement principle, 
development technology, and performance evaluation results 
of an EO sensor (Figure 2).

Figure 2 EO sensor probe block

Measurement Principle
An EO sensor is a low-disturbance electric field sensor 

using optical technology. It does not disturb the electric field 
of an object to be measured. An optical crystal with Pockels 
effect is used as an antenna element. A Pockels effect refers to 
a phenomenon in which the birefringence of a crystal changes 
in proportion to the electric field applied to the optical crystal. 
The applied electric field is measured by detecting this change.
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The light incident on an optical crystal is split into an 
ordinary light and an extraordinary light because of the optical 
anisotropy and the lights transmit through it. Phase difference 
between polarization components in x and y directions 
orthogonal to the transmitting light direction in the optical 
crystal (q) is represented by equation (1) (1). Furthermore, the 
phase difference of the incident light is caused by the applied 
electric field. This phase difference determines the light 
intensity ratio before and after the crystal transmission. This is 
represented by equation (2).

l is the wavelength of light. nx and ny are the refractive 
index of the x axis and y axis directions, respectively. r41 is the 
Pockels coefficient. L is the interaction length of the optical 
crystal. V is the potential between upper and lower surfaces 
of the optical crystal. Vp is the half-wave voltage. The smaller 
the Vp  value, the higher the modulation efficiency of the 
detection light and the higher the sensitivity of the EO sensor. 
According to the principle described above, electric fields can 
be measured by converting the electric field strength generated 
from an object to be measured to a polarization change and 
detecting it as a light intensity change.

Prototype Production
Figure 3 shows the overall system configuration of the 

EO sensor. The system consists of the following four sections: 
a probe block to measure the electric field, a light receiving 
block to convert a light signal from the probe block to an 
electric signal, a light emitting block to emit an excitation light 
and detection light, and a processing block to calculate signals 
from the light receiving block.

Figure 3 Block diagram of EO sensor system

Figure 4 shows the configuration of the probe block of 
the EO sensor. The probe block uses no metal materials to 
suppress the influence on the electric field to be measured 
by mounting optical parts on a low-permittivity glass base. 

The light emitted by the laser is incident on the polarizer and 
quarter-wave plate through a polarization-maintaining fiber 
to convert the light to a circularly polarized light, which is 
then incident on the (1 -1 0) surface of the optical crystal. A 
polarizing beam splitter (PBS) splits the light from the optical 
crystal into two linearly polarized beams (P wave [vertically 
polarized light] and S wave [horizontally polarized light]). 
Each of the beams is converted to an electric signal by the 
photodiode (PD) through the optical fiber.

Figure 4 Configuration diagram of EO sensor  
probe block

Since the response speed is slow for OPV, it was difficult 
to measure OPV with conventional electric field sensors for 
high-speed signal applications. Therefore, we have improved 
the low-frequency characteristics in the EO sensor that we 
have developed by taking the measures described below. 
Firstly, we have optimized the detection light intensity. If 
the detection light intensity increases, the sensitivity in the 
low frequency region decreases due to the photoconductivity 
effect (2) so the detection light intensity must be reduced. 
However, if the detection light intensity is low, the S/N 
declines. In this way, the S/N and sensitivity in the low 
frequency region are in a trade-off relationship. We have 
clarified the relationship between both and determined the 
optimal light intensity by an experiment. Secondly, we have 
used a structure to completely block ambient light to prevent 
the sensitivity in the low frequency region from decreasing 
due to the photoconductivity effect caused by ambient light.

Next, we describe the technology to increase the S/N of 
the developed sensor. Firstly, we have extended the length of 
the optical crystal in the transmitting direction of the detection 
light and made the detection light orthogonal to the electric 
field to increase the interaction length and thus improve 
the sensitivity. Secondly, we have reduced optical noise by 
reducing interference noise. This was achieved by suppressing 
multiple reflection among optical parts in the probe block and 
by extending the spectral line width of the detection light laser. 
Thirdly, we used a differential amplifier capable of adjusting the 
level balance to cancel electrical common mode noise of each 
electrical signal which was converted by the two PDs with.

Experimental Results
We have evaluated the frequency characteristics of the 

developed EO sensor. Figure 5 shows the measurement 
results. The frequency characteristics of a conventional sensor 
are also plotted in the Figure.
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Figure 5 Frequency characteristics of EO sensor

The low-frequency range of the developed EO sensor was 
improved to 20 Hz compared to about 2 MHz of the conventional 
sensor. The low frequency characteristics were especially 
improved by suppressing the photoconductivity effect.

As described above, the EO sensor can be applied to the 
non-contact measurement of slow response speed OPV by 
the improvement of low frequency characteristics. Figure 6 
shows an example of measuring the surface distribution of 
OPV. The shape of electric field intensity surface distribution 
agree with the result in a previously reported paper (3), which 
demonstrates that accurate measurement can be performed 
using the developed sensor.

Figure 6 Measurement results of OPV electric field 
intensity surface distribution

VOLTAGE CONVERSION TECHNOLOGY

The value measured by the EO sensor is an electric field 
strength value, which must be converted to the value of voltage 
generated by OPV. The following describes the developed 
voltage conversion method and then the verification results 
for the target specification (allowable accuracy to determine 
generated voltage variations: ±2.5%).

Principle and Method
If the measurement environment is constant, a linear 

relationship between the voltage and the measured values of 
the electric field generated from OPV is maintained. However, 
since the measured electric field value changes depending on the 
distance between the sensor and an object to be measured, there 
is a need for a method to calibrate for the changes and convert 
the measured voltage to an accurate voltage. Furthermore, since 
multiple OPV cells are arranged adjacent to each other and the 
measured value is influenced by the electric fields generated 
from surrounding cells, there is a need for a voltage conversion 
technology to calibrate for the influence of surrounding cells.

Equation (3) below represents that E and V are in a linear 
relationship, where E is the measured value of the sensor that 

measured the electric field generated from an electrode whose voltage 
is V, and k is the conversion coefficient in the voltage measurement of 
a single cell that is not influenced by surrounding electric fields.

Coefficient k depends on the distance between the sensor 
and electrode. When k is known, measured value E can be 
converted to voltage V.

Since the output value of the sensor is influenced by the 
electric fields generated from surrounding cells in the voltage 
measurement of multiple cells, the voltage of the object to be 
measured cannot be measured accurately. We have solved this 
problem using a conversion method that uses the principle of 
superposition of electric fields.

We describe the conversion technique with an example in 
which three cells are adjacent to each other as shown in Figure 7.

Figure 7 Principle of superposition of electric fields

Suppose that the generated voltage of each cell is {V11, V21, 
V31} and the measured field electric value of each single cell is E1, 
E2, and E3, respectively. Measured value E11 obtained by the sensor 
at this point can be represented by equation (4) according to the 
principle of superposition of electric fields.

E11 is represented by equation (5) according to equations 
(3) and (4).

Suppose that a conversion coeff icient used when 
measuring the electric field generated from cell j using a 
sensor right above cell i is kij. The same applies to measured 
values E21 and E31 obtained by sensors right above cell 2 and 
cell 3. A combination of generated voltage values of each 
of the cells set before is called set voltage condition 1, and 
combinations of voltage values other than the above are called 
set voltage conditions 2 = {V12, V22, V32} and 3 = {V13, V23, V33}. 
Equation 6 represents the results measured in the same way 
under conditions 2 and 3.

Eim in equation (6) is the measured value of the sensor 
right above cell i under set voltage condition m and Vnm is the 
voltage of cell n under set voltage condition m.

Assume that the matrix of measured value Eij is electric 
f ield matrix Ecal, and the matrix of set known voltage 
combination Vij is electr ic voltage matr ix Vcal. Obtain 
conversion matrix k from the obtained Ecal = k × Vcal and 
then calculate this reverse matrix k-1. Next, measure the value 
right above each cell whose voltage is unknown with the EO 
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sensor to obtain matrix Emeas of each measured value. Obtain 
the unknown voltage by calculating Vmeas (=k-1 × Emeas) using 
reverse matrix k-1 of the conversion matrix.

Next, we describe the compensation method used when 
the distance between the sensor and an object to be measured 
(“measurement distance”) varies. Since each element k ij 

of conversion matrix k described above changes as the 
measurement distance changes, it is represented by function 
kij(h) that is a parameter of distance h. Conversion matrix k 
and its reverse matrix k-1 are also represented by k(h) and 
k-1(h), respectively. Use some function form and approximate 
the conversion matrix k(h) when the measurement distance 
is changed arbit rar i ly and at the same t ime measure 
the measurement distance using a t r iangular distance 
measurement method using a laser. Obtain E(h) from that 
measurement distance and approximate equation.

Verification Results
We have  ve r i f ied  t he  va l id i t y  of  t he  p roposed 

voltage conversion method in an experiment using a five-cell 
solar-panel model (4). We determined the distance calibration 
coefficient from measurement distances of 6.4, 7, and 7.6 mm, 
measured each cell, and then measured with an arbitrary 
measurement distance. We evaluated the error between the 
measured voltage after calibrating for the distance and the 
voltage that was really set. Figure 8 shows a graph in which 
the horizontal axis is the measurement distance and the 
vertical axis is the error of each cell.

Figure 8 Verification results of voltage conversion method

We were able to convert voltage with an accuracy of 
±2.5% or less with a full scale of 0.5 V from a measurement 
with an arbitrary distance using the developed EO sensor and 
proposed voltage conversion method.

APPLICATION AND DEPLOYMENT

We described how to measure OPV using the developed EO 
sensor. Next, we will describe other applications of the EO sensor.

The first possible application is a measurement of the 
radiation electric field strength of LSI, etc. Figure 9 shows the 
surface measurement results of an operating LSI with a block 
to generate a particular frequency using the EO sensor. The 
developed EO sensor can measure a weak electric field with a 
high spatial resolution so it can acquire the electric field strength 
distribution of a particular frequency and thus can perform EMC 
analysis. The EO sensor can accurately measure the distribution of 
a radiation electric field from a sealed LSI and identify the source 
location of the electric field as shown in Figure 9.

Figure 9 EMC analysis using the EO Sensor

The second possible application is waveform measurement. 
Since measurement using the EO sensor is non-contact 
according to the measurement principle, it has both high-input 
resistance and low-input capacity, and the ground wiring does 
not adversely influence the measurement. Accordingly, there is 
less load effect on the circuit to be measured. This means that it 
can be applied to measure the waveform of a high-speed signal 
or high-impedance signal line path.

CONCLUSION

We have interviewed users, identified problems with OPV 
production, and proposed solutions to solve the problems. 
Specifically, we have developed an EO sensor used in in-
line voltage sensing and a voltage conversion method using a 
non-contact electric field measurement technique in order to 
provide a stable OPV film production environment.

We have improved the low frequency characteristics 
and made it possible to perform low-speed and low-voltage 
non-contact OPV measurement that was impossible with 
conventional technologies. Furthermore, we were able to 
convert the voltage of the object to be measured accurately 
by calibrating for the influence of the complex electric field 
distribution of multiple OPV cells using a voltage conversion 
method. Based on those results, we verified that there is a 
possibility to use the EO sensor as a sensing technology in the 
OPV production process. We will repeat a proof of concept 
(PoC) in cooperation with users, expand the application, and 
improve the technology level.
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