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Abstract: This paper introduces an image processing method, used to achieve uniform
sensitivity across the imaging plane in a high-frequency electric field imaging system, that
employs an electro-optical crystal and a polarization image sensor. The polarization pixels
have two polarization directions, 0° and 90°, in pairs, and, conventionally, their difference
is computed first. In contrast, this study proposes a method to separate each polarization
image, perform pixel completion, and subsequently perform intensity correction. The
proposed method was demonstrated to improve field distribution images acquired using
36 GHz and 30 GHz input signals for a microstrip line and patch antenna, respectively.
From the measurement results of the microstrip line, the application of the proposed
method reduced the electric field fluctuations on the line from 3.1 dB to 1.5 dB. This image-
processing method can be applied sequentially during image acquisition, making it suitable
for the real-time imaging of electric fields.

Keywords: electric-field imaging; electro-optic effect; image processing; image sensor;
optical heterodyne

1. Introduction

Using electro-optic (EO) crystals for electric field measurement demonstrates a low
level of invasiveness because it does not use any metallic materials for the probe [1-4].
Using light, high-frequency signals can be read out with low propagation loss, making it
easy to handle high frequencies. Therefore, this method can be applied to high-frequency
measurements in the millimeter-wave band and near THz [5], which have recently seen
significant attention in research [6-9].

The low invasiveness of EO crystals enables an increase in the crystal size. A method
was proposed to accelerate imaging by using this principle for optical scanning [10] or
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by integrating imaging optics with an image sensor to perform the two-dimensional
batch measurement. This leads to a significant speed-up. Additionally, this method can
obtain information on electric field intensity and phase. A two-dimensional EO sampling
technique using an ultrashort pulsed laser and image sensor was reported by Wu and
Zhang et al. and later developed by other groups [5,11-16]. While image sensors typically
exhibit low resolution for detecting light intensity variations, this method could detect
signals by generating relatively significant intensity changes. However, acquiring a specific
frequency signal required adjusting the retroreflector, sampling the data several times,
and obtaining the spectrum by performing a Fourier transformation. This poses challenges
for achieving rapid measurements.

The optical heterodyne method is more suitable for acquiring electric field signals
only at specific frequencies in a relatively short time [17]. This method has been typically
reported in the microwave band; however, techniques for generating modulated light at
high frequencies in a stable manner have been established recently, along with extensions to
the THz band [18]. However, in such cases, the optical signal variation with field intensity
becomes weak. One solution is improving the signal-to-noise ratio. Hence, this study
proposes a configuration using a polarization image sensor, as shown in Figure 1 [19].
In this method, the irradiated light is modulated at a frequency slightly different from
the electric field of the observed object and mixed with the electric field signal using
an EO crystal and a polarizer. This is differentially detected using a polarization image
sensor that can separate and detect mutually orthogonal polarization components to reduce
phase noise. Here, an originally designed polarization image sensor with a large pixel
capacity [20] is employed because general image sensors are not well-suited to read out
such weakly varying signals [21]. Furthermore, a field imaging system with a double
polarizer configuration is proposed as the optical system. These methods avoid challenges
in image sensor utilization, such as pixel saturation, low-intensity resolution, and the
inability to perform differential detection with a simple device system. These methods
significantly improve the sensitivity of field imaging.

Mixer
(EO crystal & polarizer)
Polarization

Light Light signal at
modulated at , fir = |fL.o— Trel
. image sensor

Electric field at fge (frame rate <« fge)

Figure 1. Schematic illustrating frequency conversion using optical heterodyne detection.

As mentioned earlier, parallelization using image sensors leads to significant improve-
ments in speed. However, it is affected by in-plane non-uniformity. Regarding high-speed
imaging, real-time imaging is expected to be applied to device evaluation on the manu-
facturing line. However, in-plane sensitivity non-uniformity has been one of the issues.
For this, one goal is to achieve an accuracy of about +1 dB, which is the accuracy of a
general spectrum analyzer. For example, if there is a birefringence in the crystal, it can be
effectively compensated using a waveplate in single-point measurements. Similarly, if the
coupling efficiency to the photodetector deviates from the optimum point, it can be easily
canceled if the deviation is identical throughout the measurement. In contrast, inhomo-
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geneities in the in-plane characteristics appear in systems using image sensors. Specifically,
in the double polarizer configuration, the transmitted light is detected in a cross-Nicol
arrangement, resembling a dark-field optical system. Consequently, the detected light
intensity is much lower than the incident light intensity, and the in-plane characteristic
distribution of the optical system is significantly affected.

This study describes a method to reduce artifacts caused by such in-plane charac-
teristic variations through image processing. Specifically, it proposes and demonstrates
a technique to reduce the spatial and temporal deviations in the detection sensitivity by
improving the process of generating electric field distribution images using simple signal
processing, as used in previous reports. Additionally, a method is introduced to enhance
spatial resolution, achieving half the pixel count of conventional electric field distribution
generation. Section 2 describes the principles of a device that visualizes electric fields using
a polarized light image sensor and electro-optic crystals. Section 3 explains the proposed
method for extracting electric field distribution images. Section 4 demonstrates that the
proposed method reduces noise and improves the spatial resolution of the electric field
distribution image by comparing actual imaging examples with the conventional method.
Section 5 explores the possibility of real-time implementation and pre-processing on the
image sensor chip, and Section 6 presents the significant conclusions of the study.

2. Principle of Signal Acquisition for Electric Field Visualization System
Using a Polarized Light Image Sensor

2.1. Electric Field Measurement Using Electro-Optic Effect

Refractive index modulation due to the Pockels effect is read using light. This is
discussed in detail for zinc-blend structures, such as ZnTe, the EO crystal used in the
proposed system. When an electric field is applied, the refractive index changes, as follows:

1
An = :I:En3r41E, 1)

where 7 is the refractive index of the medium (EO crystal) and r4; is the nonlinear optical
coefficient. The phase of the transmitted light changes according to the refractive index.
For example, ZnTe has no birefringence when no electric field is applied. Conversely, when
an electric field is applied, the sign of the refractive index change differs depending on
the direction of polarization, resulting in a phase change in polarization. When light is
transmitted through ZnTe, the polarization state varies in accordance with the intensity of
the electric field.

To be measured by a photodetector, the signal must be in the form of light intensity
information. While photodiodes are widely used as high-sensitivity photodetectors, they
are inherently not polarization-responsive. Therefore, the phase change information must
be converted into intensity variations. This can be achieved by inducing light interference.
There are two possible methods for this, as follows: one is to use a resonator such as a
Fabry-Perot resonator [22-26], and the other is to use polarization interference. The ad-
vantage of using a resonator is high levels of sensitivity detection using the resonance
effect. Application to the millimeter wave band used for 5G was also reported, although the
frequency band is limited [26]. When the wavelength of the irradiated light is aligned with
the resonance peak, and the output light intensity is measured, the refractive index change
causes the resonance wavelength to shift and the output intensity to change. The higher
the Q-value of the resonator, the greater the detection sensitivity. However, an increase in
the Q-value narrows the line width of the resonance frequency and the bandwidth of the
frequency that can respond.
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Meanwhile, polarization interference uses a polarizer as an optical analyzer. For two
polarization components that are orthogonal to each other, the polarizer is positioned so
that the direction of transmitted polarization is +45 degrees with respect to both. If there is
a phase difference between the two polarization components, the result of the interference
is obtained as the transmitted light component. This technique does not use the resonance
effect, and therefore has a wide bandwidth but low sensitivity.

In electric field imaging systems using image sensors, the information on refractive
index changes is converted into information on intensity variations and is detected using
polarization interference. This is because there is little influence of the inhomogeneity of
the in-plane characteristics on the EO probe, making it easy to create a system to measure
in-plane distribution using an image sensor.

2.2. Optical System

The optical system uses a dual polarizer structure that was recently developed,
as shown in Figure 2 [19]. This technique utilizes a polarization image sensor that de-
tects two mutually orthogonal polarization directions and a uniform polarizer. The uniform
polarizer selectively transmits the polarization component produced because of the bire-
fringence change in the field probe, and the incident linear polarization is significantly
reduced. This results in a decrease in light intensity and an increase in modulation.

The EO crystal used in the experiments in this paper is (100)-ZnTe, with dimensions
of 3 mm x 3 mm x 0.3 mm. For the light source wavelength of 780 nm, an antireflection
coating is applied on the top surface and a high reflection coating on the bottom surface.

Image sensor

s @ clock

f[_o = fRF +90 Hz

! Polarization
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Polarization N4
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Figure 2. Electric field imaging system setup.

A polarizing beam splitter (PBS) is used as the uniform polarizer. The polarizers
for the pixels are realized using the wiring layer of the CMOS process used for image
sensor fabrication. The extinction ratio of the former is approximately 800, while that of the
on-pixel polarizer is approximately 3.

The PBS is in a cross-Nicol arrangement. Most of the incident linearly polarized light is
reflected by the PBS. However, the polarization component, which is generated by applying
an electric field to the EO crystal, is almost completely unreflected and transmitted. Thus,
the light intensity is reduced by the PBS while the modulation is increased.
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The polarizers in the optical system are used to adjust the polarization state. A quarter-
wave plate on the incident side is used to adjust the polarization to a highly accurate linear
polarization, and a pair of quarter-wave and eighth-wave plates between the PBS and the
EO crystal provide a retardation of half wavelength and quarter wavelength, respectively,
as the light passes twice. These wave plates are adjusted to maximize the reflection by
the PBS.

The focal length of the lens is 50 mm and the magnification of the image from the EO
crystal to the lens is approximately one. The optical resolution of this system is determined
using the pixel size of the image sensor (30 um).

The signals transmitted through the polarizer on the pixel are complementary to each
other. Due to the change in the refractive index of the electro-optic crystal, an increase in
one causes a decrease in the other. This characteristic is utilized to compute the difference
between the two sides and perform differential detection. In this process, the signal
components are added, and the phase noise is reduced. This phase noise is external,
from sources such as light source intensity fluctuations and vibrations, and, as a result,
the signal-to-noise ratio is improved. This method increases the sensitivity but reduces
the linearity, resulting in a narrower dynamic range. However, the signal degradation
due to image sensor pixel limitation can be avoided. Conversely, while the dual polarizer
configuration also reduces the dynamic range, this is not a major issue in electric field
measurements because the change is minimal.

2.3. Image Sensor Used in the System

In this study, a polarization image sensor is used, which allows batch differential
detection in the imaging plane and reduces noise in-phase. The image sensor was the same
as those used in the past [27]. Each row contains pixels with polarizers in an orthogonal
relationship to each other. An image of the actual chip is shown in Figure 3, and the
specifications are given in Table 1. The number of pixels is 80 x 60, but there are 40 x 60
polarizer pairs in each pixel. Various methods have been created for the fabrication of
on-pixel polarizers [28-38]. In this sensor, the polarizer is a grating structure composed
of two metal interconnected layers, within the 0.35 um CMOS process used for fabrica-
tion. The lines of and space between the gratings as polarizers are 0.7 pym and 0.7 pm,
respectively, which is larger than the wavelength. This polarizer does not have a high
extinction ratio; however, it does provide the characteristics of a polarizer. Polarization
image sensors fabricated using dedicated CMOS processes demonstrate a higher extinction
ratio [39,40]; moreover, some EO sampling systems have been reported to be using such
polarization image sensors [41,42]. However, even if the extinction ratio is nearly infinity,
the improvement ratio is approximately twice as high for our sensor [27]. In addition,
because of the rolling shutter, the timing of signal acquisition varies across rows, resulting
in artifacts when acquiring phase information. However, as discussed below, for the present
application, phase correction can be applied to the obtained results to avoid this effect. The
output from the image sensor is an analog voltage output, which is converted to a digital
signal using a 14-bit analog-to-digital converter. The frame rate of the image sensor was
set to 360 fps due to the limitations of the system used in this study. The intermediate
frequency was set at 90 Hz, which is a quarter of that rate.
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Figure 3. (a) Image and (b) block diagram of the polarization image sensor.
Table 1. Specifications of the polarization image sensor.
Technology 0.35 pm 2-poly 4-metal standard CMOS
Operating voltage (V) 3.3
Pixel number 80 x 60
Pixel type 3-transistor active pixel sensor
Pixel size (um?) 30 x 30
Photodiode size (um?) 15 x 15
Photodiode type Nwell-Psub
Polarizer Line/Space = 0.7 pm /0.7 pm (2 layers)
Extinction ratio 3.1 @780 nm
Maximum signal-to-noise ratio (dB) 55
Chip area (pm?) 2700 (W) x 2645 (L)

2.4. Effect of Noise

The modulation signal amplitude acquired in EO detection is proportional to the light
intensity. Hence, if the light intensity fluctuates in time or space, it can become a noise
component. The light intensity also varies with time, and, although it is stabilized, it still
exhibits slight variations. Moreover, it depends on whether the driver maintains a constant
current or a constant light intensity, such as when using a laser light source. In short-term
observations, a constant current source is more stable, but over the long term, light intensity
drift is more likely to occur. This study uses a laser diode set to constant current as the
light source. In the case of pixel arrays, achieving perfectly uniform in-plane conditions is
challenging. Light intensity and polarization vary slightly from pixel to pixel.

As mentioned earlier, differential acquisition between different polarization compo-
nents helps reduce in-phase noise. However, the enhancement achieved by adding signal
components is not very sensitive to the differences between them. Moreover, the signal
levels must be equal for effective in-phase noise reduction.

Image sensors generally store photo carriers in the capacitance of a pixel; however,
the pixels have saturation limits. As a result, pixel saturation easily occurs when exposed
to strong light. Additionally, when light is sufficiently intense, the signal-to-noise ratio is
primarily limited by photon shot noise, which dominates the noise component. In other
words, a signal that is easy to measure with an image sensor is one that reduces light
intensity and avoids pixel saturation while simultaneously increasing the signal-to-noise
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ratio. The dual-polarizer structure achieves this. The EO signal is proportional to the
light intensity; hence, as the light intensity decreases, the signal decreases. However,
under photon-shot noise-limited conditions, the noise decreases in proportion to the square
root of the light intensity. The signal enhancement ratio due to the dual polarizer structure is
the square root of the light intensity irradiating the EO crystal. Thus, the SNR is comparable
to that of the detection system, assuming that pixel saturation does not occur. Although the
dynamic range is reduced, this is not a significant challenge in electric field measurements
because the change is minimal.

3. Proposed Image Processing Method

The flowchart for the proposed image processing is shown in Figure 4. After separating
the two polarization images, image completion is performed for each of them. Using
this image, intensity correction is performed to obtain a difference image. Furthermore,
the intermediate frequency components are extracted from them to obtain intensity and
phase information. The details of each process are described below.

Sensor output
(combined images)

Polarization __________._.__________
separation
90°-pol. 0°-pol.
images images
Interpolation ---------------=-------
90°-pol. 0°-pol.
interpolated || interpolated
images images
Intensity T ___I-____ ____-______
correction
90°-pol. 0°-pol.
corrected corrected
images images
Subtraction
(0°-90°) T ETEITTEEEETTTTTT
Difference
. image
Lock-n b
detection
EO images

(intensity & phase)

Figure 4. Flowchart of image processing using the proposed method.

3.1. Generation of Each Polarization Image

Ideally, when differential detection is used, it is desirable to obtain two types of
polarization information that are orthogonal to each other at the same point. However,
in polarization image sensors, each polarization pixel performs signal detection at a differ-
ent position. Conventionally, the spatial resolution has previously been found to be low
because of the difference between a pair. In contrast, in this study, after being separated into
their respective polarization images, the columns in between are complemented using an
interpolation method with magnification factor of 2. This reduces the reduction in spatial
resolution. One of the most common completion methods, the bicubic method, allows for
higher precision than generating simple, intermediate values.
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3.2. Intensity Correction

The electric field signal is read as the amplitude of the intermediate frequency compo-
nent in the image sensor detection signal. Because this amplitude varies with light intensity,
it is desirable to irradiate as uniform light to reduce errors among pixels. However, in real-
ity, the light intensity distribution varies depending on various factors. Especially in the
case of a dual polarizer configuration, slight differences in characteristics appear as large
variations, although they are significantly reduced by the uniform polarizer. To minimize
this effect, each pixel value is divided by the average value of the 100 frames immediately
preceding the acquired image.

3.3. Difference Acquisition

Since an almost standardized image was generated in the previous process, the differ-
ence between the two polarization images is simply acquired here.

3.4. Intermediate Frequency Extraction

Software lock-in detection is used to extract the intermediate frequency [43]. In this
study, as in our previous studies, the intermediate frequency is set to a quarter of the
frame rate, and a set of four frames is used for calculation. The product of the acquired
image data and the intermediate frequency, which is the reference waveform, is obtained
and integrated. Here, the actual multiplication is not performed; it is realized using the
operations of addition and subtraction, as follows:

(N—1)/4

Sinphuse = Z (I4n+1 + Lipy2 — lan+3 — I4n+4) )
n=0

(N-1)/4
Squad = Y (Ing1 — Ing2 — lang3 + lanta) ©)

n=0

where I, is the image with a frame number m, 1 is the set number for a set of four frames,
and N is the number of all frames. Since one frame is a quarter cycle of the intermediate
frequency, Sjypnase and Spyqq are the in-phase and quadrature components of the phase
detection, respectively. From these results, the field intensity and phase are given by the
following equation:

2 2 2
|E| & Sinphase + Squadmture 4)
Sinph
¢ = arctan Smﬂ (5)
quadrature

As mentioned earlier, the image sensor used in this study is a rolling shutter type,
causing a phase shift by the same degree across each row. The phase shift is corrected
accordingly from the exposure timing difference between the rows. The advantage of this
method lies in its simplicity for digital processing using a field programmable gate array
(FPGA), etc. Specifically, the process involves the following steps: (1) multiplying with the
reference frequency component and (2) performing low-pass filtering through addition
and subtraction.

4. Imaging Demonstration
4.1. Images of Each Processing Procedure

A signal with a frequency of 36 GHz was inputted to the microstrip line, which was
used as a device-under-test, and an EO crystal plate was placed on top of it to image the
electric field distribution in the vicinity. Figure 5 shows a photograph of the microstrip
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line used in the experiment. A (100)-ZnTe crystal was used as the EO crystal. The bottom
surface was HR-coated, while the top surface was AR-coated, creating reflective optics.
The crystal was sensitive in the direction perpendicular to the crystal plane.

500 uym

Figure 5. Image of the microstrip line.

Figure 6 shows acquired optical image examples from each step. The output light
from a single optical fiber was irradiated by a beam expander. Ideally, the image should be
smooth. However, as shown in Figure 6a, the brightness values varied slightly depending
on the direction of polarization, resulting in a vertical stripe pattern. The refractive index
change of the electro-optic crystal is slight, and the electric field distribution cannot be
determined using this image alone.

(a) Original image

(gs7)indino

(d ) 0°-pol. corrected 90°-pol. corrected

11

; 3
- ioss )

09

Figure 6. Examples of processing results for each of the proposed image processing steps.
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Figure 6b shows the images separated by polarization direction. It can be seen that
there is a difference between the two, although a correlation exists depending on the
polarization direction. Figure 6¢ results from pixel completion using the bicubic method.
This was used for subsequent processing. Figure 6d shows the results when the average of
the previous 100 frames was used. It can be seen that, without intensity correction, there
was a significant difference in the optical intensity between the bright and the dark areas,
but this difference was significantly reduced. Consequently, an interference pattern appears
in the image, attributed to the high coherence of the light source, which causes interference
fringes even with slight contamination on the optical elements.

The results obtained by extracting the 90 Hz component are shown in Figure 7.
The number of integrated images was 65,536. For comparison, the results from the conven-
tional procedure, the results without intensity correction, and the results from the proposed
method are shown side by side. Both results show that the electric field is concentrated just
above the microstrip line. In addition, the phase gradually rotates as one moves forward
in the line. A simple difference between conventional polarization pixel pairs shows that
there are regions with significant differences across columns. This is because the optical
intensity distribution is not exactly the same for different polarization directions, as shown
in Figure 6b, and the component of the difference affects the intensity distribution. Con-
versely, when the images are complemented between columns, as in the proposed method,
such differences in sensitivity between columns are reduced. Furthermore, the uniformity
of the electric field intensity distribution on the microstrip line is enhanced by correcting
the light intensity. In particular, the lower right portion of the acquired images shows that
the light intensity is low even in Figure 6c, which is improved by the brightness correction.

(a) Simple subtraction (b) Interpolation (c) Interpolation
(Previous work) + Intensity correction
A - ‘S it

-21 .= '

(ap) Aususyuj
pazijew.loN

o
(peJ) eseyd

E B £ -3

Figure 7. Examples of field intensity and phase images on a microstrip line. (a) Result of simple
processing used in the previous work. (b) Result of applying column interpolation processing.
(c) Result of applying column interpolation and intensity correction processing. The number of
images was 65,536.

Figure 8 shows the electric field intensity profile on the microstrip line shown in
Figure 7. The electric field intensity on the microstrip line should ideally be constant,
and it can be seen that the proposed method significantly improves it. Taking the standard
deviation of the result, the electric field constant is 3.1 dB before correction, whereas it is
2.5 dB with image completion and further improved to 1.5 dB with luminance correction.

The time variation of the signal at the point on the microstrip line in the center of
the image in Figure 9 was converted to a frequency spectrum by fast Fourier transform
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(FFT). A sharp peak is observed at 90 Hz, which is the intermediate frequency. Additionally,
several other peaks are visible, some of which correspond to interference fringes. Of these
noises, those near 60 Hz and its multiples originate in the power supply lines. At these low
frequencies, they are also susceptible to vibration.

0 T T T T
)
S -5
2
g ’
-.q_)‘ _1 0 [
£
o
'&9 -15
©
g —20} |—®—Interpolation + intensity correction J
=z --»--Interpolation
Simple subtraction (Previous work)
_25 1 |

0 0.5 1 1.5 2
Position (mm)

Figure 8. Intensity profile comparison on the solid blue lines shown in Figure 7.
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Figure 9. Spectrum at a point on the microstrip line track in the center of the image, calculated
using FFT.

Figure 10 shows the improvement in the field distribution image as the number of
integrated frames increases, specifically showing a significant reduction in noise as the
number of frames increases from 256. The signal on the microstrip line is large enough
that further increases in frames no longer result in significant changes. Figure 11 plots
the signal intensity, which is the average of 5 x 5 pixels at the center of the microstrip
line normalized with respect to 65,536 frames. The signal intensity is proportional to the
number of integrated frames, which is almost consistent with the theoretical improvement
rate. Additionally, it is almost identical to the case using FFT, indicating that the software
lock-in method shown in Section 3 provides a sufficient system. The FFT also shows the
values of frequencies slightly removed from 90 Hz as noise components. From this figure,
it can be inferred that, for 4096 or more images, the noise intensity is proportional to the
square root of the number of images and follows a Poisson distribution.

As an example of a different observation target, a patch antenna with a resonant
frequency of 30 GHz was observed. The photograph of the antenna is shown in Figure 12a.
The result of the simulation is shown in Figure 12b. The simulation shows the intensity
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of the component perpendicular to the plane at the surface portion of the patch antenna.
It can be seen that the electric field is most strongly concentrated in the corner on the
input side. As with the microstrip line, Figure 13 compares the results obtained using the
previous method with the present results. These results also show improvement—reduced
stripes in the row direction and enhanced flatness of the electric field distribution. From
this comparison, it can also be seen that the spatial resolution in the horizontal direction
has improved. Meanwhile, concentric interference fringes were observed to remain near
the center of the image. Comparing these results with the simulation, there is agreement
that the electric field is concentrated at the corners of the input side.

Accumulation number

o

o
(gp) Ayisusul
pazijewloN

100 + —e— Signal (Software lock-in)
;.\ - %~ Signal (FFT)
E’; Noise (FFT)
2
@ -1 |
§ 10
£
E®)
o)
© 10 E
£
o
z
107

10° 10*
Accumulation Number (frames)

Figure 11. Dependence of signal intensity and noise components calculated from 5 x 5 pixels on a
microstrip line on the number of integrated copies. Signal intensity is plotted as extracted by software
lock-in detection and FFT. The noise is calculated as the average of 20 points in the region slightly
removed from the intermediate frequency. All values are normalized with respect to the value at
65,536 frames.

The intensity profile on the red dashed line in the center of Figure 13 is shown in
Figure 14. This result also indicates that the difference in intensity can be corrected using
the proposed method. The 3 dB width of the field concentration region at the right edge
of the patch antenna is about 4 pixels, which roughly corresponds to 0.12 mm. In the
simulation shown in Figure 12b, the spatial resolution is estimated to be about 0.06 mm.
In this study, since 0.3 mm-thick ZnTe crystals were used, it is not possible to observe the
distribution of electric fields at the edges. However, there are reports that finer structures
can be observed by using thinner crystals, and this system is expected to provide similar
improvements when high spatial resolution is required [44].
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Figure 12. (a) Image of the 30 GHz patch antenna. (b) Simulation result of the electric field distribution
perpendicular to the patch anntena.
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Figure 13. Examples of field intensity and phase images on a 30 GHz patch antenna. (a) Result of
simple processing method used in the previous work. (b) Result after applying column interpolation
processing method. (c) Result after applying column interpolation and intensity correction processing
method. The number of images is 10,000 frames.
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Figure 14. Electric field intensity profile on the line shown in Figure 13.

4.2. Movie Generation

The oscillation of the electric field can be visualized by displaying a phasor from
the intensity and phase information. For the patch antenna in Figure 12, the frequency
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of the high-frequency electric field was shifted by 0.1 Hz from 30 GHz, the frequency of
observation. This caused the phase to rotate within a 10-second period. Here, the phasor
image was generated continuously from 84,960 frames of data, with the number of images
integrated in each frame set to 360. Part of the result is shown in Figure 15. The results,
shown as moving images together with intensity and phase images, are also shown in
Supplementary Video S1.

These results clearly demonstrate that the electric fields on the right and left sides of
the figure oscillate in opposite phases with each other.

t=0sec 1 sec 2 sec 3 sec 4 sec
- - - - .
: 2 5
e = * T3
g
5 sec 6 sec 7 sec 8 sec 9 sec 0 8
T ST T - | BE

Figure 15. Results of continuous imaging and phase display of the electric field on a patch antenna
rotating in phase with a 10 s period. The number of images is 360 frames.

5. Discussion

The proposed method improves the large signal variations that appear in conventional
simple difference acquisition and improves the uniformity of sensitivity. The proposed
method is more complex than the simple difference processing method between neighbor-
ing pixels used in our previous studies. Therefore, it is difficult to process in hardware.
On the other hand, significant in-plane sensitivity variations are significantly reduced.
However, there are still some residual noise components, including the noise component
that appears as interference fringes. This component has been significantly reduced com-
pared to the optical image shown in Figure 6. However, the standard deviation of 1.5 dB
obtained from the profile on the microstrip line is still insufficient for the target and requires
further improvement. One of the possible causes is because the noise component does not
coincide with the intermediate frequency component of the observed object. Meanwhile,
as shown in Figure 13, there are cases where the noise component remains after image
processing. This is probably because some frequencies of the noise components may be
superimposed on the detection target. To prevent this, the first step is to avoid the contami-
nation that causes it, but this is not always possible. Another approach would be to move
the intermediate frequency into a higher frequency band that is considered less noisy.

In addition, there are residual noise components that appear to be fixed patterns in
the intensity image of the video and other data; while this could be due to contamination
on the image sensor, it is also attributed to the non-uniformity of the characteristics of the
electro-optic crystal itself, even after the contamination is removed. In such a case, it is
necessary to base the correction on the characteristic distribution of the crystal. This can be
achieved by obtaining correction information through observing a uniform electric field,
for example.

While FFT requires the acquisition of all data before calculation, the software lock-in
method used in this study can calculate up to the acquired frames and then add additional
frames to obtain even more accurate results. It is thus suitable for real-time acquisition.

In the software lock-in method, it is necessary to obtain two types of results: in-
phase and quadrature. Four frames are required to perform a set of calculations, but the
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sign combinations used to add and subtract each subframe are different for in-phase and
quadrature. Performing these actions on the image sensor chip is expected to reduce the
amount of data transmission and facilitate speed-up.

In the previous report, the signal-to-noise ratio was improved by differential amplifi-
cation in the chip [45]. However, the image processing in this study is not applicable to
such a chip because a completion process must be performed before taking the difference.
When applying the proposed method in this study, the integration of each subframe is
required on the hardware. If an appropriate implementation method can be determined, it
is expected that real-time and high-sensitivity detection can be achieved by combining this
method with dual polarizer structures and optical amplifiers.

6. Conclusions

A method was proposed to improve the electric field distribution image in a high-
frequency electric field imaging system using a polarization image sensor. The method
involves separating the image by polarization direction and performing pixel completion
and brightness correction for each image. This method effectively reduces the noise
component caused by columns and improves the non-uniformity of sensitivity distribution.
In the verification using microstrip lines, in the area where the conventional method
produced 3.1 dB of variation, the variation was reduced to 1.5 dB by using the proposed
processing method. This method does not use FFT or other processing, relying only on
sequential processing along with image acquisition, enabling real-time processing using
hardware such as FPGA.

However, even with this method, some residual noise components remain. The mea-
surement results in this study suggest several causes for this. Further improvements to the
optics, image sensor, and other related components are expected to address these issues,
resulting in higher-quality, low-noise field image imaging.

In this study, the observation of the near-field distribution on a high-frequency device
was demonstrated using the proposed system, which can be used to evaluate the char-
acteristics of such devices. Furthermore, it is expected to be applied to the evaluation of
properties by irradiating high-frequency electromagnetic waves to an object and measuring
its transmission and reflection characteristics.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/s25051596/s1, Video S1: Examples of field intensity and phase images.
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